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Abstract

Today’s greenhouse gas inventories are typically based on bottom-up estimates, but com-
parisons to atmospheric measurements are rare and can disagree by a factor of two or more.
Therefore, top-down assessments and direct flux measurements of individual ecosystems are
needed to verify the commonly used emission factors.

In Switzerland, 83% of the anthropogenic methane emissions are attributed to the agricul-
tural sector. To validate the methane emission inventory estimates from this most relevant
source in Switzerland, we performed aircraft measurements over the agriculturally domi-
nated landscape of the Reuss Valley in Central Switzerland on 16 days in 2009 and 2010.
Aircraft eddy covariance flux estimates (0.30 µg CH4 m�2 s�1) were lower than the mean
inventory flux for this area (0.41 µg CH4 m�2 s�1), while fluxes estimated by a simplified
box model were higher (0.89 µg CH4 m�2 s�1).

A similar study was performed at Lake Wohlen, a run-off-river hydropower reservoir close
to Bern, Switzerland, on 30 September 2009. Previous studies showed considerable methane
emissions from this lake. A full-featured box model and a simplified version yielded sim-
ilar values for the noon (19 µg CH4 m�2 s�1 for both approaches) and afternoon overflight
(12 µg CH4 m�2 s�1 and 8 µg CH4 m�2 s�1). These values were higher than fluxes from the
three chambers deployed on the same day that averaged 5.5 µg CH4 m�2 s�1. Relatively
high uncertainties are associated with the aircraft measurements questioning the represen-
tativeness of the performed measurements for the total box. Contrastingly, the chamber
flux measurements rely only on three chambers that were sampled four times and hence
the spatial representativeness can be questioned. Given these limitations, a good agreement
between the bottom-up and top-down approach was found.

Urban and suburban areas are known for their heterogenic land use and are generally con-
sidered a CO2 source. However, they also include a considerable vegetated area including
turf-grass lawns that take-up a considerable amount of CO2. Since dimensions of lawns are
typically small, flux measurements by the eddy covariance method may be influenced by
nearby CO2 sources such as passing traffic. This was also the case for eddy covariance flux
measurements performed over a turf-grass lawn in the first-ring suburb of Minneapolis–Saint
Paul, MN, USA. Traffic contribution was estimated from winter flux data when vegetation
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was dormant, the footprint size calculated by a parameterized version of a three-dimensional
Lagrangian footprint model, and continuous traffic counts. The CO2 budget of the lawn
ecosystem had to be adjusted by � 135 g C m�2 s�1 to determine the natural flux in 2007
and 2008, even though the road crossed the footprint only at its far edge.

Fast response optical analyzers based on laser absorption spectroscopy are the preferred
tools to measure field-scale mixing ratios and fluxes of a range of trace gases. Several
state-of-the-art instruments have become commercially available and are gaining popularity.
Two compact, cryogen-free, and fast response instruments that measure CH4 were critically
evaluated in a field intercomparison: a quantum cascade laser based absorption spectrometer
from Aerodyne Research, Inc., and an off-axis integrated cavity output spectrometer from
Los Gatos Research Inc. Both flux setups compared well with a prescribed flux and the
instruments showed good overall performance. However, both instruments showed cross-
sensitivities to H2O, which influence especially measurements of small fluxes.

Cross-sensitivities caused by H2O were assessed in respect to the influences on flux
measurements for a Fast Methane Analyzer (FMA) and a Fast Greenhouse Gas Analyzer
(FGGA, both Los Gatos Research Inc.). These cross-sensitivities are also observed for other
laser spectroscopic instruments and generally enlarge the dilution effect of water. H2O not
only influences the measured power spectrum, sorption processes at the intake tube walls
and filters delay and dampen the observed H2O signal more strongly than the sampled trace
gas. Thereby, a shift between the trace gas and the H2O fluctuations is introduced. The
knowledge of this behavior of H2O in the instrument is important because the density flux
correction for H2O introduced density fluctuations depends on the water vapor flux in the cell
at the time the trace gas of interest is sampled. With our specific setup for eddy covariance
flux measurements, the cross-sensitivity counteracts the damping effects, which compensate
each other. Hence, the new correction only deviates very slightly from the traditional Webb,
Pearman, and Leuning density correction, which can be calculated from separate measure-
ments of atmospheric water vapor.
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Zusammenfassung

Die heutigen Treibhausgasinventare basieren typischerweise auf extrapolierten Abschätz-
ungen der einzelnen Quellen. Direkte Vergleiche mit atmosphärischen Messungen sind rar
und unterscheiden sich um Faktor zwei oder mehr von diesen. Um die gängigen Emis-
sionsfaktoren zu prüfen, werden deshalb integrale Abschätzungen wie auch Messungen von
individuellen Flüssen der einzelnen Ökosysteme benötigt.

In der Schweiz stammen 83% der vom Mensch verursachten Methanemissionen aus der
Landwirtschaft. Um die inventarbasierten, landwirtschaftlichen Abschätzungen mit regio-
nalen Flussmessungen zu vergleichen, führten wir an 16 Tagen in den Jahren 2009 und 2010
Flugzeugmessungen im landwirtschaftlich geprägten Reusstal, in der Zentralschweiz, durch.
Flugzeugbasierte Eddy Kovarianz Flussmessungen liegen etwas tiefer (0.30 µg CH4 m�2 s�1)
als der gemittelte Fluss aus dem räumlich hochaufgelösten Inventar für diese Region (0.41
µg CH4 m�2 s�1). Abschätzungen mit einem vereinfachten Boxmodel ergaben im Vergleich
höhere Werte (0.89 µg CH4 m�2 s�1), wobei auch die Streuung grösser ausfiel.

Eine ähnliche Studie wurde am Stausee eines Flusswasserkraftwerks, dem Wohlensee,
in der Nähe von Bern (Schweiz), am 30. September 2009 durchgeführt. Vorhergehende
Studien zeigten für diesen See deutliche Methanemissionen. Ein vollständiges und ein
vereinfachtes Boxmodell ergaben für den Mittags- und Nachmittagüberflug ähnliche Werte.
Am Mittag schätzten beide Modelle einen Fluss von 19 µg CH4 m�2 s�1. Der Nachmit-
tagswert für das vollständige Modell fiel mit 12 µg CH4 m�2 s�1 etwas höher aus als die 8
µg CH4 m�2 s�1 für das vereinfachten Modells. Kammermessungen, welche am selben Tag
durchgeführt wurden, lagen mit durchschnittlich 5.5 µg CH4 m�2 s�1 tiefer als die flugzeug-
basierten Abschätzungen. Die Flugzeugmessungen unterliegen relativ hohen Unsicherheiten,
welche die Repräsentativität der Flugmessungen für die ganze Box betreffen. Die Kammer-
messungen ihrerseits beruhen nur auf den Messungen von drei einzelnen Kammern, welche
an diesem Tag vier Mal beprobt wurden, und sind somit räumlich beschränkt repräsentativ.
In Anbetracht dieser Einschränkungen stimmten die extrapolierten und integrativ gemesse-
nen Flüsse gut miteinander überein.

Städtische und vorstädtische Gebiete sind für ihre heterogene Struktur bekannt und wer-
den generell als CO2 Quellen betrachtet. Dabei werden Grünflächen, welche eine beachtliche

vii



Menge an CO2 aufnehmen, nicht beachtet. Zu diesen Grünflächen gehören auch Rasenfläch-
en, die häufig klein sind. Flussmessungen von solchen Rasenflächen mittels der Eddy Ko-
varianz Methode können deshalb von naheliegenden CO2 Quellen, wie Durchgangsverkehr,
beeinflusst werden. Dies trifft auch für Eddy Kovarianz Flussmessungen zu, die über einem
Rasen in der Agglomeration von Minneapolis–Saint Paul durchgeführt wurden. Die Auswir-
kungen der Verkehrsemissionen wurden anhand von Winterflüssen abgeschätzt. Bei ruhen-
der Vegetation bewirken nur die vom Verkehr verursachten Emissionen einen beobachtba-
ren Tagesgang. Der Verkehrseinfluss wurde mit Hilfe der Footprintgrösse der Flussmessung
sowie kontinuierlichen Verkehrszählungen evaluiert. Das CO2 Budget des Rasenökosystems
musste in den Jahren 2007 und 2008 um je�135 g C m�2 s�1 korrigiert werden, obwohl die
Strasse den Footprint nur, wenn überhaupt, am äussersten Ende querte.

Optische Sensoren mit einer kurzen Ansprechzeit, welche auf der Theorie der Laserab-
sorptionsspektroskopie beruhen, werden bevorzugt zum Messen von Mischungsverhältnis-
sen und Flüssen von Spurengasen verwendet. Diverse Geräte – dem letzten Stand der For-
schung entsprechend – wurden kommerziell verfügbar und erlangen immer grössere Be-
liebtheit. Zwei kompakte und kühlmittelfreie Instrumente mit kurzer Ansprechzeit wurden
einem kritischen Vergleich im Feld unterzogen. Dabei handelte es sich um einen auf Ab-
sorptionsspektroskopie basierenden Quantenkaskadenlaser von Aerodyne Research Inc. und
einen Cavity Ring-down Laserabsorptionsspektroskop von Los Gatos Research Inc. Beide
Messsysteme massen den künstlich vorgegebenen Methanfluss präzise und zeigten eine gute
Gesamtleistung. Allerdings wiesen beide Instrumente Querempfindlichkeiten zu Wasser auf,
welche speziell die Messungen von kleinen Flüssen beeinflussen.

Der Einfluss von H2O Querempfindlichkeiten auf die Flussmessungen wurde für einen
Fast Methane Analyzer (FMA) und einen Fast Greenhouse Gas Analyzer (FGGA, beide Los
Gatos Research Inc.) evaluiert. Solche Querempfindlichkeiten wurden auch für andere laser-
spektroskopische Instrumente beobachtet und vergrössern in der Regel den Verdünnungsef-
fekt durch Wasser. H2O beeinflusst aber nicht nur das gemessene Leistungsspektrum. Sorp-
tionsprozesse an den Wänden der Ansaugschläuche und in Filtern verzögern und dämpfen
das H2O Signal stärker als das gemessene Spurengas. Dadurch wird eine Verschiebung
zwischen den Fluktuationen des Spurgases und H2O herbeigeführt. Dieser Sachverhalt
ist wichtig, da für die Dichteflusskorrekur vom Wasserdampffluss in der Messzelle zum
Messzeitpunkt des Spurengases ausgegangen wird. Bei unserer Installation für Eddy Kovar-
ianz Flussmessungen wirkt die Querempfindlichkeit den Dämpfungseffekten entgegen und
die beiden Effekte kompensieren sich gegenseitig. Daher weicht die neue Korrektur nur ger-
ingfügig von der traditionellen Webb, Pearman und Leuning Dichtekorrektur ab, welche aus
separaten Messungen des atmosphärischen Wasserdampfs berechnet werden kann.
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1
General introduction

The atmosphere enables life on Earth by its protecting properties and provides many ecosys-
tem services (Thornes, 2010). Harmful radiation is absorbed and never reaches the Earth’s
surface. Additionally, part of the outgoing long-wave radiation is scattered back, increasing
the surface temperature (Le Treut et al., 2007). Without atmosphere, average surface tem-
perature would be only –18 ıC providing unfavorable conditions for life. Today’s average
surface temperature is 15 ıC with an increasing trend. The rescattering of the outgoing long-
wave radiation is caused by certain gases in the atmosphere, the so-called greenhouse gases
(GHG). The most important one is H2O, followed by CO2, CH4, and N2O. Concentrations
of CO2, CH4, and N2O have been increasing substantially since the industrial revolution.
Measurements from ice cores dating back 800’000 years never showed atmospheric GHG
concentrations as high as currently observed (Lüthi et al., 2008; Spahni et al., 2005). CO2

is released to the atmosphere by the combustion of fossil fuels whereas the CH4 increase
relates to intensified agriculture of rice and ruminants to maintain the food supply for the
growing population (Crutzen, 2002). Knowing the warming potential of the GHGs, concern
arose due to the increasing trend of GHG concentrations. Global climate model scenarios
project up to 4 ıC higher global average temperatures from 2000 to 2100, leading to a lift
of the sea level and changing weather pattern (IPCC, 2007). Additionally, extreme weather
events tend to occur more often. These consequences directly affect human well-being all
around the globe. Hence, the United Nations (UN) took a leading position by composing
the UN General Assembly Resolution 43/53 on 6 December 1988. The Intergovernmental
Panel on Climate Change (IPCC) was established by the World Meteorological Organiza-
tion (WMO) and the United Nations Environment Program (UNEP), both UN agencies. The
objective of the IPCC is to report on the most recent scientific findings on a regular base and
provide therewith a basis for decisions and measures taken by policy makers and the in-
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Chapter 1: General introduction

dustry. International pacts, such as the Kyoto Protocol that was adopted in 1997, specify
the emission reductions of the signing nations. However, direct measures still apply to the
individual countries and thus cannot be forced from outside without the commitment of the
country itself. Additionally, no penalties are currently foreseen for failing the commitments
of the Kyoto Protocol. Nevertheless, to control the performance of the individual countries,
national emission inventories are needed. These inventories also provide fundamental input
to climate models used to generate future climate scenarios.

1.1. Inventories

Inventories are used for different purposes and thus have to meet different requirements
depending on their application, whether they are used for regulation or scientific purposes.

For regulation application, country or region based estimates are sufficient. The invento-
ries are used e.g. to control whether a country fulfills the meetings of a ratified agreement
such as the Kyoto Protocol. Therefore, all countries have to follow a standard approach.
In case of the Kyoto Protocol, these are the IPCC guidelines (IPCC, 2006). Depending on
the data availability, countries can choose between different approaches. The annual reports
however have to follow the same procedure every year to maintain consistency. The target
of the Kyoto Protocol is to reduce the GHG emissions on average by 5% compared to 1990
from 2008–2012. Since the target is defined relative to the emissions in 1990, consistency
of the reporting is far more important than choosing the most accurate method for the indi-
vidual year. An under- or overestimation of all emissions still results in a reduction of the
defined percentage of the true estimations if the same reporting approach is used. Validation
in respect to reporting inventories means the control of the reporting procedure and not the
verification of methods to determine the source strength (IPCC, 2000). Even though weak-
nesses in the reporting procedure cannot be adjusted immediately, verification of the existing
inventories is important. Better knowledge of the individual emissions helps to specify the
most effective way to reduce the individual sources. New methods can be introduced into
the reporting framework during revisions to achieve more accurate results in the future.

Many inventories, including the national inventory reports following the IPCC guidelines,
base on a bottom-up approach. A quantity, e.g. the number of vehicles, is multiplied with an
emission factor, e.g. the amount of CO2 emitted per vehicle and year. The emission factor
may be different for different vehicle types and the fleet age. Large cars emit more CO2

than small cars while new vehicles are more efficient than old ones. The fleet composition
and age distribution changes from country to country as well as gasoline mixture and the
average number of driven kilometers per vehicle. Hence, many factors are involved in the
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emission estimate. Other anthropogenic sources are estimated by similar approaches. Even
though most emission factors relate to direct measurements at the respective source, the
sum of the total emissions might be questionable. Many uncertainties are introduced in
the calculation of the total emission, e.g. the annually driven kilometer per vehicle is not
known very well. Thus, the question arises whether the bottom-up estimates correspond
to the true emission. Direct comparisons are scarce and sometimes inventories disagree by
factor of two or three (Nisbet and Weiss, 2010) compared to high precision atmospheric
measurements (Levin et al., 2010; Mühle et al., 2010; Stohl et al., 2009; Weiss et al., 2008;
Bergamaschi et al., 2005) or satellite retrievals (Bergamaschi et al., 2009). Verifications of
the existing inventories are therefore needed.

Scientific requirements on inventories are different. Spatially explicit inventories are
used to prescribe GHG emissions in models and therefore, accurate inventories are required
(Lamarque et al., 2010). The better the source strength and location is known, the better the
model performs. Inventory requirements largely depend on the application. While global
models operate on a coarse grid of a few hundreds of kilometers, regional models request
more detailed information with a resolution of hundreds of meters or even less. Hence,
the spatial distribution and strength of the individual sources is crucial for spatially highly
resolved inventories. Bottom-up estimates are one approach to create such an inventory
(Olivier et al., 1999). Therefore, the sources are in addition to the national inventory report
spatially distributed. Another possibility to derive or improve spatially resolved inventories
is inverse modeling (Weiss and Prinn, 2011).

Especially for scientific applications of inventories, verification of the available bottom-
up inventories against top-down emission estimated from direct measurements helps to test
their reliability. Therefore, the field of view of the measurement instrument needs to be
specified. Footprint models are a potential tool to determine the required information.

1.2. Footprints

The footprint describes the area seen by a sensor and the related regional contribution differ-
ences. Mathematically, the footprint is specified by a source weight function (Schuepp et al.,
1990). The source area or fetch is the total area viewed by a sensor and can be interpreted
as the integral of the source weight function (Schmid, 1994). For an outgoing shortwave ra-
diometer, the fetch is for example equal to a circle conically projected on the ground which
size depends on the measurement height (Schmid et al., 1991). The determination of the
footprint for a turbulently transported property requires more sophisticated approaches. The
flux footprint itself is mainly located up-wind of the sensor with an approximately ellipti-
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cal shape. The source area strongly depends on the sensor height, the surface roughness,
the atmospheric stability, and the wind speed (Leclerc and Thurtell, 1990). The higher the
measurement height, the more mixing occurs between the source and the instrument that
integrates air with different origin. Therefore, larger footprints are associated with increas-
ing measurement height. A very rough rule of thump estimates the fetch by 100 times the
measurement height (Horst and Weil, 1994). Rougher surface produces more turbulence
that promotes the mixing and hence shorter footprint are observed compared to over smooth
surfaces. The same concept is associated with the stability of the atmosphere. During stable
conditions mixing is attenuated and hence larger footprints are observed. The combination
of many footprints over a specified time period indicates the most flux relevant areas for this
period, the footprint climatology (Rebmann et al., 2005).

To assess the flux footprint of the measured trace gas, various models have been developed
(Vesala et al., 2010). These models either follow the Eulerian or Lagrangian framework to
describe motion (Finnigan, 2004): (1) In the Eulerian framework, the mass conservation
equation is solved for all points in a predefined grid and the dispersion of a trace gas is de-
scribed by concentration changes at each individual grid point (e.g. deployed in the models
by Schuepp et al., 1990; Schmid, 1994; Kormann et al., 2001); (2) the Lagrangian frame-
work follows a single particle and describes its motion and gas molecules are tracked in the
air (Kljun et al., 2002).

Lagrangian particle dispersion models (LPDM) are widely used to calculate footprints for
fluxes (Kljun et al., 2002), but also for trace gas concentrations (Lin et al., 2011). To derive
the footprint, thousands of particles are released at the location of the instrument. The model
itself is operated backward and the trajectories of the individual particles are calculated. The
time and location where the trajectories touch the surface are converted to a footprint. These
calculations are very time consuming while the application of flux footprints often operates
with 30-minute footprints over longer periods e.g. one year. Therefore, parametrizations
of the Lagrangian models were derived to improve the computing time (Kljun et al., 2004).
However, these models are restricted to certain conditions. The application of footprint
analyses include: (1) the determination of the main flux contributing area for a flux tower
(Zeeman et al., 2010; Hiller et al., 2008); (2) tracer studies where an artificial source is
issued to either test the performance of the footprint model (Göckede et al., 2005; Foken and
Leclerc, 2004) or to test and compare flux setups (Tuzson et al., 2010); (3) flux partitioning
of the measured flux for known sources and sinks (Hiller et al., 2010); (4) scaling studies
that measured fluxes at different spatial scales (Peters et al., 2011); (5) inverse modeling
where measured concentrations are distributed to create or verify inventories (Bergamaschi
et al., 2005).
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Hence, footprint calculations are a powerful tool to compare local with regional measure-
ments, one of many objectives in the project MAIOLICA.

1.3. MAIOLICA

MAIOLICA (Modelling And experIments On Land-surface Interactions with atmospheric
Chemistry and climAte) was founded by the Competence Center Environment and Sus-
tainability (CCES) of the ETH domain and is executed by ten different groups within five
institutions of the ETH domain. The project aims to combine different pieces from individ-
ual approaches to an entire mosaic, in analogy to the Italian tin-glazed pottery dating from
the Renaissance called Maiolica. The mosaic will improve our understanding of GHGs at
various spatial scales under different environmental conditions. Pieces are represented by
direct measurements at the local and regional scales, compilation of emission inventories,
process, regional, and global model runs incorporating different climate sensitivities. On the
local scale, point source measurements contribute to a better understanding of the driving
processes and are representative for a single ecosystem. In order to scale up and connect
the individual pieces, a regional integration is needed. Locally measured GHG fluxes are
quantitatively compared against regional fluxes from aircraft measurements. This link will
contribute to close the gap between the local fluxes and the regional to global models that
will be developed and run within the MAIOLICA project. The research mainly focuses on
the GHG methane. The project itself was split into three activities: (1) Experiments at local
and regional scales, (2) soil/land/vegetation modeling at local, regional and global scales,
and (3) atmospheric modeling at regional and global scales. Within the experimental ac-
tivity of the project, measurements of GHG fluxes from the local to the regional scale are
performed on the Swiss Plateau.

1.4. Methane

Methane is the second most important anthropogenic GHG. Even though the residence time
of CH4 in the atmosphere is only about one tenth compared to CO2, its warming potential is
25 times larger (Forster et al., 2007). Since the industrial revolution, the global atmospheric
CH4 concentration more than doubled from 0.7 ppm to 1.7 ppm (BUWAL, 1996), got rather
stable during the past few years (Forster et al., 2007), but started to rise again since early
2007 (Rigby et al., 2008). Methane attributes 18% to the global warming potential compared
to 7% in Switzerland. While at global scale natural wetlands are the largest CH4 source
(Wofsy et al., 2007), agriculture dominates the Swiss emissions (FOEN, 2010). The Swiss
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national Inventory only includes anthropogenic emissions. However, wetland contributions
are assumed to contribute marginally to the total emissions. The Swiss river courses were
corrected and the associated flood plains drained in the last 300 years. The major global
CH4 sink is chemical oxidation in the troposphere. A small amount of CH4 is lost to the
stratosphere or taken up by soils (Wofsy et al., 2007).

1.5. Flux measurements of methane

Many different techniques exist to measure the CH4 fluxes. Their applicability strongly
depends on the desired spatial resolution, but also on the availability of resources.

Chambers

Static chamber measurements are the cheapest method and can be deployed on land or wa-
ter. The chambers are closed at the beginning of the measurement. The concentration in the
chamber is measured for different closure times, either by taking gas samples or by directly
measuring with a gas specific sensor. A concentration increase with advancing closure time
indicates a net source whereas a decrease is observed in case of a net sink. The gas samples
are analyzed in the laboratory by a gas chromatograph or a mass spectrometer for the gases
or isotopes of interest. The flux is calculated from the concentration change over time, the
chamber volume and its surface area. More sophisticated chambers close, sample, and open
automatically. Steady state through flow chambers operate on a slightly different approach.
Fresh air is continuously pumped through the chamber and sampled at the chamber inlet
and the outlet. The change in concentration between inlet and outlet, the flow rate of the air
through the chamber and the chamber surface area determine the measured flux. A detailed
description of the chamber method is provided in Livingston and Hutchinson (1995). Cham-
bers can be deployed on land (Pumpanen et al., 2004), over water (DelSontro et al., 2010),
or enclose the medium of interest, e.g. a tree (Barthel et al., 2011) or a cow (Klevenhusen
et al., 2010). However one chamber only represents the fluxes of one spot or object and
hence, several chambers need to be deployed to receive a representative result (Baldocchi
et al., 1988).

Eddy covariance

The eddy covariance method integrates over a larger spatial scale than individual chamber
measurements. In general, the concentration of the trace gas of interest and vertical wind
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speed of the air is measured at very high temporal resolution, e.g. 10 Hz. Turbulent move-
ments transport air parcels up and down an imaginary surface parallel plane at the height of
the sensors. Budgeting the individual air parcels over a given time period of e.g. 30 min
allows to asses the transport of the trace gas of interest and hence the calculation of the net-
flux. Therefore, the covariance between the vertical wind and the concentration of the trace
gas of interest is calculated (Baldocchi, 2003). In the post-processing, different corrections
are applied depending on the measurement setup. Discrete sampling and other set-up spe-
cific factors such as sorption and desorption in the tubes lead to a damping of the measured
signal (Mammarella et al., 2009). This damping can be corrected either by an integrated
method accounting for various damping sources (e.g. Eugster and Senn, 1995) or by ap-
plying individual transfer functions that account for the individual damping processes (e.g.
Moore, 1986; De Ligne et al., 2010). Density effects arise as warm and humid air is lighter
and hence is more likely transported upwards (Webb et al., 1980). Temperature effects are
most important for open-path instruments, where the air is directly measured and the val-
ues are recorded in density units (Leuning, 2007). The dry mole fraction does not change
with temperature fluctuations and thus no correction is needed. Setups with closed-path in-
struments pull air through tubes into the measurement cell for sampling and hence density
effects due to temperature fluctuations are less pronounced (Leuning, 2005). The tubes and
the waste heat of the instrument equilibrate the temperature of the air sample. Corrections
for density effects due to water vapor apply if the air is not dried before sampling and humid
mole fractions or density units are recorded. In order to apply an appropriate correction,
water vapor flux measurements are needed. Best results are achieved if the same instrument
measures water vapor since the water vapor flux in the measurement cell determines the
dilution effect (Ibrom et al., 2007). Otherwise, the water vapor flux might need post calibra-
tion to fit the one that would be observed in the cell at the time of the measurement of the
trace gas of interest.

Eddy covariance measurements of CH4 have been deployed over wetlands, pastures, lakes
and landfills (Detto et al., 2011; Eugster et al., 2011; Eugster and Plüss, 2010; Tuzson et al.,
2010; Hendriks et al., 2010; Kroon et al., 2010, and many others). Even though modern
instruments allow measurements of various GHG species at high temporal resolution, their
precision is not sufficient yet to measure very small fluxes as for example CH4 uptake by
soils. To assess this process, chamber measurements are still the most reliable approach.

Aircraft based flux measurements

As chambers do not necessary represent ecosystem scale fluxes, tower based eddy covari-
ance fluxes may not be representative for the entire region. While fluxes measured from
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a tall towers already integrate over a larger area, aircraft flux measurements and boundary
layer budgeting definitively do. The principles of airborne eddy covariance measurements
are similar to the tower approach. Instead of averaging data over time, the analyses are per-
formed on spatial transects (Desjardins et al., 1989). Many aircraft based flux studies were
accomplished for sensible heat, H2O, CO2, and O3 fluxes (Graber et al., 1998; Lehning et al.,
1998; Barr et al., 1997; Desjardins et al., 1997, 1995; Mahrt et al., 1994). Only two published
studies (Ritter et al., 1994, 1992) exist to our knowledge about CH4 eddy covariance mea-
surements whereas more studies deployed conditional or relaxed eddy accumulation (e.g.
Pattey et al., 2006; Beswick et al., 1998). For this method, air is conditionally sampled in an
up and down bin depending on the vertical motion of the air. These air samples are thereafter
analyzed in the laboratory for the property of interest (Denmead, 2008). Recent instrument
development however resulted in stable, robust, and relatively light instruments without ac-
tive cooling of the detector with liquid nitrogen that are suitable for airborne application and
measure at high temporal frequencies that allow eddy covariance measurements.

Boundary layer budgets are deployed in the cumulative mixing layer during the day.
Therefore, the area of interest is enclosed by an imaginary box and the important flows
in and out of this box as well as concentration changes within the box are assessed. The im-
balance between the fluxes into and out of the box is attributed to the source or sink strength
within the box (Denmead et al., 1999). Many applications of boundary layer budgets are
found in the literature (Desai et al., 2011; Alfieri et al., 2010; Laubach and Fritsch, 2002;
Lehning et al., 1996; Betts, 1992), including studies about CH4 (Choularton et al., 1995). All
CH4 applications base on air samples analyzed in the lab after the flight, except one study
(Mays et al., 2009) where CH4 was measured continuously.

1.6. Objectives

This thesis aims to contribute to a better understanding of greenhouse gas fluxes at the
ecosystem and regional scale. Special focus is paid on the scalability of fluxes between
the different spatial scales. The objectives can be split into the following main aspects:

1. Quantify regional scale CH4 fluxes and assess their reliability.

2. Compare the regional scale fluxes with spatially highly resolved inventory and ecosys-
tem scale measurements.

3. Quantify ecosystem scale fluxes and relate those with the help of footprints to known
sources.
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4. Assess the performance of new instruments to measure CH4 fluxes.

1.7. Thesis outline

In the first manuscript (Chapter 2), regional scale CH4 fluxes are estimated by two indi-
vidual methods and contrasted against each other. Further, these results are compared to
inventory based emissions whose representativeness is discussed in more detail. The second
manuscript (Chapter 3) investigates the CH4 fluxes of an aquatic system by comparing air-
borne flux estimates with chamber and eddy covariance based fluxes. In the third manuscript
(Chapter 4) the focus is changed to CO2 fluxes. Side effects of an adjacent road on the net
ecosystem exchange of a suburban lawn are assessed with the help of a footprint model.
This study demonstrates the power of footprint models. The forth manuscripts (Chapter 5)
switches back to CH4 fluxes. Footprints serve to scale artificial CH4 emissions released in
a tracer experiment. The flux measurements of two individual eddy covariance systems are
compared against the issued reference flux. The last manuscript (Chapter 6) carefully ex-
amines instrument specific side effects of water vapor on the CH4 flux measurements. The
findings are used to derive an appropriate correction procedure that can be applied to the
measured fluxes.
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4Agroscope Reckenholz-Tänikon Research Station ART, Zurich, Switzerland

5Meteotest, Bern, Switzerland
6Max Planck Institute for Biogeochemistry, Jena, Germany

Abstract

Today’s greenhouse gas inventories are typically based on bottom-up estimates,
but comparisons to atmospheric measurements are rare and can disagree by a
factor of two or more. Therefore, top-down assessments to verify the com-
monly used emission factors are needed. In Switzerland, almost 80% of the
total methane emissions are attributed to the agricultural sector. To validate
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emission inventory estimates from this most relevant source in Switzerland, we
performed aircraft measurements in the Reuss Valley, which is situated in a wide
pre-alpine valley that is dominated by agriculture.

Flight legs were chosen to follow the terrain at constant heights of 50–400 m
above ground level. In general, a concentration gradient along the flight legs was
observed. Fluxes were calculated by a simplified model approach and the eddy
covariance method. Compared to the inventory that includes anthropogenic plus
wetland emissions (0.41 µg CH4 m�2 s�1), the eddy covariance method yielded
slightly lower fluxes (0.30 µg CH4 m�2 s�1) whereas the box model fluxes were
higher (0.89 µg CH4 m�2 s�1).

2.1. Introduction

Inventories are a widely used tool to assess greenhouse gas (GHG) budgets of a specified
area. In policy, inventories serve to track the development of GHG emissions and to check
the progress of the undertaken measures to reduce GHG emissions. All Annex I Kyoto
Protocol Parties have to report their current emissions to the United Nations Framework
Convention on Climate Change (UNFCCC). In science, spatially explicit inventories are of
most interest. Climate models that are used to produce climate scenarios rely on the input
of GHG emissions (Lamarque et al., 2010). Recently, the creditability of inventories was
questioned by Nisbet and Weiss (2010). They stated that direct comparisons of the inventory
against measurements are rare and sometimes disagree by factor of two or three (Levin et al.,
2010; Mühle et al., 2010; Bergamaschi et al., 2009; Stohl et al., 2009; Weiss et al., 2008;
Bergamaschi et al., 2005).

While many investigations were accomplished for CO2, e.g. within the framework of
the international programs CarboEurope (http://www.carboeurope.org/) and Fluxnet
(http://www.fluxnet.ornl.gov/fluxnet/index.cfm), the focus lately shifted to non-
CO2 GHGs. Methane is the second most important anthropogenic GHG after CO2. Even
though the residence time of CH4 in the atmosphere is only about one tenth compared to
CO2, its warming potential is 25 times larger at a 100-yr time horizon (Forster et al., 2007).
On the global scale, wetlands are the most important source (30%), followed by agriculture
(rice cultivation 9% and ruminants 15%). This distribution is shifted towards the agricultural
sector in Switzerland (79% of Swiss emissions) where ruminants emit the most CH4.

Recent developments in laser spectroscopy resulted in stable, robust, and relatively light
instruments without liquid nitrogen cooling of the detector. These instrument are also suit-
able for aircraft deployment. While many studies on airborne in situ measurements of CO2
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and ozone in the planetary boundary layer were published (Graber et al., 1998; Lehning
et al., 1998; Barr et al., 1997; Desjardins et al., 1997, 1995; Mahrt et al., 1994), to our
knowledge only three flux studies exist for CH4. Ritter et al. (1992) presented CH4 eddy co-
variance measurements for the Arctic in Alaska and over Canadian boreal forest and northern
wetland regions (Ritter et al., 1994). Mays et al. (2009) estimated the carbon footprint of
Indianapolis, USA. The fluxes were calculated from the urban plume intensively sampled in
the lee of the city. Other airborne CH4 studies involved flask sampling (Choularton et al.,
1995) or conditional eddy correlation, where the air is sampled into different containers de-
pending on up-draft or down-draft of the air (Pattey et al., 2006; Beswick et al., 1998). All
approaches demonstrate the applicability of aircraft measurements to derive regional scale
fluxes.

In this study, we present the first airborne CH4 flux estimates for an agriculturally dom-
inated valley calculated with a boundary layer budget approach and the eddy covariance
method. Flights took place on 16 days in 2009 and 2010. The measured fluxes are compared
with a spatially explicit CH4 emission inventory accounting for 90% of the anthropogenic
emissions as well as wetland emissions, including lakes. The limitations of the inventory
based approach as well as of the measured fluxes are discussed.

2.2. Methods

2.2.1. Site and flight pattern

The Reuss Valley is situated in central Switzerland at the southern border of the Swiss
Plateau (see Figure 2.1). Before the straightening of the Reuss river in the middle of the
19th century, meanders winded through the wide valley and the plain was flooded on a regu-
lar basis. The river correction prevents from flooding and combined with drainage made the
land suitable for agriculture (Eugster, 1994). The national soil aptitude map classifies the
area into suitable to very suitable for fodder and suitable for crop production (soil aptitude
map FSO GEOSTAT, 1980). Today, 74% of the land in our study area is used for agriculture
and 18% is covered by forests (CORINE FSO GEOSTAT, 1990).

During fair weather conditions, the valley wind system of the Alpine valleys penetrates
into the Alpine foreland and controls the local wind system. During the day, air moves
towards the Alps (NNW winds) whereas during the night, cold air drainage flow prevails
(SSE winds). Approximately 14 km long flight legs were flown along the valley axis at
constant flight levels between 50 m and 500 m a.g.l. to sample the air as it travels along the
valley. On 16 flight days, the flight pattern was repeated two to three times per day, namely
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in the late morning, around noon, and in the afternoon.

The aircraft measurements were complemented with ground based energy flux as well
as micrometeorological observations at the ETH research station Chamau (8ı 240 3800 E,
47ı 120 3700N, 400 m a.s.l.), situated at the southern end of the flight leg. Air temperature
and relative humidity (Tair and rh, 2 m, HygroClip S3, Rotronic AG, Basserdorf, Switzer-
land), soil temperature (Tsoil, –15 cm, TB107, Markasub AG, Olten, Switzerland), soil
water content (swc, –15 cm, ML2x, Delta-T Devices Ltd., Cambridge, United Kingdom),
wind direction (wdir 2 m, W200P, Vector Instruments, Rhyl, UK), and wind speed (u, 2 m,
A100R, Vector Instruments, Rhyl, UK) were measured. A clear sky factor was introduced
that represents the ratio between the measured incoming shortwave radiation (2 m, CNR1,
Kipp & Zonen B.V., Delft, The Netherlands) and the maximal expected incoming shortwave
radiation (Allen, 1996) in percent. The higher the value, the less clouds retarded the short
wave radiation to reach the surface. A more detailed description of the measurement system
can be found in Zeeman et al. (2010). The planetary boundary layer height hPBL was deter-
mined visually from the aircraft measurements of a flown profile for each day. The growth
rate was estimated from the sensible heat flux measured on the ground (Lyra et al., 1992) and
added or subtracted from the profile determined height to derive the diurnal cycle of hPBL

growth throughout the day. Table 2.1 summarizes the weather conditions for the individual
flight days.

2.2.2. Aircraft measurements

Aircraft measurements were performed on fair weather days from March to September in
2009 and 2010. This selection of the flight days assured a well-mixed boundary layer. The
small research aircraft (METAIR-DIMO) of the type DIMO HK36 TTC-ECO (Diamond
aircrafts, Wiener-Neustadt, Austria) was operated by MetAir AG (meteorological airborne
observations measurements and expertise, airfield LSZN, Hausen am Albis, Switzerland).
The measurement instruments were situated in underwingpods and in the cockpit. General
meteorological variables as air temperature, atmospheric pressure, 3D turbulence and trace
gas concentrations of CO2 and CO were measured continuously during the flight as part of
the standard measurements performed with the METAIR-DIMO (see Neininger et al., 2001,
for a detailed description of the aircraft and the instrumentation).

Methane

Additionally, CH4 concentrations were measured with a fast methane analyzer (FMA, Los
Gatos Research Inc., Mountain View, CA, USA) at 5 Hz. A commercially available instru-
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ment was modified to weigh less and fit into one of the underwingpods. The original case
was replaced by an isolated aluminum box to minimize temperature fluctuations in the in-
strument during the flight. The internal pump of the instrument was replaced to increase
the flow rate. A membrane pump (Vacuubrand MZ2C Vario SP, Vacuubrand gmbh + co
kg, Wertheim, Germany) instead drew the air from the inlet through the instrument. The
pump was regulated to keep the cell pressure of the FMA in the automatically regulated
range, independent of the varying atmospheric pressure between the different flight (Schnei-
der, 2009). A 1/2” PETE tube through wing connected the instrument in the pod with the
pump in the cockpit. The inlet outside the pod, a 33 cm long and 6 mm inner diameter
tube (Synflex-1300, Eaton Performance Plastics, Cleveland, OH, USA) was followed by a
particle filter (SMC, Japan, model AF20-F03 with 0.3 µm filter) including droplet separator
to prevent liquid water to enter the measurement system. The original instrument itself con-
tained an internal 2 µm filter (SS-4FW4-2, Swagelok, Solon, OH, USA), which was kept in
our modified version.

Flasks

Complementary to the continuous measurements, 4–17 grab samples were taken in 1 liter
glass flasks throughout each flight day. The air was analyzed for concentrations of CH4, CO,
CO2, N2O and SF6 in the GasLab at the Max Planck Institute for Biogeochemistry in Jena,
Germany. The CH4 flask concentration was compared against the continuous measurements
by the FMA. Since the ambient air was not dried before sampling, dry mole fraction of CH4

were calculated including the correction for spectroscopic water interferences (Hiller et al.,
2012) based on the water measurements of the LI-7200 (Li-Cor Inc., Lincoln, NB, USA).
The 1 Hz data were thereafter averaged over the flask flushing and filling period using the
weighting function proposed by Chen et al. (2012). Only flasks that did not show unusual
pressure fluctuations during the filling and flushing period were included in the comparison.
Additionally, flasks, where the averaged continuous measurements deviated by more than
˙25 ppb from the flask concentration, were dismissed. The outliers were not consecutive
and therefore we assumed that some problems occurred in the process of flask sampling,
storage, and analysis and the in-situ measurements are of good quality.

2.2.3. Flux calculations

The high frequency measurements of CH4 and the wind vector allowed the determination of
the persistent fluxes in the Reuss Valley by two different methods, (1) a simplified boundary
layer budget approach that relies on the advective component of the CH4 signal and (2) the
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eddy covariance method that incorporates the turbulent fluctuations of the signal.

Boundary layer budget approach

Simple one-box models were used in many urban air pollution studies to estimate atmo-
spheric trace gas or pollutant emissions from a known source as a function of time (Arya,
1999; Oke, 1987; Hanna et al., 1982). We employed a similar model to estimate the CH4

emissions from the Reuss Valley. The area of interest was therefore enclosed by an imag-
inary box and all relevant flows into and out of the box were quantified (see Figure 2.2).
The box height was defined equal to the boundary layer and hence the box includes the well
mixed part of the atmosphere. Exchange with the air above the boundary layer was consid-
ered to be small compared to the major fluxes and was thus neglected. The long axis of the
box was placed along the main valley axis and hence followed the main flow in the valley
during days with a pronounced valley wind system. The flow through sidewalls was assumed
to be small and thus negligible in our considerations. The only considered faces of the box
were the front and end walls as well as the surface area. The fluxes through the front and
end wall (Fin and Fout) were defined by the area (b�hPBL Œm�2�) times the mean wind speed
( Nu Œms�1�) and the mean concentration ( N�CH4,in, N�CH4,out Œµgm�3�) at the respective faces. The
mean wind speed did not show a clear height dependency and hence the average wind speed
in direction of the valley axis was used for the flux calculations. The flux through the surface
area Fsource was defined by the area (a � b) times the source strength (S ).

Assuming steady state (no accumulation of methane inside the box), mass conservation
requires that the outflow equals the sum of the inflow plus the total flux through the surface.
Hence,

Fin C Fsource D Fout (2.1)

b hPBL Nu N�in C a b S D b hPBL Nu N�out: (2.2)

Solved for S , the equation yields:

S D hPBL Nu
N�out � N�in

a
: (2.3)

For homogeneous sources, a linear concentration increase along the flight leg is expected.
Hence, Ncout�Ncin

a
is equal to the observed linear concentration increase along the transect ( dc

dx
)

and is replaced therewith in the flux calculations.
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Eddy covariance fluxes

Fluxes for the individual 14 km flight legs were calculated with the eddy covariance method
from the 1 Hz aircraft data. Before the flux calculation, trends in the /methane concentration
were removed by removing the linear trend along the flown leg. Thereafter, the flux was
calculated as FCH4

D< w0c0 > where w0 are the deviations from the mean vertical wind
speed and c0 deviations from the detrended mean CH4 concentration. The brackets indicate
averaging over one flight leg.

Quality control

Fluxes were quality flagged according the following criteria. Values were rejected when the
standard deviation of the wind direction was larger than 50ı. The linearity of the concen-
tration gradient is for both methods of concern. In the simplified box model, the observed
gradient is used to derive the flux whereas the time series are linearly detrended for the eddy
covariance flux calculations. Hence, all records with standard errors of the slope estimating
the concentration gradient greater than 0.11 ng CH4 m�1 were dismissed.

2.2.4. Spatially explicit CH4 inventory

To compare the emissions reported in the National Inventory Report (NIR, FOEN, 2010)
with measurements, CH4 sources were spatially distributed over Switzerland to a 500 m grid.
In 2008, total anthropogenic CH4 emissions in Switzerland were estimated to be 165’000 t
CH4. The report lists about 620 different CH4 sources. However, 98% of the total emissions
were caused by only 25 processes. The 8 most dominant processes that contribute more than
2.5% to the total include 90% of all emissions and are included in the spatially disaggregated
inventory. These processes are in the order of their contribution: enteric fermentation of
dairy cattle (43.5%), of young cattle (16%), manure of dairy cattle (9.5%), landfills (6%),
grid losses in gas distribution (5%), enteric fermentation of non-dairy cattle (3.5%), manure
of swine (3.5%), and enteric fermentation of sheep (2.5%).

Emissions from agriculture were estimated with a bottom-up approach. The livestock
quantities from the agricultural establishment census (BFS 2009) were multiplied with the
corresponding emission factor from the Swiss national air pollution data base (EMIS) of
the Federal Office of the Environment (FOEN). The emissions were spatially distributed
according to the national land use statistics (BFS 1992/97) with the implications that 80%
of the emissions for cattle, 20% for sheep and 100% for swine were produced in the stable
whereas the rest was distributed on the meadows. The agricultural establishment census also
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reports the number of cattle that was moved to the Alps for summer grazing. Assuming a
summer grazing period of 90 days, 4% of the total agricultural CH4 emissions were allocated
on Alpine meadows.

Grid losses from gas distribution were also calculated according to the factors reported
in the emission database FOEN. No CH4 escapes from the welded high pressure pipes.
Leakage however occurs in the low pressure distribution network. The national emissions
were proportionally distributed to those 1 ha grids with more than two houses that heat
with gas (National building and apartment survey, BFS 2010). The result was thereafter
aggregated to a 500 m raster.

Landfill emissions were estimated by a bottom-up approach with national factors. The
national emissions were proportionally distributed according the land use statistics (BFS
1992/97) since no additional information about the characteristics of the individual landfills
was available.

The wetland emissions CH4 inventory by Hobi (2011) were added to the anthropogenic
emissions to account for the most important natural CH4 source in Switzerland. The wetland
inventory includes emissions from mires, marshes, lakes, and rivers following the approach
by (Saarnio et al., 2009).

2.2.5. Footprint calculations

The Lagrangian Particle Dispersion Model COSMO-FLEXPART (Henne et al., 2010; Stohl
et al., 2005) was used to calculate backward trajectories of the last 60 hours. 50’000 particles
were released every 3 minutes along the flight track. The residence time within the lowest
500 m above ground were summed for each grid point in the 2.2�2.2 km raster. These
spatial distribution maps are called footprints in the following.

To get a better idea about the source area responsible for the observed changes in CH4

concentration along the transects in the Reuss Valley, a footprint at the end of the transect
was subtracted from one at the beginning of the transect. The difference in residence time
results in a positive and negative contribution area that indicates the area influencing the
changes in measured concentrations. The coordinates of the two areas were averaged and
used as an indication for the footprint location.
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2.3. Results

2.3.1. Performance of the methane analyzer

The FMA performed excellent in the aircraft (see Fig. 2.3). A linear regression between
the flask concentrations and the continuous measurements resulted in ŒCH4�f lask=.�39 ˙
10/ C .0:978 ˙ 0:005/ � ŒCH4�FMA with an R2 D 0:9949. On average, the continuous
measurements are 4.8 ppb lower than the flask reference with a standard deviation of 5.3
ppb.

In a next step, we compared the difference between the continuous and flask CH4 con-
centration against the environmental variables relative humidity, water content of the air,
atmospheric pressure, and air temperature, as well as the time to account for time trends
and the date for the inter day performance of the FMA. The differences can be explained
by inter diurnal variations (15.5%), time trend (6.7%), and water vapor (3.4%). The contri-
bution of pressure, relative humidity, and air temperature was insignificant (p < 0:1) and
contributed less than 2% to the explained variance of total 27.2%. However, these numbers
have to be contrasted against the very good agreement between continuous measurements
and flask CH4 concentrations. Hence, the listed variables influence the measured continuous
CH4 concentration only marginally.

For the following analysis, only relative CH4 concentrations are used and therefore the
observed offset is irrelevant for the calculation of the fluxes. The error introduced by the
slope is relatively small compared to the other measurement uncertainties and therefore no
correction was applied.

2.3.2. Methane fluxes

Flux estimates from 108 transects which were classified as good quality data represent 13
measurement days in 2009 and 2010. Since the data were not normally distributed, the non-
parametric Wilcoxon test was applied. Eddy covariance fluxes (median=0.38 µg CH4 m�2 s�1,
mean=0.49 µg CH4 m�2 s�1) were not significantly different from the inventory bases flux
estimate (mean=0.41 µg CH4 m�2 s�1) for the Reuss Valley (p=0.3), while the box model
yields significantly higher fluxes (median=1.01 µg CH4 m�2 s�1, mean=1.44 µg CH4 m�2 s�1)
than the inventory and the eddy covariance method (both p<0.0001). Restricting the data
to conditions when the mean wind followed the main box axis did not shift the distribution
towards higher or lower values. For the eddy covariance (p=0.6) and for the box model
derived fluxes (p=0.8), no significant difference to the previous selection was found. The

27



Chapter 2: Aircraft based CH4 flux estimates

shape of the probability density function for the eddy covariance fluxes changed marginally,
whereas the distribution was less well defined and got wider for the box model fluxes (see
Figure 2.4). Eddy covariance fluxes scattered less (sd=0.65 µg CH4 m�2 s�1) compared to
the box model estimates (sd=1.86 µg CH4 m�2 s�1).

The scatterplot summarizing the fluxes for the individual flight days supports the higher
variation in the box model based fluxes (see Figure 2.5). While the eddy covariance values
closely fluctuated around the inventory based estimate, being often slightly lower than the
inventory, more scattering was observed for the box model fluxes. Three measurement days
clearly separated from the general cloud with substantially higher values resulting from the
box model (see Figure 2.5). For these days, eddy covariance fluxes were also slightly higher,
but could not compete with box model fluxes. On the other hand, the eddy covariance
method also resulted in higher than average values on two days. On one of those days, the
box model yielded an estimate that is very close to the inventory, but shows large variations
to higher fluxes. Box model fluxes for the second day were even higher than the eddy
covariance fluxes.

The eddy covariance fluxes of the individual flight days were not significantly different
from each other (ANOVA, p=0.15), whereas for the box model, fluxes tended to vary among
the days (p<0.015). Hence, a correlation analyses including the following environmental
variables measured at the ETH research station Chamau was performed: Cloudiness in-
dex, incoming shortwave radiation (SWin), air temperature (Tair), soil temperature (Tsoil),
soil water content (swc), relative humidity (rh), water vapor pressure (e), wind speed (u),
footprint location in west-east direction (CHx(footprint)), footprint location in south-north
direction (CHy(footprint)), hour of day (hour), and day in year (doy). To also detect nonlin-
ear dependencies, the Spearman’s rank correlation coefficient was chosen. Since the wind
direction changed between the different overflights on some flight days, the analysis was
implemented on the values for the individual overflights. For the eddy covariance fluxes,
highest correlation was found for the shortwave incoming radiation, followed by the loca-
tion of the footprint (see Table 2.2). The box model fluxes yielded highest correlation with
the wind speed, followed by shortwave incoming radiation. While the footprint location
seemed to be less important for the box model fluxes than for the eddy covariance fluxes,
the sign of the correlation coefficient for changes in the footprint location in the west-east
direction was opposite.
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2.3.3. Footprint location sensitivity

Swiss methane emissions source mostly from agriculture and hence highest emissions are
found in agriculturally dominated regions with livestock farming. This regions are situated
in the southern part of the Swiss Plateau that is located north of the Alps and south of the Jura
mountains (see Figure 2.1). The northern part of the Swiss Plateau is more densely populated
and consequently less land is available for agriculture, which transfers into the methane
emission distribution. The southern part of the Swiss Plateau also receives more orographic
precipitation due to its proximity to the Alps. Due to the relatively wet conditions, it is
less suited for vegetable and crop production, which is mainly cultivated in the northern
and western part of the Swiss Plateau. Within the Alps, agriculture is found in the valley
floors. During the summer month, part of the livestock is moved to the Alpine meadows
for grazing to save the resources in the valley for the winter. This practice is part of the
Swiss traditional three-stage farming system and therefore methane emissions can also be
found in very loosely populated areas of the Alps. In order to produce the spatially explicit
inventory, geospatial information about the source locations were used. However, some
assumptions were made as e.g. livestock numbers were only available at community level.
To assess the spatial variability of the inventory, the following experiment was performed:
The mean flux within a rectangle covering the Reuss Valley was calculated. This rectangle
was moved 60 km in 1 km incremental steps from south to north and 100 km from west to
east (see Figure 2.6). In both directions, the Reuss Valley corresponds to the location with
highest methane emissions. Only south-west of the Reuss Valley, even higher emissions
are expected. Most emissions source from agriculture. In urbanized areas, contributions
by methane escaping from natural gas distribution networks increase, but never exceed the
agricultural emissions. Lakes also add up a considerable amount of methane if most of the
rectangle falls on water bodies. Variations in north-south directions are higher than in west-
east, which can be explained by more pronounced land use changes with higher populated
areas in the northern part of the represented area.

2.4. Discussion

2.4.1. Uncertainties of the methane inventory

Since the inventory based fluxes serve as reference for evaluating the aircraft based esti-
mates, it is useful to quantify the uncertainty of the inventory values. We limit the discussion
to emissions from the agricultural sector, which largely dominate in the Reuss Valley.
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The uncertainty for the agricultural sector has been estimated based on the approach used
in the Swiss national greenhouse gas inventory (ART, 2008). Applying a simple Gaussian
error propagation approach the uncertainty of the combined emission factor for enteric fer-
mentation and manure management lies in the range of ˙17% (95% confidence interval).
This corresponds very well to the default value of 20% suggested in the IPCC Guidelines
(IPCC, 1997, 2000, 2006). The methane conversion rate for enteric fermentation (Ym) and
the methane conversion factor for manure management (MCF) are the most significant con-
tributions to the overall uncertainty. The current Swiss methane emission inventory relies
on the IPCC (2000) default conversion rates for Ym and MCF. Recent studies indicated that
these values are not fully appropriate for Switzerland (Zeitz et al., 2012). They showed that
the methane conversion rate depends on the diet. Swiss diet contains less feed concentrate
compared to the IPCC propagated mitigation and hence Ym should be somewhat higher
than the default value but would still lie within the given uncertainty range. Only for forage-
based fattening of bulls a value of Ym lower than proposed by IPCC was found (Staerfl et al.,
2012). Overall, methane emissions from enteric fermentation are supposed to be higher than
currently reported in the national greenhouse gas inventory that is based on the IPCC (2000)
default values (Ym = 6%) (Zeitz et al., 2012). Notably, also the new IPCC (2006) guidelines
suggest a higher Ym of 6.5% for all cattle categories. Hence, adopting the new guidelines
would lead to almost 10% higher emissions than at present.

For the manure management methane conversion factor in contrast, much lower values
were found by Zeitz et al. (2012). One main reason is the considerably lower storage tem-
peratures than those currently used in the inventory, especially in winter. A first analysis
suggests that applying country specific Ym and MCF would result in a compensation of
the higher emissions from enteric fermentation by lower emissions form manure manage-
ment (Zeitz et al., 2012). However, further evaluations are needed to determine the exact
implications of the country specific values.

Uncertainty estimates of livestock statistics used in the bottom-up approach lie in the or-
der of 6% (ART, 2008). However, uncertainties in the spatial distribution of livestock and
manure management facilities also need to be considered. The confidence interval of the
agricultural CH4 emissions along the north south and west east transects (see Section 2.3.3)
is approximately mean˙ 5%. The uncertainty in the spatial distribution is even lower since
the inventory variation also includes real regional emission differences. Overall uncertainty
of the bottom-up approach has been estimated as 18.8% accounting for uncertainties of the
emission factor (17%), livestock statistics (6.4%) and spatial allocation (5%). In accor-
dance with good practice for national greenhouse gas inventories (IPCC, 2000) a normal
probability distribution is assumed since no evidence could be found that would suggest an
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alternative distribution.

2.4.2. Variations of the CH4 flux measurements

Box model fluxes from September 2009 were much higher than for all other measurement
days whereas eddy covariance fluxes were only slightly enhanced. On 8 and 30 September
2009, the synoptic wind blew from northeast. This implied that the air arriving over the
Reuss Valley traveled over the region between the plain (rectangle in Figure 2.6) and Lake
Zurich. Here, CH4 emissions show a north-south gradient with higher emissions in the south.
Such a gradient was also observed when moving the rectangle in Figure 2.6 northwards into
the less agriculturally dominated area. If the methane sources are not homogeneously dis-
tributed and air travels perpendicular to the observed source strength gradient, this gradient
is translated into the concentration of the air. In our case, we would expect higher CH4 con-
centrations in the south than in the north, even before the air enters the imaginary box over
the Reuss Valley. Hence, the observed concentration gradient does not only represent the
emissions within the box, it also includes the concentration gradient that developed before
the air enters the box. This results in a steeper than expected gradient and thereby a over-
estimation of the effective CH4 emissions. This might also explain the opposite correlation
coefficient for the footprint location in west-east direction and the CH4 flux estimated by the
two methods. On 7 September 2009, only one of 19 flown transects was qualified as good
quality data. CO2, CO, and aerosols showed a similar pattern as CH4 along the box main
axis. Hence, it is very likely that the observed gradient was not caused by emissions, but by
moving air masses. In the southern part of the box, the wind field was inhomogeneous and
supported this hypothesis. Therefore, the value should better be treated as an outlier. Eddy
covariance fluxes were not affected by sidewards affected gradients as the CH4 concentration
time series was linearly detrended before calculating the covariances. The enhanced eddy
fluxes might hence represent actual fluxes.

Higher than usual eddy covariance CH4 fluxes were observed on 24 June and 2 July 2009
as well as on 1 June 2010. On those days, the cloudiness index (Table 2.1) was lower than
on most other days. However, cloud cover alone should not affect the measurements. On
24 June 2009, a strong synoptical northeasterly wind even dominated the normally observed
valley wind system over the Reuss Valley. The wind direction also explained the relatively
high CH4 fluxes estimated with the box model. On 2 July 2009, a strong and narrow CH4

peak (� 0.15 ppm enhancement) was observed along the flown transect. This peak is likely
incorporated in the calculated covariance and negatively affects the flux. Therefore, the
fluxes were considered as outliers. The peak itself was visible in all flown transects for this
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day and thus likely represented a local source. Since CO and CO2 did not peak along with
CH4, combustion could be excluded as source. CH4 peaks were also observed along the
transects flown on 1 June 2010.

Removing the outliers resulted in significantly lower fluxes than observed by the inventory
for the eddy covariance method (Wilcoxon test, p<0.02). Other studies also showed lower
eddy covariance measurements from aircraft compared to tower fluxes (Desjardins et al.,
1997, 1995). Desjardins et al. (1989) argues that short-term observations cannot resolve
long-lived convection eddies. These effects are less important in the surface boundary layer.
The reason for comparable higher fluxes by the box model approach might result from their
sensitivity to sidewards advected concentration gradients. Hence, we expect the true flux to
range somewhere between the fluxes from the two approaches.

2.5. Conclusion

To our knowledge, this is the first attempt to directly compare a spatially explicit CH4 inven-
tory with regional scale flux measurements. We were able to show that aircraft based flux
estimates provide a useful tool to determine CH4 emissions rates from a relatively homoge-
neous source. While eddy covariance based fluxes tended to underestimate the emissions,
the variability and the mean in the box model derived fluxes were considerably higher. How-
ever, sampling all sidewalls of the box would help to apply a more complete boundary layer
budget and certainly would improve the flux estimates by this method.
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2.7. Figures and tables

Figure 2.1.: Spatially highly resolved CH4 inventory for the eight most important anthro-
pogenic sources accounting for 90% of the anthropogenic emissions. These
include agriculture, landfills, and gas distribution in Switzerland. The black
rectangle indicates the Reuss Valley where this inventory is cross-validated with
direct regional scale flux measurements from a small research aircraft. In the
bottom-left corner, the box used for the flux calculation of is indicated in yellow
(Map source: Google Earth, 2009). The red lines show the flight track from 7
April 2010 and indicate the transects flown along the box main axis.
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Figure 2.2.: Scheme of the simplified box model. The imaginary box with a length a, width
b, and height hPBL encloses the air volume of interest. The large black arrows
indicate the methane flow in and out of the box that is forced by the wind speed u
(black arrow) along the main box axis. The small arrows at the surface of the box
indicate a homogeneous CH4 source. As the air travels over the source through
the box, the CH4 concentration increases gradually. This observed linear CH4

gradient along the box main axis x is indicated by the red line.
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Figure 2.3.: Scatterplot of flask CH4 concentration and weight averaged continuous mea-
surements of the FMA. The grey area represents the 95% confidence interval
and the solid line the found relationship of the linear model. The dashed line
indicates the 1:1 relationship. In the lower right corner, the histogram of the
differences between continuous and flask CH4 measurements is shown.
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by the eddy covariance method (left) and the simplified box model (right). In
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valley axis ˙15ı were selected (dashed line). The counts in the legend indicate
the number of records represented by the probability density function as well as
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Figure 2.5.: Scatterplot between the CH4 fluxes obtained from the eddy covariance and the
box model method. The dots represent the median values of the individual flight
days whereas the crosses span the interquartile range of the measured fluxes.
Points located in the grey areas show cases where both methods either under or
overestimate the inventory flux. The dashed line indicates the 1:1 relationship.
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Figure 2.6.: Sensitivity of footprint location. The map is overprinted by the inventory for
anthropogenic methane emissions, including sources from agriculture, landfills,
and gas distribution. Map units are Swiss coordinates in meters. The rectangle
in the middle of the map indicates the location of the box used for the flux cal-
culations. This box was moved south-north and west-east along the indicated
lines to simulate the influence of the footprint location on the expected flux. The
left bar shows the changes in methane emissions for the south-north direction.
The total emissions are split into the categories agriculture, landfills, gas dis-
tribution, and wetlands/lakes. The latter is not included in the anthropogenic
emissions presented on the map. The boxplot next to the graph summarizes
the total emissions by indicating the median (solid line), the interquartile range
(box), and the lowest and highest observed value (whiskers). The bottom bar
shows the emission variation in west-east direction and the boxplot next to it
summarizes the corresponding values. Basemap reproduced with the authoriza-
tion of swisstopo (JA100120)
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Table 2.2.: Correlation matrix (Spearman’s rank correlation coefficiant) between the CH4

flux and selected environmental variables. Correlation coefficitions of 0.2 and
higher are printed in bold face.

FCH4;EC FCH4;box

cloudiness –0.08 0.16
SWin 0.25 0.27
Tair –0.04 –0.04
Tsoil –0.10 –0.13
swc –0.01 0.03
rh 0.18 0.16
e 0.06 0.04
u 0.13 0.48
CHx(footprint) –0.13 0.10
CHy(footprint) 0.28 0.01
hour –0.19 –0.04
doy –0.10 –0.03
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Abstract

Methane emissions from reservoirs blur the climate creditability of the renew-
able hydroelectricity. Especially for large tropical reservoirs where biomass
rich surfaces were flooded, the emitted methane is of concern. So far, emission
assessments were performed with chambers or the eddy covariance technique.
Both methods cover only a part of the lake surface whereas aircraft based CH4

flux estimates integrate over larger areas. In this study, we conducted airborne
wind speed and CH4 concentration measurements over a mid-latitudes run-off-
river reservoir to quantify the CH4 emissions from the reservoir on September
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30 2009. For comparison reasons with earlier chamber based studies, three
chambers were deployed on the lake on that day and sampled four times each.
The airborne fluxes were determined with two different models: (1) The box
model approach assesses the advective flow through the individual sidewalls of
the box and the imbalance is attributed to the CH4 emissions of the lake (19
µg CH4 m�2 s�1 and 12 µg CH4 m�2 s�1 for the noon and afternoon overflight,
respectively). (2) The simplified approach estimates the flux from mixing layer
height, the observed concentration gradient and the mean wind speed along val-
ley axis (19 µg CH4 m�2 s�1 and 8 µg CH4 m�2 s�1 for the noon and afternoon
overflight, respectively). These fluxes compare well with eddy covariance and
chamber measurements from earlier studies. However, the chamber fluxes at the
flight day were about factor two lower than the airborne measurements.

3.1. Introduction

Climate creditability of hydroelectricity is currently a highly debated topic (Giles, 2006).
Hydroelectricity is sold as renewable green energy (Hoffert et al., 1998; Victor, 1998). Sev-
eral studies however show that reservoirs can be a considerable source of greenhouse gases,
especially CH4 (Guéerin et al., 2006; DelSontro et al., 2010; Eugster et al., 2011; Teodoru
et al., 2011). The emission strength depends on reservoir age and latitude (Barros et al.,
2011). Even though Barros et al. (2011) estimated one order of magnitude lower emissions
than had been previously reported by St. Louis et al. (2000), Wehrli (2011) concluded that
hydropower is renewable, but not free of carbon emissions. Reservoirs emit about 48 Tg C
as CO2 and 3 Tg C as CH4 per year (Barros et al., 2011). Converted to CO2-equivalents,
this yields 276 Tg CO2-eq per year. In 2008, 3.3 PWh electricity were produced by hy-
dropower (International Energy Agency, 2008). This results in an emission factor of 0.08
g CO2-eq Wh�1. However, the emission factor for hydroelectricity largely depends on var-
ious variables describing the reservoir, such as temperature, the type of flooded ecosystem,
depth, and age of reservoir (St. Louis et al., 2000).

Emissions from Swiss reservoirs are considerably lower than those observed in the tropics
due to lower water temperatures and less available organic material for decomposition. Lake
Wohlen belongs to one of the most productive Swiss reservoirs in terms of greenhouse gas
emissions (Diem et al., 2008). The lake is relatively shallow and situated on the Swiss
Plateau (481 m a.s.l.) whereas most Swiss reservoirs are located in an alpine environment.

Direct chamber flux measurements of Lake Wohlen indicate average CH4 emissions >
150 mg CH4 m�2 d�1, the highest ever reported rates for a midlatitude reservoir (DelSon-
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tro et al., 2010). Measurements by the eddy covariance method confirm the extremely high
emissions (Eugster et al., 2011). Both methods however spatially cover only part of the lake.
Up-scaling the observed flux to the total lake surface is possible by assuming that the mea-
surements are representative for the total lake area. This introduces a considerable amount
of uncertainty, especially for spatially variable fluxes such as CH4 (DelSontro, 2011). This
shortcoming can be overcome by aircraft-based flux measurements that provide a relatively
stable estimate at the regional scale (Ritter et al., 1994).

In the following, we assess the potential of aircraft-based flux estimates to evaluate the
greenhouse gas emissions of a reservoir. Several transects over the lake were flown three
times on September 30 2009. The observed concentration patterns and concentration gradi-
ents of CH4, CO, and CO2 are discussed. Two different box model approaches are applied
to derive CH4 fluxes. The results are compared with CH4 fluxes from chamber and eddy
covariance measurement conducted at the same lake.

3.2. Methods

3.2.1. Aircraft

A small research aircraft (METAIR-DIMO) of the type DIMO HK36 TTC-ECO (Diamond
aircrafts, Wiener-Neustadt, Austria) was equipped and operated by MetAir AG (meteoro-
logical airborne observations measurements and expertise, airfield LSZN, Hausen am Albis,
Switzerland). Environmental measurement instruments were operated in underwingpods
as well as in the cockpit. The standard instrumentation included various sensors to mea-
sure meteorological variables such as air temperature, atmospheric pressure as well as trace
gas concentration measurements of CO2 and CO (see Neininger et al. (2001) for a detailed
description of the aircraft and the instrumentation). CO2 was measured by two redundant
infrared gas analyzers (modified LI-6262 and LI-7500, both Li-Cor, Lincoln, NB, USA). A
modified Aerolaser AL-5003 (Aero-Laser GmbH, Garmisch-Partenkirchen, Germany) re-
ported CO concentrations. Atmospheric turbulence was measured by a five-hole pressure
sonde (Crawford and Dobosy, 1992) mounted on a boom in front of the right pod. The
ground based wind vector was derived from these measurements in combination with data
from an INS/IRS (Inertial Navigation/Reference System, RT3102, Oxford Technical Solu-
tions, Oxfordshire, UK).

CH4 was measured with a fast methane analyzer (FMA, Los Gatos Research Inc., Moun-
tain View, CA, USA). A commercially available instrument was modified to weigh less and
fit into one of the pods below the wings. The original case was replaced by an isolated alu-
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minum box to minimize temperature fluctuations in the instrument during the flight. The
internal pump of the instrument was removed. A membrane pump (Vacuubrand MZ2C
Vario SP, Vacuubrand gmbh + co kg, Wertheim, Germany) instead drew the air from the
inlet through the instrument. A 1/2” PETE tube in the wing connected the instrument in
the pod with the pump in the cockpit. The inlet outside the pod, a 33 cm long and 6 mm
inner diameter tube (Synflex-1300, Eaton Performance Plastics, Cleveland, OH, USA) was
followed by a particle filter (SMC, Japan, model AF20-F03 with 0.3 µm filter) including
droplet separator to prevent liquid water to enter the measurement system. The original in-
strument itself contains an internal 2 µm filter (SS-4FW4-2, Swagelok, Solon, OH, USA),
which was kept also in our modified version.

3.2.2. Site description

Lake Wohlen (46ı58’N/7ı19’E, 481 m a.s.l.) is a run-off-river reservoir that was artificially
created between 1917 and 1922 to use the water of the river Aare for hydroelectricity produc-
tion. The lake is situated in a relatively narrow valley eroded by the river into the glacially
structured Molasse Basin (Dürst Stucki et al., 2010), close to the city of Bern. A 24 m tall
dam retains the water. The lake extends 12 km along the river with a maximal width of 650
m and a maximum depth of 18 m. On average, the water remains 40 h in the lake (DelSontro
et al., 2010). The lake is known for its comparably high CH4 emissions (Diem et al., 2008;
DelSontro et al., 2010; Eugster et al., 2011).

3.2.3. Weather conditions

The ridge of a high-pressure area over Ireland dominated the weather in Switzerland from
27 to 30 September 2009. Conditions were sunny and warm with local fog patches along
water bodies in the morning (MeteoSchweiz, 2009). Temperatures in Bern, the closest me-
teorological station to Lake Wohlen at 10 km to the northeast, ranged between 7.0 and 21.3
ıC on 30 September (Source: MeteoSwiss). The region of Bern was fog free and no clouds
developed during the course of the day. Over the Swiss Plateau, the synoptic wind prevailed
from northeast on 30 September. The wind system in the research area was however dom-
inated by the local valley wind system: down-valley winds from east were observed in the
morning until up-valley winds from west took over.

Water temperature at the Schönau monitoring site, about 25 km upstream of the lake, were
17 ıC and the flow rate reached 65 m3 s�1 (Swiss Federal Office of Environment). The water
temperature measured at the dam at 10 m depth was reported with 16 ıC by the hydroelectric
company BKW.
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3.2.4. Flight pattern

The wind system within the valley is dominated by the local valley wind system and thus
the main wind direction followed the valley axes. CH4 concentrations in an air parcel are
expected to increase as the parcel travels over a CH4 source, in our case the lake. Therefore,
several transects from approx. 100 to 300 m a.g.l. were flown over the lake along the valley
axis (see Figure 3.1). We assumed that the air in the valley was well mixed and the observed
concentration changes should hence represent the CH4 emissions in the valley. The same
flight pattern was repeated three times at 10:00, 13:00, and 14:30 CEST on 30 September
2009.

3.2.5. Box model

The continuity equation for mass, momentum, moisture, heat, and a scalar quantity describes
the change of the property in space and time based on the conservation principle. For mass,
the continuity equation can be written as (Arya, 1999, p. 34):

@�

@t„ƒ‚…
Storage

C
@.u�/

@x
C
@.v�/

@y
C
@.w�/

@z„ ƒ‚ …
Advection

D 0; (3.1)

where u, v, and w are the wind velocity components in the x, y, and z directions. If
stationarity is assumed, the density of air � does not change over time t and hence @�

@t
D 0.

In the continuity equation for scalar quantities c, an additional source/sink term S ac-
counts for emissions and removal of the scalar within the considered air volume. Molecular
diffusion is also involved in the transportation process. Compared to the turbulent and advec-
tive transport, this process is very ineffective and is thus neglected in further considerations,
the continuity equation then yields (Stull, 1988, p. 80):

@c

@t„ƒ‚…
Storage

C
@.uc/

@x
C
@.vc/

@y
C
@.wc/

@z„ ƒ‚ …
Advection

D S„ƒ‚…
Source/Sink

(3.2)

As for the mass conservation (Equation 3.1), stationarity is assumed for the time period
of one overflight and hence the storage term can be neglected. The transport can be divided
into the mean flow and the turbulent portion by applying Reynold’s decomposition (Arya,
1999, p. 137):

S D
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C
@u0c0
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C
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@y
C
@wc

@z
C
@w0c0

@z
(3.3)
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The continuity equation considers the air within an arbitrary small volume around a point.
At the scale of a box volume, all points within the box however need consideration. To be
physically consistent, the overall integral over the box must also fulfill the mass conservation
(Arya, 1999, p. 130). The integration of Equation 3.2 yields:R a

xD0

R b
yD0

R hPBL

zD0

�
S
�
dxdydz D
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R b
yD0
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�
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(3.4)

where a defines the box length, b the box width, and hPBL the box height (see Figure 3.2).

To estimate the average source/sink term of the total box, it is sufficient to only consider
the points on the faces of the box, assessing the quantities that go in and out of the box. The
source is restricted to the box surface and is thus equal to zero at all other faces:
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(3.5)

The aircraft measurements only specify the wind vector and CH4 concentration at certain
points on individual faces of the box. The wind concentration product was calculated for the
three wind vectors for the individual measurement points. To get a best guess, this quantity
was averaged for the individual faces of the box. At the east and west face, all measurements
within a 200 m wide slide parallel to the face were averaged. The north and south faces were

50



3.2. Methods

defined by the flown transects on the corresponding side of the box.

Further simplification of the equation apply for certain box faces during special conditions
(Arya, 1999, p. 138f): (1) The turbulent flux in direction of the main flow u0c0 is much lower
than the transportation by the mean flow uc and is therefore negligible. (2) The observed
source is assumed to be constant over the total surface area and hence no concentration
gradient exists across the box. v0c0 D 0 can also expressed in terms of mean concentration
gradients: v0c0 D �Ky @c@y . As @c

@y
D 0, v0c0 D 0 also yields zero. (3) At the surface, the

mean vertical wind speed is assumed to be zero and hence wczD0 D 0. (4) The same applies
for the top of the well-mixed boundary layer (wczDhPBL D 0). (5) No turbulent flow exists
directly at the surface and therefore w0c0zD0 D 0. (6) On the lid of the box, the inversion
at the top of the boundary layer is relatively impermeable and hence the w0c0hPBL D 0. The
simplified equation yields:

a � b � �S D b � hPBL � ucxDa„ ƒ‚ …
Feast

� b � hPBL � ucxD0„ ƒ‚ …
Fwest

C

a � hPBL � vcyDb„ ƒ‚ …
Fnorth

� a � hPBL � vcyD0„ ƒ‚ …
Fsouth

:
(3.6)

The resulting sign convention counts fluxes into the box positive, and out of the box neg-
ative. In micrometeorology, fluxes from the ground to the atmosphere are defined positive.
The source term needs therefore to be multiplied with –1 to follow the micrometeorological
sign convention. Solved for S , the equation thereafter writes:

S D hPBL
�
.ucxDa � ucxD0/=aC .vcyDb � vcyD0/=b

�
: (3.7)

hPBL was estimated from the dust layer height in pictures taken during the flight.

The same decomposition is valid for the mass conservation equation (Equation 3.1) with
the difference that the source term is zero. Hence, the flow through the individual faces
of the box should add to zero if the measurements are representative. To force the mass
balance to close, the crosswinds were adjusted by multiplying with a scaling factor. The
scaled crosswinds were thereafter used to calculate the CH4 net exchange.

3.2.6. Simplified box model

A simple one-box model is widely used in urban air pollution studies to estimate atmospheric
trace gas or pollutant concentrations from a known source as a function of time (Arya, 1999;
Oke, 1987; Hanna et al., 1982). An imaginary box following the mean wind therefore en-
closes the area of interest and all relevant flows into and out of the box are quantified (see
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Figure 3.2), as in the box model presented above. In addition, transport through the sidewalls
is assumed to be small compared to the transport in the mean wind direction. Further, the
main wind is set constant throughout the entire box. Hence, Equation (3.7) further simplifies
to:

S D hPBL u
cout � cin

a
: (3.8)

For homogeneous sources, a linear concentration increase is expected. Hence, cout�cin
a

is
equal to the observed slope of the measured c along the x-axis and is replaced therewith in
the flux calculations.

3.2.7. Chamber measurements

Lake surface CH4 emissions were quantified with the same floating chambers as on 23, 24
29, and 30 July 2008 (DelSontro et al., 2010) to allow comparison with those results. The
chambers consisted of a cylindrical bucket attached to buoys for floatability and were kept
upright by weights. Diffusion from the water body to the atmosphere and emerging bubbles
were captured in the chamber. Fluxes were calculated from the CH4 increase in the chamber
over time. A more detailed description of the chambers can be found in (Eugster et al., 2011;
DelSontro et al., 2010).

3.3. Results

3.3.1. Atmospheric CH4 distribution over Lake Wohlen

Methane concentrations measured by aircraft over Lake Wohlen showed a distinct pattern
on 30 September 2009 (see Figure 3.3). Especially for the noon and afternoon overflights
(Figure 3.3bc), CH4 concentrations increased from east to west. In the morning flight (Fig-
ure 3.3a), a concentration gradient was only visible in the northern transects whereas the
concentrations along the southern transects were rather homogeneous. The well-mixed part
of the planetary boundary layer was very shallow and thus only the lowest transects were
directly influenced by the local processes. Transects above the lowest inversion layer were
thus excluded from further analyses. Additionally to the gradient, a methane hot-spot around
point (502 km/201.5 km) was observed during the noon and afternoon overflight.
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3.3.2. Atmospheric concentration gradients along the lake

CH4 concentrations showed a significant increase on the first 2 km from west to east (p<0.0001)
during the noon and afternoon overflight (see Figure 3.4a). From 2.5 to 3.5 km, no CH4 in-
creases were observed and the slopes were not significantly different from 0 (p=0.35). The
pattern was opposite in the morning. In the western part, the concentration decreased and
then slightly increased in the east.

CO2 concentration increases were observed along the western part of the transects, which
were even enhanced on the eastern part during the morning overflight (see Figure 3.4b). At
noon and in the afternoon, the concentrations stabilized in the eastern part of the transect
and the slopes were not significantly different form zero any more (p=0.25).

CO concentrations strongly increased along the transect in the morning (see Figure 3.4c).
Until noon, this strong CO gradient disappeared and concentrations gently increased from
west to east. In the afternoon, the CO concentrations were relatively stable in the western
part of the transect, but significantly increased in the eastern part (p<0.0001). While the
sign of the slopes differed between CH4 and CO, they follow a common pattern for CO2 and
CO.

3.3.3. Conservation of air mass and mass balance closure

The mass balance of the specified box did not close for all three overflights (see Figure 3.5).
The model resulted in a accumulation of air (�) in all three cases. In the morning, 37%
of the outflow was missing, and 53% and 59% at noon and in the afternoon, respectively.
Total mass flow was lowest in the morning, peaked around noon and got smaller again in
the afternoon. In the morning, flow through the sidewalls was higher than through the wind
facing sides. At noon and in the afternoon, the flow in direction of the mean wind dominated
the total exchange. The flow through the side walls differed between the south and north side
of the box. At noon, the flow through the south face was higher than the flow through the
north face. This pattern was reversed in the afternoon.

The lack of closure was overcome by scaling the crosswind such that the fluxes through
the individual faces of the box added to zero. The scaling factor was variable between
the individual overflights and yielded –1.17 in the morning, 0.25 at noon, and 0.32 in the
afternoon. This measure significantly reduced the exchange through the side walls for the
noon and afternoon overflight.
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3.3.4. Flux estimates

Airborne measurements of vertical fluxes

The pattern of the CH4 flown through the individual box faces was similar to the mass
flow pattern (compare Figure 3.5 and 3.6). A huge CH4 sink of –20, -630, and –330
µg CH4 m�2 s�1 resulted from the application of the box model with unscaled winds. At
noon and in the afternoon, the scaled box model resulted in very reasonable fluxes of 19
and 12 µg CH4 m�2 s�1. In the morning, the model result still calculated a CH4 sink of -
115 µg CH4 m�2 s�1. The calculated CH4 sinks or sources were very small compared to the
flows through the box faces.

The simplified box model fluxes depend on the variables wind speed, mixing layer height,
and observed CH4 concentration gradient along the valley axis. The calculated fluxes varied
between close to 0 up to about 20 µg CH4 m�2 s�1 (see Figure 3.7a). The flux in the morning
was lower compared to the afternoon since the mixing layer height was lower. However,
absolute values of wind speed and the concentration gradient were also slightly lower. The
mixing layer was highest in the afternoon, but the flux was lower compared to the flux at
noon. Lower wind speed and a slightly shallower concentration gradient resulted in a flux
reduction. The fluxes calculated with simplified model compared well with the box model
approach at noon and in the afternoon. For both methods, fluxes were lower in the afternoon
compared to at noon.

The full featured box model with scaled crosswinds was also applied to the trace gases
CO2 and CO. The CO2 flux yielded 2.7 mg CO2 m�2 s�1 and 2.1 mg CO2 m�2 s�1 for the
noon and afternoon overflight respectively while the CO flux yielded 10.0 µg CO m�2 s�1

and 8.8 µg CO m�2 s�1.

Chamber fluxes

No distinct diurnal pattern was found in the chamber-based CH4 fluxes (see Figure 3.7b).
The measurements fluctuated around the mean of 5.5 µg CH4 m�2 s�1 which was in the same
order of magnitude as the airborne flux estimates.
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3.4. Discussion

3.4.1. Regional CH4 distribution

The observed CH4 hot spot in Figure 3.3 originated from a point source. Depending on the
wind speed, the plume was shifted along the main wind. Since neither CO2 nor CO showed a
peak in the same region, combustion can be excluded from list of possible processes leading
to the CH4 peak. Landfills are a known source of CH4. The nearest landfills (Illiswil and
Teuftal) were located outside of the area of interest. The CH4 plume of those was however
visible on transects flown outside of the box where CH4 peaked above the landfills (not
shown). The remaining potential sources were emissions from agriculture or bio energy
production. An aquatic hot spot was rather unlikely as none of the previous publications
about methane emissions from Lake Wohlen have found a very local and strong CH4 hot
spot in this region (Eugster et al., 2011; DelSontro, 2011; DelSontro et al., 2010).

The opposite CH4 concentration gradients between the morning and the later overflights
originated from reverse wind directions. In the morning, down-valley wind prevailed whereas
later in the day, the wind blew up-valley. DelSontro et al. (2010) observed highest CH4 emis-
sions in the area in between 1 to 2 km from the dam. We also observed steeper slopes in this
region of the lake (up to approx. 2 km in Figure 3.4). For the morning transect, the positive
slope at the eastern part resulted from a very poor model fit (R2 = 0.01).

The missing similarities between the CH4 gradients and trace gases CO2 and CO indicated
that different processes were responsible for the observed concentration patterns. CO2 and
CO however did show a common pattern and hence one of the dominant emission processes
was most likely combustion. The ratio between the slopes of CO2 and CO was higher than
the typical ratio for traffic exhaust (Wieser and Kurzweil, 2004). Thus, traffic was only
partly responsible for the CO2 and CO emissions that resolved in the observed concentration
gradient. CH4 is also a byproduct of combustion, but the proportions in the exhaust are
very small compared to CO2 and CO in case of proper combustion. Hence, the combustion
contribution to observed CH4 gradients was minor and can be neglected.

3.4.2. Model performance

The consistency of the box model approach was tested on the air mass balance closure. The
balance showed a mass gain for all three overflights, but most was dominant for the noon
and afternoon overflights. During these periods of the day, a well-developed valley-wind
system dominated the flow in the valley. The mixing layer grew to a height of 820 and 970
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m a.g.l., respectively. Sampling however only took place in the lower 300 m of the box.
Following the theory of the valley wind system (Whiteman, 2000), the crosswinds at the
valley bottom of the mixing layer follow the slope terrain (see Figure 3.8). Thermally driven
up-slope winds are observed during the day and cold air drainage down-slope winds during
the night. At higher elevation, the bottom flow is compensated. The air is redirected to the
valley center during the day. The strength of the up-slope winds depends on the heating of
the surface and thus the slope exposition. The symmetric cells (see Figure 3.8) may shift
towards the more shaded slope or even collapse in a single cell where up-slope winds are
observed on the sun exposed slope and down-slope winds on the other.

Our crosswind measurements were not representative for the whole sidewall, because the
box walls intersected with the slope-wind circulation. We assumed the mixing layer height
to be constant during one overflight and attributed the mass gain in the box model to the
crosswinds. Their strength should nevertheless represent the activity of the circulation at the
respective slope. Thus, we scaled the crosswinds and forced the mass balance to close. This
scaling resulted in very weak crosswinds for the noon and afternoon overflight. Thereafter,
the contribution of side flow to the total flow turned considerably lower compared to the flow
in the main wind direction (see Figure 3.5).

During the morning overflight, the valley wind system was still in the night phase and
we observed down-valley winds. The winds were already weak and the transition to the
day phase was close. The local wind system was strongly influenced by local differences
in irradiation and hence topography. Additionally, only a few transects were located in the
mixed boundary layer. The flux estimate bases on less measurement points than during the
other periods. Averaged values might not be representative and thus the box model not the
best method of choice to derive regional scale fluxes under these conditions. The results
should be herein interpreted with care.

3.4.3. Flux estimates

CH4 fluxes from the full featured and the simplified box model were similar for the noon
and afternoon overflight. The additional simplification of neglecting crosswind transport
did not considerably change the model outcome. The constant wind-speed over the whole
box might even have compensated for this simplification. Additionally, the simplified model
might have compensated some shortcomings in the accuracy of the wind measurements.
While the full-featured box models relied on accurate wind measurements, the mean wind
speed in the simplified model incorporated measurements from transects flown with and
against the wind. Hence, a possible sensor bias was compensated in the simplified model.
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The morning flux estimate was considerably lower than the other values. In the full-
featured box model, a strong negative flux was estimated. As discussed for the mass balance,
this time period was associated with a relatively high uncertainties and therefore will be left
out in the further discussion of the CH4 fluxes. For CO and CO2, fluxes were very high
and not explainable with known CO2 and CO producing processes in the valley where Lake
Wohlen is situated. Therefore, also the CH4 fluxes should be interpreted with care and
regarded as a first best estimate. For a representative assessment, further investigations are
needed.

Chamber measurements performed on the lake surface at the same day as the flights re-
vealed about factor two lower fluxes than measured by the aircraft. Chamber measurements
were restricted to a small part of the lake, where highest methane emissions were expected
(DelSontro et al., 2010). Lake methane emissions occur very locally (DelSontro, 2011) and
hence three chambers might not be representative for the lake emissions. Nevertheless, they
gave a reference for the order of magnitude of the expected lake emissions.

Airborne CH4 fluxes also involved uncertainties. The uncertainty related to the wind
measurements was already discussed above. Additionally, the mixing layer height was
only estimated and not directly measured. Since the mass balance was performed only
on the vertical faces of the box, the mixing layer height did not influence the result. The
difference between inflow and outflow of the box was scaled on the box surface to esti-
mate the CH4 flux. Hence, the mixing layer height was essential in this case. The low-
est temperature inversion in the sounding from Payerne (46.81ıN/6.95ıE, 491 m a.s.l., lo-
cated approx 35 km from our site) was observed between 1350 and 1525 m a.s.l. at 13
CEST (http://weather.uwyo.edu/cgi-bin/sounding?region=europe&TYPE=TEXT%
3ALIST&YEAR=2009&MONTH=09&FROM=3000&TO=3012&STNM=06610&REPLOT=1, accessed:
20 November 2011). This corresponded to a mixing layer height of 880 to 1030 m, which
was close to our estimate. Hence, the uncertainty introduced by the estimation of the mixing
layer height was likely less than 20% of the total height.

The estimated CH4 fluxes from aircraft measurements from 2009 compared well with
observed CH4 fluxes measured by eddy covariance and with chambers in 2008 (Eugster
et al., 2011; DelSontro, 2011; DelSontro et al., 2010). The magnitude of the eddy covariance
(EC) fluxes in 2008 was in the same range for periods with wind across the lake (Eugster
et al., 2011). This corresponded to the area where the chambers were deployed during the
aircraft campaign in 2009 and also during the EC measurements in 2008. The EC CH4 flux
measurements were on average lower as the chamber measurements reported for the same
time period (Eugster et al., 2011), but agree well if the wind blew from the area were the
chamber measurement were located. Hydroacoustic estimations of the CH4 ebullition results
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in slightly lower fluxes compared to estimates with floating chambers (DelSontro, 2011).

3.5. Conclusions

Airborne CH4 flux measurements agreed with ground base estimates, but the presented re-
sults were still associated with considerable uncertainties. The topography of the valley on
one hand simplified the examinations due to the canalling of the main flow. On the other
hand, the valley-wind system also introduced additional uncertainty to the flow through the
sidewalls. For similar topography, we would suggest to sample the individual sidewalls of
the box throughout the total height of the mixing layer. This would reduce the uncertainty
related to the crosswinds observed in a well-developed valley system. The same applies to a
more open terrain. Nevertheless, the study showed the potential of airborne CH4 flux mea-
surements to resolve landscape scale fluxes. Despite all assumptions and simplifications, the
models estimated reasonable CH4 fluxes for the assessed lake ecosystem.
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Figure 3.1.: Flight pattern above Lake Wohlen. The red line indicates the flight track flown
in the afternoon on 30 September 2009. The orange line indicates the imagi-
nary box that was arranged along the valley axis to calculate the CH4 flux from
the aircraft measurements. (Orthophoto: Reproduced with the authorization of
swisstopo (JA082267))
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Figure 3.2.: Scheme of the modified box model (Reproduced from Chapter 2, Figure 2.2).
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Figure 3.3.: Flight patterns and CH4 concentration distribution for the individual overflights.
The black line indicates the flight pattern whereas the colored points show the
CH4 concentration. The coordinates are given in units of km in Swiss coordinate
(CH1903). (Background map PK100: Reproduced with the authorization of
swisstopo (JA100120))
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Figure 3.4.: Observed concentration gradients of CH4, CO2, and CO along the valley axis.
The relative distance a represents the projected distance between the individual
measurement points along the x-axis of the box. The fine dark gray lines show
the concentration gradients for the individually flight transects whereas the bold
black lines represent the linear regression through the individual points for one
overflight consisting of multiple transects. The relationship was once fit for
a < 2 km and once for a > 2:5 km.
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Figure 3.5.: Mass flux through the individual faces of the box for the three overflights.
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Figure 3.6.: CH4 flux through the individual faces of the box for the three overflights.
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gradient along the valley axis (s). (b) Boxplot summarizing the measurements
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Figure 3.8.: Sketch of the cross-wind profile. The arrows indicate the expected air circula-
tion and the dashed lines show the outline of the imaginary box used for the flux
calculations.
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Abstract

Turf-grass lawns are ubiquitous in the United States, however direct measure-
ments of land–atmosphere fluxes using the eddy covariance method above lawn
ecosystems are challenging due to the typically small dimensions of lawns and
the heterogeneity of land use in an urbanized landscape. Given their typically
small patch sizes, there is the potential that CO2 fluxes measured above turf-
grass lawns may be influenced by nearby CO2 sources such as passing traffic.
In this study, we report on two years of eddy covariance flux measurements
above a 1.5 ha turf-grass lawn in which we assess the contribution of nearby
traffic emissions to the measured CO2 flux. We use winter data when the vege-
tation was dormant to develop an empirical estimate of the traffic effect on the
measured CO2 fluxes, based on a parameterized version of a three-dimensional,
Lagrangian footprint model and continuous traffic count data. The CO2 budget
of the ecosystem had to be adjusted by 135 g C m�2 in 2007 and by 134 g C m�2
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in 2008 to determine the natural flux, even though the road crossed the footprint
only at its far edge. We show that bottom-up flux estimates based on CO2 emis-
sions factors of the passing vehicles combined with the crosswind-integrated
footprint at the distance of the road agreed very well with the empirical estimate
of the traffic contribution that we derived from the eddy covariance measure-
ments. The approach we developed may be useful for other sites as investigators
seek to make eddy covariance measurements on small patches within heteroge-
neous landscapes where there are significant contrasts in flux rates. However, we
caution that the modelling approach is empirical and it will need to be adapted
individually to each site.

4.1. Introduction

The recent decades have seen large increases in the extent of urban and built-up land use.
From 1982 to 1997, built-up areas increased by 37% in the United States and they are pro-
jected to increase by another 79% by 2025 (Alig et al., 2004), with much of the growth in
suburban areas (Kahn, 2000). Although European cities traditionally have been much more
compact, their built-up area has also increased, by 20% from 1980 to 2000 (European Com-
mission, 2006). Urbanized areas represent a major source of CO2 to the atmosphere due
to the concentration of human activities that depend on energy from fossil fuel combustion.
At the same time, many built-up areas, especially suburban land use-types, contain signif-
icant amounts of vegetation that takes up CO2 by photosynthesis and releases it through
metabolic activity. Against this background, there has been increasing interest in measuring
land–atmosphere fluxes of CO2 in different types of urban settings (e.g. Grimmond et al.,
2002; Nemitz et al., 2002; Soegaard and Moller-Jensen, 2003; Moriwaki and Kanda, 2004;
Vogt et al., 2006; Coutts et al., 2007; Schmidt et al., 2008; Vesala et al., 2008).

Suburban areas in the United States are often dominated by single-family detached houses
surrounded by turf-grass lawns, trees, and other green spaces. Milesi et al. (2005) estimated
that cultivated turf-grasses covered 163,800 km2 of the continental United States, which
would represent a large potential area for CO2 exchange. However, direct measurements
of land–atmosphere fluxes using the eddy covariance method above lawn ecosystems are
difficult due to the typically small dimensions of lawns and the heterogeneity of land use
in an urbanized landscape. For example, in suburban Minneapolis–Saint Paul, Minnesota,
our study site surrounding the KUOM tall tower had 34% cover of turf-grass lawns within
a residential area of 4 km2. However, there was only one lawn of sufficient size for eddy
covariance measurements that was not a sports field or golf course, neither of which would be
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suitable for a long-term installation of micrometeorological instruments. Given the typically
small patch size of urban turf-grass lawns, there is the potential that CO2 fluxes measured
above them may be influenced by nearby CO2 sources such as passing traffic.

Many neighbourhood-scale studies show that traffic is an important source of short-timescale
variations in CO2. Grimmond et al. (2002) implicitly state that the CO2 flux largely depends
on emissions of fixed (industrial, commercial, institutional) and mobile (traffic) sources, in
addition to the variations in vegetation cover. To separate the fluxes originating from differ-
ent land surfaces and mobile sources requires highly detailed information about the spatial
distribution of the sources and sinks, as well as the spatial extent of the flux source area,
or footprint. For this reason, previous studies have used approaches such as wind sector
analysis of surfaces such as park versus main traffic route (Nemitz et al., 2002; Vesala et al.,
2008; Burri, 2009) or have installed multiple towers in different areas of the city (Coutts
et al., 2007). In order to verify such top-down approaches to separating the sources and
sinks of CO2, smaller, ecosystem-scale flux measurements can be of potential benefit. At
the scale of a single turf-grass lawn, we can assume horizontal homogeneity and often a flat
surface. However, there is the potential that CO2 from traffic sources located beyond the
fetch of the turf-grass field could affect the measured fluxes. In this respect, the problem
that fluxes from outside of an ecosystem of interest may influence the measured fluxes is
also common to natural or managed ecosystems that normally occur in small patches, e.g.
in arctic tundra (McFadden et al., 1998), at mountainous sites (Hammerle et al., 2007; Hiller
et al., 2008), or a single agricultural field (Ammann et al., 2007).

In this study, we show that even when the flux footprint was mainly within a turf-grass
field and the CO2 fluxes followed expected ecological patterns, a very small contribution
from traffic CO2 emissions introduced a bias in the annual carbon budget. We analyzed
winter data when the vegetation was dormant to develop an empirical estimate of the traffic
effect on the measured CO2 fluxes, based on the footprint model of Kljun et al. (2004) and
continuous traffic count data. As a check on the magnitude of the traffic flux predicted by
our empirical model, we used published emissions factors (INFRAS, 2004) to independently
estimate the amount of CO2 released by passing traffic. These analyses also provided us
with a unique way of assessing the performance of the footprint model that was roughly
analogous to a tracer experiment, but using a long-term site where the well-defined traffic
source represented a natural tracer (e.g. Foken and Leclerc, 2004; Göckede et al., 2005).
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4.2. Methods

4.2.1. Site description

The study site was located in a first-ring suburb of Minneapolis–Saint Paul, Minnesota, USA
(44ı5904200N 93ı1101100W, 300 m a.s.l.). We made eddy covariance measurements of CO2,
water vapour, energy, and momentum exchanges over a 1.5 ha turf-grass field (Figure 4.1)
from November 2005 to May 2009. For the present study, we analyzed data from 2007 and
2008 since continuous traffic counts were available for those years. The dominant species
at the site were the C3 cool-season turf-grasses Kentucky bluegrass (Poa pratensis L.), tall
fescue (Festuca arundinacea Schreb.), and perennial ryegrass (Lolium perenne L.). The site
was representative of low-maintenance lawns in the area, such as those found in residential
neighbourhoods or a city park. The site was not irrigated and it received one application
of fertilizer per year. During the growing season (mid-April to mid-October), the grass was
mowed weekly to a height of 70 mm, and the clippings were left in place to decompose.
A two-lane county road carrying primarily commuting traffic (�10,000 vehicles day�1)
was located on the western edge of the turf-grass field, at a distance of 60 m from the
tower (Figure 4.1). The surrounding landscape was a residential neighbourhood consisting
of single-family detached houses with a golf course located across the road to the west of
the turf-grass study site.

Minnesota exhibits a continental climate, characterized seasonally by different air masses.
Cold polar air can intrude in any season, most frequently in the winter. Conversely, both
wet and dry subtropical air masses move in from the south mainly in summer (Seeley and
Jensen, 2006). The mean air temperature (based on the period 1971–2000) is –10.5ıC in
January and 22.9ıC in July (NCDC, 2003). The mean annual precipitation is approximately
750 mm, peaking in the summer months when thunderstorms are common (NCDC, 2003).
The average snow cover in January and February is about 0.10–0.15 m (Minnesota State
Climatology Office), but varies widely within the season and among years. Depending on
the air temperature and the thickness and composition of the snow pack, the soil freezes to a
depth >0.05 m for at least part of the winter.

4.2.2. Instrumentation

CO2 fluxes were measured at 1.35 m above the ground surface using an eddy covariance sys-
tem consisting of a CR5000 data-logger, a CSAT3 sonic anemometer (both Campbell Sci-
entific, Inc., Logan, Utah, USA) and an open-path infrared gas analyzer (IRGA) (LI-7500,
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LI-COR, Inc., Lincoln, Nebraska, USA). The measurement height was not adjusted during
winter for changes in snow depth because the open site was often wind blown, and snow
accumulation was generally low. Soil temperature was recorded at two locations at 0.05
m below ground (STP1, Radiation and Energy Balance Systems, Inc., Seattle, Washington,
USA). The incident photosynthetically active photon flux density (PPFD) was measured at
2 m above ground (LI-190SA, LI-COR, Inc., Lincoln, Nebraska, USA).

4.2.3. Data processing

Fluxes were calculated using a slightly modified version of the eth-flux program developed
by Werner Eugster (http://www.ipw.agrl.ethz.ch/�eugsterw/eth-flux/index.html). This pro-
gram was part of the CarboEurope software inter-comparison (Mauder et al., 2008). We
added a new spike filter to the software, following Vickers and Mahrt (1997). Using a 300
s point-to-point moving window, values exceeding the mean by ˙6 standard deviations (� )
were removed. The maximum number of consecutive spikes was set to 5, and the proce-
dure was repeated up to 3 times for each 30-minute block of data. Prior to running eth-flux,
raw data records were screened and replaced by missing values if the instrument flags were
high or if the measurements exceeded the instrument range, indicating measurement prob-
lems. Fluxes were computed over 30-minute periods by applying a time lag if needed, and
calculating the covariance between the vertical wind speed and the scalar, e.g. the CO2
concentration, using the block averaging method.

High-frequency losses in the fluxes were corrected using Moore’s [1986] transfer func-
tions for line averaging (sensible heat flux) and additionally sensor separation for the water
vapour and CO2 fluxes, with the resulting correction factor trimmed to maximum of 1.5.
The sonic temperature was corrected following Schotanus et al. (1983) and corrections for
density effects were made following Webb et al. (1980). No adjustments for self-heating of
the LI-7500 (e.g. Burba et al., 2008) were applied because we did not observe systematic
apparent net CO2 uptake during winter and because of the uncertainty of the empirical cor-
rections due to their dependence on the tilt angle of the LI-7500, the wind direction, and the
wind speed. The CO2 flux was corrected for changes in storage in the air column below the
sensor by calculating the change in the CO2 concentration measured by the LI-7500 over
each 30-minute period.

Before further analysis, we screened out periods with wind directions from 16ı–135ı,
a wind sector which included experimental and irrigated lawn patches that were located
behind the eddy covariance tower (see Figure 4.1). We screened out precipitation events
using measurements from a rain gauge at a weather station located 750 m away from our
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study site. We removed records when the path of the IRGA was obscured (automatic gain
control >69). Outliers were detected using a day-to-day running window of 13 days if the
point occurred outside the mean ˙3 � . This screening was done separately for daytime
and nighttime data. Using the algorithm of Gu et al. (2005), a low u� threshold of 0.06
m s�1 was determined. Data were screened out if this threshold was not exceeded or the
mean wind speed was <0.6 m s�1. We followed the sign convention that positive CO2 flux
densities represent net efflux, and negative flux densities represent net uptake, of CO2 by
the ecosystem. We assessed the footprint climatology over the study period by calculating
the footprint for each valid 30-minute period using the model of Kljun et al. (2004) and then
plotting contours of the average relative contributions of different land areas to the measured
fluxes as in Rebmann et al. (2005) (see Figure 4.1). We note that the measured fluxes did
not originate only from within the area enclosed by the isopleths in Figure 4.1. Rather, the
isopleths represent the average relative contributions of different land areas over the two-
year period; however, individual 30-minute flux footprints did intersect the road when winds
were blowing from that direction. This, combined with a relatively high source magnitude,
meant that the traffic emissions contributed significantly to the measured fluxes, and this
was especially apparent in winter when biological activity was low. Data are reported with
respect to local standard time (UTC–6h).

The overall data availability is shown by the gray shaded lines above the CO2 flux finger-
print in Figure 4.2. The longer data gaps were due to failures of the buried power system
during snow melt in spring or after lightning events in summer, and the shorter gaps were
due to instrument maintenance and technical problems (13% in 2007 and 2008, white areas).
Apart from the longer gaps, the overall data availability was reasonable, and only 23% of the
measured fluxes (grey areas) were rejected due to our screening criteria, as described above.

4.2.4. Gap filling

We used a gap-filling approach similar to the one described by Falge et al. (2001). Day-
time gaps (PPFD >10 µmol m�2 s�1) were filled using light-response curves (Ruimy et al.,
1995) and nighttime gaps were filled using a temperature-driven model of ecosystem respi-
ration (Lloyd and Taylor, 1994). For the ecosystem respiration model, we implemented the
parameterization following Moureaux et al. (2006). The gap-filling process was performed
iteratively, and the parameters for both models were determined using an overlapping, cen-
tred, running window that started with a length of 7 days and increased by 2 days in each
loop. The parameters were accepted only if at least 100 valid measurements were available
in the window and the model parameters were significant (Student’s t-test, p<0.1) (Desai
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et al., 2005). We determined the start and end of the winter period when there was no plant
uptake of CO2 by examining the diurnal cycle of fluxes and additional meteorological data.
During the winter period, the light-response model was not used and, thus, only the ecosys-
tem respiration model was used for gap filling over the full diurnal cycle. The light-response
model was again used immediately following spring snowmelt because the turf-grass began
to green up within one week after it was free of snow cover. Because the growing season
of turf-grasses normally ends abruptly following a hard frost, we added break points to the
gap-filling routine to indicate sudden changes in ecosystem productivity. At these points,
we forced the moving window to break and thus prevented the mixing of data from before
and after the event. Additional break points were added to indicate the onset and end of the
midsummer drought period. All break points were determined examining the diurnal cycle
for significant, abrupt changes in CO2 exchange, along with additional meteorological data.

Missing meteorological data were filled by linear regression using data from a National
Weather Service cooperative station operated by the University of Minnesota that was lo-
cated 750 m from our measurement site.

4.2.5. Traffic counts and CO2 emission factors

Traffic was counted continuously by the Ramsey County Department of Public Works using
an inductive loop detector located at the nearest intersection along the road that passed our
study site. We obtained counts of the number of vehicles that crossed the intersection in
each direction of travel for every 15-minute period. In order to assess the vehicle fleet
composition, we recorded traffic using a web cam during a weekday in April 2008. Using
the video recording, we manually counted traffic and assigned each vehicle to the following
classes: motorcycles, passenger cars, pickup trucks and sport utility vehicles (SUVs), vans,
buses, single-unit trucks, and trailer trucks.

We obtained CO2 emission factors for each vehicle class from the Handbook Emission
Factors for Road Transport (Version 2.1, INFRAS, 2004). We retrieved emission factors
that were appropriate for the fuel type distribution and vehicle age distribution typical of
Minneapolis–Saint Paul suburban areas in 2007 (Adam Boies, pers. com. 2008), as well
as the road characteristics (i.e., suburban, flat terrain, and 64 km h�1 (nominally 40 miles
h�1) speed limit). Then, we weighted the emission factors by the frequency of each vehicle
class and multiplied by the measured traffic counts to calculate the total CO2 emissions from
traffic for 30-minute intervals matching our eddy covariance measurements.
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4.2.6. Estimating traffic effects on measured CO2 fluxes –

development of an empirical model

We assessed the influence of traffic on the observed CO2 fluxes by using a flux footprint
model in combination with the continuous traffic count data. We used the parameterization
(Kljun et al., 2004) of the footprint model from Kljun et al. (2002). In this model, the
crosswind-integrated footprint prediction f y represents the influence of the area located at
a distance x from the tower and integrates the flux contribution over the entire width of the
footprint. In order to assess the contribution of the road to the total CO2 flux, we computed
f y for each 30-minute measuring interval, setting x equal to the distance between tower
and the road along the direction of the mean wind (i.e., the fetch length). The boundary-
layer height was defined at a constant value of 1000 m. As the traffic contribution decreases
with increasing fetch whereas the uncertainty of the footprint grows, we excluded from the
empirical model any 30-minute intervals when the fetch length was >350 m (corresponding
to 190ı < wdir < 350ı and the footprint being parallel to or pointing away from the road)
and, instead, we set the estimated traffic CO2 flux to zero.

In the following, the influence of the road within the footprint is denoted by f y road. This
term varied with turbulence and surface characteristics, depending on the following vari-
ables: the distance between the tower and the road in the prevailing wind direction, the
friction velocity, the instrument height, the standard deviation of the vertical wind, and the
roughness length. For a given wind direction (i.e., constant fetch length), and instrument
height, f y road varied with atmospheric stability and wind speed. In this case, a larger foot-
print corresponded to a greater influence from the road. On the other hand, for a given set
of atmospheric conditions, f y road varied with wind direction because the angle of the wind
altered the fetch length between the tower and the road.

To estimate traffic CO2 fluxes, we developed a multiple regression model that accounted
for variations in both traffic and meteorological conditions, the latter through the informa-
tion on the footprint and the fetch length that was represented by f y road. To exclude other
environmental drivers, we fitted the model using winter data when the daily maximum soil
temperature was below the freezing point and the snow cover was continuous. Under those
conditions, there was no photosynthetic uptake by turf-grass, and we could assume that the
only ecosystem contribution to the measured CO2 flux was a very low and nearly constant
efflux due to soil respiration. During this period, the Pearson’s product-moment correlation
(r) between the CO2 flux and the traffic volume was 0.47, while the correlation between the
CO2 flux and f y road was 0.31. We fitted the following multiple regression model, including
all interaction terms:
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FCO2;meas D intercept C af y road„ ƒ‚ …
FCO2;eco

C bnvehicles C cf y roadnvehicles„ ƒ‚ …
FCO2;traf

; (4.1)

where FCO2;meas was the measured flux at the tower and nvehicles denoted the number of
passing vehicles during the 30-minute interval. The terms intercept and af y road did not
depend on nvehicles and, together, they represented the ecosystem CO2 flux, FCO2;eco. The
quantityFCO2;eco is equivalent to the net ecosystem exchange (NEE) of CO2 that is commonly
reported for flux sites in natural ecosystems. The sum of the other two terms, bnvehicles C

cf y roadnvehicles, provided an estimate of the traffic related flux, FCO2;traf.

4.3. Results and Discussion

4.3.1. CO2 flux measurements

At first sight, the flux measurements over the turf-grass field did not appear to show signs that
traffic emissions had contaminated the normal temporal patterns of ecosystem CO2 fluxes.
If traffic emissions were important, we would have expected to find positively biased fluxes
during rush hours in the morning and early evening throughout the annual cycle. However,
the flux fingerprint for the years 2007 and 2008 (Figure 4.2) showed CO2 fluxes that had
generally similar diurnal, weekly, and annual patterns as compared to natural grasslands and
pastures (Flanagan et al., 2002; Byrne et al., 2005). The annual cycle of CO2 fluxes followed
a similar pattern in both years. When soils were frozen and the ground was snow covered, the
fluxes had small positive magnitudes and the ecosystem was a net source of CO2. Following
snowmelt in April, turf-grass photosynthesis began rapidly and the first negative fluxes were
observed, increasing throughout the spring. This period of strong CO2 uptake was followed
by warmer and drier weather in midsummer, and the flux fingerprint showed a mid-summer
decline in growth rates that is characteristic of cool-season turf-grasses (Fry and Huang,
2004). In 2007, an unusually dry spring was followed by a warmer than average summer,
and the flux fingerprint showed a more severe mid-summer decline in CO2 uptake during
that year. In both years, when cooler conditions returned in late summer and fall, turf-grass
growth increased and a second period net CO2 uptake was observed in the flux fingerprint.

In addition to the flux fingerprint analyses, we examined the data set in the following
ways for evidence that traffic emissions had affected the measured CO2 fluxes. First, we
reasoned that CO2 concentrations would be elevated when the wind direction was from the
west, which represented the shortest distance between the tower and the road. However, we
did not find a relationship between CO2 concentration and wind direction. On the contrary,
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during the summer we found that CO2 concentrations were commonly lower when the wind
was from the west because this direction was also affected by strong plant uptake of CO2 due
to a golf course on the other side of the road. Second, if traffic emissions were important, we
expected that light-response curves of the CO2 flux would differ between weekday versus
weekend periods. However, the scatter in the light-response curves was large relative to the
magnitude of the traffic contribution, and thus no such pattern was found in the data. Third,
we binned the data into periods when the wind was blowing over the road versus other wind
directions, and then compared light-response curves of the CO2 flux. However, this com-
parison was confounded by the characteristically different weather conditions that occurred
with the different wind sectors. Whereas north-westerly winds occurred with cooler weather,
southerlies brought warm and humid air from the Gulf of Mexico. The systematic tempera-
ture differences that were associated with the wind patterns, and their consequent effects on
ecosystem respiration, likely explain why we did not observe a signal of traffic emissions in
these analyses.

4.3.2. Empirical model of traffic CO2 fluxes

A final set of analyses was limited to mid-winter periods when the soil was frozen to a
depth at least 0.05 m and the ground was covered by snow. During this period, there was no
photosynthetic uptake by turf-grass, and we could assume that the ecosystem contribution
to the measured CO2 flux was very low and varied within a narrow range depending on soil
temperature. Despite this, the variations in the measured winter fluxes were only weakly
correlated with soil temperature (r = 0.05). Instead, we found that the measured CO2 fluxes
were strongly related to the number of vehicles passing on the nearby road (upper panels in
Figure 4.3). The correlation between the measured CO2 flux and the traffic counts was 0.46
on weekdays and 0.27 on weekends. With this information, we fitted the model described in
Section 4.2.6 to separate traffic CO2 emissions from the ecosystem CO2 flux.

We fitted Equation 4.1, including all interaction terms, and obtained a parameterization
with R2 = 0.35 (Table 4.1). That the model explained only 35% of the variation in the mea-
sured CO2 flux was not unexpected given that ecosystem fluxes (i.e., soil respiration driven
by temperature) also contributed to the measured CO2 fluxes, even in winter. In addition, the
footprint climatology (Figure 4.1) showed that the relative influence of locations as far away
from the tower as the road would have been small for the entire years 2007 and 2008. How-
ever, despite the fact that the main source area of the measured fluxes was located within
the turf-grass field, the source strength of motor vehicle emissions was large and there was a
clear signal of the traffic in the CO2 flux when the wind was blowing from the road towards

76



4.3. Results and Discussion

the tower (upper panels of Figure 4.3). In order to remove the traffic CO2 emissions from
our measurements, we subtracted the estimated traffic related flux F CO2;traf (i.e., boldface
parameters in Table 4.1). After subtracting F CO2;traf using this approach, there was no longer
a diurnal cycle in the observed fluxes, which was the pattern we would have expected to find
over a field that was covered with snow (lower panels of Figure 4.3).

Figure 4.4 illustrates the characteristics of our empirical model of traffic CO2 fluxes. Plot-
ting the estimated F CO2;traf by the wind direction resulted in a bell shaped curve. The wind
direction is directly related to the length of the fetch over the turf-grass field, and the highest
fluxes from traffic occurred when winds blew directly from the road to the tower and the
fetch length was shortest. The scatter within each wind sector may be attributed to both
variations in the dimensions of the footprint with atmospheric conditions and variations in
traffic counts with time. Variations in roughness length with season or wind direction were
accounted for in the empirical model because it was based on the footprint information, and
measured values of z0 were used to compute the footprint for each 30-minute period.

4.3.3. Empirical model compared to traffic CO2 flux estimates based

on emission factors

As a check on the magnitude of F CO2;traf predicted by our empirical model, we used pub-
lished emissions factors to independently estimate the amount of CO2 released by passing
traffic. First, we assessed whether there was a linear relationship between the CO2 emissions
by traffic, as estimated in Section 4.2.5, and the number of passing vehicles (Figure 4.5). A
linear relationship between the number of passing vehicles and the observed flux would
be expected if the fleet composition did not vary significantly over time. This relationship
yielded an R2 of 0.999 and the variations in fleet composition over the course of the day
were minor (lower panel in Figure 4.5); therefore, we determined that a linear relationship
was appropriate for our site.

For the following analysis we used the same winter data set that was used to derive the
model, but we included only data with wind directions from 240–300ı, so that traffic con-
tributions would be at their maximum. For the same reason, we also excluded data when
more than 90% of the footprint was within the turf-grass area and did not overlap the road.
These restrictions reduced the data set to 74 valid 30-minute records. The linear relationship
between F CO2;traf and the number of passing vehicles yielded an average of 53.32 mg C m�1

vehicle�1 (upper panel in Figure 4.5). We multiplied this emission factor by the number of
passing vehicles to produce an estimate of the traffic related CO2 emissions for each 30-min
flux measurement interval. In order to compare this estimated traffic related flux to the one
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obtained from the eddy covariance system, we multiplied traffic related emission rate with
f y road to account for the size of the footprint at that time period and devided it by 1800 to
obtain an emission rate per second instead of per 30-minutes.

Figure 4.6 shows a scatterplot of FCO2;meas against the CO2 fluxes that were estimated us-
ing emissions factors, as well as the linear regression between these variables. The intercept
of 0.004 mg C m�2 s�1 was similar to the residual flux after applying the empirical traffic
correction model (see Figure 4.3) and it can be attributed to the average winter soil respi-
ration. At the same time, we note that the empirical traffic correction model described in
Section 4.2.6 had the advantages that potential biases in estimating per-vehicle traffic emis-
sions were not translated into the traffic correction and we did not need to know the footprint
width.

4.3.4. Impact of traffic emissions on annual CO2 fluxes at this site

We assessed the overall influence of the traffic related CO2 flux on an annual basis by running
the gap-filling procedure described in Section 4.2.4, once using a data set in which the
influence of traffic was removed and once where it was not. Removing the CO2 flux caused
by traffic changed the annual carbon budget by 135 g C m�2 in 2007, and by 134 g C m�2

in 2008 (see Figure 4.7). We note that these values do not represent an exact quantification
of the CO2 flux contribution from traffic. This is because our gap-filling procedure, like
most such approaches, did not account for differences in CO2 flux with wind direction. This
means that, when we ran the gap-filling procedure without first having removed traffic effects
from the data, gross primary productivity could have been underestimated and ecosystem
respiration overestimated on either side of the gap, thereby propagating effects of a given
traffic flux into gap-filled values. After subtracting FCO2;traf, the pattern of FCO2;eco between
the two years showed the impact of the observed weather conditions: the dry period in spring
2007 reduced photosynthetic uptake, leading to a higher annual NEE, while the relatively
long and cold winter of 2008 reduced winter respiration, leading to a lower annual NEE.
The similar magnitude of the traffic effect between 2007 and 2008 is consistent with the
similar amounts of traffic in the two years (total volume of 3:51 � 106 vehicles in 2007 and
3:40 � 106 vehicles in 2008). In addition, it suggests that variations of the flux footprint
over time were similar between the two years on average. The fact that traffic related CO2

fluxes were essentially equal in 2007 and 2008 means that the relative differences in NEE
between years were robust. Even though the road was outside of the main footprint area and
the effect of traffic emissions on each 30-minute flux observation was small, these values
show that traffic had a significant impact on the annual carbon budget because it represented
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a small, continuous positive bias. For our study site, the correction converted the ecosystem
from a net source to a net sink in 2008.

4.4. Conclusions

We measured CO2 fluxes above a lawn that was relatively large for a patch of homogeneous
turf-grass cover in a suburban neighbourhood. We found that, even with a low measurement
height of 1.35 m, the limited fetch (from 60 to a few hundred meters) was insufficient to
completely exclude fluxes from adjacent areas. These results are consistent with the estab-
lished rule of thumb for micrometeorological measurements that the uniform fetch should
equal at least 100 times the measurement height (Horst and Weil, 1994). However, we also
found that a footprint model could successfully quantify the effects of traffic emissions from
outside the measurement area, given that the location of the road relative to the flux tower
was known and the CO2 source from traffic could be estimated using traffic counts. Our
empirical model of traffic CO2 fluxes agreed closely with a bottom-up approach that used
footprint-weighted emission factors. This further suggests that the footprint model produced
reasonable estimates even at the edge of its domain. While we believe the empirical model
accurately quantified the main effects of traffic emissions on the measured fluxes, we would
recommend nonetheless that the corrected, ecosystem CO2 flux data be interpreted with
caution. The approach we developed may be useful for other sites as investigators seek
to make eddy covariance measurements on small patches within heterogeneous landscapes
where there are significant contrasts in flux rates. However, we caution that the modelling
approach is empirical and it will need to be adapted individually to each site.
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Rebmann C, Göckede M, Foken T, Aubinet M, Aurela M, Berbigier P, Bernhofer C, Buch-
mann N, Carrara A, Cescatti A, Ceulemans R, Clement R, Elbers JA, Granier A, Grünwald
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Figure 4.1.: Aerial photograph of the turf-grass flux site (U.S. Geological Survey, 2004)
with the footprint climatology. The white lines are isopleths indicating land
areas having the same relative contribution to the measured fluxes, averaged
cumulatively over all valid measurements during 2007 and 2008. Solid lines
represent 10% contour intervals and the dashed line indicates the 5% isopleth.
Even though the footprint climatology does not intersect with the road, individ-
ual 30-min footprints (not shown) will. The white cross indicates the position
of the flux tower. Areas to the east of the flux tower were behind the instrument
array and included irrigated experimental plots of turf-grass and some small
maple tree saplings; these wind sectors were screened out of our analyses.
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Figure 4.2.: Fingerprint of the CO2 flux using gap-filled data for the years 2007 and 2008.
Positive fluxes represent net efflux, whereas negative values represent net up-
take, of CO2 by the ecosystem. The gray-shaded lines above the flux fingerprint
indicate data availability. Black points indicate high-quality data, gray points
represent data removed due to low quality, and white areas indicate gaps due to
instrument failure, tower maintenance, or power outages.
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Figure 4.3.: Diurnal cycle of the traffic volume and the CO2 flux for weekdays (left panels)
and for weekends and holidays (right panels) binned into 1-hour classes. The
selected data were from all winter days in 2007 and 2008 when the soil was
frozen to a depth of at least 0.05 m and there was a continuous snow cover. The
gray band shows the 95% confidence interval for the traffic volume. The CO2
fluxes are means for each 1-hour class and the corresponding error bars indicate
˙1 standard error. For the weekdays, the fluxes were split into three classes,
one with high road impact (f y road >0.001, round symbols and lined error bars),
one with low road impact (0.001 > f y road >0.00005, open symbols and lined
error bars), and no traffic impact (f y road D0 and wind direction <180ı, triangle
symbols and arrow error bars).
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Figure 4.4.: The figure shows how the traffic related flux FCO2;traf varied with the fetch size,
i.e. the distance x from the tower to the road (upper horizontal axis), which in
turn varied with the prevailing wind direction (lower horizontal axis). Boxes
show the quartiles and horizontal bars indicate the median for each wind direc-
tion class. Whiskers show the lesser of the full data range or ˙ 1.5 times the
inter-quartile range and open circles indicate data points >1.5 times the inter-
quartile range. Within each box, the calculated CO2 contribution per vehicle (
FCO2;traf=nvehicles) is linearly dependent on the footprint size (f y road).
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Table 4.1.: Parameterization of the empirical model presented in Equation 4.1. The parame-
ters in boldface were used to calculate the traffic related flux F CO2;traf.

Estimate Std. Estimate p-value R2

intercept Œmg C
m2 s � 5.6e-03 4.4-04 <0.001

a Œmg C
m s � 1.2e-01 2.3e-01 0.61

b Œ mg C
m2 s vehicle � 3.2e-05 1.7e-06 <0.001

c Œ mg C
m s vehicle � 5.8e-03 8.7e-04 <0.001

0.35
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Abstract

Fast response optical analyzers based on laser absorption spectroscopy are the
preferred tools to measure field-scale mixing ratios and fluxes of a range of trace
gases. Several state-of-the-art instruments have become commercially available
and are gaining in popularity. This paper aims for a critical field evaluation and
intercomparison of two compact, cryogen-free and fast response instruments: a
quantum cascade laser based absorption spectrometer from Aerodyne Research,
Inc., and an off-axis integrated cavity output spectrometer from Los Gatos Re-
search, Inc. In this paper, both analyzers are characterized with respect to pre-
cision, accuracy, response time and also their sensitivity to water vapour. The
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instruments were tested in a field campaign to assess their behaviour under vari-
ous meteorological conditions. The instrument’s suitability for eddy covariance
flux measurements was evaluated by applying an artificial flux of CH4 gener-
ated above a managed grassland with otherwise very low methane exchange.
This allowed an independent verification of the flux measurements accuracy,
including the overall eddy covariance setup and data treatment. The retrieved
fluxes were in good agreement with the known artificial emission flux, which is
more than satisfactory, given that the analyzers were attached to separate sonic
anemometers placed on individual eddy towers with different data acquisition
systems but similar data treatment that are specific to the best practice used by
the involved research teams.

5.1. Introduction

Understanding the temporal dynamics of methane emission at the global scale requires con-
tinuous and long-term field measurements of CH4 fluxes at representative sites, where the re-
lationships between landscape-scale flux measurements and their environmental drivers can
be investigated (Bartlett and Harriss, 1993; Bubier and Moore, 1994). The well established
chamber technique, however, poorly captures the spatial and temporal variability of gas ex-
change despite its undebated usefulness for small scale (plot-level) studies. The general
problems associated with chamber flux measurements are leaks, inhibition of fluxes through
concentration build-up and pressure effects, which are well known limitations of this method
(Matthias et al., 1978; Bain et al., 2005; Camarda et al., 2009). Alternatively, micrometeoro-
logical methods like eddy covariance (EC) integrate trace gas exchange over extended areas
(typically hundreds of m2) – appropriate for landscape scale studies. However, these tech-
niques rely on fast response, field-deployable and high-sensitivity instruments, which can
rapidly resolve small (preferably better than 0.1%) concentration changes in CH4 at ambient
level. Until recently, EC flux measurements of CH4 required frequent re-calibration and/or
liquid nitrogen for the analyzers (Verma et al., 1992; Fowler et al., 1995; Friborg et al., 1997;
Werle and Kormann, 2001) leading to logistic limitations for unattended field deployment.

Recently, a number of new instruments appeared on the market, which may overcome
these shortcomings. However, just a very few studies have addressed their application in the
field for EC flux measurements and they focus on only one single type of analyzer (Eug-
ster et al., 2007; Eugster and Plüss, 2010; Neftel et al., 2007; Kroon et al., 2007; Hendriks
et al., 2008; Smeets et al., 2009). For novel instruments, it is rather challenging to validate
the retrieved EC flux data, because one cannot rely on a reference method, and CH4 emis-
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sions of natural sources are often very small. Although the analyzers may give the correct
mixing ratio under laboratory conditions, these readings do not necessarily translate to a
representative surface fluxes during a field campaign.

Here we characterize and compare two cryogen-free optical analyzers that allow for fast
and high precision measurement of methane mixing ratios in ambient air. For the validation
of flux data during field deployment, an artificial methane flux was generated at the surface of
an intensively managed grassland with otherwise very low methane flux. To our knowledge,
this is the first example of an intercomparison for methane flux measurements where eddy
covariance CH4 flux data were validated against a known, artificial source.

5.2. Material and methods

5.2.1. Instrumentation

In this study, we investigated two commercially available optical analyzers that are cryogen-
free and allow for CH4 measurements at high (>10Hz) temporal resolution: 1) an off-axis
integrated-cavity output spectrometer (FMA, Fast Methane Analyzer, Model 908-0001, Los
Gatos Research Inc., Mountain View, CA) and 2) a dual continuous-wave (cw) quantum
cascade laser based direct absorption spectrometer (QCLAS, Model QCL-76-D, Aerodyne
Research Inc., Billerica, MA). Even though the optical implementation and the signal pro-
cessing techniques used in the two instruments are quite different, the underlying principles
of infrared (IR) absorption spectroscopy apply to both analyzers. The trace gas mixing ratios
are determined based on the Beer-Lambert law:

ln.I0=I / D k�nL D Si��nL (5.1)

which relates the attenuation of light (I and I0 being the transmitted and incident light in-
tensity, respectively) to the number density n [molecule/cm3] of absorbing molecules along
the light path of length L [cm]. In this equation k� [1/(molecule cm�2)] denotes the spec-
tral absorption coefficient for an isolated transition i , and it is defined by the line strength
of the transition Si [cm�1/(molecule cm�2)] and by the normalized line shape function ��
[1/cm�1]. The number density, n, can easily be expressed in mole fraction of the absorbing
species using the ideal gas law. Given that the minimum detectable mixing ratio is deter-
mined by the noise-equivalent-power, absorption path length, absorption cross-section and
the incident laser power, it is evident that the detection sensitivity can be optimized using
several approaches.
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The QCLAS employs a mid-IR quantum cascade laser as light source which is particularly
attractive due to its stable single mode spectral output, high power and near room tempera-
ture operating condition. The advantage of selecting the mid-IR spectral region is that the
majority of trace gas molecules of interest have their fundamental ro-vibrational absorption
bands located at these energies and therefore the absorption strengths are also the highest
here. This explains the ability of the analyzer, equipped with two lasers, to measure not only
CH4 and H2O, but also the mixing ratios of N2O and NO2, respectively (see Table 5.1). For
this study, however, only the CH4 and H2O data were considered. The signal-to-noise ratio
is significantly improved by employing a multipass absorption cell which increases the ef-
fective light path through the absorber by more than two orders of magnitude. Nevertheless,
the main challenge in the direct absorption approach is to accurately measure small changes
(�IDI0�I ) of two large quantities. This limitation can be overcome by the rapid sweep
integration technique, where the absorption spectrum is typically acquired at 5–10 kHz and
the co-addition of many individual scans results in rapid gains in signal-to-noise ratio. Op-
tical fringes mainly resulting from unwanted etalons formed by reflections and scattering in
the multipass cell are effectively suppressed by a proper mechanical modulation of the cell’s
rear mirror using a piezo-crystal (McManus et al., 2006).

The FMA, on the other hand, operates in the near-IR region where low-cost distributed
feedback diode laser sources as well as photodetectors with high detectivity values are read-
ily available, and fibre optics can be efficiently used. This results in very compact, robust
and easy-to-build systems. However, the absorption strength (overtone transitions) of the
molecules is 10 to 103 times weaker than in the mid-IR region. To circumvent this con-
straint, a high-finesse optical cavity with high reflectivity mirrors (R>0:9999) is used to
achieve an effective path length of light on the order of kilometers (see Table 5.1). Thus,
the laser beam is trapped for tens of microseconds. The absorption signal is obtained in this
case by the time integrated intensity of the light passing through the cavity with and without
the absorbing medium and expressed as:

�I=I0 D GA=.1CGA/ (5.2)

where A is the single-pass absorption [AD1� exp.�k�d/] and GDR=.1�R/. R is the
mirror reflectivity, and d is the interaction length of the laser beam with the absorbing
medium. Once the mirror reflectivity is determined from a known concentration standard, it
also serves for the absolute calibration of the FMA.

For both analyzers, the absorption features are fitted to a Voigt profile, and the mixing
ratios are retrieved based on measured pressure, temperature, path length and molecular pa-
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rameters, which are listed in spectral data-bases such as HITRAN (Rothman et al., 2009).
While the FMA is stated to be calibrated by the manufacturer, the QCLAS requires calibra-
tion by the user. More detailed descriptions of the instrumental design and signal processing
have been published by Nelson et al. (2002) for QCLAS and by Baer et al. (2002) for FMA,
respectively.

5.2.2. Measurement site

The field measurements were conducted at the Oensingen experimental site, which is located
on the Swiss Plateau (7ı440 E, 47ı170N) at an altitude of 450 m a.s.l. The managed grass-
land field is part of the global FLUXNET observation network and the two large integrated
European projects CarboEurope and NitroEurope. The field is divided into two parts and
they differ in the management intensity (Ammann et al., 2007). However, during the present
experiment in spring, both fields were covered by similar short grass vegetation and did not
show a significant methane exchange.

All experiments assessing the analyzers performance were performed in this field site,
which was motivated by our effort to test the instruments under the same conditions as they
are employed in the EC measurements. The only exception was the water dilution experi-
ment, which required, as it will be discussed in Sect. 5.3.1, a temperature-controlled labo-
ratory environment for an accurate water vapour generation and consecutive measurements
by the analyzers.

5.2.3. Trace gas flux generation

An objective evaluation of the suitability and accuracy of the instruments for measuring
methane fluxes by the EC method was achieved by an artificial flux generation system,
which mimics an amplified ecosystem-atmosphere gas exchange. For this purpose, stainless
steel tubing of 1/400 outer diameter was used to construct a rectangular grid containing 30
flow orifices (30 µm, Lenox Laser, USA) as gas outlets. As illustrated in Fig. 5.1, the grid
consisted of three parallel lines of 30 m length, 5 m apart to approximate a surface area of
300 m2. Each line embodied 10 flow orifices placed every 3 m along the tubing to obtain an
even release of trace gas across the fumigation area.

The gas release experiment took place in two periods between 25–29 March (south-
westerly wind directions, see Fig. 5.1) and 30 March–6 April 2009 (north-easterly wind
directions). For the first period, the trace gas was obtained through continuous dilution of
pure CH4 with N2 to a concentration of 5%, while during the second period, a pressurized
cylinder (40 L, Messer, Switzerland) containing 1% mole fraction of methane in pure N2
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was coupled to the manifold through a pressure regulator. The trace gas mixture was contin-
uously released at a rate of 0.8 standard liters per minute (slpm) set by a mass flow controller
(Vögtlin Instruments, Switzerland) at an overpressure of 182 kPa.

To relate the area of the artificial flux to the area seen by the measuring system, the
footprint of the flux measurements was calculated according to Neftel et al. (2008). The
calculations are based on the analytical footprint model by Kormann et al. (2001). The
footprint density function of a flux sensor is determined using readily available data from the
standard eddy covariance measurements. This footprint density function is then integrated
over the fumigation source area given as quadrangular polygon (Fig. 5.1). Its fraction gives
the dilution factor of the measured flux in relation to average emission flux in the source area.
In some cases, the footprint was also influenced by the neighbouring extensive grassland
field. This was, however, not problematic since both fields had similar short grass vegetation
during the experiment in spring.

5.2.4. Flux measurements

During the field measurements, the FMA was placed in a weatherproof housing close to the
eddy flux tower, whereas the QCLAS was kept in an air-conditioned (23˙2 ıCC) trailer to
minimize temperature fluctuations. Additionally, the entire optical module of the QCLAS
was insulated and maintained at 35˙0:1 ıCC. A constant flow of dry air purged the optics to
prevent condensation, which may occur due to the low temperature (16 ıCC) of the cooling
water used for the QCL (Alpes Lasers, Switzerland ) and the IR-detectors (VIGO System,
Poland). The trailer was located about 25 m away from the eddy flux tower in crosswind
direction. The instrument automatically switched between ambient air (four hours) and
calibration gas (two minutes). The FMA ran without any calibration procedure.

For the flux measurements, each trace gas analyzer was connected to a separate sonic
anemometer (with the air inlet 0.25 m below the center of the sonic head), thus forming two
individual eddy flux systems (see Table 5.1). The two EC systems were mounted close to
each other at a lateral distance of 0.7 m. In addition, CO2 and H2O fluxes were routinely
measured with another EC system on the same field (Ammann et al., 2007) positioned at a
distance of about 7 m. In order to better match the overlap between the size of the flux foot-
print and the CH4 fumigation area, the measurement height of the EC systems was chosen
relatively low at 1.2 m above ground.

For the EC flux measurements, the FMA was connected to an external vacuum scroll
pump (XDS-35i BOC, Edwards, UK) with a maximum pumping capacity of 580 lpm. The
sample was drawn through 6.7 m long tubing (8 mm i.d.) followed by two serially mounted
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filters (5 µ m and 0.3 µ m, AFM Series, SMC Inc., Japan) with droplet separator. The FMA
has a pressure controller that throttles the flow to maintain the cell at its target pressure of
�19 kPa. Due to the pressure drop within the sampling system and analyzer, the pumping
speed was reduced to an effective gas flow of about 30.5 slpm.

The QCLAS was connected to a scroll pump (TriScroll 600, Varian Inc., Italy) with a
maximum pumping capacity of 420 lpm. As the QCLAS has no built-in pressure or flow
control system, it is left to the user to deal with these issues. In the present study, a mass flow
controller (Red-y SmartSeries, Vögtlin Instruments, Switzerland) regulated the gas flow into
the absorption cell, while a high-flow throttle valve (SS-63TS8, Swagelok, USA) was used
to provide manual control of the downstream flow to keep the cell pressure at about 8 kPa.
Since the analyzer was placed in a trailer 25 m away from the eddy flux tower, a custom
made PTFE sampling tube (6 mm i.d., Hot Tube, Clayborn Lab, USA) was used to conduct
the air stream to the instrument. The air sample was first filtered at the inlet by a slightly
heated Quartz filter (MK 360, Munktell Filter, Sweden) and secondly before entering the
absorption cell using a 7 µ m sintered metal filter (SS-4F-VCR-7, Swagelok, USA). The
sampling tubing was maintained at about 10 ıCC above ambient temperature by applying a
constant current through its heating elements. The air was dried using a Nafion drier (PD-
100T, Perma Pure, USA) just before the analyzer. This setup resulted in a turbulent flow of
13.5 slpm.

More details about the EC setups and data processing methods are given by Eugster and
Plüss (2010) and Neftel et al. (2010) for the FMA and QCLAS setup, respectively. In con-
trast to Eugster and Plüss (2010), the methane signal of the FMA system was linearly de-
trended prior to the flux calculations to be consistent with the data processing strategy of the
QCLAS EC system.

5.3. Results and discussion

In this section, we first present the results of the analyzers’ performance tests and discuss the
various effects which may influence the retrieved mixing ratio values. Then, in situ methane
mixing ratio measurements and CH4 flux determination of the artificially fumigated area will
be discussed. Finally, we compare the experimentally determined fluxes with the known
emissions of the fumigation area.
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5.3.1. Instrument characterisation

Precision

The instrument performance in terms of detection limit and stability over time was charac-
terized in the field by the Allan variance technique (Werle et al., 1993). For this purpose, the
analyzers were connected through a T-split to a pressurized air cylinder and they measured
the same dry gas over 16 h. The gas flow rate was 2 slpm and the analyzers were config-
ured for low flow mode, but maintaining the same cell pressure as in the high-flow mode
used for EC measurements (see Table 5.1). The total gas consumption of the analyzers was
1.28 slpm, while the rest was released through an overflow. The methane mixing ratio was
measured with a time resolution of one second. The precision was 1 and 3 ppb Hz�1=2 for
FMA and QCLAS, respectively (Fig. 5.2). From the associated Allan variance plots an op-
timum averaging time on the order of 500 s can be derived. This corresponds to a detection
precision of 0.23 and 0.58 ppb, respectively. For integration times beyond 500 s, the Allan
variance levels off and even increases, which indicates the presence of 1=f -type and “drift”
noise. It is noteworthy that the Allan variance may have significant variations in time. This
behaviour is indicated in Fig. 5.2 where the range defined by many individual 30 min Allan
plots is shown (shaded area). Such representation illustrates that it is always possible to
obtain “nice” Allan plots with low drift, and hence good precision, by selecting the best data
segment from an extended time series. Figure 5.2 also shows that for half hour averaging
(commonly used in EC techniques) the advantage of the FMA’s higher short-time precision
is somewhat diminished by low frequency instrumental drifts.

The Allan variance plots in Fig. 5.2 are typical in the sense that they contain frequency in-
dependent white noise and frequency dependent 1=f ˛ (˛>1) noise (Werle et al., 1993). The
latter encompasses a noise at low frequencies which can be considered as drift. Accordingly,
the Allan variance has a characteristic “V-shape” defined by the white-noise dominated re-
gion at short integration times and by the domain of various drift effects at longer integra-
tion times. Our results are consistent with other recent work (Kroon et al., 2007; Smeets
et al., 2009; Eugster and Plüss, 2010; Bowling et al., 2009), suggesting that the achiev-
able detection limit for methane with the existing analyzers is about 1 to 5 ppb Hz�1=2,
which implies that variations of 0.05% in ambient methane mixing ratio are readily cap-
tured. The only strikingly different Allan variance plot has recently been published by
Hendriks et al. (2008). This plot has no clear domains nor local minima, and the reported
precision (6:1� 10�3 ppb Hz�1=2) is at least two orders of magnitude better than what is ex-
pected from the stated precision (4.74 ppb) at a sampling rate of 10 Hz. Assuming a pure
white-noise behaviour of the analyzer, the estimated precision should rather be 4:74=

p
10
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or 1.5 ppb Hz�1=2.

Accuracy

In principle, direct absorption spectroscopy is an absolute method that should allow for a
straightforward calculation of the mixing ratio from the measured signals. However, the
accuracy of this calculation depends on the knowledge of the molecular line parameters in-
cluding line strength, pressure and temperature dependence (listed in the spectral databases),
as well as instrumental laser line width and shape. Additionally, non-unity gain factors and
potential pressure broadening effects also bias the retrieved mixing ratios. Whereas the
FMA is delivered with factory calibration, the QCLAS is shipped without calibration, and
all corrections need to be performed by the user during a post processing step.

Three reference gases were used to determine the accuracy and the linearity of the ana-
lyzers and to calibrate the QCLAS. One cylinder (1838:5˙0:3 ppb CH4) was prepared and
calibrated at the World Meteorological Organization (WMO) Central Calibration Labora-
tory (CCL), while the other two (2273:1˙0:5 ppb and 2478:8˙0:5 ppb, respectively) were
secondary standards linked to the WMO mole fraction scale. A four-point calibration (in-
cluding zero) was performed, but given the stability and linearity of the analyzers a two point
calibration would be sufficient. The calibration factor was 1.0003 and 1.0516 for FMA and
QCLAS, respectively. The reproducibility determined by replicate measurements of the tar-
get tank was 0.9 ppb for FMA and 1.7 ppb for the QCLAS. It is noteworthy that the excellent
accuracy of the FMA has been maintained even after transport and under field deployment.

Response to water vapour

It is well known that density fluctuations arising from heat and water vapour fluxes affect
the measured flux densities of trace gases according to the Webb-Pearman-Leuning (WPL)
theory (Webb et al., 1980). The following paragraphs are dealing with considerations related
to water vapour that are not directly covered by the WPL theory, such as the effect of water
vapour on the spectral line shape. Drying the air sample or measuring its absolute moisture
content is required for an accurate methane mole fraction determination. This is, because
the laser spectrometers measure the mixing ratio of CH4 to total pressure (Pt), including also
the vapour partial pressure (PwDŒH2O�Pt), whereas the methane mixing ratio in calibration
gas is defined as dry air mole fraction. A dilution correction must thus be applied to the
reported raw mixing ratio values

ŒCH4�dry=ŒCH4�wetPt=.Pt�Pw/ (5.3)
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Furthermore, changing the gas composition by varying its water content will influence
the spectral line shape of the absorbing molecule (in this case CH4) due to the collisional
broadening effect and thus, the derived mixing ratio value. As the line shape function (see
Eq. 5.1) is determined by the physical mechanisms that perturb the energy levels of the tran-
sition (Varghese and Hanson, 1984), it is obvious that perturbations caused by molecular
collisions may differ as a function of the colliding molecules type. Within the binary colli-
sion assumption the collisional broadening effect is introduced as a Lorentz function with a
full-width at half maximum (c) that is proportional to the sample pressure

c D
X
j

jPj (5.4)

where j (cm�1 atm�1) is the transition dependent broadening coefficient quantifying the
ability of a molecular species j (e.g. N2, O2, and H2O) from the air sample to cause pressure
broadening due to the collisions with the absorbing molecules. The role of this collision-
induced interference of spectral lines in ro-vibrational spectroscopy is in many cases un-
derestimated. It is often stated that the instruments are interference free, which, however,
only means that there is no spectral overlap between the absorption line of the trace gas of
interest and the absorption features of other molecular species. Therefore, one might mis-
leadingly assume that there is no cross-sensitivity to other ambient air species. Nevertheless,
this assumption should be investigated carefully in the case of trace gas flux measurements,
because water vapour concentrations can vary rapidly and are often correlated with vertical
wind speed. Thus, any cross-sensitivity of trace gases to water may lead to an apparent flux.
In principle, it would be possible to implement in the retrieval software an algorithm to ac-
count for this collision-induced effect based on the theory of pressure broadening. However,
the commonly used spectral database, HITRAN, contains only the dry air broadened half-
width (air) for most of the absorption lines (Brown et al., 2003). Investigations performed
on simulated spectra which included the pressure broadening effect showed that quantifi-
cation using least-square fit of a Voigt profile will systematically underestimate the mixing
ratio values. For ambient water vapour levels (<4%v), the magnitude of this underestima-
tion can be well approximated using a linear dependence on the vapour partial pressure, and
thus a simple cross-sensitivity correction can be applied to the measured CH4 mixing ratio:

ŒCH4�=ŒCH4�dry C bctPw=Pt (5.5)

where bct is the cross-sensitivity coefficient of the particular device (Neftel et al., 2010),
which can also be determined empirically as shown below. Before doing so, we should
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mention an important aspect regarding the above corrections. While the dilution effect de-
pends only on the absolute amount of water vapour in the air sample, i.e. it is always present
in humid air sample, the water pressure broadening causing the cross-sensitivity effect will
depend linearly on the mixing ratio of the absorbing trace gas. This has an impact on the
determination of the bct value. For example, the slope will be twice as steep when the mix-
ing ratio of the absorbing trace gas is doubled, but it vanishes as the mixing ratio approaches
zero.

To investigate the effect of increasing humidity on the retrieved CH4 mixing ratio, the
analyzers were installed in an air conditioned laboratory and measured the gas from a pres-
surized dry air cylinder coupled to a water vapour generation system (LI-610, LI-COR Inc.,
USA). This dew-point generator gradually increased the humidity level of the gas every
20 min. The QCLAS simultaneously measured the methane mixing ratio and the water
vapour in the humidified samples. Thus, every single CH4 mixing ratio measurement can be
normalized to dry conditions (see Eq. 5.3) given that the humidity data are calibrated. The
LI-610 has been considered as reference point for absolute water concentration. The results
of the water dilution experiment are shown in Fig. 5.3. It clearly indicates that correcting for
dilution by water vapour only is not sufficient and, because no direct spectral interference to
water vapour is expected in this spectral region, the observed behaviour is attributed to the
line broadening effect of the increasing water content in the gas-matrix (Neftel et al., 2010).
Moreover the effect shows, in accordance with the theoretical prediction, a clear dependence
on the water vapour, which although is non-linear, it still can be approximated by a linear
function at usual ambient water vapour concentrations (<4%v). In our case its magnitude
is about 16% of the density correction, but as mentioned earlier, the exact value depends on
the CH4 mixing ratio as well as on the absorption lines which are used to retrieve the mixing
ratios. In this context, it is rather a coincidence that both analyzers showed exactly the same
cross-sensitivity effect, because the absorption lines analyzed by the instruments are located
at different (near and mid-IR, respectively) spectral regions. In contrast to the QCLAS, the
FMA measures a spectral feature of CH4 that is a combination of four individual, but closely
spaced, and thus not resolved, absorption lines (see Table 5.1). Nevertheless, this empiri-
cal approach allows for the determination of the cross-sensitivity coefficient bct without the
knowledge of the water pressure broadening coefficient value.

We also tried to repeat the dilution experiment in the field by gradually adding water
vapour to the gas stream from a pressurized air cylinder as described by Neftel et al. (2010),
but in this case the FMA showed only a random response to the increased humidity. One
could only speculate about the nature of such behaviour. One possible source could be
the presence of two serially mounted (5 µ m and 0.3 µ m) filters with droplet separators
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upstream of the FMA. These elements were used to further protect the cell mirrors during
the campaign, but they may also have dampened the water vapor levels considerably. Since
we had no means to determine the actual water content inside the cell of the FMA, the data
interpretation became difficult.

To summarize, the dilution experiment gives us solid evidence that water vapour flux may
introduce an apparent methane flux similar to the water vapour density effect. This is most
significant for small CH4 fluxes and large water vapour fluxes. In the density flux correction
equation proposed by Webb et al. (1980) there are three terms:

F D w0�0c„ƒ‚…
I

C� .�c=�a/ w0�0v„ ƒ‚ …
II

C .1C ��/
�
�c=T

�
w0T 0„ ƒ‚ …

III

; (5.6)

where w is vertical wind speed in m s�1, �a, �v, and �c are the densities of air, water
vapour, and a trace gas c, respectively, in kg m�3, T is air temperature in K, and �Dma=mv

and �D�v=�a. ma and mv are the molar masses (“weights”) of dry air and water vapour,
respectively, in kg mol�1. Term (I) is the measured flux, term (II) is the moisture flux cor-
rection, and term (III) is the sensible heat flux correction. Since temperature fluctuations are
largely under control in a closed-path CH4 analyzer such as the ones used here, this term
becomes negligibly small and hence we will focus on term (II). This term is non-negligible
if water vapour is not removed from the air stream prior to analysis or the measured mix-
ing ratios are not individually corrected for the dilution effect. As shown by Neftel et al.
(2010), the water cross-sensitivity on CH4 can formally be treated similar to the density cor-
rection. Its influence increases linearly with the water flux and will consequently be most
pronounced in summer conditions with high transpiration of the plant canopy. This effect is
illustrated by a series of measurements over the same grassland field taken in August 2008,
using the same QCLAS setup, but without drying the air samples. Consequently both, the
density (WPL) and the cross-sensitivity corrections had to be applied. This was performed
numerically on the individual 20 Hz raw data values. This procedure avoids the potential
overestimation of the correction due to the fact that the residence time of water molecules
in the sampling line is slightly longer than that of non polar molecules such as CH4 (Ibrom
et al., 2007). Figure 5.4 shows the scatter plot of the evaluated CH4 EC fluxes at different
stages of corrections. The corrected fluxes have been evaluated with a prescribed lag that
was derived from the maximum of the covariance function of the non corrected fluxes. This
lag corresponds to the expected time delay based on the tube length, diameter and pump
speed. The strong negative apparent CH4 fluxes up to �15 nmol m�2 s�1 are evidently in-
duced by water vapour fluxes, because the CH4 exchange fluxes of the grassland system in
Oensingen are expected to be very small. Applying the density correction reduces these
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negative fluxes by about a factor of 5. However, this still exceeds plausible limits of CH4

uptake fluxes (Neftel et al., 2010; Smith et al., 2000). The second correction brings the CH4

fluxes to slightly positive values that are individually not significantly different from zero,
but do show a tendency to emission fluxes and positive correlation with the water vapour
flux. These positive fluxes are on average higher than potential emissions from grassland
vegetation reported by Keppler et al. (2006). Yet the results are strongly dominated by the
uncertainties in the applied correction factors (water calibration of the QCLAS, cross inter-
ferences of the water vapour on the CH4 mixing ratio) and are sensitive to any slight change
in these factors.

Although not considered in this study, it should still be mentioned that an additional effect
may also influence the final CH4 flux values. This effect has its origin in the well known
physical process of adsorption of gas molecules on solid surfaces predominantly due to
attractive Van der Waals forces. In the classical model of gas adsorption (Langmuir’s model)
it is assumed that gas molecules striking the surface have a given probability of becoming
adsorbed, while molecules already adsorbed similarly have a given probability of desorbing,
which leads to a dynamic equilibrium where the average number of molecules per unit area
of surface per time interval are constant. The accumulation of a specific molecule on a solid
surface is influenced by many factors involved in the interactions between the solid surface,
water and the species concerned. This also means that there is a possibility that trace gases
like CH4 could be influenced by changes in the air humidity due to the competitive sorption
of water vapour on the surface. Given that water molecules have a high potential to replace
other molecules from surfaces and variation in the water vapour concentrations in high flux
conditions are on the order of 10%, i.e. about 5 orders of magnitude higher than the expected
CH4 variations, it may be worthwhile to consider this effect in future investigations.

Influence of temperature

The QCLAS is rather sensitive to ambient temperature fluctuations. This is due to the relative
large number of optical elements and the thermoelectrically cooled (TEC) infrared detectors
(Vigo Systems, PL). As mentioned in Sect. 5.2.1, the signal-to-noise ratio can be strongly
influenced by optical fringes whose magnitude mainly depends on the alignment accuracy
of the optical system. Furthermore, the employed detectors are particularly sensitive to the
aiming angle of incident light. This is due to the small size of the photodiodes (0.5 mm2

active area) and to their optical immersion into high refractive index GaAs hyperhemispher-
ical lenses. The influence of the changes in the optical aiming on the measured CH4 mixing
ratio was empirically estimated by deliberately creating a misalignment which caused 5%
decrease in the laser intensity on the detector. This resulted in an apparent change of 23 ppb
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CH4. Considering the laser intensity variations of about 0.35% over many hours during the
field campaign, the noise contribution to the analyzer precision was about 1.6 ppb at most.

The influence of changing cell temperature and pressure on the measured methane mixing
ratio by FMA has also been investigated. Even though the analyzer showed an excellent
stability during the field test, it was not completely immune to changes in ambient conditions
and a temperature dependence of 0.84 ppb K�1 could be established. Additionally, the CH4

mixing ratio values systematically dropped by 51 ppb when switching from low to high flow
mode. This, however, has no influence on typical eddy covariance measurements.

As a concluding remark, the QCLAS is more sensitive to temperature fluctuations than
the FMA. However, under well controlled environment this dependence can be efficiently
suppressed. For both setups, the drifts due to ambient temperature changes are too slow to
have any significant impact on EC flux measurements, but they are likely to affect accuracy
of absolute mixing ratio measurements in case of long-term monitoring applications.

Response time

In order to evaluate their responsiveness, the analyzers were placed in the field in their
typical sampling configuration as used for the eddy-covariance flux measurements. The
FMA sample gas flow of about 30.5 slpm corresponds to 165 lpm gas flow at a nominal cell
pressure of 19 kPa. Thus, the cell volume of 0.408 L is refreshed at approximately every
0.15 s. In this configuration the data acquisition was set to 20 Hz. For the QCLAS system,
the sample flow of 13.5 slpm corresponds to 171 lpm at a nominal cell pressure of 8 kPa.
Thus, the cell volume of 0.5 L is refreshed at approximately every 0.18 s. To be consistent
with this physical response time, the spectral retrieval rate was set to 8 Hz, although data
acquisition rates of up to 20 Hz would have been possible.

The above reported values for the cell refresh rate were calculated based on the cell vol-
ume divided by the actual pumping speed. The real response time (first order, 1=e) was also
empirically determined in the field, through the entire sampling setup, by rapidly switching
from ambient air to calibration gas and fitting the rising/falling tail to an exponential func-
tion. The instrumental response (0.23 s for QCLAS and 0.4 s for FMA) of this empirical
approach is slightly slower than expected based on the well-mixed reactor model. This can
be explained by the presence of filter and drier elements in the sampling system which may
cause some smearing. This is consistent with the cut-off frequency of about 2 Hz in the
cospectra.

In summary, the response time of both setups was slightly longer than expected from the
manufacturers’ specifications, which typically consider the cell volume and the sample flow.
However, since this parameter is properly taken into account by the dampening correction,
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it does not pose any significant limitation on the flux measurements.

5.3.2. CH4 mixing ratio and fluxes

Time series of the methane mixing ratios during the field campaign are shown in Fig. 5.5.
The CH4 mole fraction values retrieved by the QCLAS were averaged to 1 min, calibrated
and reported in dry air. The comparison of the data sets obtained from the two instruments is
illustrated by a scatter plot with the associated histogram of their ratio. The combined effect
of water dilution and pressure broadening experienced by the FMA led to a shifted and
broadened distribution profile of the histogram. This is because contrary to the FMA which
directly measured CH4 in humid air samples, the strategy for the QCLAS measurements was
to dry the air. Nevertheless, available air humidity measurements at the site allowed for an
approximate correction of water effects on the methane mole fraction values measured by
the FMA. It is evident that not drying the air only led to about 1% error at most in absolute
mixing ratio during the entire field campaign, which is acceptable for most applications if
only methane mixing ratios have to be measured, but not for EC flux measurements without
appropriate corrections.

The excellent agreement of both analyzers for mixing ratios does not automatically imply
comparable results with respect to flux measurements. Thus, we have also tested whether (i)
the sensitivity of the two CH4 analyzers is sufficient to resolve the artificial flux produced by
fumigation from a rectangular surface and (ii) the calculated flux agrees with the flux value
estimated based on the applied emission rates.

Figure 5.6 shows cospectra and power spectra obtained during a period with high artificial
CH4 flux (102 nmol CH4 m�2 s�1). Since the two instruments gave very consistent results
during the entire field campaign, these spectra can be considered as representative for our
setups under stationary turbulence conditions. Contrary to the ideal Kaimal spectra, real
spectra show systematic damping in the high frequency part, which must be corrected. For
the QCLAS system, an empirical approach described by Ammann et al. (2006) was used.
This correction can be parameterized as a function of the wind speed and will be specific to
the used set-up. For the FMA system, the correction was derived from the damped cospectra
which are approximated by a statistical best fitted theoretical cospectra as suggested by Eug-
ster and Senn (1995). The difference between the two methods was analyzed and quantified
by calculating the damping loss correction for the QCLAS with the same approach as for the
FMA. This would lead to an average reduction of correction of about 6% for the QCLAS
EC-system.

The agreement of measured cospectra with the idealized Kaimal cospectra (Kaimal et al.,

105



Chapter 5: Field intercomparison

1972, with minor modifications as shown by Eugster and Senn, 1995) is remarkable for both
instruments, despite the larger noise level of the QCLAS (see Fig. 5.6). It is also noteworthy,
that the significantly larger white noise level of the QCLAS does not compromise its per-
formance for flux measurements. This is not unexpected since the eddy covariance method
is a random-noise rejection method, that is, because random noise of the CH4 sensor is un-
correlated with random noise of the wind sensor, the covariances and thus the cospectra are
unaffected by pure random noise. What is however clearly seen is the fact that both systems
are not perfect at the highest frequencies and the cospectra differ from idealized conditions
as expected from first-order damping (Eugster and Senn, 1995).

The main goal of the fumigation experiment was to investigate whether the EC systems
adequately measure the simulated flux. Therefore, the calculated 30-min fluxes were com-
pared to each other as well as against the fumigation flux (see Fig. 5.7). In order to compare
the measured fluxes with the emissions from the fumigation area, the footprint correction
according to Neftel et al. (2008) was applied. This correction was calculated for each sys-
tem individually, as the towers were slightly apart from each other (0.7 m). Yet the footprint
correction factors for the two flux systems differed mostly by less than 10%. Periods with
less than 20% contribution from the artificial source were not included in further analysis
because the uncertainties inherent to the footprint calculation were considered as too large.
The agreement between the footprint corrected fluxes and the released trace gas flux was
remarkable and even fluctuations in the flux due to changes in wind direction occured simul-
taneously. Nevertheless, the agreement with the known source was poor during these condi-
tions, because the sudden shifts in wind direction might not be reflected precisely enough by
the footprint calculated with half-hourly averaged micrometeorological quantities. As soon
as the wind direction was constant, the scatter of the measured and footprint weighted fluxes
was getting very small. The methane flux measured by the QCLAS system was systemati-
cally slightly higher than the flux determined based on the FMA measurements. However,
the mean difference was 5.9 nmol CH4 m�2 s�1 and thus well below the uncertainty that
one would expect for eddy covariance flux measurements. This is remarkable given that
the relevant data included not only mixing ratio measurements but also all assumptions and
procedures used during flux calculation and the relevant footprint simulation.

We also recall that during the field campaign the sample was dried for QCLAS measure-
ments, whereas the FMA was analyzing humid air. Thus, for an unbiased comparison, the
methane flux retrieved by the FMA system had to be corrected for density fluctuations (WPL
term) as well as for cross-sensitivity effect according to the approach of Neftel et al. (2010).
For illustration, we calculated term II of Eq. (5.6) for typical conditions experienced dur-
ing our experiments. Taking for the water flux w0�0vD4mmol m�2 s�1, the average methane
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mixing ratio ŒCH4�= 2 ppm (from Fig. 5.5) and the water effect quantified by the dilution ex-
periment (from Fig. 5.3), the term II results in a flux of 5.6 nmol m�2 s�1. This conservative
estimate shows that the resulting correction is relatively small in our case compared to the
large, artificially issued flux of 84 nmol m�2 s�1 (see Fig. 5.7). Under certain conditions –
especially for high water vapour fluxes combined with low methane fluxes – the WPL and
cross-sensitivity corrections might well dominate the flux measurements as has been shown
by Neftel et al. (2010) for background N2O flux measurements.

5.4. Conclusions

This paper demonstrates the benefits of using infrared laser absorption spectroscopy for in
situ, fast and high precision ambient methane mixing ratio measurements. The compact
and cryogen-free instruments can be operated unattended in the field to provide continuous
measurements of CH4 mixing ratios. Their fast response provides the opportunity to in-
vestigate the temporal dynamics of the mechanisms controlling ecosystem-atmosphere CH4

exchange. Overall, both systems are performing remarkably well for flux measurements.
To our knowledge, this is the first example of an intercomparison of direct eddy covariance
methane flux measurements and the first time that eddy covariance CH4 flux data has been
validated based on a known, artificial methane emission.

Detailed investigation of the instrumental response to various parameters revealed, in
agreement with recent publications (Neftel et al., 2010; Chen et al., 2010), that infrared
gas analyzers employing laser absorption techniques may show some response to the gas-
matrix composition, especially to water vapour. The empirically found correlation of CH4

mixing ratio with sample gas humidity is in accordance with the theoretical expectation
of the additional pressure broadening effect induced by the water on the CH4 absorption
line. Therefore, it is suggested that for eddy covariance measurements of small fluxes such
cross-sensitivity effects should be taken into consideration independently of the employed
wavelength and spectroscopic technique if (1) the sample is not dried prior to analysis or (2)
the corresponding corrections are not implemented in the retrieval algorithms.

Ecosystem research will certainly have high benefits of recent developments achieved in
infrared laser and detector technologies. This is particularly true for the quantum cascade
laser fabrication. The latest continuous-wave (cw) QCLs can operate at room-temperature
(up to 50ıC C) and have much higher output power and, thus, they are expected to allow sig-
nificant improvements in the sensitivity of both direct absorption and cavity enhanced spec-
troscopy. It is also noteworthy, that the QCLAS used in this study simultaneously detects
N2O and NO2 with sufficient precision and time resolution for eddy covariance flux mea-
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surements. Similarly, the most recent cavity enhanced analyzers include multiple species,
e.g. CH4, CO2 and H2O, and perform dilution and line-broadening correction on the re-
trieved mixing ratio values. Finally, for both QCLAS and FMA, new analyzers capable of
carbon isotope specific on-line CH4 measurement are under development.
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5.6. Figures and tables

Figure 5.1.: Schematic map of the experimental field setup. (1) position of both EC flux
systems: sonic anemometers and sample tube inlets for QCLAS and FMA; (2)
weatherproof housing with the FMA; (3) trailer housing the QCLAS; (4) and (5)
alternate positions of fumigation grids for the two main wind directions: circles
indicate the position of the 30 release orifices, the dashed enveloping rectangle
represents the source area used in the footprint calculation (assuming a constant
average emission flux). The contour lines illustrate the flux footprint with 30%,
50%, 70%, and 90% flux contribution for a northeasterly wind case on 31 March
2009 11:00–14:30 CEST (uD3:8m s�1, z=LD�0:1).
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Figure 5.2.: Precision and stability over time of both analyzers quantified by the Allan vari-
ance technique. The top part shows the CH4 mixing ratio measured over 16 h
by the two analyzers from a pressurized air cylinder. Data from the QCLAS are
shown in light gray, those from the FMA are in dark gray. The bottom part is
the log-log plot of the sample variance as a function of the averaging time. The
dashed line indicates the white-noise behavior, while the black line is the vari-
ance associated to the long-term measurement. The time series was also split
into 30 min sequences and all individual Allan variance plots were calculated.
The filled areas thus represent the envelope of all individual 30 min Allan vari-
ance plots, indicating the range that typical 30 min Allan variances would fall
into.
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Figure 5.3.: Instrumental response to varying water vapor content. Top graph shows the
methane mixing ratio changes measured by QCLAS over time induced by the
stepwise addition of water vapour. The same behaviour was observed for both
analyzers. The linear dependence of the CH4 mixing ratio on the water vapour
concentration as measured by QCLAS is indicated on the bottom graph. The
gray dots show the original one-second data while the circles represent 20 min
averages (with 1 � error bars) for the individual dilution steps. The solid line
is a linear fit through the averaged data points. The dashed line indicates the
apparent CH4 mixing ratio after correction of the volumetric dilution (Eq. 5.3)
by water vapor. The real (dry air) mixing ratio (dotted line) can only be ob-
tained when an additional correction factor (Eq. 5.5) is applied to account for
the pressure broadening effect.
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Figure 5.5.: (a) Time series of the methane mixing ratios during the field campaign mea-
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Figure 5.6.: Comparison of spectra and cospectra during high flux conditions (102 nmol CH4

m�2 s�1, 31 March 2009, 11:00–14:38 CEST (218 records) with uD3:86m s�1).
The gray line shows the idealized cospectrum for neutral and unstable condi-
tions according to Kaimal et al. (1972).
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Abstract

Recently, instruments became available on the market that provide the possibil-
ity to perform eddy covariance flux measurements of CH4 and many other trace
gases, including the traditional CO2 and H2O. Most of these instruments em-
ploy laser spectroscopy, where a cross-sensitivity to H2O is frequently observed
leading to an increased dilution effect. Additionally, sorption processes at the
intake tube walls modify and delay the observed H2O signal in closed-path sys-
tems more strongly than the signal of the sampled trace gas. Thereby, a phase
shift between the trace gas and H2O fluctuations is introduced that dampens the

121



Chapter 6: Flux correction

H2O flux observed in the sampling cell. For instruments that do not provide di-
rect H2O measurement in the sampling cell, transfer functions from externally
measured H2O fluxes are needed to estimate the effect of H2O on trace gas flux
measurements. The effects of cross-sensitivity and the damping are shown for
an eddy covariance setup with the Fast Greenhouse Gas Analyzer (FGGA, Los
Gatos Research Inc.) that measures CO2, CH4, and H2O fluxes. This instru-
ment is technically identical with the Fast Methane Analyzer (FMA, Los Gatos
Research Inc.) that does not measure H2O concentrations. Hence, we used mea-
surements from a FGGA to derive a modified correction for the FMA account-
ing for dilution as well as phase shift effects in our instrumental setup. With
our specific setup for eddy covariance flux measurements, the cross-sensitivity
counteracts the damping effects, which compensate each other. Hence, the new
correction only deviates very slightly from the traditional Webb, Pearman, and
Leuning density correction, which is calculated from separate measurements of
the atmospheric water vapor flux.

6.1. Introduction

The eddy covariance technique (EC) is the established method to directly measure the ex-
change of trace gases, such as CO2 and H2O, between the land surface and the atmosphere
(Baldocchi, 2003). Recently, new instruments became available that are suitable to mea-
sure fluxes of additional trace gases, such as CH4 or N2O (e.g. Eugster and Plüss, 2010;
Smeets et al., 2009; Neftel et al., 2010; Hendriks et al., 2008; Kroon et al., 2007; Eugster
et al., 2007). However, by careful evaluation of the suitability of the instrument for the EC
method, it becomes clear that some adaptations of the standard processing techniques, e.g.
accounting for cross-sensitivity effects with H2O, are needed (McDermitt et al., 2010).

Most new instruments apply laser spectroscopy to measure trace gases and two general
types of instruments can be distinguished: (1) closed-path instruments pull air through a
sampling cell where the air is measured, and (2) open-path instruments measure the compo-
sition of the air directly in the atmosphere. Both types of instruments measure the decay of a
laser beam over a known distance (Baer et al., 2002; McDermitt et al., 2010). In closed-path
instruments, the beam is reflected by mirrors to achieve a path length of several kilometers
(Baer et al., 2002; Crosson, 2008). The definition of the spectral line assumes that the gas
matrix does not change. Atmospheric water content can however vary considerably and thus
broaden the spectral line. Hence, the instrument or the post-processing of the data have to
account for this effect (Rella, 2010). This phenomenon was described for a Quantum Cas-
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cade Laser (QCL, Aerodyne Research Inc.) by Neftel et al. (2010), and for a Fast Methane
Analyzer (FMA, Los Gatos Research Inc.) by Tuzson et al. (2010). Picarro Inc. discussed
the issue for their laser spectroscopy-based instrument G1301 in a white paper (Rella, 2010).
The same artifact also influences open-path instruments such as the LI-7700 (Li-Cor) where
a combined correction accounts for the dilution as well as for the additional H2O interfer-
ence on the measured CH4 flux (McDermitt et al., 2010). With closed-path instruments, one
solution would be to dry the air prior to sampling. However, this tends to have a negative im-
pact on the frequency response and high-frequency performance of the sensor (Griffis et al.,
2008). Alternatively, a correction procedure could solve the cross-sensitivity issue in a more
elegant way as will be discussed in this paper.

Since the FMA does not measure H2O, the correction of the density effect caused by water
vapor molecules is essential to improve the accuracy of the flux measurements. Therefore,
the H2O flux measured by a separate system is typically used to apply this correction. The
traditional density flux correction by Webb et al. (1980) employs the water vapor flux mea-
sured in the same sampling cell as the other gas of interest. The water vapor signal however
gets more strongly dampened from the inlet to the sampling cell (Ibrom et al., 2007a) than a
less polar gas such as CH4. Thus, substituting the water vapor flux in the original correction
term with the water vapor flux measured separately with a second instrument and at some
distance from the first instrument might overcorrect the density effect. To find out whether
this is a small (negligible) or large and important effect was the goal of this study.

We used a Fast Greenhouse Gas Analyzer (FGGA, Los Gatos Research Inc.) to asses the
phase shift and damping of the H2O signal with respect to the CH4 signal and in relation
to an externally measured H2O flux. Based on these findings, two transfer functions will
be suggested to (1) correct the H2O flux measured by the FGGA to represent atmospheric
conditions; and (2) its inverse function that allows to translate an externally measured H2O
flux to the conditions in the sampling cell which then can be used to correct the CH4 flux
for the density fluctuations. This correction procedure can be used to correct CH4 flux
measurements performed with a FMA which does not provide internal H2O measurements.

6.2. Background

This study closely follows the concept of the density flux correction accounting for density
effects due to heat and water vapor fluctuations that was introduced by Webb et al. (1980).
We will shortly introduce the concept of the theory and highlight the importance in relation
to this study. The original concept will be referred to as WPL correction thereafter.
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For water vapor, the original correction for open-path analyzers reads (WPL Eq. 25):

E D .1C ��/fEraw C .�v=T /w0T0g ; (6.1)

with E [kg m�2 s�1] the corrected water vapor flux, � D ma
mv
� 28:97=18 Œ�� the ratio of

molecular masses of dry air and water vapor, � D �v
�a
Œ�� the ratio of the vapor density and

the density of dry air, Eraw [kg m�2 s�1] the measured water vapor flux, �v [kg m�3] the
density of dry air, T ŒK� the air temperature, and w0T0 [K m s�1] the sensible heat flux in
kinematic units.

For trace gas fluxes, buoyancy effects from water vapor additionally influence the mea-
sured flux. Thus, Webb et al. (1980) introduced the following correction (WPL Eq. 24):

F D Fraw C�F D Fraw C �.�c=�a/E„ ƒ‚ …
water vapor

C .1C ��/.�c=T /w0T0„ ƒ‚ …
heat

; (6.2)

where F [kg m�2 s�1] is the corrected trace gas flux and Fraw the measured one. �c [kg m�3]
denotes the density of the particular trace gas under consideration. The curly brackets sum-
marize the correction terms for density fluctuations caused by the buoyancy effect of water
vapor and by sensible heat. Taken together, they constitute �F , the WPL correction term.

The sensitivity of the WPL correction itself largely depends on the ratio between the con-
centration of the particular trace gas under consideration and the corresponding flux. Largest
WPL corrections are expected for small fluxes at comparably high background concentra-
tions (Ibrom et al., 2007b). If �c is factored out in Eq. (6.2), it yields:

F D Fraw C �c

n
.�=�a/E„ ƒ‚ …
water vapor

C
�
.1C ��/=T

�
w0T0„ ƒ‚ …

heat„ ƒ‚ …
environment

o
: (6.3)

The term in the curly bracket to the right of �c is only influenced by the measurements
of the environment and does not depend on the density of the trace gas nor the trace gas
flux. Therefore, the WPL correction (�F ), the difference between the measured and the
corrected flux, depends on the density of the trace gas multiplied by a term related to the
environment conditions where the measurements was performed. This term includes the
water content of the air, the water vapor flux, air temperature, and the sensible heat flux. The
relative magnitude of the WPL correction compared to the measured flux can be assessed
by the ratio �F=Fraw. This is equal to .�c � environment/=Fraw and hence the relative WPL
correction is highest for high background concentrations (�c) combined with small fluxes
Fraw. Detto et al. (2011) presented in their Fig. 6 the influence of the latent heat flux on
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CH4 flux for a closed-path instrument, where the heat relatet component can be neglected
based on the evindence that temperature fluctuations are almost completely removed in the
closed-path instruments. However, since the WPL correction is an additive term and not a
scaling factor, one should be careful with expressing the WPL correction as a percentage of
the measured flux. This becomes most obvious at small fluxes, where the WPL correction
may lead to a sign change of the flux.

For closed-path instruments, the environment relevant for the WPL correction relates to
the environment in the sampling cell, not to the ambient environment where the intake of
the gas inlet was placed. Therefore, the water vapor and sensible heat flux in the cell define
the magnitude of the WPL correction. In case of the sensible heat flux, the tubing from the
inlet to the measurement cell and the waste heat of the instrument cancel the natural short
time temperature fluctuations. Hence, w0T0 gets very small and the density effects due to
heat transfer is negligible (Leuning and Judd, 1996). The correction term reduces to density
effects due to water vapor. This term depends on various factors. If the air is dried prior to
measurement or if concentrations are measured in units of dry mole fractions, this correction
can be dismissed too. Otherwise, the term applies, but the instrumental setup may influence
the measured H2O flux and consequently also the magnitude of the correction to be applied.
Damping of the H2O signal reduces the H2O flux in a closed-path analyzer and thus the
WPL correction would be overestimated by using H2O flux estimates taken from a second
instrument (Ibrom et al., 2007b). The investigation of such effects is important to obtain
the highest accuracy of trace gas flux measurements (Smeets et al., 2009). Signal damping
due to amplitude effects (Massman and Clement, 2005) as well as phase shifts (Ibrom et al.,
2007b) should be attributed.

The attenuation of the water vapor flux measured by a closed-path instrument depends
on the relative humidity (Ibrom et al., 2007a; Mammarella et al., 2009). This however does
not apply to CO2 and CH4 fluxes, since the molecules are not as sticky as H2O and hence
do not strongly interact with the intake hose’s inner wall. Thus, the transportation of the
air through the instrument leads to a decoupling of the CO2 or CH4 and H2O signal (Ibrom
et al., 2007b). This decoupling consequently results in a reduction of the water vapor flux at
the time lag that was determined for the CO2 flux. Therefore, the WPL correction needs to
be adjusted in a way that the H2O flux in the cell is approximated, as for example shown by
Ibrom et al. (2007b), Smeets et al. (2009), and Massman (2005).
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6.3. Methods

6.3.1. Instruments

The Fast Methane Analyzer (FMA) and the Fast Greenhouse Gas Analyzer (FGGA, both
Los Gatos Research Inc., Mountain View, CA, USA) are capable of measuring CH4 mole
fractions. Both instruments operate at high measurement frequencies up to 20 Hz as required
for eddy covariance measurements. The construction of the two instruments is identical
except for a second laser in the FGGA that measures CO2. H2O is also only measured by
the FGGA, but retrieved from the same laser absorption spectrum as CH4. With the help of
measurements with the FGGA, the influence of H2O in the sampling cell of the FMA can be
assessed.

6.3.2. Dilution and cross-sensitivity experiment

Linearity and precision of the FMA and FGGA were tested in the laboratory. The instru-
ments were connected to a common air source. Eleven concentration levels at regular inter-
vals between 0 and 4 ppm for CH4 and 16 between 0 and 1500 ppm for CO2 were produced
by diluting CH4 and CO2 with CH4 and CO2 free air, respectively. The concentration was
kept constant for 20 min in case of CH4 and 15 min for CO2. After verifying the linearity of
the measurements, the precision of the CH4 measurements was checked against two National
Oceanic & Atmospheric Administration (NOAA) standards (CA04580 and CA05316). H2O
was calibrated against a LI-610 dew point generator (Li-Cor, Lincoln, NB, USA). Further,
dry air with a known CH4 and CO2 concentration was humidified to check for dilution ef-
fects and cross-sensitivity of CH4 and CO2 measurements to H2O. H2O concentrations were
set to 9 different levels between 0 and 25 000 ppm and kept constant for 20 min. The air
temperature in the laboratory was controlled during all experiments.

6.3.3. Flux measurements

Site

The flux measurements presented in this study were acquired at the ETH agricultural re-
search station Chamau (8ı 240 3800 E, 47ı 120 3700N, 400 m a.s.l., Switzerland) in summer
2009. The station is located in the broad prealpine Reuss Valley. Two flux towers, a mo-
bile and a long-term one, were situated on a temperate, intensively managed grassland with
mixed ryegrass-clover vegetation raised for forage (Zeeman et al., 2010).
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Instruments and setup

The mobile tower consisted of a Fast Greenhouse Gas Analyzer (FGGA, Los Gatos Re-
search, Inc., Mountain View, CA, USA) measuring concentrations of CO2, CH4, and H2O
and a Solent R2A ultrasonic anemometer (Gill Instruments Ltd., Lymington, UK), there-
after abbreviated as sonic. The sonic was installed at a height of 1.7 m with the inlet for the
FGGA attached to the sonic boom 25 cm below the instrument head. The sample was drawn
through a 6.7 m long tube with 8 mm inner diameter (Synflex-1300, Eaton Performance Plas-
tics, Cleveland, OH, USA) followed by two serially mounted particle filters with integrated
droplet separator (SMC, Japan, model AF30-F03 with 5 µ m filter and model AFM30-F03
with 0.3 µ m filter, respectively). The FGGA was connected to an external dry vacuum scroll
pump (BOC Edwards XDS-35i, Crawly, UK) drawing 30.5 slpm to ensure turbulent flow in
the sampling tube. An embedded computer (Advantech ARK-3381, Taipei, Taiwan) running
a Linux system recorded the raw data at 20.8 Hz. Eugster and Plüss (2010) and Tuzson et al.
(2010) provide a more detailed description of the system.

The long-term tower measured CO2 and H2O fluxes by an open-path Infrared Gas Ana-
lyzer (IRGA, Li-7500, Li-Cor, Lincoln, NB, USA) and a Solent R3 ultra sonic anemometer
(Gill Instruments Ltd., Lymington, UK) at 2.40 m above ground, about 5 m separated from
the mobile tower. A more detailed description of this system can be found in Zeeman et al.
(2010).

Additionally, several meteorological variables were measured: air temperature and rela-
tive humidity of the air (HygroClip S3, Rotronic AG, Bassersdorf, Switzerland), and atmo-
spheric pressure (LI-7500, Li-Cor, Lincoln, NB, USA).

Even though measured by the HygroClip, relative humidity values used in the evalua-
tions were derived from the LI-7500 measurements (RHIRGA) due to higher accuracy of this
instrument, whereas the HygroClip data were used for cross-checking the results.

Flux processing

The statistical software R (Version 2.12.1, R Development Core Team, 2010) was used for
all analyses. This includes the processing of the flux data from the mobile system with the
R package Reddy (under development and available from the authors upon request). CO2

and H2O fluxes of the long-term tower were calculated by the in-house software eth-flux

(Mauder et al., 2008) which is also available from the authors. In eth-flux and Reddy, a
two-way rotation of the wind vector was performed for each 30-min interval (McMillen,
1988). The time lag between the vertical wind speed w and the scalar was determined for
each 30-min block such that the correlation maximized. If not stated differently, this time lag
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was applied before calculating the respective flux. Fluxes were calculated as the covariance
between the two time series following the rules of Reynold’s averaging (w0c0) (Baldocchi,
2003). The CH4 fluxes at our site were often very small and close to the detection limit of the
system. Thus the time lag between w and the CH4 concentration measurements was difficult
to detect since no clear peak in the cross-correlation function was found. For periods with
a detectable CH4 time lag, it was very similar to the one of CO2. Thus, we used the time
lag found for CO2 to calculate the CH4 fluxes. The H2O flux measured by the FGGA was
calculated in two ways: (1) the time lag maximizing the correlation between w and the H2O
signal (w0H2O0FGGA) and (2) with the time lag found for CO2 (w0H2O0FGGA;lag.w0CO0

2/
). Prior

to the flux calculations, all scalars of the FGGA were post-calibrated as described below.
Flux data were filtered according the following criteria. For the mobile system, fluxes

were rejected if the cell pressure dropped below 100 Torr or the number of available trace gas
measurements was below 20 000 of 36 000 within the 30-min averaging window. Further,
flux records were removed if Reddy automatically detected the maximal or minimal time lag
within the lag detection window, namely 10 and 40 records for w0CH04, 15 and 40 records for
w0H2O0, and 10 and 30 records for w0CO02. For the long-term station, fluxes were dismissed
if the automated gain control (AGC) value by the LI-7500, the so called window dirtiness,
exceeded 70 % or was not a value dividable by 6.25. Both criteria are indicators for rain
or dew disturbing the measurement path. Since the LI-7500 reports the AGC as a four-bit
variable, 16 different values between 0 and 100 can be reported which results in incremental
steps of 6.25. Thirty-minute averages between these steps indicate temporal changes of the
AGC value within the averaging period, e.g. introduced by slight rain or an insect passing
the sensor path during a short part of the averaging interval. Further, fluxes were rejected
when the friction velocity dropped below 0.08 m s�1 as suggested by Zeeman et al. (2010)
for this site.

Cospectra and damping loss correction

Before the calculation of the cospectra, a two way rotation was applied to the wind vec-
tors (McMillen, 1988) and a time lag was implemented to maximize the correlation of the
two time series. The scalar concentrations were converted to dry mole fractions and a cor-
rection for additional cross-sensitivity to H2O effects (see Sect. 6.4.1) was applied. Since
no cospectral analysis function exists for R, we wrote a new function downloadable from
http://www.swissfluxnet.ch/R/. The procedure follows the suggestion by Stull (1988,
p.310ff) and was double-checked against the algorithm for Fast Fourier Transformation sug-
gested by Press (1988). Thereafter, a bandwidth averaging was performed on the output
(Kaimal and Gaynor, 1983) and the high frequency flux losses were quantified following Eu-
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gster and Senn (1995). A slight modification of the theoretical cospectral model introduced
by Kaimal et al. (1972) is damped according to the inductance L Œs�1� in an alternating-
current circuit to match the calculated cospectra. This corresponds to the standard first-order
damping known from similar approaches, e.g. by Horst (1997). For unstable conditions, the
cospectral approximation reads (Eq. 29 in Eugster and Senn, 1995):
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(6.4)
and for stable conditions (Eq. 30 in Eugster and Senn, 1995):
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Here, � [-] denotes the Monin-Obukhov stability parameter and n the normalized frequency
n D f z=u with f [Hz] the natural frequency, z [m] the measuring height above zero-plane
displacement, and u [m s�1] the mean horizontal wind-speed along the mean wind direction.

Cospectra were calculated from 1-h blocks of high frequency data for the whole measure-
ment period. The damping factorsLwere retrieved by a non-linear least squares fit (function
nls() in R) to the individually calculated cospectra. For further analyses, L was only used
for periods when a detectable time lag was found within the predefined window and the fit of
the idealized damped cospectrum on the calculated cospectrum was significant at p < 0:1.
L was originally set constant over periods without system maintenance where the measured
tracer was NO2 (Eugster and Senn, 1995). Especially for the water vapor flux, additional
dampening of the signal is however observed depending on the relative humidity of the air
(Ibrom et al., 2007a; Mammarella et al., 2009). Therefore, L was adjusted according to the
following empirical model with relative humidity RH as predictor:

L D aC b � RHC c � RH2 ; (6.7)

where a, b, and c were obtained by conditional linear regression fitting. To reduce the scatter
in the data, the automatically determinedL values were binned into relative humidity classes
of 5 % width. The model was fitted through the medians of each class. In constrast to L
for the H2O fluxes, analyses of the empirically determined L for the CH4 and CO2 fluxes
resulted in a constant value. The measured fluxes were corrected with the derived L for
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damping losses following the method by Eugster and Senn (1995).

6.4. Results

6.4.1. Dilution and cross-sensitivity experiment

The linearity of the instruments was tested in a dilution experiment (data not shown). Com-
paring the median of the measurements at each level against the given concentrations, R2

yields 0.999997 for the FMA and 0.999995 for the FGGA. This implies that a two-point
calibration is sufficient to calibrate the instrument. CH4 was calibrated against two NOAA
standards (1.713 ppm and 1.905 ppm). The linear relationship through these two points (in
ppm) yielded:

CH4 D �0:0147 C 1:0002 � CH4;FMA

CH4 D �0:0024 C 0:9774 � CH4;FGGA :
(6.8)

The calibration of the FGGA H2O signal determined the following polynomial of the second
order (in ppm):

H2Oref D .�52:36 ˙ 8:01 / C

. 1:011 ˙ 0:002 / � H2OFGGA C

. 0:00000239 ˙ 0:00000007/ � H2O2FGGA ;

(6.9)

where H2OFGGA refers to the H2O humid mole fraction measured with the FGGA and H2Oref

to the dry mole fraction of the dew point generator, both measured in or converted to ppm.
The uncertainty in the parameter estimate is given with ˙ one standard error and the R2

yields 0.999. The FGGA overestimates H2O concentrations at low concentrations up to
�5000 ppm and thereafter overestimates them. For the following analysis, the water vapor
signal was post-calibrated according to the parameter fit in Eq. (6.9).

The dilution experiment described in Sect. 6.3.2 showed a drop of the CO2 and CH4

humid mole fractions that was triggered by the changes of humidity. Most of the drop can
be explained by the dilution of the air by water vapor (difference of the black and dark grey
points in Fig. 6.1). The dark grey points correspond to the dry mole fraction reported by the
FGGA. However, a small part of the drop, the difference between dark and light grey points
in Fig. 6.1, was not caused by dilution and hence must result from different processes. Rella
(2010) suggested the following equation to calculate the dry mole fraction for the Picarro
G1301 analyzer, here adapted for the FGGA instrument:

c D cFGGA=.1C a � H2OC b � H2O2/ ; (6.10)
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where H2O is the corrected H2O dry mole fraction measured by the FGGA and cFGGA the
measured humid mole fraction of the issued dry mole fraction c of CO2 or CH4. Table 6.1
shows the empirical coefficients for Eq. (6.10) which combines the dilution effect as well as
other water dependent processes influencing the measured concentration.

The additional water dependent processes affect the measured concentration in a similar
way as the dilution effect. To correct the effect of density fluctuations caused by the dilution,
the WPL correction (Eq. 6.2) can be applied. The dilution is a linear process while Eq. (6.10)
additionally includes the square of H2O. The derivation of the WPL correction would be
severely complicated if the square term is included. Since the performance of a simple linear
model, same as Eq. (6.10) but without term b�H2O2, is similar (compare corresponding R2

in Tables 6.1 and 6.2), we decided to use the latter for the further analysis. The details for
the individual gases and instruments can be found in Table 6.2.

An additional fit of Eq. (6.10) was determined for CH4 measured by the FMA with
H2O taken from the measurements of the FGGA. The results only marginally differs from
Fig. 6.1b (not shown). The results for the fit can be found in Table 6.1 and 6.2.

6.4.2. Damping loss correction

The automatically fitted damping factor L for w0H2O0FGGA;lag.w0CO0
2/

shows a clear depen-
dency on the relative humidity (see Fig. 6.2). Such dependency ofL on the relative humidity
would also be found if the L for w0H2O0 at the time lag maximizing w0H2O0 were used (not
shown). The increase in L with increasing relative humidity can by explained by sorption
and desorption effects. The variability of the w0H2O0 parallel increases with increasing L.
This can be explained by lower water vapor fluxes at high relative humidity and hence a less
well defined cospectrum. The automatic fits of L are less robust and result in a higher scat-
tering. Since outliers would strongly influence the parameter fit for the relationship between
L and the relative humidity, L was binned into relative humidity classes of 5 % width. A
polynomial of the 2nd order was fitted through the medians of the individual classes, which
yields:

Lw0H2O0
FGGA;lag.w0CO0

2/

D 1:07 � 2:99 � 10�2 � RHIRGA C 3:62 � 10
�4
� RH2IRGA ; (6.11)

with RHIRGA [%] being the relative humidity obtained from the air temperature measured by
the HygroClip and the H2O concentration measured by the LI-7500 IRGA. This relationship
between L and the relative humidity was used in the flux processing to determine the damp-
ing factor for the water vapor flux and correct the flux therewith for damping losses. No
dependency on relative humidity was found for the CO2 and CH4 fluxes (not shown). For
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these two trace gases, L seems to be a constant as proposed in the original paper by Eugster
and Senn (1995).

6.4.3. Signal desynchronisation

Different time lags to maximize the covariance w0H2O0 and w0CO02 were found. Based on
the assumption that no time lag would be observed under ambient conditions, we guess that
the signal of CO2 and H2O was desynchronized on the way from the inlet to the measure-
ment cell. Figure 6.3 shows the histogram of the determined time lags between w and the
particular scalar concentration. In general, the peak of w0H2O0 moved towards longer lags
compared to w0CO02. Also the distribution of w0H2O0 lags was wider than the one for w0CO02.
For w0CH04, the distribution of time lags was almost uniform because the flux at our site was
very low. However, the comparison of the time lag distribution of w0CH04 in the two panels
in Fig. 6.3 reveals that there is a slight difference seen in the range where the w0H2O0 time
lag was most frequent (20–30 records). For CH4 humid mole fractions, more cases with a
lag in this range were observed than for dry mole fractions. Since the CH4 flux was very
low at our site, the water-introduced fluctuations in the CH4 signal were sometimes stronger
than the natural variations of CH4, which resulted in lags for CH4 being identical to those of
w0H2O0.

For w0H2O0, the time lag clearly depended on the relative humidity (Fig. 6.4a) while it
stayed constant for w0CO02. This explains the wider distribution of the peak for time lags of
w0H2O0 compared to w0CO02 in Fig. 6.3. Nevertheless, more records lacked a detectable time
lag during conditions of high relative humidity for w0CO02, and lags of w0H2O0 were hardly
detectable at RHIRGA > 95%.

The ratio between w0H2O0FGGA;lag.w0CO0
2/

and w0H2O0FGGA decreased with increasing rela-
tive humidity as a result of higher temporal separation of the optimal lags of CO2 and H2O
(see Fig. 6.4b). The median observed w0H2O0 flux losses were increasing up to 30 % at
highest relative humidity. However, w0H2O0 was smaller in these conditions than during
dryer periods, and thus the absolute flux difference was minimal. Looking at the cospectra
of w0H2O0, the flux difference appears visible as an additional damping of the signal (see
Fig. 6.5). This observation agrees well with the relative humidity dependent damping losses
found for w0H2O0 (Eq. 6.11).

The H2O concentration measurements of the FGGA tend to be lower than those measured
by the LI-7500 IRGA. This ratio between H2OFGGA and H2OIRGA decreased with increasing
relative humidity (see Fig. 6.6). For the comparison, the H2O measurements from the FGGA
were converted from dry mole fractions to mmol m�3, the unit recorded by the IRGA. Points
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were ecluded from the analysis if the H2O concentration measured by the two instruments
diverted by more than 20 % (7 out of 933 points). A non-linear model fits the medians of the
5 % relative humidity bin very well. The relationship yields:

H2OFGGA

H2OIRGA
D 1:072 � 2:528 � 10�3 � RHIRGA C 1:146 � 10

�5
� RH2IRGA : (6.12)

6.4.4. Flux comparison

Putting the previous findings together, the w0H2O0FGGA;lag.w0CO0
2/

should be scalable to match
the atmospheric w0H2O0IRGA, e.g. measured by the LI-7500. Therefore, w0H2O0FGGA;lag.w0CO0

2/

was post-calibrated according to Eq. (6.9) and the damping loss correction applied with
the damping factor calculated from the relative humidity (Eq. 6.11). Compared to the raw
flux, the corrected w0H2O0FGGA;lag.w0CO0

2/
compares better with the w0H2O0IRGA. In addition

to the post-calibration of the water concentration and the application of the damping correc-
tion, the flux was also corrected for the observed signal reduction with increasing relative
humidity (Eq. 6.12). The combination of all corrections reduced the difference between
w0H2O0FGGA;lag.w0CO0

2/
and w0H2O0IRGA considerably, where the latter contributed 5 % to the

total improvement of 47 % (see Fig. 6.7).

6.4.5. Adapted WPL correction

The information about the damping of w0H2O0 by the instrumental setup and the cross-
sensitivity of other trace gas measurements to H2O provides the basis for the adapted WPL
correction. This modified correction can be applied to fluxes measured by the FMA where
H2O is not measured. The heat term of the original WPL correction (see Eq. 6.2) is negli-
gible for the FMA since it is a closed-path instrument (Leuning, 2005). The adapted WPL
correction yields:

F D aslopeFraw C �Œ.aintercept C aslope�c/=�a�
bE

de
: (6.13)

The factors aslope and aintercept apply the post-calibration of the concentration measurements
as described in Sect. 6.4.1, Eq. (6.8). Since means are removed when calculating fluxes,
the intercept can be omitted for the flux, but must be included in the post-calibration of the
density of the trace gas.

The additional water dependent cross-sensitivities affect the measurements in a similar
way as the dilution effect and can be expressed as an amplification of the dilution effect.
The linear correction approach (Eq. 6.10 without term b�H2O2, see Table 6.2) implies that,
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in case of CH4, the dilution effect is amplified by 18 %. Therefore, the water vapor flux E
must be multiplied with 1.18, denoted as factor b in Eq. (6.13).

Since w0H2O0 observed in the measurement cell controls the density flux effects caused
by H2O, the atmospheric w0H2O0 needs to be modified such that it fits the observed flux
in the cell. Therefore, the corrections derived for w0H2O0FGGA;lag.w0CO0

2/
were reverted and

applied to the atmospheric w0H2O0 to reconstruct the conditions in the cell. The damping
factor L was calculated according to Eq. (6.11) and the damping effect assessed according
to Eqs. (6.4) or (6.5), depending on the stability of the atmosphere. E in Eq. (6.13) was
divided by the calculated damping effect d (Eq. 6.11) and by e that accounts for the reduced
H2O concentration in the sampling cell (Eq. 6.12) to simulate w0H2O0FGGA;lag.w0CO0

2/
.

The damping of the water vapor flux reduces the correction by about 20 % compared to
the original correction (see Fig. 6.8). However, this reduction is compensated by the spectral
broadening effect due to H2O. The final result compares well with the flux calculated from
dry mole fractions. In total, the clear CH4 uptake is reduced to a near zero flux after applying
all corrections.

6.5. Discussion

The manufacturer’s calibration of the FGGA and FMA agreed very well with the measure-
ments against CH4 calibration standards as also noted by Detto et al. (2011). They found
very small instrumental drifts for their FMA and FGGA and suggest that no post-calibration
is needed for eddy covariance applications. However, CH4 and CO2 measurements depend
on H2O. Additional to the dilution effect, a cross-sensitivity on H2O was found. This occur-
rence was already observed for a FMA (Tuzson et al., 2010) and other laser spectrometers
of various brands (Chen et al., 2010; Tuzson et al., 2010; Neftel et al., 2010; McDermitt
et al., 2010). Such an interference is no problem as long as H2O is measured simultane-
ously in the same measurement cell as the other trace gas. The effect can be quantified in a
dilution experiment as described in Sect. 6.3.2. Picarro Inc. and Licor Inc. published the fac-
tors for their instruments Picarro G1301 and Licor Li-7700 (Rella, 2010; McDermitt et al.,
2010). Meanwhile, new instruments by Los Gatos Research Inc. already correct for cross-
sensitivity effects (FMA with serial numbers starting from 11-0049 and above and FGGA
starting from 11-0018) and hence no additional correction is needed. FMA and FGGA with
serial numbers 10-0150 and below do not include water correction, but the instrument can
be upgraded by the manufacturer. Instruments with serial numbers inbetween might cor-
rect or are user upgradable and Los Gatos Research Inc. will provide instrument specific
information upon request (Robert Provencal, personal communication, 13 September 2011).
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Instruments that do not measure H2O perform best if additional measurements of w0H2O0

are available to correct for dilution and cross-sensitivity effects of H2O. The needed dilution
factors can be derived from a dilution experiment added to the traditional WPL correction.
Another option would be to dry the air sample before the analysis which might however
introduce negative effects to the frequency response and high-frequency performance of the
sensor (Griffis et al., 2008).

Further, the conditions in the sampling cell are decisive for the WPL correction. The water
vapor flux is damped by the measurement system and hence is reduced in the cell. Therefore,
atmospheric water vapor flux would overcorrect the dilution effect. The damping strength
of the system depends on the tubing, filters, etc. and is therefore different for individual
setups. Additionally, environmental variables such as wind speed and atmospheric stability
influence the damping strength (see Sect. 6.3.3). For water vapor, the damping also depends
on relative humidity (Mammarella et al., 2009; Ibrom et al., 2007a,b). Smeets et al. (2009)
already adapted the WPL correction following the suggestions by Ibrom et al. (2007b) for
this issue. They used a FMA that does not measure H2O and thus had no possibility to
validate their assumption. Moreover, they did not address the additional cross-sensitivity
effects of CH4 humid mole fractions on H2O. Detto et al. (2011) stated that they found no
difference between the flux calculated from dry mole fractions and the flux corrected with
the water vapor flux derived from an external sensor (LI-7500) for their FGGA. This agrees
with our findings. Nevertheless, the original WPL term accounting for the dilution of the air
sample by H2O is reduced. This reduction is however compensated by the cross-sensitivity
of the measurements to H2O.

The dependency of the damping on relative humidity can be at least partially attributed to
the likeliness that the tube walls and filters on the way to the cell absorb and desorb water
molecules. For CO2 and CH4, no dependency was found and the system seems to be inert
to these gases. Compared to other trace gases, the sorption processes of water prolong the
travelling time of H2O into the sampling cell. The different time lag introduces a phase shift
between H2O and e.g. CO2 which leads to an additional damping of w0H2O0FGGA;lag.w0CO0

2/
at

the time lag of w0CO02.

We additionally observed a reduction of measured water vapor concentration with increas-
ing relative humidity. The used particle filters are designed to retain liquid water, e.g. if the
instrument is operated under foggy conditions. Unfortunately, we found that the filter mate-
rial itself is not hydrophobic enough and thus introduces a memory effect in the H2O signal.
If the humidity of the atmosphere increases, the filter retains some water, even though the
air is not saturated. Reversely, water in the filter reevaporates if the air dries. This might be
a reason for the observed reduction in H2O concentrations measured by the FGGA.
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6.6. Conclusions

Our results show that the damping of the water vapor signal as well as cross-sensitivity
effects to water affect the measured trace gas flux. While the damping reduces w0H2O0 ob-
served in the cell, the cross-sensitivity effects counteract the damping. For our setup, the
two processes coincidentally compensated each other. Hence, the original WPL correction
would lead to the same result as our adapted approach which accounts for the individual
processes that affect the water vapor flux. However, the damping of w0H2O0 is system spe-
cific and depends on deployed filters etc. Therefore, our approach is not generally valid, but
provides at least an estimate for the order of magnitude of the described effects.
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Figure 6.1.: Results from the dilution experiment for CO2 (a) and CH4 (b). Moisture was
added to the dry gas at 9 increasing levels, which were held constant over
20 min. The dilution of the gas explains most of concentration drop (difference
between black and dark grey points). However, a small portion cannot be at-
tributed to this process (difference between dark and light grey points) and must
have a different source, which is also related to the water vapor concentration.
The solid line indicates the mixing ratio of the supplied air.
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Figure 6.2.: Damping factor L for w0H2O0FGGA;lag.w0CO0
2/

related to relative humidity. The
grey band shows the interquartile range for 5 % relative humidity bins with at
least 8 observations. This corresponds to 50 % of all observed values. The fine
line connects the medians of the individual bins and the bold line indicates the
model fit through the medians.

141



Chapter 6: Flux correction

10 20 30 40

0

50

100

150

200

F
re

qu
en

cy

Lag [#records]

w′CO2′

w′H2O′

w′CH4′

(a)
10 20 30 40

0

50

100

150

200

F
re

qu
en

cy

Lag [#records]

w′CO2 dry′

w′H2O dry′

w′CH4 dry′

(b)

Figure 6.3.: Histograms of the time lags for w0CO02, w0H2O0, and w0CH04 within the search
window of 10–40 records (0.5–2 s). In (a), the time lags were determined
from humid mole fractions whereas in (b), dry mole fractions were used. Only
records where all three fluxes showed a detectable time lag were selected and
thus the number of observations is equal for all gases of the individual his-
togram.
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no such relation was found for w0CO02. (b): the relative difference between the
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Figure 6.6.: Water vapor concentration ratio between the FGGA and LI-7500 decreases with
higher relative humidity of the air. The dots show the individual data points. The
band represents the interquartile range for 5 % relative humidity bins. The black
line indicates the polynomial fit of the second order through the class medians
whereas the white line connects the medians of the classes.
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Figure 6.8.: Boxplots of the observed raw and corrected CH4 fluxes. From left to right, the
first one shows the raw flux. The second boxplot shows the flux after applying
the original WPL term. In the third one, the water vapor flux is damped as it
would be observed in the instrument whereas the forth also includes the spectral
broadening effect of the instrument. The last boxplot is considered the reference
flux: the flux when raw values are converted to dry mole fractions before the
calculation of the covariance. The solid line is drawn at zero and the dashed line
indicates the expected value, the median of the reference flux.
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Table 6.1.: Fitted parameters for Eq. (6.10) (CO2, CH4, and H2O in ppm).

Parameter Unit Values for CO2;FGGA Values for CH4;FGGA Values for CH4;FMA

a Œppm�1�
�1:219 � 10�06

(˙2:169�10�09)
�1:189 � 10�06

(˙1:480�10�09)

�1:219 � 10�06

(
˙1:182 � 10�09)

b Œppm�2�
1:229 � 10�12

(˙1:073�10�13)
2:096 � 10�13

(˙7:318� 10�14)
1:678 � 10�12

(˙5:846�10�14)
R2 0.9928 0.9966 0.9992
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Table 6.2.: Fitted parameters for Eq. (6.10) without term b�H2O2 (CO2, CH4, and H2O in
ppm).

Parameter Unit Values for CO2;FGGA Values for CH4;FGGA Values for CH4;FMA

a Œppm�1�
�1:195 � 10�06

(˙5:825�10�10)
�1:184 � 10�06

(˙3:952�10�10)
�1:186 � 10�06

(˙3:265�10�10)
R2 0.9927 0.9966 0.9991
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7
General discussion

7.1. Synthesis

Comparing GHG fluxes between different spatial scales is a challenging task (Xiao et al.,
2012) that is only possible if accurate flux measurements or estimates are available for the
different spatial scales. However, such analyses are amongst other requirements a prere-
quisite to confidently estimate the GHG budget of regions or countries. Most current GHG
inventories base on the bottom-up approach where fluxes are estimated from emission factors
that rely on direct measurements of the individual processes. Many studies showed that
these inventories do not agree with direct measurements of GHG concentrations in the air
(Bergamaschi et al., 2005). Hence, the verification and the therewith possible improvement
of the inventories is important to support policy makers to e.g. decide about most powerful
measures in reducing GHG emission.

This study aimed to contribute to a better understanding of greenhouse gas fluxes at the
ecosystem and regional scale with a special focus on the scalability of the fluxes between
the spatial scales.

Starting at the most detailed level, Chapter 6 quantifies the effect of H2O cross-sensitivity
on the measurements of laser spectroscopy instruments on trace gas fluxes. This occurrence
leads to an intensification of the dilution effect and hence an enhanced density flux correction
is required to account for H2O introduced density changes of the air. In our instrumental
setup, damping processes of the H2O signal counteract the additional dilution effect. These
include for example sorption and desorption processes at the sidewalls of the intake tubes
and in the filter with integrated droplet separator. Hence, the application of the original
density flux correction after Webb et al. (1980) calculated from the H2O flux measured by
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another instrument might be inappropriate. Drying the air prior to sampling would overcome
this problem, but tends to have a negative side effect on the high-frequency performance
of the instrument (Griffis et al., 2008) and therewith on the flux. Therefore, we derived
a function to transfer the ambient water vapor flux to the one observed in the measurement
cell. The cross-sensitivity effect of the instrument to water is compensated by the dampening
effect and finally results in no change of the original density flux correction. This may
explain why Detto et al. (2011) did not see a difference between fluxes calculated from dry
mole fractions and from humid mole fractions corrected for density effects by the original
density correction. The density flux correction itself is however important for small fluxes
at comparably high background concentrations, as shown for our fluxes measured over a
grassland. For large emission fluxes observed over a wetland ecosystem, the effect of the
density flux correction is small, but still biases annual budget towards higher uptakes or
lower emissions if not corrected for.

At the instrumental setup level, the question arises whether the ecosystem flux is ade-
quately measured. Chapter 5 evaluates the performance of two completely different setups
to measure methane fluxes. Both setups were capable to accurately measure the prescribed
flux simulated in a tracer experiment under field conditions. Two recent studies support these
findings. Peltola (2011) compared the performance of a prototype of the LI-7700 (Li-Cor
Inc., Lincoln, NB, USA), a G1301-f (Picarro Inc., Santa Clara, CA, USA), a TGA-100A
(Campbell Scientific, Inc., Logan, Utah, USA) and a Fast Methane Analyzer (FMA, Los
Gatos Research Inc., Mountain View, CA, USA) and presented good agreement between the
measured fluxes of the individual instruments, especially between the fluxes derived with
the G1301-f and the FMA. Detto et al. (2011) reported similar results for a FMA and a
prototype of the LI-7700. Hence, the new spectroscopic instruments enable accurate CH4

flux measurements by the eddy covariance technique for methane emissions from wetlands
and grazed pastures. Very small fluxes as for example observed uptake rates over grass-
lands hit the detection limit of all setups and spectroscopic effects as well as the density flux
correction gain importance.

Direct measurement of the trace gas fluxes from a certain ecosystem type is not always
straightforward as shown in Chapter 4. Especially in a heterogeneous landscape, small
patches of a certain land type can add to a considerable area. A good example therefore
are cultivated turf grasses that cover 2% of the continental United States and are estimated
to take up 17 Tg C yr�1 (Milesi et al., 2005). Private backyards are however often too small
to successfully deploy eddy covariance measurements. Elsewise, they are likely influenced
by nearby CO2 sources such as traffic, as they were at an over 1.5 ha large turf-grass field
in the first-ring suburb of Minneapolis–Saint Paul, Minnesota, USA. Traffic contribution
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was estimated based on winter fluxes (when vegetation was dormant), footprint analyses,
and continuous traffic counts. The derived relationship between the footprint influenced by
the road and the traffic count allowed to successfully removing the traffic influence on the
measured CO2 flux. The annual CO2 budget was reduced by � 135 g C m�2 yr�1 for two
subsequent years. Hence, footprint models supply a powerful tool to partition fluxes from
different sources. Peters et al. (2011) (Appendix A) even goes one step further and compares
the water vapor flux measured at a tall tower (40 m) with the water vapor flux from the indi-
vidual ecosystem types within the footprint of the tower measurement in the same suburban
area as the turf-grass flux measurements were performed. A good agreement between the
component-based and total H2O flux was found with an overall imbalance of 3%.

While the study in Appendix A applied various measurement methods to estimate the
individual components, Chapter 3 compares different methods to measure CH4 emissions
from a mid-latitudes run-off-river hydropower reservoir. Chamber measurements only rep-
resent a small surface area of the lake whereas eddy covariance measurements integrate
over a larger part of the lake. Both methods are however not capable to directly assess the
total CH4 emissions of the lake and their representativeness is questioned. Aircraft based
flux estimates result in similar (same order of magnitude) fluxes as observed by chambers
that were deployed on the same day and compare well with eddy covariance measurements
performed in a separate study in the previous year. The higher fluxes from aircraft measure-
ments compared to the chamber fluxes are likely influenced by the box model simplification
and therewith associated assumptions. Nevertheless, airborne flux measurements are capa-
ble to detect potential large-area CH4 sources and provide a rough estimate of their quantity.

Finally, Chapter 2 compares two independent methods to calculate aircraft based fluxes
with a spatially explicit inventory. The simplified box model and the eddy covariance tech-
nique yield fluxes at the same order of magnitude as the bottom-up inventory estimate. While
eddy covariance fluxes tend to underestimate the emissions, the variability and the mean in
the box model fluxes are considerably higher. Since airborne eddy covariance measurements
tend to be lower than surface flux measurements (Desjardins et al., 1989) and the simplified
box model is influenced by lateral advected concentration gradients, we expect the emis-
sions to range somewhere between the flux estimates by the two approaches. Applying a
less simplified box model including all flows through the sidewalls of the box could help to
further constrain the model estimate.

This thesis contributes to a better understanding of greenhouse gas fluxes at the ecosystem
and regional scale, including a critical assessment of the used method. Regional scale CH4

fluxes were calculated from aircraft measurements. While some uncertainties for the sim-
plified and full-featured box model remain, eddy covariance fluxes are robust and compare
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well with the spatially explicit inventory for the area of interests. Footprint models have been
shown to be a powerful tool to partition fluxes from different sources and associate fluxes
with their source region. A field comparison successfully showed the applicability of the two
CH4 flux measurement setups and compared the fluxes with artificial prescribed CH4 flux.
Additionally, the influence of spectroscopic effects of H2O on the CH4 flux measurements is
assessed for a Fast Methane Analyzer.

7.2. Outlook

Twenty flight days provide a solid data set to evaluate aircraft based flux measurements.
Additional analyses and measurements could contribute to a more detailed understanding of
CH4 emissions in Switzerland.

So far, only agriculturally dominated landscapes and lake ecosystem were considered in
the analyses. While agroecosystems are the most important source in Switzerland, emis-
sion from those should be contrasted against emissions from e.g. urban environments. The
evaluation of larger boxes as e.g. shown by Lehning et al. (1996) for O3 might give a more
integrated picture on Swiss CH4 emissions. Additionally, small regional scale studies as
completed for the Reuss Valley or Lake Wohlen can be deployed over other CH4 emitting
areas such as wetlands to constrain their source strength.

Nevertheless, the analyses remain restricted to the areas covered by aircraft measure-
ments. While the spatial resolution of the current satellite based CH4 observations is lower
than from aircraft measurements, they provide a larger spatial extent and a regular sampling
interval. The larger spatial extent would be helpful to connect and compare the measure-
ments with regional and global models. The regular sampling interval would also extend the
temporal frame of the observations.

The flights were restricted to daytime for several reasons. The most important one is that
the boundary layer is stably stratified during the night and turbulent mixing is very low.
Hence, the influence of sinks and sources at the surface is restricted to the lowest few tens to
hundreds of meters and pronounced vertical concentration profiles develop. Airborne mea-
surements very close to the surface are dangerous, especially by night when sight is low.
On the other hand, the relatively shallow boundary layers allows ground based concentra-
tion profile measurements from towers or with tethered balloon systems. These types of
measurements are currently conducted by the project FasMeF (Farm-scale Methane Fluxes)
founded by the Swiss National Science Foundation.

CH4 fluxes estimated by the simplified box model approach scatter more than eddy co-
variance fluxes calculated from the same data. Hence, further evaluation of the box model
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approach is needed to reduce the uncertainties associated with this method. This could be
done in an additional field experiment where the sides of the box are constrained with direct
measurements from close to the ground through the total height of the boundary layer. Mea-
surements at the top of the boundary layer could be used to estimate the vertical exchange
with the free troposphere.

Footprint models are a powerful tool to link concentration measurement with surface
fluxes and will also be applied to the aircraft data described in this thesis as part of an
additional project. The basis for the planned analysis is the high-resolution transport model
FLEXPART-COSMO developed by Empa. A preliminary case study shows promising re-
sults that this analysis will contribute to the evaluation of the spatially highly resolved CH4

emission inventory. In a further step, the footprints can also be used to derive an adapted
inventory constrained by inverse modeling.

Especially the application of inversed models would profit from measured isotopic ratios
of ı13C and ı2H in CH4. The isotopic signal of natural processes and combustion differs
(Miller, 2005) and hence can help to disentangle the different sources that contribute to the
measured concentration, as successfully shown by Fletcher et al. (2004)
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[1] Evapotranspiration is an important term of energy and water budgets in urban areas
and is responsible for multiple ecosystem services provided by urban vegetation. The
spatial heterogeneity of urban surface types with different seasonal water use patterns (e.g.,
trees and turfgrass lawns) complicates efforts to predict and manage urban
evapotranspiration rates, necessitating a surface type, or component‐based, approach. In a
suburban neighborhood of Minneapolis–Saint Paul, Minnesota, United States, we
simultaneously measured ecosystem evapotranspiration and its main component fluxes
using eddy covariance and heat dissipation sap flux techniques to assess the relative
contribution of plant functional types (evergreen needleleaf tree, deciduous broadleaf
tree, cool season turfgrass) to seasonal and spatial variations in evapotranspiration.
Component‐based evapotranspiration estimates agreed well with measured water vapor
fluxes, although the imbalance between methods varied seasonally from a 20%
overestimate in spring to an 11% underestimate in summer. Turfgrasses represented the
largest contribution to annual evapotranspiration in recreational and residential land use
types (87% and 64%, respectively), followed by trees (10% and 31%, respectively), with the
relative contribution of plant functional types dependent on their fractional cover and daily
water use. Recreational areas had higher annual evapotranspiration than residential areas
(467 versus 324 mm yr−1, respectively) and altered seasonal patterns of evapotranspiration
due to greater turfgrass cover (74% versus 34%, respectively). Our results suggest that
plant functional types capture much of the variability required to predict the seasonal
patterns of evapotranspiration among cities, as well as differences in evapotranspiration
that could result from changes in climate, land use, or vegetation composition.

Citation: Peters, E. B., R. V. Hiller, and J. P. McFadden (2011), Seasonal contributions of vegetation types to suburban
evapotranspiration, J. Geophys. Res., 116, G01003, doi:10.1029/2010JG001463.

1. Introduction

[2] Evapotranspiration is an important term of energy and
water budgets in urban areas and it consequently plays a key
role in management decisions related to conservation of water
resources, mitigation of urban heat islands, and reduction of
storm water runoff. Managing these ecosystem services re-
quires accurate assessments of urban evapotranspiration
rates, and indeed water vapor fluxes have been measured in
cities representing different climates, geographical regions,
and land use types [Balogun et al., 2009;Grimmond and Oke,
1999; Moriwaki and Kanda, 2004; Nemitz et al., 2002;
Offerle et al., 2006; Spronken‐Smith, 2002]. Collectively,
these studies show that cities vary in magnitude and season-

ality of evapotranspiration due to differences in climate,
irrigation, and vegetation cover. For example, densely built‐
up city centers or downtown areas with high impervious
surface cover tend to have lower evapotranspiration rates and
smaller evaporative fractions [Grimmond et al., 2004;Nemitz
et al., 2002] than residential areas with short buildings and
high vegetation cover [Balogun et al., 2009;Grimmond et al.,
1996, 2006; Moriwaki and Kanda, 2004].
[3] Recent studies suggest that plant growth form is another

important factor controlling total evapotranspiration in urban
areas, with turfgrass‐dominated areas showing higher water
fluxes than tree‐dominated areas [Balogun et al., 2009;
Kotani and Sugita, 2005; Offerle et al., 2006]. The spatial
heterogeneity of urban landscapes, however, greatly com-
plicates the extrapolation of these ecosystem‐scale mea-
surements to other urban and suburban areas, as vegetation
composition varies widely within and between cities. The
management of urban ecosystem services necessitates an
approach that quantifies urban evapotranspiration rates
according to the major land‐surface types present, hereafter
referred to as a component‐based approach. Partitioning of
ecosystem water fluxes among stand types or species has
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been previously investigated in natural ecosystems [Baldocchi
et al., 2000; Oishi et al., 2008; Paco et al., 2009], yet this
information is relatively lacking in urban ecosystems.
[4] Plant functional types provide a potentially useful

approach for partitioning the seasonal patterns of urban
evapotranspiration, as they represent major physiological
and biophysical differences among plant species [Reich
et al., 1997] and they also can be uniquely identified in
urban landscapes using high‐resolution satellite imagery
[Tooke et al., 2009]. For example, evergreen needleleaf
trees tend to have lower leaf‐level transpiration rates than
deciduous broadleaf trees [Givnish, 2002], while both tree
types tend to have deeper roots and access to additional
sources of water as compared to cool season grasses
[Jackson et al., 1996; Ludwig et al., 2004]. Plant func-
tional types also represent distinct seasonal patterns in
physiological activity, or phenology, among plant species.
For example, cool season turfgrasses, which are ubiquitous
across temperate urban landscapes [Milesi et al., 2005],
have higher physiological activity in the spring and fall
[Zhang et al., 2007], while evergreen needleleaf and
deciduous broadleaf trees show peak function in midsummer
[Givnish, 2002]. Many studies have quantified evapotrans-
piration rates of turfgrasses [Feldhake et al., 1983, 1984;
Zhang et al., 2007] and, to a lesser extent, of trees in urban
areas [Bush et al., 2008;Whitlow and Bassuk, 1988;Whitlow
et al., 1992], yet no work has examined the combined effects
of these plant functional types on the seasonality of urban
evapotranspiration.
[5] Here we report a 2 year study in which we made

independent measurements of total ecosystem evapotrans-
piration and its main component fluxes to better understand
how vegetation influences the spatial and seasonal variation
in suburban evapotranspiration. We measured ecosystem
evapotranspiration using an eddy covariance system mounted
40 m above ground, tree transpiration using heat dissipation
sap flow sensors, and turfgrass evapotranspiration using a
portable eddy covariance system mounted 1.35 m above
ground. Our main objectives were to: (1) determine the mag-
nitude and seasonal patterns of suburban evapotranspiration;
(2) evaluate how well scaled component‐based estimates
match measured ecosystem evapotranspiration rates; (3) deter-
mine how the magnitude and seasonality of ecosystem evapo-
transpiration varies between residential and recreational land
use types; and (4) examine the seasonal water use patterns of
vegetation types and their influence on ecosystem evapotrans-
piration in recreational and residential land use types.

2. Methods

2.1. Site Information

[6] Our study was conducted in a first‐ring suburban
neighborhood in the Minneapolis–Saint Paul metropolitan
area in east central Minnesota, United States (44°59′N,
93°11′W). Prior to rapid residential development in the
1950s, the prominent land use types in the area were
farms and nurseries. The area has a cold temperate cli-
mate with mean annual temperature of 7.4°C and mean
annual precipitation of 747 mm. Due to its location near
the center of the metropolitan region, the study area was
influenced by the urban heat island effect that has been
documented for Minneapolis–Saint Paul [Sen Roy and

Yuan, 2009; Todhunter, 1996; Winkler et al., 1981].
The relatively flat terrain made this landscape suitable for
eddy covariance measurements from the KUOM broadcast
tower located in the center of our approximately 7 ha
study area (Figure 1). The area immediately adjacent to
the tower consisted of residential land use (single‐family,
detached housing) to the northwest and northeast and recrea-
tional land use (golf course) to the southwest. Vegetated sur-
faces consisted primarily of forested patches, isolated trees, and
open turfgrass lawns. Of the over 80 tree species identified in
this area, the dominant canopy species were Acer negundo
(boxelder), Acer saccharinum (silver maple), Fraxinus penn-
sylvanica (green ash), Gleditsia tricanthos (honey locust),
Picea glauca (white spruce), Populus deltoides (cotton-
wood), Quercus alba (white oak), and Ulmus americana
(American elm), with a mean tree height of 12 m.
[7] We selected four sites with stands of trees suitable for

sap flux measurements within our study area (Figure 1)
[Peters et al., 2010]. Sites were selected to include repre-
sentative tree species and sizes with the total number of sites
limited by numerous logistical constraints (e.g., equipment,
landowner permission, site suitability, signal cable lengths,
and access to power). Trees at all sites were grown under
park‐like conditions with open canopies and a turfgrass
ground cover. The lower branches of many trees were
pruned, but canopies were mature and healthy with no
obvious signs of disease or damage. Root systems were not
likely restricted by impervious surfaces, as the nearest roads
and sidewalks occurred beyond the drip line of all trees and
often at distances > 10 m from each tree. Surface soils at all
sites were moderately compacted with an average bulk
density of 1.43 g cm−3, as is typical of urban soils [Craul,
1985]. Management regimes were considered low mainte-
nance at all sites and included regular mowing, but had little
or no irrigation and no fertilizer use based on personal
communication with the landowners.
[8] We made eddy covariance measurements at a height

of 1.35 m over a 1.5 ha turfgrass field that was located
within the footprint of the KUOM tall tower (Figure 1). This
site was representative of low‐maintenance lawns in the
area, as it was mowed to a height of 7 cm approximately
once per week with clippings left to decompose on the
surface and was not irrigated or fertilized. The C3 cool
season turfgrass species, Poa pratensis (Kentucky blue-
grass), Lolium perenne (perennial ryegrass) and Festuca
arundinacea (tall fescue), dominated this site. Surface soils
at this site were slightly compacted with an average bulk
density of 1.22 g cm−3. While turfgrass management varied
among lawns in our study area, numerous logistical con-
straints associated with making eddy covariance measure-
ments in an urban area (e.g., landowner permission,
security, adequate fetch) restricted our ability to simulta-
neously measure a highly managed lawn.

2.2. Meteorological Measurements

[9] To assess the environmental conditions in which our
study occurred, we measured a suite of meteorological
variables. At the turfgrass site, net radiation (RN) and
incoming solar radiation (RS) were measured at 2 m above
ground using a four‐component net radiometer (model
CRN1, Kipp and Zonen, Delft, Netherlands). Ground heat
flux (G) was measured at 5 cm depth at two locations at the
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turfgrass site using heat flux plates (HFT‐3.1, Radiation and
Energy Balance Systems, REBS, Seattle, Washington,
United States). An integrating platinum resistance temper-
ature probe (STP‐1, REBS, Seattle, Washington, United
States) was used to measure storage of heat in the upper
5 cm of soil, which was added to the measurements
recorded by the heat flux plates. Volumetric soil water
content was measured at 10 cm depth (ECH2O, Decagon
Devices, Inc., Pullman, Washington, United States) at the
turfgrass site and calibrated relative to a set of gravimetric
measurements made in the same soil type at the University
of Minnesota climate station. These calibrations were con-
ducted by oven‐drying soil cores of a known volume that
were collected throughout a 2 week dry‐down period fol-
lowing a precipitation event. We measured RN (CNR1,
Kipp and Zonen, Delft, Netherlands) from the KUOM
broadcast tower at 150 m above ground. The 50% source
area [Schmid et al., 1991] of our net radiation measurement
was within 150 m of the tower (consisting of tree and grass
patches on the golf course, three small buildings with dri-
veways, a two‐lane road intersection, and a small storm
water pond), while the 90% source area was within 475 m

of the tower (consisting of a mixture of golf course land use
and several blocks of single‐family detached housing).
Precipitation data were obtained from the University of
Minnesota climate station (<1 km from the KUOM tower
site). Vapor pressure deficit (D) was calculated from the
water vapor concentration and air temperature measure-
ments at the KUOM tall tower and turfgrass sites.

2.3. Measuring Suburban Evapotranspiration
and Its Component Fluxes

[10] Latent (LE) and sensible (H) heat fluxes over the
suburban landscape weremeasured from the 40m level on the
KUOM broadcast tower using an eddy covariance system
consisting of a 3‐D sonic anemometer (CSAT3, Campbell
Scientific, Inc., Logan, Utah, United States) and a closed‐path
infrared gas analyzer (LI‐7000, LI‐Cor, Lincoln, Nebraska,
United States). The measurement height was > 2× the mean
height of the trees, which overtopped the roofs of the houses.
The sonic anemometer and the filtered air inlet for the gas
analyzer were mounted on a 3 m boom that was oriented
toward the northwest (315°). The gas analyzer and the data‐
acquisition system were housed in an insulated, thermostat-

Figure 1. Land cover classification derived from 2.4 m resolution QuickBird imagery for a 1 km radius
surrounding the KUOM tall tower (indicated by the letter K at the origin) in a suburban neighborhood of
Minneapolis–Saint Paul, Minnesota. The mobile tower in the turfgrass field is indicated by the letter T.
The Lauderdale (L), Saint Paul (S), and Grove (G) sap flux sites are indicated by the letters corresponding
to their names. The CTC sap flux site was located in a residential area 1.3 km south of the map edge and is
not shown. The white lines represent isopleths of the average relative contributions of different land areas,
based on the footprint model of Kljun et al. [2004], of the measured fluxes at the 40 m level of the tall
tower for the years 2007 and 2008, following the approach presented by Rebmann et al. [2005]. Yellow
lines delineate the residential and recreational land use areas that were used to bin the data for the analyses
in Figure 8 and section 3.6. Stippled areas in the SE corner of the map indicate low herbaceous vegetation
in experimental crop plots.
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ically controlled, heated and ventilated rack‐mount computer
enclosure at the base of the tower. The water vapor channel of
the gas analyzer was calibrated using a dew point generator
(LI‐640, LI‐Cor, Lincoln, Nebraska, United States) in a
nearby laboratory, with two different LI‐7000 instruments
cycled regularly between the lab and the tower. Air was
sampled through a 9.5 mm I.D. pure FEP tubing at a rate
of 23 SLPM and a bypass flow rate of 7.5 SLPM through
4 mm I.D. pure PTFE tubing and was delivered to the
gas analyzer using a system of needle valves, mass‐flow
meters, and two rotary vane vacuum pumps (Gast models
1023 and 211 for the main and the bypass pumps,
respectively, Benton Harbor, Michigan, United States).
The digital data from the sonic anemometer was trans-
mitted to the tower base using a pair of fiber optic media
converters linked by multimode fiber optic cable to avoid
RF interference from the broadcast tower. Data collected
with the sonic anemometer and infrared gas analyzer were
recorded at 10 Hz using in‐house software running on a
utility‐grade UNIX server at the tower base (V120, Sun
Microsystems, Santa Clara, California, United States).
[11] Thirty minute turbulent fluxes, including ecosys-

tem evapotranspiration (Etotal), were computed using a
slightly modified version of eth‐flux [see Mauder et al.,
2008]. Following Vickers and Mahrt [1997], a filter was
implemented to remove spikes in the sonic data likely caused
by data communication. A maximum of five values exceed-
ing ± 6 standard deviations within a 300 s moving window
were removed. This procedure was repeated three times for
each 30 min block of data. The time lag due to the transport of
air through the tubing was calculated using the peak of the
cross‐correlation function between the vertical wind velocity
and the water vapor concentration. Themean lag for the water
vapor signals was 11 s. All subsequent analyses were per-
formed using the R (version 2.8) statistical language package
[R Development Core Team, 2010]. The sonic temperature
was corrected following Schotanus et al. [1983]. High‐
frequency losses in the fluxes were corrected following
Eugster and Senn [1995] using a damping‐loss constant
of 0.28 s−1. Data were screened to remove periods when
instruments were being serviced and wind directions were
from the southeast (90 to 180°) to avoid interference from
the tower structure. The land use associated with those
wind directions was also atypical of the predominantly res-
idential area because it included experimental crop plots
cultivated by the University of Minnesota. Gaps in mea-
surements from January 2007 to December 2008 represented
48% of the data, due to unfavorable wind directions from
behind the tower (20%) and system maintenance or power
outages (28%). We performed the minimum necessary level

of filtering to maximize the amount of data available for
comparisons of land use types. Due to the complexity of the
suburban land surface and our focus on comparing scaled‐up
component fluxes to measured Etotal, we did not gap‐fill the
tall tower data for the analyses presented here.
[12] Measured Etotal should balance against the sum of its

component fluxes such that:

Etotal ¼ ET þ EG þ EW ð1Þ

where ET is evapotranspiration from trees, EG is evapo-
transpiration from turfgrass lawns, and EW is evaporation
from open water (e.g., ponds and swimming pools). The
focus of the KUOM flux study was to quantify fluxes from a
residential landscape, which consists of trees and predomi-
nantly nonirrigated turfgrass lawns (Table 1). In carrying out
the scaling exercise reported here, we wanted to understand
how much of the imbalance between our scaled‐up com-
ponent fluxes and Etotal measured by the tall tower could be
accounted for by processes and surface types we did not
measure. Thus, we used modeled estimates of canopy
interception, EG from irrigated lawns, and understory EG to
provide a more robust assessment of our scaled‐up mea-
surements. Each of the surface type fluxes included in our
scaled‐up Etotal estimates was either independently mea-
sured or modeled as described below. Evaporation from
bare soil and impervious surfaces was assumed to be neg-
ligible because bare soil represented a small fraction of the
study area (∼7%, much of which was under tree canopies,
based on FIA plot data) and impervious surfaces effectively
prevent evaporation from soils below.
[13] ET is composed of tree transpiration (TT) and rainfall

interception loss from tree canopies (IT) such that:

ET ¼ TT þ IT ð2Þ

In our study area, Peters et al. [2010] found species’ dif-
ferences in TT per unit canopy area were largely explained
by plant functional type differences in canopy structure and
growing season length. Consequently, we used evergreen
needleleaf and deciduous broadleaf plant functional types to
estimate ET at the ecosystem scale, such that:

ET ¼ ETeg þ ETdec ð3Þ

where ETeg is evapotranspiration from evergreen needleleaf
trees and ETdec is evapotranspiration from deciduous
broadleaf trees.
[14] TT was measured using Granier‐type heat dissipa-

tion sap flow [Granier, 1987; Lu et al., 2004] on a total
of 37 trees (17 trees in 2007 and 20 different trees in

Table 1. Cover Types by Percentage of the Residential Land Use Area, Recreational Land Use Area, and Flux Footprint Climatology
Areaa

Suburban Landscape
Deciduous
Tree (%)

Evergreen
Tree (%)

Nonirrigated
Turfgrass (%)

Irrigated
Turfgrass (%)

Open
Water (%)

Impervious
Surfaces (%)

Residential area 37 6 25 9 2 22
Recreational area 19 1 11 63 2 5
Footprint area 25 4 18 35 2 15

aPercent cover was determined from the land cover classification map shown in Figure 1 and does not include turfgrass under tree canopies. The
footprint area was defined as the total area bounded by the 10% contour line (Figure 1).
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2008) across four sites. Trees represented seven different
genera (Fraxinus, Juglans, Picea, Pinus, Quercus, Tilia,
and Ulmus) and two plant functional types (evergreen
needleleaf and deciduous broadleaf) [Peters et al., 2010].
Measurement periods ran from May to November in 2007
and April to November in 2008. The software package
BaseLiner (version 2.4.1, Hydro‐Ecology Group, Duke
University) was used to calculate sap flux density per con-
ducting sapwood area. TT per unit canopy area was calcu-
lated as the product of each tree’s sap flux density and the
ratio of cross‐sectional sapwood area to projected canopy
area. Cross‐sectional sapwood area was determined from
multiple cores per tree using visual estimates apparent
immediately after removal from the trunk [Lu et al., 2004].
Adjustments were made for radial variation in sap flow
according to Pataki et al. [2010].
[15] IT was estimated using a tree‐based adaptation of the

Rutter canopy interception model [Rutter et al., 1975;
Valente et al., 1997]. The crown of each tree was considered
a closed canopy and interception loss calculated on a can-
opy‐area basis. Following Wang et al. [2008], we modeled
crown storage capacity of both evergreen needleleaf and
deciduous broadleaf trees as a function of leaf area index
(LAI) with a specific leaf storage of 0.2 mm. The seasonal
pattern of LAI was modeled using piecewise logistic
equations fit to stand‐level LAI measurements (LAI‐2000,
LI‐Cor, Lincoln, Nebraska, United States) that were col-
lected biweekly at sap flux sites from prior to leaf‐out to
after senescence in 2007 and 2008 [Peters and McFadden,
2010]. Maximum LAI values for evergreen needleleaf and
deciduous broadleaf trees were determined from midsum-
mer LAI measurements on each study tree in 2008 [Peters
et al., 2010] and LAI ranges were determined from sea-
sonal LAI patterns observed in homogeneous stands of
evergreen needleleaf and deciduous broadleaf trees in 2006
[Peters and McFadden, 2010]. Modeled LAI of evergreen
needleleaf trees ranged from a minimum of 7.8 m2 m−2 in
winter to a maximum of 8.8 m2 m−2 in summer, while
modeled LAI of deciduous broadleaf trees ranged from a
minimum of 0 m2 m−2 in winter to a maximum of 5.5 m2 m−2

in summer. IT was modeled every half‐hour by calculating
potential evapotranspiration (EP) in kg H2Om−2 s−1 using the
Priestley‐Taylor equation [Priestley and Taylor, 1972]:

EP ¼ �
D RN � Gð Þ
� Dþ �ð Þ ð4Þ

where a is a constant of 1.26, RN is net radiation in
MJ m−2 s−1, G is ground heat flux in MJ m−2 s−1, l is
latent heat of vaporization in MJ kg−1, D is the slope of the
saturation vapor pressure temperature curve in kPa °C−1, and
g is the psychrometric constant in kPa °C−1.
[16] Through our subsequent analyses comparing mea-

sured and component‐based estimates of Etotal, we deter-
mined it was important to include irrigated and nonirrigated
turfgrass vegetation types when scaling up EG to the sub-
urban ecosystem. Because most tree canopies in our study
area had a turfgrass understory, we also included two
understory turfgrass vegetation types in our estimate of EG,
such that:

EG ¼ EGnirr þ EGirr þ EGunder eg þ EGunder dec ð5Þ

where EGnirr is evapotranspiration from nonirrigated turf-
grass lawns, EGirr is evapotranspiration from irrigated turf-
grass lawns, EGunder_eg is evapotranspiration from turfgrass
growing below evergreen needleleaf tree canopies, and
EGunder_dec is evapotranspiration from turfgrass growing
below deciduous broadleaf tree canopies.
[17] EGnirr was measured using the eddy covariance

method over a 1.5 ha turfgrass field located in the footprint
of the KUOM tall tower [Hiller et al., 2010]. Water vapor
and sensible heat fluxes were measured using an eddy
covariance system consisting of a 3‐D sonic anemometer
(CSAT3, Campbell Scientific, Logan, Utah, Unites States)
and an open‐path infrared gas analyzer (LI‐7500, LI‐Cor,
Lincoln, Nebraska, United States) inclined at an angle of 30°
toward the west (270°), both mounted at a height of 1.35 m
above the ground on a portable meteorological tripod (905,
Met One Instruments, Grants Pass, Oregon, United States).
Wind velocity, air temperature, and scalar concentrations of
water vapor were recorded at 20 Hz using a data logger
(CR5000, Campbell Scientific, Logan, Utah, United States)
and fluxes were computed over 30 min periods with the
eth‐flux software by applying a time lag, if needed, and
calculating the covariance between the vertical wind speed
and the water vapor concentration. No correction for self‐
heating of the LI‐7500 [Burba et al., 2008] was applied in
the water vapor flux calculations because the effect was
estimated to be < 1% during cold winter periods and negli-
gible during the growing season period. The turbulence data
processing followed the same procedures as for the tall tower
except that the open‐path gas analyzer data were corrected
for changes in air density and sensible heat following Webb
et al. [1980] and high‐frequency losses in the fluxes were
corrected using Moore’s [1986] transfer functions for line
averaging and sensor separation. Gaps in measurements from
January 2007 to December 2008 represented 42% of the
data, due to unfavorable wind directions from behind the
tower (0–180°), power outages, and unsatisfied quality cri-
teria [Foken and Wichura, 1996]. Gaps in EGnirr fluxes were
filled using multiple linear regression models of RN and air
temperature with 2 week windows and separate daytime and
nighttime fitted coefficients.
[18] EGirr was calculated using the Priestly Taylor equa-

tion (equation (4)) with a equal to 0.87. Also known as the
crop coefficient, a ranges from 0.6 to 1.14 for nonstressed,
cool season grasses [Brown et al., 2001; Carrow, 1995;
Ervin and Koski, 1998; Zhang et al., 2007]. While a is
known to vary seasonally, the exact patterns depend on spe-
cies, soil type, and environmental conditions. In an effort to
model water loss from a typical irrigated lawn in our study
area, we chose a median a value among those reported in the
literature.
[19] EGunder_eg and EGunder_dec were modeled as linear

functions of the solar radiation passing through each tree
canopy [Eastham and Rose, 1988; Feldhake et al., 1985].
Radiation passing through the canopy (RV) in W m−2 was
calculated using the Beer‐Lambert law [Campbell and
Norman, 1998] such that:

RV ¼ RSe
�kLAI ð6Þ

where RS is incident solar radiation at the top of the canopy
in W m−2 and k is an attenuation coefficient. LAI was
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modeled separately for evergreen needleleaf and deciduous
broadleaf trees as described above. Following another urban
study [Wang et al., 2008], we set k equal to 0.7 for both tree
types. Calculated RV was used to predict EGunder_eg and
EGunder_dec from monthly linear regression models of mea-
sured EGnirr and RS (R

2 ranged from 0.76 to 0.94 across the
2007 and 2008 growing seasons). EW, which included a few
small ponds, water traps on the golf course, and residential
swimming pools, was calculated using the Priestly Taylor
equation (equation (4)) with a equal to 1.26.

2.4. Scaling Up Component Fluxes

[20] We assessed the land cover in the study area using
satellite imagery, aerial photography, a Geographic Infor-
mation System (GIS) land use database (ArcMap, version 9.3,
ESRI, Redlands, California, United States), and an urban
forest inventory. A land cover classification was produced
using QuickBird (2.4 m resolution) multispectral imagery
acquired on 26 July 2006 and leaf‐off, true color aerial
imagery (0.15 m resolution) acquired by Ramsey County on
8 April 2003. Preparation of the QuickBird imagery included
orthorectification using a 10 m digital elevation model,
georectification using the Ramsey County survey control
network, masking of water bodies using a GIS data layer, and
normalized difference vegetation index (NDVI) thresholding
to isolate the vegetated fraction of the image. The vegetation
classes were then extracted using the following steps. First,
an unsupervised isodata classification was used to separate
areas covered by trees, turfgrass, and shadow. Second, the
shadowed area was masked and reclassified using a super-
vised classifier. Third, the tree class was separated into
deciduous broadleaf and evergreen needleleaf tree classes
using a green and red normalized band ratio from the leaf‐off
color aerial imagery. Fourth, irrigated and nonirrigated
turfgrass areas were separated using a minimum‐distance
supervised classification. Fifth, swimming pools were clas-
sified using a simple ratio of the blue to the near infrared
bands of the QuickBird imagery, within the residential land
use area. We assessed the accuracy of the land cover clas-
sification using the subplot centers of 150 randomly selected
field plots that we surveyed in 2005 and 2006 using the U.S.
Forest Service Forest Inventory and Analysis (FIA) urban
forest protocol [U.S. Department of Agriculture, 2005]. The
overall per‐pixel accuracy of the classification was 82%,
with similar accuracies of ∼80% for the deciduous tree,
evergreen tree, and turfgrass classes, and 93% for the
impervious surface class.
[21] Footprint models have been widely used to estimate

the source area of eddy covariance measurements of Etotal

[Kljun et al., 2004; Schmid, 1994]; however, these models
assume that measurements are made over extended homo-
geneous surfaces and they have not been rigorously vali-
dated in spatially complex urban landscapes [Vesala et al.,
2008a]. Although our study area contains considerable
spatial heterogeneity in surface types, it does not violate
these model assumptions as much as a densely built‐up city
center or downtown area because it has a relatively flat
topography, a dense tree canopy that overtops most of the
buildings, and lacks deep street canyons caused by tall
buildings. Therefore, to allow for comparisons between
measured Etotal and scaled component fluxes, we used a
parameterized version of a Lagrangian stochastic footprint

model [Kljun et al., 2004] to estimate the crosswind inte-
grated footprint of each half‐hourly measurement of Etotal.
We ran the footprint model using a fixed boundary layer
depth of 1000 m and a roughness length calculated from the
eddy covariance measurements. As the Kljun et al. [2004]
parameterization does not predict two‐dimensional flux
source areas, we used the following approach based on
Barcza et al. [2009] to obtain a spatial sample of the frac-
tional cover of land surface types within the source area.
First, we used the footprint model to calculate distance from
the tall tower to the maximal contribution point as well as
the distances corresponding to every tenth percentile of the
footprint for each half‐hourly measurement of Etotal. Sec-
ond, we plotted the 10 points of the flux footprint along the
mean wind direction on the land cover map in a GIS and
calculated the fractional cover of each component class
within a 1 ha circular area (radius = 56 m) around each
point. Third, we calculated the average of the 10 sampled
areas, each weighted by the crosswind‐integrated footprint
corresponding to that point, to obtain the final estimate of
the fractional land cover that contributed to each half‐hourly
flux measurement. To estimate the fractional cover of turf-
grass underneath the tree canopy, we calculated the differ-
ence between the percent turfgrass cover from field
measurements on FIA plots (which included understory
vegetation) and the percent turfgrass cover derived from the
satellite data (which could not detect the understory). On
average, 50% of the tree‐covered area had a turfgrass
understory and this value was used to represent the frac-
tional cover of understory turfgrass for the entire footprint
area.
[22] For comparison with measured Etotal, component

fluxes were converted from a per cover area basis to a per
ground area basis by multiplying ETeg, ETdec, EGnirr, EGirr,
EGunder_eg, EGunder_dec, and EW by the fractional cover esti-
mates and summing the terms. Comparisons between mea-
sured and component‐based Etotal methods were restricted to
half‐hour periods in 2007 and 2008 when friction velocity
u* > 0.2 m s−1 and scaled Monin‐Obukhov length zm/L ≥
−200 and ≤1. These direct comparisons between the
summed component fluxes and measured Etotal from the
tall tower were possible only on a half‐hourly basis
because gaps in the tall tower time series (meaning we
lacked both the measured Etotal fluxes and the footprint
information needed to scale up the component‐based Etotal)
inhibited our ability to make comparisons over longer in-
tegrations such as monthly or annual sums. We conducted
an error analysis of the component‐based estimates of Etotal

by propagating errors associated with the land cover
classification, the measured and modeled component fluxes
[Taylor, 1982]. EGnirr was assumed to have a relative error
of 20%, which is typical of eddy covariance measurements
in general [Baldocchi et al., 1988]. EGirr was assumed to
have a relative error of 16%, based on the published range of
a reported for cool season turfgrass species [Brown et al.,
2001; Carrow, 1995; Ervin and Koski, 1998; Zhang et al.,
2007]. For both evergreen and deciduous trees, TT was
assumed to have a relative error of 40%, based on the mea-
sured variation in annual sums among individual trees. IT was
assumed to have a relative error of 40% and 23% for decid-
uous and evergreen trees, respectively, based on measured
variation in LAI. Because EW, EGunder_dec, and EGunder_eg
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were minor components of Etotal and we did not have a strong
quantitative basis for estimating their respective errors, they
were excluded from this error analysis.
[23] To compare measured Etotal from a residential

neighborhood and a recreational land use area in a golf
course, we delineated two regions of interest (Figure 1)
based on the Ramsey County GIS database. We restricted
land use comparisons to periods when the 10% flux con-
tribution fell exclusively within one of the two land use
types during daytime conditions (RS > 10 W m−2). Annual
Etotal from recreational and residential land use areas was
determined by scaling component fluxes according to their
respective land cover fractions shown in Table 1.

3. Results

3.1. Land Cover

[24] Open turfgrass lawns were the dominant land cover
type in our suburban study area, representing 53% of the tall
tower footprint climatology, followed by 29% tree cover,
and 15% impervious surface cover (Table 1). Of the tree‐
covered area, 86% was composed of deciduous broadleaf
species and 14% of evergreen needleleaf species. 45% of
trees had a DBH < 20 cm and 74% of trees had a projected
canopy area < 40 m2 (Figure 2). A turfgrass understory was
present in 52% of tree‐covered areas. Vegetation cover
varied considerably between the two dominant land use
types, such that turfgrass cover dominated the recreational
area and tree cover dominated the residential area. The
recreational area had 40% higher turfgrass cover, 54% more
irrigated turfgrass cover, 23% less tree cover, and 13% less
impervious surface cover than the residential area. The
difference in percent cover of irrigated turfgrass between
residential and recreational areas was confirmed with per-
sonal observations during the FIA field inventory that most
homes did not have automatic irrigation systems.

3.2. Environmental Conditions

[25] The seasonal patterns of RN, air temperature, and D
were relatively similar between the 2 years of study, but
there were several periods with higher D in the summer of
2007 compared to 2008. The seasonal patterns of precip-
itation and soil moisture varied considerably between 2007
and 2008 (Figure 3). Not only was total annual rainfall

higher in 2007 (749 mm) and more similar to the 30 year
(1971–2000) average (747 mm) than 2008 (550 mm), the
seasonal distribution of rainfall varied as well [National
Climatic Data Center (NCDC), 2004]. In 2007, the

Figure 2. Probability density functions of tree (a) diameter at 1.4 m height (DBH) and (b) projected
canopy area in a suburban area of Minneapolis–Saint Paul, Minnesota. Trees were sampled (n = 164)
using FIA urban forest protocols and were located within the tall tower footprint area, defined as the
total area bounded by the 10% contour line (Figure 1).

Figure 3. Environmental conditions in a suburban area of
Minneapolis–Saint Paul, Minnesota from 1 January 2007
to 31 December 2008. (a) Daily totals of net radiation
(RN) were measured at the 150 m level of the KUOM tower.
(b) Mean daily air temperature (Tair) and mean daytime
vapor pressure deficit (D) were measured at the 40 m level
of the KUOM tower. (c) Soil water content (SWC) was
measured at 10 cm depth at the turfgrass site. Precipitation
(bars) was measured at a nearby (<1 km) climate station.
Gaps in soil water content data indicate time periods when
the instrumentation failed.
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greatest amount of precipitation occurred in September
(170 mm), whereas in 2008 it occurred in April (109 mm).
August was the wettest month (103 mm) over the 30 year
average [NCDC, 2004]. Consequently, rainfall patterns in
2007 were relatively more similar to the long‐term average
than in 2008. Air temperature and D were also higher in
late spring and early summer in 2007 compared to 2008.
Soil moisture reached a growing season (April–November)
low of 17% on average in May of 2007 compared to a low
of 11% on average in August of 2008.

3.3. Ecosystem Evapotranspiration

[26] Etotal from the suburban landscape, measured from
the 40 m level on the KUOM tower, varied seasonally
across the 2 years of study (Figure 4). On average, daytime
(RS > 10 W m−2) sums of Etotal were near zero in winter in
both 2007 and 2008 and showed increased rates from April
to October. In April and May, we observed higher daytime
sums of Etotal on average in 2007, but in July and August
we observed higher daytime Etotal on average in 2008.
Daily Etotal peaked in June of 2007 at an average rate of
2.7 mm d−1 and in July of 2008 at an average rate of
3.1 mm d−1. The prevailing northwest wind direction led
Etotal to be relatively more representative of residential
than recreational land use areas (Figure 1). We consider
this systematic bias when interpreting these results.
[27] In midsummer (June–August), the eddy covariance

system at the 40 m level of the tall tower had an energy
budget closure of 83%. This imbalance did not vary with
wind direction or between residential and recreational land
use types. To estimate the energy budget closure at the tall
tower we used G measured at the turfgrass site, which did
not contain any impervious surfaces. Therefore, it is likely
that G was an underestimate for the suburban landscape and
this would have contributed to the energy imbalance. The
average midday (1100–1500 h) evaporative fraction (LE/RN)

and Bowen ratio (H/LE) were 0.40 and 0.67, respectively, in
midsummer. We observed a higher midsummer energy
budget closure of 94% with the 1.35 m portable eddy
covariance system at the turfgrass site, and with a higher
midday evaporative fraction (0.45) and lower Bowen ratio
(0.58).

3.4. Component Evapotranspiration Fluxes

[28] The magnitude and seasonal patterns of evapotrans-
piration varied considerably among the plant functional types
represented in this study. Across the 2008 growing season
(April–November), average daily EGnirr was higher than
either ETeg or ETdec on a per cover area basis (Figure 5a).
EGnirr and ETeg were similar at the beginning and end of
the growing season and both remained > 1 mm d−1 on
average for at least 7 months in 2008, compared to only
4 months for ETdec. All three plant functional types
showed maximum daily evapotranspiration rates in June,
when day length was at its maximum. Midsummer daily
evapotranspiration in 2008 also varied among the four

Figure 4. Daytime (RS > 10 W m−2) sums of ecosystem
evapotranspiration (Etotal) per month measured at the 40 m
level of the KUOM tower over a suburban area of Minnea-
polis–Saint Paul, Minnesota. Dark lines represent median
daytime sums of Etotal, the box represents the 75th and
25th percentiles, and the dotted lines represent values within
a 1.5 interquartile range. n varies from 4 to 20 days per
month. The gap in the fall of 2008 indicates a period when
the instrumentation was out of service following a lighten-
ing strike.

Figure 5. (a) Average daily sums of measured evapotrans-
piration per cover area for nonirrigated turfgrass (squares,
EGnirr), evergreen needleleaf trees (triangles, ETeg), and
deciduous broadleaf trees (circles, ETdec) per month across
the 2008 growing season in a suburban area of Minneapo-
lis–Saint Paul, Minnesota. EGnirr was measured using a
portable eddy covariance tower, and ETeg and ETdec were
calculated from heat dissipation sap flow measurements
and a canopy interception model. (b) Average summertime
(June–August) daily sums of evapotranspiration per cover
area in 2008 for measured and modeled vegetation compo-
nents. Evapotranspiration from irrigated turfgrass (EGirr)
was modeled using the Priestley‐Taylor equation, and
evapotranspiration from understory turfgrass (EGunder_eg

and EGunder_dec) was modeled as a linear function of the
solar radiation passing through the tree canopy, as esti-
mated by the Beer‐Lambert law. Error bars are ± 1 stan-
dard error, and n varies from 8 to 31 days per month.
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turfgrass components represented in this study (Figure 5b)
with average daily EGirr (3.10 mm d−1) higher than EGnirr

(2.99 mm d−1), EGunder_dec (0.07 mm d−1), and EGunder_eg

(0.01 mm d−1). The differences in evapotranspiration rates
among plant functional types measured and modeled in
2007 were consistent with these results (data not shown).
[29] IT represented 27% and 32% of annual ETdec and

ETeg, respectively. On summer days with rain events, daily
ETdec and ETeg were 44% and 22% higher, respectively, than
on days without rain events. Although precipitation events
were originally filtered out of the EGnirr measurements, gap‐
filled EGnirr showed a 22% decline on summer days with
rain events. We were unable to separate evaporation and
transpiration components of turfgrass because the eddy
covariance measurements used at the turfgrass site represent
only total evapotranspiration.

3.5. Comparing Component‐Based and Eddy
Covariance Measured Etotal

[30] Compared to component‐based estimates of Etotal in
which all open‐canopy turfgrass was assumed to be nonir-
rigated (EGnirr), component‐based estimates that included a

modeled irrigated turfgrass (EGirr) vegetation type showed
better agreement with measured Etotal, particularly in sum-
mer when winds were from the southwest (R2 = 0.66 and
0.73, respectively, Figure 6). Including EGirr reduced the
summer imbalance from an underestimate of 7% to 3% in
the southwest quadrant, but had little effect on the imbalance
in spring and fall or when winds were from the northwest or
northeast. For the remainder of our analyses, all component‐
based estimates of Etotal consequently included modeled
EGirr.
[31] Overall, component‐based estimates of Etotal under-

estimated measured Etotal by an average of 3%, with the
component‐based approach explaining 83% of the variation
in measured fluxes when a linear regression model was fit
through the origin (y = 1.03x, P < 0.001). Thirty minute
estimates of component‐based Etotal had a mean relative
error of 21%. The imbalance between the two methods,
however, varied seasonally with the component‐based
approach resulting in a 20% overestimate of measured
fluxes in spring, an 11% underestimate in summer, and a 9%
overestimate in fall (Figure 7). The largest overestimates of
measured Etotal tended to occur when winds were from the

Figure 6. Comparison of half‐hourly measured and scaled component sums of ecosystem evapo-
transpiration (Etotal) in a suburban area of Minneapolis–Saint Paul, Minnesota. Component sums were
constructed either (a) without a separate irrigated turfgrass component (EGirr) or (b) with EGirr. Etotal

was measured at the 40 m level of the KUOM tower. Data shown are from summer (June–August) in
2007 and 2008 when winds were from the southwest. Lines represent the 1:1 line.

Figure 7. Comparison of half‐hourly measured and scaled component sums of ecosystem evapotrans-
piration (Etotal) in a suburban area of Minneapolis–Saint Paul, Minnesota during (a) spring (April and
May), (b) summer (June–August), and (c) fall (September–November). Etotal was measured at the
40 m level of the KUOM tower. Component sums were constructed as ET + EG + EW. Data shown
are from 2007 and 2008. Lines represent the 1:1 line.
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southwest, while underestimates tended to occur when winds
were from the northwest or northeast and during periods of
highRN (>800Wm−2), highH fluxes (>175Wm−2), and high
D (>2 kPa). Scaling up TT differences according to xylem
anatomy types (conifer, ring‐porous, and diffuse‐porous)
instead of plant functional types reduced the overall
imbalance such that measured Etotal was overestimated by
1% and varied seasonally from a 25% overestimate in
spring to a 6% underestimate in summer. The imbalance
was also relatively unaffected by the method used to
sample the land cover fractions associated with each half‐
hourly flux. Using only the maximum contribution point or
the nonweighted mean of the 10 footprint contribution
points changed the overall imbalance by −0.007% and
+0.003%, respectively.

3.6. Comparing Etotal From Two Suburban Land
Use Types

[32] Measured Etotal varied in magnitude and seasonality
between the two suburban land use types represented in our
study (Figure 8). Recreational areas had higher average
daytime Etotal than residential areas in the spring and fall, as
well as during the dry period in June 2007. In addition,
recreational areas had a lower average midday Bowen ratio
in midsummer than residential areas (0.47 and 0.88,
respectively). Daytime Etotal was relatively similar between
the two land use types in late summer (August and Sep-
tember) and in winter.
[33] Annual sums of Etotal, which were based on the sum

of scaled component fluxes, were higher on average from
the recreational area (467 mm yr−1) compared to the resi-
dential area (324 mm yr−1) (Figure 9a). Despite large dif-
ferences in total annual rainfall between 2007 and 2008, the
interannual variation in annual Etotal was relatively small for
both residential and recreational land uses. In 2007 and
2008, annual Etotal from recreational areas represented 62%

and 85% of annual precipitation, respectively, while annual
Etotal from residential areas represented 42% and 61% of
annual precipitation, respectively. EG was the largest com-
ponent of annual Etotal in both recreational and residential
areas (87% and 64%, respectively), followed by ET (10%
and 31%, respectively), and EW (3% and 5%, respectively).
EGirr was a much larger component of annual EG in recre-
ational than residential areas (83% versus 23%, respec-
tively), while ETdec was the dominant component of annual
ET in both land use types (95% and 83%, respectively)

Figure 8. Average daytime ecosystem evapotranspiration
(Etotal) per month measured over two land use types, recre-
ational (open circles) and residential (solid circles), in a sub-
urban area of Minneapolis–Saint Paul, Minnesota. Etotal was
measured at the 40 m level of the KUOM tower. Data
shown were restricted to daytime (RS > 10 W m−2) periods
without precipitation. Error bars are ± 1 standard error, and
n varies from 17 to 270 half‐hourly data points per month.

Figure 9. (a) Annual precipitation and annual evapotrans-
piration of scaled component fluxes, trees (ET), turfgrass
(EG), and open water (EW), from the residential (res.) and
recreational (rec.) land use areas (Figure 1). ET includes
evapotranspiration from evergreen needleleaf (ETeg) and
deciduous broadleaf trees (ETdec). EG includes evapotrans-
piration from irrigated (EGirr), nonirrigated (EGnirr), and
understory turfgrass (EGunder_eg and EGunder_dec). The average
proportional contribution of vegetation components, ETdec

(circles), ETeg (triangles), EGirr (open squares), and EGnirr

(solid squares), to ecosystem evapotranspiration (Etotal) from
(b) residential and (c) recreational land use areas per month.
Data shown include only daytime periods (RS > 10Wm−2) in
2008, and n varies from 254 to 892 half‐hourly data points
per month.
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because deciduous trees were more abundant than evergreen
trees in the suburban area we studied.
[34] The contribution of different vegetation types to Etotal

in 2008, as determined from the sum of scaled component
fluxes, varied seasonally in both land use types (Figures 9b
and 9c). EGirr had the highest proportional contribution to
Etotal in July, while the maximum contribution from EGnirr

occurred in spring (April and May) and fall (October and
November). The largest contribution from ETdec occurred in
August and September, while the highest contribution from
ETeg, albeit small, was in April and November, particularly
in residential areas. Data for vegetation contributions in
2007 were consistent with these results (data not shown).

4. Discussion

4.1. Suburban Evapotranspiration Rates

[35] Ecosystem evapotranspiration (Etotal) observed in this
study fell within the range of values represented for other
suburban residential areas around the world [Balogun et al.,
2009; Grimmond and Oke, 1999, 2002; Moriwaki and
Kanda, 2004; Offerle et al., 2006; Spronken‐Smith, 2002;
Vesala et al., 2008b]. The evaporative fraction (0.40) we
observed was most similar to that measured in older sub-
urban areas in North America, such as Chicago [Grimmond
et al., 1994]. Among suburban areas previously studied in
North America, the fraction of available energy used for
evaporation ranges from 0.22 to 0.46, with the highest
values associated with recently developed exurban areas
dominated by open turfgrass lawns and trees with small
canopies and the lowest values associated with older
suburbs dominated by mature tree canopies [Balogun et al.,
2009]. With 29% tree cover and 53% turfgrass cover, the
footprint climatology area of our study had a higher vegeta-
tion cover than is typical of North American cities
[Grimmond and Oke, 2002; Nowak et al., 1996]. Although it
has been suggested that advected energy from impervious
surfaces can partially compensate for less vegetation cover
overall in urban compared to rural ecosystems [Oke, 1979],
the Etotal measured in this study remained less than values
measured in nonurban ecosystems of North America. For
example, growing season Etotal rates > 3 mm d−1 are com-
monly observed at hardwood forests in northern Wisconsin
[Cook et al., 2004], Indiana [Schmid et al., 2000], Michigan
[Schmid et al., 2003], North Carolina [Oishi et al., 2008], and
Tennessee [Wilson et al., 2001]. Additionally, the annual
Etotal of 467 and 324 mm yr−1 found at our suburban site was
lower than values reported for rainfed maize and soybean
crops in Illinois (547 and 660 mm yr−1, respectively) [Falge
et al., 2001], tallgrass prairie in Oklahoma (637 mm yr−1)
[Burba and Verma, 2005], mixed deciduous forest in
Tennessee (571 mm yr−1) [Wilson et al., 2001], and
mixed hardwood forest in North Carolina (604 mm yr−1)
[Oishi et al., 2008].
[36] The seasonality of suburban Etotal observed in this

study was more similar to patterns found in temperate
hardwood forests from southern latitudes than northern
latitudes of North America. For example, in a mixed
deciduous forest in Oak Ridge, Tennessee, Wilson et al.
[2001] observed Etotal rates that were significantly above
zero from April to October, similar to patterns found in our
study. Additionally, in a deciduous maple‐beech to oak‐

hickory transition forest in south central Indiana, Schmid
et al. [2000] found increased Etotal from May to Octo-
ber. In contrast, elevated Etotal occurred only from May to
September in an upland hardwood forest in northern
Wisconsin [Cook et al., 2004], and from late May to
September in a hardwood‐boreal transition forest in the
lower peninsula of Michigan [Schmid et al., 2003]. These
comparisons suggest that the urban heat island effect, in
addition to the high percent cover of turfgrasses that are
active in the spring and fall, may have played an important
role extending the growing season at our suburban study
site, relative to surrounding rural areas. This is consistent
with analyses that find increases in annual net primary
productivity in urban areas, particularly in cold regions,
which have been attributed to extended growing seasons
caused by the urban heat island effect [Imhoff et al., 2004].

4.2. Scaling Component‐Based Fluxes

[37] Our comparison of measured and component‐based
estimates of Etotal showed that component‐based approaches
can capture much of the seasonal and spatial variability in
suburban Etotal with a similar accuracy (79%) to that of eddy
covariance measurements (∼80%) [Baldocchi et al., 1988].
Similar to studies in forest ecosystems, we found that
component‐based estimates of Etotal slightly underestimated
measured values, particularly at high flux rates in summer
[Bovard et al., 2005; Hogg et al., 1997; Oishi et al., 2008;
Wilson et al., 2001]. Unlike these forest studies, however,
we found that component‐based estimates tended to over-
estimate measured fluxes in spring and fall. Several
potential sources of error may explain these discrepancies
between methods, including (1) errors associated with the
measurements or models used to estimate component
fluxes, (2) a mismatch in the spatial footprints associated
with the measured and scaled fluxes, (3) undersampling
species’ differences in water use, and (4) the spatial het-
erogeneity of urban microclimates.
[38] The measurements and models used to estimate

components of Etotal in this study all contribute some degree
of uncertainty when scaling up Etotal. Previous studies from
forest ecosystems have found that heat dissipation sap flux
techniques may underestimate transpiration, particularly
during periods of high radiation [Bovard et al., 2005; Hogg
et al., 1997; Oishi et al., 2008; Wilson et al., 2001], and
could explain the component‐based underestimates we
observed during summer. The lack of energy balance clo-
sure observed at the tall tower and turfgrass sites, although
typical of eddy covariance systems in general [Wilson et al.,
2002], suggests a systematic underestimate of both Etotal and
EG. While an underestimate of EG may help explain the
summer imbalances, it is contrary to explaining the over-
estimates observed in spring and fall. Depending on the
seasonal variation in LAI among trees in our study area,
the modeled seasonal LAI patterns also represent a source
of error in our estimates of IT, EGunder_eg, and EGunder_dec.
As comparisons between component‐based and measured
estimates of Etotal were restricted to periods with high
quality data and exclude most rainfall events, it is unlikely
that the IT component significantly contributed to the
observed imbalances. The seasonal pattern of understory
turfgrass evapotranspiration, however, is consistent with
the observed imbalances. EGunder_eg and EGunder_dec were
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highest in spring and fall when tree LAI was low, and
EGunder_eg and EGunder_dec were lowest in midsummer when
tree LAI was high (data not shown). It is also likely that
using a constant coefficient equal to 0.87 in the Priestley‐
Taylor equation to model EGirr led to an overestimate of
Etotal in spring and fall and an underestimate in summer.
Studies show that a varies seasonally in nonstressed, cool
season grasses, with lowest values in spring and fall and
highest values in summer [Brown et al., 2001; Ervin and
Koski, 1998; Zhang et al., 2007].
[39] Even in urban areas with relatively flat topography,

flux footprints are particularly difficult to assess due to the
spatial heterogeneity of surface types and complex transport
of scalars, and can lead to the mischaracterization of foot-
print areas when scaling up component fluxes [Vesala et al.,
2008a, 2008b]. While we did not attempt to replicate the
2‐D source area associated with each measured half‐
hourly value of Etotal, we did find that component‐based
estimates of Etotal were not greatly affected by different
methods of sampling the land cover classification map.
Consequently, we believe the misrepresentation of the
footprint area to be a relatively minor source of error in
our component‐based estimates of Etotal.
[40] Species‐rich ecosystems, such as ours, additionally

complicate efforts to scale up measurements made on only a
few individuals, species, or sites, as water use can be highly
variable among tree [Kumagai et al., 2005; Oren et al.,
1998; Pataki and Oren, 2003] and turfgrass species and
among management regimes [Zhang et al., 2007]. Although
the effect was relatively small, including TT differences
among xylem anatomy types resulted in a 4% reduction in
the overall imbalance compared to using the coarser plant
functional type categories. Evapotranspiration from unmea-
sured understory plants has additionally been suggested to
contribute to observed imbalances in forest ecosystems
[Bovard et al., 2005; Oishi et al., 2008]. It is unlikely that
evapotranspiration from common suburban understory veg-
etation types, such as woody shrubs, vegetable or flower
gardens, contributed significantly to the Etotal in our study
area because their cover represented less than 2% of the
landscape. Although the seven tree genera and one turfgrass
lawn we studied provides a limited sampling of species’
differences in water use, the relatively good match that we
found between component‐based and measured Etotal sug-
gests that this group of plant functional types captured much
of the species’ variation in water use within the suburban
landscape we studied.
[41] Management practices, including irrigation, fertiliza-

tion, mowing height, and canopy shading can also signifi-
cantly impact rates of water loss from turfgrass [Feldhake et
al., 1983; Zhang et al., 2007]. The large differences in daily
evapotranspiration between our measured nonirrigated
turfgrass and our modeled values of irrigated and understory
turfgrass suggest that irrigation management effects were
captured in seasonality, but fertilizer and mowing practices
were not accounted for. Occasional irrigation by home-
owners, particularly during periods of low soil moisture in
midsummer, was also not accounted for and may con-
tribute to the observed underestimate of measured fluxes in
summer.
[42] Finally, microclimate variability in urban areas

[Bonan, 2000; Byrne et al., 2008; Peters and McFadden,

2010] may represent a relatively more important source of
error in urban component‐based estimates of Etotal than in
natural ecosystems. The spatial heterogeneity of urban sur-
face types with different energy balances and heat storage
capacities results in the advection, or lateral transport, of
heat from paved surfaces with high sensible heat fluxes to
vegetated surfaces with high latent heat fluxes [Oke, 1979;
Spronken‐Smith et al., 2000]. Advection can be an impor-
tant energy source to irrigated urban parks and lawns,
causing elevation of EG rates by up to 35% [Feldhake et al.,
1983; Oke, 1979; Spronken‐Smith et al., 2000]. Trees grown
over asphalt can transpire 30% more water than trees grown
over turfgrass [Kjelgren and Montague, 1998], while some
tree species initiate stomatal closure and have reduced rates
of water loss [Kjelgren and Montague, 1998; Montague and
Kjelgren, 2004]. In addition, sparsely planted trees can have
TT rates two to three times higher than those of densely
planted trees [Hagishima et al., 2007] and windbreaks can
reduce EG rates by 25% [Danielson and Feldhake, 1981].
[43] Our study trees had relatively open growth forms

compared to forest‐grown trees, yet they were all grown
under more park‐like conditions as compared to trees in
more densely built‐up urban areas. Consequently, our TT
measurements likely underestimate ET rates of trees growing
in complete isolation or near paved surfaces. This idea was
further supported by the large underestimates of Etotal we
observed during periods of high net radiation, high sensible
heat fluxes, and high vapor pressure deficit from northwest
and northeast wind directions. In contrast, the turfgrass site
was a relatively large lawn that was less likely to have been
exposed to advected sources of energy compared to smaller
residential lawns surrounded by sidewalks, driveways, and
streets. It is difficult to determine whether our EG mea-
surements provide a systematic overestimate or underesti-
mate of water loss from residential yards. As microclimate
effects are an important source of uncertainty in predicting
component‐based Etotal in urban and suburban ecosystems,
future studies should focus on how best to account for this
variability when scaling.

4.3. Contributions of Trees and Turfgrasses
to Suburban Etotal

[44] The relative contributions of trees and turfgrass to
annual Etotal was driven largely by fractional cover and plant
functional type differences in daily water use. Studies from
forest ecosystems similarly show that the relative contribu-
tion of different tree species to Etotal is driven both by
species’ abundances on the landscape, often measured as
contributions to total basal area or leaf area, and by species‐
specific differences in water use [Tang et al., 2006;
Wullschleger et al., 2001]. Despite their higher rates of
water use than deciduous broadleaf trees, evergreen nee-
dleleaf trees had a nearly negligible contribution to Etotal in
our study area due their relatively small fractional cover of
the landscape. Turfgrass, however, due its high cover and
high daily EG rates across the growing season, represented
the largest proportional contribution (87% and 64% in rec-
reational and residential areas, respectively) to annual Etotal

in our study area. Pasture grasses in natural savannah eco-
systems, by contrast, represent a much smaller component
(20–44%) of Etotal than trees [Baldocchi and Xu, 2007; Paco
et al., 2009]. While these studies are from savanna eco-
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systems with similar percent tree cover to our study area, it
is important to note they are from areas with a Mediterra-
nean climate and very different species compositions.
[45] The proportional contribution of different vegetation

types to suburban Etotal varied seasonally due to different
patterns in physiological activity among plant functional
types. While evergreen needleleaf and deciduous broadleaf
trees both have maximum physiological function in the
middle of summer in temperate ecosystems, the evergreen
leaf habit and high cold tolerance allows evergreen needle-
leaf trees to remain physiologically active over a longer
growing season than either deciduous broadleaf trees or cool
season turfgrasses [Catovsky et al., 2002; Givnish, 2002;
Havranek and Tranquillini, 1995]. Correspondingly, we
observed the highest proportional contribution to Etotal from
deciduous broadleaf trees in late summer and, albeit small,
the highest contributions from evergreen needleleaf trees in
April and November when deciduous trees were leafless.
Our observation of a midsummer low in the contribution to
Etotal from nonirrigated turfgrass is consistent with the
midsummer dormancy of cool season turfgrasses [Feldhake
et al., 1984; Fry and Huang, 2004; Zhang et al., 2007].

4.4. Land Use Comparisons

[46] Similar to other urban studies, we found that the
magnitude of Etotal varied between land use types according
to differences in the total cover and composition of vege-
tation [Frey et al., 2010; Grimmond and Oke, 1999; Offerle
et al., 2006; Spronken‐Smith, 2002; Vesala et al., 2008b].
Seasonal patterns of Etotal were also highly influenced by the
phenology of the dominant vegetation type. For example,
the turfgrass‐dominated recreational area not only showed
higher annual Etotal than the deciduous tree‐dominated
residential area, but it specifically showed higher rates of
Etotal in spring and fall when cool season turfgrasses are
most active. In addition, our study extends these previous
findings to show that turfgrass management, particularly
through irrigation inputs, is another important factor influ-
encing the spatial and seasonal variability of suburban Etotal.
The relatively high evaporative fluxes we measured from
the recreational area during the dry conditions in June of
2007 suggest that increased irrigation during periods of low
soil moisture can significantly alter Etotal from urban areas.
While homeowners also maintain irrigated turfgrass lawns,
management intensity can vary widely among individual
landowners [Larson et al., 2009]. To predict suburban Etotal,
these results suggest it will be important to know not just
the total vegetation cover in urban landscapes, but also the
fractional cover of different vegetation types and turfgrass
management practices. In addition, it is likely that changes
in land use, vegetation composition, or turfgrass manage-
ment practices, particularly related to irrigation use, will
lead to changes in total water fluxes from urban and sub-
urban ecosystems.
[47] Given the growing interest among cities in using

“green infrastructure” to manage problems such as storm
water runoff and energy demand, it is important for urban
planners and designers to consider the trade‐offs among
different potential landscape configurations [Mitchell et al.,
2008]. For example, in arid regions the water conservation
benefits of low water use species must be weighed against
the cooling benefits of high water use species [Larson et al.,

2009; Shashua‐Bar et al., 2009]. In contrast, cities in mesic
regions with frequent rainfall events may value the storm
water interception benefits of vegetation with large canopies
relatively more than other ecosystem services related to
Etotal [Wang et al., 2008]. Although we found that cool
season turfgrasses had higher rates of water loss than
evergreen needleleaf and deciduous broadleaf trees per
unit cover area, the overall cooling effect of turfgrass was
not necessarily higher than that of trees. This is because
trees also provide cooling by intercepting solar radiation
and shading the ground beneath canopies [Peters and
McFadden, 2010]. In the arid communal settlement of
Midreshet Ben Gurion, Israel, for example, Shashua‐Bar
et al. [2009] found that turfgrass lawns shaded by tree
canopies resulted in both a greater reduction in air tem-
perature and a 50% reduction in water use compared to
unshaded turfgrass lawns.
[48] By approximating runoff as the difference between

measured precipitation and annual component‐based Etotal,
we estimate runoff to represent 26% and 48% of annual
precipitation on average from the recreational and residen-
tial areas in our study, respectively. While these estimates
neglect irrigation inputs, changes in storage, and ground-
water recharge and, thus, should be used with caution, they
fall within the range of runoff fractions (2–59%) previously
reported for watersheds in the Minneapolis–Saint Paul
metropolitan area [Brezonik and Stadelmann, 2002]. These
results are in agreement with studies showing that increased
pervious surface area in urban regions reduces direct runoff
[Brezonik and Stadelmann, 2002; Haase, 2009; Mitchell
et al., 2008; Wang et al., 2008]. Although it is beyond
the scope of our study to offer specific planting recom-
mendations for use in green infrastructure, this study
advances our ability to quantify the relative contributions
of different vegetation types to suburban Etotal, an important
step in evaluating decisions related to the seasonal manage-
ment of urban water and energy budgets.
[49] Despite the good agreement we found between

component‐based and measured Etotal in the suburban eco-
system we studied, differences in species composition
among cities make it complex to extrapolate our component
measurements of evapotranspiration to other urban and
suburban areas, particularly in more southern latitudes. For
example, the turfgrass site in this study represented only
cool season turfgrass species, as warm season species are
not typically planted in the climate zone associated with
Minnesota. Yet cool and warm season turfgrasses have large
differences in evapotranspiration, with cool season species
using up to 45% more water during the growing season
compared to warm season species [Feldhake et al., 1983;
Zhang et al., 2007]. Cities located in warmer climates with
higher frequencies of warm season turfgrasses will need to
consider these species’ differences in water use when scal-
ing up and predicting urban Etotal.

5. Conclusions

[50] We quantified seasonal variations in evapotranspira-
tion from a suburban landscape in the Upper Midwest
region of the United States, with peak rates > 3 mm d−1 in
summer. The good agreement between our component‐
based and measured Etotal, with an overall imbalance of 3%,
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suggests that the major plant functional types captured most
of the spatial and temporal variability required to quantify
urban Etotal. Component‐based estimates overestimated
measured Etotal in spring (20%) and fall (10%) and under-
estimated measured Etotal in summer (11%), likely due to
errors associated with the irrigated turfgrass model and
variability from microclimate effects. We found turfgrass
was the major contributor to annual Etotal from both recre-
ational and residential land uses types (87% and 64%,
respectively) due to a high fractional cover (74% and 34%,
respectively) and higher average rates of water use per cover
area in midsummer than deciduous broadleaf or evergreen
needleleaf trees (3.0, 1.4, and 2.3 mm d−1, respectively). The
maximum contribution to Etotal from nonirrigated turfgrass
occurred in spring and fall, irrigated turfgrass in midsum-
mer, deciduous broadleaf trees in late summer, and ever-
green needleleaf trees in early spring and late fall.
Turfgrass‐dominated recreational land use areas had higher
average annual Etotal compared to deciduous tree‐dominated
residential areas (467 and 324 mm yr−1, respectively), as
well as an altered seasonal pattern of Etotal with higher
fluxes in spring and fall, and during a midsummer drought.
These results suggest that a plant functional type approach
could be used to estimate and compare Etotal among different
cities and to evaluate the effects of changes in land use,
vegetation composition, or management practices on urban
water and energy budgets.

Notation

D vapor pressure deficit, kPa.
RN net radiation, W m−2.
RS incoming solar radiation, W m−2.
RV below canopy solar radiation, W m−2.
G ground heat flux, W m−2.
LE latent heat flux, W m−2.
H sensible heat flux, W m−2.

LAI leaf area index, m2 m−2.
Etotal ecosystem evapotranspiration, mm time−1.
ET evapotranspiration from trees, mm time−1.
EG evapotranspiration from turfgrass, mm time−1.
EW evaporation from water, mm time−1.
EP potential evapotranspiration, mm time−1.
TT tree transpiration, mm time−1.
IT interception loss from tree canopies, mm time−1.

ETeg evapotranspiration from evergreen needleleaf
trees, mm time−1.

ETdec evapotranspiration from deciduous broadleaf
trees, mm time−1.

EGnirr evapotranspiration from nonirrigated turfgrass,
mm time−1.

EGirr evapotranspiration from irrigated turfgrass,
mm time−1.

EGunder_eg evapotranspiration from turfgrass under ever-
green needleleaf trees, mm time−1.

EGunder_dec evapotranspiration from turfgrass under decidu-
ous broadleaf trees, mm time−1.
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