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Schau alle Wirkenskraft und Samen,

Und tu nicht mehr in Worten kramen.

Faust – Der Tragödie erster Teil
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Abstract

Atmospheric methane (CH4) is the second most important anthropogenic greenhouse

gas after carbon dioxide (CO2) and hence, an in-depth knowledge of methane sources

and their emission strengths is of key importance for formulating mitigation strate-

gies. Although the global methane budget is relatively well constrained, emission

estimates by source sector are still substantially uncertain. As atmospheric methane

originates from a variety of natural and anthropogenic sources, which in addition

are spatially heterogeneously distributed, reliable emission estimates would require

a dense measurement network. This is yet not achieved and methane emission es-

timates, hence, rely primariliy on model approaches, i.e., top-down and bottom-up

approaches, which include only few direct measurements. Model estimates, how-

ever, do not only lack an experimental validation, but also do not take into account

possible temporal variations of methane emissions, increasing overall estimation un-

certainty. Particularly inventory emission estimates of agricultural methane, using

a bottom-up approach based on livestock census data and default emission factors,

are associated with high uncertainty levels. It is therfore crucial to experimentally

investigate the spatio-temporal characteristics of atmospheric methane, in order to

constrain methane budets and validate model estimates. This thesis aims to improve

the understanding of the spatio-temporal pattern of atmospheric methane and its

impact on the regional methane budget, with the main focus on methane emissions

from agriculture.

We calculated methane budget fluxes from a typical farmstead in Switzerland from

vertical concentration profiles in the nocturnal boundary layer (NBL) and compared

them to inventory emission estimates of di↵ering spatial resolution. The mean noc-

turnal budget flux of 1.59 ± 0.22 µg CH4 m�2 s�1 showed a good agreement with

local inventory estimates of 1.29 ± 0.47 and 1.74 ± 0.63 µg CH4 m�2 s�1 for 2011

and for 2012, respectively, using current livestock numbers of the farmstead and

default emission factors. Less agreement was found with the national inventory

estimates and a spatially explicit inventory, due to the disaggregation of the emis-

sions to di↵erent spatial scales. However, the results showed that the bottom-up

approach used for inventory estimates is a valuable instrument to assess livestock

methane emissions.

Spatially highly resolved near-surface transect measurements, conducted at the
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Reuss Valley in Central Switzerland, revealed that point measurements of methane

concentrations carried di↵erent information from the surrounding methane sources

during day and night. Nighttime point measurements within the NBL showed a

source influence of up to 9 km distance and, hence, can be used to constrain re-

gional emission estimates of models. In contrast, daytime point measurements had

a source influence distance of <1 km and are useful to exactly localize a methane

source. The distribution of methane concentrations in the atmosphere, however, was

not only a↵ected by the source distribution itself but also by local wind patterns

and the mixing e�ciency of the atmospheric boundary layer. Thus, regional models

need to include the atmospheric transport properties in order to reliably localize

methane sources. These results showed that spatially highly resolved measurements

are not only needed to identify the methane sources within a region, but are also

essential to constrain high resolution inventories revealing inconsistencies in their

source distribution.

A valuable tool to identify local methane sources from atmospheric methane mea-

surements, without the need for measurements in the direct vicinity of the source,

are measurements of �13C in CH4. Spatio-temporally highly resolved measurements

in the Reuss Valley revealed, that the nighttime methane build-up in the stable NBL

was mainly caused by emissions from agriculture. Although non-biogenic sources

had a minor contribution to the overall nighttime excess methane, their emission

strengths were of similar magnitude compared to biogenic sources. During daytime,

however, the contribution of non-biogenic methane sources to the total source mix in

the Reuss Valley increased substantially to 22% and was attributed to the transport

of �13C-enriched air masses from upwind lying agglomerations into the valley. Fur-

thermore, it was shown that during the period of our measurements, the nighttime

methane build-up was compensated during the day by convective dilution.

In summary, this thesis presents spatio-temporally highly resolved measurements of

CH4 concentrations and �

13C in complex terrain, compares methane budget fluxes

to inventory estimates and hence, contributes substantially to the scientific under-

standing of methane emissions and their temporal and spatial variations within the

atmospheric boundary layer. The results underline that direct measurements are

needed in order to constrain model estimates and to draw essential implications for

methane budgets.
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Zusammenfassung

Methan (CH4) ist nach Kohlendioxid (CO2) das wichtigste anthropogene Treibhaus-

gas in der Atmosphäre, daher spielt das genaue Verständnis der Emissionsquellen

und -stärken eine wichtige Rolle bei der Umsetzung von Klimaschutzmassnahmen.

Die Abschätzungen der Methanemissionen aus einzelnen Quellen sind jedoch mit

beträchtlichen Unsicherheiten verbunden, trotz der relativ genauen Berechnung der

globalen Methanbilanz. Auf Grund der Vielfalt an natürlichen und anthropogenen

Quellen und ihrer räumlich heterogenen Verteilung bedarf es eines dichten Net-

zwerkes an Messstationen für eine solide Einschätzung der Emissionen. Dies ist

jedoch noch nicht erreicht, weshalb die Emissionen vorwiegend anhand von Mod-

ellen (mit sogenannten bottom-up und top-down Ansätzen) berechnet werden und

selten auf direkten Messungen basieren. Auch die zeitliche Variabilität der Emis-

sionen wird in den Modellen kaum berücksichtigt, was nebst der fehlenden experi-

mentellen Überprüfung ein weiterer Grund für die hohen Unsicherheitsbereiche der

Abschätzungen ist. Vor allem inventarbasierte, landwirtschafliche Abschätzungen,

die vorwiegend auf statistischen Datenerhebungen und vorgegebenen Emissionsfak-

toren innerhalb eines bottom-up Ansatzes basieren, weisen hohe Unsicherheitsbere-

iche auf. Um CH4-Budgets einschränken und Modelleinschätzugnen validieren zu

können, ist die Untersuchung des zeitlichen und räumlichen Musters von Methan in

der Atmosphäre unverzichtbar. Das Ziel dieser Arbeit war es, das Verständnis über

die räumlich und zeitliche Variabilität von Methan in der Atmosphäre zu verbessern

und dessen Einfluss auf regionale CH4-Budgets zu analysieren. Der Schwerpunkt

lag dabei auf Methanemissionen aus landwirtschaflichen Quellen.

Anhand von vertikalen Konzentrationsprofilen in der nächtlichen Grenzschicht

berechneten wir CH4-Budgets für einen typisch schweizerischen Bauernhof und ver-

glichen diese mit mehreren inventarbasierten Abschätzungen von unterschiedlicher

räumlicher Ausdehnung. Das durchschnittliche CH4-Budget von 1.59 ± 0.22 µg

CH4 m�2 s�1 stimmte gut mit der lokalen Inventarabschätzung überein, basierend

auf dem aktuellen Tierbestand des untersuchten Bauernhofes (1.29 ± 0.47 für 2011

und 1.74 ± 0.63 µg CH4 m�2 s�1 für 2012). Eine weniger gute Übereinstimmung er-

gab der Vergleich zu den Abschätzungen des nationalen Inventars und eines räumlich

hoch aufgelösten Inventars. Die Validierung der Inventarsabschätzungen zeigte den-

noch, dass der bottom-up Ansatz, auf den die Inventarsabschätzungen basieren, ein
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praktikables Instrument zur Abschätzung von Tieremissionen darstellt.

Räumlich hoch aufgelöste Konzentrationsmessungen im Reusstal (Zentralschweiz)

zeigten, dass bodennahe Punktmessungen in der Nacht und am Tag unterschiedliche

Informationen zu umliegenden Methanquellen beinhalteten. In der Nacht war der

Einfluss einer Quelle (innerhalb der nächtlichen Grenzschicht) von bis zu 9 km Dis-

tanz nachweisbar. Messungen in der Nacht können somit zu Vergleichen mit re-

gionalen Modellabschätzungen herangezogen werden. Hingegen zeigten bodennahe

Punktmessungen am Tag, dass der Einfluss einer Quelle nur unter einer Distanz von

1 km nachweisbar ist und damit zur exakten Ortsbestimmung von Quellen dienen.

Die räumliche Verteilung von Methan in der Atmosphäre hing hingegen nicht allein

von der Quellenverteilung, sondern auch von den lokalen Windverhältnissen und

der Durchmischung der Grenzschicht ab. Der Einbezug von Transportprozessen ist

somit für eine verlässliche Lokalisierung der Quellen mittels Modellen unerlässlich.

Räumlich hoch aufgelöste Messungen sind sowohl für die Ortsbestimmung der

Methanquellen als auch für die Überprüfung von Unstimmigkeiten innerhalb hoch

aufgelöster Modellabschätzungen und Inventare notwendig.

Messungen von den Kohlensto↵-Isotopenverhältnissen (�13C) in CH4 stellen eine ele-

gante Art der Quellenermittlung dar, da keine Messungen in der unmittelbaren Nähe

der Quellen erforderlich sind. Räumlich und zeitlich hoch aufgelöste Messungen von

�

13C in CH4 im Reusstal zeigten, dass vor allem landwirtschaftliche Emissionen zum

nächtlichen Konzentrationsaufbau beitrugen. Obwohl abiogene Quellen nur ger-

ingfügig zum Aufbau beitrugen, hatten sie vergleichbare Emissionsstärken wie bio-

gene Quellen. Am Tag stieg der Beitrag von abiogenen Quellen am Gesamtmethan in

der Atmosphäre auf rund 22%, der aus der Advektion von 13C-angereicherter Luft

von windaufwärts liegenden Agglomerationen resultierte. In der Folge wurde der

nächtliche Konzentrationsaufbau während unserer Messungen durch die konvektive

Durchmischung am Tag kompensiert.

Diese Arbeit präsentiert räumlich und zeitlich hoch aufgelöste �

13C- und CH4

Konzentrationsmessungen in komplexem Gelände und vergleicht CH4-Budgets mit

inventarbasierten Abschätzungen. Sie leistet damit einen substanziellen Beitrag

zum wissenschaftlichen Verständnis über Methanemissionen und ihrer zeitlichen und

räumlichen Variabilität innerhalb der Grenzschicht. Die Ergebnisse heben hervor,

dass direkte Messungen für die Begrenzung von Modellabschätzungen notwendig

sind und wichtige Implikationen für Methanbilanzierung beinhalten.
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1

Introduction

1.1 Methane from a global perspective

Methane (CH4) is the second most important anthropogenic greenhouse gas after

carbon dioxide (CO2). Despite its small atmospheric concentration and its short

lifetime (approx. 9 years), methane’s global warming potential is about 25 times

larger compared to CO2 (IPCC, 2007). Although in 1951, methane has been first

considered as a ’non-variable component of atmospheric air’ (Khalil, 2000), its con-

centration rose since 1750 by a factor of 2.5 to 1.745 ppm and it currently contributes

about 20% to the anthropogenic radiative forcing (Lassey, 2007; Denmead, 2008).

This increase in atmospheric methane is mainly attributed to the increase of anthro-

pogenic emissions from fossil fuel energy production, agriculture, waste management

systems and biomass burning (Lassey, 2007). Today’s global methane budget is rel-

atively well constrained and the total emissions are estimated to 500–600 Tg CH4

yr�1 (Dlugokencky et al., 2011). While anthropogenic emissions are the major con-

tributor, natural sources, i.e., wetlands, oceans, lakes, termites, wild fires and wild

ruminant animals, contribute only about one-third to the total methane emissions

(Dalal et al., 2008). On a global scale, the main sink for atmospheric methane

is the oxidation of CH4 by the hydroxyl radical (OH�) in the troposphere and the

stratosphere (94%), whereas the consumption by methanotrophic bacteria in aerobic

soils (6%) is of minor, but significant importance (Dlugokencky et al., 2011; Miller,

2004). Currently, the removal of atmospheric methane balances the source emis-

sions, making the methane budget highly sensitive to emission reductions or to sink

1



2 1. INTRODUCTION

strength changes (Heimann, 2011; Bousquet et al., 2006; Khalil, 2000). Reducing

methane emissions will, thus, have a direct and quick e↵ect on the global atmo-

spheric methane burden. The formulation of e↵ective mitigation strategies requires

an in-depth knowledge about the spatio-temporal patterns of atmospheric methane

and, due to the diversity of methane sources, well-constrained emission estimates by

source sector (Dlugokencky et al., 2011).

1.2 Switzerland’s methane emission inventory es-

timates

Yet, emission estimates by source sector are associated with large uncertainties (Kep-

pler et al., 2009; Chanton, Liptay, 2000). The lack of a dense observation network

impedes a feasible source partitioning and hence, constraining emission estimates at

smaller scales, i.e., local to national scales (Dlugokencky et al., 2011). Consequen-

tial, methane emissions of di↵erent sources at smaller scales are often estimated

using models, i.e, based on bottom-up and top-down approaches. Both of them

are prone to large errors, either from up-scaling or down-scaling and they also lack

direct experimental validation (Nisbet, Weiss, 2010; Keppler et al., 2009). Top-

down methods assess emissions using atmospheric measurements and trace back the

sources via transport trajectories (Schulze et al., 2009). In contrast, bottom-up ap-

proaches scale up measurements of CH4 fluxes in space and time using statistical

data and land-use information.

At the national level, greenhouse gas emissions are commonly estimated by a na-

tional inventory based on a simple and globally-applicable bottom-up approach

(Lassey, 2007). In order to maintain consistency and comparability of reported

greenhouse gas emissions among di↵erent nations, the inventory estimates follow

the standard procedures recommended by the IPCC (Penman et al., 2000), using

country-specific activity data, e.g., livestock population, multiplied with a specific

emission factor, e.g., kg emitted CH4 head�1 year�1 (Hsu et al., 2010; Soliva, 2006).

The emission factors (EFs) rarely rely on direct measurements and are often derived

from the default EFs provided by the IPCC guidelines. Inventory estimates still re-

main questionable, since EFs can vary spatially and temporally, due to di↵erent

agricultural practices (e.g., animal type, diet, manure storage and application rate)
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and climatic conditions (Wang et al., 2011). Consequently, the methane emission

estimates assessed in Switzerland’s national inventory report (NIR) are associated

with high uncertainty levels ranging from 18% to 100% for enteric fermentation

and waste management systems (FOEN, 2013). In order to reduce this uncertainty

and improve the overall credibility of model estimates, measurements at di↵erent

spatio-temporal scales are essential (Nisbet, Weiss, 2010).

1.3 Measurement techniques

1.3.1 Estimating methane emissions at di↵erent spatial

scales

When estimating methane emissions at regional to national scales, assessing the

small-scale variability of the emission sources is of key importance. Diverse measure-

ment techniques are available to estimate the emission strength of di↵erent methane

sources, however, all of them are based on concentration measurements combined

with a particular flux calculation method. The most important measurement tech-

niques for emission estimates of single methane sources, i.e., at small scales, include

chamber and eddy covariance measurements, but also the flux-gradient techniques

and the mass balance approach, which can likewise be used for larger scales. Cham-

bers are a commonly used tool to quantify methane emissions from animals and

surfaces, due to their simple operating principle (Harper et al., 2011). Because

chambers only integrate fluxes over areas in the order of 1–5 m2, several chambers

are needed to obtain representative emission fluxes for surfaces (Denmead, 2008;

Gri�th, Galle, 2000). In contrast, eddy covariance measurements, flux-gradient

techniques and mass balance approaches, integrate the emissions at landscape scale,

i.e., 200 m2 – 1 km2 (Harper et al., 2011; Lapitan et al., 1999). With respect to

methane, they can either be used to assess the emissions of specific land-use types

as grasslands, wetlands, forests, lakes and landfills (Baldocchi et al., 2012; Detto

et al., 2011; Eugster, Plüss, 2010) or to evaluate livestock methane emissions over

grazed pastures (Dengel et al., 2011; Laubach et al., 2008). Very small fluxes, e.g.,

methane exchange between the soil and the atmosphere, can still not be estimated

with su�cient precision, due to the small gradients in methane concentrations rela-
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tive to their atmospheric background level (Gri�th, Galle, 2000). These techniques

are most suitable for uniform, high emitting and well defined source areas (Harper

et al., 2011; Alifieri et al., 2010).

Farm, ecosystem and regional methane emissions are either estimated via the up-

scaling of these small-scale measurements using statistical land-use information or

via direct measurements from airborne observations, using small aircrafts or teth-

ered balloons. The measurements are mostly combined with a mass balance or a

budgeting approach, integrating source emissions within the atmospheric boundary

layer of up to 100 km2 (Harper et al., 2011; Lapitan et al., 1999). These tech-

niques require spatio-temporally highly resolved measurements within and above

the boundary layer. Limitations are set by changing wind directions, unsuitable

weather conditions and unfeasible predictions of the boundary-layer height (Den-

mead, 2008; Cleugh et al., 2004).

1.3.2 Identifying methane sources

Unknown methane sources can be identified either by spatially highly resolved mea-

surements near the surface or by stable isotope ratio analysis of atmospheric CH4,

circumventing the need of measurements in the direct vicinity of methane sources.

Stable isotope ratio analysis is used at di↵erent spatial scales: At small scales, the

isotopic enrichment or depletion relative to the ambient background air helps iden-

tifying the sources responsible for the resulting methane concentration, whereas on

a global scale, the isotopic composition of atmospheric methane is used to constrain

the global methane budget (Dlugokencky et al., 2011; Chanton, 2005). The sta-

ble isotopes in CH4 can be used to distinguish isotopically enriched sources from

depleted sources, due to the di↵erent discrimination against the heavier isotope of

C and H in various methane consumption and production processes. The primary

method of stable isotope interpretation is the linear regression model of isotopic ra-

tios against the inverse of the gas concentration, commonly illustrated in a Keeling

plot (Pataki et al., 2003). The intercept of the regression is then interpreted as the

source isotopic signature. However, there have also been attemps to derive emission

estimates via boundary-layer budgets using stable isotopes (Lloyd et al., 2001). Due

to the well defined isotopic signatures of di↵erent methane sources, measurements

of �13C and �D in CH4 are a powerful tool for source partitiong of atmospheric
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methane.

Methane sources can be divided into three categories with fairly distinct isotopic sig-

natures compared to the ambient background air, which has a �

13C and �D value of

–47 and –85h, respectively (Dlugokencky et al., 2011; Dalal et al., 2008; Levin et al.,

1999). Within each category, the di↵erent sources can have distinct isotopic signa-

tures. Methane of biogenic origin, e.g., bacterially produced methane from wetlands,

landfills, sewage and enteric fermentation, has an average signature between –50 and

–70h in �

13C and –250 to –350h in �D (Townsend-Small et al., 2012; Miller, 2004).

The isotopic composition of biogenic methane, however, depends on the latitude and

on the isotopic composition of the preceeding substrate, i.e., C3 or C4 plants. Fossil

fuel related methane from vehicle emissions, coal mines as well as natural gas range

in its �13C values from –16 to –50h and in its �D value from –150 to –200h (Lowry

et al., 2001; Stevens, Wahlen, 2000). With respect to natural gas, the signature in

�

13C also depends on the formation temperature, leading to distinguishable values

of –50 and –30h between natural gas from Siberia and the North Sea, respectively.

The isotope ratio of methane from biomass burning is generally enriched in 13C and
1D compared to the ambient background with �

13C values from –18 to –26h and

�D values from –10 to –50h (Dalal et al., 2008; Stevens, Wahlen, 2000). It also

depends on the preceeding substrate, due to the distinct photosynthetic pathways

in C3 and C4 plants and resulting organic carbon isotope signatures. In contrast,

the consumption of atmospheric methane by methanogenic bacteria in aerobic soils

causes an enrichement in 13
C and 1

D of –21 and –80h, respectively (Miller, 2004;

Snover, Quay, 2000). The remaining atmospheric methane after the oxidation with

atmospheric radicals, e.g., OH��, shows a mean enriched �

13C value of –5.4h and

�D value of –220h (Miller, 2004; Snover, Quay, 2000).

1.4 Objectives

Due to the poorly known spatio-temporal pattern of methane sources and emissions

at local to regional scales, the FasMeF (Farm-scale Methane Fluxes) project was

implemented within this PhD study to contribute to the scientific understanding of

atmospheric methane and its spatio-temporal variability. The overall goals of this

project were (1) to understand the spatio-temporal variability of livestock methane
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emissions at a regional scale and (2) to constrain inventory estimates via direct

measurements. Based on spatio-temporally highly resolved measurements of CH4

concentrations and �

13C values, this thesis specifies the following main research

objectives:

1. Quantify farm-scale methane budget fluxes.

2. Compare farm-scale budget fluxes with methan emission inventory estimates

at di↵erent spatial scales.

3. Assess the temporal variability and the spatial heterogeneity of atmospheric

methane and its �13C value within the lower boundary layer.

4. Identify di↵erent methane sources and quantify their contributions to the over-

all source mix.

5. Assess the potential of highly resolved measurements to constrain model esti-

mates at the farm to regional scale.

1.5 Thesis outline

This thesis is composed of three manuscripts. In the first manuscript (Chapter 2)

farm-scale methane fluxes are quantified using a nocturnal boundary layer budgeting

approach. The resulting fluxes are compared to three inventory estimates, whose

estimates are based on the same bottom-up approach but di↵er in their spatial

resolution. The second manuscript (Chapter 3) investigates the processes driving

the spatio-temporal pattern of atmospheric methane and compares highly resolved

concentration measurements to methane emission estimates of a spatially explicit

inventory. In the third manuscript (Chapter 4) the spatio-temporal variability of

�

13C in CH4 is elucidated and the contributions of di↵erent methane sources to the

night- and daytime source mix are assessed. The findings are used to draw implica-

tions for the interpretation of regional-scale methane budgets.

Appendix A presents the first high-resolution (500 m x 500 m) CH4 emission inven-

tory for Switzerland, synthesizing anthropogenic and natural methane emissions.

Appendix B presents a comparison of the responses of grassland and forest carbon

and water fluxes to the 2011 spring drought in Switzerland. Appendix C presents a

full year greenhouse gas emission budget after grassland restoration.
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P, Peylin P, Peters W, Rödenbeck C, Etiope G, Viuchard N, Wattenbach M,
Nabuurs G, Poussi Z, Nieschulze J, Gash J (2009) Importance of methane and
nitrous oxide for Europe’s terrestrial greenhouse-gas balance. Nature Geoscience
2(12):842–850.



10 REFERENCES

Snover A, Quay P (2000) Hydrogen and carbon kinetic isotope e↵ects during soil
uptake of atmospheric methane. Global Biogeochemical Cycles 14(1):25–39.

Soliva C (2006) Report to the attention of IPCC about the data set and calculation
method used to estimate methane formation from enteric fermentation of agricul-
tural livestock population and manure management in Swiss agriculture. Institute
of Animal Science, ETH Zurich, Switzerland. On behalf of the Fereal O�ce for
the Environment (FOEN), Bern, Switzerland, pp. 14.

Stevens C, Wahlen M (2000) The isotopic composition of atmospheric methane and
its sources. In: Atmospheric methane: its role in the global environment, (eds)
Mohammad Aslam Khan Khalil, Springer-Verlag Berlin Heidelberg, Chapter 3,
pp. 25–40.

Townsend-Small A, Tyler S, Pataki D, Xu X, Christensen L (2012) Isotopic mea-
surements of atmospheric methane in Los Angeles, California, USA: Influence of
”fugitive” fossil fuel emissions. Journal of Geophysical Research: Atmospheres
117(D07308):1451–1476.

Wang J, Cardenas L, Misselbrook T, Gilhespy S (2011) Development and applica-
tion of a detailed inventory framework for estimating nitrous oxide and methane
emissions from agriculture. Atmospheric Environment 45(7):1454–1463.



2

Validation of farm-scale methane

emissions using nocturnal

boundary layer budgets

Jacqueline Stieger, Ines Bamberger, Nina Buchmann, Werner Eugster

Institute of Agricultural Sciences, ETH Zurich, Zurich, Switzerland

This manuscript is intended for submission to:

Agricultural and Forest Meteorology

11
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Abstract

This study provides the first experimental validation of agricultural methane

emission estimates at a farm scale in Switzerland. We measured CH4 concentra-

tions at a Swiss farmstead during intensive field campaigns in August 2011 and

July 2012 to (1) assess the source strength of livestock methane emissions using

a tethered balloon system, and (2) to validate inventory emission estimates via

nocturnal boundary layer (NBL) budgets. Vertical profiles of air temperature,

CH4 concentration, wind speed and wind direction showed that the nocturnal

boundary layer was strongly influenced by local transport processes and by the

valley wind system. Resulting NBL budget fluxes, i.e., average surface fluxes,

revealed a pronounced nocturnal course with highest fluxes in the middle of the

night due to the establishment of a NBL. The mean NBL budget flux of 1.59 ±
0.22 µg CH4 m�2 s�1 was in good agreement with local inventory estimates based

on current livestock number and default emission factors, with 1.29 ± 0.47 and

1.74 ± 0.63 µg CH4 m�2 s�1 for 2011 and for 2012, respectively. Estimates from

a spatially explicit CH4 emission inventory underestimated the CH4 emissions at

least by 26%. Our results show that the NBL budget approach can be a useful tool

to validate statistical assessments and that further improvements are needed for

the spatial disaggregation of inventory estimates. In addition, our direct validation

via independent atmospheric measurements increases the overall credibility of the

estimation methodology used by the inventories.
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2.1 Introduction

Switzerland’s methane emissions from agriculture are reported annually in the na-

tional inventory report (NIR), but have so far never been experimentally validated.

To assess agricultural methane emissions in Switzerland, we used nocturnal bound-

ary layer budgets and validated the methane emission inventory estimates at the

farm scale. The o�cial inventory estimates are based on standard procedures rec-

ommended by the IPCC (Heimann, 2011; Wang et al., 2011; Nisbet, Weiss, 2010;

Lassey, 2008), e.g., national livestock numbers multiplied with default emission fac-

tors (EFs) derived from the IPCC Guidelines and Guidances (Penman et al., 2000).

Despite considerable uncertainty of these default values, this estimation methodol-

ogy has become commonly used in order to ensure conformity and comparability of

reported greenhouse gas emissions among di↵erent nations (Lassey, 2007). Although

an experimental validation of such inventory estimates by independent means would

be highly beneficial to improve their overall credibility, the assessment of agricul-

tural methane emissions by direct atmospheric measurements is still lacking for

Switzerland.

Because of methane’s high global warming potential and due to its relatively short

atmospheric residence time, already a small reduction of CH4 emissions will have a

high impact on the global methane budget (Dlugokencky et al., 2011; Wang et al.,

2011). But in order to formulate feasible mitigation strategies, a deeper under-

standing and a precise quantification of emission variability and source strength

are needed (Dengel et al., 2011; Ulyatt et al., 2002; Lowry et al., 2001). Besides

emissions from animal husbandry, emissions from the energy sector and from solid

waste disposals are important methane sources in most European countries (Pulles,

Van Amstel, 2010). Switzerland’s CH4 emissions, however, are dominated by the

agricultural sector (84.6%), followed by emissions from waste treatment (8.3%) and

from the energy sector (6.8%) (FOEN, 2013). Yet, due to the lack of direct field

experiments and poorly known EFs (Lassey, 2007; Lowry et al., 2001), the NIR

estimates are associated with uncertainties of ±18.2% and ±54.3% for enteric fer-

mentation and manure management, respectively (FOEN, 2013). Although recent

studies conducted at the animal husbandry level in Switzerland (Staerfl et al., 2012;

Zeitz et al., 2012) showed that using country-specific EFs would not substantially

alter the total estimate of livestock methane emissions, high uncertainty remains, as
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di↵ering farming practices can have significant impacts on the EFs (Christie et al.,

2012; Saggar et al., 2004; Lowry et al., 2001). In addition, the inventory estimates

do not account for the large spatial heterogeneity and the temporal variability of

methane sources (Wang et al., 2011). While spatially explicit inventories (SEI) im-

prove the overall spatial representativeness of NIR, the accuracy of the estimates

still remains unclear. This underpins the need for detailed local to regional-scale

measurements.

Little is known about the temporal variability and spatial heterogeneity of di↵er-

ent CH4 sources, although an increasing number of studies show the importance of

assessing methane budgets via atmospheric measurements (Baldocchi et al., 2012;

Harper et al., 2011; Detto et al., 2010; Pendall et al., 2010; Pattey et al., 2006;

Zinchenko et al., 2002; Ulyatt et al., 2002; Beswick et al., 1998; Fowler et al., 1996).

Unfortunately, only few studies compare their results to inventory estimates (Hiller,

2012; Hsu et al., 2010; Lowry et al., 2001; Levin et al., 1999), and only one project,

so far, has directly validated livestock methane emission estimates via atmospheric

concentration measurements (Denmead et al., 2000). Using di↵erent budgeting

approaches (e.g., convective and nocturnal boundary layer budgets, mass balance

method), Denmead et al. (2000) found a good agreement of budget estimates with

the respective inventory estimates, but they also pointed out problems related to

the inherent uncertainty of the approaches used.

Up to now, there is no standardised procedure to compare experimental data to

statistical assessments. Studies dealing with inventory validation modify their spa-

tial focus according to the spatial extent of the methane source under examination

(Levin et al., 1999). In this study, we focus on the farm scale, and (1) evaluate the

source strength of a typical Swiss farmstead (0.5–5 km2), and (2) assess methane

budget fluxes (average surface fluxes) using vertical methane concentration profiles

within the atmospheric boundary layer. In addition, we use experimentally derived

NBL budget fluxes for inventory validation at di↵erent spatial resolutions, i.e., the

NIR and the SEI as well as a direct inventory estimate at the farm scale.
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2.2 Materials and Methods

2.2.1 Site description

We performed intensive measurement campaigns during 16–17 August 2011 and

24–27 July 2012 at the ETH research station Chamau (47° 120 3700 N, 8° 240 3800 E
at 393 m a.s.l.), which is located in the lower Reuss Valley in central Switzerland.

56.5% of the Reuss Valley is used for agriculture (FSO, 2012), which is the most

dominant land use category besides forests (22.5%). 72.4% of the station’s total area

(62.03 ha) is covered by grassland used for grazing and forage production (Suter,

2011; Zeeman et al., 2010). Cropland used for silage corn production, forests and

farm infrastructure cover 11.07%, 8.28% and 8.25%, respectively. The grasslands

are intensively managed (cut and fertilized about 5 to 6 times a year) and domi-

nated by mixed ryegrass-clover vegetation (Gilgen, Buchmann, 2009). With respect

to methane, the grasslands have shown negligible soil methane fluxes on a daily

timescale while acting as a small sink on an annual timescale (Imer et al., 2013).

Livestock populations at Chamau vary according to the seasonal three-stage farming

system. During summer, most cattle are moved to higher altitudes, whereas swine,

goats and sheep stay stationary at the farm. During our measurement periods, cat-

tle and swine were inside the barns, while goats and sheep were located outside at

the meadows. Our measurement periods did not include management events (e.g.,

cutting or fertilization).

Local meteorology in the Reuss Valley is dominated by a prominent valley wind

regime, where prevailing NNW-winds towards the Alps during the day are replaced

by cold air drainage flows from SSE during the night, promoting the development

of a shallow nocturnal boundary layer. Our measurement periods were restricted

to fair weather conditions with a predominant high-pressure system and clear skies

during night.

2.2.2 Vertical balloon profiles and ground measurements

Tethered balloon measurements were performed during the night in two years (2011

and 2012) with di↵erent temporal coverage (see Table 1 for details). A helium-filled

blimp (7.2 m3, The Blimp Works Inc., Statesville, NC, USA) with a net lift of
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4.35 kg carried a polyethylene inlet tube of 220 m length (Maagtechnic, Dübendorf,

Switzerland) connected to a ground measurement station. The air sampled was

drawn with a flow rate of ⇠1 L min�1 to a fast greenhouse gas analyzer (FGGA,

Los Gatos Research Inc., Mountain View, CA, USA), which was installed at the

ground.

Complementary measurements of air temperature, atmospheric pressure, relative

humidity, wind speed and wind direction were carried out with the meteorological

probe TS-5A-SEN (Atmospheric Instrument Research, Inc., Boulder, USA) which

was attached to the tether line. These meteorological measurements were transmit-

ted via an AIR IS-5A-RCR radio receiver (395–410 MHz) to a computer using the

home-built A.I.R. Tethersonde Communication Program and stored. A GPS unit

(eflight, SM-Modellbau.de, Germany) provided positioning and height information

of the balloon system. In total, 18 soundings were conducted, of which 16 were used

for further analysis, while two balloon soundings (16/17 Aug 2011 during 04:48 and

05:56 UTC+1) were rejected due to unfavorable meteorological conditions. Each

ascent and descent of the remaining 16 soundings gave a mean vertical profile and

a mean NBL budget flux (Table 1).

Furthermore, a guy-wired extension mast was installed next to the FGGA. In-

let tubes (Maagtechnic, Dübendorf, Switzerland) were installed at eight di↵erent

heights (0.2 m, 0.5 m, 1 m, 2 m, 3 m, 5 m, 8 m and 10 m a.g.l.), leading the

air into a home-built air inlet selection unit (Zeeman et al., 2008). The extension

mast measurements were performed between the balloon soundings and each height

was measured for three minutes. A nearby eddy covariance station provided fur-

ther micrometeorological measurements of air temperature, relative humidity, wind

speed, wind direction, photosynthetic active radiation (PAR) and turbulence (Zee-

man et al., 2010), also used for cross-referencing the meteorological tether probes.

2.2.3 Budget flux calculation

The NBL budget technique is applied at night during favorable weather conditions

with clear skies and low wind speeds. The budget flux Fs, i.e., the average surface

flux, can be expressed as followed (Denmead et al., 1996):
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Fs =

Z zi

0

@c̄

@t

dz (2.1)

where @c̄
@t

is the rate of change in concentration with time, and zi is the NBL height.

The resulting budget flux describes the accumulation of a scalar within the stable

boundary layer at consecutive time steps. The NBL budget method is based on the

idea that during nights with ideal weather conditions, a stable nocturnal boundary

layer develops, which is capped by a strong temperature inversion at its top and acts

as a natural atmospheric chamber, accumulating all emissions of underlying sources

(Pattey et al., 2006; Mathieu et al., 2005). Thus, the top of the NBL and hence zi

will be characterised by @c̄
@t

= 0 ppm s�1 due to a neutral to unstable stratification

with @✓̄
@z

 0 K m�1. In our case, the budget flux computed with Eq. (1) is an

integral measurement of the net flux from all relevant sources and sinks within the

footprint of the balloon measurements. These relevant components can be specified

in more detail by:

Fs = Fsoil + FENT + FHA + Fother (2.2)

where Fsoil is the soil exchange flux, FENT the entrainment flux at the top of the

NBL, FHA the horizontal advection, and Fother the flux resulting from emissions of

other sources in the footprint. Under stationary conditions with a constant NBL

height, FENT becomes negligible. At the Chamau site, earlier eddy covariance flux

measurements showed that Fsoil is very small compared to the other terms and hence

can be neglected in Eq. (2). This minor role of the source and sink strengths of up-

land grasslands in the total farm greenhouse gas budget has already been reported by

Imer et al. (2013) and Hartmann et al. (2011). Furthermore, the advection term can

be neglected if measurements are taken over a horizontally su�cient large and flat

terrain with a homogeneous source distribution (Pattey et al., 2006; Mathieu et al.,

2005; Cleugh et al., 2004; Denmead et al., 2000; Beswick et al., 1998; Fowler et al.,

1996; Choularton et al., 1995; Raupach et al., 1992). With these simplifications, Eq.

(2) can be reduced to:

Fs ⇡ Fother (2.3)



18 2. VALIDATION OF FARM-SCALE METHANE EMISSIONS

where Fother in our case represents the Chamau farmstead.

Nevertheless, it has been shown that even under stable conditions, small advective

e↵ects and wind direction play an important role in determining the NBL budget

(Hsu et al., 2010; Zinchenko et al., 2002; Lowry et al., 2001). Advected air parcels

can include pollutants from sources lying in the upwind fetch and hence can bias

the local methane concentrations, resulting in an overestimation of the NBL bud-

get. Particularly nighttime measurements can include regional information of up to

several kilometers upwind (Bamberger et al., 2013). In order to avoid the impact

of emissions from upwind sources and to reduce the measurement footprint to an

extent, which only includes the barn buildings of the Chamau farmstead, the in-

tegration height was set to the height where @✓̄
@z

 0 K m�1 (Pattey et al., 2006;

Mathieu et al., 2005). In addition, only measurements with a prevailing wind di-

rection from the SSE-SW sector were used for the flux calculatlion, i.e., where the

main barn building of the Chamau station and the grazed pastures are located.

2.2.4 Inventory estimates

Two inventory estimates of methane emissions exist for Switzerland (i.e., NIR and

SIE), which both use the same estimation methodology, but di↵er in their spa-

tial resolution. While the NIR evaluates methane emissions on an annual basis for

entire Switzerland (FOEN, 2013), the recently developed SEI (Hiller et al., 2013)

distributes the methane emissions, based on the 2007 year stocking census data

(FSO, 2009), onto a 500 m x 500 m grid according to Swiss land use statistics (FSO,

2007). Both inventories estimate the CH4 emissions from national livestock numbers

multiplied with animal-specific conversion factors, i.e., the methane conversion rate

for enteric fermentation ym and the methane conversion factor for manure manage-

ment (MCF), which are both given by the IPCC Good Practice Guidance (ART,

2012; Soliva, 2006).

The SEI accounts for the large spatial heterogeneity of methane sources which the

NIR cannot resolve. In the SEI, the Chamau research station, is explicitly resolved

by several grid cells with methane emissions ranging from 6 kg CH4 ha�1 yr�1 to

820 kg CH4 ha�1 yr�1. This large variation among the individual grid cells arises

due to the standarized assessment process of the SEI: about 80% of the methane
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emissions are assigned to the grid cell with the main building of a farmstead, while

the remaining emissions are evenly distributed to the pasture area of the whole

municipal (Hiller et al., 2013). In order to compare inventory estimates to budget

fluxes, the NIR estimates of enteric fermentation (119 ± 21.5 Gg CH4 yr�1) and

manure management (31 ± 17 Gg CH4 yr�1) for the year 2011 were disaggregated

to the area used for pastures (here 5685.8 km2) according to the CORINE land use

map (FSO, 1998). For the SEI, the grid cell representing the main building of the

research station was used for comparison.

To overcome the inconsistencies in spatial resolution and temporal representativeness

of both, the NIR and the SEI, we estimated methane emissions for the Chamau

farmstead (in the following called CHAI) using the same EFs but multiplied with

current stocking data of the respective measurement periods. This simplified the

validation, as livestock represents the main methane source at the Chamau station

and hence, the emission of the whole farmstead is included in the CHAI estimates

without the need for spatial disaggregation. Since no uncertainty estimates exist

for the SEI and CHAI, we assumed the same methodological-based uncertainty as

for NIR. The uncertainty due to the spatial disaggregation of the SEI is not known.

The standard deviation of all three inventory estimates (i.e., NIR, SEI and CHAI)

was calculated as the average uncertainty estimates of enteric fermentation (18.2%)

and manure management (54.3%) from NIR (FOEN, 2013), thus 36.25%.

2.2.5 Data processing and general conventions

Data processing, analysis and flux calculations were done with the statistics software

package R, version 2.15.1 (R Development Core Team 2009, www.r-project.org).

Nighttime data were defined as PAR <20 µmol m�2
s

�1. Ordinary kriging using the

geoR-package was performed for spatio-temporal interpolation of methane concen-

trations and served as a basis for flux calculations. NBL budget flux calculations

were restricted to the above mentioned selection criteria and limited to the dura-

tion time ±30 minutes of each balloon sounding. If not stated otherwise, reported

values denote mean ± standard deviations. The terms n1-n4 and s1-s16 refer to the

di↵erent nights and soundings in their respective year (Table 1).
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2.3 Results

2.3.1 Weather conditions and diel course of methane con-

centrations

During our measurements in 2011 and 2012, the weather was dominated by a high-

pressure system over Central Europe. We experienced warm and dry daytime con-

ditions with temperatures reaching 302.1 K in 2011 and 306.1 K in 2012, and a

pronounced surface cooling with clear skies and low wind speeds during all nights

(Figure 1). Radiative cooling (i.e., @T̄
@t

 0 K h�1) was most pronounced right after

sunset, providing su�cient atmospheric stability and stationarity for the build-up of

an NBL. Later during the nights, temperature cooling rates remained negative and

enabled the deepening of the stable NBL. The drop in air temperature was most

pronounced during n1 in 2011 (286.1 K), whereas air temperature at n2–n3 in 2012

did not fall below 287.1 K, with the highest nighttime value during n4 of 288.7 K.

All nights were dominated by low near-surface wind speeds <1 m s�1, associated

with a very weak turbulence <0.08 m �1. In 2012, however, some measurement

periods experienced slightly increased wind speeds and friction velocities, probably

due to weak advection promoting mixing processes within the stable NBL.

The diel course of methane concentration mainly followed the meteorological condi-

tions. Due to convective mixing during daytime, methane concentrations remained

relatively low (⇠1.9 ppm). At night, concentration values increased as the emissions

were trapped within the stable NBL (exemplarily shown for n1, Figure 2a). Highest

mixing ratios, here up to 3.1 ppm, were observed around 3 am local time at the lowest

measurement height close to the surface (i.e., 0.2 m a.g.l.) due to inhibited vertical

mixing. For lower measurement heights, the nighttime accumulation of methane

started after sunset. Measurements taken from above 70 m a.g.l., however, showed

an increase in methane concentrations only during the second half of the night, re-

sulting in a less pronounced diel pattern compared to lower elevations (Figure 2b).

Besides reaching the top of the NBL at about 70 m a.g.l., variable wind directions

a↵ected the increase in CH4 concentrations. The nighttime methane build-up was

most pronounced when air masses originated from the wind sector between 180� and

270�, including the cattle barn buildings (in Figure 2b, at heights below 50 m a.g.l.

from 9 to 11 pm local time). In contrast, air masses with a northern wind com-
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ponent, here above 100 m a.g.l., showed constant or decreasing CH4 concentrations

during the same measurement period.

2.3.2 Vertical balloon profiles

Potential temperature gradients of successive vertical balloon profiles indicated sta-

ble conditions during all nights (i.e., @T̄
@m

> 0 K m�1) and hence the establishment

of a stable NBL (Figure 3a). However, the height of this NBL, where a transition

from stable to unstable or neutral conditions is expected strongly di↵ered among

the individual profiles. Half of the profiles revealed a temperature inversion at or

above 100 m a.g.l. (i.e., s1 and s3 of n1; s7 and s8 of n2; s12 of n3; s14, s15 and s16

of n4). The other half exhibited multiple transition heights, pointing to the devel-

opment of multiple stable layers within the NBL. Only few of the soundings (i.e., s5

of n1; s6 of n2; s13 of n4) showed a clear temperature inversion (at 50–60 m a.g.l.),

followed by a second stable layer with positive temperature gradients at increasing

elevations. Other profile soundings were rather marked by a gradual transition from

stable to neutral conditions (e.g., s10 and s11 of n3). However, temperature gradi-

ents among individual soundings di↵ered markedly, indicating a temporal evolution

(e.g. growth, consolidation or separation) of the di↵erent layers within the NBL.

In contrast, the methane concentration profiles showed quite di↵erent patterns be-

tween the two years. In 2011, the profiles exhibited a clear increase in mixing ratios

from s1 to s5 within the lowest 100 m, and all profiles reached a background value

of ⇠2 ppm above 100 m a.g.l., pointing to the main NBL inversion height (Figure

3b). This drop in concentration was associated with a change in wind direction

from SSW to N and an increase in wind speeds up to 4 m s�1 (Figure 3c). In

2012 (s6 to s16), all profiles indicated a well-mixed NBL with small or even absent

vertical concentration gradients, but with an substantial increase in concentration

over time (Figure 3a & b). Even though temperature inversions were present, none

of the methane concentration profiles reached a background value at or above the

inversion height. The same well-mixed conditions were found for the two rejected

soundings in 2011. However, no clear changes in wind direction could be observed

in the profiles for 2012. Most wind profiles meandered between a WSW sector in

the lower part of the NBL and a ESE sector in the upper part of the NBL. Only s3

of n3 showed an abrupt change in wind direction from SE to N at 50 m a.g.l. Wind
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speed in 2012 showed a slightly di↵erent picture compared to 2011 as well (data not

shown). Except s6 and s8 of n2, all profiles revealed increasing wind speeds with

height. Some soundings also showed a peak with maximum wind speeds (i.e. s9 of

n2 at 80 m a.g.l.; s11 of n3 at 130 m a.g.l.; s14 and s15 of n4 at 140 m a.g.l. and 50

m a.g.l., respectively) pointing to a low-level jet.

2.3.3 NBL budget fluxes and comparison to inventory esti-

mates

The observed CH4 mixing ratio and potential temperature gradients showed that

the overall NBL at Chamau was not merely influenced by local emissions from

the farmstead. The well-mixed methane concentration profiles in 2012 suggested

that the NBL was primarily influenced by emissions from sources further upwind,

which were already well mixed with ambient air and that local sources had a minor

influence. Applying the NBL budget flux calculation to the whole NBL height would

therefore represent regional scale emission fluxes and include significant advection

terms. Restricting the NBL budget either to the height where @✓̄
@z

 0 and/or to wind

directions originating from the SSE-SW sector allows separation of emissions from

the Chamau station vs. emissions from upwind lying sources (see Section 2.3). The

resulting NBL budget fluxes of the individual profiles varied between 0.79 ± 0.13

and 2.88 ± 0.61 µg CH4 m�2 s�1 for the di↵erent nights (Table 1), with an overall

mean of 1.59 ± 0.22 µg CH4 m�2 s�1. All nights showed a clear nocturnal course of

NBL fluxes, with higher fluxes in the middle of the night and lower fluxes shortly

after sunset and before sunrise. This nocturnal course was most enhanced during

n2 and n3 in 2012 due to a more pronounced gradient of consecutive temperature

and CH4 profiles.

The estimates varied markably among the di↵erent inventories (Table 2). Highest

values were derived for CHAI with 1.29 ± 0.47 and 1.74 ± 0.63 µg CH4 m�2 s�1

in 2011 and in 2012, respectively. Lower emission fluxes of 0.83 ± 0.3 µg CH4 m�2

s�1 (for all nights) resulted from the spatial disaggregation of the NIR estimates.

The SEI emission flux estimate for the grid cell including the main building of the

farmstead, however, was only 0.42 ± 0.15 µg CH4 m�2 s�1, significantly lower than

the CHAI estimates. These CHAI estimates, representing the same spatial extent

as the main SEI grid cell, are therefore at least three times higher than the SEI,
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although 80% of total methane emissions from the Chamau farmstead were covered

by this main grid cell. Mean NBL budget fluxes for the di↵erent nights ranged

from 1.4 ± 0.5 to 2.05 ± 0.45 µg CH4 m�2 s�1 and were comparable to the CHAI

estimates (Table 2). A small di↵erence between NBL and CHAI of 0.04 µg CH4

m�2 s�1 was found for 26/27 July 2012.

2.4 Discussion

2.4.1 Using the NBL budget approach in complex terrain

In contrast to other studies using the NBL budget approach at horizontally ho-

mogeneous and flat sites, our measurements were located in complex terrain with

variable NBL structures. Temperature, concentration and wind profiles showed that

the NBL in the Reuss Valley underwent a significant temporal evolution, with the es-

tablishment of multiple stable layers and with a high dependency on wind direction.

With its location north of the Swiss prealps, the NBL was primarily a↵ected by the

valley wind system and the resulting thermodynamic processes in the atmosphere.

The complex temporal evolution of our temperature, wind direction and wind speed

profiles (Figure 3) suggested di↵erent disturbances (e.g., advection of air with higher

methane concentration, pulsating down-valley flows, cold air drainage), leading to

turbulent mixing events within the lower and upper parts of the NBL. These dis-

turbances finally resulted in well-mixed methane concentration profiles throughout

the NBL in 2012 and in some (rejected) profiles in 2011, although clear vertical

concentration gradients were expected due to the observed temperature inversions.

These findings suggest that advection and mixing processes played a prominent role

during our measurements. In addition, turbulence and wind speed measurements of

our eddy-covariance system suggested that intermittent turbulent processes a↵ected

the thermodynamic structure of the boundary layer. Although local meteorological

conditions favoured the build-up of a stable and stratified NBL, turbulent processes

within the NBL have also been reported by other studies (Wang et al., 2006; Mahrt,

Vickers, 2002; Holden et al., 2000; Parker, Raman, 1993). In addition, some of our

wind speed profiles indicated the presence of a low-level jet, which - besides cold air

drainages - had a significant impact on vertical transport within an NBL (Sun et al.,

2007; Pinto et al., 2006; Mathieu et al., 2005). Hence, similar to Dorninger et al.
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(2011), the the temporal evolution of the NBL in the Reuss Valley was primarily

a↵ected by local-scale mixing processes.

Besides intermittent turbulence, advection processes challenge the applicability of

the NBL budget approach for a feasible estimation of farm-scale methane emissions.

Although studies so far have focused at the regional scale with homogenously dis-

tributed sources and hence neglected the advection term in the methane budget,

advection has also been reported in other studies as an important impact factor of

the resulting budget flux (Pattey et al., 2006; Kuck et al., 2000). Assuming FHA ⇡
0, our NBL budget fluxes were expected to represent Fother. The methane concentra-

tion and wind direction profiles, however, suggested that CH4 concentrations largely

depended on wind direction (Figure 2b). This indicated a heterogeneous distribu-

tion of methane sources in the Reuss Valley, even though major parts of its relatively

broad basin are used for agriculture. In addition, it has been shown that nighttime

observations even measured at very low elevations above ground (2 m a.g.l.) carry

regional information up to 25 km2 (Bamberger et al., 2013). A one-to-one applica-

tion of the NBL budget approach used in other studies will thus result in budgets,

which represent an enlarged spatial extent compared to the Chamau farmstead.

Furthermore, the fluxes will include horizontally advected air parcels which might

not necessarily have been a↵ected by the same amount of agricultural emissions.

In order to estimate emissions at a farm scale, we minimized uncertainties caused

by horziontal advection from sources further upwind of the Chamau farmstead by

carefully selecting the integration height of the NBL budget flux calculation using

specific wind direction and wind speed conditions. This ensured that the main factor

a↵ecting the measurements was kept to the Chamau farmstead and hence reduced

the influence of upwind lying sources through advection. The good agreement of

the NBL fluxes with the CHAI estimates showed that our emission estimates not

only represented the emissions produced at the farm (Table 2), but also confirmed

our selection criteria. Still, not all advective e↵ects and external sources could be

accounted for, as the NBL fluxes showed a clear intra- and interday variability (Ta-

bles 1 and 2), which could not merely be explained by the diel course of livestock

methane production. Thus, the NBL budget approach not only integrates over a

larger spatial scale but can also be used to resolve mixing processes on smaller, i.e.,

hourly time scales.
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2.4.2 Validating inventory estimates

The validation of inventorial emission estimates via atmospheric measurements is not

atrivial task. The main challenge lies in matching the di↵erent spatial and temporal

scales of the inventories and the measurements. The inventory estimates represent

annual values, which deviate substantially from the measurements taken at various

times. Seasonally changing farming practices and temporal variability in methane

emissions are not resolved within a typical inventory so far and are only covered by

direct measurements. Furthermore, both the NIR and SEI estimates are a↵ected by

the low spatial resolution of the underlying census data and simplified assumptions,

resulting in an underestimation of current methane emissions. Especially the coarse

resolution of the statistical database in SEI impaired a relialble comparison with

atmospheric measurements. Thus, improving the representativeness of temporal

variations of methane emissions in both annual NIR and SEI estimates will require

long-term measurements at di↵erent spatial scales.

In addition a di↵erentiation is needed between the validation of livestock methane

emission estimates and the verification of emission factors used for inventory es-

timates. Most studies adress the verification of EFs via direct measurements at

animal level (Zeitz et al., 2012; Ulyatt et al., 2002). However, our study aims

to validate the livestock methane emission estimates, by examining the appropri-

ateness of the methodology used in the inventory, and test whether the estimates

are consistent with direct atmospheric measurements (Lassey, 2007; Lowry et al.,

2001). Using current livestock data (CHAI), the inventory estimates were in the

same order of magnitude as atmospheric measurements. Therefore, statistical as-

sessments/inventories are indeed able to reliably estimate methane emissions from

livestock, even though the estimates are based on given default values. Beside that,

the study showed that the methodology used in the inventory estimates is a prac-

ticable instrument for resolving current livestock methane emissions at farm scale

and can, for the period of data collection, be applied at higher scales as well, e.g.,

regional to national scales.
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2.5 Conclusion

Direct inventory estimates (CHAI: 1.29 ± 0.47 µg CH4 m�2 s�1 and 1.74 ± 0.63 µg

CH4 m�2 s�1) and mean NBL budget fluxes (ranging between 1.22 ± 0.1 and 2.05

± 0.45 µg CH4 m�2 s�1) agreed well when used to estimate the source strength of

a typical Swiss farmstead. Thus, estimates based on current livestock data and de-

fault emission factors showed that statistical assessments/inventories give plausible

results supporting the methodology used by such inventories to be ’best practice’.

Furthermore, statistical assessments can also be applied at di↵erent spatial scales,

i.e., from regional to continental levels, to compare the livestock methane emissions

at a given point in time. Our study also raises confidence that the NIR reliably

resolves national livestock methane emissions on an annual scale.
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Table 2.2: Methane emission estimates from di↵erent inventories (NIR, SEI and CHAI)
and the NBL budget approach. The inventory estimates are based on the methodology
recommended by the IPCC (see text for details). CHAI estimates use current stocking
census data, whereas NIR and SEI estimates are based on 2011 and 2007 stocking census
data, respectively. NBL budget fluxes are denoted as the mean of all budget fluxes from
the individual balloon profiles of the respective nights. The fluxes are in µg CH4 m�2 s�1

(mean ± sd).

Methodology 16/17 Aug 2011 24/25 Jul 2012 25/26 Jul 2012 26/27 Jul 2012

NIR 0.83 ± 0.30 0.83 ± 0.30 0.83 ± 0.30 0.83 ± 0.30

SEI 0.42 ± 0.15 0.42 ± 0.15 0.42 ± 0.15 0.42 ± 0.15

CHAI 1.29 ± 0.47 1.74 ± 0.63 1.74 ± 0.63 1.74 ± 0.63

NBL 1.40 ± 0.50 2.05 ± 0.45 1.22 ± 0.10 1.70 ± 0.07
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Figure 2.2: (a) Kriged time-space interpolation (see text for details) of the methane con-
centrations obtained from the balloon measurements during 16/17 Aug 2011. (b) Diel
course of methane concentrations at 10 m, 40 m, 110 m and 130 m a.g.l. The gray shaded
time periods show the impact of di↵erent wind directions, i.e., north winds (360�) and
south-west winds (180–270�), on the CH4 concentration from the balloon profiles included
in the NBL budget flux calculation in 2011.
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Figure 2.3: Vertical profiles of potential temperature gradients (a), methane concentration
(b) and wind direction (c) of the individual balloon measurements. The dashed vertical
lines indicate neutral stratification in (a), and lower and upper wind direction limits used
for the NBL budget flux calculation, including the cattle barn buildings and grazed pas-
tures at Chamau farmstead, in (c).
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Abstract

Spatial variations in methane concentrations were quantified along transects using

a mobile system in order to identify the spatio-temporal patterns of atmospheric

methane and their controlling factors. The measurements from an agriculturally

dominated area in Switzerland including vertical profiles, and the diurnal cycles

of methane concentrations revealed three main aspects being responsible for the

regional distribution of atmospheric methane; (1) the magnitude and distribution

of methane sources within the region, (2) the e�ciency of vertical exchange, and (3)

local wind patterns within the complex topography. An autocorrelation analysis

of measured methane concentrations showed that nighttime measurements close to

the ground provide information about regional sources. At night, concentration

is also a better indicator for emissions obtained from a spatially explicit methane

emission inventory and for identifying inconsistencies in an emission inventory than

during the day.
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3.1 Introduction

The spatial variability of atmospheric methane concentrations and their temporal

variations are still insu�ciently known, despite the prominent role of methane in

atmospheric chemistry, its major contribution (15%) to anthropogenic radiative forc-

ing (IPCC, 2007) and an increasing number of measurement stations in deployment

(Dlugokencky et al., 2011). With the advent of spatially explicit emission invento-

ries, it becomes increasingly important to find empirical methods for field validation

of such inventories. Using an instrumented car for transect measurements, as was

done in and agriculturally dominated area of Switzerland in this study, is a promising

technique that is a first step in that direction.

Since conventional measurement systems for methane concentrations and fluxes

mostly rely on point measurements at specific sites, spatial interpolation is di�-

cult. Especially in regions with multiple methane sources, the concentrations of

atmospheric methane are expected to exhibit significant deviations from the global

atmospheric background of 1.77 ppm (IPCC, 2007) and to give essential informa-

tion about the emission strength of regional methane sources. Although there are

studies which evaluated the regional distribution of methane in the upper atmo-

sphere using aircraft measurements, e.g., Beck et al. (2012); Schuck et al. (2012);

Xiong et al. (2010), there are only few studies so far, which evaluated the regional

variability close to the ground. Phillips et al. (2013) found methane hotspots (up

to 28.6 ppm) along the roads of Boston due to leakages in the gas distribution net-

work. Methane concentrations also varied substantially in the greater area of Los

Angeles (Townsend-Small et al., 2012). Still, the temporal fluctuations of the spatial

variability and the underlying driving processes remained unresolved.

In addition, emission budgets of atmospheric methane are mainly based on mod-

eling approaches and rarely include direct measurements. Currently two modeling

approaches, i.e., top-down and bottom-up, are used to assess methane fluxes (Nis-

bet, Weiss, 2010). In top-down or backward modeling, often implemented for global

methane budgets, atmospheric methane concentrations are traced back to regional

sources using transport models (Bousquet et al., 2006). Uncertainties in those mod-

els arise from assumptions regarding the methane emissions, the use of atmospheric

transport models (Tarasova et al., 2009; Gerbig et al., 2008; Lin, Gerbig, 2005) and

a lack of direct measurements for validation. Although a reliable quantification of
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regional-scale methane emissions using top-down models is not yet possible, global

flux patterns are relatively well constrained (Dlugokencky et al., 2011; Bergamaschi

et al., 2010). For regional-scale estimates a dense measurement network would be

required (Villani et al., 2010; Tarasova et al., 2009), which is currently not existing.

In contrast, bottom-up models estimate methane emissions via the up-scaling of

emission factors or small-scale flux calculations using statistical land-use and live-

stock information. However, the results from bottom-up models are still associated

with considerable uncertainties (Gerbig et al., 2009; Jagovkina et al., 2000), which

originate from the high variability in reported emission factors (Bergamaschi et al.,

2010) and the questionable representativeness of small-scale flux calculations for re-

gional scales. Thus, direct atmospheric measurements at regional scales and a better

understanding how the heterogeneous patterns in atmospheric methane concentra-

tions arise would help to reliably validate or constrain bottom-up and top-down

emission estimates and to reduce associated uncertainties.

Our study aims to improve the understanding of spatio-temporal methane concen-

tration patterns using highly resolved, mobile measurements in an agriculturally

dominated area in Switzerland. The objectives of our study are (1) to identify the

spatio-temporal methane patterns, (2) to investigate the processes controlling such

patterns of methane concentrations in complex terrain, and (3) to assess the po-

tential of methane concentration measurements to constrain regional scale emission

estimates.

3.2 Materials and Methods

3.2.1 Site description and transect patterns

We used a mobile set-up for methane concentration measurements in the Reuss

Valley, situated in Central Switzerland. The Reuss Valley is a river valley aligned in

a northerly direction, with an altitudinal di↵erence of approximately 440 m between

the surrounding hilltops and the valley bottom. Agriculture is with 56.5% of the

total area the dominant land-use type (FSO, 2012). Diurnal wind patterns within

the valley are dominated by up-valley winds during daytime and down-valley winds

during nighttime. The concentration measurements were performed during three
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consecutive days and nights under fair weather conditions in July 2012, covering

two predefined transects, i.e., the valley transect and the mountain transect (Figure

1).

The valley transect measurements were performed eight times (transect t1–t8) dur-

ing 24th–25th July 2012 and included the Reuss Valley bottom and the surrounding

hillsides, covering altitudes between 380 and 716 m above sea level (a.s.l.). During

26th of July, additional measurements (four transects t9 – t12) were taken along the

mountain transect, including the Zugerberg mountain ridge at 1077 m a.s.l. located

east of Lake Zug to extend the vertical profiles (Table 1).

3.2.2 Mobile measurement set-up

The mobile measurement set-up consisted of a DLT-100 Fast Methane Analyzer

(FMA, Los Gatos Research, CA, USA), installed in the luggage compartment of

a car. An Airmar weather station (AIRMAR®Technology Corporation, Milford,

NH USA), providing meteorological data and GPS coordinates, was installed on a

rod fixed to the roof rack of the car at approximately 2 m above ground. Through

an inlet tube (Synflex 1300, ID 3.8 mm, Eaton, Eaton Hydraulics Group Europe,

Morges, Switzerland), whose air inlet was placed next to the Airmar, the ambient air

was drawn into the methane analyzer at a flow rate of 0.65 standard liter per minute.

The methane analyzer, the Airmar weather station and a portable computer were

attached to 12-Volt batteries (NPL65-12I, YUASA Battery Sales LTD, Swindon,

UK) in series, connected to a power inverter (Sine Wave Inverter, Nordic Power,

Järfälla, Sweden).

Methane concentrations were recorded on the analyzer’s hard disk, while data from

the infrared gas analyzer and the weather station were saved at the hard disk of the

portable computer. A time lag correction using the flow rate of the pumps and the

inner volume of the intake tubes was applied to the measurements of the FMA, to

account for inlet tubing residence time. Time o↵sets originating from the reaction

time of the GPS while driving, and from the distance between inlet and GPS were

thought to be small and therefore neglected in the georeferencing of the measured

time series.



42 3. SPATIAL VARIABILITY OF METHANE

3.2.3 Data analysis

Post-processing of the data was performed using the commercial MAT-

LAB®software (Math Works®, Natick, MA, USA). We determined a methane

background concentration of 1.92 ppmv from the 5th percentile of all measured con-

centrations from the transects. For the vertical profiles, we bin-averaged the temper-

ature and methane concentration measurements by altitude using smaller bin sizes

(down to 20 m) for the altitudes where plenty measurement points were available

and increased bin sizes to 100 m towards the highest elevations of the transects.

In order to explore the diurnal patterns of methane concentrations as a function

of the measurement location, we calculated Pearson correlation coe�cients between

the average diurnal cycle (averaged over all locations) and the diurnal cycle at a

specific location (within a 150 m x 150 m grid cell) for every measurement loca-

tion along the transect. The representativeness of point measurements for di↵erent

spatial scales was assessed using an autocorrelation analysis on an equidistant data

series of our measurements, which was obtained by nearest neighbor interpolation

from the georeferenced time series.

The measured methane concentrations were compared to the emission estimates of

a spatially explicit methane emission inventory (Hiller et al., 2013; METEOTEST,

2011). The inventory is based on a bottom-up approach and default emission fac-

tors were multiplied with lifestock census data and activity data from point sources

(industry, waste water treatment) to receive estimates of the methane emission

strength. Then, these emission estimates were disaggregated tonto a regular grid

with a spatial resolution of 500 x 500 m using best available land use census data

(Hiller et al., 2013; METEOTEST, 2011). We calculated day-and nighttime average

concentrations of valley transect measurements lying in the respective grid cells of

the spatially explicit inventory and compared them to the inventory estimates using

quantile regressions (Koenker, 2005; Koenker, Basset, 1978). Transects 3 and 7 in-

cluded transitions from day to night and were therefore excluded from this analysis.
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3.3 Results

3.3.1 Spatio-temporal variability of CH4 concentrations

Regional distribution of atmospheric methane concentrations

Along the valley transects (transects t1-t8), methane concentrations ranged from

1.91 ppmv up to a peak value of 5.80 ppmv and were heterogeneously distributed

within the region (Figure 2a). While daytime transects (t1, t2, t5, t6) showed a

relatively low variability in methane concentrations, i.e. between 1.92 ppmv and

4.06 ppmv, peak concentrations during nighttime transects (t4, t8) were generally

higher. Transects measured during evening transitions showed methane concentra-

tions spanning a range from 1.91 ppmv to 4.06 ppmv. Peak methane concentrations

during daytime were locally confined, and could be associated with methane sources

in direct vicinity of the measurements (such as farmsteads). In contrast, methane

concentrations at night at the valley bottom were clearly higher than the daytime

background levels, showing a mean value of 2.98 ppmv and maximum values of 5.80

ppmv within the valley (transect t4). During nighttime, however, lowest methane

concentrations at the hillsides were close to the calculated background concentra-

tion and peak concentrations up there were slightly higher than during daytime but

locally confined to the location of nearby sources as well (i.e. between 1.92 ppmv

and 4.04 ppmv, for transect t4).

The mountain transects (t9 – t12, Table 1) showed slightly lower minimum methane

concentrations than for valley transects (1.88 –1.89 ppmv). Minimum concentra-

tions were generally observed at the mountaintop at altitudes ranging from 952

to 1059 m a.s.l. Methane concentrations along the mountain transects showed a

very heterogeneous distribution and spanned a range from 1.88 ppmv to 7.66 ppmv

(Table 1). Similar to the valley transects, methane concentrations during the night

were higher within the valley than during daytime (compare Figure 2c, d). Peak

concentrations, however, were not substantially lower during the daytime transects

(t9, t10) than during the nighttime transect (t12), which contrasts strongly with

conditions seen in the valley transects. Peak concentrations along transects t9 and

t10 were observed close to a biogas plant (Figure 2c). The maximum concentration

of transect t11 (Table 1), measured during the evening transition phase, was

probably due to manure management in the upwind fetch at Zugerberg (data not
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shown). During the night transect t12, the methane concentration maximum of

4.65 ppmv was observed at a lower altitude within the valley (424 m a.s.l, Figure 2d).

Nocturnal vertical temperature and CH4 concentration profiles

Vertical temperature profiles showed the development of a nocturnal boundary layer

with two inversion layers (Figure 3), the first starting at the valley bottom (around

350 m a.s.l) and the second inversion layer lying on top of the first one (at around

600 m a.s.l). Temperatures in the lower, strong inversion layer raised by 2.4�C from

14.6 �C at the valley bottom to 17.0�C at an altitude of approximately 480 m a.s.l.

during the first night of the valley transect measurements while the temperature

di↵erence was only 1�C from 16�C to 17�C (Figure 3a) between the lower (600 m

a.s.l) and upper (640 m a.s.l) altitude of the second inversion layer. During the

second night, the temperature di↵erence across the boundaries of the first inversion

layer was substantially lower (1.2�C). As opposed to the previous night, the top of

the second inversion layer with a lower boundary of 600 m a.s.l. was beyond the

altitudinal range covered by the valley transect (Figure 3a). Methane accumulated

to almost 2.98 ppmv (first night) and 2.82 ppmv (second night) predominantly in

the first inversion layer on the valley bottom during both nights and declined rapidly

to values close to 2.04 ppmv (first night) and 2.06 ppmv (second night) at higher

altitudes (Figure 3b).

The vertical temperature profiles along the mountain transect (Figure 4) were

similar to the profiles from the valley transect, exhibiting a first inversion layer,

where temperatures raised from 16.8�C at an altitude of 405 m a.s.l to 20.1�C at

the upper boundary (625 m a.s.l., Figure 4a). Above, a second, weaker inversion

layer was observed, with a temperature di↵erence of only 1.1�C between its lower

(700 m a.s.l.) and upper (800 m a.s.l.) boundaries. Similar to the valley transect,

methane concentrations of the mountain transect significantly increased to 2.76

ppmv close to the valley bottom (Figure 4b), and declined rapidly to values around

2.02 ppm with increasing altitude until the lower boundary of the second inversion

layer was reached at 700 m a.s.l. Methane concentrations in the second inversion

layer were slightly higher again (2.11 ppmv) and dropped back to values around

2.00 ppmv at an altitude of nearly 1000 m a.s.l (Figure 4).
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Diurnal cycles of CH4 concentrations

To identify di↵erences in the spatio-temporal patterns, methane diurnal cycles at

each sampling site of the valley transect were analyzed and compared to the re-

gional average diurnal cycle (Figure 5a). While diurnal cycles for sampling sites at

the bottom of the valley showed a similar behavior (expressed by high correlation

coe�cients R>0.7, p<0.05) compared to the regional average diurnal cycle at the

sampling sites, the diurnal cycles at the hillsides showed insignificant correlations

(p<0.05) with the regional average diurnal cycle (Figure 5a). The regional average

diurnal cycle of CH4 concentrations showed a strong day to night variation, with

increased concentrations (up to 2.58 ± 0.52 ppmv) from dusk till dawn and lowest

concentrations (down to 1.97 ± 0.07 ppmv) during the day (Figure 5b). At the

western hillside (Figure 5c) the average diurnal pattern was less distinct compared

to the diurnal cycles at the valley bottom, but showed elevated methane concentra-

tions (>2.2 ppmv) even in late morning (9:30), lowest values in the afternoon around

15:00, and increasing concentrations afterwards. At the eastern hillside, however,

methane concentrations always remained below 2.2 ppmv and no distinct (Figure

5d) diurnal pattern was observed.

3.3.2 Concentrations for constraining emission inventories

Representativeness of point measurements

An autocorrelation analysis of the di↵erent valley transects showed that the distance

of influence from a local point source (source influence) varied considerably between

di↵erent times of day (Figure 6a). During the afternoon, the source influence,

expressed as the coe�cient of determination of the autocorrelation function,

decreased to 20% already within a displacement distance of 250 m between source

and measurement location. This clearly di↵ered from conditions during night

and at dawn, when a much stronger influence from point sources was detectable

(>20%) over much longer separation distances of 2.1 km and 9.2 km, respectively

(Figure 6a). The source influence also revealed a diurnal pattern, very similar to

the average diurnal cycle, with peak values before dawn and lowest values during

daytime (Figure 6b). The minimal displacement distance between source and

measurement location at which the source influence was at least 25% (green curve)
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was highest before dawn (8.3 km, which corresponds to an area of approximately

5000 ha around a source) and declined to values around 240 m during daytime

(Figure 6b). The displacement distances at which the influence was at least 10%,

50%, 75%, and 90% showed similar diurnal patterns, with highest values at dawn

and lowest during the day, but with increasing and decreasing distances for the

lower and higher source influences (in %), respectively.

Concentrations versus inventory emissions

Methane concentration measurements show a large spatial variability, but also the

spatial variability in methane inventory estimates at 500 m x 500 m resolution is

high. Although there was no simple linear relationship between methane concentra-

tions and inventory fluxes, an exponential relationship between the two variables was

found via quantile regression analysis. The quantile regression approach (Koenker,

2005; Koenker, Basset, 1978) divides the dataset into quantiles in such a way that

the relationship between inventory fluxes and concentrations are investigated for

data quantiles instead of the ensemble of all data. Each line in a quantile regres-

sion actually separates a given percentage of data that lie above the line from those

below the line, to indicate how this separation line depends on the independent

variable. We used a power law function, y = b ⇤ 10s⇤x with x the measured methane

concentration, y the corresponding inventory emission rate, s the growth rate of the

relationship between y and x, and b is the emission rate which distinguishes the

lower emission limit without significant impact on ambient methane concentrations

(Figure 7). Concentration measurements were separated into daytime and nighttime

values (Figure 7 a, c) which were then analyzed separately. In both cases lower to

intermediate flux quantiles showed the strongest response of methane emissions with

concentration measurements, whereas for the higher quantiles (>75% probability of

exceedance) no robust relationship was found between concentrations and emission

inventory fluxes (Figure 7c, d). During the day a methane concentration increase of

1 ppmv comes along with a hundred-fold (102) increase in inventory emissions for the

55% flux quantile. This means that daytime methane concentration measurements

are a reasonably good indicator for lower and intermediate methane emissions, but

the highest emission fluxes appear to be poorly related to ambient concentrations.

This is seen in the strongly decreasing growth rates towards higher flux quantiles

(Figure 7b) where they reach values below 0.5 ppbv�1 (>75% flux quantiles). A
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growth rate of 0.5 ppbv�1 corresponds to a three-folding of emissions for each ppmv

increase in methane concentration measurements. Towards lower flux quantiles the

growth rate decreases steadily to 0.7 ppbv�1 (corresponding to a five-folding of emis-

sions for each ppmv), but increases again for the lowest flux percentiles. At night,

the relationships between measured concentrations and inventory fluxes showed a

comparable pattern but were generally stronger than during the day (lower uncer-

tainty ranges for the rate of growth) although the growth rates were smaller than

during the day, with values around 0.8 ppbv�1 (corresponding to a six-folding of

emissions for each ppmv increase in concentration measurements). These findings

from the quantile regression analysis are in line with what can be expected from

the spatial autocorrelation analysis: at night the relationship between concentra-

tion measurements and associated methane emissions is stronger and clearer than

during the day.

3.4 Discussion

3.4.1 Processes driving the spatio-temporal CH4 concentra-

tion patterns

Except for locations very close to local methane sources, methane concentrations

were around the calculated background concentration due to strong turbulent mix-

ing during daytime. Thus, di↵erences in atmospheric methane concentrations dur-

ing daytime were mainly controlled by the location and strength of methane sources

within the region, a behavior also seen in the study by Phillips et al. (2013). Dur-

ing the night, a stable nocturnal boundary layer (NBL) developed, indicated by

the temperature inversion close to the valley bottom, resulting in elevated methane

concentrations. It is well known that at night, the e�ciently mixed convective (day-

time) layer is replaced by the NBL, which suppresses vertical mixing (Stull, 1988).

This process led to nighttime accumulation of methane at the valley bottom, while

horizontal dispersion distributed the methane enriched air across the entire valley

bottom. The low vertical mixing during nighttime also caused characteristic di-

urnal cycles within the valley, with increased methane concentrations in the night

compared to values during the day. During the summer months under fair weather
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conditions, similar diurnal patterns were also observed by other studies for methane

(Wang et al., 2013; Shipham et al., 1998) but also for other VOCs like monoterpenes

(Kaser et al., 2013; Bamberger et al., 2011). These findings clearly indicate that be-

sides the source distribution, the e�ciency of turbulent mixing in the boundary layer

plays an important role for the spatio-temporal patterns of methane concentrations.

However, methane concentrations at the western and eastern hillsides showed a sig-

nificantly di↵erent diurnal course. Especially at the western hillside, which received

direct sunlight in the morning on clear-sky days, morning methane concentrations

were clearly higher compared to afternoon concentrations. At sunrise, temperature

gradients between the warmer hillsides (in our case the western hillside) and the

colder valley bottom initiate up-slope winds (Whiteman, 2000). The diurnal concen-

tration patterns at the western hillsides suggest that methane-enriched air masses,

which had been trapped at the valley bottom within the NBL, were transported

along the western hillside by the up-slope wind in the morning. As a consequence

this led to the observed high morning concentrations which decreased to background

concentrations with the complete breakup of the NBL later during the day. This

interpretation agrees well with the study by Gohm et al. (2009) and Schnitzhofer

et al. (2009), who conducted gas (CO, NO2) and particle pollution measurements

within an Austrian Alpine valley during wintertime and described one-sided verti-

cal transport of pollutants with up-slope winds along the warmer mountain slope.

Although our study was conducted in a non-Alpine valley, the measured profiles

suggested that these wind systems also develop over river valleys, in agreement with

current knowledge about mountain meteorology that such wind systems are strongly

driven by the pressure gradient between the mountain tops and their foothills and

foreland (Whiteman, 2000).

Thus, our study suggests that there are three main processes, a↵ecting the spatio-

temporal patterns of methane concentrations in complex terrain: (1) the source

distribution, (2) the e�ciency of turbulent mixing in the boundary layer, and (3)

local wind patterns like valley wind systems. This finding is especially important

with regard to atmospheric transport models, since uncertainties in wind measure-

ments and vertical mixing heights lead to significant uncertainties in the transport

of greenhouse gases even over homogeneous and flat terrain (Gerbig et al., 2008;

Lin, Gerbig, 2005).
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3.4.2 Constraining emission inventories using concentration

measurements

In order to investigate the suitability of atmospheric concentration measurements

to constrain emission inventories, it is important to know how representative point

measurements close to the ground are for the understanding regional scale pro-

cesses. The autocorrelation analysis implied that (1) measurements taken close to

the ground (at ca. 2 m altitude) in the valley carry regional source information

of up to of 5000 ha around the measurement location during nighttime; (2) due

to e�cient vertical mixing, methane measurements during daytime (if not taken in

the direct vicinity of sources) are representative for regional background methane

concentrations but do not carry information about regional sources; and (3) during

the day, a slight di↵erence in the displacement distance may result in a considerable

deviation in methane concentrations. These findings demonstrated that nighttime

measurements of methane concentrations are useful to derive information about re-

gional source strengths within the valley and therefore suited to constrain regional

emission estimates. In contrast, daytime measurements provided information about

regional methane background concentrations and allow the localization of point

sources as was reported by Phillips et al. (2013). These findings might be especially

useful regarding the attribution of methane sources on a regional scale, which is

often a substantial source of uncertainty for top-down models (Bergamaschi et al.,

2009; Tarasova et al., 2009).

Concentration measurements obtained along a spatial transect can be used to predict

fluxes in areas with small to intermediate fluxes according to the emission inventory,

but grid cells with the highest emission inventory fluxes were not clearly reflected in

the concentration measurements (Figure 7). The weak relationship between methane

concentrations and highest inventory estimates cannot be explained by the three

processes discussed in Section 4.1 and hence needs special attention. A closer look

at the dominating methane source in the Reuss Valley, animal husbandry, shows that

for the inventory 80% of total livestock emissions were attributed to farmsteads in

the inventory and only 20% to the agricultural areas within the local community

(Beat Rihm, pers. comm.). This may be a good approximation for annual average

emissions, but because our measurements were taken during the summer period,

we assume that most cattle were actually grazed on pasturelands and not kept
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in barns of the farmsteads. Hence, a misallocation due to lack of more detailed

cattle census information is likely. Especially for bigger farmsteads pasturelands

are not necessarily located within the same grid cells as the farmsteads they belong

to. This may explain the weak relationship between concentrations and inventory

emissions for the highest flux percentiles. Contrastingly, the lower to intermediate

inventory fluxes are more likely to originate either from smaller farmsteads or from

stationary sources and are therefore rather well captured by the spatially highly

resolved concentration measurements.

3.5 Conclusion

Our study clearly showed that the distribution of sources, the e�ciency of verti-

cal mixing in the boundary layer and local wind patterns are controlling factors

for the spatio-temporal distribution of methane concentrations within the region.

Atmospheric methane measurements close to the ground hence provided very use-

ful insights into regional scale processes a↵ecting the spatial variation of methane

concentrations.

Thus, it is suggested that regional to continental transport models, need to account

for topography and the local wind patterns, in order to reliably attribute emissions

to source areas. Moreover, spatially highly resolved atmospheric methane measure-

ments using a ground-based, mobile measurement approach have a high potential

for monitoring regional air quality and to localize methane sources. The identifica-

tion of disagreements between mobile measurements and spatially highly resolved

inventory estimates can be used to identify errors in the spatial allocation of di↵use

emissions to inventory grid cells as well as the existence of locally relevant methane

sources that were considered negligible in emission inventories.
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3.6 Tables and figures

Table 3.1: Time, duration, location as well as average temperatures and methane concen-
tration ranges for each transect during July 2012.

Transect Start Time Duration Transect Average Methane
Number [UTC] [Hours] Pattern Temperature Concentration

[�C] Range [ppmv]

t1
(day)

24.07.2012
07:23:44 3:16:48

valley
transect 19.7 1.98–3.35

t2
(day)

24.07.2012
13:10:30 3:48:18

valley
transect 25.9 1.93–2.82

t3
(transition)

24.07.2012
19:08:07 5:10:51

valley
transect 17.9 1.92–4.06

t4
(night)

25.07.2012
00:56:17 4:08:43

valley
transect 14.6 1.92–5.80

t5
(day)

25.07.2012
05:32:04 3:34:22

valley
transect 19.4 1.98–4.06

t6
(day)

25.07.2012
10:02:27 4:00:23

valley
transect 27.4 1.92–3.89

t7
(transition)

25.07.2012
17:21:10 2:17:13

valley
transect 22.5 1.91–3.89

t8
(night)

25.07.2012
21:55:51 2:53:28

valley
transect 16.2 1.91–5.18

t9
(day)

26.07.2012
05:24:56 3:00:52

mountain
transect 18.9 1.88–4.65

t10
(day)

26.07.2012
11:14:20 2:10:24

mountain
transect 27.5 1.88–5.99

t11
(transition)

26.07.2012
16:50:11 3:14:28

mountain
transect 23.8 1.89–7.66

t12
(night)

26.07.2012
22:54:05 2:35:23

mountain
transect 17.5 1.89–4.65
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Figure 3.1: Routing of the valley (blue) and mountain transect (red) overlaid on a relief
map of the measurement area. The relief map was provided by the Federal O�ce of
Topography swisstopo (Art. 30 GeoIV): 5704 000 000.
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Figure 3.2: Methane concentrations (color axis and colored symbols) along the valley
transect during the afternoon (a, t2) and night (b, t4) and along the mountain transect
during midday (c, t10) and night (d, t12). Land cover maps were provided by the Federal
O�ce of Topography swisstopo (Art. 30 GeoIV): 5704 000 000.
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Figure 3.3: Vertical nighttime profiles of bin-averaged temperature (a) and methane con-
centration (b) from the valley transect during two consecutive nights, i.e., 24–25 July 2012
and 25–26 July 2012. The standard errors for methane and temperature measurements
are given.
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Figure 3.4: Vertical nighttime profiles of bin-averaged temperature (a) and methane con-
centration (b) from the mountain transect for the night from 26 to 27 July 2012. The
standard errors for methane and temperature measurements are given.
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Figure 3.6: (a) The influence of a methane point source on methane concentrations as
a function of distance between source and the measurement location shown exemplarily
for valley transects in the afternoon, at night and before dawn. (b) Diurnal cycle of the
displacement distances at which influence from a point source is below 90%, 75%, 50%,
25%, and 10%.
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Figure 3.7: Scatter plot of methane fluxes (given by a high resolution emission inventory)
against the corresponding atmospheric average methane concentrations including the re-
gression lines for the 0.10 (orange), 0.25 (red), 0.50 (green), 0.75 (blue) and 0.90 (black)
quantiles of the inventory fluxes for daytime (a) and nighttime (b). The growth rate and
its related error ranges received by an exponential fit (y = b ⇤ 10s ⇤ x) between concen-
trations and the di↵erent flux quantiles of the inventory for daytime (c) and nighttime
(d).
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Abstract

Today’s understanding of the spatio-temporal variability of atmospheric methane is

very limited, due to the heterogeneous pattern of methane sources and their emis-

sions. Particularly budget estimates of regions with diverse methane sources are

associated with considerable uncertainty levels as the individual contributions of

the di↵erent sources are rarely separated. In order to quantify the contributions of

di↵erent methane sources to the atmospheric CH4 source mix and to elucidate the

variability of the emissions, we conducted spatio-temporally highly resolved mea-

surements of methane concentrations and �

13C values in the agricultural dominated

Reuss Valley in Switzerland during August 2011 and July 2012. The results showed,

that the diel courses of CH4 concentrations and �

13C values were strongly a↵ected by

the valley wind patterns and the position within the local topography. We found that

biogenic sources were the main contributor to the nighttime excess methane. The

enrichment in daytime 13C relative to background, however, also revealed a mean

contribution of 62% from biogenic methane sources, but was associated with an in-

creased influece from non-biogenic sources (22%), while sink processes (16%) were of

minor importance. Despite the dominant role of agricultural methane emissions in

the Reuss Valley, the local nighttime methane build-up from biogenic sources were

compensated by convective dilution during the day and non-biogenic methane emis-

sions from upwind lying agglomerations revealed a comparable source strength. The

results demonstrated that direct measurements of CH4 concentrations and their re-

spective �13C value are a valuable tool to assess the contributions of di↵erent sources

and to constrain the interpretation of regional methane budgets.
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4.1 Introduction

Despite being the second-most important greenhouse gas in the atmosphere after

carbon dioxide, methane sinks and sources and their temporal variability are still

poorly understood on local to regional spatial scales (Townsend-Small et al., 2012;

Miller, 2004). The estimation of regional CH4 budgets is often impeded by the het-

erogeneous spatial pattern of di↵erent sources and by the unresolved temporal vari-

ability of their underlying emissions (Tarasova et al., 2009; Bousquet et al., 2006;

Jagovkina et al., 2000). Direct concentration measurements at di↵erent spatio-

temporal scales are therefore essential for a reliable estimation of regional source

distributions and intensities, putting significant constraints on CH4 budget calcula-

tions (Miller, 2004; Jagovkina et al., 2000). Particularly top-down approaches are

generally underconstrained, thus methane budgets remain substantially uncertain,

since the small-scale variability is often smoothed out (Tarasova et al., 2009). But

also for bottom-up approaches, measurements covering the spatio-temporal vari-

ability of methane emissions are scarce. In addition, measurements of atmospheric

methane over hetereogenous areas represent a mixture of di↵erent sources, which

is rarely partioned into the individual contributions resulting in uncertain emission

estimates by source sector (Dlugokencky et al., 2011). Hence, a separation of in-

dividual sources is needed, due to their possible cummulative impact on the total

methane budget.

However, based on concentration measurements alone, it remains di�cult to sepa-

rate the di↵erent components of a methane budget. In regions with diverse methane

sources or sinks, combined measurements of CH4 concentrations and �

13C values can

improve constraining major CH4 sources and sinks, due to their enrichment or de-

pletion in 13C relative to the ambient backround value (Dlugokencky et al., 2011;

Tyler et al., 2007; Conrad, 2005; Levin et al., 1999). The processes of methane

production and methane oxidation discriminate against the heavier carbon isotope

and the resulting isotopic ratios are used to di↵erentiate microbial from thermogenic

sources and sinks (Townsend-Small et al., 2012; Dalal et al., 2008; Whiticar, 1999).

Microbial produced CH4, e.g., from enteric fermentation and manure, is charaterized

by depleted �

13C values (Table 1). In contrast, thermogenic produced CH4, e.g., at

high temperature from fossil fuel combustion, and CH4 resulting from methanogenic

consumption or oxidation with atmospheric radicals are enriched in the heavier iso-
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tope (Miller, 2004; Cicerone, Oremland, 1988). On the global scale, the use of �13C

in methane is well established for long-term and present-day emission budgets (Dlu-

gokencky et al., 2011; Kai et al., 2011; Neef et al., 2010; Mischler et al., 2009).

Evaluations of small-scale emission budgets using �

13C of atmospheric methane,

however, are often limited to source strength estimations of specific land-use types

as landfills, rice paddies, peatlands or pastures, where source signatures are well

known and problems caused by multi-source systems can be avoided (Pendall et al.,

2010; Chanton, Liptay, 2000; Chanton et al., 1999; Stevens, Engelkemeir, 1988). So

far, only a few studies have identified multiple sources of atmospheric methane via

�

13C. Rural areas in New Zealand revealed a significant nocturnal depletion in �

13C

resulting from methane emissions from grazing sheeps (Harvey et al., 2002). Urban

areas, in contrast, were mainly a↵ected by emissions from landfills, gas leakages

and waste water treatments, whose source position and strength could be assessed

through �

13C and wind direction analysis (Townsend-Small et al., 2012; Lowry et al.,

2001; Levin et al., 1999). However, the heterogeneous character of source distribu-

tions, the low temporal resolution of methane concentration measurements and the

complex atmospheric transport processes a↵ected an unequivocal interpretation of

the regional methane budget.

Thus, the objectives of our study were: (1) to elucidate the temporal evolution of

�

13C within the atmospheric boundary layer over an agriculture dominated valley in

Switzerland, (2) to identify major sources and sinks using a two-component mixing

model, (3) to quantify their contributions to the daytime CH4 source mix, and (3)

to discuss the resulting implications on the regional methane budget.

4.2 Materials and Methods

4.2.1 Study Area

The Reuss Valley in central Switzerland is aligned in a south-east to north-west

direction and is surrounded by relatively low mountain ranges (up to 760 m a.s.l.).

About 57% of its area is used for agriculture, around 23% and 18% are used for

forests and urban areas (FSO, 2012). Lakes and unproductive areas are of mi-

nor importance (<3%). Under fair weather conditions, the wind patterns in the



4.2. MATERIALS AND METHODS 67

Reuss Valley are dominated by the valley wind system: during the day, when a con-

vective boundary layer (CBL) establishes, the wind trajectories are directed from

the lowlands towards the alpine region. With the development of a stable noctur-

nal boundary layer (NBL) at night, these winds are replaced by opposite cold air

drainage flows. We used two measurement approaches, a stationary set-up (during

16–18 August 2011 and 24–25 July 2012), using a tethered balloon system and a

mobile set-up (during 24–25 July 2012 only), using a car.

4.2.2 Stationary and mobile set-ups

The stationary set-up site was located in the valley bottom at the ETH research

station Chamau (47° 120 3700 N, 8° 240 3800 E at 393 m a.s.l., Figure 1). The station

is mainly used for forage production and its livestock density changes over the year

according to the seasonal three-stage farming system. During the winter the cattle

stay at the base farm, i.e., at the Chamau research station, whereas during the

summer months most of them are moved to higher located grazing pastures. We

measured CH4 concentrations within the atmospheric boundary layer at 0.2, 0.5, 2,

8 and 10 m a.g.l. using a guy-wired extension mast and at 25, 50, 100 and 160 m

a.g.l. using a tethered balloon system. Inlet tubes installed at the di↵erent heights,

and carried up with the balloon, led the air into a fast greenhouse gas analyzer

(FGGA, Los Gatos Research Inc., Mountain View, CA, USA), placed at the ground

and measuring at 1 Hz at a flow rate of ⇠1 L min�1. These measurements were

complemented with measurements of air temperature, atmospheric pressure, relative

humidity, wind speed and wind direction using the meteorological probe TS-5A-

SEN (Atmospheric Instrument Research, Inc, Boulder, USA) attached to the tether

line. The extension mast measurements were complemented with wind direction

as well as wind speed measurements at 10 m a.g.l. at the top of the mast using

a wind monitor (05103LM, Campbell Scientific Inc., Loughborough, UK) and with

measurements of air temperature and relative humidity (HydroClip S3, Rotronic

AG, Bassersdorf, Switzerland) installed at 2 m a.g.l. in 2011 and at 0.2 m a.g.l. in

2012. Furthermore, air from the di↵erent heights was collected in 300 mL glass flasks

for isotopic analysis (see below). At the stationary set-up site, we used 3 portable

automatic air sampling units (ASA) with 33 glass flasks per unit (Zeeman et al.,

2008). Each glass flask was filled for 5 minutes at a flow rate of ⇠0.7 L min�1.



68 4. SOURCE PARTITIONING OF ATMOSPHERIC METHANE

The mobile set-up consisted of measurements at five predefined sampling sites (Fig-

ure 1, A-D) in and around the Reuss Valley, covering an altitudinal range from 380

m to 697 m a.s.l. A fast methane analyzer (FMA DLT-100, Los Gatos Research, CA,

USA) and a Airmar weather station (AIRMAR Technology Corporation, Mirford,

NH, USA), installed in a car, provided CH4 concentrations (at 1 Hz and a mean

flow rate of ⇠0.5 L min�1), air temperature, relative humidity, air pressure, wind

direction and wind speed measurements at each location. Each time a sampling site

was visited (5x each in 2012), air samples were collected in an ASA unit (collection

time 5 minutes, at ⇠1 L min�1).

4.2.3 Isotope ratio analysis

The ASAs containing the glass flasks with the air samples were directly connected to

a gas purifying methane conversion system (PRECON, Thermo Finnigan, Bremen,

Germany). With a helium stream of 15 mL min�1, the air samples were transferred

from each individual flask through a scrubber (Ascarite, Hekatech, Germany) and

water traps (Magnesium perchlorate, Merck, Germany) mounted in the PRECON

into a first cold trap, which was permanently immersed in liquid nitrogen (LN2) to

remove the residual CO2 and H2O from the helium stream. To convert methane

to CO2, the gas passed a micro combustion reactor, containing NiO wires, kept

at 1010°C. The resulting CO2 was captured in a second cold trap, submersed for

720 seconds in LN2. A third cold trap, submersed in LN2 for 360 seconds, was

used to remove remaining gas species (N2O, O2, CO). The trapped CO2 was then

released to a gas chromatography column where the remaining N2O and CO2 were

separated. Via an open split interface (GP-Interface, Thermo Finnigan, Bremen,

Germany), the gas was transferred to the isotope ratio mass spectrometer (DeltaPlus

XL, Thermo Finnigan, Bremen, Germany) to determine the 13C/12C isotope ratio of

CH4. The measurement precision was 0.5–0.7h, based on repeated measurements

of laboratory-working standards.

4.2.4 Nighttime source identification

We used a two-component mixing model to identify the source mix leading to a

significant increase of atmospheric methane concentration, i.e., excess methane, over
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a specific background (Tarasova et al., 2009; Lowry et al., 2001; Levin et al., 1999;

Stevens, Engelkemeir, 1988):

�

13
C

source

=
�

13
C

obs

· c
obs

� �

13
C

ref

· c
ref

c

obs

� c

ref

(4.1)

where c
ref

and �

13C
ref

are the methane concentration and the �13C value of the back-

ground, calculated from daytime observations at Chamau (see below) and further

refered to as reference. The observed methane concentration and its �13C value are

denoted as c
obs

and �

13C
obs

. Depending on the isotopic signature of the additional

CH4, which mixes into the background air, the �

13C
obs

deviates from the �

13C
ref

value. Using equation (1), the isotopic signature of the source can be calculated

for each flask sample. The derived source signal describes an average isotopic sig-

nature of several sources and �

13C
source

therefore characterizes a source mix. This

two-component mixing model is based on two assumptions (Tarasova et al., 2009;

Pataki et al., 2003): First, it assumes that only two gas components are involved

in the mixing process, hence the source and the reference. Second, the isotopic sig-

natures of the components are not changing during the time of sampling. However,

the assumptions are rarely perfectly fulfilled, therefore, the model is mostly used for

nighttime measurements when mixing processes can be neglected and su�ciently

large concentration ranges are present (Pataki et al., 2003).

For both measurement years (2011 and 2012), we specified the reference values for

�

13C
ref

and c

ref

. They were determined as the mean of all profile measurements

during well-mixed daytime conditions, when the methane concentrations at each

height reached simultaneously their minima. The reference in 2011 for CH4 and �

13C

was estimated as 1.929 ± 0.006 ppm and –46.0 ± 0.7h. For 2012, we calculated

a mean CH4 and �

13C reference value of 1.965 ± 0.009 ppm and –45.6 ± 0.5h.

Equation (1) was applied to nighttime isotopic signatures measured between 9 pm

and 6 am local time and the resulting �

13C
source

values were compared to specific

�

13C signatures of methane sources and sinks in the Reuss Valley (Table 1).
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4.2.5 Daytime source identification

For the identification of the source mix during daytime, we used an extended mass

balance equation by solving the percentages of three a priori defined source cat-

egories (f
a

, f
b

, f
c

) contributing to the observed isotopic signature �

obs

(Phillips,

Gregg, 2003):

�

obs

= f

a

�

a

+ f

b

�

b

+ f

c

�

c

(4.2)

1 = f

a

+ f

b

+ f

c

(4.3)

where �
a

, �
b

and �

c

denote the isotopic signature of the three source categories. For

every observed isotopic signature, we created each possible combination of percent-

ages of the three source components summing up to 100% by iteration steps (source

increments) of 1% and then computed the predicted signatures of the mixture. The

predicted mixture signatures falling into a mass balance tolerance of ±1h from the

observed isotopic signature, i.e.:

f

a

�

a

+ f

b

�

b

+ f

c

�

c

= �

m

± 1h (4.4)

provided the contribution estimates of the three source categories (in percentages)

and were selected for further analysis.

In this study, we used the extended mass balance equation for measurements be-

tween 9 am and 9 pm local time. Three source categories were specified for the source

mix identification during daytime, derived from typical source type signatures (Ta-

ble 1): (1) An isotopic value of –61.26h was calculated for biogenic sources as the

weighted average of the proportions from enteric fermentation and manure manage-

ment emissions to total agricultural methane emissions in Switzerland, here 80%

and 20%, respectively (FOEN, 2013); (2) An isotopic value of –25.55h was deter-

mined for non-biogenic sources by the unweighted average of �13C values for vehicle

emissions, biomass burning and natural gas, and (3) an isotopic value of –5.4h was

derived for the impact of sink processes from the sink strength estimation in Miller

(2004). In addition, a sensitivity analysis was performed to test the e↵ect of di↵ering
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source increments and mass balance tolerances on the contribution estimates of the

three source categories. We used three levels of mass balance tolerance (0.5, 1 and

2h) with a source increment fixed at 1% and three levels of source increment (0.5,

1 and 2%) with a mass balance tolerance fixed at 1h.

4.3 Results

4.3.1 Mean diel cycles of CH4 and �

13C

In both years, we observed clear diel cycles at Chamau for CH4 concentrations

and �

13C isotopic signatures (Figure 2). The nighttime build-up in methane con-

centration at 0–10 m a.g.l. to 2.92 ppm in 2011 and to 3.83 ppm in 2012 was

associated with a depletion in 13C relative to the reference values by -8.5 and -5.9h,

respectively. During the day, the concentrations and �

13C values were closed to the

respective reference values. Less pronounced diel patterns were found higher above

ground, i.e. between 25–50 m and between 100–200 m a.g.l. In 2011, the nighttime

methane build-up was at 25–50 m a.g.l. reduced to 2.84 ppm and above 100 m

a.g.l. to 2.34 ppm and was associated with a mean depletion in nighttime 13C by

–4.8 ± 0.1h (both height ranges). While in 2011 the nighttime methane build-up

was reduced with increasing height, no considerable di↵erences in the diel course of

CH4 was found for the di↵erent heights in 2012, probably due to existing mixing

processes. In general, highest methane concentration peaks within the diel course

were observed in both years around 5 am at all measured height levels. Unlike CH4

concentrations, the �13C values were highly variable at all measurement heights and

no single peak could be assigned to a definite time within the diel course. Never-

theless, heights up to 50 m a.g.l. showed lowest �

13C values between 0 and 5 am,

whereas above 100 m, �13C decreased slightly after sunrise. With the replacement

of the NBL by the CBL, the methane concentration decreased rapidly at all mea-

sured heights, reaching between 3 and 6 pm slightly enriched �

13C values relative

to the reference value. However, isotopic signatures showed a large variance during

the day. Particularly in 2011, daytime �

13C values were highly variable including

also very high values above -40h compared to daytime values in 2012, which were

constantly close to the reference value.
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The diel courses from the mobile measurement set-up sites were comparable to the

observations from the stationary set-up, with a clear diel cycle of similar magni-

tude at the measurement locations in the valley bottom (Figure 3, A and C). At

the location C in the south of the valley, the methane concentration reached 3.31

ppm before sunrise and was depleted by –8h in 13C. At the northern measurement

location A, we probably missed the peak before sunrise, therefore highest methane

concentration were found after 7 am with 3.0 ppm and an associated decrease by –

6.1h in �

13C. No diel trend was found during the observations at the eastern hilltop

(B) located next to a lake. At the western hilltop (D), where the measurements were

located at a managed cropland closed to a farmstead, only small diel fluctuations

were observed. There, a small methane peak occurred delayed at 10 am and the

subsequent decrease in CH4 mixing ratios was accompanied by an enrichment in the

isotopic signature. However, all locations revealed �

13C values above the reference

during the day, while CH4 reached its minimum.

Despite the less pronounced diel patterns of the observed isotopic signatures with

increasing height, no correlation was found between �

13C and height a.g.l. The me-

dian showed no significant decrease in �

13C (slope: –0.005, p= 0.06) with increasing

height above ground. In contrast, the interquartile range converged rapidly between

0 and 25 m a.g.l. from 4.6 to 2.3h and reached its minimum di↵erence of 1.8h
at 150 m a.g.l. No significant correlation was found between �

13C and wind di-

rection or wind speed. Not all wind sectors, however, have been covered with our

measurements.

4.3.2 Source identification

�

13C values from nighttime measurements imply that biogenic methane sources are

of major importance in the Reuss Valley (Figure 4): On a Keeling plot, the majority

of the data fell into the biogenic source sector and originated from a combination

of enteric fermentation, manure and waste management. Only 4 out of total 65

measurements were clearly influenced by non-biogenic sources, sink processes or a

combination thereof. The calculated �

13C
source

values of nighttime isotopic signa-

tures revealed a similar picture (Table 2). In 2011, biogenic source mixtures caused

excess methane with a mean isotopic signature of –56.3h (removing all observations

from non-biogenic sources, i.e. �13C
obs

� �

13C
ref

). Not significantly di↵erent was the
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mean �

13Csource of –54.8h for all observations of biogenic origin in 2012. However,

in 2012 about 40% of all nighttime excess CH4 was not caused by biogenic source

mixtures alone (compared to 5.8% in 2011). Despite the increased methane mixing

ratios in 2012 compared to 2011 (Figure 4), the observed �

13C values were closed to

the reference value and are pointing to a combination of biogenic and non-biogenic

methane sources. Highly enriched values for �13Csource (>–25h) were only observed

during measurement periods before sunrise.

For the daytime �

13C observations, the calculated percentages of the three source

categories contributing to the observed isotopic signature revealed that the contri-

bution of biogenic sources to the source mixture also dominated during the day

(Figure 5). The contribution range of biogenic sources was substantially more vari-

able in 2011 (31–80%) than in 2012 (45–76%), although the mean daytime �

13C

value showed no significant di↵erence between the two measurement years (–44.8 ±
2.8 and –45 ± 1h in 2011 and 2012, respectively). The ranges of the other source

types were relatively broad and included zero contributions. In 2011, non-biogenic

sources contributed to the �

13C
obs

between 0–69%, whereas a minor contribution

range of 0–44% was found for the sink processes. In 2012, non-biogenic sources

(0–55%) and sink processes (0–35%) contributed both less to the daytime source

mixture compared to 2011. A reason for the likewise broad contribution ranges

of non-biogenic sources and sink processes might be the relatively similar isotopic

source signatures of –25.55h and –5.4h, respectively, compared to the biogenic

source type signature (–61.26h).

With respect to di↵erent �

13C
obs

ranges, very narrow contribution ranges of the

biogenic source percentage, expressed by the standard deviation (68.5 ± 4.6 and 66

± 4.6% in 2011 and 2012, respectively), were found for �13C
obs

values depleted in 13C,

i.e., between –47 and –50h (Figure 5). For enriched �

13C
obs

values, i.e., betwwen

–30 and –43h, the mean percentage of biogenic sources fell in both years below 60%

and showed in 2011 a higher contribution range (±7.5%). The contribution ranges

of non-biogenic sources and sink processes increased with the enrichment of �13C
obs

in 13C, e.g. in 2011 from ±11.4% to ±17.0% and in 2012 from ±7.3% to ±10.9%,

respectively. Although contribution ranges of the three source types to the observed

isotopic signature broadened with increasing �

13C
obs

values, the mean contributions

of non-biogenic sources and sink processes, however, remained relatively una↵ected

at 21.7% and 16%, respectively, in both measurement years.
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Sensitivity analysis showed, that alterations in source increments from 0.5 to 2% had

no e↵ect on the contribution range of the di↵erent source types. Only a minimal

e↵ect on the range could be observed from alterations in the mass balance tolerance.

At a 2h mass balance tolerance the contribution range of biogenic sources increased

by 4-5% and between 1-3% regarding the remainder source contributions. However,

median and 5–95th percentile width stayed una↵ected by the alterations in the mass

balance tolerance for all source contributions.

4.4 Discussion

4.4.1 Spatio-temporal varibility of CH4 and �

13C

In both years, the diel course in the methane concentration at the valley bottom

clearly showed the interplay between the nocturnal development of a stable boundary

layer and the diurnal replacement by a convective mixing layer. Diel patterns with

large concentration build-ups during the night were also observed in other studies

with dominant anthropogenic methane sources (Laubach et al., 2013; Baldocchi

et al., 2012). These studies, focusing on areas with a single methane source, e.g.

ruminants, natural gas and landfills, also found a clear diel pattern in associated

�

13C isotopic values with a strong nighttime depletion/enrichment in 13C and a

daytime signal close to background (Harvey et al., 2002; Lowry et al., 2001). Our

measurements, in contrast, showed a less pronounced diel pattern in �

13C isotopic

values compared to the methane concentrations, although enteric fermentation and

manure management from agriculture have been identified as the main contributors

to atmospheric CH4 in the Reuss Valley.

With respect to the nighttime data, the nocturnal decrease in �

13C values relative

to the reference value, however, was rather small at the valley bottom. Particularly

the nighttime measurements of 2012 showed clearly that enriched emission plumes

resulted in equally high excess methane as the emissions from biogenic sources, prob-

ably due to stronger nighttime advective transport of enriched upwind air masses

and following mixing processes with the local depleted NBL. Excess methane of clear

non-biogenic origin, i.e., �13Csource > –25h, was only observed during limited time

periods before sunrise in both years (Table 2), probably resulting from nighttime fan-
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ning of local non-biogenic emissions. As these high �

13C values were observed even

at very low measurement heights (0.2, 2 and 10 m a.g.l.), the findings suggest that

nearby non-biogenic sources do exist (with comparable source strength), but that

their proportions in the Reuss Valley must be very low compared to the agricultural

source proportion. Possible origins could be vehicular methane emission from less

e�cient combustion of farm machinery or vintage cars and emissions from biomass

burning (e.g., grilling on charcoal). With respect to daytime data, the �

13C values

showed an enrichment at all measured heights, demonstrating that biogenic sources

were not alone responsible for the observed diel pattern. The enriched signatures

were found after sunrise (Figures 2 and 3), when under fair weather conditions pre-

vailing NNW-winds from northern agglomerations penetrate into the valley, where

leakages in gas pipelines are expected to be a major methane source (Hiller et al.,

2013). Although no correlation has been found between �

13C and wind direction,

we argue that the valley wind system, carrying methane from upwind lying sources

into the Reuss Valley, was responsible for the enriched daytime �

13C values.

As expected, the mobile set-up measurements at the hilltop sites did not show a

diel course in CH4 concentrations and �

13C values, as they were located above the

NBL. Despite the near-ground measurements, i.e., at 2 m a.g.l., the diel pattern

even remained una↵ected by methane emissions of nearby farmsteads. However,

we also observed the daytime enrichment in 13C at these locations as can be seen

in a transport-induced peak in �

13C at the mobile measurement site D around 10

am. This observation is in agreement with other studies from the Reuss Valley,

where with the onset of the valley wind system the upward transported air masses

dominated the local diel concentration pattern (Bamberger et al., 2013).

The results showed that the diel patterns in �

13C were strongly influeced by the

local topography and by advective transport processes, which play a major role in

atmospheric methane (Laubach et al., 2013; Baldocchi et al., 2012; Townsend-Small

et al., 2012). Even locations above the NBL, which do not exhibit a diel course,

are a↵ected by the local wind patterns during the day. Furthermore, the impact

of non-biogenic methane sources cause variations in the diel course of �13C values,

but, however, not necessarily in the diel course of CH4 concentrations. Hence, non-

biogenic methane sources are assumed to have a comparable source strength, as

their emissions resulted in similar high excess methane.
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4.4.2 Source partitioning

Generally, the source partitioning of �13C in CH4 was a↵ected by the overabundance

of possible non-biogenic sources and sink processes, expressed by the broad distri-

bution range and the zero contributions (Figure 5). This resulted in a wide range

of possible combinations of all three specified source categories, indicating a variety

of possible explanations for the observed �

13C values. Additional measurements of

�D in CH4 would probably help to reduce possible source categories, resulting from

their relatively well constrained isotopic signatures for di↵erent biogenic and non-

biogenic sources (Tyler et al., 2007; Quay et al., 1999; Schoell, 1988), and improve

the overall understanding of spatiotemporal methane emissions (Dlugokencky et al.,

2011; Phillips et al., 2005; Pataki et al., 2003; Phillips, Gregg, 2003). Still, source

partitioning analysis showed, that biogenic methane sources contributed most to

the total source mix during day and night and that other sources or sinks were of

minor importance in the Reuss Valley. During the day, however, a considerable

contribution of non-biogenic sources and sink processes were found and disregard-

ing di↵erent ranges of observations in �

13C, the percentages of all source categories

remained very robust.

Despite the suggested mean contribution of 16% from the mixing model, the e↵ect of

sink processes on the �

13C
obs

value remains questionable. The main methane sink,

i.e., atmospheric OH, reacts on longer temporal and larger spatial scales (Tyler

et al., 2007; Miller, 2004; Quay et al., 1999; Cicerone, Oremland, 1988) and the

sink strengths of di↵erent soils, which largely depend on the land-use type, are yet

not resolved on shorter temporal scales (Dalal et al., 2008). While methane uptake

of grasslands with –0.21 mg CH4 m�2 d�1 do not contribute significantly to the

methane budget (Imer et al., 2013), forest uptake rates were estimated by up to –

1.5 mg CH4 m�2 d�1 (Hiller et al., 2013). Still, an enrichment of isotopic signatures

alone by forest soils remains doubtful, but the net e↵ect of soil uptake on the isotopic

discrimination of atmospheric methane on a regional scale needs to be investigated

in more detail. Thus, we assume that methane sinks played a minor role during our

measurements in the Reuss Valley.

The e↵ect of non-biogenic sources on the regional methane budget due to turbulent

mixing during the day, however, has to our knowledge not been considered for model

estimates, as biogenic methane from agriculture has been reported as the main
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methane source in the Reuss Valley. With a mean contribution 21.7%, non-biogenic

sources had a substantial e↵ect on the local source mix and need to be quantitively

assessed in detail, in order to reliably interpret their contribution to the regional

methane budget.

4.4.3 Implications for methane emission budgets

It has been shown that during anticyclonic fair weather conditions, trends in back-

ground levels of methane concentration give information about the regional emission

strength of major sources (Lowry et al., 2001). The impact of agricultural methane

emissions from the Reuss Valley on the local background atmospheric CH4 burden,

however, was negigible. While no e↵ect was found for background CH4 concentra-

tions, only a marginal depleting e↵ect (–0.3h) was observed for the �13C background

value. Thus, nighttime methane emissions are compensated by convective dilution

during the day. We therefore conclude that during the time of observation biogenic

methane sources from the Reuss Valley had a comparable emission strength as non-

biogenic methane sources from upwind lying agglomerations, resulting in similar

high excess methane but forcing background signatures towards slightly more de-

pleted �

13C values. These findings put significant implications on the interpretation

of regional methane budgets and models: The impact of sources lying upwind is

not necessarily visible in the local methane concentration, but due to generalized

assumptions it is often included in the local emission budget, which might result in a

overestimation of the local methane emission budget. In order to separate between

the di↵erent sources and to constrain the formulation of mitigation strategies, the

identification of di↵erent source types (e.g., via stable isotope analysis) is therefore

essential.

4.5 Conclusion

This study showed that highly resolved measurements of CH4 and �

13C improve

the understanding about the temporal and spatial emissions of di↵erent methane

sources within a specific region. Such measurements are highly needed in order to

improve the agreement between modeled and measured emissions and give relevant
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information about the interpretation of methane budgets. In the Reuss Valley, minor

sources of non-biogenic origin had the same impact on excess methane as biogenic

methane sources, but smoothing them out in models will result in an increased

budget uncertainty. Attention should be paid to the question, whether the mea-

surements reflect minor emissions from local sources or transport-induced emissions

from upwind sources. Methane emissions from upwind sources, i.e., non-biogenic

methane from northern agglomerations, were contributing up to 22% on average

to the local source mix and have so far not been seperated from biogenic methane

emissions in the case of the Reuss Valley. Leving the di↵erent source emissions

unseparated will bias the local methane budget towards an overestimation. Fur-

thermore, observations above the boundary layer showed that the biogenic methane

emissions are compensated during daytime convective dilution, a process which can

not be assessed using only localized measurements within the atmospheric boundary

layer.
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4.6 Tables and figures

Table 4.1: Source types of methane in the Reuss Valley and their �

13C characteristics.
Weighted averages were used for the source identification of nighttime measurements (see
text for details). No uncertainty ranges were available for the sink components.

Source / Sink Isotopic signature Weighted average Reference
�

13C [h] �

13C [h]

Sources

Vehicle emissions

American –16.0±6 Lowry et al. (2001)

European –28.0±3 Lowry et al. (2001)

Natural Gas –39.7±3 a

North Sea –34.0±3 Dlugokencky et al. (2011); Lowry et al. (2001)

Siberia –50.0±3 Dlugokencky et al. (2011); Lowry et al. (2001)

Biomass Burning

C4 vegetation –18.0±3 Dlugokencky et al. (2011); Lowry et al. (2001)

C3 vegetation –26.0±3 Dlugokencky et al. (2011); Lowry et al. (2001)

Enteric fermentation –64.5±1 b

C4 diet –57.5±0.6 Klevenhusen et al. (2010)

C3 diet –67.5±0.6 Klevenhusen et al. (2010)

Manure Management –48.2±1 b

C4 diet –49.1±0.5 Klevenhusen et al. (2010)

C3 diet –46.0±0.5 Klevenhusen et al. (2010)

Waste Management –56.0±3 c

Landfills –53.0±2 Dlugokencky et al. (2011); Lowry et al. (2001)

Domestic Sewage –57.0±3 Dlugokencky et al. (2011); Lowry et al. (2001)

Animal Waste –58.0±3 Dlugokencky et al. (2011); Lowry et al. (2001)

Sinks –5.4 Miller (2004)

Tropospheric OH –3.9

Soils –21

Stratosphere –12

aWeighted average according to Switzerland’s gas import statistics of the year 2011 (VSG, 2012).
bCalculated according to the proportions of C4- and C3-vegetation in the forage mixture used at the Chamau

research station, i.e., 30% and 70%, respectively (pers. comm. H.-R. Wettstein).
cUnweighted average of �13C values from landfill, domestic sewage and animal waste.
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Table 4.2: Nighttime source identification of �13C values in 2011 and 2012. Not available
wind direction measurements are indicated with n.a. The Reference values are determined
as the mean of all profile measurements during well-mixed daytime conditions (see text for
details on the reference value and on the calculation of �13Csource). Uncertainty estimation
is determined by error propagation.

(a) Nighttime source identification of 2011 measurements.

Date Time Height Wind CH4 �

13Cobs �

13Csource Error
[UTC+1] [m a.g.l.] direction [�] [ppm] [h] [h] ±[h]

Reference value 1.92 -46.0

Stationary measurements

17 August 21:28 2 n.a. 2.52 –48.9 –58.3 0.2
17 August 21:30 0.5 n.a. 2.49 –47.9 –54.4 0.1
17 August 21:34 0.2 n.a. 2.30 –48.1 –58.7 <0.1
17 August 21:37 10 217 2.27 –49.9 –71.9 <0.1
17 August 21:40 8 n.a. 2.49 –47.5 –52.7 0.1

18 August 01:28 2 n.a. 2.70 –49.9 –59.6 <0.1
18 August 01:31 0.5 n.a. 2.87 –51.7 –63.4 0.2
18 August 01:34 0.2 n.a. 2.97 –47.0 –48.8 0.1
18 August 01:37 10 80 2.99 –49.9 –56.9 <0.1
18 August 01:40 8 n.a. 2.67 –50.4 –61.8 0.1
18 August 02:01 160 308 2.10 –46.1 –48.0 0.1
18 August 02:14 100 292 2.36 –47.8 –56.2 0.3
18 August 02:25 50 328 2.66 –44.2 –39.6 0.2
18 August 02:33 25 305 2.94 –46.9 –48.6 <0.1

18 August 05:28 2 n.a. 2.47 –48.2 –56.3 <0.1
18 August 05:31 0.5 n.a. 2.55 –47.0 –50.2 0.1
18 August 05:34 0.2 n.a. 2.53 –36.5 –6.1 <0.1
18 August 05:37 10 211 2.76 –38.4 –21.0 0.1
18 August 05:40 8 n.a. 2.85 –47.9 –52.0 0.1

22 August 21:46 100 200 2.30 –45.9 –45.6 0.2
22 August 21:53 50 305 2.42 –45.0 –41.4 0.1
22 August 21:59 25 129 2.74 –47.5 –51.2 0.3

23 August 00:04 100 155 2.26 –49.5 –70.0 0.4
23 August 00:10 50 233 2.31 –49.5 –67.4 0.2
23 August 00:15 25 307 2.51 –47.5 –52.6 0.4

23 August 05:04 100 66 2.34 –41.4 –19.9 0.1
23 August 05:11 75 n.a. 2.35 –47.1 –52.0 0.1
23 August 05:17 50 n.a. 2.74 –49.2 –56.9 0.2
23 August 05:22 25 n.a. 2.94 –50.3 –58.5 0.2
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(b) Nighttime source identification of 2012 measurements.

Date Time Height Wind CH4 �

13Cobs �

13Csource Error
[UTC+1] [m a.g.l.] direction [�] [ppm] [h] [h] ±[h]

Reference value 1.96 -45.6

Stationary measurements

24 July 21:08 100 129 2.17 –44.7 –36.8 0.1
24 July 21:16 25 170 2.19 –44.7 –36.6 0.1

24 July 23:33 150 152 2.61 –46.0 –47.4 <0.1
24 July 23:42 100 131 2.64 –46.7 –50.1 <0.1
24 July 23:51 25 178 2.75 –45.0 –43.6 0.1

25 July 00:30 2 n.a. 2.77 –47.4 –52.0 <0.1
25 July 00:33 0.5 n.a. 2.76 –47.3 –51.7 <0.1
25 July 00:36 0.2 n.a. 2.78 –44.4 –41.5 0.1
25 July 00:39 10 268 2.87 –48.9 –56.2 <0.1
25 July 00:42 8 n.a. 2.92 –44.8 –43.1 0.1
25 July 01:13 150 162 2.73 –48.1 –54.4 <0.1
25 July 01:22 100 165 2.72 –45.0 –43.4 <0.1
25 July 01:31 25 184 2.72 –46.0 –47.3 <0.1

25 July 02:30 2 n.a. 2.83 –48.5 –55.3 <0.1
25 July 02:33 0.5 n.a. 2.91 –51.0 –62.1 <0.1
25 July 02:36 0.2 n.a. 2.84 –42.5 –35.6 <0.1
25 July 02:39 10 265 2.84 –50.9 –62.6 <0.1
25 July 02:42 8 n.a. 2.83 –52.5 –68.0 <0.1
25 July 03:11 150 n.a. 3.23 –47.4 –50.2 <0.1
25 July 03:20 100 n.a. 3.16 –47.5 –50.7 0.1
25 July 03:29 25 n.a. 3.14 –43.2 –39.1 <0.1

25 July 04:30 2 n.a. 3.14 –37.0 –22.6 <0.1
25 July 04:33 0.5 n.a. 3.19 –48.2 –52.3 <0.1
25 July 04:36 0.2 n.a. 3.30 –51.3 –59.7 <0.1
25 July 04:39 10 264 3.35 –42.5 –38.0 <0.1
25 July 04:42 8 n.a. 3.38 –51.7 –60.3 <0.1
25 July 05:14 150 163 3.26 –43.0 –39.2 <0.1
25 July 05:22 100 163 3.42 –43.9 –41.6 <0.1
25 July 05:30 25 174 3.41 –48.0 –51.2 <0.1

Mobile Measurements

24 July 23:39 402 [m a.s.l.] 144 2.46 -45.9 -47.2 <0.1
25 July 00:09 694 [m a.s.l.] 248 2.20 -47.2 -60.4 0.1
25 July 02:53 387 [m a.s.l.] 270 2.96 -43.6 -39.8 <0.1
25 July 04:19 402 [m a.s.l.] 162 3.31 -51.4 -59.9 <0.1
25 July 04:52 694 [m a.s.l.] 254 2.16 -45.6 -45.9 0.1
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Figure 4.1: Topographic map of the stationary (Chamau) and mobile (A–D) set-up sites
in the Reuss Valley, Switzerland (map source: © Federal O�ce of Topography, swisstopo
(2011): JD100042).
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Figure 4.2: Diel course of �13C and CH4 concentrations at the stationary set-up site ETH
Research Station Chamau given in means and standard deviations (SD) for the respective
height levels. The Reference values are determined as the mean of all profile measurements
during well-mixed daytime conditions (see text for details).
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5

Synthesis

Due to the heterogeneous distribution patterns of the methane sources, it is still not

well understood how atmospheric methane evolves temporally on regional scales.

This thesis aims at improving the understanding of CH4 dynamics in the atmo-

spheric boundary layer regarding the agriculture-dominated Reuss Valley in Cen-

tral Switzerland. The overall goal was to analyse spatio-temporally highly resolved

measurements of atmospheric methane and to evaluate the potential of such mea-

surements for constraining statistical assessments of emission estimates.

5.1 Spatio-temporal dynamics of atmospheric

CH4 in the Reuss Valley

At the bottom of the Reuss Valley, methane concentrations and �

13C values followed

a clear diel cycle (Chapter 3 and 4). Methane concentrations increased during

the night with the establishment of a nocturnal boundary layer (NBL) and were

associated with a general depletion in 13C relative to the background value. In

contrast, daytime methane concentrations were low and the associated �

13C values

were slightly above the background value. Such a diel course can be commonly

seen in regions with major anthropogenic methane sources, in our case the Reuss

Valley with its livestock methane emissions. In contrast to many natural methane

sources, their emissions are independent of air temperature and soil moisture and

relatively constant in time. Therefore, the emission strength can be best observed
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during the night, when the increase in concentration is caused by the trapping of

methane within the stable NBL, whereas the emission signal gets diluted during the

day due to the mixing of the convective boundary layer (CLB). This diel course got

less pronounced with increasing height above ground and even disappeared on the

surrounding hilltops of the Reuss Valley. There, the diel cycle was mainly a↵ected

by the local wind patterns and not necesseraly by the proximity of the methane

sources.

Besides the source distribution, transport processes were identified as the most im-

portant determinant for the atmospheric distribution of methane in complex terrain.

Due to advection, the signal of methane sources can be seen over very long distances

during day and night and hence, a↵ects the local concentration dynamics and bias

the regional emission budget (Chapter 3). During July 2012, cold-air drainage flows

and intermittent turbulence resulted in a well-mixed NBL and constrained a one-

to-one application of the NBL budget approach (Chapter 2). The integration of all

vertical concentration gradients up to the top of the NBL would have led to a signif-

icant overestimation of the local methane emission budget. In order to reduce the

impact of upwind source emissions, the integration height had to be set according

to the atmospheric stability within the NBL. In addition, small-scale advection (i.e.,

horizontal fanning) of non-biogenic source emissions was observed during nighttime

measurements, leading to exess methane similar to biogenic source emissions, but

with substiantially enriched �

13C values (Chapter 4). In contrast, large-scale advec-

tion processes were observed mainly during daytime, when the valley wind system

brought 13C-enriched air masses from upwind agglomerations into the Reuss Valley.

This resulted in a enrichement of the local air masses and a complete compensa-

tion of the trapped nighttime excess methane, due to convective dilution. Although

nightime methane concentrations were mostly originating from livestock, an aver-

age source contribution of only 20% from non-biogenic sources was su�cient to

equilibrate the local isotopic signature of atmospheric methane towards background

values. Thus, non-biogenic methane sources are suggested to have similar source

strengths compared to biogenic sources, despite their small contribution to the total

source mix. We showed that sources which have so far been thought to be of minor

importance can substatially contribute to the total emission budget. With respect

to the spatial resolution and temporal variation, highly resolved CH4 concentration

and �

13C measurements are needed to reliably assess methane sources and separate
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their impact on the regional methane budget.

5.2 Implications for model estimates

Direct measurements of atmospheric methane are essential to constrain and validate

model outputs. However, with respect to the spatial resolution of the model, the

measurement design has to be carfully selected. Models tracing methane sources,

i.e., inverse or forward modelling, often smooth out the atmospheric signals of locally

confined sources, which can have a significant cumulative impact on the emission

budget. Mobile near-surface measurements provide a very powerful tool to identify

the location of methane sources (Chapter 3). Depending on the spatial resolution

needed for the localization of these sources, nighttime measurements will integrate a

larger area than daytime measurements. An important aspect thereby is that local

wind patterns are included in the air transport dynamics of the model, as increased

methane concentrations have been found at sites without major sources in their

vicinity.

Nighttime measurements within the NBL are especially useful to estimate the source

strength of a specific area (Chapter 2 and 3) and hence, to validate model emission

estimates. Within the NBL, which acts as a natural chamber, the emitted methane

is trapped and the concentration gradients will give su�cient information about

the emission strengths of underlying sources. The NBL budget flux for livestock

methane emissions at the farm scale of 1.59 ± 0.22 µg CH4 m�2 s�1 was in good

agreement with the inventory estimates and can be seen as an appropriate instru-

ment to validate model emission estimates. Furthermore, our results a�rmed the

assessment methodology for livestock methane emissions of the inventories to be

’best practice’ for the respective assessment period. As it can be used at di↵erent

spatial scales, i.e., from local to global spatial scales, the national inventories are

suggested to give a reasonable annual estimate of their livestock emissions. Still,

special consideration has to be given to spatially-explicit inventories, which disaggre-

gate the annual estimates on a higher resolution, e.g., 500 m x 500 m. The validation

via direct measurements remains a non-trivial task, since no temporal variation is

included in the estimates and the measurements will be a↵ect by the current farm-

ing practices and the local meteorological conditions. Particularly with respect to
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livestock, the emissions are temporally not bound to the position of the farmstead

and therefore resulted in a low correlation between the concentration measurements

and the inventory grid cells of high emission estimates (Chapter 3).

In contrast, nighttime measurements above the NBL and/or daytime measurements

far o↵ direct methane sources include information about the impact of a source

area on the background atmspheric methane burden. While air masses are passing

the source area of interest, the uptake of additional methane will cause an increase

in the background concentration value. Monitoring the background methane con-

centration is of key importance for global climate but requires, however, longterm

measurements which are so far represented by global emission models and satellite

measurements. Nevertheless, during our observations in the Reuss Valley in August

2011 and July 2012, no significant impact of the methane emissions on the back-

ground concentration was found, but the large biogenic source contributions resulted

in a slightly depleted �

13C value compared to the background value (Chapter 4).

5.3 Outlook and research considerations

– Continuous measurements of CH4 concentrations provide a valuable tool to

constrain methane budgets on di↵erent spatial scales and to improve the

understanding of atmospheric methane dynamics.

– Measurements of �

13C and �D in CH4 will simplify the separation of the

contribution of di↵erent methane sources to the resulting atmospheric

concentration and reduce the uncertainties associated with emission estimates

by source sector.

– With respect to di↵erent sources, the validation of model estimates, i.e.,

bottom-up and top-down, via direct measurements is essential to reduce the

overall estimation uncertainty. It is crucial to carefully select the measure-

ment design according to the spatial resolution of the model, as atmospheric

concentrations are substantially a↵ected by the vicinity of a source, the local

transport processes and the respective time period of the measurements.
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– Methane emission estimates for other sources, i.e., energy and waste, are still

associated with high uncertainties for Switzerland. An evaluation of these

emissions via direct measurements has yet to be done.

– Open questions remain with respect to sink processes of atmospheric methane.

Methane budgets at all spatial scales will likely be a↵ected by changes in sink

strengths. Sink processes in the atmosphere and in the soil are to our knowl-

edge poorly quantified and their spatio-temporal impact on local to regional

scale budgets is highly unknown.
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Abstract

We present the first high-resolution (500m�500m) gridded methane (CH4) emission
inventory for Switzerland, which integrates the national emission totals reported to the
United Nations Framework Convention on Climate Change (UNFCCC) and recent CH4
flux studies conducted by research groups across Switzerland. In addition to anthro-5

pogenic emissions, we also include natural and semi-natural CH4 fluxes, i.e., emissions
from lakes and reservoirs, wetlands, wild animals as well as uptake by forest soils. Na-
tional CH4 emissions were disaggregated using detailed geostatistical information on
source locations and their spatial extent and process- or area-specific emission fac-
tors. In Switzerland, the highest CH4 emissions in 2011 originated from the agricultural10

sector (150 Gg CH4 yr�1), mainly produced by ruminants and manure management,
followed by emissions from waste management (15 Gg CH4 yr�1) mainly from landfills
and the energy sector (12 Gg CH4 yr�1), which was dominated by emissions from nat-
ural gas distribution. Compared to the anthropogenic sources, emissions from natural
and semi-natural sources were relatively small (6 Gg CH4 yr�1), making up only 3 % of15

the total emissions in Switzerland. CH4 fluxes from agricultural soils were estimated
to be not significantly di�erent from zero (between �1.5 and 0 Gg CH4 yr�1), while for-
est soils are a CH4 sink (approx. �2.8 Gg CH4 yr�1), partially o�setting other natural
emissions. Estimates of uncertainties are provided for the di�erent sources, including
an estimate of spatial disaggregation errors deduced from a comparison with a global20

(EDGAR v4.2) and a European CH4 inventory (TNO/MACC). This new spatially-explicit
emission inventory for Switzerland will provide valuable input for regional scale atmo-
spheric modeling and inverse source estimation.

1 Introduction

Most of the atmospheric methane (CH4) produced in Switzerland results from anthro-25

pogenic activities. These emissions are well documented in the Swiss Greenhouse
15183

Gas Inventory (SGHGI, FOEN, 2013) that is updated and communicated to the UN-
FCCC on an annual basis. In contrast, the latest estimate for natural CH4 fluxes in-
cluding lakes, wild animals, wetlands and forest soils (SAEFL, 1996) is outdated and
was never compared with actual measurements taken in Switzerland. In 2011, the agri-
cultural sector contributed 84.6 % to the total anthropogenic CH4 emissions of 178 Gg5

CH4 yr�1, while the waste management and the energy sector added another 8.3 %
and 6.8 %, respectively (FOEN, 2013). Since 1990, CH4 emissions have decreased by
about 20 % in Switzerland (FOEN, 2013). One reason is the decline in livestock num-
bers over the last 20 yr, mainly caused by changes in federal legislation. Emissions
from natural gas distribution decreased due to the replacement of old infrastructure10

(Xinmin, 2004). However, this replacement process is now completed (Xinmin, 2004)
and, combined with the projected higher demand for natural gas due to the new Swiss
energy strategy (SFOE, 2012a), emissions are expected to increase again. Disposal
of combustible waste in landfills has been prohibited since 2000 in Switzerland and
therefore emissions from this source are decreasing (FOEN, 2013). Counteracting this15

trend, emissions from biogas production have more than doubled since 1990 and are
projected to rise even further (FOEN, 2013). Thus, a reliable base-line inventory for
CH4 emissions from anthropogenic activities and natural processes is urgently needed.

Inventory estimates such as those presented in the SGHGI are based on numerous
assumptions and statistical data that are associated with large uncertainties in several20

categories. Hence, validation by independent means is essential. Attempts have been
made to constrain regional or national CH4 emissions by atmospheric concentration
measurements using boundary-layer budgets (Gallagher et al., 1994; Choularton et al.,
1995; Fowler et al., 1996; Beswick et al., 1998; Wratt et al., 2001), inverse emission
modeling (Vermeulen et al., 1999; Bergamaschi et al., 2005; Manning et al., 2011;25

Polson et al., 2011; Wennberg et al., 2012), or by discriminating individual sources
with help of the isotopic signature of CH4 (Levin et al., 1999; Lowry et al., 2001; Miller,
2005). Studies of CH4 fluxes in Switzerland mainly concentrated on measurements at
a few selected sites and typically focused on improving process-level understanding

15184



100 APPENDIX A. SPATIALLY-EXPLICIT CH4 INVENTORY

rather than on providing representative numbers for national emission budgets. Only
one single attempt has so far been made to upscale CH4 flux measurements to national
totals or to validate the Swiss CH4 inventory with atmospheric measurements (Hiller,
2012).

In order to model the influence of CH4 emissions on atmospheric concentrations,5

spatially-explicit inventories are needed in addition to total national emissions (Bun
et al., 2010). To disaggregate emissions to a higher spatial resolution, detailed knowl-
edge on the location and the activity of each source is required, leading to additional
uncertainty (Ciais et al., 2010). In recent years, the increasing targeting of the at-
mospheric and inverse modeling community on the regional and urban scale led to10

a clear trend towards high-resolution inventories. Currently, four di�erent CH4 inven-
tories include Switzerland. EDGARv4.2, EDGAR-HTAP and TNO-MACC focus on an-
thropogenic emissions, NatAir considers only natural and biogenic emissions (details
are shown in Table 1); thus, no inventory combines all CH4 sources. Although these
inventories have benefited from a considerable increase in resolution (e.g. EDGAR15

changed in 2009 from 1� �1� to 0.1� �0.1�), they are still limited to cell sizes of about
10km�10km. For a spatially heterogeneous country such as Switzerland, this resolu-
tion is still too coarse to capture local variations.

The goal of this study was to produce the first gridded, high-resolution (500m�500m)
CH4 inventory for Switzerland. Anthropogenic emission estimates followed the method-20

ologies of the SGHGI (FOEN, 2013). National totals were either spatially disaggre-
gated across Switzerland using respective correlated geostatistical data with at least
500m�500m spatial resolution, or generated in a bottom-up approach using emis-
sion factors (EFs). The SAEFL (1996) fluxes were updated and total emissions for all
relevant categories are reported together with their uncertainties. The additional uncer-25

tainty at the grid level introduced by the spatial disaggregation was estimated by com-
paring di�erent inventories. For each source category, a brief review of recent research
studies in Switzerland is presented and the results from field studies are compared
with the inventory estimates where possible.

15185

2 Data collection and processing

Our spatially-explicit inventory is based on the SGHGI for anthropogenic emissions and
additionally comprises natural fluxes. National emission totals were distributed onto
a 500m�500m grid according to correlated geostatistical data. Natural sources with-
out up-to-date national totals available were up-scaled and spatially attributed using5

geostatistical data. Emission factors were adapted from the literature, including ded-
icated studies for Switzerland. The spatially-explicit inventory was generated for the
year 2011, which is the latest year available from the SGHGI. Sources are represented
by positive numbers, sinks by negative numbers.

2.1 Swiss anthropogenic greenhouse gas inventory (SGHGI)10

The latest submission of the SGHGI to the UNFCCC on 15 April 2013 reports green-
house gas (GHG) emissions by sources and removals by sinks between 1990 (base
year) and 2011 (FOEN, 2013). A detailed description of the institutional arrangements
for inventory preparation, data sources and methodologies, uncertainty evaluations as
well as quality assurance/quality control (QA/QC) activities are given in the SGHGI15

(FOEN, 2013). The inventory preparation follows the reporting guidelines developed
by the Intergovernmental Panel on Climate Change (IPCC) (IPCC, 1997, 2000, 2003,
2006). To estimate GHG emissions and removals following the IPCC methodology,
three approaches di�ering in complexity (so-called tiers) can be used. The Tier 1
methodology uses generalized default equations and parameters provided by the IPCC20

guidelines. Tier 2 employs country-specific input data, providing more detail of the un-
derlying processes with regional specificities. Tier 3 is the most complex approach in
terms of capturing dynamic processes and their spatial stratification, involving domes-
tic measurements and/or modeling. The UNFCCC encourages parties to develop Tier
3 methods for large sources and sinks as well as for those with temporal trends, the25

so-called key categories (IPCC, 2000). Switzerland is currently working to include more
country-specific information for the next commitment period 2013–2020.

15186



101

For the spatially-explicit inventory, the eight strongest CH4 sources out of a total
of 620 listed in the SGHGI (FOEN, 2013) were selected, adding up to about 90 %
of all anthropogenic CH4 emissions. These eight sources include emissions from the
agricultural sector (41 % from enteric fermentation of dairy cattle, 17 % from young
cattle, 5 % from suckler cows, 2 % from sheep, 9 % from manure of dairy cattle and5

5 % of swine), the waste sector (5 % from landfills), and the energy sector (5 % from
losses from natural gas distribution), where percentages in parentheses represent the
share of the total 2011 anthropogenic emission estimate of 178 Gg. Additionally, we
also compiled a spatial inventory of the emissions from wastewater treatment plants as
these act as strong local sources.10

2.1.1 Agricultural sector

The largest agricultural source in the SGHGI is 4.A Enteric Fermentation followed by
4.B Manure Management (the headings and numbers correspond to the o�cial nomen-
clature for reporting, see Table 2). Agricultural residue burning is only a small source in
Switzerland and reported in the sector 6. Waste, whereas emissions from agricultural15

soils, rice production, and burning of savannas are negligible.
The 57 600 registered farms manage about one third of Switzerland’s area

(15 000 km2 including alpine pastures; FSO, 2013) and rear animals equivalent to
1 316 600 livestock units (FSO, 2011).

Agricultural CH4 emissions from livestock result from the microbial degradation of20

carbohydrates present in the rumen of ruminants, and to a lesser extent also in the
hindgut of all herbivores (Jensen, 1996). Additionally, carbohydrates that are not di-
gested and thus are excreted as volatile solids can subsequently be converted to CH4
during manure management. Overall, the CH4 production from enteric fermentation is
primarily related to feed intake, standardized by using gross energy intake (GE) for25

inventory purposes. Intake di�erences quite reliably reflect variations in animal weight
and performance (milk yield, growth, and pregnancy) and corresponding di�erences in
CH4 emissions (Soliva, 2006). However, variation in feed composition, i.e. in the sub-

15187

strates for the methanogenic archaea, is not accounted for. CH4 production is assumed
to decline when forage is partially replaced with concentrate in the ruminant diet (Beau-
chemin et al., 2008), but this reduction is often smaller than assumed, and about one
third of this reduction may be subsequently compensated by correspondingly higher
manure-derived CH4 emissions (Hindrichsen et al., 2006). Since Swiss ruminant diet5

types are mostly forage-based, CH4 conversion rates measured in Switzerland are
higher than IPCC (2006) default values (Zeitz et al., 2012). On the other hand, exper-
iments on CH4 emissions from Swiss manure management result in lower emissions
than currently estimated in the SGHGI using IPCC (2006) default values (Zeitz et al.,
2012). In particular, emissions from liquid manure systems tend to be lower than those10

currently reported. The influence of animal genotype on the CH4 emission potential is
currently discussed at the global level, but Swiss studies do not indicate significant dif-
ferences between dairy breeds (Münger and Kreuzer, 2006). In conclusion, preliminary
analyses suggest no significant change in CH4 emissions from livestock by applying
Swiss-specific EFs (Zeitz et al., 2012), as di�erent under- and overestimates compen-15

sate each other. However, this conclusion does not yet consider the potential to reduce
GHG emissions using di�erent feeding measures (addition of lipids, plant secondary
compounds, etc.; see e.g., Beauchemin et al., 2008; Staerfl et al., 2012).

For our spatially-explicit inventory, emissions were calculated from livestock num-
bers in 2007, aggregated by farm (agricultural establishment census 2007; FSO, 2009),20

and multiplied with animal-specific EFs from the Swiss national air pollution database
(EMIS, Federal O�ce for the Environment). Emissions for 2007 were then scaled to
the 2011 value reported in the SGHGI. Following the Swiss husbandry practice, most
emissions were assumed to be produced in the stall (80 % for cattle, 20 % for sheep,
100 % for swine) and the remaining fraction on the pastures. The agricultural establish-25

ment census contains the location of the main farm building at one hectare resolution
and was assumed identical to the stable and manure storage location (Kupper et al.,
2010). Emissions on pastures were attributed to all grid cells covered by this land use
type (Swiss land use statistics; FSO GEOSTAT, 2009) within the community of the re-
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spective farm. As part of the Swiss farming practice, part of the livestock is moved
to alpine pastures in summer. Consequently, the CH4 emissions produced there were
also allocated on those alpine pastures (� 4 % of the agricultural emissions included in
the spatially-explicit inventory).

2.1.2 Waste management5

Within the waste management sector, CH4 emissions originate mainly from 6.A Solid
Waste Disposal on Land, 6.B Wastewater Handling, and 6.D Other processes, includ-
ing composting, digestion of organic waste, and biogas up-grading.

Landfills

Gas production by decomposition of organic material in the anoxic waste body (typically10

50–70 % CH4 (v/v), 30–50 % CO2, and trace amounts of other gases; Farquhar and
Rovers, 1973) leads to advective and di�usive gas transport within the landfill pore
system and eventually to emissions to the atmosphere (e.g. Franzidis et al., 2008).

Recent research activities related to landfill-derived CH4 in Switzerland are limited
to the municipal waste landfill Lindenstock near Liestal. This 12 ha landfill received15

� 3.2�106 m3 of household, construction, and commercial waste between 1949 and
1994. Following closure, the waste was capped with a 2 to 2.5 m thick cover soil con-
sisting primarily of silty loam, and a gas-collection system was installed constructed of
vertical and horizontal, partially-screened, high density polyethylene pipes. However,
gas collection has not been attempted in recent years, and gas outlets remain closed20

with screw-cap lids. This is a unique feature of this landfill as gas-collection systems
on several other Swiss landfills are either in continuous operation or absent.

Experiments at Lindenstock compared CH4 fluxes obtained by di�erent methods
(Gómez et al., 2009; Eugster and Plüss, 2010; Schroth et al., 2012) at or above the
cover-soil surface, as well as below-ground fluxes. Results indicated that the stud-25

ied section of the landfill was predominantly a net source of CH4, with highest emis-
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sions close to the gas-collection outlets (daily mean fluxes ranging between 0.05 and
1.5 g CH4 m�2 d�1) (Henneberger et al., 2012; Schroth et al., 2012). A net flux of up
to �0.002 g CH4 m�2 d�1 (uptake) was usually observed away from the gas-collection
outlets. CH4 e�ux from the waste body was highly variable over short distances and
time. CH4 oxidation activity in the cover soil was generally high, mitigating most of the5

produced CH4, but also exhibiting substantial spatial variability (estimated to �1.92
to �64 g CH4 m�2 d�1 in 2010) being strongest where e�ux from the waste body was
highest. Mitigation of landfill-derived CH4 in the Lindenstock cover soil is mediated
by a highly diverse, abundant methanotrophic community (Henneberger et al., 2012,
2013). Similar experiments during winter indicated stronger net CH4 emissions (up to10

2.5 g CH4 m�2 d�1) from the studied landfill section (Ugolini et al., 2009). This was pri-
marily attributed to a decrease in oxygen availability within the cover soil as a result of
increased soil water content at shallow depths, but also to a decrease in temperature,
which both adversely a�ected the CH4 oxidation activity.

These results from Lindenstock are not su�ciently representative for estimating total15

landfill emissions in Switzerland, but they broadly agree with previous studies on land-
fills in Europe and the USA, reporting oxidation activities in a similar but higher range.
Hence, cover soils in general provide an e�ective bu�er for landfill-derived CH4, mitigat-
ing emissions to the atmosphere as a result of the activity of methanotrophs (Whalen
et al., 1990; Boeckx et al., 1996; Börjesson et al., 1998; Chanton et al., 2009; Gebert20

et al., 2009; Park et al., 2010).
Characteristics of the individual landfills, such as waste composition, dumping pe-

riod, etc., were not available for Switzerland. Therefore, the national emissions of
8.6 Gg CH4 yr�1 as reported in the SGHGI FOEN (2013) were proportionally distributed
to the hectares classified as landfills in the land use statistics (FSO GEOSTAT, 2009)25

for our spatially explicit inventory.
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Wastewater treatment

CH4 is produced in the sewage system as well as in the anoxic part of the wastew-
ater treatment plant and the upgrading of sewage gas. To our knowledge, no di-
rect wastewater CH4 measurements exist for Switzerland; however, the CH4 emis-
sions can be estimated from the organic load in the wastewater. The chemical oxy-5

gen demand (COD) ranges from 100 to 110 gCODperson�1 d�1, with one third each
being aerobically respired, converted to CH4, and remaining in the sewage sludge.
A large part of the CH4 produced is used for power and heat supply of the wastewater
plant, and only about 10 % is directly emitted to the environment. The resulting EF of
0.9 g CH4 person�1 day�1 lies within the range of reported conversion rates by Deal-10

man et al. (2012) of 0.08 % to 1.2 % of kg CH4 (kgCOD)�1. The amount of released
CH4 also depends on the sewage system (higher with long pipes at low inclination)
and the plant type (higher with uncovered anoxic post-digester). Using an average EF
of 0.9 g CH4 person�1 day�1 and a 12 million population equivalent (Swiss population
plus industrial wastewater load converted to additional population), annual emissions15

from wastewater collection and treatment result in about 4 Gg CH4 yr�1. However, a re-
cent publication proposes a higher EF of 1.5 g CH4 person�1 day�1, arguing that CH4
production in the sewage system was underestimated (Wunderlin et al., 2013). The re-
sulting CH4 emissions would increase by 50 % to about 6 Gg CH4 yr�1. In contrast, the
SGHGI is based on a completely di�erent method reporting only 0.48 Gg CH4 yr�1, be-20

cause the emissions are estimated from loss rates within the individual plant units and
the total CH4 used for energy or biogas production. Hence, emissions from tanks that
are not connected to the gas system and emissions in the sewage are not included.
To be consistent with the SGHGI, we proportionally distributed the 0.48 Gg CH4 yr�1 to
the 854 plants in Switzerland based (Foen, 2012) on their capacity expressed in popu-25

lation equivalents. However, emissions might turn out up to a factor twelve higher using
alternative estimation approaches.
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2.1.3 Energy sector

Total CH4 emissions in the energy sector are divided into the subcategories 1.A Fuel
Combustion, where most emissions originate from road transportation and residential
heating, and 1.B Fugitive Emissions from Fuels. The latter emissions largely occur
during the transmission of natural gas in pipelines (Category 1.B.2 Oil and Natural5

Gas; FOEN, 2013).
In Switzerland, 12.2 % of the total energy consumption was covered by natural gas in

2011 (SFOE, 2012b). Gas distribution in Switzerland includes � 19 000 km of pipelines,
from which 12 % are operated at pressures > 5 bar, 23 % between 1 and 5 bar, and
65 % < 1 bar. Another � 6000 km of pipes guarantee the final distribution to the end10

user (SGWA, 2012). A large proportion of the transported gas transits Switzerland on
the way from the production sites in northern Europe to Italy (Xinmin, 2004).

In the SGHGI, fugitive emissions of natural gas are estimated based on the amount of
transported gas as well as on the infrastructure, namely the length, type and pressure
of the gas pipelines (FOEN, 2013). Most emissions are assumed to occur during final15

distribution and consumption, while emissions from welded high-pressure pipes are
assumed to be low (Xinmin, 2004). Therefore, emissions reported in the SGHGI were
distributed close to the gas consumers for our spatially-explicit inventory. Based on
the national buildings and dwellings survey (FSO, 2010), the national emissions were
proportionally distributed to those areas where natural gas is used for heating, i.e.,20

to each 1 ha grid cell where at least two houses are heated with natural gas. The
emissions were subsequently aggregated onto the 500m�500m grid.

2.2 Natural and semi-natural CH4 sources and sinks

The SGHGI only reports anthropogenic CH4 emissions while natural and semi-natural
fluxes are omitted, except for wildfires in the Land Use, Land-Use Change and Forestry25

(LULUCF) sector. CH4 flux estimates reported in the SAFEL report (1996) were up-
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dated based on new EF and compiled into our spatially-explicit inventory as described
below.

2.2.1 Lakes and reservoirs

Approximately 3.5 % of Switzerland (1450 km2) is covered by lakes and reservoirs
(FSO GEOSTAT, 2009), which can emit significant amounts of CH4 (Bastviken et al.,5

2011). These CH4 emissions can occur via four main pathways: (1) standard gas ex-
change at the air–water interface; (2) ebullition (bubbling) from aquatic sediments; (3)
turnover of a stratified water column with storage of CH4 in (anoxic) bottom water;
and (4) transport by plants in the shallow littoral zones (Chanton and Whiting, 1995;
Bastviken et al., 2004). Hydropower reservoirs have an additional fifth emission path-10

way as they release water for energy production. Often the turbine intakes of a hy-
dropower dam are located in the CH4-rich bottom water of a stratified reservoir, thus
CH4 can be emitted via degassing at the turbine or along the downstream river to
which the water is released (Kemenes et al., 2007). The most important sink for CH4
in aquatic environments is oxidation, which occurs mostly at oxic/anoxic boundaries in15

the sediment (e.g. Frenzel et al., 1990) or water column (e.g. Schubert et al., 2010)
and can account for a significant reduction of total CH4 produced by decomposition of
organic material in a lake before the CH4 reaches the atmosphere.

Measuring all of these CH4 transport pathways and their spatiotemporal variability in
a single lake requires immense e�ort. Thus, often only a subset of all possible path-20

ways is directly measured while others are either neglected or estimated from literature
data. Truly accurate and validated models for estimating CH4 emissions via all these
pathways do not exist. An approach that can be used when attempting to estimate
CH4 emissions from a large amount of lakes without direct measurements is to use the
equations proposed by Bastviken et al. (2004), which estimate di�usion, ebullition, and25

storage emissions based on comprehensive measurements from a collection of North
American and European lakes (see Supplement for details). Bastviken et al. (2004)
found significant relationships between the CH4 emission estimates and measurable
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variables, such as lake area, dissolved organic carbon and phosphorus concentrations,
water depth, and volume of the anoxic fraction of the water column.

Following Bastviken et al. (2004), we estimated di�usion, ebullition and storage emis-
sions of CH4 from the lake areas of all major Swiss water bodies, but made the following
modifications. (1) We tripled CH4 emissions from lakes and reservoirs shallower than5

30 m based on direct measurements of emissions from a small, shallow lake in the
low alpine region which indicated high rates of ebullition (Schubert et al., 2012). (2)
For the hydroelectric reservoir Lake Wohlen on the Swiss Plateau, we directly used
the emission estimate of DelSontro et al. (2010) that was based on a year-long mea-
surement study and results in a value ten times higher than that obtained with the10

method of Bastviken et al. (2004). No adjustments to any other reservoirs were made
as Lake Wohlen may not be a representative system within Switzerland. (3) We pro-
vided a rough temporal variability of ebullition emissions by assuming that ebullition oc-
curs only during the warmest half of the year as DelSontro et al. (2010) found a strong
correlation between emissions and seasonal water temperatures. (4) Finally, we as-15

sumed ebullition not to be a relevant process in high alpine lakes at altitudes above
1500 ma.s.l. since they receive only little organic input, have low water temperature,
and quite low CH4 concentrations in the water column (Diem et al., 2012). The result-
ing emission factors are summarized in Table S1. The above presented modifications
suggest that other factors in addition to those proposed by Bastviken et al. (2004) may20

need to be considered for estimating CH4 emissions from lakes and reservoirs in the
future.

The locations and areas of Swiss lakes and reservoirs were taken from the primary
surfaces of the digital version of the Swiss topographical map at 1 : 25000 scale in vec-
tor format (VECTOR25; Swisstopo, 2004), while the depths for lakes > 0.1 km2 were25

obtained from FOEN (2007a). We included all lakes that are contained in the Swiss
water bodies information system (GEWISS; FOWG, 2000). Water depth data could
not be found for 652 out of 798 lakes. Therefore, we assumed that the depth of lakes
< 0.2 km2 (678 lakes) is less than 30 m. Lake altitude was taken from the digital ele-
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vation model (FSO GEOSTAT, 2006). In total, we found that lakes > 0.1 km2 are emit-
ting 2.1 Gg CH4 yr�1, with a 21 % (0.4 Gg CH4 yr�1) share from hydroelectric reservoirs.
Smaller water bodies contribute another 0.2 Gg CH4 yr�1.

2.2.2 Wetlands

Wetlands are the largest natural source of CH4 globally, where it is produced by mi-5

crobial decomposition of organic material under anoxic conditions. However, wetlands
have become rare in Switzerland (0.5 %, 200 km2, of the land area today compared to
6 % in 1800; FOEN, 2007b). In our study, we also considered wetland areas of a mixed
ecosystem type and hence a ten times larger area (see Table S2). They are classified
as wetland on the basis of their high biodiversity, protected by the Swiss legislation on10

the protection of mires, rather than by their hydrogeological properties that would better
reflect their characteristics in terms of CH4 fluxes.

Most information on wetland CH4 fluxes originate from the arctic, boreal, and tropical
zones, and it is not trivial to translate those results to Swiss wetlands. An important
complication is the fact that even in moist environments the vegetated surface may act15

as a net sink for atmospheric CH4 when water saturation in the soil is limited to deeper
layers or when drainage ditches lower the average water table (e.g. Moore and Roulet,
1993). In most cases it can be expected that periods where wetlands are a sink for
CH4 are restricted to a few warm and dry weeks a year, which reduces the overall
annual CH4 emissions from such ecosystems compared to permanently waterlogged20

wetlands.
In Swiss fens, CH4 emission rates ranging from 100 to 330 mg CH4 m�2 d�1 have

been reported for the summer months (alpine fen at Göschener Alp, Liebner et al.,
2012). Constant emissions between 0.12 and 31 mg CH4 m�2 d�1 were also found from
glacier forefields with calcareous bedrock (Nauer et al., 2012), while mires on siliceous25

bedrock were either a weak source of CH4 (38 % of all cases), neutral (31 %), or a CH4
sink (31 %; �0.14 to �1.1 mg CH4 m�2 d�1; Nauer et al., 2012). Even in the case of
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large emissions from calcareous glacier forefields, Nauer et al. (2012) observed that
roughly 90 % of the CH4 produced in the deeper soil was oxidized before it reached the
soil surface and the atmosphere. This agrees with other studies which indicate that in
the top centimeters of the soil above the water table, where oxygen is abundant, most
of the CH4 produced by methanogenic archaea is oxidized and hence the flux of CH45

to the atmosphere is substantially lower than what microorganisms produce (e.g. King
et al., 1998).

For our spatially-explicit inventory, CH4 emissions from Swiss wetlands were esti-
mated from the wetland areas in Switzerland and literature-based EFs available for
di�erent wetland types as summarized in Table S2. Di�erent types of wetland areas10

were determined from the national inventories of raised bogs, fens and mires (FOEN,
2008b, 2010) as well as of riparian landscapes (FOEN, 2008a). Additionally, the wet-
land core and sprawl areas reported in the national ecological network (FOEN, 2011b)
were included in the analysis since these contain additional wetlands of regional and
local importance. For the emission estimate, polygons were mapped to a 100m�100m15

raster. Grid cells classified by one of the di�erent types of wetlands were subsequently
multiplied with the corresponding EF. If a grid cell belonged to more than one wetland
type, the one with highest priority was selected. The priority refers to the level of detail
of the data set (e.g. specification of di�erent zones within a wetland) and the impor-
tance of a wetland type for CH4 emissions. As a final step, the data were averaged to20

the 500m�500m grid. In total, Swiss wetlands are estimated to emit approximately
2.3 Gg CH4 yr�1.

2.2.3 Wild animals

Red and roe deer, alpine chamois and alpine ibex are the most abundant wild living
ruminants in Switzerland. CH4 emissions from these wild animals were estimated from25

the animal population estimates at cantonal (state) level in 2011 (except for Canton of
Jura: 2006 and Canton of Vaud: 2009) (FOEN, 2011a). We multiplied these animal pop-
ulations by the respective species dependent EF in SAEFL (1996) (see Table S3). The
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spatial distribution depends on the habitat of the animals. While red deer prefer dense
and open forest, row deer prefer dense forest. Alpine chamois prefer unproductive veg-
etation as well as rocks and scree, while Alpine ibex mainly thrive on rocks and scree.
The respective land cover types were selected from the Swiss land-use statistic (FSO
GEOSTAT, 2009). Additionally, the locations of these alpine habitats were restricted to5

altitudes above 1500 ma.s.l. (FSO GEOSTAT, 2006).
The number of large wild animals (260 000 red and roe dear, alpine chamois and

alpine ibex) in Switzerland (FOEN, 2011a) is substantially less than the 1 580 000 cattle
(FSO, 2011) in the agricultural sector. Moreover, wild animals are smaller in size and
show a smaller energy uptake than cattle. This results in a comparatively low emission10

estimate of 1.1 Gg CH4 yr�1.
SAFEL (1996) also reported substantial emissions of 2.8 Gg CH4 yr�1 from rodents.

Radar measurements of the mice density on Swiss fields resulted in an average of
9000 mice km�2 (AGFF, 2012), while the rabbit density was estimated as 2.7 rabbits
km�2 (Zellweger-Fischer, 2012). Scaled to the 10 500 km2 agricultural area in Switzer-15

land (FSO, 2011), this translates to � 94.5 mio. mice and 28 350 rabbits. Multiplied with
the EFs of 0.26 g CH4 mouse�1 yr�1 (Jensen, 1996) and 80 g CH4 rabbit�1 yr�1 (IPCC,
2006), the annual emissions result in 0.027 Gg CH4 yr�1, which is far less than previ-
ously assumed and does not represent a significant contribution to the emissions from
wild animals. Hence, rodents were not included in our spatially-explicit inventory.20

2.2.4 Agricultural soils

Two counteracting processes – methanogenesis and methanotrophy – drive the net
exchange of CH4 between agricultural soils and the atmosphere. In Switzerland, the
agricultural sector comprises typical crop production on arable land (18 %) and com-
paratively large areas of grasslands (49 %) and alpine summer pastures (33 %), adding25

up to 15 000 km2, corresponding to more than one third of the total area of Switzerland
(FSO GEOSTAT, 2009; FSO, 2011). Several studies conducted at managed grasslands

15197

and alpine pastures in Switzerland have reported small CH4 uptake rates by soils (Hart-
mann et al., 2010; Stiehl-Braun et al., 2011; Imer et al., 2013; Merbold et al., 2013),
which is also supported by other studies (Mosier et al., 1991; Flessa et al., 1998; Ineson
et al., 1998; van den Pol-van Dasselaar et al., 1999; Kammann et al., 2001). The CH4
fluxes depend on multiple drivers such as water filled pore space, soil and air temper-5

atures, nutrient availability, management activity such as fertilizer application or tilling,
and soil texture. These drivers are site-specific, but also change temporally at a single
site. Recent results from three grassland sites in Switzerland reveal large temporal and
spatial variations in CH4 fluxes from managed ecosystems (Imer et al., 2013) ranging
from a small sink (�1.37 mg CH4 m�2 d�1) to a slight source (0.59 mg CH4 m�2 d�1) on10

a daily timescale, and averaging to an annual mean flux of �0.21 mg CH4 m�2 d�1 and
�0.30 mg CH4 m�2 d�1 for two sites with almost year-round measurements (Imer et al.,
2013). To the best of our knowledge, these are the only two year-round data sets that
exist in Switzerland, leading to large uncertainties when up-scaling to the total area of
managed agroecosystems. We expect the annual net CH4 flux for Switzerland to range15

between 0 and �1.5 Gg CH4 yr�1 (EF: �0.14±0.14 mg CH4 m�2 d�1; Freibauer, 2003)
for the 10 500 km2 agricultural land excluding Alpine pastures, being a small sink. This
is comparable in magnitude to other natural fluxes, but does not significantly contribute
to the total CH4 budget of Switzerland. Since CH4 uptake across the agricultural areas
is highly spatially variable, we did not attempt to spatially distribute this small CH4 sink20

across Switzerland in our study.

2.2.5 Forest soils

The net CH4 flux of forest soils is again dominated by the two counteracting processes,
methanogenesis and methanotrophy. The available literature suggests that forests soils
generally are a larger CH4 sink than agricultural soils due to higher soil gas di�usivity25

in these systems (Smith et al., 2000). CH4 fluxes over Swiss forest soils have been
investigated only very recently (Frey et al., 2011; Gundersen et al., 2012; Hiltbrunner
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et al., 2012). Interestingly, uptake rates of �1.5 mg CH4 m�2 d�1 for forest soils were
found, which changed to a CH4 source of up to 2 mg CH4 m�2 d�1 when soils were
compacted by forestry machinery (Frey et al., 2011). These soil emissions persisted
for several years (S. Zimmermann, personal communication, 2012), but were limited
to relatively small areas compared to the total forest extent. E�ects of soil compaction5

were therefore not considered in our spatially-explicit inventory.
To estimate the CH4 uptake by Swiss forests, we followed a method developed by

Hobi et al. (2011). Forest cover was derived from the land-use statistics (FSO GEO-
STAT, 2009), and forest type information was taken from the 25m�25m forest mixture
data set (FSO GEOSTAT, 2004) and thereafter aggregated to 100m�100m. CH4 up-10

take rates di�er significantly between evergreen (�0.46±0.27 mg CH4 m�2 d�1) and de-
ciduous forest soils (�1.12±68 mg CH4 m�2 d�1), according to the literature reviewed
by Hobi et al. (2011). Forest areas were therefore multiplied with the uptake rate appro-
priate for the type of forest at a 1 ha resolution. For mixed forests an average rate was
used. Finally, the data were averaged to a 500m�500m grid. Overall, our estimate of15

CH4 net flux of forest soils is �2.8 Gg CH4 yr�1 for 2011.

3 Results and discussion

3.1 Spatially-explicit CH4 inventory

Anthropogenic emissions are strongly dominating total Swiss CH4 emissions and
mostly originate from agriculture (see Table 2). Hence, the highest emissions are ob-20

served in the southern part of the Swiss Plateau, an area dominated by livestock farm-
ing between the pre-Alps to the south and the Jura mountains to the north, covering
approx. 30 % of Switzerland (Figs. 1 and 2a). Due to the proximity to the Alps, this
region receives more precipitation than the rest of the Swiss Plateau and is therefore
less suited for production of vegetable and cereal, which are mainly cultivated in the25

northern and western parts of the Swiss Plateau. The central and northern parts of
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the Swiss Plateau are densely populated and consequently less land is dedicated to
agriculture, which corresponds to relatively low emissions in this region. In the Alps,
agricultural activity is concentrated on the valley floors. During the summer months,
part of the livestock is moved to Alpine pastures for grazing to save the resources in
the valley for the winter. This practice is part of the traditional Swiss three-stage farm-5

ing system (Bätzing, 2003) and therefore CH4 emissions can also be found in relatively
remote areas of the Alps.

CH4 emissions from waste management (Fig. 2b) are more abundant in regions with
high population density. This also applies to the energy sector (Fig. 2c), where high-
est CH4 emissions occur in urban areas because natural gas is distributed to private10

households for cooking and heating.
Natural and semi-natural CH4 emissions from lakes, wetlands, and wild animals

(Fig. 2d–f) as well as the uptake by forest soils (Fig. 2f) are considerably lower than
anthropogenic emissions (Table 2). Natural lakes in Switzerland are remnants from
previous glaciations. The largest lakes are located in the lowlands, while many small15

lakes are found throughout the country. Reservoirs are mainly situated in Alpine areas
to exploit the descent for hydropower generation (Fig. 2f). Since the large wetlands in
the floodplains were drained for agricultural use in the 19th and 20th centuries, highest
emissions from this ecosystem type are limited today to shore areas and to hilly land-
scapes where agriculture is less favorable (Fig. 2d). Wild animals are more abundant20

in rural areas with continuous forests, the preferred habitat for many species. Alpine
ibex and chamois also populate remote and sparsely vegetated mountainous areas
(Fig. 2e). Forests cover mountain slopes up to the timberline, protecting from natural
hazards. At lower elevations, forests were often converted into agricultural land during
the last centuries, but some remained and are protected today by law. While wild ani-25

mals living in the forest are a source of CH4, the forest soil acts as a sink. Deciduous
forests are limited to lower elevations whereas evergreen forests dominate in higher
elevations. Due to the lower uptake rate of evergreen forests, CH4 uptake by forest soil
tends to decrease with elevation.
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3.2 Comparison with other inventories

The EDGAR v4.2 inventory and the TNO/MACC inventory in Fig. 3 show spatial distri-
butions of total anthropogenic CH4 emissions over Switzerland for the latest available
years of 2008 and 2009, respectively. These maps can be qualitatively compared with
the total emissions of our inventory presented in Fig. 1, where anthropogenic emissions5

make up more than 95 %.
Total emission of EDGAR v4.2 clipped to the domain of Switzerland amount to

233 Gg for 2008 consistent with the country total of 236 Gg reported by EDGAR v4.2
for Switzerland. This total is almost 30 % higher than the 183 Gg reported in the SGHGI
for the same year. The TNO/MACC inventory adds up to 189 Gg over the domain of10

Switzerland in 2009, which is very close to the 180 Gg in the SGHGI for 2009 (FOEN,
2013). The di�erence between EDGAR and TNO/MACC likely reflects the fact that
EDGAR is an independent inventory applying its own methodologies for the collection
of activity data, application of emission factors, and spatial allocation. The TNO/MACC
inventory, in contrast, is scaled to total emissions reported by the individual countries.15

In both inventories, the spatial allocation of the emissions is based on di�erent and
less detailed geostatistical information than available in our study. Emissions in the
EDGAR inventory are higher in densely populated regions but lower in agriculturally-
dominated regions compared to our inventory (Fig. 3c), suggesting that the EDGAR
inventory is too dependent on population density. Di�erences are less pronounced be-20

tween the TNO/MACC inventory and our inventory (Fig. 3d). The TNO/MACC inventory
correctly identifies the regions of farming in the southern parts of the Swiss Plateau but
the emissions tend to be higher in these areas and lower in the mountains compared
to our inventory. The spatial di�erences are further assessed in Sect. 3.3.1 to obtain
a rough estimate of the uncertainty associated with the spatial disaggregation.25

For natural CH4 emissions, we only compare our country totals with numbers re-
ported in an earlier study for Switzerland (SAEFL, 1996). Compared to that study, our
estimates are considerably lower. Forests were considered a significant CH4 source
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(50 Gg CH4 yr�1) in the former study, which was based on much more limited informa-
tion. However, in the past two decades, no evidence for such strong CH4 emissions
could be found in Switzerland, and hence our updated estimate suggests that forests
are a net CH4 sink instead (net flux of �2.3 to �3.2 Gg CH4 yr�1) (Hobi, 2011). More-
over, contributions from small wild animals, namely rodents, are estimated to be much5

lower (0.027 Gg CH4 yr�1) than previously (2.8 Gg CH4 yr�1). Our findings indicate that
agricultural soils may act as a small net sink (net flux of �1.5 Gg to 0 CH4 yr�1), while
emissions of up to 2.1 Gg CH4 yr�1 were previously attributed to this type of ecosys-
tem. In contrast, lakes had been estimated to be CH4 neutral, whereas our findings
suggest that they are a source of 2.3 Gg CH4 yr�1. Only the previous estimates for10

large wild animals (0.9 Gg CH4 yr�1) and wetlands (1.2 Gg CH4 yr�1) compare well with
our study (1.1 Gg CH4 yr�1 and 2.3 Gg CH4 yr�1, respectively). Overall, the natural and
semi-natural CH4 emissions estimated in our study (5.7 Gg CH4 yr�1) are only about
10 % of those reported by SAEFL (1996), but equates to 3 % of the total CH4 emis-
sions in Switzerland.15

3.3 Uncertainties of the inventory

For many purposes, and in particular for inverse modeling studies in which emission
inventories are used as a priori estimates, it is important to quantify not only the dis-
tribution of the emissions but also its uncertainty. In the SGHGI (FOEN, 2013), an
uncertainty is determined for each emission category based on errors associated with20

the activity data and the EFs. The combined uncertainties are listed in Table 2 together
with the mean emissions for 2011. The uncertainty of the annual total emissions can
then be computed as the square root of the sum of squares of the individual uncertain-
ties, assuming uncorrelated errors. The uncertainty of the total Swiss anthropogenic
CH4 emissions is estimated to only 16 % (see Table 2), which is largely due to the low25

uncertainty of 18 % assigned by the SGHGI to the main emission source 4.A Enteric
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Fermentation. It is interesting to note that this uncertainty is smaller than the di�erence
between the SGHGI and the EDGAR v4.2 inventory.

For the uncertainty of emissions of a given grid cell at a given time, additional errors
need to be considered, including errors associated with the spatial disaggregation and
with the temporal variability as described in the following.5

3.3.1 Spatial uncertainty

Uncertainties associated with the spatial disaggregation are di�cult to assess. They
depend on the accuracy of the spatial data sets, on quantization errors due to the use of
discrete classes, and on the often crude assumptions made for spatial disaggregation.
Therefore, we adopted a pragmatic approach by comparing the spatial distribution in10

our inventory with those of the EDGAR v4.2 and TNO/MACC inventories shown in
Fig. 3 (see also Table 1). All inventories were first linearly scaled to the same country
total. To determine a representative error correlation length scale, we analyzed the
variogram of the residuals R, where R = E (this study)�E (REF), the di�erence between
emissions in our spatially-explicit inventory E (this study) and emissions in a reference15

inventory E (REF) (EDGAR or TNO/MACC) (Fig. 4). A variogram describes the variance
of the di�erence of a spatial variable R, i.e. var(R(x)�R(x+h)) as a function of the
distance h (Cressie, 1993). The standard deviation of the residuals is larger for EDGAR
than for TNO/MACC, which also results in a higher sill (see Fig. 4). As described in
Lin and Gerbig (2005), a correlation length scale L can then be derived by fitting an20

exponential variogram model to the raw variogram. The length scale L obtained in this
way was 13.0 km for EDGAR v4.2 and 8.0 km for TNO/MACC, which is close to the grid
sizes of the two inventories, suggesting that their limited resolution is a constraining
factor and that the true correlation length may be even smaller.

For each grid cell, the uncertainty was assumed to be a fraction f of the absolute25

emission in that cell. The fraction f was then determined based on the requirement
that the uncertainties add up, following Gaussian error propagation, to the 16 % un-
certainty of the total country emissions. Thereby, the correlation length scale L was
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used to compute the error covariances. Using this approach, the uncertainty of the
individual 500m�500m grid cells in our inventory was estimated as 110 % (mean of
85 % and 130 % determined for the two di�erent length scales derived for EDGAR and
TNO/MACC). Emissions in individual grid cells thus have a large uncertainty and could
well be double or half as large as estimated.5

3.3.2 Temporal variability

Our spatially-explicit inventory only includes annual mean emissions, but no seasonal
and diurnal cycles due to a lack of suitable data. Nevertheless, we will briefly discuss
the available temporal information relevant to our inventory to estimate the importance
of temporal variability.10

In the agricultural sector, livestock numbers are reported once a year in April, and
seasonal fluctuations are only on the order of ±3 %, with census data slightly above
the annual mean (Bretscher, 2010). Within the traditional Swiss three-stage farming
system, cattle is moved to Alpine meadows in summer to save the fertile valley floor for
crop and winter fodder production. Hence, the spatial allocation of CH4 emissions from15

ruminants changes between summer and winter. In addition, CH4 emissions from ru-
minants depend on animal metabolism; thus, emissions peak following feed intake with
a delay of a few hours and therefore display a diurnal pattern. Kinsman et al. (1995),
for example, reported an average 20 % higher emission during the day than during the
night, while Gao et al. (2011) observed emissions peaks following the feeding rhythm.20

Emissions from manure are lowest at low temperatures and increase with longer
storage duration, peaking only after about two months (Hindrichsen et al., 2005, 2006;
Klevenhusen et al., 2010). The storage period before application is typically longer in
winter, but lower storage temperatures likely dominate the influence on CH4 produc-
tion. Manure storage practice further influences CH4 emissions (Külling et al., 2001,25

2002, 2003). Higher than average emissions from farmyard manure are compensated
by lower emissions from urine-rich slurry, and on average do not di�er significantly
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compared to complete slurry. Hence, these di�erences are of no relevance compared
to the e�ects of storage period and temperature.

Landfills in Switzerland are covered by a soil layer; therefore, no large seasonal
temperature fluctuations are expected within the deposited waste. However, the cover
soil, where CH4 is oxidized by methanotrophs, undergoes seasonal temperature fluc-5

tuations. More importantly, moisture positively influences CH4 production in the waste
body and inhibits CH4 uptake in the cover soil (Chanton and Liptay, 2000). Both factors
are expected to lead to higher CH4 emissions in winter than in summer (Klusman and
Dick, 2000). Nevertheless, the available information is insu�cient to quantify seasonal
fluctuations of CH4 emissions from Swiss landfills in general.10

A large proportion of natural gas is used for heating and therefore consumption is
more than four times higher in January than in July (VSG, 2012). CH4 emissions from
leaking pipelines are therefore expected to be higher in winter than in summer, but no
reliable data are available for proposing a seasonal cycle of these emissions.

Lake CH4 emissions may exhibit a strong seasonal cycle similar to that found in15

a Swiss reservoir where emissions were positively correlated with water temperature
(DelSontro et al., 2010). In addition, turnover of a seasonally stratified water column
can also significantly contribute to the annual CH4 emissions from lakes (Schubert
et al., 2010), a quite common process in Swiss lakes. Thus, both processes lead to
a pronounced seasonal cycle in CH4 emissions from water bodies in temperate zones20

with higher emissions during summer than during winter (Sect. 2.2.1).
The above listed diurnal and seasonal cycles indicate that observed CH4 fluxes on

a single day at a given time may significantly di�er from the annual mean fluxes re-
ported in our spatially explicit inventory, but at present the available information is not
su�cient to provide source-category specific time functions.25
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4 Conclusions

A spatially-explicit high resolution CH4 inventory was developed for Switzerland for
the year 2011. This is the first comprehensive inventory at national level synthesiz-
ing most of the available Swiss datasets on anthropogenic as well as on natural and
semi-natural fluxes. Anthropogenic emissions of 177 Ggyr�1 in 2011 are by far larger5

than the emissions from all natural and semi-natural sources, which were estimated
to only 5.7 Ggyr�1, an order of magnitude less than an estimate reported in an earlier
study on natural sources in Switzerland (SAEFL, 1996). Forest soils are estimated to
be a net sink with a net flux of �2.8 Ggyr�1 and agricultural soils are estimated to be
CH4 neutral or a small sink with a net flux between �1.5 and 0 Ggyr�1 for agricultural10

soils, partially o�setting the natural emissions. In total, Switzerland acted as a net CH4
source of 180 Gg CH4 yr�1 in 2011. With a share of nearly 85 %, agricultural emissions
are by far the most important anthropogenic source in Switzerland, followed by the
waste and energy sectors. The uncertainty of the total anthropogenic emissions is es-
timated to be only 16 %, which is largely a result of the low uncertainty assigned to15

the largest single CH4 source – enteric fermentation of ruminants. Detailed geospa-
tial information is available for Switzerland, thereby allowing the spatial allocation of
the individual emission sources. Information on temporal variability of CH4 emissions,
however, is very sparse and currently insu�cient for prescribing diurnal and seasonal
variations, an aspect that should be better addressed in future studies.20

This inventory will provide invaluable input for regional-scale atmospheric modelling
and inverse source estimation, which are urgently needed for independent validation of
inventories based on atmospheric measurements. The spatial disaggregation of other
CH4 sources currently not covered by this inventory, especially from biogas production
and composting, might become more critical in the future with the expected increase25

of the relative importance of these sources.
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Supplementary material related to this article is available online at
http://www.biogeosciences-discuss.net/10/15181/2013/
bgd-10-15181-2013-supplement.pdf.
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Table 1. Existing high resolution CH4 inventories that include Switzerland.

EDGARv4.2 EDGAR-HTAP TNO-MACC 2009 NatAir

Aim Emission database for
global atmospheric re-
search

Emission database for
global atmospheric re-
search

Monitoring Atmospheric
Composition and Cli-
mate (FP7)

Improving and Ap-
plying Methods for
the Calculation of
Natural and Biogenic
Emissions and As-
sessment of Impacts
on Air Quality (FP6)

Spatial
resolution

0.1� �0.1� 0.1� �0.1� 1/8� �1/16� 10km�10km

Spatial
coverage

Global Global Europe Europe

Temporal
coverage

1970–2008 2000–2005 2003–2007 and 2009 1997, 2000, 2001 and
2003 at hourly to an-
nual time resolution

Included
emissions

Anthropogenic emis-
sions

Anthropogenic emis-
sions

Anthropogenic emis-
sions

Natural and biogenic
emissions

Approach Bottom-up inventory
of internationally
reported emissions

O�cial regional in-
ventories like EMEP,
gap filled with EDGAR
v4.1

EMEP country totals
checked for consis-
tency, distributed ac-
cording to geostatisti-
cal proxies

Bottom-up estimate

Reference http://edgar.jrc.ec.
europa.eu/index.php
(last access: 1 Nov
2012)

Janssens-Maenhout
et al. (2012)

Pouliot et al. (2012) http://natair.ier.
uni-stuttgart.de/ (last
access: 1 Nov 2011),
Friedrich (2007)
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Table 2. Swiss CH4 emissions in 2011, uncertainty estimate, and changes from 1990 to 2011
for the major source categories listed by the o�cial Nomenclature for Reporting (NFR) codes.
The provided uncertainty estimates follow the Tier 1 methodology (IPCC, 2000), represent half
of the 95 % confidence interval expressed in percent (IPCC, 1997), and accounts for uncertain-
ties in emission factors (EFs) and activity data for the individual level or category. Total national
emissions exclude the Land Use, Land-Use Change and Forestry sector (LULUCF in italics) as
well as International Bunkers (not shown) in accordance with the reporting requirements under
the UNFCCC. Methods applied and EFs used are indicated (D= IPCC Default, T1= IPCC Tier
1, T2= IPCC Tier 2, T3= IPCC Tier 3, CR=CORINAIR, CS=Country-specific). All data for the
anthropogenic sources are taken from the national Greenhouse Gas Inventory (FOEN, 2013),
while CH4 fluxes from the natural categories base on estimates presented in this study. The
categories indicated with an asterisk are included in our spatially explicit inventory.

CH4 Source and Sink Categories 2011 Uncertainty Change since Methods EFs
[Ggyr�1] [%] 1990 [%]

Anthropogenic 177.73 16 �20.2

1. Energy 12.14 35 �58.9
A. Fuel Combustion 3.89 35 �65.9 CS, T2, T3 CR, CS

3.b Transport; Road Transportation – Gasoline 1.00 35 �79.3
4.b Other Sectors; Residential – Biomass 1.43 48 �68.7

B. 2 Fugitive Emissions from Fuels; Oil and Natural Gas� 8.25 50 �54.4 T3, CS CS
2. Industrial Processes (Chemical Industry 0.41 30 �10.5 CS, T2 CS, D
3. Solvent and Other Product Use NO
4. Agriculture 150.43 18 �4.5

A Enteric Fermentation� 119.48 18 �4.8 T2 CS
B Manure Management� 30.94 54 �3.2 T2 CS, D

5. Land Use, Land-Use Change and Forestry (Wildfires in Forest Land) 0.06 70 �84.9 T1 CS
6. Waste 14.72 48 �58.0

A Solid Waste Disposal on Land� 8.61 58 �73.7 CS, D CS, D
B Wastewater Handling� 0.48 30 115.6 D CS,D
D Other 5.04 100 253.2 CS CS

7. Other (Fire Damage in Buildings and Motor Vehicles) 0.03 30 3.9 T1 CS

Natural and semi-natural 5.7/�2.8 NA NA

Lakes and reservoirs� 2.3 NA NA See Sect. 2.2.1
Wetlands� 2.3 NA NA See Sect. 2.2.2
Wild animals� 1.1 NA NA See Sect. 2.2.3
Agricultural soils �1.5 to 0 NA NA See Sect. 2.2.4
Forest soils� �2.8 NA NA See Sect. 2.2.5
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Fig. 1. Our spatially-explicit Swiss CH4 emission inventory including both anthropogenic and
natural CH4 sources.

15221

Fig. 2. Individual layers of the inventory presented in Fig. 1. Note that the scale for anthro-
pogenic fluxes of the agricultural sector (a), the waste sector (b) and the energy sector (c) are
a factor 10 to 100 larger than that for natural and semi-natural fluxes from wetlands (d), wild
animals (e), and forest soil and lakes (f).
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Fig. 3. Total anthropogenic CH4 emissions over Switzerland according to the EDGAR v4.2
inventory for the year 2008 (a) and the TNO/MACC inventory for the year 2009 (b). Panels
(c) and (d) are absolute di�erences from the total anthropogenic emissions in our inventory
(Fig. 1).
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Fig. 4. Semivariogram of the di�erences between the EDGAR v4.2 and TNO/MACC inventories
and our inventory. Also shown are exponential fits to the data (see text for further details).
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Abstract
Since the European summer heat wave of 2003, considerable attention has been paid to the impacts of
exceptional weather events on terrestrial ecosystems. While our understanding of the effects of summer
drought on ecosystem carbon and water vapour fluxes has recently advanced, the effects of spring drought
remain unclear. In Switzerland, spring 2011 (March–May) was the warmest and among the driest since the
beginning of meteorological measurements. This study synthesizes Swiss FluxNet data from three grassland
and two forest ecosystems to investigate the effects of this spring drought. Across all sites, spring phenological
development was 11 days earlier in 2011 compared to the mean of 2000–2011. Soil moisture related reductions
of gross primary productivity (GPP) were found at the lowland grassland sites, where productivity did not
recover following grass cuts. In contrast, spring GPP was enhanced at the montane grassland and both forests
(mixed deciduous and evergreen). Evapotranspiration (ET) was reduced in forests, which also substantially
increased their water-use efficiency (WUE) during spring drought, but not in grasslands. These contrasting
responses to spring drought of grasslands compared to forests reflect different adaptive strategies between
vegetation types, highly relevant to biosphere–atmosphere feedbacks in the climate system.

Keywords: Swiss FluxNet, drought response, eddy covariance, carbon dioxide fluxes, water vapour fluxes,
water deficit, evapotranspiration, water-use efficiency

1. Introduction

Europe has experienced a number of exceptional weather
events during the past decades that have attracted the interest

Content from this work may be used under the terms of
the Creative Commons Attribution 3.0 licence. Any further

distribution of this work must maintain attribution to the author(s) and the
title of the work, journal citation and DOI.

of ecologists, such as severe droughts and heatwaves in
summer 2003 (Ciais et al 2005) and 2010 (Barriopedro et al
2011), flood events in 2002 (Christensen and Christensen
2003) and 2005 (Schmocker-Fackel and Naef 2010), and
severe storms—such as ‘Lothar’ in 1999 and ‘Gudrun’ in
2005 (Lindroth et al 2009). These events have claimed lives,
caused substantial economic damage in agriculture, forestry
and infrastructure, and heavily disturbed the carbon and water
balances of terrestrial ecosystems in Europe (Ciais et al
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2005, Reichstein et al 2007). With increasing atmospheric
greenhouse gas concentrations, regional climate scenarios
have predicted more intense and frequent extreme events in
Europe for the future (Schär et al 2004, Frei et al 2006).
In addition, soil moisture feedbacks to the atmosphere might
further enhance extreme temperatures on local and regional
scales due to reduced evaporative cooling (Granier et al 2007,
Seneviratne et al 2010). However, our knowledge about the
changes in ecosystem carbon and water fluxes in response to
such extreme events is still limited, in particular during the
transitional seasons of spring and autumn (Richardson et al
2010, Zhang et al 2012).

Research has recently focused on summer droughts and
heatwaves, e.g. 2003 (Ciais et al 2005) and 2010 (Barriopedro
et al 2011) in Europe. However, drought events have also
occurred during spring, such as in France and south-eastern
UK in 2006, in Germany, The Netherlands and Austria in
April 2007, and more recently throughout most of central and
north-western Europe in spring 2011 (Vogt 2012, Quesada
et al 2012, Sepulcre-Canto et al 2012), when historic records
of high temperatures were observed (European Drought
Observatory 2011).

In Switzerland, spring 2011 was the warmest (+3.4 �C
above average) and the third driest (�47% below average
seasonal precipitation) since the beginning of meteorological
measurements in 1864 (MeteoSwiss 2012), following an
exceptionally dry winter with below average precipitation
and snow accumulation (Pielmeier 2011). This combination
resulted in a pronounced spring drought that affected
plant phenology, agricultural production and water supply.
Reservoir levels reached record lows, and irrigation measures
were required to preserve agricultural production in parts of
Switzerland (BAFU 2011).

The current understanding of drought effects suggests
that plant water limitations are less likely in spring than in
summer as soil reservoirs should have been recharged by
winter precipitation. However, extreme weather events during
early season growth could have severe effects on carbon and
water fluxes of terrestrial ecosystems.

Only a few studies have investigated the effects of spring
drought on ecosystem carbon and water fluxes so far. These
studies reported overall reductions in carbon uptake (Zhang
et al 2012, Dong et al 2011, Kwon et al 2008, Parton et al
2012), a small suppression in evapotranspiration (ET; Dong
et al 2011), and a shift in the environmental controls of
net ecosystem exchange (NEE) from vapour pressure deficit
(VPD) to soil moisture with progressing drought (Kwon et al
2008). While the temperature effects are well understood, the
effects of moisture limitation during spring on phenology,
carbon uptake and water vapour fluxes remain unknown.

The objectives of our study are (1) to synthesize
ecosystem carbon dioxide and water vapour fluxes from the
national eddy covariance network, Swiss FluxNet, (2) to
evaluate the phenological development of vegetation, (3) to
investigate carbon–water interactions, and (4) to compare the
response of grasslands and forests to the 2011 spring drought
in Switzerland.

2. Material and methods

2.1. Swiss FluxNet

We synthesized data from the Swiss FluxNet national eddy
covariance network (www.swissfluxnet.ch). Swiss FluxNet
includes the major land-use types of deciduous and evergreen
forests, grassland and cropland along an elevational gradient
in Switzerland and currently encompasses eight long-term
ecosystem sites. Our synthesis study included five of these
sites that provided data for spring 2010 and 2011: Chamau,
Oensingen1, Früebüel (managed grasslands, elevation range
from 393 to 982 m a.s.l.), Laegeren (lowland mixed deciduous
forest), and Davos (subalpine evergreen forest, table 1). All
sites have a temperate climate with elevation as a confounding
factor, particularly the montane grassland in Früebüel and
the subalpine evergreen forest in Davos. Management varied
across sites and included 4–6 grass cuts per year with
subsequent manure or synthetic fertilizer applications in the
intensively managed Oensingen1 and Chamau grasslands.
At the moderately managed grassland Früebüel, only solid
manure was applied once per year and grass cuts were
occasionally replaced by cattle grazing. The Laegeren and
Davos forest sites had no management events during the time
of observations.

2.2. Flux measurements and data processing

Flux densities of carbon dioxide, water vapour and
energy were measured during 2010 and 2011 using the
eddy covariance (EC) method. The micrometeorological
measurement setup consisted of open-path infrared gas
analysers (Li-7500, LI-COR, Lincoln, USA) and three-
dimensional sonic anemometers (models Solent R3-50 and
HS, Gill Instruments, Lymington, UK). Raw data were
recorded at 10 or 20 Hz and processed to half-hourly
averages using the eth-flux EC software (Mauder et al
2008) or a comparable custom-made EC software for
Oensingen1 (Ammann et al 2007). Post-processing included
corrections for damping losses (Eugster and Senn 1995),
air density fluctuations (Webb et al 1980), and data
screening for optical sensor contamination, stationarity
(Foken and Wichura 1996), low turbulence conditions
(see table 1 for site-specific u⇤-thresholds) and statistical
outliers (14 day running mean with ±3 SD range). In
addition, negative nighttime fluxes (unreasonable as no
photosynthesis occurs at night) and a corresponding amount
of positive nighttime fluxes were removed using a trimmed
mean approach to avoid a systematic bias of cumulative
sums. Standardized gap filling and partitioning of carbon
dioxide fluxes was performed using the methodology by
Reichstein et al (2005), i.e., with the marginal distribution
sampling (MDS) gap filling algorithm and flux partitioning
based on a temperature regression with nighttime fluxes
(GPP = �NEEdaytime + TER). In addition, we corrected for
physiologically unrealistic, negative values of gross primary
productivity (GPP) when net ecosystem exchange (NEE)
exceeded nighttime derived total ecosystem respiration (TER;
e.g., with onset of turbulent mixing or following rainfall),
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Table 1. Swiss FluxNet sites used in this synthesis study. Abbreviations denote the International Geosphere–Biosphere Programme (IGBP),
mean annual temperature (MAT), mean annual precipitation (MAP), and friction velocity (u⇤)—a measure for turbulence conditions. Data
were compiled from published literature except MAP, which was derived from long-term data provided by MeteoSwiss (see table 2).

Site Chamau Oensingen1 Früebüel Laegeren Davos

IGBP land use,
Abbreviation

Grasslands, GRA
(intensively
managed)

Grasslands, GRA
(intensively
managed)

Grasslands, GRA
(moderately
managed)

Mixed Forest, MF
(deciduous
dominated)

Evergreen
Needleleaf Forest,
ENF

Dominant species Italian ryegrass
(Lolium multifl.)

English ryegrass
(Lolium perenne)

Meadow foxtail
(Alopecurus prat.)

European beech
(Fagus sylvatica)

Norway spruce
(Picea abies)

White clover
(Trifolium repens)

Meadow foxtail
(Alopecurus prat.)

Cocksfoot grass
(Dactylis glomerata)

Norway spruce
(Picea abies)

White clover
(Trifolium repens)

Dandelion
(Taraxacum offic.)

European ash
(Fraxinus excelsior)

Buttercup
(Ranunculus sp.)

Sycamore maple
(Acer pseudopl.)

White clover
(Trifolium repens)

Latitude 47 �12036.800N 47 �17008.100N 47 �06057.000N 47 �28042.000N 46 �48055.200N
Longitude 8 �24037.600E 7 �43055.900E 8 �32016.000E 8 �21051.800E 9 �51021.300E
Elevation (a.s.l.) 393 m 452 m 982 m 682 m 1639 m
MAT 9.8 �Ca 9.5 �C 7.5 �Ca 7.4 �C 3.4 �C
MAP 1125 mm 1184 mm 1516 mm 1070 mm 992 mm
u⇤-threshold
(m s�1)

0.08 0.10 0.08 0.30 0.20

References Zeeman et al
(2009)
Zeeman et al
(2010)

Ammann et al
(2007)
Ammann et al
(2009)

Zeeman et al (2009)
Zeeman et al (2010)

Ahrends et al (2009)
Zweifel et al (2010)
Etzold et al (2010)
Etzold et al (2011)

Zweifel et al (2010)
Etzold et al (2011)

a Mean from 2006 to 2007 (Zeeman et al 2010).

by replacing TER with NEE and setting GPP to zero
(Wolf et al 2011).

Besides flux densities, meteorological variables such as
air temperature, relative humidity, precipitation, incoming
shortwave radiation (RG), soil temperature and volumetric soil
water content (SWC, in %, 5 cm depth; except at Oensingen1:
10 cm) were measured continuously (half-hourly averages,
sums for precipitation) at all sites. SWC was also measured
at 15–30 cm depth but showed similar results as for 5 cm
depth (not shown). Long-term precipitation data for nearby
reference stations (see table 2) were provided by MeteoSwiss.

2.3. Phenology

Phenological development of vegetation was analysed
from species-specific observational data (i.e., dates of
phenological phases) provided by MeteoSwiss from the
national phenological monitoring network. We used the
following nearby stations from this network (includ-
ing distance and direction from the respective tower
site): Chamau–Muri (9.0 km, 317�NW), Oensingen–Wynau
(6.6 km, 115�SE), Früebüel–Edlibach (7.5 km, 18�N),
Laegeren–Oberehrendingen (5.7 km, 274�W), and Davos–
Davos-Dorf (1.4 km, 244�SW). According to the composition
of the dominant vegetation at each site (see table 1), we used
the date of needle emergence of Norway spruce (Picea abies)
for the Davos site, and averaged the dates of leaf unfolding
of European beech (Fagus sylvatica) and needle emergence
for Norway spruce (Picea abies) at the Laegeren site. For all
grassland sites, we consistently used the same plant species

and averaged the dates of full flowering from cocksfoot grass
(Dactylis glomerata) and dandelion (Taraxacum officinale).

2.4. General conventions

We used the R statistics software package, version 2.13.2
(R Development Core Team 2009, www.r-project.org) for
data analyses. Daytime data were defined by RG exceeding
10 W m�2. The term ‘spring’ refers to the meteorological
definition (March, April and May). We use the term ‘drought’
related to precipitation deficits, which can impose (1) plant
physiological stress due to soil moisture deficiency and (2)
stomatal adjustments in response to high VPD. We compare
our data of 2011 relative to 2010, with 2011 being closer to
the long-term average precipitation regime for most sites (see
table 2).

3. Results

3.1. Weather conditions during spring 2011

The weather anomaly during spring 2011 resulted in record
high temperatures (+3.4 �C above average) and substan-
tial below average precipitation (�47%) in Switzerland
(MeteoSwiss 2012). March and April were particularly dry
and all sites received below average precipitation, ranging
from �35 to �85% in March and �42 to �79% in April.
The Früebüel montane grassland had the lowest deviations
from the long-term mean (�35% and �42%), because of
its topographic exposure. Most sites also received below
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Table 2. Precipitation sums and relative deviations from the long-term means (1981–2010) for the year 2011. Deviations for 2010 are
reported for comparison. Long-term data were derived from nearby reference stations by MeteoSwiss while data for 2010 and 2011 were
measured directly at the sites.

Site Chamau Oensingen Früebüel Laegeren Davos

Reference station Cham Wynau Zugerberg Dietikon Davos
Mean ± SD (mm)

Winter (DJF) 180 ± 70 251 ± 82 215 ± 100 238 ± 71 185 ± 82
Spring (MAM) 274 ± 85 264 ± 100 353 ± 111 279 ± 102 204 ± 56
Annual 1112 ± 162 1129 ± 201 1457 ± 272 1110 ± 164 1035 ± 156

2011 (mm)
Winter (DJF) 165 173 245 132 66
Spring (MAM) 182 93 353 89 133
Annual 1084 995 869 624 776

Deviation 2011 (%)
Winter (DJF) �8 �31 +14 �45 �64
Spring (MAM) �34 �65 0 �68 �35
Annual �3 �12 �40 �44 �25

Deviation 2010 (%)
Winter (DJF) �5 �24 +23 �43 �56
Spring (MAM) 0 �34 +43 �29 �14
Annual +3 �20 +58 �20 �28

average precipitation during early May 2011, but heavy
precipitation events after DOY 131 (May 11) resulted in
a substantial monthly surplus at Davos and Früebüel, and
a small surplus in Chamau. During spring 2011, all sites
except Früebüel had a cumulative precipitation deficit of
34–68% (mean 51%, Früebüel excluded), which was larger
than the small deficit of 7% across all sites during spring 2010
(table 2). In both years, spring was preceded by similarly dry
winters across sites, except at Früebüel (2010: �32%, 2011:
�37%).

This precipitation anomaly during spring 2011 was also
reflected in the temporal patterns of SWC (figure 1), with
a substantial decrease from a maximum of 52% (overall
mean) on DOY 95 (April 5) to a minimum of 30% on DOY
131 (May 11), which confined the spring drought across all
sites between DOY 102–132 (April 12–May 12). Low and
increasing SWC at the subalpine Davos site (1639 m) during
March was related to frozen soil and associated measurement
limitations. During spring 2011, all sites received higher
amounts of daily RG compared to 2010, in the range of +17%
(Davos) to +36% (Früebüel), with a mean of +27% (data
not shown). Daily VPD was substantially higher at all sites
(overall mean +85%) during spring 2011, particularly at the
forest sites (+228% versus +45% at grasslands). Spring was
also substantially warmer in 2011 compared to 2010 (see
figure 5), with mean air temperatures differences of +2.1 to
+3.4 �C at our sites (overall mean +2.8 �C) and the largest
increase found at the forest sites (+3.3 �C).

3.2. Phenological development

Phenological observations showed that vegetation develop-
ment started 8–17 days earlier (overall mean �11 days)
in 2011 compared to the mean of 2000–2011 (figure 2).
The opposite pattern was observed in 2010, when vegetation

started later at all sites (overall mean +7 days). While
sites differed considerably between 2000 and 2009, the late
vegetation developments in 2010 and the early vegetation
development in 2011 were more consistent across all sites.
Compared to 2010, spring phenology developed on average
18 days earlier during spring 2011 at our sites.

3.3. Range and magnitude of carbon and water vapour fluxes

We observed large differences in GPP and TER among sites
during spring 2011 (figure 3, table 3). GPP was highest for
the grassland sites Chamau (10.2 ± 4.5 g C m�2 d�1, mean ±
standard deviation) and Früebüel (8.8 ± 5.3 g C m�2 d�1),
while lowest GPP was found at the evergreen forest site
in Davos (3.4 ± 1.9 g C m�2 d�1). During the drought
period 2011 (DOY 102–132), GPP decreased substantially
at Chamau (figure 3(a)). Smaller reductions in GPP were
observed for the two other grassland sites Oensingen1 and
Früebüel at the beginning and towards the end of the drought
period (figures 3(b) and (c)). We did not find drought related
GPP reductions of the forests. However, GPP of the two
forest sites was substantially higher in 2011 compared to 2010
(LAE: +54%, DAV: +19%), while the grassland sites did not
show a consistent pattern and substantially higher GPP was
only found at Früebüel (+38%, table 3).

Range and magnitude of TER largely followed the
GPP pattern, except for the forest sites Laegeren (3.4 ±
1.2 g C m�2 d�1) and Davos (1.5 ± 0.5 g C m�2 d�1),
where TER remained low, remarkably stable and decoupled
from GPP following the onset of drought conditions in
April (figure 3). Management of the grassland sites (grass
cuts and grazing) resulted in a short-term decoupling of
TER from GPP, i.e., reduced GPP along with increased
TER (figures 3(a)–(c)). Compared to 2010, we observed
higher respiratory fluxes for the forest sites (LAE: +23%,
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Figure 1. Daily mean volumetric soil water content (SWC) at 5 cm depth (Oensingen1: 10 cm depth) at five Swiss FluxNet sites for the full
year (a) and for spring 2011 (b). For comparison, the overall mean SWC across all sites is also shown for 2010. The dashed box in (b)
confines the period of spring drought across all sites (DOY 102–132).

Figure 2. Site-specific phenological development compared to 2000–2011 mean of each site. Grasslands are denoted by dotted and forests
by striped fill patterns. Sites are ordered according to land-use type (grassland, forest) and their respective elevational gradient from left
(lowest) to right (highest). The bold black line shows the mean across all sites. Negative deviations indicate earlier, positive deviations later
than average phenological development in spring. Species-specific observational data were provided by MeteoSwiss for nearby sites from
the national phenological monitoring network: Davos–Norway spruce (needle emergence), Laegeren–European beech and Norway spruce
(leaf unfolding/needle emergence), Früebüel, Chamau, Oensingen–Cocksfoot grass and Dandelion (full flowering). Data availability for
Früebüel was limited to the years 2008–2011.

DAV: +93%) in spring 2011 (table 3). The relative change
in GPP versus TER between these years was generally similar
or larger for GPP, except at the subalpine site Davos, where

higher soil temperatures in 2011 (i.e., TSoil > 0 �C about three
weeks earlier) resulted in enhanced TER and substantially
larger changes in TER compared to GPP.
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Figure 3. Daily total gross primary productivity (GPP), total ecosystem respiration (TER) and net ecosystem exchange (NEE; full shading
indicates periods of carbon sink, striped shading of carbon sources) during spring 2011. Lines and shading are 7 day running means. The
bars at the bottom of each panel show daily precipitation totals. Arrows indicate management at grassland sites, i.e. grass cuts (a), (b) and
begin of grazing (c). The dashed lines confine the period of spring drought across all sites (DOY 102–132). Abbreviations in titles indicate
the IGBP land-use class with grasslands (GRA), mixed forest (MF) and evergreen needleleaf forest (ENF). The grassland sites in the top
panels are ordered according to their elevational gradient from left (lowest) to right (highest), and similarly the forest sites in the bottom
panels.

Table 3. Cumulative gross primary productivity (GPP), total ecosystem respiration (TER), net ecosystem exchange (NEE), and
evapotranspiration (ET) during spring (MAM) 2011. Relative deviations are reported for spring 2011 compared to 2010.

Site Chamau Oensingen1 Früebüel Laegeren Davos

GPP (g C m�2) 940 586 809 598 324
TER (g C m�2) 891 401 536 316 137
NEE (g C m�2) �49 �185 �273 �282 �187
ET (mm) 181 196 233 198 125
Deviation 2011 versus 2010 (%)

GPP 3 �20 38 54 19
TER 4 �20 15 23 93
NEE �14 �21 123 114 �7
ET �4 1 49 �21 �32

Ecosystem ET (i.e., soil and canopy evaporation plus
plant transpiration) was highest at the grassland site Früebüel
(2.5 ± 1.4 mm m�2 d�1) and lowest at the evergreen forest
in Davos (1.4 ± 0.8 mm m�2 d�1, figure 4). ET was higher
in 2011 than 2010 at the Früebüel grassland site (+49%) and
lower at the forest sites (LAE: �21%, DAV: �32%; table 3).

3.4. Environmental controls of spring fluxes

In 2011, the main environmental controls of daily spring GPP
were RG for Chamau (R2 = 0.48) and Früebüel (R2 = 0.67),

soil temperature for Davos (R2 = 0.38), and soil moisture
for Oensingen1 (R2 = 0.66) and Laegeren (R2 = 0.76, all
p < 0.001, linear regression analysis). For Früebüel, soil
moisture was a strong residual control of GPP (R2 = 0.31,
p < 0.001) while no significant control of moisture was
detected for Chamau and Davos. Soil temperature and soil
moisture were together the main environmental controls
of daily spring TER for all sites, but explained a higher
variability in TER for the grasslands (R2 = 0.54–0.84, p <
0.001) compared to the forest sites (R2 = 0.23–0.47, p <
0.001). RG was the main environmental control for daily
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Figure 4. Daily total ecosystem evapotranspiration (ET) during spring 2010 and 2011. Lines are 7 day running means and numbers
following years show total spring ET. Arrows indicate management at grassland sites, i.e. grass cuts (a), (b) and start of grazing (c). The
dashed lines confine the period of spring drought across all sites (DOY 102–132). Abbreviations in titles indicate the IGBP land-use class
with grasslands (GRA), mixed forest (MF) and evergreen needleleaf forest (ENF).

NEE for all grassland sites (R2 = 0.19–0.67, all p < 0.001).
In addition, spring NEE of the forest sites was driven by
soil moisture at Laegeren (R2 = 0.66) and air temperature
at Davos (R2 = 0.32, both p < 0.001). Low explanatory
power of RG for NEE of the grasslands Chamau (R2 =
0.19) and Oensingen1 (R2 = 0.30) seemed largely related to
management effects (grass cuts), while grazing at Früebüel
(R2 = 0.67, all p < 0.001) had smaller effects on NEE than
meteorological variables (figure 3(c)). The main driver of ET
at the grassland sites was RG, while temperature was the main
control at the forest sites (R2 = 0.65–0.77, all p < 0.001).
VPD was the secondary environmental control of ET at all
sites.

3.5. Carbon uptake and water deficits

We observed net carbon uptake at all sites during spring 2011,
ranging from 49 g C m�2 for Chamau to 282 g C m�2 for
Laegeren (figure 5, table 3). Unlike the previous year, net
carbon uptake (cumulative NEE < 0) in spring 2011 generally
started earlier, except for the Oensingen1 grassland. No
considerable differences in NEE were found at Chamau,
Oensingen1 and Davos between spring 2010 and 2011.
Compared to the previous spring, substantially higher net

carbon uptake was observed at the sites Früebüel (+123%)
and Laegeren (+114%) in 2011.

Spring ET ranged from 125 mm at Davos to 233 mm
at Früebüel (mean 187 mm; figure 4, table 3) during 2011.
The difference of precipitation minus ET showed cumulative
spring water deficits of �104 and �109 mm for the sites
Oensingen1 and Laegeren, respectively (figure 6). Only the
sites Chamau and Davos recovered from the water deficits
accumulated during the drought, mainly due to substantial
precipitation in the second half of May 2011. The Früebüel
montane grassland had a water surplus of 120 mm at the end
of spring 2011. Compared to an overall surplus of 70 mm in
spring 2010, the mean water deficit was 17 mm across all sites
for spring 2011.

3.6. Water-use efficiency

During spring 2011, the highest water-use efficiency (WUE,
gross carbon uptake per unit water lost) was observed at the
Chamau grassland (4.6 g C (kg H2O)�1), while the forest
sites Laegeren (2.3 g C (kg H2O)�1) and Davos (1.9 g C
(kg H2O)�1) showed overall much lower WUE (figure 7).
Differences between spring 2011 and 2010 were insignificant
at the grassland sites (p > 0.05), whereas WUE of the forest
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Figure 5. Cumulative net ecosystem exchange (NEE, solid lines) and air temperature (dashed lines, 7 day running mean) during spring
2010 (grey) and 2011 (black). The numbers following the years show total spring NEE. Arrows indicate management at grassland sites,
i.e. grass cuts (a), (b) and start of grazing (c). The vertical dashed lines confine the period of spring drought across all sites (DOY 102–132).
Abbreviations in titles indicate the IGBP land-use class with grasslands (GRA), mixed forest (MF) and evergreen needleleaf forest (ENF).

sites significantly increased (Laegeren +109%, Davos +58%,
both p < 0.001). A combination of increased GPP along with
decreased ET caused the higher WUE of the two forest sites
in 2011 (table 3).

4. Discussion

Precipitation deficits during spring 2011 resulted in soil
moisture deficiencies similar to those typical during summer
months, persisting for an extended period (4–6 weeks) at
high temperatures. While a consistently earlier phenological
development was found at all sites independent of land-use
type or elevation, the response of ecosystem carbon dioxide
and water vapour fluxes to these spring drought conditions
differed strongly among sites, in particular for water-use
efficiency between forests and grasslands. Forests adapted to
spring drought conditions by increasing water-use efficiency
(i.e., reducing transpiration). In contrast, grasslands did not
adapt and reductions in productivity of grasslands indicated
soil moisture limitations inhibiting regrowth of vegetation
after grass cuts during drought conditions in spring.

4.1. Phenology

The phenological development in 2011 was the second
earliest since 1950 (MeteoSwiss 2011). It was largely

Figure 6. Cumulative daily precipitation (P) minus
evapotranspiration (ET) during spring 2011. For comparison, the
ensemble mean of all sites is also shown for 2010. The numbers in
brackets show spring totals. The vertical dashed lines confine the
period of spring drought across all sites (DOY 102–132).
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Figure 7. Water-use efficiency (WUE), i.e. the ratio of gross primary productivity (GPP) and ecosystem evapotranspiration (ET), in spring
2011 compared to 2010. Significant differences in WUE (slopes) were detected at the forest sites Laegeren (d) and Davos (e), both
p < 0.001. Abbreviations in titles indicate the IGBP land-use class with grasslands (GRA), mixed forest (MF) and evergreen needleleaf
forest (ENF).

related to temperature and none of our sites showed a
delayed development related to drought. While below average
precipitation was also observed during early spring 2010
(table 2), temperatures were considerably lower in 2010
(�2.7 �C), and closer to the long-term average as compared
to 2011 (MeteoSwiss 2012). These differences and regression
analysis (phenological development versus temperature)
showed that temperature was the main control for spring
phenology at our sites during both years (R2 = 0.74,

p < 0.001), along with photoperiod and chilling (Körner and
Basler 2010), and that soil moisture limitations during spring
did not inhibit the onset of leaf activity, despite strong effects
on ecosystem fluxes.

4.2. Carbon uptake and gross primary productivity

In contrast to other studies that found largely reduced carbon
uptake during spring drought in steppe ecosystems (Dong
et al 2011, Parton et al 2012, Kwon et al 2008), we observed
only small reductions in net carbon uptake (NEE) for some
of our sites. Instead, we found substantially increased net
carbon uptake of a montane grassland (Früebüel), similar to
Gilgen and Buchmann (2009), and lowland mixed deciduous
forest (Laegeren) in response to drought—similar to findings

by Black et al (2000) for boreal deciduous forest in years
with a warm spring. Overall, these results indicated that
spring drought resulted in smaller carbon losses, which are
in contrast to the substantial carbon losses that were observed
during the severe summer drought in 2003 (Ciais et al 2005).

GPP reductions for most sites at the beginning of the
drought period (DOY 102–107) were related to incoming cold
air masses from the arctic (MeteoSwiss 2011) that affected
in particular the higher elevation sites Früebüel and Davos,
where mean temperatures dropped below 5 �C and close to
freezing, respectively (figure 5). This temperature drop also
reduced TER at all sites, with larger reductions observed for
the grassland compared to the forest sites (figure 3).

Soil moisture related reductions in GPP were found
at the lowland grassland sites, where productivity did not
recover following grass cuts in Chamau mid-April (DOY 109,
figure 3(a)) and Oensingen1 in early May (DOY 124,
figure 3(b)). At Chamau, GPP only recovered following
the next major rainfall (DOY 123). Similar reductions in
grassland productivity in response to drought were found by
Gilgen and Buchmann (2009) for the Chamau grassland, and
by Craine et al (2012) for grasslands in north-eastern Kansas.
In addition, the smaller net carbon uptake of Chamau seemed
related to higher manure inputs compared to the Oensingen1
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grassland (Zeeman et al 2010), which resulted in higher TER
relative to GPP (ratio of 0.95 versus 0.68, table 3).

For both forest sites, cumulative annual net carbon uptake
(not shown) started earlier in 2011 compared to 2010, 16
days at Laegeren and 13 days at Davos. These differences
were similar to the results from phenological observations,
which showed differences of 16 and 12 days for both forest
sites between years (figure 2). The findings for Laegeren
confirmed Ahrends et al (2009) and Etzold et al (2011), who
reported enhanced productivity and net carbon uptake in a
year (2007), when bud break at Laegeren occurred 10 days
earlier compared to the two previous years (Ahrends et al
2009). In contrast to our two forests, we could not find a
similar relation of phenological observations and NEE for the
grasslands due to management at these sites, i.e., grass cuts
being performed before flowering to prevent reduced biomass
production after flowering.

GPP increases from 2010 to 2011 were smaller in Davos
compared to Laegeren (table 3), suggesting that productivity
in evergreen needleleaf forest is less sensitive to seasonal
climate anomalies compared to deciduous broadleaf forest
(Richardson et al 2010). In contrast, the opposite pattern
was found for TER between both years: during spring
2011, TER was increased only marginally in Laegeren but
largely enhanced in Davos (related to higher temperatures),
where TER substantially exceeded the increase in GPP
(table 3). This indicated limitations for higher net carbon
uptake in subalpine forest ecosystems during years with
above average spring temperatures—an important implication
when considering the projected temperature increases for
Switzerland for all seasons (CH2011 2011).

4.3. Evapotranspiration and water-use efficiency

Evapotranspiration of both forests was substantially reduced
in spring 2011 compared to 2010, a clear signal of stomatal
regulation (i.e., reduction of leaf transpiration) as an early
response to drought (see also Jarvis and McNaughton 1986).
Such regulation in forests was also shown by Teuling et al
(2010) during a summer heatwave that was enhanced by
drought: unlike grasslands, forests employ water saving
strategies and reduce their ET early on, thereby reducing
evaporative cooling of the atmosphere. In contrast, grasslands
maintain their ET as long as soil moisture is available.
In our study, grasslands did not reduce ET during spring
drought either, suggesting a consistent behaviour of grassland
vegetation to spring and summer droughts. The Früebüel
grassland even increased ET, probably due to more available
energy from clear skies during spring 2011.

In addition, both our forest sites significantly increased
their WUE in response to spring drought, while no such effect
was observed for the grassland sites in Switzerland. This
increase in WUE is in accordance with the expected response
of WUE at the leaf level, to reduce water stress while keeping
foliar assimilation high (see Bacon 2004; Schulze et al 2005).
However, such response at the leaf level does not necessarily
translate to the ecosystem scale (Jarvis and McNaughton
1986), which additionally includes soil evaporation, and in

fact, only few ecosystem-scale studies reported increased
WUE during drought (e.g. Krishnan et al 2006). Nonetheless,
Beer et al (2009) concluded from a global synthesis study of
43 flux tower sites that changes in WUE (or inherent WUE)
indicate the adjustment of ecophysiology at stand level and
thus enable the transfer of the WUE concept from the leaf to
the ecosystem level.

The stronger increase of WUE at Laegeren (broadleaved)
compared to Davos (coniferous) can be explained by stronger
stomatal regulation of leaves versus needles (Schulze et al
2005), supporting results from Granier et al (2007) in
response to the 2003 summer drought in Europe. For the same
drought event, however, decreased WUE was also reported
by Reichstein et al (2007) for mostly forest ecosystems
and Hussain et al (2011) for a grassland. Ponce Campos
et al (2013) recently added further evidence for higher WUE
across biomes during drier years that increased with drought
intensity. Therefore, further research with large observational
datasets (e.g. FLUXNET) is needed to comprehensively
distinguish the WUE response to drought between forests
and grasslands—in general and also evaluating potential
differences between spring and summer drought.

The observed water deficits (negative P-ET) or minor
surplus at the end of spring could have important implications
for the vegetation during summer, as spring is typically a
period of water recharge for soil and groundwater reservoirs.
A combination of spring and summer droughts in the same
year could substantially increase the impact of summer
drought, e.g. with larger reductions in productivity, enhanced
temperature feedbacks amplifying heatwaves, and severe
deficits in water supply for agriculture and society. In
2011, however, carry-over effects into the following season
were prevented by heavy precipitation during early summer
that counteracted the potential risk of extreme summer
temperatures (Quesada et al 2012).

Overall, we conclude that forests adapt to spring drought
by increasing WUE much stronger than grasslands, which
could be due to an evolutionary strategy to secure carbon
investments during harsh conditions (Schulze et al 2005).

5. Conclusions

Grasslands and forests responded very differently to spring
drought in terms of ecosystem carbon dioxide and water
vapour fluxes: while forests adapted and reduced their WUE
significantly, grasslands did not show this behaviour, or maybe
would only after a prolonged drought. These contrasting
responses to drought will not only affect the feedback to the
atmosphere via ET, but also indicate different susceptibilities
of grasslands versus forests to future drought events, predicted
to increase in frequency and severity. Our results further
suggest that understanding the response of different land-use
types to drought is highly relevant to predict impacts of
climate change on biosphere–atmosphere fluxes of terrestrial
ecosystems.
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Abstract 
 
The first full greenhouse gas (GHG) flux budget of an intensively managed 
grassland in Switzerland (Chamau, CHA) is presented. The three major trace 
gases, carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O) were 
measured with the eddy covariance (EC) technique. For CO2 concentrations, 
an open-path infrared gas analyzer was used, while N2O and CH4 
concentrations were measured with a recently developed continuous-wave 
quantum cascade laser absorption spectrometer (QCLAS). We investigated 
the magnitude of these trace gas emissions after grassland restoration, 
including ploughing, harrowing, sowing and fertilization with inorganic and 
organic fertilizers over a period of one year (January to December 2012).  
Large peaks of N2O fluxes (20 – 50 nmol m-2 s-1 compared to a < 5 nmol m-2 s-

1 background flux) were observed during thawing of the soil after the winter 
period and after mineral fertilizer application followed by re-sowing in the 
beginning of the summer season. N2O fluxes were controlled by nitrogen 
input, plant productivity, soil water content and temperature. Management 
activities led to increased variations of N2O fluxes up to 14 days after the 
management event as compared to background fluxes measured during 
periods without management (< 5nmol m-2 s-1). The annual GHG flux budget 
was dominated by N2O (48 % contribution) and CO2 emissions (44 %). CH4 
flux contribution to the annual budget was only minor (8 %).  
 

We conclude that recently developed multi-species QCLAS in an EC system 
open new opportunities to determine the temporal variation of N2O fluxes, 
which further allow to thoroughly quantify annual emissions including 
management events. With respect to grassland restoration, our study 
emphasizes the key role of N2O and CO2 losses after ploughing, changing a 
permanent grassland from a carbon sink to a significant carbon source.  
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1. Introduction 
 
Grassland ecosystems are commonly known for their greenhouse gas (GHG) 
mitigation potential (Lal, 2010). At the same time emissions of N2O after 
management activities such as fertilization and ploughing have been shown 
to reduce this mitigation potential in agricultural systems (Baggs et al., 2000, 
Sarkodie-Addo et al., 2003). However, up to date the magnitude of N2O 
emissions after ploughing and their effect on the full GHG budget of a 
permanent grassland has not been quantified with continuous N2O flux 
measurements. Here, we investigated how restoration and management of 
an intensively managed grassland in Switzerland affects GHG emissions 
(CO2, CH4 and N2O). Prior to our measurements we hypothesized large 
variations in CO2 uptake rates caused by harvest and fertilization events, 
minor release and uptake of CH4, and peaks of N2O emissions after 
fertilization events. 
 

Greenhouse gas emissions (CO2, CH4 and N2O) from managed ecosystems, 
including grasslands have been identified to be of major relevance for the 
global climate system (Dalal &  Allen, 2008). Up to date, available knowledge 
suggests that agricultural production systems are often GHG neutral, with 
N2O and CH4 offsetting potential CO2 sequestration (Schulze et al., 2009). 
While most research so far has been focusing on the exchange of the most 
important greenhouse gas – carbon dioxide – less research has been 
undertaken on CH4 and N2O fluxes. Few exceptions are the so-called high-
flux ecosystems, e.g. livestock production systems and wetlands in terms of 
CH4 emissions (e.g. Dengel et al., 2011) and agricultural systems with large 
N2O emissions (e.g. Skiba et al., 2009, Soussana et al., 2007, Zona et al., 
2013). Particularly the lack of high temporal resolution continuous flux 
datasets is one of the major reasons for limited knowledge on N2O and CH4 
exchange and there are three major reasons for this shortage in data: (1) the 
GHG balance of an ecosystem is often dominated by the net exchange of 
CO2 (> 60-80%) with the additional gases being less important for annual 
balances of many ecosystems (e.g. Chen et al., 2011, Schulze et al., 2009). 
Moreover CH4 and N2O fluxes have often been ignored due to more complex 
processes (nitrification, de-nitrification, methanogenesis, methantrophy a.o.) 
underlying the net exchange of both GHGs compared to CO2 exchange (e.g. 
Palm et al., 2002, Schaufler et al., 2010); (2) the application of the until 
recently available measurements devices, primarily manual or automatic 
chambers in combination with a gas chromatograph are both labor intensive 
and provide only a spatial snapshot of the GHG exchange of a fraction of an 
ecosystem (e.g. Flechard et al., 2005, Skiba et al., 2009). While chambers 
allow to measure various hot spots, chamber measurements further result in 
weekly to monthly measurements only (e.g. Imer et al., 2013, Mishurov &  
Kiely, 2011). The occurring data gaps must be gap-filled and are often biased 
by missing possible peak emissions during natural events such as heavy 
rainfalls or anthropogenic management activities such as fertilization and 
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ploughing;(3) analyzers such as fast response laser absorption spectrometers 
which can be easily deployed in the field have became commercially 
available for CH4 and N2O only recently (Kroon et al., 2010). 
 

Most of these drawbacks can be overcome by the use of such laser 
absorption spectrometers (Neftel et al., 2010, Tuzson et al., 2010). With these 
instruments researches are enabled to measure single or multiple GHGs at a 
high temporal resolution with a previously unavailable precision of < 0.05 ppb 
Hz-1/2 for N2O (McManus et al., 2010). If these QCLAS are combined with high 
frequency wind measurements such as done in the eddy covariance 
approach, full GHG flux datasets covering annual timescales and whole 
ecosystems become available providing the essential datasets to close the 
still occurring knowledge gaps. Therefore we upgraded an already existing 
EC system measuring CO2/H2O in intensively managed grassland in 
Switzerland with a QCLAS to additional measure the concentrations of N2O 
and CH4. 
 

Our specific objectives were, (i) to investigate the full GHG budget of a 
recently restored permanent grassland, (ii) to study the temporal behavior of 
GHG emissions in relation to management activities, and (iii) to test a recently 
developed continuous quantum cascade laser absorption spectrometer 
(QCLAS) to measure the concentrations of CH4 and N2O within an eddy 
covariance setup. 
 
 
2. Material & Methods 
 

2.1 Study site 
 

The intensively managed grassland under investigation (Chamau, CHA, 
Zeeman et al. 2010) is located in the pre-alpine lowlands of Switzerland at an 
altitude of 400 m a.s.l. (47° 12’ 37” N, 8° 24’ 38” E). Mean annual 
temperature is 9.1°C and mean annual precipitation is 1151 mm  (Sieber et 
al., 2011). The soil type is a Cambisol (Roth, 2006) with a pH of 5, a bulk 
density ranging between 0.9 and 1.3 kg m-3 and a carbon stock of 55.5 – 69.4 
t C ha-1 in the upper 20 cm of the soil (Zeeman et al., 2010). The common 
species composition consists of Italian ryegrass (Lolium multiflorum) and 
white clover (Trifolium repens L.). Typical management for forage production 
consists of up to six harvest events and subsequent slurry application 
(Zeeman et al., 2010). However, the grassland is restored approximately 
every ten years (pers. communication Hans-Rudolf Wettstein) in order to 
eliminate mice populations and therefore to maintain a high quality sward for 
fodder production. Restoration as done in 2012, the year of observation, 
included ploughing, sowing, application of mineral and organic fertilizer, 
pesticide application if needed and regular harvests. Representative fertilizer 
samples applied to the plot were collected at the day of management and 
sent to a central lab for nutrient content analysis (Table 1, Labor fuer Boden- 
und Umweltanalytik, Eric Schweizer AG, Thun, Switzerland). 
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2.2 Environmental data 
 

Environmental variables were measured every 10 s and stored as 30 min 
averages within a datalogger (CR10X, Campbell Scienctific, Logan, USA). 
These variables included measurements of air temperature and relative 
humidity (2 m height, Hydroclip S3 sensor, Rotronic AG, Switzerland), soil 
temperature (depths of 0.01, 0.02, 0.05, 0.10 and 0.15 m, TL107 sensors, 
Markasub AG, Olten, Switzerland), volumetric soil water content (depths of 
0.02 and 0.15 m, ML2x sensors, Delta-T Devices Ltd., Cambridge, UK), and 
photosynthetic active radiation (2 m height, PARlite sensor, Kipp and Zonen, 
Delft, The Netherlands).  
 
2.3 Greenhouse gas flux measurements 
 

Flux measurements of CO2, CH4 and N2O with the eddy covariance technique 
were undertaken from January until December 2012 (Baldocchi &  Meyers, 
1998).  
 

The eddy covariance setup consisted of a three-dimensional sonic 
anemometer (2m height, Solent R3, Gill Instruments, Lymington, UK), an 
open-path infrared gas analyzer (LI-7500, LiCor Biosciences, Lincoln, 
Nebraska, USA) to measure the concentrations of CO2 and H2Ovapor, and a 
recently developed continuous-wave quantum cascade laser absorption 
spectrometer (mini-QCLAS, Aerodyne Research Inc., Billerica, 
Massachusetts, USA) to measure the concentrations of CH4, N2O and 
H2Ovapor at 10Hz. The QCLAS provided the dry mole fraction for both trace 
gases (CH4 and N2O) and data were transferred to the data acquisition 
system (MOXA embedded Linux computer) via an RS-232 serial data link and 
merged with other data streams in near-real time (Eugster &  Pluss, 2010). 
Flux calculation followed the CarboEurope-IP standards (Aubinet  et al., 
2012), where the vertical turbulent flux (FGHG) is calculated as covariance of 
the fluctuation of the vertical wind velocity (w’) and the GHG concentration 
(cGHG’), averaged over 30 minutes (Eq. 1). 
 

       (1) 
 

The overbar denotes time averages, cGHG’ the half-hourly concentration of the 
respective greenhouse gas (ppm CO2, ppb CH4 or ppb N2O) after having 
subtracted the linear trend, w’ the vertical wind speed (m s-1), Vair the molar 
volume of air (≈ 22.4 × 10-3 m3 mol-1), computed as Vair = Mair/ρair, where Mair is 
the molar mass of air (≈ 0.286 kg mol-1), and ρair is the measured density of air 
(kg m-3). Greenhouse gas flux calculations included the necessary corrections 
for high-frequency dampening losses (Eugster &  Senn, 1995) and density 
fluctuations according to Webb et al. (1980) for CO2.  
 

Throughout this manuscript, we use the micrometeorological convention of 
the flux direction, with positive fluxes indicating a loss of the respective GHG 
from the surface to the atmosphere, and a negative fluxes indicating uptake 
of the respective GHG. 
 

FGHG = w 'cGHG '×Vair
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2.4 Flux data post-processing 
 

All 30 min averages were screened for obvious out-of-range values (± 50 
µmol m-2 s-1 for CO2, ± 500, ± 100 nmol m-2 s-1 for N2O and CH4 respectively), 
and periods of low mechanical turbulence indicated by a friction velocity u* < 
0.08 m s-1 (Zeeman et al. 2010). In addition, CO2 fluxes were further filtered 
for periods of window dirtiness of the infrared gas analyzer (Automatic Gain 
Control, AGC > 70%) and spikes in the 30 min flux data according to Papale 
et al. (2006). The analysis of CO2 fluxes was based on the 30 min flux 
averages, while N2O and CH4 fluxes were further aggregated to daily means 
due to the large variations in the 30 min fluxes. Daily averages were only 
calculated for days where more than 30 half-hour records were available. The 
remaining high-quality fluxes were separated by management activity before 
further analysis (Table 1).  
 
2.5 Annual sums of CO2, CH4 and N2O and flux partitioning 
 

In order to calculate the annual exchange of each GHG, missing flux data of 
CO2, CH4 and N2O were gap-filled using data from time-periods with 
comparable environmental conditions – so called look-up tables (Reichstein 
et al., 2005). These look-up tables were adapted for periods of similar 
management events to avoid filling of data gaps within a specific 
management (e.g. ploughing) with data from a time period of different 
management (e.g. harvest).  
 

Net ecosystem exchange of CO2 (NEECO2) was partitioned into ecosystem 
respiration (Reco) and gross primary production (GPP) via separation of night- 
and daytime data assuming that the plant canopy is photosynthetically 
inactive during night. If photosynthetic active radiation (PAR) was smaller 
than 10 µmol m-2 s-1, data were classified as night, if values were above 10 
µmol m-2 s-1, data were marked as daytime data. The resulting nighttime data 
were then correlated to common driver variables, e.g. air and soil 
temperature as well as soil water content in different depths. Partitioning of 
CH4 and N2O fluxes could not be performed due to interacting processes 
occurring simultaneously in the soil during the whole day. 
 

Calculation of the global warming potential (GWP) followed the 
recommendations given by the IPCC, with CH4 having a 25 and N2O a 298 
times greater GWP than CO2 on a per mass basis over a time horizon of 100 
years (IPCC, 2007). 
 
 
3. Results 
 

3.1 Dynamics of N2O, CO2 and CH4 fluxes  
 

The overall environmental conditions in 2012 (mean annual temperature, 
MAT2012 = 9.56°C; mean annual precipitation, MAP2012 = 1023.5mm) were 
slightly warmer and slightly less rainy in comparison to interpolated long-term 
measurements of nearby MeteoSwiss stations (MAT = 9.1°C, MAP = 
1151mm, Sieber et al., 2011). Between January and mid-April environmental 
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conditions remained unfavorable for plant growth including low temperatures 
(< 10 °C) and less precipitation in comparison to the following months (Fig. 
1a – d). 
 
Background N2O emissions were estimated to be smaller than 5 nmol N2O m-

2 s-1 as seen towards the end of the growing season (Oct. – Dec.) and during 
the dormant winter season (Figs. 2a, b). In contrast peak emissions of N2O 
could be as large 70 nmol N2O m-2 s-1 on the half-hourly basis (Fig. 2a) and as 
large as 30 nmol N2O m-2 s-1 as a daily average emission value (Fig. 2b). We 
observed distinct peaks of nitrous oxide in relation to abrupt changes in 
environmental conditions (e.g. thawing of the soil in spring) and specific 
management activities, e.g. after molluscicide application and slurry 
applications (Fig. 2b; M1, M4 and M5). Daily losses of N2O were largest in the 
first half of 2012, before considerable plant canopy development highlighted 
by considerable CO2 losses during the same period (Figs. 2b and 5b, Tab. 2).  
Environmental factors driving N2O emissions varied for periods of different 
management activity (Fig. 3a-c, Tab. 3). For instance, manure application 
prior to ploughing in the beginning of January did not result in a clearly 
detectable N2O flux peak (Fig. 3a; M0). The first peaks of N2O fluxes occurred 
shortly after ploughing of the field (M1) and were most likely connected to 
rising air temperatures (> 0°C) and soil thawing in February 2012 (Figs 3a, 
M2). Slightly larger emissions of N2O were found for the time after re-
installation of the QCLAS in mid-March and after harrowing, rolling and 
sowing of the field (M2, M3). These larger fluxes were mostly controlled by 
soil water content (r2 = 0.13, p < 0.05, Fig. 3a, M2 and M3, Tab. 3). Among 
the largest peaks were the fluxes observed at the end of April shortly after 
the application of mineral fertilizer (M4) and both soil temperature and soil 
water content seemed to have strong influence on the field-scale N2O 
emissions (r2 = 0.22 and 0.19, p < 0.05; Fig. 3a, M4). Largest emissions of 
N2O were observed after re-sowing the field in mid May (M5) and following 
the first harvest (M6) of the biomass in June 2012, where the plant residues 
were left on the field (Fig. 3b, M5 and M6). From this point onwards, fluxes of 
N2O decreased continuously towards the background values of < 5 nmol N2O 
m-2 s-1 with only a few exceptions shortly after slurry (Fig. 3c, M11 and M13). 
Background flux values could not sufficiently be explained by environmental 
variables. Smaller fluxes, in the same order of magnitude as measured during 
January 2012, were observed between September and December 2012 (Fig. 
3, M14; Tab. 3). 
 

N2O emissions after fertilizer application were strongly related to plant 
productivity (r2 = 0.78; Fig. 4). Given that net ecosystems exchange of CO2 
(NEECO2) can be seen as a proxy of plant activity (more negative values 
indicate higher uptake rates, NEE = GPP + Reco) we correlated the ratio of the 
average loss of nitrogen (N) via N2O emission and N input per fertilizer event 
to the average CO2 flux during the same period. Our results clearly showed 
larger losses of nitrogen via N2O emission with larger net emissions of CO2 
and vice versa. This result indicates that during periods of reduced net 
uptake rates of CO2, nitrogen is more likely to be released as N2O to the 
atmosphere than taken up by the plant community (Fig. 4). 
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NEECO2 was dominated by respiration with little photosynthetic activity until 
mid April due to little plant development after ploughing (M1) and sowing 
(M3) in February and March 2012, respectively (Figs. 5a, b). Net uptake rates 
of CO2 exceeding 10 µmol m-2 s-1 were only found from the beginning of June 
onwards (Fig. 5a), following re-sowing (M5) and continuously favorable 
environmental conditions (Fig. 1). Net CO2 fluxes decreased towards the end 
of the growing season (Oct.) and daily net fluxes switched between net 
release and net uptake during the following months (Fig. 5b). This pattern 
was mainly caused by still active vegetation but unstable environmental 
conditions, such as fluctuating air temperatures (< 0°C but also > 15°C), and 
decreasing photosynthetic radiation (not shown) until mid December (Figs. 1, 
5; Tab. 2). During the peak growing season (May–Sep.) net CO2 exchange 
showed increases in both, Reco and GPP indicated by clear drops in net 
uptake rates and less pronounced decreases in CO2 emissions following 
harvest events (Fig. 5a, b). Increasing values of net uptake and net release of 
CO2 were observed with plant growth after each harvest and subsequent 
fertilizer (slurry) application (Fig. 5b, M7-M13).  
 

Ecosystem respiration (Reco) showed a strong exponential correlation with air 
temperature (Fig. 6a), while GPP was driven by light (Fig. 6b). Furthermore, 
light saturated GPP (PAR > 1000 µmol m-2 s-1) became less negative if values 
of vapor pressure deficit (VPD) exceeded 2.5 kPa (Fig. 6c). A strong influence 
of air temperature on light saturated GPP was recognized for values with 
VPD lower than 2.5 kPa (Fig. 6d). Detailed driver analysis per management 
period could not be performed due to the limited amounts of high quality 
30min CO2 flux data. 
 
Methane fluxes were highly variable across the year 2012, with values 
fluctuating around zero during freezing (Jan./Feb.) and during dry periods in 
summer (Jun.-Aug.; Fig. 7a, b). Slightly larger methane release was found 
with temperatures continuously rising above 0 °C in mid February  (Figs. 1, 7; 
Tab. 2). CH4 flux magnitude and variation could neither be determined by 
management activities nor related to single environmental variables (Fig. 7b).  
However, with larger values of soil water content, both CH4 uptake and 
release showed much larger variation (Fig. 8).  
 
3.2 Total GHG budget and global warming potential (GWP) 
 

Annual emissions of N2O, CO2 and CH4 totaled 2.91 g N2O-N m-2, 339 g CO2-
C m-2, 2.65 g CH4-C m-2, indicating a considerable carbon and nitrogen loss 
from this permanent grassland after restoration in 2012 (Tab. 4). The GWP of 
these emissions accumulated to 2851 g CO2-eq. m-2, with N2O contributing 
48 % (1363 g CO2-eq. m-2), CO2 contributing 44 % (1245 g CO2-eq. m-2) and 
CH4 contributing 8 % (243 g CO2 eq. m-2) to the annual budget (Tab. 4).  
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4. Discussion 
 
Increased emissions of N2O after fertilization and ploughing of grassland soils 
have been shown previously in laboratory and in-situ experiments (Hansen et 
al., 1993, MacDonald et al., 2011, Mori &  Hojito, 2007, Necpalova et al., 
2013). However, in contrast to these previous studies, that were primarily 
based on GHG chambers and carried out during few campaigns while 
focusing on N2O only, our study investigated the emissions of all three GHGs 
(N2O, CO2 and CH4), continuously and at the ecosystem-scale using the eddy 
covariance technique. This approach enabled us to identify N2O peaks 
varying in magnitude following similar management events (e.g. slurry 
applications, Figs. 2, 3) suggesting the influence of a range of variables on 
N2O fluxes besides nitrogen input from fertilization. Up to date several drivers 
have been identified to drive N2O emissions from grassland soils. These 
drivers include N inputs (Mori &  Hojito, 2012), N mineralization after 
ploughing (Vellinga et al., 2004), nitrate content of the soil (Abdalla et al., 
2010), soil water content (Hartmann &  Niklaus, 2012), the fraction of water-
filled pore space (Flechard et al., 2005) and compaction of the soil (Hansen et 
al., 1993). Ball (2013) synthesized the environmental variables, including 
temperature as a crucial variable, influencing N2O emissions recently. Our 
data clearly identified a set of variables driving N2O fluxes, including N inputs 
besides soil water content and air temperature. Furthermore the response to 
the environmental variables was not uniform (Fig. 3a-c) which goes along 
with results presented by Hartmann et al. (2013). In addition we further 
identified plant activity as a major determinant of N2O emissions. Our results 
suggest a fast turnover of mineral nitrogen either leading to increased 
productivity, indicated by larger net CO2 uptake rates, and less N2O 
emissions (Fig. 4) or vice versa. In particular the large emissions of N2O 
compared to larger net release of CO2 directly after the application of mineral 
fertilizer (M4) and smaller emissions during the course of the summer after 
slurry application (M7-M13) coinciding with larger net uptakes of CO2 prove 
this hypothesis. Daily N2O emissions from our grassland observed in 2012 (> 
2 and < 40 nmol N2O m-2 s-1) were orders of magnitude larger than emissions 
reported for an intensively managed pasture in France (Klumpp et al., 2011) 
and comparable to values presented by Mori & Hojito (2007) for a permanent 
grassland in Japan.  
 
Net CO2 fluxes in 2012 showed similar patterns (daily net uptake rates > 
5µmol CO2 m-2 d-1, excluding time periods of ploughing and re-sowing) when 
compared to periods of similar management during previous years (2006 – 
2011). However, when comparing NEECO2 in spring 2010 (a year with similar 
environmental conditions as those observed in 2012) to spring 2012, the loss 
of C was almost fourfold in the year of restoration (+ 121 g CO2-C Jan.-May. 
2010 compared to + 423 g CO2-C Jan.-May 2012). Such increased emissions 
of CO2 after ploughing have been observed by Willems et al. (2011) in an Irish 
grassland and have further been highlighted in a modeling study for Dutch 
grasslands (Vellinga et al., 2004). While the increase in NEECO2 after ploughing 
most likely occurred from reduced photosynthetic activity, but not from 
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increased soil respiration at the Irish site, our results suggest both, limited 
photosynthetis caused by the absence of active vegetation after ploughing in 
spring 2012 and enhanced ecosystem respiration due to larger nutrient 
availability. Furthermore, the increases in ecosystem respiration were likely a 
result of (1) the application of manure prior to ploughing (in mid-Jan. 2012, 
Tab. 1) and (2) the organic rich soils at the Chamau grassland (SOC 55.5 - 
69.4 t C ha until 20 cm depth, Zeeman et al. 2010). In contrast, ploughing of 
a drained grassland in Canada lead to reduced soil respiration rates due to 
the strong decline in microbial biomass (MacDonald et al., 2010), while 
Eugster et al. (2010) found increased respiration rates for a ploughed 
cropland in France, presumably caused by larger soil temperatures in the 
field when compared to pre-ploughing conditions. Still, large emissions after 
ploughing have also been shown for a pasture in California (Teh et al., 2011), 
as well as for a permanent grassland in Ireland (Willems et al., 2011). The 
effects of harvest and fertilizer application on CO2 exchange (reduced net 
CO2 uptake) as found in 2012, has previously been shown by Zeeman et al. 
(2010) for the same grassland and for a moderately managed mountain 
grassland in Austria by Wohlfahrt et al. (2008).  
 

Restoration clearly led to a substantial loss of carbon during the year of 
restoration (339 g C m-2 yr-1, this study). Assuming that grassland restoration 
including ploughing carried out approximately every 10 years and between 
such events an average net uptake of 60 – 70 g CO2-C m-2 yr-1 is observed 
(based on CO2 flux measurements in 2006 and 2007, Zeeman et al. 2010), 
then such a 10 year interval would be to short to even compensate 50 % of 
the carbon losses caused by restoration. It should however be noted that 
such a calculation only includes the emissions of CO2 but does not consider 
any lateral inputs/outputs via harvest and fertilization nor losses/gains of C 
via methane release/uptake.  
 
Most studies investigating methane exchange in grasslands are commonly 
based on chamber techniques and report a small to intermediate methane 
sink of such ecosystems (Blankinship et al., 2008, Dalal &  Allen, 2008, Ojima 
et al., 1993). However, Baldocchi et al. (2012) reported methane emissions 
measured by EC on a peatland pasture in California, which were in the same 
order of magnitude as our results. Furthermore, Dengel et al. (2011) reported 
EC based methane emissions exceeding several 100 nmol CH4 m-2 s-1 from a 
sheep pasture in Scotland, where methane fluxes increased with animal 
stocking rate. Even though EC based methane fluxes still include large 
uncertainties, mainly due to the fact that one tries to determine a very small 
flux at the ecosystem scale, our data shows a small methane source in 2012. 
Up to date available continuous flux datasets state a net source methane 
from grasslands (Baldocchi et al., 2012, Dengel et al., 2011) indicating a 
potential overestimation of the postulated methane sink originating from 
chamber based and modeling studies in the past (Dalal &  Allen, 2008). 
Therefore one of the future challenges in GHG research is to better constrain 
currently available and future methane flux data particularly from so-called 
low CH4 flux ecosystems such as grasslands. 
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4.1 Uncertainty related to methodology 
 

Net ecosystem exchange of N2O, CO2 and CH4 presented in this study were 
gained by an easily applicable and recently developed fast-response 
continuous wave quantum cascade laser absorption spectrometer (QCLAS, 
mini QCL Aerodyne Research Inc., Billerica MA, USA). To our best 
knowledge this study is amongst the first who used such a recently 
developed instrument above a grassland combining eddy covariance 
measurements of all three GHGs. A previous version of this laser absorption 
spectrometer (model QCL-TILDAS-76, Aerodyne Research Inc., Billerica MA, 
USA) has been used by other researchers in a fen in the Netherlands 
focusing on N2O and CH4 fluxes but not CO2 (Kroon et al., 2007) and only few 
additional approaches to measure N2O fluxes with micrometeorological 
methods have been undertaken in the past (e.g. Skiba et al., 1996). The eddy 
covariance (EC) technique has become a widely used tool to estimate the 
exchange of carbon dioxide above ecosystems (Baldocchi et al., 2001). Still, 
this technique has only rarely been used for other GHGs including CH4 and 
N2O. With the development of fast response QCLAS such measurements are 
likely to become available more regularly. Few studies focused on the 
methane exchange of grasslands and pastoral ecosystems (Baldocchi et al., 
2012, Dengel et al., 2011, Hatala et al., 2012, Kroon et al., 2010) and none of 
these studies investigated N2O emissions over a grassland nor the specific 
event of grassland restoration including multiple management types. 
Therefore our setup of measuring the three major GHGs (CO2, CH4 and N2O) 
above a managed and restored grassland using the EC approach is unique 
and was shown to deliver reliable results. This included small in magnitude 
background emissions of N2O but also larger peaks of N2O after specific 
management activities (Figs. 2, 3). Besides N2O, measurements of CH4 
fluxes, commonly known to be very small above permanent grassland 
(Blankinship et al., 2008) showed a much larger noise when compared to the 
N2O flux measurements, indicating the need for further corrections in order to 
being able to separate noise from signal (Fig. 8).  
 
Currently available GHG flux budgets commonly use gap-filled flux data with 
gaps in CO2 data are often filled via look-up tables (Falge et al., 2001) or flux 
partitioning of NEE of CO2 into gross primary production (GPP) and 
ecosystem respiration (Reco), which are both quantified via functional relations 
using environmental variables (Gilmanov et al., 2007, Reichstein et al., 2005). 
Such general gap-filling procedures however are currently neither available 
for N2O nor CH4 fluxes due to two major reasons. First, the complexity of the 
underlying processes, e.g. methanotrophy and methanogenesis concerning 
CH4, and nitrification, denitrification and nitrifier denitrification besides others 
concerning N2O, occur 24 hours per day without the clear distinction of either 
process during night and day as known for processes driving CO2 exchange. 
This drawback does neither allow for partitioning nor quantifying the 
contribution of single flux components to the net flux. Secondly, the lack of 
continuous datasets to successfully use look-up tables (Mishurov &  Kiely, 
2011) or identify possible functional relations are still lacking with only few 
exceptions (Dengel et al., 2011). In this study we used a modification of the 
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look-up tables suggested by Falge et al. (2001) where gaps in data were filled 
with data available from similar environmental conditions, e.g. radiation, 
temperature or moisture. While look-up tables may be easily applied for non-
managed ecosystems, filling of gaps in flux data for managed ecosystem has 
been shown to be more complex (Ammann et al., 2009). In order to avoid 
filling of gaps within one management type only we split the data set into 
subsets by management type (see also the Material & Methods section). This 
approach led to more reasonable results than the conservative approach of 
using whole-year datasets. For instance, cumulative CO2 emissions 
accounted for 1245 g CO2-eq. m-2 with our approach, whereas the 
conservative approach resulted in much higher losses of 4115 g CO2-eq. m-2 
for the year 2012. This large overestimation (compared to a net uptake of 
CO2 of about 65 g in 2006 and 2007 at this site, Zeeman et al. 2010) of the 
net emissions of CO2 was primarily caused by an overestimation of nighttime 
emissions in spring 2012 (not shown).  
 

Alternatively, emission factors (EF) can be used in place of gap-filling 
strategies to estimate N2O emissions from managed ecosystems if 
measurements are unavailable. Emission factors can either be taken from a 
national GHG inventory or from the IPCC guidelines for national greenhouse 
gas inventories (IPCC 2007), 1.1 % and 1.25 % of the applied nitrogen are 
released as N2O, respectively. In our study a total of 197.8 kg N ha-1 were 
applied in form of mineral and organic fertilizer in 2012. During the same 
period the ecosystem lost 29.1 kg N ha-1 via N2O emissions. That means that 
almost 15 % (14.71 %) of the applied N were lost via N2O emissions and 
hence currently used EFs need to be modified for years of restoration of an 
ecosystem in future studies. Even if one includes additional available (>100 
kg N ha-1, Erikson & Jensen 2001) caused by increased mineralization of 
nutrients after ploughing, the systems looses considerable amounts of N2O, 
which is among the strongest greenhouse gases. The magnitude of annual 
N2O-N losses of the Chamau grassland exceeded by far (factor of 10) the 
emissions calculated using IPCC emission factors, suggesting that an 
adjustment of these factors for specific cases such a grassland restoration 
may be necessary. These findings can contribute to improve the nutrient use 
efficiency of agricultural systems (Snyder et al., 2009) by adjusting the timing 
of certain management activities and therefore having a potential of reducing 
GHG emissions from permanent grasslands. 
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5. Figures and tables  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Summary of important environmental variables measured at the grassland site 
Chamau (CHA) in 2012. The variables shown are daily averages ± SD of (a) air temperature 
at 2 m height, (b) soil temperature at 0.02 m depth, (c) soil water content at 0.05m depth, 
and (d) precipitation (daily sums). Sudden increases in soil water content coincide with 
precipitation events. 
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Figure 2: Net ecosystem exchange of nitrous oxide: (a) flux fingerprint visualizing gap-filled 
30min averaged N2O exchange across each day in 2012 in nmol m-2 s-1, (b) daily averaged 
gap-filled N2O exchange (± SD). The vertical dashed lines represent the specific 
management activities (M0 - M14, see also Tab. 1). Negative fluxes indicated net uptake of 
N2O and positive values indicate net release of N2O. 
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Figure 3a: Responses of measured N2O flux data to temperature and soil water content 
shown for management periods M0 – M4. Solid lines indicate fitted curves and dashed lines 
represent the 95% prediction bands. Scaling for air-, soil temperature soil water content 
varies. Larger flux magnitudes were observed during management activities with limited 
plant growth (M0-M6, Jan. 2012 - mid Jun. 2012). Soil moisture sensors were placed in 0.05 
m depth. Statistics are given in Tab. 3. 
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Figure 3a: Responses of measured N2O flux data to temperature and soil water content 
shown for management periods M5 – M9. Solid lines indicate fitted curves and dashed lines 
represent the 95% prediction bands. Scaling for air-, soil temperature soil water content 
varies. Larger flux magnitudes were observed during management activities with limited 
plant growth (M0-M6, Jan. 2012 - mid Jun. 2012). Soil moisture sensors were placed in 0.05 
m depth. Statistics are given in Tab. 3. 
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Figure 3a: Responses of measured N2O flux data to temperature and soil water content 
shown for management periods M10 – M14. Solid lines indicate fitted curves and dashed 
lines represent the 95% prediction bands. Scaling for air-, soil temperature soil water 
content varies. Larger flux magnitudes were observed during management activities with 
limited plant growth (M0-M6, Jan. 2012 - mid Jun. 2012). Soil moisture sensors were placed 
in 0.05 m depth. Statistics are given in Tab. 3. 
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Figure 4: Relationship between the ratio of N emissions (N2O-N) and N input versus net 
ecosystem exchange (NEE) of CO2 of the grassland for management increments that 
included fertilization. NEE was used as proxy for plant productivity, where negative values 
indicate a net uptake of CO2 and positive values a net release of CO2. 
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Figure 5: Net ecosystem exchange of carbon dioxide,  (a) flux fingerprint visualizing gap-
filled 30min averaged CO2 exchange across each day in 2012, (b) daily averaged CO2 
exchange (gap-filled data ± SD). The vertical dashed lines represent the specific 
management activities (M1 - M14). Negative fluxes indicated net uptake of CO2 and positive 
values indicate net release of CO2. 
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Figure 6: (a) Exponential relationship between measured nighttime NEE of CO2  (Reco) and air 
temperature in 2012 (r2 = 0.51, p < 0.0001, n = 820, y = 1.98e0.08x); (b) hyperbolic light 
response curve of GPP versus photosynthetic active radiation (PAR) (r2 = 0.36, p < 0.0001, n 
= 2912, y = -44.39 + (42.78 × 1940.55)/(42.78 + x)); (c) reduced values of GPP were 
observed for values of vapor pressure deficit (VPD) exceeding 2.5kPa (shown for light 
saturated GPP, PAR > 1000 μmol m-2 s-1 and visualized by the dotted line, n = 1062); and (d) 
the inverse quadratic response of light saturated GPP to air temperature (VPD < 2.5kPa, r2 = 
0.40, p < 0.001, n = 1032, y = 3.77 - 0.92x - 0.009x2). Dashed lines indicate the 95% 
prediction bands of the curve fits. 
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Figure 7: Net ecosystem exchange of methane: (a) flux fingerprint visualizing gap-filled CH4 
exchange across each day in 2012 in nmol m-2 s-1, (b) daily averaged CH4 exchange (gap-
filled data ± SD). The vertical dashed lines represent the specific management activities (M0 
- M14). Negative fluxes indicated net uptake of CH4 and positive values indicate net release 
of CH4. 
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Figure 8: Response of binned CH4 exchange to soil water content (0.05 m depth), indicating 
larger flux variation with higher soil water content. The last bin contains only 42 data points. 
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Management(ID Driver(Variable n r2 function intercept coefficient(a coefficient(b
M0 Tair 11

SWC 11
M1 Tair 25 0.4*** exp. 8.18 0.07

SWC 25
M2 Tair 12

SWC 12 0.14 linear 615.37 30.8
M3 Tair 28

SWC 28 0.18* linear 64.95 17.79
M4 Tsoil;(0.15) 20 0.22* exp. 0.11 0.29

SWC 20 0.19* linear 617.3 48.47
M5 Tsoil;(0.02) 17 0.08 exp. 0.07 0.3

SWC 17 0.45** linear 630.93 85.81
M6 Tair 17

SWC 17 0.06 linear 61.9 16.67
M7 Tair 8 0.36* exp. 1.21 0.05

SWC 8
M8 Tair 13

SWC 13
M9 Tair 29

SWC 29
M10 Tair 9 0.02 exp. 0.003 0.27

SWC 9
M11 Tair 11

SWC 11 0.56** linear 624.49 52.18
M12 Tair 9 0.23 exp. 0.5 0.08

SWC 9
M13 Tsoil;(0.02) 26 0.34*** exp. 0.03 0.22

SWC 26
M14 Tair 99 0.48*** exp. 0.08 0.17

SWC 99

Table(3:;Statistics;for;the;curve;fittings;of;N2O;fluxes;in;relation;to;air;and;soil;temperature;(0.02;
m;depth;and;0.15;m;depth);as;well;as;soil;water;content;(SWC,;0.05;m;depth).;Numbers;in;
parenthesis;indicate;the;measurement;depth;(cm);of;soil;temperature.;Stars;indicate;significance;
levels,;p;<;0.05*,;p;<;0.01**,;p;<;0.001***.;Empty;cells;are;given;when;neither;function;
(exponential;or;linear);could;be;fitted.The;exponential;function;was;as;follows,;y;=;ax*exp(bx).
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CO2-C CH4-C N2O-N Cumulative
g m-2 339 2.65 2.91

CO2 CH4 N2O
g CO2-eq. m-2 1245 243 1363 2851

% 44 8 48 100

Table&4:!Annual!sums!of!CO2,!CH4!and!N2O!derived!after!gap:filling!and!

the!respective!global!warming!potentials!in!CO2:eq.!calculated!with!a!

factor!of!23!and!298!for!CH4!and!N2O!respectively!(IPCC,!2007a).
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