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Summary

The environment of the Tibetan Plateau (TP) is regarded as one of the most sensitive
ecosystems of the world. However, investigations on e�ects caused by global climate
change or anthropogenic activities are rare due to its quite remote location. This
thesis deals with various aspects of the carbon and water cycle within ecological and
hydrological studies that can be assessed by measurements of turbulent �uxes with
the eddy-covariance (EC) method. This includes �ux measurements over the most
common two vegetation types on the TP, Kobresia pygmaea pasture and alpine steppe.
In particular these in situ measurements were used to investigate di�erences in the
�uxes of grazed and ungrazed Kobresia pygmaea pasture at Kema in Naqu province
and moist and dry alpine steppe within the Nam Co basin. Additionally for the �rst
time on the TP direct �ux measurements were conducted over a lake surface in the
same basin. Furthermore, these �ux measurements were used to adapt and validate
land-surface models to be applied on the TP. Within the experiments a special focus
were measurements of latent heat �ux during winter conditions on the TP, involving
side-by-side measurements with a LI-COR 7500 (LI-COR Biosciences) and a Krypton
Hygrometer KH20 (Campbell Sci. Ltd.). This comparison revealed that in general an
application of both sensors for an estimation of turbulent �uxes is possible but they
can not be used for measurements of absolute humidity concentrations. Furthermore,
this study showed the need for a thoroughly planned calibration procedure for gas
analyzers at long-term stations. Carbon �uxes measured over the Kobresia pygmaea
pastures were used for the estimation of short term e�ects of grazing cessation and to
gain a detailed look into the carbon cycle of this unique ecosystem. For this purpose the
EC derived �uxes were coupled with the results of a 13CO2 pulse labeling experiment.
With this quite novel approach it is possible to on the one hand estimate a more suitable
timing for the pulse labeling experiment and on the other hand to estimate absolute
C turnover in di�erent compartments of the soil-plant-atmosphere continuum. These
results identi�ed the unique root layer of Kobresia pygmaea as the most important part
of the pasture ecosystem. This is of great importance for the further conducted study
which estimated the e�ect of degradation on the carbon and water cycle within these
pastures with an interdisciplinary approach, which combined plot- and ecosystem scale
in situ measurements with land-surface-atmosphere models. A simulation of di�erent
stages of degradation of the Kobresia pygmaea pastures and also a vegetation shift
to alpine steppe, showed that only an intact Kobresia pygmaea pastures acts as C
sink for the observation period within the main vegetation growing season. Although
evapotranspiration in general is not a�ected as strong as carbon exchange, a shift in the
ratio between evaporation and transpiration has a feedback on convection development
and precipitation which could be also shown with an atmospheric model.
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Zusammenfassung

Das Hochland von Tibet zählt zu den emp�ndlichsten Ökosystemen der Erde. Trotz
eines gesteigerten Interesse in den letzten Jahren ist es in Hinblick auf die möglichen
Veränderungen durch den globalen Klimawandel und zunehmende menschliche Aktiv-
ität aufgrund seiner abgeschiedenen Lage ein immer noch relativ wenig erforschtes Ge-
biet. Aus diesem Grund wurden turbulente Flüsse (Kohlensto�austausch und Verdun-
stung) mit der Eddy Kovarianz Methode über unterschiedlichen Ober�ächen auf dem
Hochplateau gemessen und so verschiedene Aspekten des Kohlensto�- und Wasserkreis-
laufes untersucht. Im Besonderen wurden hier die zwei dominanten Vegetationsformen,
alpine Steppe und Kobresia pygmaea-Weiden sowie zu ersten Mal auf dem Hochplateu
ein See untersucht. Im Nam Co Einzugsgebiet wurde der Ein�uss von unterschiedlicher
Bodenfeuchte auf die Flüsse über alpiner Steppe gemessen und auch ein Vergleich
zwischen den Flüssen über Land und See angestellt. Die Messungen über den Kobre-
sia pygmaea-Weiden wurden genutzt, um den E�ekt unterschiedlicher Beweidungesin-
tensität und Degradation zu untersuchen. Alle Messungen haben dazu beigetragen,
Modelle, welche die Austauschprozesse zwischen dem Ökosystem und der Atmosphäre
simulieren, an die Bedingungen des Hochplateaus anzupassen und deren Ergebnisse zu
validieren. Insbesondere wurde bei den Messungen ein Augenmerk auf die Bestimmung
des latenten Wärmestroms unter Winterbedingungen gelegt. Zu diesem Zweck wurde
eine Vergleichsmessung zwischen einem LI-COR 7500 (LI-COR Biosciences) und einem
Krypton Hygrometer KH20 (Campbell Sci. Ltd.) durchgeführt, mit dem Ergebnis, dass
beide Geräte zwar für den Einsatz zur Bestimmung von turbulenten Flüssen geeignet
sind, nicht jedoch für die Bestimmung des absoluten Feuchtegehalts der Atmosphäre.
Die Abweichung zwischen den Geräten macht auÿerdem deutlich, dass eine geeignete
Kalibrierprozedur nötig ist um eine fehlerfreie Bestimmung von Langzeit-Messreihen zu
gewährleisten. Neben diesen Untersuchungen über der alpinen Steppe wurden die Mes-
sungen des Kohlensto�austausches in Kema dazu genutzt den Ein�uss von Umzäunun-
gen und dem damit verbundene Beweidungsausschluss zu untersuchen. Jedoch konnte
auf der relativ kurzen Zeitskala seit Errichtung der Zäune kein Unterschied zwischen
den Flächen auf der Ökosystemskala festgestellt werden. Eine detailliertere Betrach-
tung des Kohlensto�umsatzes durch die Kopplung der EC Messungen mit einem 13CO2

Markierungsexperiments zeigte auch keinen Unterschied, jedoch konnten so zum ersten
Mal absolute Umsatzraten zwischen Boden, P�anze und Atmosphäre gemessen werden.
Eine wichtige Erkenntnis hierbei war die Identi�zierung des markanten Wurzel�lzes
der Kobresia pygmaea-Weiden als wichtigster Teil für den gesamten Kohlensto�um-
satz im Ökosystem. Vor allem vor dem Hintergrund der Degradierung der Weiden,
der damit einhergehenden Zerstörung des Wurzel�lzes und der Funktion des Graslands
als potentieller Kohlensto�speicher ist dies von groÿer Bedeutung. Der E�ekt dieser
Degradierung, und auch ein möglicher Wechsel der Vegetationsstruktur, wurde mit
Hilfe der zuvor angepassten Modelle simuliert. Diese Simulation zeigt, dass in der
untersuchten Vegetationsperiode nur eine intakte Kobresia pygmaea-Weide als Kohlen-

x



sto�speicher dient, die Degradationsstufen sowie die alpine Steppe müssen jedoch als
neutral oder leichte Quellen angesehen werden. Während der Kohlensto�austausch
stark verändert wird ist bei der Verdunstung im Gesamten keine grosse Veränderung
zu beobachten, jedoch verschiebt sich das Verhältnis von Evaporations und Transpi-
ration stark. Dies hat wiederum hat, zusammen mit sich verändernden Ober�ächen
Eigenschaften durch die Degradation, einen erheblichen Ein�uss auf die Bildung von
Konvektion und Niederschlag, wie in einer Modellstudie gezeigt werden konnte.

xi





1. Introduction

1.1. Motivation

In recent years the Tibetan Plateau (TP) has been referred to as the �third pole�,
re�ecting the importance of the highlands as the water tower of Asia and taking into
account the high sensitivity of this ecosystem to external disturbances such as climatic
change or anthropogenic land use changes (Yao et al., 2012; Qiu, 2008; Immerzeel
et al., 2010; Cui and Graf, 2009; Miehe et al., 2011; Yang et al., 2014). Additionally
the plateau is a unique geological feature, with its landmass covering 2.5 million km2

and an average altitude over 4000 m, which plays an important role in the modulation
of atmospheric circulations in Asia such as the East-Asian monsoon (e.g. Hsu and Liu,
2003; Molnar et al., 2010; Boos and Kuang, 2010).
Changes in surface properties therefore may have a major in�uence on the regional

and also global hydrological cycles. The importance of evaporation for the hydrological
cycle under the in�uence of climate change has been highlighted by Yang et al. (2011).
Furthermore these changes will also in�uence the carbon cycle, as 52 % of the highlands
are covered with grassland (Sheehy et al., 2006) and its soils have a disproportional high
share on global soil C storage, at 2.5% (Wang et al., 2002) while the plateau's area only
accounts for approximate 1.0% of the global terrestrial land area (Fang et al., 2010).
Traditionally grasslands on the TP are used for pastoral nomadism. However since
the 1950s changes in grazing practice and livestock husbandry by the local Tibetan
population have been observed (Du et al., 2004; Goldstein and Beall, 1991; Harris,
2010; Lu et al., 2009; Sheehy et al., 2006). These changes signi�cantly a�ect the state
of the ecosystems in the highlands (Miehe et al., 2014), with a strong feedback on the
interaction between the land surface and the atmosphere (Cui and Graf, 2009; Cui
et al., 2006). To understand the feedbacks between changes in surface properties and
the water and C cycles on the TP is therefore necessary to evaluate the in�uence of
climate and anthropogenically induces changes on energy and matter exchange within
this unique environment.

1.1.1. Ecosystems on the Tibetan Plateau

Although grassland comprise most of the landscape, the Tibetan Highland is fairly het-
erogeneous, including alpine steppe, Kobresia pygmea mats, wetlands and open water
surfaces of various sizes. This grassland is dominated by alpine steppe and Kobresia

1



1. Introduction

pygmaea pastures, forming the of the world's highest and largest alpine ecosystems.
Roughly speaking, alpine steppe is more frequently found in the arid north-western
part of the Plateau, while the Kobresia pygmaea pastures can be found mainly in the
in the more humid south-eastern part. The alpine steppe, covering 600.000 km2, is a
central Asian short-grass steppe with alpine cushions and a east-to-west plant cover
gradient from 40% to 10%. (Miehe et al., 2011). The distribution of the Cyperaceae
species, Kobresia pygmaea, extends approximately 450.000 km2 along an altitudinal
range between 3000 to nearly 6000m, with a 98% cover in its core region (Miehe et al.,
2008b). Kobresia pygmaea does not usually grow more than a few centimeter tall,
but it develops a very extensive rooting system. This leads to a very dense turf layer,
which consists of roots, root remains, amorphous humus and minerogenious matter
that protects the soil from erosion as well as trampling damage by large herbivores
(Kaiser, 2004; Miehe et al., 2011). Furthermore it is assumed that the vegetation com-
position and structure of the Kobresia pygmaea ecosystem depends strongly on grazing
by herbivores (Miehe et al., 2008b; Wu et al., 2009).
The distribution of alpine steppe and Kobresia pastures on the plateau is chang-

ing due to climatic change (Zhao et al., 2011; Cui and Graf, 2009; Ni, 2011; Klein
et al., 2004). Furthermore the surface properties on the plateau are strongly a�ected
by anthropogenically induces land use change and resulting degradation. The level of
degradation reported for the Tibetan grassland varies between studies depending on
the underling de�nition of degradation stages. According to Niu (1999) 30 % of the
Kobresia grassland should be regarded as degraded. A study by Holzner and Kriech-
baum (2000) reports that 20 % show complete degradation, 20 % is heavily overgrazed,
and only 30 % is in optimal condition while the remaining 30 % are under increasing
grazing pressure. As a reaction to this degradation caused by overgrazing, rangeland
policies in recent years included the regulation of livestock numbers and the imple-
mentation of grazing exclosures (Han et al., 2008). Although this had the purpose to
either control pasture quality or even restore degraded pastures, the outcome of such
measures is still debated (Davidson et al., 2008; Foggin, 2008; Gao et al., 2007; Harris,
2010). Aside from grassland, lakes also make up a great portion of the surface of the
highland, covering approximately 45.000 km2 with an increasing area in recent years as
a result of thawing permafrost and glacial melt due to rising mean annual temperatures
(Xu et al., 2009; Liu et al., 2010).

1.1.2. Estimation of energy, water and carbon �uxes on the

Tibetan Plateau

Most parts of the Plateau are sparsely inhabited and infrastructure is missing in wide
regions, thus observations of energy and matter exchange and in situ measurements of
C cycling are sparsely distributed over a wide distance on the Plateau (Frauenfeld et al.,
2005; Kang et al., 2010; Maussion et al., 2011; Chen et al., 2013; Hafner et al., 2012;

2



1.2. Framework of this thesis

Wang et al., 2002; Wu et al., 2010). Besides international campaigns like GAME/Tibet
and CAMP (GEWEX- Global Energy and Water cycle Experiment Asian Monsoon
Experiment and Coordinated Enhanced Observing Period Asia-Australia Monsoon
Project, Xu and Haginoya, 2001; Ma et al., 2003), permanent measurements of the
energy balance and turbulent �ux are conducted by the Institute of Tibetan Plateau
Research (ITP) within the framework "Tibetan Observation and Research Platform"
(TORP) (Ma et al., 2009). However, especially long term stations measure �uxes only
over one dominant surface type, causing a certain degree of uncertainty in representa-
tiveness when this data is used to ground truth gridded data sets from remote sensing
applications or in model studies (Ma et al., 2009). Furthermore changes within the
ecosystem might be overlooked or not resolved at all. Due to the great contribution of
lakes to the regional energy balance and water cycle in di�erent catchments around the
world (Rouse et al., 2005; Nordbo et al., 2011), �uxes over lake surfaces on the Tibetan
Plateau should not be neglected. However no direct measurements of turbulent �uxes
over a lake surface on the Tibetan Plateau have been conducted so far; estimations of
evaporation over lake surfaces have only been modeled using remote sensing or land
surface observations as forcing (Xu et al., 2009; Haginoya et al., 2009). From these
model-based estimations it is known that evaporation over lake surfaces di�ers from
evapotranspiration over land throughout the year due to the heat storage capacity of
the lakes (Haginoya et al., 2009).
The majority of studies concerning the C cycle on the TP are found within the north-

east part of the Plateau between 3000-4000 m a.s.l.. These Kobresia humilis/pygmaea
pastures act neutral or represent a weak C sink but show a high uncertainly and great
inter-annual variability (Kato et al., 2004a,b, 2006; Zhao et al., 2005). Additionally,
more process orientated studies are found in this region using chamber-based mea-
surements to investigate the response of CO2 �uxes to grazing or changes in climate
(Saito et al., 2009; Cao et al., 2004; Hirota et al., 2009; Zhang et al., 2009). Above-
and belowground C budgets and C allocation within the plant-soil-system was esti-
mated by 13CO2 labeling (Cao et al., 2004; Wu et al., 2010, 2011; Hafner et al., 2012;
Unteregelsbacher et al., 2012).
C �uxes have been estimated for Kobresia pygmaea pastures in the southern high-

lands in an elevation above 4000m with eddy covariance by Fu et al. (2009) and with
chamber measurements by Fu et al. (2013). Within the Nam Co Basin over alpine
steppe and in an approximate altitude of 4700m Wei et al. (2012) estimated grazing
e�ects on CO2 emissions and Hu et al. (2013) the in�uence of changes in air temperature
and snowfall on CO2 �uxes by using chamber measurements.

1.2. Framework of this thesis

The work of this thesis was embedded in the Project "Mesoscale circulations and energy
and Gas exchange over the Tibetan Plateau" (MESO-TiP) and "Atmosphere-Ecology-
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1. Introduction

Glaciology Cluster" (TiP-AEG) of the DFG (Deutsche Forschungs-Gemeinschaft) Pri-
ority Programme 1372 "Tibetan Plateau; Formation, Climate, Ecosystems" (TiP).

1.2.1. Main project objectives

The TiP project investigates the interaction of the main forcing mechanisms on the
plateau, its formation, climate evolution, human impact, and their e�ects on ecosys-
tems. This is done on three di�erent time scales; the plateau formation through the
uplift dynamics and related climate change during the last millions to several tens of
millions of years, late Cenozoic climate evolution and environmental response during
the last tens of thousands to hundreds of thousands of years, as well as the phase of
human impact and global change focusing on the present stage, the past 8000 years,
and perspectives for the future. The MESO-TiP project and the TiP-AEG Cluster are
part of the branch �Phase of human impact and Global Change� within TiP. Its main
goal is to investigate the plateau's regional climatic features and its feedbacks with
changes in surface properties induced by anthropogenic land use change or other global
change impacts. Within this context, the TiP-AEG Cluster deals with the following
aspects of the TiP Project:

� How will global change, especially climate and human activity, impact the Ti-
betan ecosystems and how does this feed back to the global climate?

� What are the consequences for humans on the Tibetan Plateau?

This was achieved within the TiP-AEG Cluster by linking process-orientated studies
with the help of in situ eddy-covariance measurements and land surface modeling to
meso scale modeling.The main focus was on the question how changes in grazing inten-
sity and resulting degradation a�ect the water and carbon cycling of Kobresia pygmaea
pastures.

This involved the following work carried out as part of the MESO-TiP project:

� Eddy-covariance measurements to estimate the energy and heat budget including
estimation of evapotranspiration and carbon �uxes for the main Tibetan ecotypes:
Kobresia pygmaea pastures and alpine steppe. These �ux estimates represent the
link between the ecosystem and the atmosphere.

� Quality control, including estimation and closure of the energy balance and foot
print analysis of these �ux measurement with respect to speci�c problems arising
on the plateau.

� Adaptation of SVAT models to the speci�c conditions found on the plateau and
validation of the model output with the in situ �ux measurements. Incorporation
of changes within evapotranspiration and carbon exchange observed at plot and
ecosystem scale to evaluate e�ects at a landscale scale
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� Meso scale modeling to estimate the impact of these e�ects on a greater spatial
scale and investigate the consequences for atmospheric processes like convection.

1.2.2. Experiments

The work of the TiP-AEG Cluster in Tibet involved several �eld campaigns to the
highlands. The original plan involved concentrating the �eld work to sites close to the
village Kema in the Naqu Prefecture for the ecological studies and the Nam Co Basin
for the glaciology, hydrology and also the atmospheric modeling part. Furthermore it
was planned to set up a permanent eddy-covariance station in Kema. Due to unfore-
seen logistical reasons, this station could not be set and only short �eld campaigns
could be conducted. Additionally these logistical and also political reasons caused
changes within the original plan for the �eld campaigns, sometimes involving splitting
of the research group and changes of locations. The experiments, their goals and brief
summaries are described below:

Nam Co 2009 The purpose of the experiment at Nam Co in 2009 was to measure tur-
bulent �uxes over di�erent typical land cover types on the TP, including alpine
steppe and a lake surface. Within this �rst experiment on the TP the applica-
bility of the eddy-covariance method under the conditions of the highland was
tested. Furthermore important parameters needed for the adaptation of the land
surface and meso scale atmospheric models used within the project were esti-
mated. The data from this experiment was used in Biermann et al. (2014a,
Appendix B),Gerken et al. (2014, Appendix C),Gerken et al. (2012) and Babel
et al. (2014, Appendix D).

Xinghai 2009 Research in Xinghai in 2009 focused on long-term e�ects of grazing on
vegetation biomass and composition as well as on carbon cycling in the plant-soil
system of the upper montane belt on the Tibetan Plateau. Field measurements
focused on analyzing vegetation biomass, composition and regrowth, as well C
and N turnover in plant and soil within grazing exclosure plots and on adjacent
grazed areas between 3000-3600 m a.s.l. and along a precipitation gradient of
375-505 mm. Results are presented in Hafner et al. (2012), Unteregelsbacher
et al. (2012) and Babel et al. (2014, Appendix D).

Nam Co 2010 The winter experiment in February 2010 at Nam Co was conducted
to determine the accuracy of the latent heat �ux QE measurements under situ-
ations with low temperatures and water vapor concentrations. More about this
experiment can be read in Biermann et al. (2014b, Appendix F).

Kema 2010 The experiment at Kema in 2010 was mainly conducted to estimate the
e�ect of grazing cessation on C and water �uxes within Kobresia pygmaea pas-
tures. This experiment involved measurements at ecosystem and plot scale, to
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provide a better insight into the water and C cycle of the Kobresia pygmaea pas-
tures and especially the characteristic root turf. The results of this experiment
are presented in Ingrisch et al. (2015, Appendix E), and the CO2 �ux data is
available via ?. Furthermore the measured �uxes are used in Babel et al. (2014,
Appendix D).

Kema 2012 The experiment at Kema in 2012 concentrated on the e�ect of di�erent
degradation stages found within the Kobresia pygmaea pasture on the C and
water cycle. For this purpose three degradation classes were de�ned and investi-
gated: dense vegetation with an intact turf layer, patches with a turf layer and
Cryptogam crusts and areas without the characteristic turf layer. The experiment
involved plot scale measurements of C and water exchange, standard meteoro-
logical forcing data and needed parameters were determined for use in a model
study. This �eld campaign served as basis for Babel et al. (2014, Appendix D).

Nam Co 2012 The main goal of the 2012 experiment at Nam Co was to investigate the
vertical structure of the atmosphere in the Basin in order to link local/mesoscale
atmospheric circulation and local convection to the surface. The experiment is
a continuation of the 2009 experiment and serves to initialize the ATHAM (Ac-
tive Tracer High-resolution Atmospheric Model) model with in situ atmospheric
pro�les measured with radiosounding. The results are presented in Gerken et al.
(2013).

1.3. Objectives of this thesis

The main goal of this thesis is to investigate the in�uence of di�erent surfaces found
within the heterogeneous landscape of the Tibetan Plateau on C �uxes and turbulent
exchange between the ecosystem and the lower atmosphere. In particular this thesis is
based on the following research questions and objectives:

� Are measurements of turbulent exchange with eddy-covariance limited due to the
special conditions on the Tibetan Plateau, especially under winter conditions?

� How does available soil moisture and a lake surface in�uence turbulent �uxes?
What consequences does this possible e�ect have for representativeness of a single
�ux station?

� How important is the root turf for C turnover and storage within Kobresia pyg-
maea pastures?

� How do changes in grazing habits and consequent changes in surface properties
such as degradation or vegetation shifts a�ect processes within the ecosystem and
its exchange with the atmosphere?
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� EC derives �uxes to link plot scale measurements with landscape scale modeling

The direct measurements of turbulent �uxes and energy balance components were con-
ducted with special focus on di�erences in available soil moisture within alpine steppe,
�uxes over open water bodies, winter conditions and Kobresia pygmaea pastures.
To or knowledge this included the �rst direct estimation of turbulent exchange over

a lake surface on the TP with EC measurements which is presented in Biermann et al.
(2014a, Appendix B). Although not within in the main focus of this study the applied
quality control of the measured data represents an implicit checkup on the applicability
of EC measurements on the TP. Furthermore �ux measurements were attributed to a
speci�c target land surface using footprint analysis which was a prerequisite for the use
of the measured turbulent �uxes to validate and adapt land surface models as presented
in Gerken et al. (2014, Appendix C), Biermann et al. (2014a, Appendix B) and Babel
et al. (2014, Appendix D).
The applicability of standard con�gured EC stations within longterm measurement

networks on the TP was tested though an investigation of the in�uence of winter
conditions on the estimation of QE, presented in Biermann et al. (2014b, Appendix F).
This included a direct comparison of a KH20 Krypton Hygrometer and a LI-COR 7500
Infrared gas analyzer under winter conditions on the TP for the �rst time. Furthermore
a novel calibration unit was tested under insitu �eld conditions.
Within the core region of Kobresia pygmaea pastures the in�uence of grazing and

degradation, as most pronounced human induced changes, on C �uxes and evaporation
was investigated. This included a study (Ingrisch et al., 2015, Appendix E) on grazing
and the role of the characteristic turf layer of Kobresia pygmaea. In order to gain a
detailed in sight, 13CO2 pulse labeling was coupled with continuous EC measurements
in which is a relative novel approach and was so far not applied to the TP yet. While the
above mentioned study focusses on an the intact Kobresia pygmaea turf, Babel et al.
(2014, Appendix D) focuses on degradation and its consequence for the water and C
cycle in a more general way. It incorprates the �ndings of the di�erent �eld campaigns
and three �eld sites, the �ndings were incorporated into a widespread overview. In
addition to the direct �ndings for the C and water balance it can be seen in Babel
et al. (2014, Appendix D) that in situ measurements are of great importance for the
adaptation of models to the TP, which is a necessary step to bridge from process
oriented small scale measurements to a ecosystem or even broader regional scale.
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2. Material and Methods

2.1. Study sites

The experiments within the TiP-AEG Cluster were carried out at three locations on
the Tibetan Plateau. Characteristic properties of the sites are summarized in Table
2.1. A map of the Plateau with the experimental sites indicated is shown in Figure 2.1:

Nam Co The Nam Co site is located in Xizang province at the Nam Co Monitoring
and Research Station for Multisphere Interactions (NAMORS) of the Institute of
Tibetan Plateau Research of the Chinese Academy of Sciences (Ma et al., 2008).
The station is located in the Nam Co Basin at the foot of the Nyainqentanglha
mountain range, 220 km north of Lhasa. It represents alpine steppe pastures and
a lake. For more details refer to Biermann et al. (2009).

Kema The study site at Kema is located in the within the core distribution area of
Kobresia pygmaea (Miehe et al., 2008b), adjacent to the village Kema (Naqu
prefecture, Xizang province) and the Naqu Ecological and Environmental Obser-
vation and Research Station and represents a typical alpine Kobresia pygmaea
pasture. For more details refer to Biermann et al. (2011, 2013)

Xinghai The experimental site at Xinghai is located in Qinghai province in the north-
eastern Tibetan Plateau, approximately 200 km southwest of Xining, and about
15 km south of Xinghai city. The montane grassland has developed on a loess-
covered (1.2 m) terrace of the Huang He River. The grassland is used as a winter
pasture for yaks and sheep for 6 to 7 months of the year, and about 20% of the
pasture at the experiment site is completely covered with blue-green algae and
crustose-lichens. A detailed site description can be found in Miehe et al. (2008a),
Unteregelsbacher et al. (2012) and Hafner et al. (2012).
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Table 2.1. Characteristic properties of the three study sites, Nam Co, Kema and Xinghai
on the Tibetan Plateau, modi�ed after Babel et al. (2014, Appendix D)

Nam Co Kema Xinghai

Coordinates 30°46′22′′N
90°57′47′′E

31°16′56′′N
92°6′18′′E

35°42′0′′N 99°51′0′′E

Altitude 4745m 4410m 3440m

land cover Alpine steppe
pastures with mosaic
Kobresia turf

Alpine Kobresia
pygmaea pastures

Montane
Kobresia/Stipa
winter pastures

soil
(IUSS-ISRIC-FAO
2006)

Stagnic Cambisols,
Arenosol

stagnic (molic)
Cambisol

haplic Kastanozems

vegetation
composition

Stipa, Carex,
Kobresia and
Oxytropis

Kobresia pygmaea,
Carex spec., Festuca
spec., Kobresia
humilis, Poa spec.,
Stipa purpurea,
Trisetum spec.

Kobresia spp., Stipa
spp.

References to soil
and vegetation data

Kaiser et al. (2008),
Miehe et al.
(2014),Mügler et al.
(2010)

Kaiser et al. (2008),
Miehe et al. (2011),
Biermann et al.
(2011, 2013), Babel
et al. (2014)

Kaiser et al.
(2008),Miehe et al.
(2008a),
Unteregelsbacher
et al. (2012), Hafner
et al. (2012)

Nearest Climate
Station (1971-2000)

Bangoin 4700 m
31°23'N, 90°01'E &
Damxung 4200 m
30°29'N, 91°06'E

Naqu 4507 m
31°29'N, 92°04'E

Xinghai 3323 m
35°35'N, 99°59'E

Annual precipitation1 322 mm & 460 mm 430 mm 353 mm

Annual mean
temperature

−0.8 ◦C & 1.7 ◦C −1.2 ◦C 1.4 ◦C

Mean temperature in
July

8.7 ◦C & 10.9 ◦C 9.0 ◦C 12.3 ◦C

Source of climate
data

http://cdc.cma.gov.cn/

1 precipitation falls mainly during the summer
months due to the in�uence of the East Asian

monsoon
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Figure 2.1. Map of the Tibetan Plateau, showing the distribution of the main vegeta-
tion types. Experimental sites of the TiP-AEG Cluster are marked by red squares.
The map was created by the Faculty of Geography, Univ. Marburg and taken from
Babel et al. (2014, Appendix D).

2.2. Methods

2.2.1. Eddy-covariance

Turbulent �ux measurements with the eddy covariance (EC) method is a direct microm-
eteorological approach to estimate turbulent exchange of energy and matter between
the atmosphere and the underlying surface (Aubinet et al., 2012). It is also a commonly
used approach to estimate the C budget on the ecosystem scale, the net ecosystem ex-
change (NEE) (Baldocchi, 2003; Wohlfahrt et al., 2012). For the determination of
turbulent �uxes with the EC method the wind vector is measured at 20 Hz with a
ultrasonic anemometer. Further concentrations of trace gases, like water vapor or CO2

are measured simultaneous with a gas analyzer, in close vicinity to the anemometer.
The calculation, post processing of the turbulent �uxes is described in the following
paragraph.
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Post-processing of turbulent data and quality control

For all experiments, 30 min averages of turbulent �uxes were calculated from the high
frequent raw data with the well tested software package TK2/TK3 (Department of
Micrometeorology, University of Bayreuth; Mauder and Foken, 2004, 2011). The inter-
nationally compared software (Mauder et al., 2008) includes all necessary data correc-
tion. Its implemented data quality control tool considers sources of errors. Calculated
�uxes match up to date micrometeorological standards (Foken et al., 2012; Rebmann
et al., 2012). A quality �agging scheme ranging from 1 to 9, after Foken and Wichura
(1996), accounts for the development of turbulence as well as stationarity and enables
to distinguish data with high quality (�ags 1-3), intermediate quality (�ag 4-6) and
poor quality (�ag 7-9) (Foken et al., 2004).

Flux measurements in complex terrain

Eddy-covariance measurements require a mostly homogeneous �ow �eld as a prereq-
uisite. Since this requirement is hard to ful�ll for most in situ measurements, the
resulting terrain e�ects on the wind measurements are normally considered by rotation
of the data according to the planar-�t rotation method (Wilczak et al., 2001). This
was also applied to the data measured on the TP. A special case appeared at one of
the EC stations during the 2009 experiment in the Nam Co basin due to its position at
the shoreline of a small lake. Measurements were in�uenced by the transition from the
plane of the lake surface to the gently sloping grassland with a steep step in between.
Paw U et al. (2000) and Finnigan et al. (2003) suggest that such terrain structures
should be considered by using the rotation procedure on the eddy-covariance data.
Therefore the planar-�t rotation was applied for four di�erent sectors taking terrain
into account. This procedure accounts for two planes with di�erent slopes and two
transition areas. Most of the vertical wind speed disappears after the rotation; 95%
of the vertical wind speed data for the lake and for the land surface remain within
±0.1ms−1 and ±0.07ms−1, respectively. For wind sectors parallel to the shoreline,
95% of the residual mean vertical wind velocity stays within ±0.12ms−1. These val-
ues stay inside acceptable limits, compared to a multi-site quality analysis by Göckede
et al. (2008).

Representativeness of �ux measurements

To ensure that the EC measurements are representative for the selected target land
cover, the distribution of the measured �ux data in the context of the underlying
land surface was analyzed (Göckede et al., 2006). The footprint analysis is based on
a Lagrangian stochastic forward model, providing a two-dimensional contributions of
source areas (Rannik et al., 2000). This analysis also ensures the comparability between
plot-scale measurements and the EC, as recommended in Reth et al. (2005).
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Energy balance closure

Heterogeneity within the roughness or thermal properties of the underlying surface
might result in large-scale turbulent structures, not measured with EC, causing a gap
in the energy balance closure (EBC) (Foken, 2008b). Two methods to correct the
turbulent �uxes for the missing energy were applied. The �rst method distributes the
residual of the energy balance according to the Bowen ratio Bo to the latent and sensible
heat �ux, further referred to as EBC-Bo (Twine et al., 2000). In the second correction
method the residual of the energy balance is attributed to the sensible and latent heat
�ux according to their contribution to the buoyancy �ux. This fraction depends mainly
on the Bowen ratio Bo and to a lesser extent on air temperature; therefore more than
90% are attributed to the sensible heat �ux in the case of Bo=1 and approximately
60% in the case of Bo=0.1. This method follows Charuchittipan et al. (2014) and is
named EBC-HB, and it is based on suggestions made by recent studies, such as Mauder
et al. (2006); Ingwersen et al. (2011); Brötz et al. (2014). It takes into account that
secondary circulations may cause the unclosed energy balance as hypothesized by Foken
et al. (2010, 2011). While the latent and sensible heat �ux were corrected, this is not
applicable for NEE measurements (Foken et al., 2011). While the data from the Nam
Co 2009 experiment were corrected with the EBC-Bo method, the EBC-HB method
was used to correct all �uxes from later experiments.

Gap �lling and partitioning of turbulent C �uxes

Time series of EC-derived turbulent �uxes will inevitably have gaps due to malfunc-
tioning of the measurements devices or rejection of data with poor quality. To ensure a
continuous time series of NEE, which is necessary for the estimation of C budgets, the
data gaps were �lled with a widely used technique (Desai et al., 2008; Falge et al., 2002;
Lasslop et al., 2010; Reichstein et al., 2012). The utilized approach is described in de-
tail in Ruppert et al. (2006) which follows Falge et al. (2001) and uses a light response
function following Michaelis and Menten (1913) to estimate assimilation (GEE, Gross
Ecosystem Exchange) and respiration (Reco, Ecosystem Respiration) and is parameter-
ized from in situ measured night-time NEE and temperature measurements following
Lloyd and Taylor (1994). The composite NEE from the models is reinserted into the
data gaps of the original time series. By using the modeled �uxes it is furthermore
possible to partition the measured NEE into assimilation and respiration.

2.2.2. 13CO2 labeling

Pulse labeling with 13C or 14C enriched CO2 (Kuzyakov and Domanski, 2000; Kuzyakov,
2001) is one of the most commonly used methods in C studies. It enables the allocation
of assimilated C to be tracked to the various pools within the plant-soil continuum,
since labeled assimilates are used for metabolism by shoots, roots and rhizosphere
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microorganisms or become incorporated into soil organic matter. This distribution is
of great importance because it a�ects how long the assimilated C will be stored in
the ecosystem before returning tothe atmosphere via root and microbial respiration
(Carbone and Trumbore, 2007), which may vary from minutes to hundreds of years
(Kuzyakov, 2006).
The 13CO2 pulse labeling was conducted with sealed chambers with dimensions of

60 cm× 60 cm× 10 cm and build from transparent plastic foil. The label was released
at noon into the chamber atmosphere by injecting an excess of 5 M sulphuric acid
with a syringe into a vial with 2 g of 13C enriched (99 atom-%) Na2CO3 dissolved in
water. Chambers were opened after four hours of labeling, and the �rst sampling was
conducted. Sampled pools are above- and belowground biomass, soil and CO2 e�ux.
The labeling and sampling procedure is presented in detail by Hafner et al. (2012) and
Ingrisch et al. (2015, Appendix E).

2.2.3. Coupling of eddy covariance and 13CO2 labeling

The use of either EC or 13CO2 pulse labeling alone involves a number of limitations
when trying to fully understand the C cycling of an ecosystem, and so coupling of
both methods will provide a deeper insight. Pulse labeling with 13CO2 only provides a
relative distribution, although mass units and absolute �uxes are important in in situ
studies related to C balance and turnover (Kuzyakov and Domanski, 2000), and EC
measurements do not reveal processes within single compartments of the ecosystem
due to the footprint of EC measurements, which integrates over a large portion of the
ecosystem Leclerc and Foken (2014).
By coupling a mean daily assimilation derived from eddy-covariance measurements

with the relative distribution of the C estimated within the 13CO2 pulse labeling after
a de�ned allocation period, absolute C �uxes into the di�erent pools of the plant-soil
compartments can be derived following Riederer (2014):

n(C)i = GEE ·R(13Ci)t (2.1)

with n(C)i being the absolute �ux into a speci�c pool i, GEE being the mean daily C
input estimated with EC during the allocation period and R(13Ci)t the percentage of
recovered 13C within pool i at the end of the de�ned allocation period.
Allocation of 13C to the various pools in the plant-soil-microorganism system is consid-
ered to be completed when the metabolic plant components are depleted of 13C (Saggar
et al., 1997). However, the length of this allocation period, not to be confused with the
end of the observation period (also called chase period), is di�cult to identify, yet is
critical for the interpretation of the distribution of the assimilated tracer (Wang et al.,
2007). Numerous studies report that allocation is �nished within 3-4 weeks (Hafner
et al., 2012; Keith et al., 1986; Riederer, 2014; Swinnen et al., 1994; Wu et al., 2010).
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One advantage of coupling both methods is �nding a suitable timing for the labeling
experiment through continuous in situ observations of the C exchange regime with EC
measurements. This is important as the partitioning of the assimilates can vary greatly,
depending on the climatic conditions (Meharg and Killham, 1989; Palta and Gregory,
1997) as well as during the course of the growing season (Swinnen et al., 1994), a crucial
fact in an environment such as the TP with a very short vegetation growing period.

2.2.4. Chamber based gas exchange measurements and

micro-lysimeter

Plot-scale CO2 �ux measurements were conducted with a long term chamber system
from LI-COR Biosciences (Lincoln, NE, USA). The LI-COR long-term chamber sys-
tem contains a LI-8100 Infrared Gas Analyser (LI-COR Lincoln, NE, USA), which
is linked with an automated multiplexing system (LI-8150) and two fully automati-
cally rotating chambers, one opaque for respiration and the other transparent for NEE
measurements. The applied LI-COR chambers were compared against eddy-covariance
measurements by Riederer et al. (2014). Besides di�erences mainly under stable at-
mospheric strati�cation, the comparison was satisfactory. The small micro-lysimeters
used to investigate plot-scale hydrological properties are near-natural soil monoliths
with a dimension of 15 cm× 30 cm within an inner and outer plexiglass tube reinserted
in their natural place. To prevent arti�cially high water saturation through disruption
of the �ow paths to the lower soil horizons (Ben-Gal and Shani, 2002; Gee et al., 2009),
a constant drainage with a suction of 10hPa of a hanging water column was applied.
Water content was estimated by weighing the lysimeter with a portable scale.

2.2.5. Land-surface atmosphere interaction and atmospheric

Models

The investigations on the TP within the project also involved modeling with di�erent
models. The selection of the models was based on the target land surface or the �ux and
process of interest. For land surfaces the following soil - vegetation - atmosphere trans-
fer models were utilized; SEWAB (Mengelkamp et al., 1999, 2001) for turbulent �uxes,
SVAT-CN (Reichstein, 2001; Falge et al., 2005) for C �uxes. Furthermore Hybrid, a
vegetation dynamics and biosphere model (Friend et al., 1997; Friend and Kiang, 2005),
was used to estimate for turbulent �uxes in connection with the cloud-resolving Active
Tracer High-resolution Atmospheric Model (ATHAM, Oberhuber et al., 1998; Herzog
et al., 2003), allowing simulation of feedbacks of land surface exchange to the atmo-
sphere. While the �rst two models use measured standard meteorological as forcing
data, the latter is fully coupled to the atmosphere. The utilized models were adapted
to the Tibetan Plateau and individual parameter sets have been elaborated from �eld
measurements for Nam Co and Kema (Gerken et al., 2012, Biermann et al. (2014a,
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Appendix B), Babel et al. (2014, Appendix D)). The models are therefore capable of
dealing with the TP's speci�c problems such as a strong diurnal cycle of the surface
temperature (Yang et al., 2009; Hong and Kim, 2010), a diurnal variation of the thermal
roughness length observed on the Tibetan Plateau (Yang et al., 2003; Ma et al., 2002),
and high, bare soil evaporation in semiarid areas (e.g. Agam et al., 2004; Balsamo et al.,
2011). For the lake surface a hydrodynamic multilayer model (HM) by Foken (1979,
1984) was utilized. Turbulent �uxes are parameterized with a bulk approach. However
HM uses an integrated pro�le coe�cient accounting for the molecular boundary layer,
the viscous bu�er layer and the turbulent layer within the surface layer instead of a
bulk coe�cient. Therefore near-surface exchange conditions are re�ected according to
hydrodynamic theory. The model is originally designed for simulating the exchange
over the ocean, and Panin and Foken (2005) added a correction term for shallow water
which increased turbulent �uxes due to an enhanced mixing by higher waves in shallow
water. The model has been successfully applied to simulate �uxes above ocean and
lake surfaces as well as over arctic snow �elds (Foken, 1986; Panin et al., 2006; Lüers
and Bareiss, 2010; Biermann et al., 2014a, Appendix A).

2.3. Experiment Setup

The two experiments At Nam Co were carried out in summer 2009 and February 2010.
Experiments in Kema were conducted in summer 2010 and 2012. The following section
will brie�y summarize the goals of the experiments and introduce the methods. The
detailed setup of the experiments is presented in Table 2.2.

Xinghai 2009 In Xinghai �ve grazing exclosure plots were established in 1995 along
an altitudinal gradient from 3000-3600 m a.s.l.. Three sites were dominated by
Kobresia spp. and the two others in the drier region were dominated by grasses,
mainly Stipa spp.,the common vegetation types of the upper montane belt on
the Tibetan Plateau. Vegetation and soil samples were taken from fenced and
unfenced plots in �ve replicates and used for laboratory analysis which included
DNA analyses of the plant species, changes in the belowground biomass, C and
N contents in plants, bulk soil and di�erent density fractions representing soil or-
ganic matter (SOM) with di�erent turnover time, and biomarker analyses (lignin,
suberin and cutin). The pulse labeling experiments with 13C and 15N were carried
out only at one key site.

Nam Co 2009 The purpose of the experiment at Nam Co in 2009 was to measure tur-
bulent �uxes over di�erent typical land cover types on the TP, including alpine
steppe and a lake surface. Therefore atmospheric �uxes were observed with two
eddy-covariance and energy balance stations at Nam Co. One station was the
permanently operating eddy-covariance complex (NamITP) within NAMORS,
measuring �uxes over a sparse and dry alpine steppe. The second station was
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Figure 2.2. Measurement setup of the 2009 campaign in the Nam Co Basin showing the
eddy-covariance stations NamITP and NamUBT (left Photo and red +; right Photo,
black x in the schematic drawing). Additionally a land use classi�cation is given:
wetland (dark green), moist (+, medium green), dry (−, light green) grassland, partly
�ooded gravel (grey), the small lake (light blue) and Nam Co (dark blue). NamITP
was also used during the winter experiment in 2010. Figure from Biermann et al.
(2014a, Appendix B)

temporarily set up by the University of Bayreuth (NamUBT) at a shallow lake at
the SE side of Nam Co Lake, measuring over the lake surface and the surrounding
grassland depending on the instantaneous wind direction (2.2). To account for
the e�ect of di�erent moisture supply on the vegetation at the stations, we have
classi�ed the grassland into (grass+) for denser and moister vegetation at Na-
mUBT and (grass−) for comparatively drier and sparser vegetation at NamITP.
A detailed map of the �eld site and pictures of the two stations can be seen
in Biermann et al. (2014a, Appendix B). Both eddy-covariance stations mea-
sured turbulent �uxes and all necessary components for the estimation of the
energy balance. Furthermore standard meteorological measurements are avail-
able. For more speci�c information on the setup refer to Biermann et al. (2014a,
Appendix B) or Biermann et al. (2009).

Nam Co 2010 The winter experiment in February 2010 at Nam Co was conducted to
check the accuracy of the estimation of the latent heat �ux QE under situations
with low temperatures and water vapor concentrations. For this purpose, site by
side measurements with a Li7500 and a KH20 were conducted. Additionally a
new calibration device for the KH20 was tested under in situ conditions.

Kema 2010 The experiment at Kema in 2010 was mainly conducted to estimate the
e�ect of grazing cessation on C and water �uxes within Kobresia pygmaea pas-
tures. Therefore in 2009 an area of 100 x 250 m was fenced for a grazing manip-
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2. Material and Methods

ulation at the research site, excluding grazing livestock such as yak, sheep and
goat. In addition, four subplots (15 x 15 m) that also exclude the Plateau Pika
(Ochotona curzoniae) were established inside the livestock exclosure. Water and
C �uxes under three grazing treatments, normal grazing (G), a partial exclosure,
with exclusion of livestock but pika grazing (P) and no grazing (U) were inves-
tigated with micro-lysimeter and 13CO2 labelling. Turbulent atmospheric �uxes
were observed over G and P. Thus, e�ects of livestock grazing correspond to the
di�erence between G and P, whereas the combined grazing e�ects of livestock and
pikas are re�ected by the di�erence between U and G. Further setup information
is given in Ingrisch et al. (2015, Appendix E) and Biermann et al. (2011). The
13CO2 pulse labeling was conducted on the 1st July 2010 with four replicates of
each of the three treatments (G, P, U). In order to assess hydrological proper-
ties small weighing micro-lysimeters were set up in June 2010 on four subplots
inside the fenced area of the Kema site at a distance of 20 to 50 m from the eddy
covariance station, with one micro-lysimeter within vegetation and one in bare
soil with a maximum distance of 1 m within each subplot. All micro-lysimeters
were weighed every 2 to 10 days with a precision hanging balance from June till
September.

Kema 2012 The experiment at Kema in 2012 concentrated on di�erent degradation
stages found within the Kobresia pygmaea pasture. For this purpose three degra-
dation classes were de�ned: dense vegetation with an intact turf layer (Intact
Root Mat, IM), patches with Cryptogam crusts (Unteregelsbacher et al., 2012)and
a turf layer cover (Degraded Root Mat, DM) and areas without the characteristic
turf layer (Bare soil, BS). Photos of the surface types are shown in Figure 2.3.
A survey of the distribution of these classes revealed that IM covers 64.7% , DM
16.6% and BS 18.7% of the research area. Carbon exchange of these treatments

Figure 2.3. The three divined degradation levels at Kema; Intact Root Mat, IM:
dense vegetation with an intact turf layer, Degraded Root Mat, DM: patches with
Cryptogams and a turf layer cover and Bare soil, BS: areas without the characteristic
turf layer (Bare soil, BS). Figure from Babel et al. (2014, Appendix D).
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2.3. Experiment Setup

was observes with an automated long-term chamber system, Li8100, on an rota-
tional base. Hydrological properties of the degradation classes were investigated
with micro-lysimeters again from June till September. More information on the
experiment setup can be found in Babel et al. (2014, Appendix D) or Biermann
et al. (2013).
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2. Material and Methods

Table 2.2. Devices used for the experiments at Nam Co and Kema on the Ti-
betan Plateau, including manufacturer and measurement heights.

Device Nam Co 2009 Nam Co 2010 Kema 2010 Kema 2012

Wind velocity
and direction

CSat-3a: 3.01,
3.1m2

CSat-3a: 3.0m CSat-3a: 2.203,
2.21m4

WindSonic 1b:
2.0m

CO2

measurements
Li7500c: 2.91,
3.0m2

Li7500c: 3.0m Li7500c: 2.193,
2.16m4

Li8100c: Soil
chambers

H2O
measurements

Li7500c: 2.91,
3.0m2

Li7500c, KH20a

: 3.0m
Li7500c: 2.193,
2.16m4

�

Solar radiation CNR1d: 2.0m1,
CM3+CG3d:
1.5m2

CM3+CG3d

1.5m
CNR1d: 1.883,
1.904

Pyranometer
SP 110e, NR
Lited, LI 190
SBc, CNR1d:
2m

Temperature
and humidity

HMP45f : 3.01,
3.1m2

HMP45f: 3.1m HMP45f : 2.193,
2.16m4

CS 215a: 2m

Precipitation Tipping
bucket 1m

Tipping
bucket 1m

Tipping
bucket 1m

Tipping
bucket 1m

Soil moisture TDRg: -0.1,-
0.15,-0.2m1

;-0.1,-0.2,-0.4,-
0.8,-1.6m
2

TDRg:
-0.1,-0.2,-0.4,-
0.8,-1.6m

TDRg: -0.13,-
0.154,-0.2m3

Campbell CS
616a: -0.05,-
0.125,-0.25m
TDRg:
-0.1,-0.2m

Soil
temperature

Pt 100:
-0.025,-0.075,-
0.125,-0.2m1;
-0.1,-0.2,-0.4,-
0.8,-1.6m
2

Pt 100:
-0.1,-0.2,-0.4,-
0.8,-1.6m

Pt 100:
-0.025,-0.075,-
0.125,-0.2m3

Pt 100:
-0.025,-0.075,-
0.125,-0.175,-
0.25m

Soil heat �ux -0.15 mh -0.15mh -0.15mh -0.2mh,i

Logger Cr3000a,1

Cr5000a,2
Cr5000a Cr3000a Cr1000a

1 NamUBT
2 NamITP
3 EC-P
4 EC-G
a Campbell Sci. Ltd.

b Gill
c LI-COR Biosciences
d Kipp & Zonen
e Apogee
f Vaisala

g Imko
h HP3
i Hukse�ux
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3. Results and Discussion

3.1. Turbulent �uxes on the Tibetan Plateau

3.1.1. Flux measurements over di�erent surfaces

Measured and modeled energy �uxes on the TP exhibit distinct spatial heterogeneity
corresponding to di�erent surface types. Di�erences in energy and matter �uxes can
be triggered through variations in available soil moisture and di�erent vegetation or
surface characteristics, as can be seen in Figure 3.1. Mean diurnal turbulent �uxes
for a dry (grass−, NamITP) and a wet (grass+, NamUBT) alpine steppe and Kobresia
pygmaea show the typical behavior as expected for the monsoon season on the TP with
a greater latent heat �ux than sensible heat �ux. This observation is in agreement
with e.g. Gu et al. (2005) and Ma and Ma (2006). Although measured in consecutive
year and at di�erent sites, the mean diurnal cycle of the energy �uxes measured over
Kobresia pygmaea pastures at Kema in 2010 show a similar magnitude and diurnal
cycle as over the alpine steppe in the Nam Co basin measured in 2009. However it
needs to be considered that absolute values are not directly comparable.
The mean diurnal cycles of surface and air temperature also show typical dynamics,

with unstable strati�cation during the daytime. Surface temperatures are the highest
over alpine steppe grass−, followed by Kobresia pygmaea and alpine steppe grass+.
Ground heat �ux and sensible heat �ux are in the same order of magnitude for each
land surface, again with higher values for alpine steppe grass− and Kobresia pygmaea.
In consequence, the latent heat �ux is lower over these two land surfaces than over alpine
steppe grass+, although there are not big di�erences overall. The similarity between
the measurements over alpine steppe in 2009 and the Kobresia pygmaea in 2010 can
be explained through relatively dry conditions during the experiment in 2010. More
pronounced is the di�erence between energy �uxes measured over the land surfaces in
comparison to �uxes measured over a lake surface, which show di�erences in magnitude
and dynamics. The daytime net radiation is substantially higher over the lake surface,
caused by a lower albedo and decreased upwelling long wave radiation due to dampened
surface temperatures over the lake. Turbulent �uxes over the lake do not show a diurnal
cycle, but remain constant over the day as the energy input from radiation is stored
in the lake body and is available at any time throughout the day. Due to its small
extent and the shallow water close to the shoreline, the lakes surface temperature is
high, leading to unstable strati�cation even during the daytime. Turbulent exchange
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Figure 3.1. Mean diurnal energy �uxes, diurnal surface and air temperature for the
Nam Co 2009 (a, b, c) and Kema 2010 (d) experiment, separated for a: Alpine
steppe grass−, b: Alpine steppe grass+, c: lake and d: Kobresia pygmaea; all com-
ponents are measured for land �uxes (a, b, d); for lake �uxes (c), the net radiation
is calculated from measured down welling radiation, an albedo of 0.06, lake surface
temperature and an emissivity of 0.96. (Time axis in Beijing standard time (CST),
mean local solar noon at 1400). Modi�ed and extended after Biermann et al. (2014a,
Appendix B) .
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3.1. Turbulent �uxes on the Tibetan Plateau

is consequently enhanced compared to stable strati�cation typically found over lake
surfaces during the daytime (Beyrich et al., 2006; Nordbo et al., 2011). Furthermore
high wind velocities of 4ms−1 on average lead to enhanced evaporation in this case.
Since no measurements exist for the heat storage in the water body and heat �uxes
into the sediment, it was not possible to determine a complete energy balance over the
lake surface. The results of the energy balance analysis over the land surfaces revealed
a closure of 73% at NamUBT and 80 % at NamITP. The results at Kema were 73%
at EC-P and 71% at EC-G. These values of the EBC are all within a range typical for
stations in heterogeneous landscapes Foken (2008a).
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3. Results and Discussion

3.1.2. Accurate estimation of QE in Winter

A direct comparison of the latent heat �uxes measured with the Li7500 and the KH20
during a side by side experiment in February 2010 reveals 20% greater �uxes mea-
sured by the KH20. Apart from this o�set only a little scatter exists between both
�uxes (Figure 3.2). The comparison also shows that the deviation is greatest for high
latent heat �uxes above 150Wm−2 s−1 which occur rarely. Furthermore it needs to
be considered that the calibration of the KH20 has an error range of up to 10%. It
can therefore not be determined whether the di�erence is related to the temperature
sensitivity of absolute humidity measurements by the Li7500 or a calibration error of
the KH20. A comparison of continuous measurements of absolute humidity with the
Li7500 and the HMP45 for 2009 and 2010 are shown in Figure 3.3, and also included is
the maximum absolute humidity at saturation and air temperature. It is clearly visible

Figure 3.2. Comparison of the observed latent heat �ux with both gas analyzers, Li-
7500 and KH20, during the side by side measurements in February 2010 at NAMORS.
Geometric mean regression calculated after Dunn (2004) From Biermann et al.
(2014b, Appendix F)
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3.1. Turbulent �uxes on the Tibetan Plateau

Figure 3.3. Timeline of absolute humidity measurements conducted with the LiCOR
7500 (black) and the HMP 45 (red) at NAMORS from 2008 to 2011. The grey
shaded area indicates the amount of water in the air when 100% relative humidity is
reached; the blue line represents air temperature. Vertical green lines mark the �eld
calibration dates for the LiCOR 7500 on 30.06.2009 and 08.07.2010. From Biermann
et al. (2014b, Appendix F)

that the humidity measurements by the Li7500 exceed the physical limit of 100% hu-
midity regularly during the winter months, while for summer months this is only true
occasionally. The e�ect of a recent �eld calibration is also visible in this �gure. After
the calibration on 30th June, 2009 the measurements from the LI-7500 �t well with the
measurements from the HMP45, until the air temperature starts to fall below 0 ◦C in
October again. While in 2009 the absolute humidity measurements by the Li-7500 start
to decrease again with the rise of the air temperature above freezing in April and May,
in 2010 such an e�ect is not visible. However the e�ect of the calibration on 8th July,
2010 is again visible. Together with the data gap in May this indicates a malfunction
of the sensor in June 2010. Overall this investigation showed that either of the two
devices can be used for a correct estimation of QE in winter as long as great emphasis
is laid upon a correct calibration routine.
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3. Results and Discussion

3.2. Carbon Fluxes of Kobresia pygmaea pastures

3.2.1. Net Ecosystem Exchange

The observed net ecosystem exchange (NEE) �ux during the Kema 2010 experiment,
8th June till 3nd August (Figure 3.4 upper panel) enables us to characterize the overall
C exchange conditions between the atmosphere and the Kobresia pygmaea ecosystem.
In general, the dynamics of the C �uxes measured at both EC stations are very similar
(therefore only EC-P is shown), and the observations can be divided into three periods
with di�erent characteristics. At the beginning of the observation period the NEE did
not show a clear daily cycle.

With the onset of rain in June (Figure 3.5) and rising temperatures, assimilation
became more dominant on 27th June, followed by a period characterized by constant
�uxes until 23th July. Within this period the strongest assimilation was observed,
whereas when averaged over the whole period the NEE is quite small at both stations.
This is due to the C �uxes prior to 27th June and after 23th July, which are characterized
by a weaker assimilation during overall drier conditions, visible in the Bowen ratio for
these periods which has a greater value than 1 when the sensible heat �ux dominates
over the latent heat �ux (Figure 3.4 lower panel).
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Figure 3.4. Hovmöller diagramms of NEE (upper panel) and the bowen ratio (lower
panel), measured at EC-P in Kema from 8th July till 3rd August. Colors indicate the
mean half hour values, the x axis the period and the y axis the time of day.
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Figure 3.5. Precipitaion, Humidity, Temperature. From Ingrisch et al. (2015, Ap-
pendix E)

3.2.2. The role of the turf layer for carbon turnover

In order to investigate the importance of the unique turf layer within the Kobresia
pygmaea pastures it is necessary to couple a 13CO2 pulse labeling experiment with
continuous NEE measurements with the eddy covariance method Riederer (2014). This
approach provides detailed information about the C turnover within the soil-plant-
atmosphere continuum. Based on the knowledge about C dynamics (Figure 3.6) from
the EC measurements, the start of the 13CO2 pulse labeling experiment was scheduled
on 1st July. Furthermore, the results show no restriction for the 13CO2 pulse labeling
experiment from its start till 23th July, and thus a coupling with of both methods was
possible.

In general, the distribution of C revealed by the 13CO2 pulse labeling is assumed to
be valid for the day of labeling, and therefore extrapolating the results over a longer
period needs caution or is not possible at all. Changes in the partitioning patterns
over a growing season usually make it impossible to relate a single 13CO2 pulse label-
ing experiment to the whole growth period (Kuzyakov and Domanski, 2000; Swinnen
et al., 1994). However, combining labeling with EC measurements enables us to judge
whether C �uxes undergo strong changes within the allocation period. With constant
assimilation and respiration, as shown by the EC measurements, and with low variabil-
ity in the partitioning within this period, the fraction of partitioning from the labeling
experiment can be considered to be representative for the whole allocation period.

In the investigated alpine Kobresia pygmaea ecosystem, the majority of assimilated
C is allocated to belowground pools which have the largest contribution to C turnover
within Kobresia pygmaea pastures. The results of the 13CO2 pulse labeling experiment
show that 93.7 % of recovered 13C after 15 days is either found in belowground pools
and in soil CO2 e�ux, as displayed in Figure 3.7. Coupled with the EC �uxes this
corresponds to 1.87 gCm−2 d−1 which is also shown in the same �gure. This is more
than the 59% reported for a montane Kobresia humilis meadow (Wu et al., 2010)
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Figure 3.6. Cumulative C �uxes, NEE (squares), GPP (circles) and TER (diamonds)
from the 2010 experiment in Kema, for the two EC stations EC-P (solid symbols)
and EC-G (hollow symbols). NEE is measured while GPP and TER are partitioned
from the NEE with a model. The main dates of the 13C labeling experiment are
indicated by red lines, the grey shaded area marks the allocation period of 15 days.
Modi�ed from Ingrisch et al. (2015, Appendix E).

and the observed 40% for a montane Kobresia pasture found by Hafner et al. (2012)
and also displayed in Figure 3.7. This emphasizes the importance of belowground C
allocation and cycling in these alpine Kobresia pygmaea pastures. During the Kema
2010 experiment 23.6% of the 13CO2 allocated belowground was recovered as CO2 e�ux
from soil (root exudates and root-derived CO2), which is well in accordance with values
reviewed by Kuzyakov and Domanski (2000). The high incorporation of C in the roots
can be related to the very large rooting system maintained by Kobresia pygmaea. The
high storage of C in roots is also expressed in the root to shoot ratio (R:S) of 90 for
the alpine Kobresia pasture which is higher than the reported 52 by Fan et al. (2008)
and the 35.7 by Yang et al. (2009) for alpine pastures of the TP.
The high 13C recovery in roots and the low recovery in SOC is in contrast to the

results observed for a montane Kobresia meadow in Qinghai by Hafner et al. (2012),
who report only minor 13C allocation to roots, but very high amounts in the soil
organic carbon (SOC) only one day after the labeling. However their 13C pulse labeling
was conducted later in the growing season. They argue that the rooting system was
already developed and assimilates were invested mainly aboveground in vegetative and
generative organs and shoot tissue and belowground into root exudation.
It can be stated that the roots within the turf layer acted as the greatest sink for

recently assimilated C which is in good agreement with Fan et al. (2008) who found
the highest C density in the uppermost centimeter of alpine soils on the QTP. For the
allocation period of the 13C labeling experiment, which was also the period with the
greatest C uptake during the observation period, this sums up to 28 gCm−2.
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Figure 3.7. 13C partitioning of montane and alpine Kobresia pastures determined at
the end of a 27- and 15- day allocation period in Xinghai (2009) and Kema (2010),
respectively. 13C distribution and C �uxes are shown for CO2 e�ux, shoots and roots
an SOC in two depth (0-5, 5-15cm). In Xinghai grazing-induced di�erences can be
seen and therefore the results from two treatments are shown. Since no grazing e�ects
could be observed only pooled results are shown for Kema. The additionally absolute
C �uxes shown for Kema were estimated by the coupling of the pulse labeling with
eddy-covariance measurements. From Babel et al. (2014, Appendix D)

3.2.3. E�ects of grazing cessation

The EC derived NEE measurements from Kema in 2010 were used to test the hypothesis
that even within one growing season grazing cessation would a�ect the C balance of
the Kobresia pygmaea pastures. However a comparison of the measured NEE �uxes
from the two stations, EC-P and EC-G using the geometric mean regression (Dunn,
2004), the method of choice when expecting an error in both time series, shows only
a 3% di�erence (Figure 3.8). The absolute di�erence between the �uxes measured
in the yak grazing exclosure P and the grazed site G throughout the whole period
of the experiment in 2010 was only 0.027±0.028µmolm−2 s−1. As this di�erence in
ecosystem scale is not pronounced, it cannot be not attributed to any di�erences in
grazing. Existing di�erences between individual half hour values of the two EC stations
are rather related to di�erences in the distribution of vegetation and bare soil within the
actual footprint of these �ux estimates or free convection events which are not captured
with the EC measurements. As these di�erences in the short timescale propagate also
through the cumulative and mean daily �uxes, it explains the small divergence within
the dynamics of the �uxes from the two sites (Figure 3.6). This result is not surprising
due to the short grazing exclosure time in Kema.

As no di�erence were noticeable at the ecosystem scale, a closer look into the plant-
soil-atmosphere continuum is necessary. The 13CO2 pulse labeling results from the
montane pastures in Xinghai (Hafner et al., 2012, Figure 3.7) showed that a smaller
amount of C is allocated to belowground pools in pastures where grazing was excluded
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Figure 3.8. Comparison of eddy covariance NEE measurements from EC-G and EC-P
at Kema. Geometric mean regression calculated after Dunn (2004).

for 7 years and vegetation had changed from Cyperaceae to Poaceae dominance. The
13CO2 pulse labeling in the alpine pastures in Kema, however, did not show that grazing
cessation caused such a reduction in the belowground pools, though a slightly higher
amount of 13C was recovered in aboveground biomass in P relative to G. The greatest
e�ect was found within plots which additionally excluded small mammals as well.

3.2.4. In�uence of degradation on C �uxes

The chamber-based C �ux measurements during the Kema 2012 experiment over the
three de�ned degradation classes IM,DM and BS show large di�erences especially in
NEE (Figure 3.9). Ecosystem respiration (Reco) also di�ers from class to class but only
the values over BS show a great di�erence as values are about half of the values found
over IM and DM. However a direct comparison of the di�erent degradation classes is not
possible, due to the consecutive measurements and changing meteorological parameters
and a proceeding of the growing season. The changing meteorological conditions are
visible in the vapour pressure de�cit (VPD) which decreases rapidly as soon as moisture
is available after rainfall. Since continuous EC measurements as in the case of the
pulse labeling in 2010 were not available, the SVAT-CN model was utilized to provide
continuous time series for each degradation class for direct comparison. The model
output was validated against the measured �uxes with the chambers for 2012 and
the EC measurements in 2010. The mean simulated C �uxes with SVAT-CN for the
whole vegetation growing period 2012 show once more the importance of an intact
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Figure 3.9. C �uxes of the three degradation classes IM, DM and BS. NEE (brown)
and Reco (hashed upward) measured with a LiCOR Chamber, GEE (hashed down-
ward) is estimated as the di�erence from these two �uxes. Measurements were con-
ducted consecutively with the same chambers: IM (31.07. - 06.08.), BS (08.08. -
14.08.), DM (16.08. - 20.08.), IM (22.08. - 25.08.). The upper panel shows precipi-
tation (dark blue) and the vapour pressure de�cit (VPD, light blue). Modi�ed after
Leonbacher (2013).

Kobresia pygmaea with its turf layer for the C balance of this ecosystem (Figure 3.10).
Respiration over IM and DM are nearly equal while the C uptake over IM is more than
double that of DM. IM acts as a C sink while DM and BS show no noticeable NEE.
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Figure 3.10. Mean simulated C �uxes for a 46-day period in 2012 for the three
degradation classes IM,DM and BS. NEE(brown), GEE (hashed downward) and
Reco(hashed upward).From Babel et al. (2014, Appendix D)

3.3. Linking �ux measurements and land surface

modeling to estimate regional features

Since most in situ measurements are limited to a comparably small spatial scale it
is often necessary to utilize simulations in order to link the knowledge gained from
the observations to a broader scale. In this section, three cases of linking models and
measurements are described. The �rst case study describes linking the EC measure-
ments from Nam Co experiment in 2009 to the models SEWAB and HM to investigate
turbulent �uxes over an alpine steppe, in�uenced by di�erent soil moistures, as well
as over a lake surface (Biermann et al., 2014a, Appendix B). Besides estimating �uxes
for a direct comparison this approach enabled to explicitly resolve �uxes over certain
land surface types, a prerequisite for the second case study, which shows how an in situ
observed lake-breeze during the experiment in 2009 at Nam Co was reproduced with
the ATHAM model (Gerken et al., 2014, Appendix C). Using in situ parameters and
measurements from the �eld campaigns as input and for validation of models, as shown
in Gerken et al. (2012) and Biermann et al. (2014a, Appendix B), enabled than the use
of SEWAB and ATHAM in a third study to investigate the in�uence of degradation
on C �uxes, evapotranspiration and eventually convection and circulation on the TP
(Babel et al., 2014, Appendix D). In this study the SVAT-CN model was utilized, in
addition to the models mentioned above, to model CO2 exchange.
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Figure 3.11. Diurnal distribution of the wind direction for for the Nam Co 2009 ex-
periment and corresponding land cover in the upwind direction, classi�ed according
to the sectors shown on the right. From Biermann et al. (2014a, Appendix B)

3.3.1. Lake �uxes and in�uence of the soil moisture

It is well known that heterogeneous surfaces a�ect landscape-scale �uxes. The mea-
surements presented above (Section 3.1.1) have shown that the �uxes over land and
lake surfaces behave di�erently, as do the �uxes over wet and dry alpine steppe. Within
the Nam Co 2009 experiment turbulent �uxes were observed with two stations. While
the EC station NamITP always measured �uxes over land surface grass−, the measure-
ments of Nam UBT originated from di�erent surface types. Within the footprint of this
station the surfaces grass+, grass− and lake could be found, with a strong diurnal varia-
tion within contribution of the underlaying surfaces to the measured �ux due to a land �
lake circulation system (Figure 3.11). During midday wind was coming predominantly
from the direction of the lake while in the morning, evening and night-time hours wind
from the land surface dominated. Therefore NamUBT provided �ux measurements
over the land and water surface only for certain periods of the day. The land surface
furthermore was made up of grass+ and grass−. However, as the in�uence of grass− was
comparatively small during neutral and unstable strati�cation and only larger during
stable conditions which occur mostly at night, when �ux di�erences between the two
surface types were small, the in�uence can be regarded as negligible. Therefore it is
reasonable to relate the observations and parameter over the land surface at NamUBT
to the wetter grass+ surface and to discriminate between grass+ at NamUBT, grass− at
NamITP and the lake only. Although it was possible to attribute the measured �uxes
to the a speci�c surface type due to the footprint analyzes a direct comparison of the
�uxes was nearly impossible since the strict pattern of the lake breeze was causing gaps
in one or the other time series at NamUBT. In order to �ll the gaps and to complete
the �ux time series for grass+ and lake a model was applied for each surface type and
validated with the existing data. The model SEWAB was used in the case of the land
surfaces and the model HM in the case of the lake surface (model descriptions: Chapter
2.2.5).
The validation of the model was done by attributing measured �uxes to a single

surface type with footprint modeling, a tool that relates measurements to speci�c sur-

33



3. Results and Discussion

faces. For each time step, the footprint approach provides the relative contribution
of all involved surfaces to the measured �uxes. Fluxes can therefore be selected to
their underlying surface. Obviously the investigated surface types have di�erences in
characteristics, especially the land and the lake surface. It is therefore not surpris-
ing to see this re�ected in the observation-based simulated mean �uxes for the whole
period (Figure 3.12). The close combination of turbulent �ux observations and land
surface modeling could show that the mean latent heat �ux became more dominant
with increasing soil moisture for the land surfaces, showing a mean di�erences in latent
heat �ux between grass+ and grass− of −33.5Wm−2.The evaporation over the small
lake is even higher, due to its shallow water table resulting in comparatively high sur-
face temperatures, the resulting di�erence between grass+ and lake is −27.3Wm−2.
The di�erence in sensible heat �ux between the surfaces is smaller with 24.0Wm−2
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Figure 3.12. Mean �uxes for the three surface types (grass−, grass+, lake) from
observation-based simulations. (Land surfaces: SEWAB, Lake: HM). Net shortwave
radiation (Rsw) and net longwave radiation (Rlw) for the lake surface are calculated
as explained in Fig. 3.1. For land surface �uxes, Qg represents the ground heat �ux.
For the lake energy balance it sums up the energy �uxes not accounted for, e.g. stor-
age change in the water body and �ux into the sediment. Error bars indicate 1.96
times the standard error of the mean, based on daily mean �uxes; assuming normal
distribution and statistical independence of daily mean �uxes, the bars would corre-
spond to the 95 % con�dence interval. From Biermann et al. (2014a, Appendix B).
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di�erence between grass+ and grass− and 22.3Wm−2 di�erence between grass+ and
lake.

Using foot analysis to resolve relative contribution of the involved surfaces, gives
a great advantage when observations originate from more than one land use type.
This enables simulations to be connected to the observations by calculating a weighted
mean from the model output according to the actual land cover contribution, as is
shown with the footprint integrated simulations for lake and grass+ together with the
EC observations at NamUBT in Figure 3.13 for 17th July. For all wind directions
the eddy-covariance measurements can be closely modeled by the footprint integrated
simulation. This also holds for measurements with contributions from both surfaces,
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Figure 3.13. Source weight integrated modeled �uxes at NamUBT exemplarily shown
on 17th July. Displayed are simulated �uxes with SEWAB (dashed line) and HM
(solid grey line) and integrated simulations (solid black line) according to contribu-
tions of lake or land within the footprint. Observations (not energy balance corrected)
are shown as black circles. The land use contribution in % is indicated by bar plot,
with upwind situations from the land in green and upwind situations from the lake
in blue. The time axis is displayed in Beijing standard time (CST), and mean local
solar noon during the observation period is at 1400 CST. Modi�ed after Biermann
et al. (2014a, Appendix B).
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seen in some events on this selected day. As this approach enables to resolve �uxes
explicitly to the underlying surface it improves the possibility to use these �uxes to
validate model output of special circulation patterns, compared to a tile approach which
would resolve �uxes originating from di�erent surfaces according to their percentage of
occurrence within a grid cell.

3.3.2. Coupling �ux measurements to the ATHAM model

In order to estimate the feedback of surface �uxes and mesoscale circulations Gerken
et al. (2012) the adapted the Hybrid model to the TP by an inter-comparison of the
model output with in situ eddy-covariance �ux measurements and also the above men-
tiond SWEAB model (Subsektion 3.3.1) . Hybrid was than coupled to the the ATHAM
model ( Subsection 2.2.5) for further studies on local circulations and convection. Such
as the land � lake circulation system, with strong diurnal pattern in wind direction, was
observed at Nam Co during the 2009 experiment (Figure 3.11). Gerken et al. (2014,
Appendix C)aimed to reproduce the development of this lake breeze and furthermore
to investigate how this lake breeze would e�ect development of convection within the
Nam Co Basin. This 2D model approach showed that the lake breeze can be modeled
reasonably. Additionally the study showed the interaction between the lake breeze
and convection triggering, identifying two di�erent mechanisms. These are a triggering
of convection over topography in situations when the background wind and the lake
breeze have the same �ow direction and a triggering caused by convergence between
the lake-breeze front and the background wind.

3.3.3. In�uence of degradation on energy and C �uxes

In order estimate the e�ect of degradation on a ecosystem scale on the TP it was
necessary to utilize models to extend the gained knowledge from the measurements of
water and carbon �uxes on the de�ned surface classes, intrat Kobresia root mat (IM),
degraded root mat (DM), bare soil (BS) and alpine Steppe (AS). IM, DM and BS are
seen as degradation stages within a Kobresia pygmaea pasture and AS represents the
secound main type of vegetation cover on the TP. As reference site for the Kobresia
pygmaea Kema was picked while Nam Co represents AS. within Babel et al. (2014,
Appendix D) following 1D Soil - vegetation - atmosphere transfer models were adapted
to the TP to examine, (i) evapotranspiration: SEWAB (ii) carbon �uxes: SVAT-CN
(iii) surface feedbacks: Hybrid model and ATHAM (Subsection 2.2.5 and Babel et al.
(2014, Appendix D)). Adaptation of the models to the special conditions of the TP
was done through implementation of in situ measured parameter. The model output
was validated with in situ measurements. Modeled results for IM, DM and BS were
compared to the chamber measurements from 2012 and EC measurements from 2010 at
Kema and for AS at Nam Co in the case of C �uxes and against the EC measurements
only in case of evapotranspiration.
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Figure 3.14. Modeled carbon �uxes of the three degradation stages IM,DM and BS,
displayed as mean daily cycle and as cumulative curve for the vegetation growing
period. From Babel et al. (2014, Appendix D)

While total evapotranspiration of the di�erent degradation stages did not di�er much,
although the ratio of evporation and transpiraton changed, C �uxes are strongly ef-
fected (Figure 3.14). The strong di�erence in NEE between IM and all other stages
can be seen in the modeled mean daily cycle as well as in the cumulative budget of the
modeled values for the vegetation period in July and August 2012. While IM repre-
sents a C sink and BS behaves neutral it is interesting to note that DM and also AS
represent a C source over the de�ned vegetation period.
Although evapotranspiration was not altered signi�cantly the above mentioned change

in the ratio of evporation and transpiration had an e�ect in the simulations by the
ATHAM model over di�erent vegetation fractions. The model was run for a wet and
dry scenario with 25% and 75% vegetation cover. In both scenarios the lower vegeta-
tion cover would result in more convection and higher cloud cover at a earlier stage
of the day. This lead to reduced surface temperatures and consequently lower surface
�uxes.
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4. Conclusions

The integration of turbulent �uxes estimated with the eddy-covariance method within
ecological and hydrological studies on the Tibetan Plateau showed that these �uxes
can serve as a useful and necessary tool to bridge di�erent spatial scales. An important
aspect when either di�erences in surface properties only occur on a small scale or in
process-oriented experiments need to be extrapolated to the whole ecosystem.
Furthermore this thesis showed that an estimation of latent heat �ux on the TP with

the standard setup of a eddy-covariance complex with a LI-7500 for the measurements of
latent heat �ux is suitable also for harsh winter conditions, which is of great importance
for long-term observations. However side-by-side measurements of a LI-7500 and a
KH20 revealed a �ux di�erence between these two di�erent sensor types. Although
this di�erence can be regarded as acceptable, it shows that a careful calibration of the
devices is necessary, and special arrangements for the winter months are needed to
assure accurate �ux estimations. In addition the campaign showed that an estimation
of absolute humidity concentrations is not possible with both sensors.
The 2009 measurements at Nam Co, over wet grassland and for the �rst time on

the TP also over a shallow lake, showed that it is possible to measure turbulent �uxes
accurately over di�erent surfaces on the TP by using only a single eddy-covariance com-
plex. This is of great importance in areas where access is limited but heterogeneity and
di�erent surfaces need to be still taken into account. Further it can be concluded that
theoretical requirements for eddy-covariance are not substantially violated on the TP
and even complex topography, as found along the shoreline of a lake, has no negative
e�ect on the quality of the �ux estimates when a careful coordinate rotation is per-
formed with a sector-wise application of the planar-�t method. The study furthermore
showed that by combing measurements, selected for the target surface lake by footprint
analysis, with a suitable model the challenging task of conducting eddy-covariance mea-
surements over lake surfaces and the adjacent land surface can be realized on the TP. It
was shown that the for this purpose utilized HM model a HM model is able to estimate
lake evaporation at a high standard of quality and temporal resolution, even resolving
the diurnal course so that gap-free time series can be derived. As this method o�ers
the possibility to directly measure evaporation over lake surfaces on the TP, this will
be a great advantage for the estimation of water budgets in hydrological studies.
When a larger spatial scale is of interest, as in remote sensing applications or mod-

eling studies, it needs to be considered that a comparison of turbulent �uxes from the
three dominant land cover types found in the Nam Co basin, moist and dry grassland
and the lake, revealed sharp di�erences in characteristics of these �uxes. A single �ux
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station with only one surface type within the footprint might therefore not be repre-
sentative for a grid cell. Since it could be shown that for spatial integration the tile
approach is valid it is recommended to account for these di�erences when using eddy-
covariance derived �uxes for the validation. This can be done by using model derived
simulations of adjacent surfaces and upscale these according to the fraction of surfaces
within the grid cell. On the other hand it is also possible to derive �uxes on an ex-
plicit spatial and temporal scale to special model applications, considering the speci�c
characteristics of the underlying surface and therefore improving the link between the
model and conditions found at a measurement site.
Overall, the high alpine Kobresia pygmaea pasture acted as a weak sink for C over the

two-month observation period in 2010 at Kema. It could be shown that a short-term
response to grazing cessation was only visible within the C stocks of the aboveground
plant biomass while recent C �uxes did not show any response. The study showed
that the living roots of the turf layer represent the most active part in terms of C
cycling of the Kobresia pygmaea pasture and the turf layer is the main ecosystem
compartment for the turnover of recent assimilates. The root turf plays a key role
for the overall C cycling, C storage and function of the Kobresia pygmaea ecosystem.
The coupling of the two commonly used methods, pulse labeling and EC, represents
a new and more powerful approach to the understanding of C cycling in the plant-
soil-atmosphere system compared to singular plot- or ecosystem scale approaches. It
proved to be helpful for estimating absolute C �uxes in various pools of the Kobresia
pygmaea pastures and for identifying C dynamics at various spatial scales. The C
stocks in the soil and the entire ecosystem need to be regarded as very vulnerable to
environmental and anthropogenic factors destroying this characteristic Kobresia root
turf. Destruction of this layer, caused by overgrazing-induced degradation as well as a
change in vegetation and supersession of Kobresia pygmaea through long-term cessation
of grazing, will consequently lead to a great release of CO2 to the atmosphere. This
could be shown in an estimation of a degradation e�ect on C and water �uxes in
the Tibetan highlands. Comparing C �uxes of a typical Kobresia pygmaea pasture
with the frequently found degradation stages of a decaying root turf and the so called
black beaches which resemble mainly bare soil shows a strong reduction in C uptake.
Therefore, degradation of the turf signi�cantly limits the function of Kobresia pastures
as a carbon sink. Furthermore a change in vegetation structure from Cyperaceae to
Poaceeae has a great in�uence on the ratio of belowground to aboveground allocation
of C as shown in Xingahi. Furthermore this is also visible in the comparison of the
simulated C �uxes for alpine steppe and Kobresia pygmaea pastures. In terms of
the hydrological cycle, degradation did not show a large a�ect on the magnitude of
the evapotranspiration but on the variability and ratio of evaporation to transpiration.
This fact, coupled with a change in surface temperature, leads to a change in convection
development as shown as shown with the ATHAM simulations comparing di�erent
fractions of vegetation cover. Due to the size of the grassland and the hight percentage
of area which shows strong signs of degradation, these just described changes might
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even show an e�ect at greater, possibly global, scale.
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A. Individual contributions to the
joint publications

This cumulative thesis consists of publications and manuscripts listed hereafter. Since
other authors contributed to these papers as well, my own contribution to the individual
manuscripts is speci�ed in this section. As the following publications are based on the
experiments on the TP (described in section 1.2.2) individual contributions to the
experiments are listed as well. The experiments 2009 in Xinghai and 2012 at Nam Co
are not included since although I was partially involved in the organization prior to the
experiments I did not participate in the experiments.

Nam Co experiment 2009 and data preparation

Together with Wolfgang Babel I was responsible for the realization of the experiment.
The setup and design were planned and prepared together with Wolfgang Babel in
equal shares. We both assembled the measurement complex at the site, while for the
campaign I was responsible for data collection and maintenance.
The data measured during the Nam Co experiment at our own EC station (NamUBT)
as well as data provided from the permanent station of the ITP (NamITP) were post-
processed as follows: I conducted the quality checks on low-frequency data and turbu-
lent �ux processing with the TK2/TK3 software package, including sector-wise planar-
�t and quality control. Wolfgang Babel elaborated the actual land cover distribution
and contributed with the footprint analysis as well as the calculation of the ground
heat �ux and energy balance, including the EBC correction methods.

Nam Co experiment 2010 and data preparation

The winter experiment in 2010 at Nam Co was organized and realized by myself with
the support of Daniela Pfab, during her master thesis. Furthermore Wolfgang Babel,
Johannes Olesch and Thomas Foken provided support during the preparation and also
from Germany during the experiment itself. Calibration of the KH2O was conducted
in the �eld by Daniela and myself. The calculation of the turbulent �uxes and quality
control of the data was done by myself during the experiment. Further evaluation of
the data was done by Daniela within her master thesis under my supervision.
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A. Individual contributions to the joint publications

Kema experiments 2010/12 and data preparation

I was responsible for the organization and realization of the two experiments with the
supportof two master students, Thomas Leipold in 2010 and Jürgen Leonbacher in
2012, prior to and during the experiments. Both helped with the preparation of the
eddy-covariance stations and all additionally devices in Bayreuth and also during their
installation and maintenance in the �eld. We were also supported by Wolfgang Babel
during the preparation in Bayreuth for both experiments. Due to logistical problems in
2012 Ju�rgen Leonbacher and I could only use the long-term LI-COR chamber system
in the �eld and were not able to install the prepared EC stations, as it was originally
planned. The data from both experiments were post-processed and quality checked
within the masters theses of Thomas Leipold and Jürgen Leonbacher under my super-
vision. The 13CO2 pulse labeling in 2010 was conducted by Johannes Ingrisch during
his master thesis.

Appendix B

Biermann, T., Babel, W., Ma, W., Chen, X., Thiem, E., Ma, Y., and Foken, T.:
Turbulent �ux observations and modelling over a shallow lake and a wet grassland
in the Nam Co basin, Tibetan Plateau, Theor. Appl. Climatol., 116(1-2), 301-
316, doi:10.1007/s00704-013-0953-6, 2014.

� The idea of this manuscript was developed in equal parts by Wolfgang Babel
and myself. We both realized the Nam Co experiment (p. 59), conducted data
preparation and wrote the text in equal shares. While Wolfgang Babel focused
on the modeling parts and its inter-comparison with the measured data, I put my
emphasis more on literature and scope of the manuscript as well as on the exper-
imental parts, including data preparation and analysis of the measured �uxes in
respect to special conditions on the Tibetan Plateau. I also acted as correspond-
ing author.

� Ma Yaoming, Chen Xuelong and Ma Weiqiang supported us during the �eld trip
in 2009 and gave access to data from the ITP station

� Elisabeth Thiem contributed to the manuscript within her master thesis under
the supervision of Wolfgang Babel and Thomas Foken. Thereby she �lled gaps
in the model forcing data, implemented the shallow water term in the lake model
HM, and conducted a preliminary sensitivity analysis for the lake model.

� Thomas Foken acted as supervisor and liberally shared his experience in encour-
aging and fruitful discussions.
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Appendix C

Gerken, T., Biermann, T., Babel, W., Herzog, M., Ma, Y., Foken, T., Graf, HF.: A
modelling investigation into lake-breeze development and convection triggering
in the Nam Co Lake basin, Tibetan Plateau,Theor. Appl. Climatol., 117(1-2),
149-167 doi:10.1007/s00704-013-0987-9, 2014.

� Tobias Gerken developed the idea of the manuscript and coordinated individual
contributions. He conducted the ATHAM modeling and the analysis. He wrote
the whole publication and acted as corresponding author.

� Wolfgang Babel and I provided the NamUBT data set from the Nam Co experi-
ment (see p. 59).

� Michael Herzog contributed with technical advice for the ATHAM model and the
modeling setup.

� Ma Yaoming provided data from the ITP station and supported the �eld trip.

� Thomas Foken and Hans-F. Graf contributed to the manuscript at various stages
with fruitful discussions.

Appendix D

Babel, W., Biermann, T., Coners, H., Falge, E., Seeber, E., Ingrisch, J., Schleuÿ,
P.-M., Gerken, T., Leonbacher, J., Leipold, T., Willinghöfer, S., Schützenmeis-
ter, K., Shibistova, O., Becker, L., Hafner, S., Spielvogel, S., Li, X., Xu, X.,
Sun, Y., Zhang, L., Yang, Y., Ma, Y., Wesche, K., Graf, H.-F., Leuschner, C.,
Guggenberger, G., Kuzyakov, Y., Miehe, G., and Foken, T.: Pasture degradation
modi?es the water and carbon cycles of the Tibetan highlands, Biogeosciences,
11, 6633-6656, doi:10.5194/bg-11-6633-2014, 2014.

� The idea of this manuscript was developed mainly in Bayreuth by Thomas Foken,
Wolfgang Babel and myself. The manuscript was further discussed and re�ned
by all authors in group meetings in Göttingen..

� Wolfgang Babel was responsible for the modeling or turbulent �uxes with the
SEWAB model and coordinated the contributions concerning the land surface
modeling, writing most of the text.

� I was responsible for the measurements of turbulent �uxes in 2009 and 2010 and
the chamber measurements in 2012. I further contributed to the manuscript
by providing a literature background on C studies on the TP and writing the
pat about the setup of the EC measurements and the parts about the chamber
measurements as well as the pulse labeling experiments.
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A. Individual contributions to the joint publications

� Heinz Coners was responsible for establishing the mirco-lysimeter measurements
and contributed to the manuscript with the description of this experiment and
the data analysis.

� Eva Falge was responsible for modeling C �uxes with the SVAT-CN model.

� Elke Seeber was involved in the �eld work in the Kema 2010 and 2012. She
furthermore contributed to the manuscript with her expertise on the vegetation
of the Tibetan Highlands and was involved in the writing and discussion process
of the manuscript.

� Johannes Ingrisch contributed with the pulse labeling experiment 2010 in Kema.

� Per Schleuÿ contributed with soil parameter measurements in 2012 at Kema and
was involved in the writing and discussion process of the manuscript.

� Tobias Gerken was responsible for simulations with the ATHAM model.

� Jürgen Leonbacher contributed to the manuscript's workload within a master
thesis under the supervision of me and Thomas Foken. Thereby he calculated
and analyzed C �uxes from the chamber measurements.

� Thomas Leipold contributed to the manuscript's workload within a master thesis
under the supervision of me and Thomas Foken. Thereby he calculated turbulent
�uxes from the eddy-covariance measurements of the 2010 experiment.

� Sandra Willinghöfer contributed with vegetation parameters used within the
modeling approach and was involved in the writing and discussion process of
the manuscript.

� Klaus Schützenmeister, Olga Shibostova, Lena Becker participated in the �eld
campaign 2010 and 2012.

� Silke Hafner contributed with the pulse labeling experiment in 2009 at Xinghai.

� Sandra Spielvogel helped during the writing process of the manuscript in fruitful
discussions.

� Li X., Sun Y., Zhang L., Yang Y. Ma Y, Xu supported us during the �eld trip in
2010 and 2012.

� Karsten Wesche advised the work of his PhD student Elke Seeber and contributed
to the manuscript within the discussions.

� Hans F. Graf advised the work of his PhD student Tobias Gerken and contributed
to the manuscript within the discussions.

62



� Christoph Leuschner advised the work of his PhD student Sandra Willinghöfer
and contributed to the manuscript within the discussions.

� Georg Guggenberger provided soil parameters needed within the models and
helped during the writing process of the manuscript and in fruitful discussions.

� Yakov Kuzyakov coordinated the pulse labeling experiments, advised the work
of his PhD student Per Schleuÿ and the master students Silke Hafner, Sebastian
Unteregelsbacher, Johannes Ingrisch and was involved during the writing process
of the manuscript and discussions.

� Georg Miehe initiated the investigation of the Kobresia pygmaea pastures and
provided the framework for this manuscript

� Thomas Foken coordinated and implemented the individual contributions to the
manuscript.

Appendix E

Ingrisch, J., Biermann, T., Seeber, E., Leipold T., Li, M., Ma, Y., Xu, X., Miehe,
G., Guggenberger, G., Foken, T., Kuzyakov Y.: Carbon pools and �uxes in a
Tibetan alpine Kobresia pygmaea pasture partitioned by coupled eddy-covariance
measurements and 13CO2 pulse labeling, Science of The Total Environment, 505,
1213�1224, doi:10.1016/j.scitotenv.2014.10.082, 2015.

Supplementary data:

Ingrisch, J., Biermann, T., Seeber, E., Leipold T., Li, M., Ma, Y., Xu, X., Miehe, G.,
Guggenberger, G., Foken, T., Kuzyakov Y.: Carbon pools and �uxes measured
during a �eld campaign conducted in 2010 on the Tibetan Plateau at Kema.
Dataset 833208, PANGAEA, doi:10.1594/PANGAEA.833208, 2014.

� The idea of this manuscript was developed in equal parts by Johannes Ingrisch
and me, and the text was also written in equal shares. Within the Kema 2010
experiment Johannes Ingrisch realized the 13CO2 pulse labeling and I focused on
the eddy-covariance measurements (p. 59). While the speci�c data analyses for
the two methods were conducted individually, both authors were equally involved
in the coupling of the two methods and the interpretation of the results with
respect to the carbon cycle of the Kobresia pygmaea pastures. Johannes Ingrisch
is the corresponding author for the submitted manuscript. I was responsible for
the upload of the data to the data-archive PANGAEA.
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A. Individual contributions to the joint publications

� Elke Seeber helped during the �eld work of the Kema 2010 experiment. She and
I were mainly responsible for the logistical part of the �eld campaign making
the whole experiment possible. She furthermore contributed to the manuscript
with her expertise on the vegetation of the Tibetan Highlands and in numerous
discussions.

� Thomas Leipold contributed to the manuscript within his master thesis under
the supervision of Thomas Foken and myself. Thereby he calculated turbulent
�uxes from the eddy-covariance measurements and analyzed the impact of the
di�erent grazing treatments at Kema on these �uxes, especially on net ecosystem
exchange of carbon.

� Ma Yaoming, Xu Xingliang and Li Maoshan supported us during the �eld trip
in 2010.

� Georg Miehe initiated the investigation of the Kobresia pygmaea pastures and
helped with his expertise on this unique ecosystem.

� Georg Guggenberger helped during the writing process of the manuscript in fruit-
ful discussions.

� Yakov Kuzyakov and Thomas Foken acted as supervisor and liberally shared their
experience during discussions during the writing process of the manuscript.

Appendix F

Biermann, T., Pfab, D., Babel, W., Li, M., Wang, B., Ma, Y., and Foken, T.: Note:
Measurements of latent heat �ux and humidity on the Tibetan Plateau during
winter conditions, submitted to Atmos. Meas. Tech. Diss..

� The Paper was written by myself on the basis of the master thesis of Daniela
Pfab. Both of us conducted the Nam Co winter experiment (p. 59) together.
While her task was mainly the calibration of the KH2O and the inter-comparison
of measured data by the di�erent sensors, I was responsible for the organization
of the experiment as well as the calculation and quality checking of the turbulent
�ux data with respect to special conditions on the Tibetan Plateau. Main data
analysis was conducted within Daniela Pfab's master thesis under my supervision.
I act as the corresponding author for the submitted manuscript.

� Wolfgang Babel helped during the experiment preparation and the data analysis.

� Li Maoshan, Wang Binbin and Ma Yaoming supported us during the �eld trip in
2010 and gave access to data from the ITP station
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� Thomas Foken acted as supervisor and liberally shared his experience in encour-
aging and fruitful discussions.
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Biermann, T., Babel, W., Ma, W., Chen, X., Thiem, E., Ma, Y., and Foken, T.:
Turbulent �ux observations and modelling over a shallow lake and a wet grassland
in the Nam Co basin, Tibetan Plateau, Theor. Appl. Climatol., 116(1-2), 301-316,
doi:10.1007/s00704-013-0953-6, 2014.
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Abstract The Tibetan Plateau plays an important role in the
global water cycle and is strongly influenced by climate
change. While energy and matter fluxes have been more
intensely studied over land surfaces, a large proportion of
lakes have either been neglected or parameterised with sim-
ple bulk approaches. Therefore, turbulent fluxes were mea-
sured over wet grassland and a shallow lake with a single
eddy-covariance complex at the shoreline in the Nam Co
basin in summer 2009. Footprint analysis was used to split
observations according to the underlying surface, and two
sophisticated surface models were utilised to derive gap-free
time series. Results were then compared with observations
and simulations from a nearby eddy-covariance station over
dry grassland, yielding pronounced differences.
Observations and footprint integrated simulations compared

well, even for situations with flux contributions including
grassland and lake. The accessibility problem for EC mea-
surements on lakes can be overcome by combining standard
meteorological measurements at the shoreline with model
simulations, only requiring representative estimates of lake
surface temperature.

1 Introduction

The role of the Tibetan Plateau in the global water cycle and
its reaction to climate change has become a topic of strong
scientific interest (e.g. Immerzeel et al. 2010; Ni 2011).
Representing a unique geological formation, the Tibetan
Plateau is considered the largest and highest plateau on earth,
with an average elevation greater than 4,000 m a.s.l..
Furthermore, the Tibetan Plateau is the source of a large
number of major rivers in Asia. Its role in the modulation
of the Asian Monsoon and the climate for large parts of Asia,
because of its heat budget caused by its elevation in con-
junction with the bordering Himalayan mountain range, has
been of major research interest (Molnar et al. 2010; Boos and
Kuang 2010).

To understand the role of the Tibetan Plateau for the
global heat and water budget, much effort has been put into
the estimation of energy balance and turbulent flux measure-
ments within international campaigns like GAME/Tibet
(Global Energy and Water cycle Experiment Asian
Monsoon Experiment) and CAME (Coordinated Enhanced
Observing Period Asia-Australia Monsoon Project) (Xu and
Haginoya 2001; Ma et al. 2003; Ma et al. 2005) and in the
framework of the Tibetan Observation and Research
Platform (Ma et al. 2009).

Despite these efforts, observations on the Tibetan Plateau
are sparse because of its remote location (Frauenfeld et al.
2005; Kang et al. 2010; Maussion et al. 2011). The impor-
tance of evaporation for the hydrological cycle under the
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influence of climate change has been highlighted by Yang
et al. (2011).

Most long-term observation stations focus on the major
land cover types such as alpine steppe, Kobresia pastures and
wetlands (Zhao et al. 2010), however approximately
45,000 km2 of the plateau are covered by lakes (Xu et al.
2009). This lake area has been subject to changes in the last
decades; the reasons are not well understood due to lack of
observational data (Xu et al. 2009). Although Huang et al.
(2008) report a general decrease of lake volume in Qinghai-
Tibet Plateau, the Nam Co lake area has been increasing (Liu
et al. 2010; Wu and Zhu 2008; Zhu et al. 2010). They
attribute this change to increasing precipitation as well as
thawing permafrost and glacial melt due to rising mean
annual temperatures, nevertheless the relative contribution
of the balance components, especially the role of evapora-
tion, is discussed controversially. Consequently, fluxes over
lake surfaces on the Tibetan Plateau should not be neglected
since various studies have shown the contribution of lakes to
the regional energy balance and water cycle in different
catchments around the world (Rouse et al. 2005; Nordbo
et al. 2011). Until now, estimations of evaporation over lake
surfaces on the Tibetan Plateau have been modelled using
remote sensing or land surface observations as forcing (Xu
et al. 2009; Haginoya et al. 2009), whereas no direct mea-
surements of turbulent fluxes over a lake surface have been
conducted so far. The installation of a flux station in a lake on
the Tibetan Plateau is nearly impossible, due to problems of
accessibility, strong winds and waves during the summer, as
well as ice cover during winter.

Nevertheless, it is known from model estimations that
evaporation over lake surfaces differs from evapotranspiration
over land throughout the year due to the heat storage capacity
of the lakes and has a strong effect on convection and thus on
local climates (Haginoya et al. 2009). The landscape on the
Tibetan Plateau is fairly heterogeneous, including alpine
steppe, Kobresia pygmea mats, wetlands and open water
surfaces in various sizes. Therefore high quality evaporation
measurements over water surfaces on the Tibetan Plateau need
to be considered when data based on satellites or estimated
with models is validated with ground-based flux measure-
ments. Lakes differ strongly in their temperature regimes
and exchange coefficients due to extent and depth (Rouse
et al. 2005; Panin et al. 2006a; Nordbo et al. 2011).
Evaporation estimation with simple bulk approaches on daily
or monthly timescales (Haginoya et al. 2009; Xu et al. 2009;
Krause et al. 2010; Yu et al. 2011) are not appropriate for
resolving such differences. These specific characteristics of
each lake, such as a diurnal course of atmospheric stratifica-
tion over the lake surface, can only be captured by eddy
measurements and more sophisticated models.

For this study, we selected the area around Nam Co, the
largest and deepest lake in the Tibet Autonomous Region

(Xu et al. 2009; Liu et al. 2010). The Nam Co basin is
considered one of the key areas of interest on the Tibetan
Plateau due to its location influenced by the Westerlies, the
South West Asian Monsoon and the East Asian Monsoon
(Haginoya et al. 2009; Keil et al. 2010).

In order to measure fluxes over lake and land surfaces, we
set up an eddy-covariance station at the shoreline of a shal-
low lake next to Nam Co.

Measured fluxes were utilised to validate simulations of
two different surface models in order to estimate turbulent
fluxes over the lake and adjacent grassland surface. For the
lake surface, a validated hydrodynamic multilayer model
(HM; Foken 1979, 1984) with an extension for shallow lakes
(Panin and Foken 2005) and for the land surface, a SVAT
model (SEWAB; Mengelkamp et al. 1999, 2001) were used
to generate a complete time series for each surface. The
simulated data set was then used to characterise the exchange
for these surfaces and to link the simulations with spatial
heterogeneity on footprint scale.

2 Material and methods

2.1 Site description and setup of the EC stations

The experiment was carried out during the 2009 summer
monsoon season. The observation site was located in the
Nam Co Basin, 220 km north of Lhasa, at 4,730 m a.s.l. on
the Tibetan Plateau. The basin is dominated by Nam Co Lake
and the Nyainqentanglha mountain range which stretches
along the lake’s SE side at approximately 5–10 km distance
and reaches up to 7270 m a.s.l. with an average height of
5230 m (Liu et al. 2010). In the year 2000 the great lake had
an area of 1,980 km2 (Wu and Zhu 2008).

Atmospheric fluxes were observed with two eddy-
covariance and energy balance stations. One station was set
up by the University of Bayreuth (NamUBT) at a shallow
lake of approximately 1 km2 in area located at the SE side of
Nam Co Lake. It was installed adjacent to the southern
shoreline of the lake to ensure that measurements from the
lake and land surface were identifiable according to the
instantaneous wind direction. The other station at roughly
300 m distance is the permanently operating eddy-
covariance complex (NamITP) within the Nam Co
Monitoring and Research Station for Multisphere
Interactions, NAMORS (30°46′22′′N, 90°57′47′′E) operated
by the Institute of Tibetan Plateau Research (ITP), Chinese
Academy of Sciences (CAS) (Ma et al. 2009). A detailed
map of the field site and pictures of the two stations can be
seen in Fig. 1.

The soil is moister at NamUBT than at NamITP due to the
influence of the water table around the small lake. To account
for the effect of higher moisture supply on the vegetation, we
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have classified the grassland into grass+ for denser and
moister vegetation and grass− for comparatively drier and
sparser vegetation. From NamUBT the terrain rises gently in
three terraces to the level of NamITP, with an average slope
of approximately 8°. The shoreline of the small lake in the
vicinity of NamUBT is fairly steep, with the lake starting out
quite shallow and reaching a maximum depth of 12 m at the
centre. Soils and vegetation around both stations are typical
for a semi-arid to semi-humid climate at this altitude. Soil
types range from alpine steppe to desert soils and the vege-
tation is dominated by alpine meadow and steppe grasses
including species of Stipa, Carex, Kobresia and Oxytropis
(Mügler et al. 2010).

Both eddy-covariance stations were equipped with an
ultrasonic anemometer and an infrared gas analyser.
Standard meteorological measurements are available for
both stations and, additionally, all necessary components
for the estimation of the energy balance were measured.

For specifications of the two stations, see Table 1 or
Biermann et al. (2009) for NamUBT, and Zhou et al.
(2011) for NamITP.

2.2 Analysis of observed data

2.2.1 EC data processing

The measurements of both eddy-covariance stations were
post-processed using the TK2/3 software package, devel-
oped at the Department of Micrometeorology, University of
Bayreuth (Mauder and Foken 2004, 2011) and evaluated in
an international comparison study by Mauder et al. (2008).
The software applies all necessary flux corrections and post-
processing steps for turbulence measurements as recom-
mended in Foken et al. (2012) and Rebmann et al. (2012).

Further data processing included quality filtering
according to Foken and Wichura (1996), using the quality

NamITP

NamUBT

NamCo

building

grass(+)

grass(-)

gravel

lake

wetland

0 1,000 2,000 3,000500
Meters

x

+

x

+

NamITP NamUBT

Fig. 1 Measurement site in Nam Co Basin, showing the small lake, the
land use, the EC Stations NamITP (left) and NamUBT (right). NamITP
is marked with a red cross and NamUBTwith a black error mark. Land
use is classified as wetland (dark green), moist (positive,medium green)

and dry (negative, light green) grassland; the small lake (light blue); and
Nam Co (dark blue). In addition, at the shore line of Nam Co, partly
flooded gravel bars are shown in light grey. The Nam Co Station
buildings are marked in dark grey (Illustration from Gerken et al. 2012)

Table 1 Specifications of the eddy-covariance stations NamUBT and NamITP

Instrument NamUBT NamITP

Surface Lake, grass+ and grass− Grass−

Ultrasonic anemometer CSAT3 (Campbell Scientific Ltd.) 3.0 m 3.1 m

Gas analyser LI-COR7500 (LI-COR Biosciences) 2.9 m 3.1 m

Temperature-humidity sensor HMP 45 (Vaisalla) 3.0 m 3.1 m

Net radiometer CNR1 (Kipp & Zonen) 2.0 m –

Net radiometer CM3 and CG3 (Kipp & Zonen) – 1.5 m

Rain gauge Tipping bucket 1 m 1 m

Soil moisture Imko-TDR −0.1, −0.3 and −0.5 −0.1, −0.2, −0.4, −0.8 and −1.60

Soil temperature Pt100 −0.025, −0.05, −0.1, −0.15,
−0.2, −0.3 and −0.5

−0.2, −0.4, −0.8 and −1.60

Soil heat flux HP3 −0.15 –

Water temperature Pt100 −0.3 –

Logger (Campbell Scientific Ltd.) CR3000 CR5000
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flagging scheme as recommended by Foken et al. (2004). For
displaying diurnal cycles, we used best to intermediate qual-
ity flagged data (Flag 1–6 out of 9 classes) and for model
performance evaluation, we used best quality flagged data
(Flag 1–3).

2.2.2 Coordinate rotation and footprint analysis

In this section, we describe the coordinate rotation and
footprint analysis which was conducted for both EC stations.
We focus mainly on the analysis for NamUBT, since for
NamITP detailed studies of footprint and data quality can
be found for other data sets in Zhou et al. (2011) andMetzger
et al. (2006).

The wind direction exhibits a strong diurnal pattern due to
a land – lake circulation system, which can be seen in
NamUBT data (Fig. 2).

During midday, the wind came predominantly from the
direction of the lake while in the morning, evening and night-
time hours wind from the land surface dominated. Therefore
NamUBT provides flux measurements over the land and
water surface only for certain periods of the day, while
NamITP always represents fluxes from the land surface.

For the necessary coordinate rotation, we chose the
planar-fit method according to Wilczak et al. (2001) which
rotates the coordinate system into the mean streamlines by
fitting a plane to individual half-hourly mean wind velocity
components. While the mean vertical wind for the whole
period is set to zero by this method, the individual half-
hourly values do not vanish completely. Eddy-covariance
measurements require a homogeneous flow field as a pre-
requisite. In our study this is not the case at NamUBT due to
the transition from the plane lake surface to the gently
sloping grassland. Paw et al. (2000) and Finnigan et al.
(2003) suggest considering such terrain structures in the
rotation procedure of the eddy-covariance data. Therefore
the planar-fit rotation was applied for four different sectors
according to Fig. 2. This procedure accounts for two planes
with different slopes and two transition areas. Most of the
vertical wind speed disappears after the rotation; 95 % of the
vertical wind speed data for the lake and for the land surface
remain within ±0.1 and ±0.07 ms−1, respectively. For wind
sectors parallel to the shoreline, 95 % of the residual mean
vertical wind velocity stays within ±0.12 ms−1. These values

stay within acceptable limits, compared to a multi-site qual-
ity analysis by Göckede et al. (2008).

The footprint analysis was conducted following Göckede
et al. (2004, 2008). The approach is based on a Lagrangian
stochastic forward model providing two dimensional contri-
butions of source areas (Rannik et al. 2000). The resulting
footprint for NamUBT (Fig. 3) shows that flux contributions
from the lake are not found under stable conditions, which
are typical for night times, while they can be found during
unstable and neutral stratification. These findings match well
with the distribution of wind directions mentioned above.

The footprint analysis includes not only the calculation of
the footprint, but also the spatial distribution of flux quality
according to Göckede et al. (2008), which enables the user to
identify spatial patterns such as obstacles or heterogeneities
contributing to the quality of the measured fluxes. In our
study no such patterns could be identified for either station.

The average land use contribution to the measured signal
for unstable and neutral stratification depending on the wind
direction is shown in Fig. 4. The differentiation between
stability classes were defined by the stability parameter z
L−1 with the measurement height z and L as the Obukhov
length. The contribution from grass+ dominates the influence
of the land surface in the respective wind sector. Influence of
wetland and buildings are close to zero, even for stable
conditions (not shown). The influence of grass− is compara-
tively small. During stable conditions, it is larger but these
occur mostly at night, when flux differences between grass−

and grass+ are negligible. Therefore, it is reasonable to relate
land surface parameters to the wetter grass+ surface and we
continue with a simplified land use scheme, discriminating
only between land (grass+) and lake for NamUBT. The
footprint analysis of NamITP confirmed the representative-
ness of this station for grass−.

2.2.3 Energy balance correction

Investigation of the energy balance closure (Foken 2008) at
NamUBTshows that 70 % of the energy balance is closed for
the measurement period, a typical value for flux stations in
heterogeneous landscapes. The energy balance closure cor-
rection (EBC) for the land surface fluxes was calculated after
Twine et al. (2000), distributing the residual of the energy
balance according to the Bowen ratio to the latent and
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24Fig. 2 Temporal distribution of
the wind direction for the
measuring period 27 June to
8 August and corresponding
land use in upwind direction,
classified according to the
sectors shown on the right
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sensible heat flux. We subsequently refer to this correction as
EBC-Bo. Since Kracher et al. (2009) show with another data
set that the land surface model SEWAB, which is used in this
study (see Section 2.3.1), roughly preserves the Bowen ratio

measured by eddy covariance, we regard EBC-Bo as a suit-
able correction for comparing the observations with SEWAB.

Nevertheless, recent studies suggest that a predominant
fraction of the residual should be attributed to the sensible
heat flux (Mauder and Foken 2006; Ingwersen et al. 2011;
Foken et al. 2012). In case the reason for the unclosed energy
balance is the existence of secondary circulations due to
convection, as hypothesized by Foken et al. (2010, 2011), a
physically meaningful correction would be related to buoy-
ancy. The buoyancy flux QHB is driven by differences in air
density and thus can be decomposed into a fraction governed
by sensible heat (density differences because of temperature)
and a fraction governed by latent heat (density differences
due to moisture). The findings mentioned above suggest a
correction where the residual of the energy balance is dis-
tributed to the sensible and latent heat flux according to their
contribution to the buoyancy flux. This fraction depends on
the Bowen ratio Bo and (to a small extent) on air tempera-
ture, and more than 90 % are attributed to the sensible heat
flux in the case of Bo=1 and approximately 60 % in the case

grass−

grass+
wetland
lake

grass−, fenced
building

Fig. 3 Footprint climatology of
NamUBT for the measuring
period 27 June to 8 August. The
figures show a combined
footprint as well as footprints
under unstable (z L−1≤−0.0625),
neutral (−0.0625≤z L−1≤0.0625)
and stable stratification
(z L−1>0.0625) of the
atmosphere
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Fig. 4 Average land use contribution of NamUBT under unstable and
neutral conditions (z L−1≤0.0625) for all wind directions. Solid lines
represent the shoreline; dashed lines represent the borders of the sectors
classified as land, lake and miscellaneous (misc) in Fig. 2
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of Bo=0.1. We applied this correction, here named EBC-
HB, for comparison with the more common EBC-Bo.

The EBC for the lake surface could not be estimated since
only one sensor was used to measure the water temperature
and no measurements of the storage flux within the lake or
the sediment were conducted.

2.3 Modelling of the turbulent fluxes

Because of the location of NamUBTat the shore line, the wind
direction determined whether turbulent fluxes over the land or
the lake surface were measured, resulting in gaps of one or the
other time series. Therefore, a model was applied for each
surface type and validated with the existing data. The results
then complete the flux time series for the land and lake surface.

In addition, fluxes for grass− at NamITP were modelled
using the same land surface model.

2.3.1 Description of the models used

For the lake surface, a HM by Foken (1979, 1984) was
utilised. In order to account for multiple layers within the
surface layer, turbulent fluxes are parameterised in HM using
an integrated profile coefficient. As opposed to a single bulk
coefficient, the integrated profile coefficient resolves the mo-
lecular boundary layer, the viscous buffer layer and the

turbulent layer. Therefore, near-surface exchange conditions
are reflected according to hydrodynamic theory. Originally
designed for exchange over the ocean, a correction term for
shallow water (Panin and Foken 2005) was added, resulting in
increased turbulent fluxes due to an enhanced mixing by
higher waves in shallow water. The model has been success-
fully applied to simulate fluxes above ocean surfaces and
lakes with a large fetch as well as over arctic snow fields
(Panin et al. 2006b; Foken 1986; Lüers and Bareiss 2010).
Details of the governing equations can be found in Table 2.

Turbulent fluxes over the land surface were simulated with
the one-dimensional SEWAB scheme (Mengelkamp et al. 1999,
2001), a soil-vegetation-atmosphere-transfer model. All energy
balance components are given separately. Turbulent fluxes are
formulated with bulk approaches, atmospheric stability is con-
sidered. The main features are summarized in Table 3. The
energy balance is then closed by iteration of the surface temper-
ature. Evapotranspiration from vegetation is calculated with a
single leaf concept in a Jarvis-type scheme after Noilhan and
Planton (1989). Emphasis is placed on the description of soil
processes. Soil temperature distribution and vertical soil water
movement are described by the diffusion equation and the
Richards equation, respectively. Soil moisture characteristics
are inter-related following Clapp and Hornberger (1978).

Both models were forced with standard meteorological in-
situ measurements. In order to provide gap-free input data,

Table 2 Governing equations for the HM (Foken 1979, 1984) with shallow water extension (Panin and Foken 2005)

Variable/component Equation

Sensible heat flux QH
ocean=Γ(Tsfc−Tz) with Γ ¼ κ⋅u�⋅ κ⋅Pr− 1

6

� �
⋅δþT þ 5þ ln u� ⋅z

30ν

� �−1

Latent heat flux Analog to QH
ocean, assuming δT

+≈δq
+,ΔT+≈Δq+ and replacing Pr with Sc

Stability dependence Monin–Obukhov Similarity Theory, universal function after Foken and
Skeib (1983)

Shallow water term QH,E
SW=QH,E

ocean ⋅(1+kH,ESW ⋅hH−1) with mean square wave height
h≈0.07uz2(gH ⋅(uz−2))0.6 ⋅g−1 (Davidan et al. 1985) and kH,E

SW≈2
(Panin et al. 2006b)

Symbols

g gravity acceleration (ms−2) T temperature (K)

H lake depth (m) T+ dimensionless temperature (−)

h mean square wave height (m) u* friction velocity (ms−1)

kH,E
SW empirical correction factor (−) uz wind velocity in height z (ms−1)

Pr Prandtl number (−) z measurement height (m)

QH,E
ocean sensible (H) and latent (L) heat flux without shallow water

correction (W m−2)
Γ profile coefficient (ms−1)

QH,E
SW sensible (H) and latent (L) heat flux with shallow water correction

(W m−2)
δT

+ dimensionless thickness of the molecular temperature boundary
layer (−)

q specific humidity (−) κ von Kármán constant (−)

Sc Schmid number (−) ν kinematic viscosity (m2s−1)
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the small gaps within the forcing data from NamUBT were
filled by linear interpolation while larger gaps were filled by
linear regression using the data from NAMORS.

2.3.2 Application of the HM model to a shallow lake

The forcing data set for the HM model includes the standard
meteorological parameters wind velocity, air temperature,

humidity and air pressure. Radiation measurements are not
required for the HM model, instead water surface tempera-
ture has to be supplied instead. In this study we used the
measured water temperature (Table 1) as an estimate for the
water surface temperature.

Wendisch and Foken (1989) investigated the relative error
contribution of model parameter, amongst others water tem-
perature, air temperature, air humidity and wind velocity, to

Table 3 Governing equations for SEWAB (Mengelkamp et al. 1999, 2001) and adaptations to the Tibetan Plateau as used in Babel et al. (2013)

Variable/component Equation

Net radiation Rnet=−Rswd(1−a)−Rlwd+εσTsfc
4 Rswd and Rlwd in forcing data set

Ground heat flux QG=ls(Tsfc−TS1) ⋅ΔzS1
−1

Sensible heat flux QH=CHρcpu(z)(Tsfc−T(z))

Latent heat flux Composed of bare soil Es, wet foliage Ef and plant transpiration Etr after Noilhan and Planton (1989)

Es ¼ CEρu zð Þ αqs T sfcð Þ−q zð Þð Þ
E f ¼ CE ρu zð Þ qs T sfcð Þ−q zð Þð Þ
Etr ¼ Ra−Rsð Þ−1ρ qs T sfcð Þ−q zð Þð Þ

Stability dependence CH after Louis (1979), CE=CH

Adaptations to TP

Soil thermal conductivity ls(Θ)=ldry+(lsat−ldry)exp[kT(1−Θsat/Θ )], kT=0.36 (Yang et al. 2005)

Thermal roughness length z0h=70ν ⋅u*−1 ⋅exp (−βu*0.5|T*|0.25)
β=7.2 s0.5 m−0.5 K−0.25 (Yang et al. 2008)

Bare soil evaporation

α ¼ 1− 1−
Θ
ΘFC

� �2

; Θ ≤ΘFC

1 ; Θ > ΘFC

8<
: (Mihailović et al. 1993)

Symbols

a albedo (−) α dependence factor of soil air humidity to soil water content (−)

CH Stanton number (−) ε emissivity (−)

CE Dalton number (−) Θ volumetric soil water content (−)

cp air heat capacity (J kg-1 K−1) Θsat volumetric soil water content at saturation, porosity (−)

q specific humidity (−) ΘFC volumetric soil water content at field capacity (−)

qs saturation specific humidity (−) ls soil thermal conductivity (W m−1 K−1)

Ra turbulent atmospheric resistance (s m−1) ldry soil thermal conductivity for dry soil (W m−1 K−1)

Rs stomata resistance (s m−1) lsat soil thermal conductivity, soil moisture at saturation (W m−1 K−1)

Rlwd long-wave downward radiation (W m−2) ρ air density (kg m−3)

Rswd short-wave downward radiation (W m−2) σ Stefan Boltzmann constant (W m−2 K−4)

T temperature (K) ν kinematic viscosity (m2s−1)

T* dynamic temperature scale (K)

Tsfc surface temperature (K)

TS1 temperature in first soil layer (K)

u* friction velocity (ms−1)

z measurement height (m)

ΔzS1 thickness of first soil layer (m)
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the model output with a sensitivity analysis (Fourier
Amplitude Sensitivity Test by Cukier et al. 1978).
Assuming typical measurement errors for the initial param-
eter distribution they estimated that water temperature con-
tributed up to 50 % of the overall error while the influence of
wind velocity, air temperature and humidity are compara-
tively small, each contributing 10–20 % to the error. Since
the temperature probe was only shielded against direct
(downward) radiation, the effect of diffuse radiation on the
accuracy of the water temperature measurements was evalu-
ated. The radiation error has been estimated with a graphical
analysis of short term temperature perturbations as related to
rapid changes in downward shortwave radiation. Caused by
the small fraction of diffuse radiation in the low air density of
the Tibetan Plateau and sudden cloud cover changes, the
shortwave radiation observations occasionally drop from
1,000 to 150 W m−2 (or increase in reverse) within a few
minutes. The corresponding shifts in water temperature sug-
gest a possible radiation error of approximately 0.2 K.
Therefore, water temperature measurements have been ac-
cepted for model forcing without correction.

The shallow water parameterisation included in the cur-
rent version of the HM model accounts for an enhanced
turbulent exchange due to increased wave heights in shallow
water. Consequently, the turbulent fluxes increase with the
mean square wave height (Table 2). Together with the wave
height parameterisation after Davidan et al. (1985), addition-
al parameters influence the model results. These are the wind
velocity, lake depth and an empirical coefficient, which was
set to 2 in this study following Panin et al. (2006b). In this
study, the water depth has been estimated as 1.5 m within the
average footprint area of the measurement period.

The influence of the shallow water term becomes dominant
with increasing wind velocity and decreasing water depth.
Calculation of the shallow water equations described in
Table 2 with the estimated water depth of 1.5 m and the
average wind velocity of 4 ms−1 yields an increase in turbulent
fluxes of 14.5 % compared with deep water conditions.
Consideration of small changes in wind velocity and water
depth yields local sensitivities of roughly 2.9 %/ms−1 of the
deep water fluxes/m−1 and −3.9 %/m−1 water depth, respective-
ly. For high wind velocities (10 ms−1) the shallow water exten-
sion causes an increase of 30.1 % with sensitivities of
2.4 %/ms−1 and −8.0 %/m water depth. Assuming a typical
error of 0.3 ms−1 for wind velocity and variability of the lake
depth up to 1mwithin the footprint leads to flux uncertainties of
1 and 4 %, respectively. These errors, although not negligible,
are within the uncertainty range of the EC flux measurements.

2.3.3 Adaptation of SEWAB

On the Tibetan Plateau, a strong diurnal cycle of the surface
temperature during dry periods over bare soil and short

grassland have been observed, which typically leads to an
overestimation of surface sensible heat flux (Yang et al.
2009; Hong and Kim 2010). To account for these conditions,
SEWAB has been adapted for the Tibetan Plateau by (1) a
revised calculation of the soil thermal conductivity as used in
Yang et al. (2005), (2) a different formulation of the thermal
roughness length after Yang et al. (2008) and (3) by changing
the parameterisation of bare soil evaporation according to
Mihailović et al. (1993). The formulations can be seen in
Table 3.

These changes have been implemented using flux data from
NamITP station and flux data fromNamUBTcorresponding to
land surface (Babel et al. 2013), who evaluated this adaptation
as an improvement compared with the original version.

SEWAB has been run offline, forced by measurements of
precipitation, air temperature, wind velocity, air pressure,
relative humidity and downwelling shortwave and longwave
radiation. The respective parameters for both land surface
types were estimated by a combination from the in-situ mea-
surements and laboratory investigation of soil characteristics
(Chen et al. 2012). Surface emissivity, leaf area index and
minimum stomatal resistance have been derived from various
sources (Yang et al. 2009; Hu et al. 2009; Alapaty et al. 1997)

2.4 Statistics

For evaluation of model performance, simple comparisons

were carried out using the biasB ¼ N−1 ∑N
i¼1 Pi−Oið Þ and the

mean absolute error MAE ¼ N−1 ∑N
i¼1 Pi−Oij j, with O as the

observations and P the model predictions.
In equivalence to the MAE, the differences between two

time series of predictions can be quantified and we define the
desired measure as

δsim ¼ N−1
XN
i¼1

���P1;i−P2;i

��� ð1Þ

with P1 and P2 as predictions from the respective land use
types 1 and 2. The Nash–Sutcliffe coefficient (NS) serves as
a goodness-of-fit measure

NS ¼ 1−

XN

i¼1
Pi−Oið Þ2XN

i¼1
Oi−O

	 
2 ð2Þ

with O as the mean of the observations.
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3 Results

3.1 Flux measurements

The measured energy fluxes over the lake surface and land
(grass+) show pronounced differences in their magnitude and
dynamics. The daytime net radiation is substantially higher
over the lake surface, caused by a lower albedo and de-
creased upwelling longwave radiation due to damped surface
temperatures over the lake (Fig. 5c). However, upward radi-
ation components were only measured over the land surface;
for the lake surface they were parameterised using an albedo
of 0.06 and the lake surface temperature with an emissivity
of 0.96.

As expected for the monsoon season on the Tibetan
Plateau, the latent heat flux over the land surface was larger
than the sensible heat flux (Fig. 5a, b). This observation is in
agreement with, e.g. Gu et al. (2005) and Ma and Ma (2006).
The mean diurnal cycles of surface and air temperature also
show the typical dynamics above land surface, with unstable
stratification during daytime but higher surface temperatures
are observed over grass−. Ground heat flux and sensible heat
flux are in the same order of magnitude for each land surface
again with higher values for grass−. In consequence, the
latent heat flux is lower over this land surface.

The turbulent fluxes over the lake, however, do not show
a diurnal cycle, but remain constant over the day. The energy
input from radiation is stored in the lake body and is avail-
able at any time as indicated by the lake surface temperature
in Fig. 5c. No complete energy balance could be estimated
over the lake surface, as no measurements exist for the heat
storage in the water body and heat fluxes into the sediment.

Evaporation is comparably high for lake surfaces due to
high wind velocities of 4 ms−1 on average. In addition, high
lake surface temperatures, caused by the shallow water table
and the small extent of this lake, lead to unstable stratifica-
tion even during daytime (Fig. 5c). Therefore turbulent ex-
change is enhanced compared with stable stratification typ-
ically found over lake surfaces during daytime (e.g. Beyrich
et al. 2006; Nordbo et al. 2011).

3.2 Model performance

Different measures for model performance are summarised
in Table 4. The results from grass+ simulations show reason-
able performance, although there are only few observations
left after filtering, separation and energy balance closure
correction (Fig. 6). In case of the EBC-Bo-corrected obser-
vations, the latent heat flux is slightly underestimated while
the simulation of the sensible heat flux resembles the mea-
surements quite well. The opposite is true when using the
buoyancy flux method for energy balance closure correction
(EBC-HB). The correlation is affected in a similar way.
Good R2 values are achieved for the sensible heat flux
corrected using EBC-Bo and latent heat flux corrected using
EBC-HB, and they decrease for the other two cases. Lake
surface modelling yields reasonable coherence to the EC
observations within the footprint of the measurements, with
a bias of −23.3 and −2.7 W m−2 for the latent heat flux QE

and the sensible heat flux QH, respectively.
For grass− at NamITP, mean absolute errors for sensible

heat flux are larger, mainly caused by the bias, although a
good correlation is obtained in the case of EBC-Bo corrected
observations. Aside from model deficiencies, the reason for
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the remaining bias can be attributed to uncertainties in esti-
mation of the observed ground heat flux due to high gravel
content in the soil and a lack of temperature measurements in
the topmost soil layer.

3.3 Footprint and spatial integration

In the previous section, we have shown that eddy-covariance
measurements, selected according to their footprint as pure
fluxes from each surface type, can be represented by
SEWAB in case of grassland and by the HM model in case
of the lake surface. However, a part of the measurements
show contributions frommore than one land use type as well.
The footprint concept enables us to link the simulations even
with such observations. For each time step, the footprint
approach provides the relative contribution of all involved
surfaces to the measured fluxes. The simulations are then
related to the observations by calculating a weighted mean
from the output of both models according to the actual land
use contribution. This is shown with the footprint integrated
simulations for lake and grass+ together with the EC obser-
vations at NamUBT in Fig. 7 for three different situations: 17
July–changing conditions under moderate wind velocities, 5
August–typical day with land–lake circulation and moderate
winds of about 2–6 ms−1 and 6 August–situation with larger
than average wind speeds of about 6 ms−1. In all selected
situations the eddy-covariance measurements can be closely
modelled by the footprint integrated simulation. This also
holds for measurements with contributions from both sur-
faces, seen in some events on 17 July and 5 August.
Instantaneous turbulent fluxes can show differences of up
to 200 W m−2 because of the different exchange of each
surface with its atmosphere over the course of the day. The
performance of the footprint-integrated simulation is
displayed in Fig. 8 for the whole period. Situations with
contributions from both surface types larger than 20 %

Table 4 Model performance of turbulent fluxes for the three land use
types and two energy balance correction methods for the land observa-
tions: number of observations, bias, mean absolute error (MAE), offset

and slope from linear regression (mean geometric regression) as well as
Nash–Sutcliffe coefficient (NS) and R2

Flux Land use EBC Number of observations Bias (W m−2) MAE (W m−2) Offset (W m−2) Slope (−) NS (−) R2 (−)

QH Grass− Bo 627 52.2 55.5 36.8 1.13 0.26 0.80

HB 572 38.3 55.5 36.9 1.01 0.36 0.62

Grass+ Bo 81 18.5 23.8 17.2 1.02 0.61 0.78

HB 71 −24.4 40.5 12.9 0.7 0.38 0.52

Lake – 327 −2.7 7.6 5.3 0.72 0.75 0.79

QE Grass− Bo 627 −10.8 45.3 −8.6 0.99 0.70 0.73

HB 572 −0.4 42.0 −14.3 1.1 0.68 0.74

Grass+ Bo 81 −28.6 50.8 13.5 0.77 0.60 0.69

HB 71 1.7 23.4 5.4 0.98 0.82 0.82

Lake – 392 −23.3 30.3 −8.5 0.9 0.50 0.64
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(misc) are highlighted. The simulations for such situations
follow the same pattern as simulations for the pure surface
types (contribution of a single surface greater than 80 %).
Miscellaneous footprints, however, did not occur for situa-
tions with very high fluxes.

3.4 Flux heterogeneity at Nam Co

It is well known that heterogeneous surfaces affect the land-
scape scale fluxes. The presented measurements have shown
that the fluxes over land and lake surfaces behave differently.
To consider the most abundant surfaces near Nam Co station,
grass− at NamITP has also been included in addition to the
observations and simulations of grass+ and lake at NamUBT.
Figure 9 shows the mean diurnal cycles of measured fluxes,
corrected with EBC-Bo for land surfaces, and modelled
fluxes. The model simulations resemble the observed char-
acteristics of the different surfaces in a reasonable sense.
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(a, b), 5 August (c, d) and 6 August (e, f). Displayed are simulated
fluxes with SEWAB (dashed line) and HM (solid grey line) and inte-
grated simulations (solid black line) according to contributions of lake
or land within the footprint. Observations (not energy balance

corrected) are shown as black circles. The land use contribution in per
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the observation period is at 1400 CST
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Since simulations overestimated the sensible heat flux for
both land surfaces, the differences between land use types
were maintained.

The obvious differences in characteristics of the investi-
gated surfaces, especially between land and lake, are also
reflected in mean fluxes for the whole period (Fig. 10). The
two land surface types already differ in the longwave radia-
tion balance. As expected, the mean latent heat flux became

more dominant with increasing soil moisture for the land
surfaces. The evaporation over the small lake is even
higher, due to its shallow water table resulting in compar-
atively high surface temperatures. Mean differences of sen-
sible and latent heat flux between grass+ and grass− are 24.0
and −33.5 W m−2, respectively, and between grass+ and
lake are −27.3 and 22.3 W m−2, respectively.

Furthermore, we investigated whether these mean differ-
ences were substantial with respect to the performance of the
simulation. Table 5 displays the mean absolute differences
δsim between grass+ and the other two surface types. As δsim
is calculated for the data subset used to evaluate the model
performance at grass+ (n=81 for EBC-Bo and n=71 for
EBC-HB), it can be compared directly to the respective
MAE for grass+. When comparing the sensible heat flux of
the two land surfaces, mean differences between simulations
slightly exceed the respective MAE, and it is substantially
higher in the other cases, especially between the lake surface
and grass+. Obviously, this also holds true when comparing
grass− with lake (not shown). This suggests that the differ-
ences in fluxes between land use types exceed the uncertain-
ty with respect to model simulation.

4 Conclusions

Turbulent fluxes over wet grassland and a shallow lake were
measured with a single eddy-covariance complex at a shal-
low lake in the Nam Co basin during the monsoon season in
2009. The measurements were split up according to the
underlying surface by footprint analysis, and the coordinate
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rotation for this non-flat terrain has been successfully
performed with a sector-wise application of the planar-fit
method. Energy balance closure algorithms were deployed,
and gap-free time series were derived by surface modelling.
We showed that the modelled time series can be linked to the
measurements by integration according to the contribution of
each surface type. Finally, this data set was compared with
observed andmodelled fluxes from the nearby ITP station with
a target land use of dry grassland. Sharp differences in charac-
teristics of turbulent fluxes from the three dominant land use
types found in close vicinity to the lake were revealed.

Both models we used, HM and SEWAB, are able to repro-
duce the characteristics, magnitude and dynamics reasonably
well without deploying optimisation algorithms. There are no
parameters which need to be tuned for the HM model except
the lake depth. The sensitivity and error analysis for the HM
model suggests that expected errors do not exceed the mea-
surement uncertainty of eddy-covariance fluxes. The model
parameters for SEWAB have been constrained by measure-
ments. However, a bias remains, in particular at the grass− site.
This depends not only on model deficiencies, but on the
method applied for the energy balance closure correction as
well. As long as the underlying mechanism causing the gap is
not specified clearly (Foken et al. 2011), this error cannot be
exactly determined. On the other hand, measurements of
available energy are prone to errors as well, especially in the
estimation of the ground heat flux. Nonetheless, it was shown
that the differences among land use types of dry grassland, wet
grassland and lake exceed the simulation errors. We therefore
assume that the simulated time series are able to resolve the
differences between the land use types involved here.

The footprint (source weight) integrated modelled fluxes
resemble the observations at NamUBT reasonably well, even
for conditions where both lake and grass+ contribute to the
measured flux. With the tile approach, a grid cell with edge
lengths of 1–5 km can be directly linked to the simulation as
long as the relative contribution of each land use type is
known for this cell. Our finding shows that the tile approach
is valid in this terrain for spatial integration. Therefore,
representative flux simulations can be given for each time
step for comparison with remote sensing data.

The measurements over dry grassland at NAMORS are con-
sidered to be a reference for the land surface exchange in the
Nam Co region. However, in regional estimates the pronounced
differences in the fluxes from the three investigated surface types
make it obvious that the fluxes above the lake and moist grass-
land should be taken into account as well. Daytime turbulent
fluxes over the lake surface can differ from the land surface
fluxes up to 200 W m−2. Therefore the land use distribution
within a remote sensing pixel or grid cell for mesoscale model-
ling has to be carefully determined before validating with the dry
grassland station. This potential representation error can be re-
duced by integrating the simulated fluxes of adjacent land use
types according to their contribution to the respective grid cell.

The conducting of eddy covariance measurements over lake
surfaces on the Tibetan Plateau poses a rarely met challenge.
Nevertheless, more accurate flux estimates will be necessary
since a significant fraction of the Tibetan Plateau is covered
with lakes of various sizes and therefore different characteris-
tics. Based on this study, we can conclude that theoretical
requirements for eddy covariance are not substantially violated
by the topography at the shoreline station and that the data can
be accepted for the HM model validation. Unfortunately, data
from the lake surface was only available for unstable and
neutral stratification. We showed that the HM model can be
used to estimate lake evaporation for these conditions at a high-
quality standard and a temporal resolution, even resolving the
diurnal course. This can be derived from standard land-based
meteorological measurements, and a representative surface tem-
perature being the only measurement required directly from the
lake. Lake surface exchange under stable conditions, however,
could not be validated, but the results from Panin et al. (2006b)
indicate reasonable performance also for stable conditions. On
the other hand, due to the prevailing highwind velocities, strong
stable stratification above lake surfaces on the Tibetan Plateau is
unlikely. However, temperature profile measurements at differ-
ent locations in the lake (and sediment, where indicated) would
be a costly but valuable addition to estimate necessary storage
terms and thereby the observed energy balance closure.
Especially for large lakes like the Nam Co, the estimation of
water temperature requires more efforts since multiple locations
within the lake should be sampled.
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Table 5 Mean absolute differences (δsim) between simulations of
grass+ and the other two land use types: grass− and lake

QH QE

Grass+−grass− 43.3 (81) 59.5 (81)

45.9 (71) 59.1 (71)

Grass+– lake 76.1 (81) 68.1 (81)

83.5 (71) 57.8 (71)

Numbers in parentheses are the number of data points used, correspond-
ing to the number of observations used to calculate the MAE for grass+

in Table 4
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Abstract This paper uses the cloud resolving Active Tracer
High-resolution Atmospheric Model coupled to the inter-
active surface model Hybrid in order to investigate the
diurnal development of a lake-breeze system at the Nam
Co Lake on the Tibetan Plateau. Simulations with several
background wind speeds are conducted, and the interac-
tion of the lake breeze with topography and background
wind in triggering moist and deep convection is stud-
ied. The model is able to adequately simulate the systems
most important dynamical features such as turbulent sur-
face fluxes and the development of a lake breeze for the
different wind conditions. We identify two different mech-
anisms for convection triggering that are dependent on the
direction of the background wind: triggering over topog-
raphy, when the background wind and the lake breeze
have the same flow direction, and triggering due to con-
vergence between the lake-breeze front and the background
wind. Our research also suggests that precipitation measure-
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ments at the centre of the basins on the Tibetan Plateau
are not representative for the basin as a whole as precip-
itation is expected to occur mainly in the vicinity of the
topography.

1 Introduction

The Tibetan Plateau (TP) and its role within the Asian
Monsoon system have recently come into focus of atmo-
spheric research. Land-use change, pasture degradation
(Cui and Graf 2009) and a changing climate have an impact
on regional circulation, precipitation patterns, cloud cover
and hydrological resources (i.e. Cui et al. 2007a, b, 2006;
Immerzeel et al. 2010; Yang et al. 2011). Subsequently,
these changes will also be seen on the local scale. While
temperatures rise on the whole TP, changes in precipita-
tion are more complex and may be a key for understanding
future climate changes. Precipitation is a relatively small-
scale process that is strongly influenced by topography,
and there are diverging trends for precipitation on TP
(Xu et al. 2008) with an increase in precipitation in east-
ern and a decrease on western TP. At the same time, there
are no permanent weather stations on the TP above 4,800 m
(Maussion et al. 2011), and gridded precipitation products
such as Tropical Rainfall Measuring Mission or reanaly-
sis data sets have large errors due to terrain effects (i.e.
Yin et al. 2008). Gaining a better understanding on the inter-
actions and feedbacks in TP’s circulation system is crucial,
and we believe that modelling studies will be an important
part of this effort. This includes the modelling of the inter-
actions between the surface, complex topography and the
atmosphere in the generation of mesoscale circulation sys-
tems, the organisation of cloud cover and the surface energy
balance.
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Due to the high elevation of the Tibetan Plateau and
its low-pressure environment, the surface receives strong
solar radiation input, and surface heating leads to large
diurnal surface temperature cycles (Gao et al. 1981). The
fraction of diffuse to total radiation is very small so that
clouds and shadows blocking out direct radiation have a
profound impact on surface temperatures. This is illustrated
by previously unpublished downward shortwave radiation
measurements conducted in 1996 (Fig. 1a; 10 August 1996,
Sereng Co Lake). Surface–atmosphere interactions through
turbulent latent and sensible heat fluxes (QE and QH,
respectively) as well as the complex topography of the
plateau are of great importance, but not fully understood
(e.g. Ma et al. 2009; Tanaka et al. 2003). Deep convection
triggered by topography is a major source of precipitation in
semi-arid mountainous environments (e.g Banta and Barker
Schaaf 1987; Gochis et al. 2004). In the context of TP, ther-
mal valley circulation systems are an important factor in the
diurnal organisation of cloud development and convection
(Yatagai 2001; Kuwagata et al. 2001; Kurosaki and Kimura
2002). Valley scales of 160–240 km were determined
to be most effective for this process through modelling
(Kuwagata et al. 2001) and satellite observations (Yatagai
2001). Similarly, Yang et al. (2004) have investigated sec-
ondary triggering of convection within Tibetan valleys as a
result of cold pool fronts caused by convective events that
were triggered over the mountains.

Isotopic analysis of precipitation conducted by Tian
et al. (2001a, b) show the influence of the monsoon as
a water source declining as one proceeds north, with a
strong monsoonal influence on the central TP, while a more
recent analysis by Kurita and Yamada (2008) for the central
TP highlights the importance of local moisture recycling:
More than half of the rain events in their 14-day study
period were locally generated, and a large fraction of the
total precipitation was water recycled from the region. An
important factor in the development of deep convection
on TP is the availability of moisture. During the monsoon
season, a conditionally unstable atmosphere is prevalent
over central TP, and precipitation events are facilitated by
atmospheric moisture contents (Taniguchi and Koike 2008).
The two potential sources are local moisture from evap-
otranspiration or mid-tropospheric water vapour advection
associated with monsoonal fronts. It is very perceivable
that the initial moistening of the profile occurs through
monsoonal transport and that subsequently the convective
system remains active through local recycling. Therefore,
the transport of moisture and the generation of convec-
tion that leads to recycling of water are important pro-
cesses in the surface–atmosphere system, yet remain poorly
understood.

Lake breezes are a subcategory of sea-breeze systems
and form due to the thermal contrast between land and

water surfaces. Two recent reviews have summarised the
current state of research on sea-breeze structure (Miller et al.
2003) and their numerical modelling (Crosman and Horel
2010): The role of topography onto sea-breeze development
is highly dependent on the slope of terrain. Steep slopes
act as an obstacle to flow, while thermal hill–valley circula-
tions can assist in the development of mesoscale circulation
system. The onset of sea breezes has been studied by
Antonelli and Rotunno (2007). Additionally, the role
of mountains in thermal circulations is discussed in
Rampanelli et al. (2004). The work described here inves-
tigates the combination of both mesoscale processes.
Kuwagata et al. (1994) have found that a substantial amount
of energy relative to turbulent fluxes is advected within sea
breezes. Additionally, daytime convergence on mountain
tops results in the transport of air to the free troposphere
(e.g. Banta 1990).

Our research focuses on surface–atmosphere interac-
tions, the development of mesoscale circulations such as a
lake-breeze system and its interaction with local topogra-
phy in the development of moist convection in the Nam Co
Lake basin. In Gerken et al. (2012), we stated that such
research needs both (1) a surface model that can reproduce
the system’s turbulent flux dynamics and (2) an atmospheric
model with a resolution, high enough to resolve the scales
that are significant for boundary-layer processes and con-
vection. Typical resolutions of mesoscale models are on
the kilometre scale, whereas the triggering of single con-
vective plumes, simulation of local circulations driven by
surface features and the surface shadowing of clouds require
high-resolution approaches with resolutions in the order of
200 m assumed to be sufficient (Petch 2004, 2006). As con-
vection development is highly dependent on moisture, it
is of large importance for any modelling approach to get
a good estimate of the initial atmospheric moisture con-
tents. The sparseness of observations in remote regions, the
coarse representation of topography as well as the limited
number of model levels prevent the availability of good-
quality atmospheric profiles on TP, a problem we address
here by using a Global Forecasting System–Final analysis
(GFS-FNL) profile downscaled after Maussion et al.
(2011) using the Weather Research and Forecasting model
(WRF).

The simulations conducted in this study are designed to
explore the interaction between the lake breeze system, the
background wind and topography on the development of
moist convection. We show that the model is able to (1)
simulate the development of the characteristic land–lake cir-
culation system, (2) investigate the sensitivity of the system
to different wind speeds and (3) show that the interac-
tion of the lake-breeze, topography and background wind
leads to the triggering of deep convection at the Nam Co
Lake.
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2 Model setup and methodology

The non-hydrostatic, cloud resolving Active Tracer High-
resolution Atmospheric Model (ATHAM) (Oberhuber et al.
1998; Herzog et al. 2003) was first developed for
the study of volcanic plume development (Graf et al.
1999) and then subsequently extended for biomass-burning
plumes (e.g. Trentmann et al. 2006) and cloud studies
(Guo et al. 2004). ATHAM consists of a dynamic core solv-
ing the Navier–Stokes equations in two or three dimensions
with an implicit time stepping scheme on a Cartesian grid
with a z-vertical coordinate. Incorporated tracers are active
in the sense that they influence heat capacity and density
of the mixture at each grid point (Oberhuber et al. 1998).
In the present study, all classes of hydrometeors are treated

as active tracers. The turbulence scheme is based on a 1.5-
order turbulence closure predicting horizontal and vertical
turbulent kinetic energy as well as turbulent length scale
(Herzog et al. 2003). ATHAM’s modular structure allows
for the incorporation of several physical processes. In this
study, short- and longwave radiation (Langmann et al. 1998;
Mlawer et al. 1997); bulk microphysics treating the conver-
sion between water vapour, cloud water, cloud ice, graupel
and rain (Herzog et al. 1998); a land surface (Friend and
Kiang 2005; Friend et al. 1997) and a water surface (Fairall
et al. 1996a, b) scheme supplying turbulent energy fluxes
are used. The process-based terrestrial ecosystem model
Hybrid (v6) (Friend and Kiang 2005; Friend et al. 1997)
was modified for the use on the TP and was able to cap-
ture flux dynamics at the Nam Co lake for observed forcing

Fig. 1 a Downwelling solar radiation (SWD, in watt per square metre)
measured with high temporal resolution on the Tibetan Plateau at the
Sereng Co Lake on 10 August 1996. At approx. 300 min, the radiation
sensor was artificially shaded in order to show the strong difference
between total and diffuse radiation. Later decreases in radiation are
due to passing boundary-layer clouds. b Land use map of the Nam
Co Lake basin created from Landsat data. c MODIS–Terra composite

of the Nam Co Lake captured at 1245 hours BST on 6 August 2009.
d MODIS–Aqua composite for the same day and region as in panel
c, but at 1420 and 1600 hours BST. The red circles indicate the
location of the Nam Co Lake research station. Microsoft bing
map used with permission from Microsoft Corporation. ©2012
The Microsoft Corporation, ©Harris Corp, Earthstar Geographics
LLC
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data (Gerken et al. 2012). The Coupled Ocean-Atmosphere
Response Experiment algorithm v2 (Fairall et al. 1996a, b)
is a bulk flux algorithm based on the framework of Liu
et al. (1979). As the Nam Co Lake is a large water body
with a mean depth of more than 50 m (Wang et al. 2009),
offline simulated lake fluxes compare reasonably well to
observations (Gerken et al. 2012).

2.1 Field measurements

In this work, we conduct 2D simulations of a cross sec-
tion trough the Nam Co basin (Fig. 1b) by using realistic
topography, in order to gain a better understanding on the
physical processes involved in the generation of mesoscale
circulations and convection. We apply the interactive sur-
face model shown to work in Gerken et al. (2012) and
make use of data collected during a field campaign con-
ducted between 26 June and 9 August 2009 by the Uni-
versity of Bayreuth in cooperation with the Institute of
Tibetan Plateau Research, Chinese Academy of Sciences
(Biermann et al. 2013). In this period, eddy covariance
and standard atmospheric measurements were carried out
at two locations close to the lake, but, due to logisti-
cal reasons (power supply), not close to the mountains.
The measurements of both eddy covariance stations were
post-processed using the TK2/3 software package (Mauder
and Foken 2004, 2011), applying all necessary flux cor-
rections and post-processing steps for turbulence measure-
ments as recommended by Foken et al. (2012) and Reb-
mann et al. (2012). On the vast majority of days, a lake
breeze developed, which could be observed at the Nam Co
research station (30◦46.44′ N; 90◦57.72′ E), located about
300 m from the shoreline of a small lake next to the
Nam Co Lake at around 1000 hours Beijing Standard
Time (BST). It should be noted that local solar time is
approximately 2 h earlier than BST. Lake breezes deve-
loped frequently between 0900 and 1200 hours BST (Bier-
mann et al. 2013). When the system was not observed, it
was most likely due to closed cloud cover and lack of terres-
trial surface heating or due to synoptic scale offshore winds.
While measured turbulent surface fluxes were similar on 5
and 6 August, a lake breeze failed to develop in the morning

Table 1 Mean cross-shore wind component measured at the Nam Co
Lake 3 m above the ground on 5 and 6 August 2009. The averag-
ing interval is 30 min centred around the given time. Positive values
indicate offshore flow

Time (in hours BST)

0815 0915 1115 1145 1215

[m s−1] [m s−1] [m s−1] [m s−1] [m s−1]

5 August 2009 2.3 1.5 −1.1 −1.5 −1.6

6 August 2009 6.1 6.1 5.3 3.9 3.7

of 6 August, when the offshore component of the measured
surface wind exceeded 6 m s−1. On 5 August in contrast, the
initial offshore wind component of 2.3 m s−1 at 0815 hours
changes to an onshore wind of 1.6 m s−1 at 1215 (Table 1).
The change in direction occurred around 1045 hours, indi-
cating the lake-breeze onset. Starting from approximately
1200 hours BST, deep convection was frequently observed
over the mountains during the field campaign.

2.2 Simulation setup

ATHAM is run in Cartesian 2D mode, with the horizontal
coordinate oriented perpendicular to the lake–land boundary
and Nyenchen Thanglha mountain chain, which is situ-
ated approx. 10 km south of the Nam Co Lake. Both the
lake shore and the mountains are almost parallel to each
other and extend over more than 100 km. In the absence
of large-scale forcings, the circulation in the basin is pri-
marily driven by a lake breeze and a thermal mountain
circulation. Hence, a 2D cross section is capable of repro-
ducing the system’s most important dynamical features. We
chose a cut across the eastern part of the lake, passing
through the Nam Co Lake research station and a compar-
atively low section of the Nyenchen Thanglha mountain
chain. The main reasons are the availability of observations
and the fact that 2D simulations have a tendency to over-
estimation the influence of topography. The domain size is
150 km with a constant grid spacing of 200 m resolving
the central 80 km, which includes the lake and the moun-
tains to the south and north of the lake, as indicated in
Fig. 1b). Outside the basin, horizontal grid stretching is
applied to achieve a resolution of approx. 1,300 m near
the lateral boundaries and giving a total number of grid
points of nx = 486. The lateral boundary conditions are
cyclic, but hydrometeors and water vapour exceeding the

Table 2 Description of the soil and surface parameters determined for
the Nam Co Lake (N 30◦46.50′ ; E 90◦57.61′) in summer 2009

Parameter

Coordinates

Soil Sandy–loamy

Porosity 0.63

Field capacity 0.184

Wilting point 0.115

Heat capacity (cp) [J m−3 K−1] 2.5 × 106

Thermal Conductivity [W m−1 K−1] 0.53

Surface albedo (α) 0.2

Surface emissivity (ε) 0.97

Vegetated fraction 0.9

LAI [m2 m−2] 0.9

Vegetation height [m] 0.07
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initial moisture profile are removed at the lateral bound-
aries, without adding a density perturbation. We use 150
layers, starting at 25 m of vertical resolution for the first 30
layers, then stretching to a maximum vertical resolution of
approx. 300 m at the model top 15 km above ground level
(a.g.l.). The model topography is taken from the ASTER-
DEM with a 90-m resolution and was smoothed with a
2-km moving window in order to remove large vertical cliffs
and single grid-point depressions. Additionally, the topog-
raphy outside the Nam Co basin is set to the lake level,
and turbulent surface fluxes are gradually reduced to zero
near the lateral boundary. This is justified as our area of
interest is within the Nam Co Lake basin. The simulation
is integrated from 0600 hours BST (approx. 1.25 h before
sunrise) to 1800 hours BST. We acknowledge that 2D simu-
lations have a simplified wind field, where clouds can only
move along one horizontal direction. Consequently, the sur-
face may experience artificially high shading, which can
lead to a potential underestimation of turbulent latent (QE)
and sensible heat fluxes (QH), as soon as large clouds are
present. Hence, we limit our analysis to the time before and
immediately after the triggering of deep convection.

2.2.1 Test cases

We selected as a base case for this work 6 August 2009,
a radiation day at the centre of the basin, with sudden
triggering of deep convection in the afternoon as seen
by the MODIS satellites (Fig. 1c and d). The soil model
is initialised in a similar way as that of the previous
study (Gerken et al. 2012), when surface fluxes were
already modelled, assuming homogeneous soil properties
(Table 2). The soil model was initialised with T1 = 9.4
and T2 = 3.7 ◦C as mean layer temperatures, corre-
sponding to a surface temperature T0 = 5.8 ◦C for
the land surface, while the lake temperature was set to

15.0 ◦C. A random perturbation in the surface cover
of ± 5 % was added in order to account for variations
of surface cover. Additionally, the initial volumetric
moisture in the model’s surface layer (SM0, [%]) was set to
1.4× field capacity and is scaled with height according to

SM0 = SM0 − (SM0 − SMPWP)× h/hmax (1)

with SMPWP as the soil moisture at permanent wilting
point, h the terrain height and hmax as the maximum terrain
height in the domain.

The atmosphere is initialised from GFS-FNL downscaled
to the Nam Co basin (Maussion et al. 2011). The profile
on 6 August (Fig. 2) is relatively dry for the lowermost
5 km a.g.l. with relative humidities between 60–70 % and a
moist layer above, which is also seen in the 00-UTC Nagqu
radiosounding (not shown, approx. 150 km to the north-
east) indicating southerly upper-level winds. The equivalent
potential temperature (θe) indicates conditional instability in
the profile as is commonly encountered in summer atmo-
spheric profiles on TP. While there is no convective avail-
able potential energy (CAPE) in the initial profile, it is easily
built up by surface heating and lower tropospheric moist-
ening. The wind coordinate in our experiments is defined
with positive values for winds coming from the Nyenchen
Thanglha mountains (southerly winds). For our experiment,
we chose to initialize our model with constant wind speeds
of −3.0,−1.5, 0.0,+1.5,+3.0 and +6.0 m s−1 throughout
the model domain. In line with the meteorological conven-
tion, where a flow from the south to the north is positive,
we define flows from the southeast towards the northwest
as positive. The flow direction is indicated in the figures
used in this work. We denote the simulations by the initial
wind speed (e.g. U+0.00 for the case with no initial wind).
The cases were chosen to analyse the development of a lake
breeze and to investigate the sensitivity of convection on
changing wind speed. These wind speeds reflect a realistic

Fig. 2 Initial profile for the
Nam Co Lake 6 August 2009 at
0600 hours BST used in the
model simulations. Derived
from GFS-FNL with WRF
according to Maussion et al.
(2011). a Potential (θ) and
equivalent potential temperature
(θe). b Temperature (T) and
dew-point temperature (Tdew). c
Mixing ratio (q)
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low level flow, with U+6.00, being close to the observed
wind velocity on 6 August, but are comparatively weak for
the upper atmosphere. Nevertheless, this allows for the forc-
ing of the surface model with a realistic wind, while not
having to deal with impacts of wind shear that are not the
object of this study and are poorly represented in 2D simu-
lations (i.e. Kirshbaum and Durran 2004). In order to drive
the coupled surface model, specifically for the case of no
initial wind, a cross-directional wind component of 1 m s−1

was added to all simulations, which is only seen by the sur-
face model. It should be noted that the wind speed is not
continuously forced in the simulations so that topography
and surface friction lead to an equilibrium wind speed that
differs from the initialised flow speed.

Even though the cases U+6.00 and U+3.00 correspond
roughly to measured surface conditions on 5 and 6 August
2009, these sensitivity simulations are not intended to

reproduce the atmospheric processes as they took place in
the Nam Co basin on on a specific day, as this could only
be achieved with a 3D simulation that takes into account a
full realistic topography and synoptic forcing. Instead, we
investigate the interactions between the lake, topography
and atmosphere to investigate the triggering of convection
under different wind conditions, in order to develop a better
process understanding.

3 Results

3.1 Development of a lake-breeze system

A fundamental basis for the examination of convection
triggering in the Nam Co Lake basin is the question
whether ATHAM is capable producing realistic lake-breeze

Fig. 3 Horizontal wind speed in the Nam Co Lake basin at 1100 hours
BST for model runs with initial wind speeds of −6.00, −3.00, −1.50,
0.00, 1.50 and 3.00 m s−1 (left column). A positive wind speed indi-
cates southeasterly winds and flow from left to right in the panel. The

black line shows the position of the lake. Right column: Correspond-
ing water vapour mixing ratio (q, in gram per kilogram) with contour
interval of 1 g kg−1. The grey and red contour lines overlaid indicate
the position and extent of clouds
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circulations. Figures 3 and 4 display the horizontal wind
speed at 1100 and 1200 hours BST. According to theory, a
symmetrical and pronounced lake breeze should develop
in the simulation without background wind, but due to
asymmetric topography, we expect some deviations. Addi-
tionally, we expect interaction of the lake breeze with the
topography. Depending on the slope angle, a mountain can
either act as an obstacle to flow (Ookouchi et al. 1978)
or can contribute to the lake-breeze development as it may
reinforce the thermal circulation (i.e. Miao et al. 2003). With
a cross section of the Nam Co Lake in the order of 10 km
used in this study, there is little found in the literature about
lake-breeze behaviour of “small” lakes and how their ther-
mal circulation system interacts with the background wind.
For onshore geostrophic winds (Ug), a landward shift of
the lake breeze is expected. The reverse effect is expected
for offshore flow. Additionally, the timing of sea breezes
is affected. For oceanic settings, sea breezes with offshore
Ug > 4–8 m s−1 are expected to stall at the land–lake

boundary. For onshoreUg > 3–5 m s−1, sea breezes become
indistinguishable from the background flow. For lakes, these
values are thought to be smaller (Crosman and Horel 2010).
In our simulation setup, the thermal circulation forced by
the Nyenchen Thanglha mountains on the southeast shore
and the lake breeze seem to create a single mesoscale circu-
lation system for the case U+0.00. Strong winds delay the
formation of a lake-breeze front, or it may not be detectable
in a stronger offshore background wind (Crosman and Horel
2010). As we expect from both theory and observation at the
Nam Co lake, there is no lake breeze developing for the case
U+6.00 (Fig. 4k and l). In contrast, a lake breeze is clearly
visible by 1200 hours BST in the simulations U+3.00 and
U+1.50 (Fig. 4g–j) on the southeastern shore of the lake,
while the lake breeze is standing out less against the back-
ground flow on the northwest shore. The reverse is true for
the simulations with U < 0 m s−1 (Fig. 4a–d). In accor-
dance with theory, the lake breeze front penetrates less onto
the lake shore in stronger winds. As the lake-breeze regime

Fig. 4 As Fig. 3, but for 1200 hours BST

C. Gerken et al. (2014)
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usually develops between 0900 and 1200 hours BST, we
conclude that our simulations are capable of reproducing the
characteristic lake-breeze development at the Nam Co Lake,
with wind speeds differences in the order of a few metres
per second as expected.

3.2 Convection development

From late morning onwards, clouds begin to form in the
Nam Co basin. In our simulations, clouds are defined as grid
cells in which the total content of condensed ice and water
exceeds qt > 10−3g kg−1. After sunrise and with a grow-
ing boundary layer, shallow clouds start to appear in the
model domain. These clouds grow over time and eventually
lead to the triggering of deep convection and precipitation.
Figure 5 displays the domain averaged qt in the Nam Co
basin. A deep convective regime is reached in all simula-
tions. As expected, stronger and earlier convection develops
in the scenarios with weaker initial winds. For these, there
is little turbulent and advective transport or dispersion of

heat, and there is no wind shear to prevent the trigger-
ing of convection. As a consequence, developing local
vertical instabilities are readily released. Additionally, there
is reduced entrainment of dry air into thermals due to lack
of turbulence. For low wind speeds, there is a relatively fast
transition between shallow and deep convection as charac-
terised by a relatively short time interval between the onset
of shallow cumulus (tcl), activation time of cumulus clouds
(t∗) and the time when the cloud top height reaches the
13-km level (t13; Table 3). For simulations U±3.00 and
U+6.00, this takes substantially longer. The transitions for
all cases occur between 1140 and 1230 hours, except for
U+6.00, where the definition of t∗ is not applicable due to a
stationary cloud over the large mountain (Fig. 5e). The tran-
sition time t∗ is defined as the time when the centre of cloud
mass (Zc) starts to ascend at an increasing speed (Wu et al.
2009).

Zc =
∫ ∫

qtz dxdz∫ ∫
qt dxdz

, (2)
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Fig. 5 Development of convection at the Nam Co Lake for model
runs with initial wind of 1.50, 3.00, −1.50, −3.00 and 0.00 m s−1

(a–e respectively): Contours correspond to mean cloud particle con-
centrations in the Nam Co Lake basin. Each contour level corresponds

to 0.1 g m−3. The dashed line indicates the height of the centre of
cloud mass (Zc), and black lines indicate cloud top and cloud bottom
heights
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Table 3 Timing of convection in hours BST

Run tcl t∗ t13

U–3.00 0920 1140 1420

U–1.50 1110 1140 1320

U+0.00 1110 1150 1230

U+1.50 1120 1200 1320

U+3.00 1120 1250 1400

U+6.00 1140 N/A N/A

tcl is the time when first boundary layer clouds appear in the model;
t∗ corresponds to the triggering of moist convection after Wu et al.
(2009); and t13 is the time when convection reaches 13 km a.s.l. t∗ for
U-6.00 was not calculated due to the occurrence of a high cloud over
the mountain chain, rendering the calculation of the centre of the cloud
mass Zc unapplicable

with z as the vertical coordinate and dxdz as the area ele-
ment to be integrated over. Zc is assumed to initially grow
at a constant rate so that a linear regression is fitted through
Zc for the first 30 min after clouds appear in the simu-
lations. t∗ is defined as the time when the Zc exceeds a
band around the regression (Zcr). Wu et al. (2009) have
proposed Zc > 1.15Zcr, which proved to be a robust mea-
sure and is also applied in this work. t∗ practically marks
a change in the regime of cloud development: Clouds that
form from the mixing of air into the boundary layer become
buoyant as free convection starts. The main reason for the
virtually non-existing transition time in case U+0.00 is that
the initial cloud forms at the top of the heated mountain
and grow immediately into the level of free convection.
However, for all other simulations, t∗ corresponds to the
first visible change in the slope (Fig. 5). The fast transition
from shallow to deep convection is caused by the condi-
tional instability of our initial atmospheric profile. It should
be noted here that both Wu et al. (2009) and Kirshbaum
(2011) use profiles with idealised stability, while our profile
is derived from GFS analysis data, which was downscaled
with WRF to reflect local conditions. It is characteristic for
the atmosphere above the TP to be conditionally unstable
(as indicated by vertically constant values of θe), and we
can indeed see from observations at Nam Co that convec-
tive systems develop rapidly (Fig. 1c and d). Additionally,
Wu et al. (2009) and Kirshbaum (2011) use a uniform sur-
face initialisation with prescribed fluxes and, in the case
of Wu et al. (2009), no initial wind. Calculation of CAPE
(Emanuel 1994) reveals that even though there is virtu-
ally no CAPE in the initial profile, it is rapidly built up
for all cases by both surface warming and boundary-layer
moistening. There is little difference in absolute CAPE val-
ues between the runs, but a general tendency to generate
CAPE exceeding 1,000 J kg−1 until solar noon and a sub-
sequent release of CAPE in the afternoon. While CAPE

behaves similarly over areas classified as mountains and the
basin, CAPE values over the water build up much slower,
remain lower and show hardly any tendency to be released
within the time frame of this investigation. This provides
first evidence for the role of land cover and topography. The
mechanism of convection triggering and the role of topog-
raphy will be discussed in Section 3.4. The height of Zc

reaches approx. 12 km in all cases, which corresponds to
the level of neutral buoyancy. It should be highlighted that
triggering of deep convection may occur too early in the
model as the downscaled atmospheric profiles do not con-
tain inversion layers that need to be overcome as would
potentially be the case in directly measured profiles. As
there are no directly measured radiosonde profiles available
for the summer of 2009 at Nam Co, we have decided to
limit the scope of this investigation to the influence of the
background wind.

3.3 Modelled turbulent surface fluxes

We compare the surface fluxes generated by ATHAM with
fluxes measured by eddy covariance (EC). ATHAM’s sur-
face model is fully coupled and produces fluxes through
bulk transfer relationships, which take into account wind
speed, temperature and moisture gradients between the sur-
face and the air above, atmospheric stability, clouds and
the net radiation. Each grid cell is treated independently.
EC measurements are direct, high-frequency measurements
of an atmospheric scalar and the vertical wind speed from
which a vertical flux can be calculated (i.e. Foken (2008b)).
While the horizontal grid resolution corresponds roughly
to the footprint of the eddy covariance measurements, they
are not directly comparable as surface models will close
the surface energy balance by distributing the available net
radiation (Rnet) between QE, QH and the ground heat flux
QG. During the campaign, an energy balance closure for
the EC measurements of about 70 %, Rnet was observed by
Biermann et al. (2013). This is due to the inher-
ently unclosed energy balance of EC measurements (i.e.
Foken 2008a and Foken et al. 2011). Particularly under
the influence of stationary secondary circulations, like sea
breezes, a substantial amount of energy is exchanged with-
out being measured by EC. Therefore, before comparing
measured and modelled fluxes, EC fluxes are corrected
according to the Bowen ratio (Twine et al. 2000).

The behaviour of the simulated fluxes in all cases is
initially very similar and corresponds to the warming of
the surface as part of the diurnal cycle. Due to the high
soil moisture, we encounter Bowen ratios of approximately
1/2. Since the model is initialised with nearly homogeneous
surface conditions, there is little spatial variation of turbu-
lent fluxes as long as clouds remain absent. After sunrise,
QE and QH rise in a sinusoidal manner. From 1200 hours

C. Gerken et al. (2014)
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Fig. 6 Development of turbulent surface fluxes in the Nam Co Lake
basin for model runs with initial wind of 1.50, 3.00, −1.50, −3.00
and 0.00 ms−1 (a–f respectively) (QH, line ; QE, dashed line; down-
welling shortwave radiation (SWD), grey line). Thick black lines
correspond to median flux over land. Thin lines are upper and lower

quartiles of fluxes. The dashed grey line is clear sky SWD. g Measured
turbulent fluxes near the Nam Co research station. Thin lines
correspond to directly measured EC fluxes on 6 August 2009.
Thick lines are energy balance-corrected fluxes according to
Twine et al. (2000)

BST, the occurrence of clouds begins to reduce the down-
welling shortwave radiation, which is first seen in a drop
in the lower quartile and then in the median radiative flux.
As a consequence, turbulent fluxes drop and have a larger
spatial variation. Figure 6a–f display the median turbulent
fluxes and downwelling shortwave radiation within the area
of analysis for the six model runs. Figure 6g shows the
measured data from two EC complexes. While the magni-
tudes of simulated and measured fluxes closely resembles
each other, modelled fluxes lag behind measurements in
the order of 1 h, which is most likely due to the formu-
lation of the surface model, containing a 10-cm-thick soil
layer with an extrapolated surface temperature. In reality,
skin temperatures react almost instantaneously to changes
in energy input, while both our model and integrated EC
measurements react more slowly. As boundary layer clouds
and later deep convection develop, the spatial variability of
surface fluxes increases. In the measured data, this is rep-
resented in a higher temporal variability of Rnet. Triggering
of deep convection leads to a strong decrease in the median
downwelling shortwave radiation, followed by a decrease in
turbulent fluxes. Due to the 2D nature of our simulations,

we limited our analysis to the time before the simula-
tion becomes dominated by clouds, which happens between
1400 and 1600 hours BST in all cases. It should be noted
that the flux development of the case U–3.00 m s−1 (Fig. 6b)
is most similar to the measured fluxes and agrees reasonably
well. A likely reason for this is the fact that the compara-
tively high wind speeds dissipate enough energy to delay the
triggering of convection to a realistic time. U+6.00, which
corresponds to the observed initial wind speed, has too high
fluxes in the afternoon, because too few clouds are produced
that reduce solar radiation input. The observed time lag in
the surface model, which is already described by Gerken
et al. (2012), may be the cause of a relatively late, yet
still reasonable, development of lake-breeze system in our
simulations.

3.4 Triggering of deep convection

Starting from the initial hypothesis that deep convection is
triggered by the interaction of locally generated mesoscale
circulations, we analyse the interaction of the background
flow with the lake breeze and the mountains found in the
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Fig. 7 Hovmøller plot of time
(BST) versus horizontal extent
of the Nam Co Lake basin for
case U+3.00: a QE and b QH, in
watt per square metre. c Total
cloud liquid water path qliq, in
gram per square kilogram. d
Total accumulated precipitation
(in millimetre). e Topographic
height z and the extent of the
lake

domain. The role of the atmospheric vertical profiles is
beyond the scope of this work, but strong conditionally
instability (i.e. Yanai et al. 1992) as encountered in the
profile used in this work is a general feature of the atmo-
sphere on TP during the summer monsoon. Figures 7 and
8 display the spatial development of surface fluxes and
the development of clouds for the cases U+3.00 and U-
3.00. Both the lake and the mountains are visible from the
change in surface fluxes. Later in the day, the reaction of

QE and QH to reduced shortwave radiation can be seen.
The diagonal cloud patterns in the c panel of both fig-
ures show the movement of clouds with the background
wind. The first clouds tend to form over land and upwind
of topography. In addition to the boundary-layer clouds
that form at the top of local updrafts, some clouds form
on the windward side of topography, where air is forced
upward. From Fig. 7, it becomes apparent that clouds are
organised and form along bands. Before the development of

C. Gerken et al. (2014)
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Fig. 8 As Fig. 7, but for case
U–3.00

deep convection, which occurs in both simulations around
1500 hours and manifests itself in a large cloud liquid water
path (qlic) and dark colours in the plot, there is a period
from about 1200 hours onwards, when clouds form and
dissolve. This starts with a sequence of boundary layer
clouds, which become larger over time, and then finally,
deep convection is triggered. These clouds do not seem to
be generated randomly but, as the diagonal pattern indi-
cates, are linked by the “successive thermal mechanism”

(Kirshbaum 2011). After thermals have become activated
(t > t∗), they penetrate into dryer layers of the atmo-
sphere, entrain dry air and thus dissolve. As thermals are
organised and only occupy a small area of the domain,
this corresponds to a selective moistening, which is trans-
lated with the background wind. Consequently, thermals
entering premoistened areas are less subject to mixing
with dry air and thus retain their buoyancy. This leads to
preferential cloud development downwind of the precursor
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Fig. 9 Modelled a U , in metre per second; b W , in metre per sec-
ond; c q, in gram per kilogram; and d T (in degrees Celsius) in the
Nam Co Lake basin for case U–1.50 at 1330 hours BST. Grey contours
indicate clouds. The red and white lines indicate QH and QE with

the arrows indicating the magnitude of the measured EC fluxes. The
position of the lake is indicated by the black line. Plot e is a sketch of
the mechanism

thermals. Since we have chosen a lake basin, with topog-
raphy to the sides, some of the triggered convection is
immediately transported out of the area of analysis. This is
especially true for case U–3.00, where deep convection is
frequently triggered by the Nyenchen Thanglha. It should
also be noted that the relatively slow wind speeds in the
upper troposphere reduce wind shear, the entrainment of
dry air and the dispersal of moisture, but also lead to a

reduction in surface fluxes and thermal activity later in the
day.

3.5 Influence of background wind speed and direction
on convection triggering

As discussed in Section 3.1, the development of the lake-
breeze circulation depends on the background wind. The

C. Gerken et al. (2014)
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occurrence of boundary-layer clouds within the lake basin
depends on the wind direction and, therefore, on the result
of the interaction between Ug and the sea breeze. Downs-
lope winds lead to adiabatic warming and hence inhibit
cloud formation and growth by reducing relative humidity.
Air masses ascending on slopes have the opposite effect.
This explains why the cases U–3.00 and U–1.50 have an
earlier onset of boundary-layer clouds: As the mountain
range located on the southeastern shore is higher than

the mountains in the northwest, more clouds are gener-
ated there when moist air is forced upward. During the
constant growth phase of the boundary layer clouds, char-
acterised by simultaneous increase in cloud top and cloud
bottom heights, convective triggering occurs when satu-
rated air masses reach the level of free convection, which
develops around 2 km a.g.l., which can be reached by
boundary layer growth. We present here two examples of
convection triggering, which we suggest to be

Fig. 10 As Fig. 9, but for case U+3.00 and at 1350 hours BST

99



Lake Breeze and Convection at the Nam Co Lake 163

representative for the triggering of convection in Nam Co
region in general. Figure 9 shows the case U–1.50. Here,
the background wind and the thermal circulation have both
the same sign and transport moist air towards the southeast
and over the mountain chain. With the mountain as a trig-
ger, thermals are repeatedly triggered in similar locations,
leading to a sequence of convective clouds downstream of
the mountain. In the second case (U+3.00; Fig. 10), the
lake-breeze circulation penetrates into the basin and dis-
places the warm and moist basin air upwards. This is most
pronounced during offshore winds, when the lake-breeze
front collides with the background wind. Consequently,
convective thermals and eventually deep convection are
triggered. In general, frontal collision and the resulting con-
vergence seems to be an important mechanism. Yang et al.
(2004) described the triggering of secondary convection
in Tibetan valleys as gust fronts generated by convec-
tive downdrafts causing renewed triggering of convection
within the basin. Similarly, Reeves and Lin (2007) and
Miglietta and Rotunno (2009) have studied the propagation
of convective systems in mountain flows with respect to
the Froude number for highly idealised modelling setups.
For low flow speeds (U < 10m s−1), the system was found
to be in a blocked state, with a density current travelling
against the flow causing precipitation upstream of the
topography. These and previous works (Chu and Lin 2000;
Chen and Lin 2005) highlight the importance of cold pool

formation for blocked flows. Low wind speeds are associ-
ated with strong cold pools, while at higher wind speeds,
the advection of heat reduces the strength of the cold pool.
In this work, the lake breeze and the heated mountain both
contribute to the development of a thermal circulation, so
that near surface wind speeds are larger than the initialised
Ug. Additionally, surface heating through sensible heat
fluxes reduces cold pool development, and Fig. 9 does
not show the development of a strong cold pool. Despite
these differences, we see evidence for similar processes
during the later stages of our simulations, where we indeed
find the development of a cold pool, as soon as cloud cover
results in a decrease of surface heating (not shown).

3.6 Moisture transport and the water cycle

The Nam Co Lake basin is located at the northern fringe
of the area influenced by monsoonal circulations during the
summer. While the monsoon supplies some water to the
area, local recycling of water and the contribution of sur-
face evapotranspiration to the water cycle may be important.
For the following analysis, we define two control volumes
as seen in the sketch of Fig. 11e): control volume A corre-
sponds to the boundary layer and lower troposphere in the
Nam Co Lake basin and extends to 3 km a.g.l., and con-
trol volume B is located above A and extends up to 10 km
a.g.l. We estimate the transport of moisture, defined as the

Fig. 11 Instantaneous moisture
flux fq (in kilogram per metre
per second) for the Nam Co
Lake basin. a and c Moisture
transport into control volume A
(as indicated in panel e) of this
figure, representing the Nam Co
basin up to 3 km a.g.l.:
evapotranspiration (blue line),
net horizontal flux (black line),
net vertical flux (dashed line)
and resulting total flux (grey).
The precipitation flux is not
displayed as it is of negligible
magnitude. b and d Transport
into the mid-tropospheric
control volume B with the same
horizontal extent and from 3 to
10 km vertical extent. e
Schematic drawing of the
control volumes
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Table 4 Total integrated moisture flux (fq) into the Nam Co Lake basin between 0600 and 1600 hours BST

Case Volume A Volume B

Fq,ANw Fq,ASe Fq,ET Fq,P Fq,3 Fq,10 Fq,BNw Fq,BSe �qtot,A �qtot,B

[Mg] [Mg] [Mg] [Mg]

U–3.00 825.27 −805.21 86.47 −1.30 −35.35 −0.02 207.30 −189.53 69.88 53.09

U-1.50 385.19 −413.81 85.67 −0.56 −11.83 −0.02 123.07 −103.34 44.66 31.54

U+0.00 −10.65 −15.96 66.32 −1.94 −24.77 −2.10 7.14 18.96 12.99 48.77

U+1.50 −403.60 451.99 73.94 −4.17 −198.10 −1.93 −93.39 109.66 20.06 112.44

U+3.00 −786.45 798.74 85.35 −1.89 −56.56 −0.11 −193.87 225.05 39.18 89.62

U+6.00 −1,613.71 1,593.66 90.70 −0.49 −45.27 −0.05 −405.13 353.97 24.89 −5.94

The control volumes denoted with subscripts A and B are indicated in Fig. 11e. The subscripts Nw and Se are for the northwest and southeast
boundaries, respectively; positive fluxes across the lateral boundaries indicate flux into the volume; ET and P are the evapotranspiration and
precipitation flux; 3 and 10 indicate the vertical boundaries of the control volumes, with a negative sign for upward flux; �qtot is the total net
moisture flux for a volume

sum of all water species, across the boundaries of the con-
trol volumes as well as evapotranspiration and precipitation
as sources and sinks, in order to develop a better under-
standing on the importance of the Nam Co Lake basin for
the regional water cycle. The left column of Fig. 11 shows
the instantaneous moisture flux for control volume A, while
the right column displays the same for volume B for sim-
ulations U–3.00 and U+3.00. The full integrated moisture
budget for all simulations is given in Table 4. We find a
moistening of the boundary layer and the lower troposphere
and a net export of moisture to the mid-troposphere in all
cases. The vertical moisture transport from volume A to B
is organised into a small number of distinctive events, cor-
responding to individual convective events carrying water
into the mid-troposphere. Evapotranspiration, in contrast, is
a a small continuous flux into the Nam Co basin that inte-
grated over the day (Fq,ET) which became relatively large
and was, in most cases, approximately twice as large as
the flux from volume A to B (Fq,3). Fq,3 varied from 0.14
Fq,ET for U+1.50 to 2.67 Fq,ET for U–1.50. The transport
of moisture above 10 km is negligible in terms of the water
balance of the Nam Co basin. In general, we found that the
Nam Co Lake basin served as a significant source of mois-
ture to the upper troposphere, where it becomes subject to
both transport away from the Nam Co Lake and to local
recycling though precipitation. Unfortunately, the integra-
tion time of our study does not allow us to trace the fate
of this moisture during the night, which needs to be done
in longer simulations over a larger domain. This study did
also not take into account temporal or spatial variation in
surface moisture. We started our simulations with a compar-
atively high surface moisture throughout the domain as the
6 August 2009 was after a period of rain. As a result, sim-
ulated and measured QE of the land were much larger than
the flux from the lake. It is very likely that the importance

of the lake as a regional source of moisture becomes more
important during drier periods, with large surface heating,
such as the pre-monsoon season. As the triggering of moist
convection is catalysed by topography, most of the precipi-
tation is also formed over the mountains. Consequently and
as many studies show, precipitation is higher over and, in the
case of deep convection, on the leeward side of mountains.
The Nam Co Lake basin is surrounded by mountain chains,
and the predominant wind direction is from the northwest,
so that we expect precipitation triggered by the Nyenchen
Thanglha mountains to occur mainly over the mountain
range itself and outside of the basin. Precipitation triggered
by the northern mountains likely occurs over the northwest
shore or the lake itself. This is also seen in the simulations,
where little rain falls over the lake or in close proximity to
the shore.

4 Conclusions

This work investigates the development of a lake-breeze
system at the Nam Co Lake and its interaction with topog-
raphy and background wind through an idealised modelling
study, which did not consider large-scale forcings. We have
demonstrated in this setting that 2D simulations conducted
with ATHAM are able to reproduce the system’s most
important dynamical features, such as the development of a
lake breeze and the transition from shallow boundary-layer
clouds to moist convection, reasonably well. While we do
acknowledge the limitations of this approach like an unre-
alistic wind field or overestimation of updraft strength, we
think that a better understanding on the system can still be
gained from these investigations. Modelled surface fluxes
are of realistic magnitude and lead to a realistic timing
of the lake breeze providing a triggering mechanism for
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convection, which is in turn dependent on wind direc-
tion and speed. Stronger winds postpone the triggering of
convection. An important factor governing boundary-layer
cloud development in the basin is adiabatic warming or
cooling as air is transported over topography. This is depen-
dent on wind direction. The interaction or collision of the
lake-breeze front with winds coming from the mountain,
either as Ug or gust fronts, leads to convergence in the model
and subsequently triggering of convection. Additionally, the
heated mountains act as a trigger for convection as they
represent a heated elevated surface transporting air parcels
to the level of free convection. It should be noted though
that the effect of albedo change through snow and ice is not
considered in this study. This potentially limits the warming
effect. Precipitation in the lake basin is mainly generated
above the mountains. Therefore, stations that are located in
the valley have a dry bias and are not representative for the
region. This effect is exacerbated by subsidence in the basin
caused by the lake. In our future work, we will look at the
importance of the vertical atmospheric profiles of tempera-
ture and moisture and especially stability and smoothness of
profiles. Another area of future investigations will also be at
the influence of the surface configuration, such as soil mois-
ture or land use, on turbulent surface fluxes and convection
development.
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Abstract. The Tibetan Plateau has a significant role with re-

gard to atmospheric circulation and the monsoon in partic-

ular. Changes between a closed plant cover and open bare

soil are one of the striking effects of land use degradation

observed with unsustainable range management or climate

change, but experiments investigating changes of surface

properties and processes together with atmospheric feed-

backs are rare and have not been undertaken in the world’s

two largest alpine ecosystems, the alpine steppe and the Ko-

bresia pygmaea pastures of the Tibetan Plateau. We con-

nected measurements of micro-lysimeter, chamber, 13C la-

belling, and eddy covariance and combined the observations

with land surface and atmospheric models, adapted to the

highland conditions. This allowed us to analyse how three

degradation stages affect the water and carbon cycle of pas-

tures on the landscape scale within the core region of the
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Kobresia pygmaea ecosystem. The study revealed that in-

creasing degradation of the Kobresia turf affects carbon allo-

cation and strongly reduces the carbon uptake, compromising

the function of Kobresia pastures as a carbon sink. Pasture

degradation leads to a shift from transpiration to evaporation

while a change in the sum of evapotranspiration over a longer

period cannot be confirmed. The results show an earlier onset

of convection and cloud generation, likely triggered by a shift

in evapotranspiration timing when dominated by evapora-

tion. Consequently, precipitation starts earlier and clouds de-

crease the incoming solar radiation. In summary, the changes

in surface properties by pasture degradation found on the

highland have a significant influence on larger scales.

1 Introduction

Alpine ecosystems are considered as being highly vulnera-

ble to the impacts of climate and land use change. This is

especially the case for two of the world’s highest and largest

alpine ecosystems: the Kobresia pygmaea pastures covering

450 000 km2 in the southeast and the alpine steppe cover-

ing 600 000 km2 in the northwest of the Tibetan Plateau. The

Kobresia pygmaea pastures typically form a closed grazing

lawn of about 2 cm in height with up to 98 % cover of Ko-

bresia pygmaea, as main constituent of a felty turf (Kaiser

et al., 2008; Miehe et al., 2008b). The alpine steppe is a cen-

tral Asian short grass steppe with alpine cushions and a plant

cover declining from 40 % in the east to 10 % in the west

(Miehe et al., 2011). Both ecosystems are linked by an eco-

tone of 200 km in width over 2000 km length (Fig. 1).

Obvious features of degradation in the Kobresia pas-

tures and their ecotone are controversially discussed as be-

ing caused by either natural abiotic and biotic processes or

human impacts (Zhou et al., 2005). The most widespread

pattern are mosaics of: (i) closed Kobresia grazing lawns

(later named as intact root Mat, IM); (ii) root turf that is

only sparsely vegetated by Kobresia pygmaea but sealed

with Cyanophyceae (later named as partly degraded root

Mat, DM); and (iii) open loess and gravels that are spar-

ely colonised by cushions, rosettes and small grasses of the

alpine steppe (later named as bare soil, BS).

Assessments of pasture degradation have been either based

on biotic parameters such as decreasing vegetation cover,

species diversity, productivity and forage quality, or alter-

natively on abiotic factors including nutrient loss, soil com-

paction and ongoing soil erosion (Harris, 2010). A defini-

tion of degradation stages was given by Liu et al. (2003,

in Chinese) and later on used by Zhou et al. (2005). Ac-

cording to a study by Niu (1999), 30 % of the Kobresia

grassland is degraded at various levels. Holzner and Kriech-

baum (2000) reported that about 30 % is in optimal condi-

tion, about 30 % shows characteristics of overgrazing where

regeneration seems to be possible after improved utilisation

and about 40 % shows recent or ancient complete degrada-

tion. Here, we regard bare silty soil as the final degradation

stage of a former Kobresia pasture with its intact root turf.

Loss of Kobresia cover goes along with a decrease of palat-

able species and thus pasture quality.

The general lack of data on the alpine ecology of Kobresia

pastures is in strong contrast to the relevance of this ecosys-

tem. However, it is important not only to gain more knowl-

edge on single aspects of the Kobresia pasture, but especially

on ecological functions of the ecosystem. Therefore, mod-

elling of the effects of degradation on atmospheric processes

as well as more general analysis of interactions is necessary

(Cui and Graf, 2009). Only when this challenge has been met

can the effect be investigated in climate models, both for the

past, but mainly for a future climate. The model simulations

of Cui et al. (2006) clearly demonstrate that anthropogenic

land use change on the Tibetan Plateau has far reaching im-

plications for the Indian and East Asian summer monsoons.

In order to correctly reproduce the hydrological regime on

the plateau, a spatial resolution of the order of 10 km is re-

quired (Cui et al., 2007b). This resolution is typical for state-

of-the-art weather forecast models, but is by far not reached

by any climate model simulation. This lack of scale compat-

ibility can to some degree be compensated by sophisticated

treatment of surface energy fluxes and their impact on con-

vective clouds. Therefore, there is an urgent need to iden-

tify the parameters and factors influencing the pastures and

to quantify energy and matter fluxes.

In order to model fluxes over Kobresia and degraded ar-

eas, it is necessary to identify those model parameters which

change significantly due to any degradation present. Three

factors could reflect these problems:

– Missing vegetation: the difference is considered in the

simulation through the fraction of vegetated areas and

the respective parameter differences between bare soil

evaporation and grassland evapotranspiration, as well as

assimilation and respiration.

– Different soil properties: due to the missing Kobresia

turf, soil properties of the upper layer might be changed:

less living and dead organic material lead to poor isola-

tion and switch from hydrophobic to more hydrophilic

properties, thus leading to higher infiltration capacity

and higher soil hydraulic conductivity.

– The available energy changes mostly due to albedo

differences and outgoing long-wave radiation. Further-

more, the direct solar irradiation is much larger than dif-

fuse radiation compared to other regions of the world.

We expect that degradation of vegetation and soil surface at

the plot scale leads to changes of water and carbon fluxes,

as well as carbon stocks, at the ecosystem level, with con-

sequences for the whole Tibetan Plateau. The aim of this

study was to analyse and model for the first time the water
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Figure 1. Kobresia pygmaea pastures (in green) dominate the southeastern quarter of the Tibetan highlands, whereas the alpine steppe covers

the arid northwestern highlands. The experimental sites Xinghai and Kema are in montane and alpine Kobresia pastures, whereas the Nam

Co site is situated in the ecotone towards alpine steppe (modified after Miehe et al., 2008b).

and carbon fluxes in the above-mentioned three types of sur-

face patterns of Kobresia pastures on the Tibetan Plateau. We

combine the benefits of observing water and carbon fluxes at

the plot scale, using micro-lysimeter, chamber-based gas ex-

change measurements and 13CO2 labelling studies, and also

simultaneously at the ecosystem scale with eddy-covariance

measurements. Our model studies are focused on land sur-

face models, where the description of plant and soil param-

eters is more explicitly parameterised than in larger-scale

models. They bridge between the plot and the ecosystem

scale and simulate the influence of increasing degradation on

water and carbon fluxes, which ultimately leads to changes

of cloud cover and precipitation. Explicitly simulating the

impact of changes in vegetation on turbulent surface fluxes

(Gerken et al., 2012), local to regional circulation (Gerken

et al., 2014) and variability in the evolution of convective

clouds and rainfall due to different tropospheric vertical pro-

files (Gerken et al., 2013) allows for the assessment of the

sensitivity of the energetic and hydrological regimes on the

Tibetan Plateau. Such model simulations on the local scale

serve as an important tool for the interpretation of larger scale

simulations and sensitivity studies. The current study pro-

vides a link between degradation studies (Harris, 2010) and

remote sensing and modelling for the whole Tibetan Plateau

(Ma et al., 2011, 2014; Maussion et al., 2014; Shi and Liang,

2014) and climate studies (Cui et al., 2006, 2007a; Yang

et al., 2011; Yang et al., 2014).

2 Material and methods

2.1 Study sites

For the present study, measurements were taken at three

study sites on the Tibetan Plateau. Details are given in Ta-

ble 1. For the experimental activities at the sites see Sect. 2.5.

Xinghai: The experimental site is located in Qinghai

province in the northeastern Tibetan Plateau, approximately

200 km southwest of Xining, and about 15 km south of

Xinghai city. The montane grassland has developed on

a loess-covered (1.2 m) terrace of the Huang He River.

The grassland is used as a winter pasture for yaks and

sheep for 6–7 months of the year (Miehe et al., 2008b;

Unteregelsbacher et al., 2012). About 20 % of the pasture at

the experiment site is completely covered with blue-green

algae and crustose lichens.

Kema: The “Kobresia pygmaea Research Station Kema”, es-

tablished in 2007, is located in the core area of alpine Ko-

bresia pygmaea pasture. All measurements were established

either within or in the close surroundings of an area of 100 m
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Table 1. Characteristics of the three study sites.

Xinghai Kema Nam Co

Coordinates 35◦32′ N, 99◦51′ E 31◦16′ N, 92◦06′ E 30◦46′N, 90◦58′E

Altitude a.s.l. 3440 m 4410 m 4730 m

Soil (IUSS-ISRIC-FAO,

2006)

Haplic

Kastanozems

Stagnic (mollic)

Cambisol

Stagnic Cambisols and Arenosol

Pasture type Montane Kobresia- Alpine Kobresia Alpine steppe pastures with

Stipa winter pas-

tures

pygmaea pastures mosaic Kobresia turfs

Source for soil and

plant types

Kaiser et al. (2008),

Miehe et al. (2008a),

Unteregelsbacher

et al. (2012), and

Hafner et al. (2012)

This study, Kaiser

et al. (2008), Miehe

et al. (2011), and

Biermann et al.

(2011, 2013)

Kaiser et al. (2008), and Miehe et al. (2014)

Climate period

Climate station

1971–2000

Xinghai

3323 ma.s.l.,

35◦35′ N, 99◦59′ E

1971–2000

Naqu

4507 ma.s.l.,

31◦29′ N, 92◦04′ E

1971–2000

Baingoin

4700 ma.s.l.,

31◦23′ N, 90◦01′ E

1971–2000

Damxung

4200 ma.s.l.,

30◦29′ N, 91◦06′ E

Annual precipitation∗ 353 mm 430 mm 322 mm 460 mm

Mean annual temperature 1.4 ◦C −1.2 ◦C −0.8 ◦C 1.7 ◦C

Mean Jul temperature 12.3 ◦C 9.0 ◦C 8.7 ◦C 10.9 ◦C

Source for climate

data

http://cdc.cma.gov.cn/

∗ Due to the East Asian monsoon, almost all of the precipitation falls in the summer months from May to Sep, most frequently in the form of torrential rain during afternoon

thunderstorms.

Table 2. Criteria for a differentiation of main degradation classes at Kema site and survey results.

Stage Intact root Degraded root Bare soil

Mat (IM) Mat (DM) (BS)

Dominant plant species Kobresia pygmaea Kobresia pygmaea, Annuals, e.g.

Lichens, Algae Axyris prostrata

Root mat layer Yes Yes No

Proportion of total surface 65 16 19

area (%, n= 2618)∗

Mean vegetation cover within 88± 6 (SD) 26± 10 (SD) 12± 8 (SD)

the respective stage (%)∗

Maximal vegetation cover 99 65 35

(%)∗

Minimal vegetation cover 72 5 0

(%)∗

Level difference to BS 9.4± 2.0 (SD) 8.5± 2.0 (SD) –

(cm, n= 60)

∗ n= 100 for IM, DM, BS; considered are only “higher graduated plants” (grasses, herbs).

by 250 m, fenced in 2009, on a pasture where grazing was

restricted to a few months during winter and spring. The

growing season strongly depends on the availability of wa-

ter, and usually starts at the end of May with the onset of the

monsoon and ends with longer frosts by the end of August

or September. Kobresia pygmaea has an average vegetation

grazed height of 1–2 cm (Miehe et al., 2008b) and forms a

very tough felty root turf of living and dead Kobresia roots,

leaf bases and soil organic matter (Kaiser et al., 2008). It is

designated as Kobresia root mat throughout this study and

attains a thickness of 14 cm.

The site is covered with Kobresia pygmaea (Cyperaceae),

accompanied by other monocotyledons (Carex ivanoviae,

Carex spp., Festuca spec., Kobresia pusilla, Poa spp.,

Stipa purpurea) and to a minor degree by perennial herbs.

For more details on the species diversity see Biermann

et al. (2011, 2013).

Nam Co: The “Nam Co Monitoring and Research Station

for Multisphere Interactions” (NAMORS) of the Institute of

Biogeosciences, 11, 6633–6656, 2014 www.biogeosciences.net/11/6633/2014/
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Table 3. Instrumentation of Kema site in 2010 (6 June–2 August) and 2012 (11 July–10 September, AWS: automatic weather station).

Complex 1

Kobresia pasture,

2010

Complex 2∗

Kobresia pasture,

2010

Complex 3

bare soil

2010

AWS

2012

Radiation and

soil complex

2012

Wind velocity and wind

direction

2.21 m, CSAT3

(Campbell Sci. Ltd.)

2.20 m, CSAT3

(Campbell Sci. Ltd.)

– 2.0 m, WindSonic

1 (Gill)

–

CO2 and H2O

concentration

2.16 m, LI-7500

(LI-COR Biosciences)

2.19 m, LI-7500 (LI-

COR Biosciences)

– – –

Air temperature and

humidity

2.20 m, HMP 45

(Vaisala)

2.20 m, HMP 45

(Vaisala)

– 2.0 m, CS 215

(Campbell Scientific

Ltd.)

–

Ambient pressure – Inside Logger Box

(Vaisala)

– – –

Solar radiation 1.90 m, CNR1 (Kipp &

Zonen)

1.88 m; CNR1

(Kipp & Zonen)

– 2.0 m, Pyranometer SP

110 (Apogee), NR Lite

(Kipp & Zonen),

LI 190 SB (LI-COR)

2.0 m; CNR1

(Kipp & Zo-

nen)

Precipitation – 1.0 m, Tipping

bucket

– 0.5 m, Tipping

Bucket (Young)

–

Soil moisture −0.15,

Imko-TDR

−0.1,

−0.2,

Imko-TDR

−0.15,

Imko-TDR

−0.05,

−0.125,

−0.25, Campbell CS 616

−0.1,

−0.2,

Imko-TDR

Soil water potential – – – −0.05,

−0.125

−0.25, Campbell 257-L

–

Soil temperature −0.025,

−0.075,

−0.125,

Pt 100

−0.025,

−0.075,

−0.125,

−0.2,

Pt 100

−0.025,

−0.075,

−0.125,

Pt 100

−0.025,

−0.075

−0.125,

−0.25,

Pt 100

−0.025,

−0.075,

−0.125,

−0.175,

Pt 100

Soil heat flux −0.15, HP3 −0.15, HP3 −0.15, HP3 – −0.2, HP3,

Hukseflux

∗ This complex was used due to the higher data availability. There was no difference between the two instruments.

TibetanPlateauResearch of the Chinese Academy of Science

(Ma et al., 2008) is located within an intramontane basin,

1 km SE of Lake Nam Co and in approximately 10 km dis-

tance NNW of the foot of the Nyainqentanglha mountain

range. The zonal vegetation comprises mosaics of Kobresia

turfs and open alpine steppe; water surplus sites have de-

graded Cyperaceae swamps (Mügler et al., 2010; Wei et al.,

2012; Miehe et al., 2014).

2.2 Classification of the degradation classes

at Kema site

At the Kema site a patchy structure of different degradation

stages exists, which were classified according to the follow-

ing classes (Fig. 2): intact root Mat (IM), degraded root Mat

(DM) and bare soil (BS).

Intact root Mat (IM)

Although this degradation class is named as IM in this study,

according to the definition of Miehe et al. (2008b) it is al-

ready degraded. Closed Kobresia mats are normally char-

acterized as 90–98 % cover of Kobresia pygmaea, and ad-

ditionally occurring biennial rosette species (Miehe et al.,

2008b), which is not the case at Kema site. Nevertheless,

soil is covered completely with the characteristic root turf

of these Cyperaceae communities and a fairly closed cover

of vegetation can be observed.

Degraded root Mat (DM)

For the DM class, not only is the spatial cover of Kobresia

pygmaea much lower (less than 26 %), but also the propor-

tion of crusts compared to IM is much higher; the root turf is

still present. Crusts were formed by Cyanophyceae (blue al-

gae, Miehe et al., 2008b; Unteregelsbacher et al., 2012) and

were a characteristic property of this classification.
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Figure 2. The three defined vegetation classes: (a) intact root Mat (IM); (b) degraded root Mat (DM); and (c) bare soil (BS).

Bare soil (BS)

In contrast to IM and DM, this surface class is missing the

dense root turf and Kobresia pygmaea completely, result-

ing in a height step change. Most of the surface is unveg-

etated, nevertheless annual and perennial plants still occur,

e.g. Lancea tibetica and Saussurea stoliczkai, described as

endemic biennial rosettes and endemic plants with rhizomes,

adapted to soil movement and the occurrence of trampling

(Miehe et al., 2011).

These classes co-exist on scales which are too small to be

resolved by the eddy-covariance method. Therefore we con-

ducted a field survey within the eddy-covariance footprint

to estimate their spatial abundance (Table 2). The degrada-

tion classes were recorded at a defined area of 5cm× 5 cm

over a regular grid according to the step point method (Evans

and Love, 1957), yielding a total of 2618 observations. The

proportion of total surface area is then calculated from the

frequency of a given class vs. the total number of sampling

points. With a Kobresia pygmaea cover of approximately

65 %, an area of 16 % crust-covered turf as well as 19 %

bare soil spots, the main study site is considered to be a typ-

ical alpine Kobresia pygmaea pasture with a low to medium

degradation state (Table 2).

2.3 Measuring methods

2.3.1 Micrometeorological measurements

The measurements of the water and carbon fluxes with the

eddy-covariance (EC) method were conducted at the Nam

Co site in 2009 and at the Kema site in 2010. The EC towers

were equipped with CSAT3 sonic anemometers (Campbell

Sci. Inc.) and LI-7500 (LI-COR Biosciences) gas analysers.

The complete instrumentation, including radiation and soil

sensors, is given in Tables 3 and 4; for more details see Zhou

et al. (2011) and Biermann et al. (2011, 2013).

Turbulent fluxes were calculated and quality controlled

based on micrometeorological standards (Aubinet et al.,

2012) through the application of the software package

TK2/TK3 developed at the University of Bayreuth (Mauder

and Foken, 2004, 2011). This includes all necessary data cor-

rection and data quality tools (Foken et al., 2012a), was ap-

proved by comparison with other commonly used software

packages (Mauder et al., 2008; Fratini and Mauder, 2014),

and calculated fluxes match up-to-date micrometeorological

standards (Foken et al., 2012a; Rebmann et al., 2012). It also

offers a quality flagging system evaluating stationarity and

development of turbulence (Foken and Wichura, 1996; Fo-

ken et al., 2004). Furthermore, a footprint analysis was per-

formed (Göckede et al., 2004, 2006), which showed that the

footprint area was within the classified land use type. This

finding is in agreement with the results obtained by Zhou

et al. (2011) for the Nam Co site.

For the interpretation of the results, the so-called un-

closure of the surface energy balance (Foken, 2008) with

eddy-covariance data must be taken into account, especially

when comparing eddy-covariance measurements with mod-

els that close the energy balance, like SEWAB (Kracher

et al., 2009), or when comparing evapotranspiration sums

with micro-lysimeter measurements. For the Nam Co site

Zhou et al. (2011) found that only 70 % of the available en-

ergy (net radiation minus ground heat flux) contributes to the

sensible and latent heat flux, which is similar to the findings

of other authors for the Tibetan Plateau (Tanaka et al., 2001;

Yang et al., 2004). For the Nam Co 2009 data set we found a

closure of 80 %, while both eddy-covariance measurements

in Kema 2010 showed a closure of 73 %. Following recent

experimental studies, we assume that the missing energy is

to a large extent part of the sensible heat flux (Foken et al.,

2011; Charuchittipan et al., 2014), which was also postu-

lated from a model study (Ingwersen et al., 2011). We thus

corrected the turbulent fluxes for the missing energy accord-

ing to the percentage of sensible and latent heat flux con-

tributing to the buoyancy flux according to Charuchittipan

et al. (2014), Eqns 21–23 therein. This correction method

attributes most of the residual to the sensible heat flux de-

pending on the Bowen ratio (see Charuchittipan et al., 2014,

Fig. 8 therein). For the measured range of Bowen ratios from

0.12 (5 % quantile) to 3.3 (95 % quantile), 37 to 2 % of the

available energy was moved to the latent heat flux. For Kema

in 2010, this is equal to an addition of 5 Wm−2 missing en-

ergy to the latent heat flux on average. In contrast, eddy-

covariance-derived net ecosystem exchange (NEE) fluxes

were not corrected (Foken et al., 2012a).
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Table 4. Instrumentation of NamCo site in 2009 (25 June–8 August, only relevant instruments are shown).

Device Type/manufacturer Height

Ultrasonic anemometer CSAT3 (Campbell Scientific Ltd.) 3.1 m

Gas analyser LI-7500 (LI-COR Biosciences) 3.1 m

Temperature–humidity sensor HMP 45 (Vaisala) 3.1 m

Net radiometer CM3 & CG3 (Kipp&Zonen) 1.5 m

Rain gauge Tipping bucket 1 m

Soil moisture Imko-TDR −0.1, −0.2, −0.4, −0.8, −1.60

Soil temperature Pt100 −0.2, −0.4, −0.8, −1.60

Logger CR5000 (Campbell Scientific Ltd.)

2.3.2 Soil hydrological measurements

In order to directly assess hydrological properties of the dif-

ferent degradation stages we used small weighing micro-

lysimeters as a well-established tool to monitor evapotranspi-

ration, infiltration and volumetric soil water content (Wieser

et al., 2008; van den Bergh et al., 2013). As it was necessary

to allow for quick installation with minimum disturbance,

we developed a technique based on near-natural monoliths

extracted in transparent plexiglass tubes (diameter 15 cm,

length 30 cm). The monoliths were visually examined for

intactness of the soil structure and artificial water pathways

along the sidewall and then reinserted in their natural place

inside a protecting outer tube (inner diameter 15 cm).

A general problem with soil monoliths is the disruption

of the flow paths to the lower soil horizons leading to artifi-

cially high water saturation in the lower part of the monolith

(Ben-Gal and Shani, 2002; Gee et al., 2009). This was pre-

vented by applying a constant suction with 10 hPa of a hang-

ing water column maintained by a spread bundle of 20 glass

wicks (2 mm diameter) leading through the bottom plate into

a 10 cm long downward pipe (15 mm diameter). Drained wa-

ter was collected in a 200 ml PE bottle.

Micro-lysimeters were set up in June 2010 on four sub-

plots inside the fenced area of the Kema site at a distance of

20 to 50 m from the eddy-covariance station. On each sub-

plot one micro-lysimeter was installed in IM and one in BS

at a maximum distance of 1 m. All micro-lysimeters were

weighed every 2 to 10 days with a precision hanging bal-

ance from 23 June to 5 September 2010 and from 2 June to

5 September 2012. Soil cores (3.3 cm diameter, 30 cm depth)

were taken near every micro-lysimeter on 29 June 2010. The

soil samples were weighed fresh and after drying in the lab-

oratory at Lhasa. By relating the given water content to the

weight of the corresponding micro-lysimeter at that date, we

were able to calculate volumetric soil water content for each

micro-lysimeter over the whole measuring period. Further

details about the micro-lysimeter technique and set-up are

given by Biermann et al. (2013).

2.3.3 Soil gas exchange measurements

In 2012, CO2 flux measurements were conducted with an

automatic chamber system from LI-COR Biosciences (Lin-

coln, NE, USA). This LI-COR long-term chamber system

contains a LI-8100 Infrared Gas Analyser (LI-COR Lincoln,

NE, USA), is linked with an automated multiplexing sys-

tem (LI-8150) and two automated chambers, one opaque

and the other transparent for Reco and net ecosystem ex-

change (NEE), respectively. The chambers are equipped with

a fully automatically rotating arm that moves the chamber

180◦ away from the collar and therefore ensures undisturbed

patterns of precipitation, temperature and radiation. Further-

more, by moving the chamber in-between measurements the

soil and vegetation itself experiences less disturbance. The

applied LI-COR chambers were compared during a sepa-

rate experiment against eddy-covariance measurements by

Riederer et al. (2014). Besides differences – mainly under

stable atmospheric stratification – the comparison was satis-

factory in daytime.

The three surface types IM, DM and BS were investigated

with respect to their CO2 fluxes between 30 July and 26

August 2012 at Kema. The CO2-flux measurements of the

three treatments were conducted consecutively. Therefore,

the long-term chambers were moved to a patch representing

the surface of interest. Measurements were conducted for 5

to 9 days before rotating to another location, starting from

IM (30 July–7 August), continuing at BS (7–15 August), DM

(15–21 August) and ending again at IM (21–26 August).

Intact root Mat has been measured twice during the obser-

vation period to provide information about possible changes

in the magnitude of CO2 fluxes, due to changing meteoro-

logical parameters. The two measurements will be denoted

as IM period 1 and IM period 4. Note that during the mea-

surement of IM period 4, other collars than during IM period

1 have been investigated. Nevertheless, the patches selected

for the collar installation consisted of the same plant com-

munity, and showed the same soil characteristics. Because

of lack of time the other two surfaces BS and DM were only

measured once, but for as long as possible to gather sufficient

information on diurnal cycles for these treatments.
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2.3.4 13C labelling

13CO2 pulse labelling experiments were used to trace allo-

cation of assimilated C in the shoot–root–soil system in a

montane Kobresia pygmaea pasture 2009 in Xinghai (Hafner

et al., 2012) and in alpine Kobresia pygmaea pasture 2010 in

Kema (Ingrisch et al., 2014). Plots (0.6×0.6 m2) with plants

were labelled with 13C-enriched CO2 in transparent cham-

bers over 4 h at the periods of maximal Kobresia growth in

summer. Afterwards, 13C was traced in the plant–soil system

over a period of 2 months with increasing sampling intervals

(10 times).

Aboveground biomass was clipped and belowground

pools were sampled with a soil core (0–5 cm, 5–15 cm and in

Xinghai additionally in 15–30 cm). After drying and sieving

(2 mm), two belowground pools were separated into soil and

roots. As the only means of obtaining measurements of soil

CO2 efflux and its δ13C in a remote location, the static alkali

absorption method with installation of NaOH traps was used

(Lundegardh, 1921; Singh and Gupta, 1977; Hafner et al.,

2012). Natural 13C abundance in the pools of plant–soil sys-

tems, including CO2 efflux, was sampled with a similar pro-

cedure on unlabelled spots. Total carbon and nitrogen content

and δ13C of the samples were analysed with an Isotope-Ratio

Mass Spectrometer. All details of the 13CO2 pulse labelling

experiments were described in Hafner et al. (2012) and In-

grisch et al. (2014). All data from 13C labelling experiments

are presented as means ± standard errors. The significance

of differences was analysed by ANOVA at α = 0.05.

2.4 Soil–vegetation–atmosphere transfer models

We conducted model experiments in order to estimate the

impact of the defined degradation classes on water and

carbon fluxes, including feedback on atmospheric circula-

tion. Therefore three 1-D soil–vegetation–atmosphere trans-

fer models were utilised to examine evapotranspiration

(Sect. 2.4.1), carbon fluxes (Sect. 2.4.2), and surface feed-

backs (Sect. 2.4.3). While the first two models were driven

by measured standard meteorological forcing data, the latter

is fully coupled to the atmosphere, which allows for feed-

backs of land surface exchange to the atmosphere.

2.4.1 Evapotranspiration – the SEWAB model

To model the sensible and latent heat flux (evapotranspi-

ration) the 1-D soil–vegetation–atmosphere transfer scheme

SEWAB (Surface Energy and WAter Balance model) was ap-

plied (Mengelkamp et al., 1999, 2001). The soil temperature

distribution is solved by the diffusion equation and vertical

movement of soil water is described by the Richards equation

(Richards, 1931). Relationships between soil moisture char-

acteristics are given by Clapp and Hornberger (1978). At-

mospheric exchange is given by bulk approaches, taking into

account aerodynamic and thermal roughness lengths with re-

spect to atmospheric stability (Louis, 1979). The latent heat

flux is split up into vegetated surface flux and bare soil evap-

oration. The flux from vegetation is composed of wet foliage

evaporation and transpiration of dry leaves. For the latter,

the stomata resistance is constrained by minimum resistance

and stress factors in a Jarvis-type scheme (Noilhan and Plan-

ton, 1989). In contrast to many other SVAT models, SEWAB

parameterises all energy balance components separately and

closes the energy balance by an iteration for the surface tem-

perature using Brent’s method.

2.4.2 Carbon dioxide exchange – the SVAT-CN

The model SVAT-CN (Reichstein, 2001; Falge et al., 2005)

simulates CO2 and H2O gas exchange of vegetation and soil.

It consists of a 1-D canopy model (Caldwell et al., 1986; Ten-

hunen et al., 1995), a 1-D soil physical model of water and

heat fluxes (Moldrup et al., 1989, 1991), and a model of root

water uptake (Reichstein, 2001). The model has been further

developed with respect to soil gas emissions of CO2 and N2O

from forest, grassland, and fallow (Reth et al., 2005a, b, c).

In combination with a 3-D model, it has been used to sim-

ulate vertical profiles of latent heat exchange and success-

fully compared to vertical profiles of latent heat exchange

in a spruce forest canopy (Staudt et al., 2011; Foken et al.,

2012b). Plant canopy and soil are represented by several hor-

izontally homogeneous layers, for which microclimate and

gas exchange is computed. The soil module simulates unsat-

urated water flow according to Richards equation (Richards,

1931) parameterised with van Genuchten (1980) soil hy-

draulic parameters. C3 photosynthesis is modelled using the

basic formulation described by Farquhar et al. (1980). Stom-

atal conductance is linked linearly to assimilation and envi-

ronmental controls via the Ball–Berry equation (Ball et al.,

1987). The slope of this equation (gfac) is modelled depend-

ing on soil matrix potential (9) in the main root layer.

2.4.3 2-D atmospheric model – ATHAM

For estimation of surface feedbacks the Hybrid vegetation

dynamics and biosphere model (Friend et al., 1997; Friend

and Kiang, 2005) was utilised, which is coupled to the cloud-

resolving Active Tracer High-resolution Atmospheric Model

(ATHAM, Oberhuber et al., 1998; Herzog et al., 2003). In

a separate work (Gerken et al., 2012), the SEWAB model

compared well with Hybrid. The fully coupled system was

successful in simulating surface–atmosphere interactions,

mesoscale circulations and convective evolution in the Nam

Co basin (Gerken et al., 2013, 2014). In a coupled simulation,

surface fluxes of energy and moisture interact with the flow

field. At the same time, wind speed as well as clouds, which

modify the surface radiation balance, provide a feedback to

the surface and modify turbulent fluxes. Such simulations can

produce a complex system of interactions.
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Table 5. Experimental setup during the different experiments, with the corresponding measuring technique and the degree of degradation,

(intact root Mat: IM, degraded root Mat: DM, bare soil: BS, alpine steppe: AS).

Experiment Eddy-covariance Micro-lysimeter Chamber CO2- 13C pulse

H2O-, CO2 flux H2O flux flux LI-8100, labelling,

(Reco, NEE) 13C chasing

Plot area 102–105 m2 (footprint) 0.018 m2 0.031 m2 0.6 m2

Xinghai 2009 IM, DM

Nam Co 2009 AS

Kema 2010 65 % IM, 16 % DM, 19 % BS IM, BS IM, DM

Kema 2012 IM, BS IMa, DMb, BSc

a From 30 July to 7 August and from 21 to 26 August
b From 7 to 15 August
c From 15 to 21 August

Table 6. Overview of model scenarios conducted with SEWAB and

SVAT-CN for Kema site, periods 2010 and 2012 and Nam Co 2009.

The numbers for vegetation fraction and the tile approach have been

derived by the classification survey described in Sect. 2.2.

Simulation Proportion of Vegetation Model

total surface area cover parameter

SAS 100 % Alpine steppe 0.6 Nam Co AS

SIM 100 % IM 0.88 Kema RM

SDM 100 % DM 0.26 Kema RM

SBS 100 % BS 0.12 Kema BS

SRefEC Tile approach:

SRefEC = 0.65 · SIM+ 0.16

·SDM+ 0.19 · SBS

2.4.4 Problems of land surface modelling on

the Tibetan Plateau

Land surface modelling of energy and carbon dioxide ex-

change faces specific problems on the Tibetan Plateau. Most

influential is the strong diurnal cycle of the surface temper-

ature, observed in dry conditions over bare soil or very low

vegetation, leading to overestimation of surface sensible heat

flux (Yang et al., 2009; Hong et al., 2010) caused by too high

turbulent diffusion coefficients. Land surface models usually

parameterise these coefficients by a fixed fraction between

the roughness length of momentum and heat, however, Yang

et al. (2003) and Ma et al. (2002) observed a diurnal variation

of the thermal roughness length on the Tibetan Plateau. As

another special feature, land surface models tend to under-

estimate bare soil evaporation in semiarid areas (e.g. Agam

et al., 2004; Balsamo et al., 2011).

Especially the Kobresia mats are characterised by chang-

ing fractions of vegetation cover and partly missing root

mats, exposing almost bare soil with properties different

from the turf below the Kobresia. From investigations of soil

vertical heterogeneity by Yang et al. (2005) it can be con-

cluded that such variations will significantly influence the ex-

change processes, posing a challenge for land surface mod-

elling. The models have therefore been adapted to these con-

ditions and specific parameter sets have been elaborated from

field measurements for Nam Co and Kema (Gerken et al.,

2012; Biermann et al., 2014), see Appendix A for more de-

tails.

2.5 Experimental and modelling concept

Experimental investigations on the Tibetan Plateau are not

comparable with typical meteorological and ecological ex-

periments. Not only do the high altitude and the remoteness

of the area impose limitations, but also unforeseeable ad-

ministrative regulations challenge the organisation of exper-

iments with different groups and large equipment. It was ini-

tially planned to investigate small degraded plots with cham-

bers and micro-lysimeters and to use a larger plot, in the size

of the eddy-covariance footprint, as a reference area to in-

vestigate the daily fluctuations of the evaporation and carbon

dioxide flux. Due to customs and permit problems, this was

unfortunately only partly possible at Kema site in 2010, and

not at all during the main chamber experiment in 2012.

Therefore, model-specific parameters were investigated in

2012 and the models were adapted to the specific Tibetan

conditions with the chamber data. These model versions

were then tested with the eddy-covariance data in 2010 at

the Kema site with nearly intact Kobresia cover. Forced with

measured atmospheric conditions, these simulations are used

to examine the differences among degradation classes in car-

bon and water exchange between surface and atmosphere.

The 13C labelling studies enabled us to relate the differences

in carbon exchange to the specific vegetation and soil com-

partments. Finally, a surface scheme coupled with a meso-

scale atmospheric model served to estimate feedbacks of sur-

face forcing on the atmosphere. A summary of the experi-

mental setup according to measurement technique is given in

Table 5.

In accordance with this concept, we adapted both SEWAB

and SVAT-CN to the Kema site using the vegetation and soil

parameters elaborated in 2012, and chamber measurements
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Table 7. Comparison of the models SEWAB and SVAT-CN against eddy-covariance and chamber measurements, using the squared Pearson

correlation coefficient r2, as well as slope and offset of the linear regression; n is the number of observations

Experiment Comparison Class Variable Unit r2 Slope Offset n

Nam Co 2009 EC vs. SEWAB AS 30 min ETa mmd−1 0.74 1.10 −0.50 572

EC vs. SVAT-CN AS Median NEEb gCm−2 d−1 0.90 1.15 −0.15 124

Kema 2010 EC vs. SEWAB RefEC 30 min ET mmd−1 0.72 1.03 −0.28 577

EC vs. SVAT-CN RefEC Median NEE gCm−2 d−1 0.81 0.99 −0.02 124

Kema 2012 Chamber vs. IMc 30 min NEE gCm−2 d−1 0.86 0.80 −0.89 537

SVAT-CN DM 30 min NEE gCm−2 d−1 0.74 0.85 −0.24 363

BS 30 min NEE gCm−2 d−1 0.48 1.77 −0.38 195

a ET at Nam Co 2009 is already published by Biermann et al. (2014), offset recalculated in mm d−1

b Hourly medians from an ensemble diurnal cycle over the entire period
c Both period 1 and period 4

from 2012 for calibration. Two parameter sets were estab-

lished: one for surfaces with root mat (Kema RM: IM and

DM differ only in vegetation fraction), and one for BS con-

ditions (Kema BS). Simulations with in situ measured atmo-

spheric forcing data were performed specifically for each of

the degradation classes SIM, SDM and SBS according to the

definition in Table 2. These model runs serve to expand the

chamber data beyond their measurement period, and we are

now able to compare the class-specific fluxes over a 46-day

period (12 July to 26 August 2012).

Furthermore, we compared the adapted model versions

with eddy-covariance data from 2010 using the respective

forcing data measured in situ in 2010. The eddy-covariance

measurements integrate the fluxes from a source area rang-

ing 50–200 m around the instrument (for detailed footprint

analysis see Biermann et al., 2011, 2013), and therefore rep-

resent H2O and CO2 fluxes from IM, DM and BS according

to their proportion of total surface area in Table 2. In order

to ensure comparability, we reproduce this composition with

the simulations as well using the tile approach (SRefEC). An

overview of model scenarios conducted at the Kema site is

given in Table 6.

The differences in flux simulations among the degrada-

tion stages were controlled by the variation of the vegetation

fraction and soil properties. A consistent parameter set for

several experiments and multiple target variables (evapotran-

spiration, net/gross ecosystem exchange, ecosystem respira-

tion) is a necessary pre-condition to ensure that the model

physics implemented reflect these changes in a realistic man-

ner. Therefore we abstained from optimising the parameter

space, but used parameter estimates from field and labora-

tory measurements as far as possible (Appendix A), and in-

evitable calibration has been done for SVAT-CN by scaling

the leaf area index with a single factor as well as a complete

set of leaf physiology parameters.

For the investigation of the impact of surface degrada-

tion on the atmosphere, it was decided to run a relatively

simple numerical experiment prescribing a symmetric, two-

dimensional Tibetan valley with 150 km width, and sur-

rounded by Gaussian hills with 1000 m altitude. A sounding

taken at Nam Co on 17 July 2012 was used as the initial pro-

file. The setup is comparable to Gerken et al. (2013, 2014). A

total of four cases were chosen for this preliminary analysis.

A dry scenario with initial soil moisture of 0.5× field capac-

ity and a wet scenario with soil moisture at field capacity, as

might be the case during the monsoon season, were used. For

both surface states, simulations were performed with a vege-

tation cover of 25 and 75 % corresponding to a degraded and

intact soil-mat scenario.

The study is limited by conceptual restrictions, which are

mainly due to the scale problem in the different compart-

ments (Foken et al., 2012b, see Appendix of this paper) and

the working conditions in remote and high altitudes. Only

one more-or-less uniform type of degradation has been in-

vestigated within the footprint area of the eddy-covariance

measurements (Göckede et al., 2006) of 50–200 m extent,

which is, in the case of this study, an almost non-degraded

Kobresia pasture. The other types could only be found on

much smaller plots, and had no significant influence on the

whole footprint area, even when the non-linear influence of

the different land-cover areas on the fluxes of the larger area

is considered (Mölders, 2012). However, the investigation of

degraded stages could only be done with small-scale mea-

surements, such as those obtained with chambers and micro-

lysimeters.

3 Results and discussion

We used separate experiments in 2009 (Nam Co) and

2010 (Kema) to validate models against eddy-covariance

data (Sect. 3.1). These models were compared in 2012

against micro-lysimeters (Sect. 3.2) and against chambers

(Sect. 3.3). The specific results – in the sense of our research

questions – are given in Sects. 3.4–3.6.
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Figure 3. Evapotranspiration (ET) derived with SEWAB and with

micro-lysimeter measurements at Kema in 2010 (33 days: 23

June–25 July) and Kema in 2012 (40 days: 16 July–24 August) for

intact root mat (IM), degraded root Mat (DM) and bare soil (BS).

Hatched bars denote the simulated evaporation (Ev) as part of the

total simulated ET, the remainder is transpiration. Black lines on

top of the bars for the micro-lysimeter illustrate standard deviations

(n= 4).

3.1 Comparison of eddy-covariance flux measurements

with modelled fluxes

In order to test the performance of evapotranspiration (ET)

with SEWAB and net ecosystem exchange (NEE) with

SVAT-CN, we compared the model results for Kema with

the eddy-covariance measurements from 2010 (Sect. 2.5).

The results show that SEWAB simulations represent the half-

hourly measured turbulent fluxes at Kema generally well (Ta-

ble 7, see scatter plots and diurnal cycles in the Appendix,

Figs. B1–B5). Model performance at Nam Co for the mea-

surements in 2009 was very similar, as well as the magni-

tude of the fluxes (Table 7, from Biermann et al., 2014).

Measured hourly medians (from an ensemble diurnal cy-

cle over the entire period) of NEE at Kema ranged between

−2.8 and 1.5 gCm−2 d−1 over the course of the day, whereas

modelled medians reached a minimum −3.0 and a maxi-

mum of 1.7 gCm−2 d−1. Although the model overestimated

the CO2 uptake, especially in the midday hours, the corre-

lation between hourly medians of model output and mea-

sured NEE was generally realistic (Table 7). Compared to

Kema data, mean diurnal patterns of measured and modelled

NEE at Nam Co site showed smaller fluxes and less variation.

Measured hourly medians of NEE ranged between −2.3 and

1.0 gCm−2 d−1 over the course of the day, and modelled me-

dians between −2.7 and 1.0 gCm−2 d−1 (Table 7).

3.2 Class-specific comparison of evapotranspiration

with micro-lysimeter measurements and

SEWAB simulations

Daily evapotranspiration (ET) of the Kobresia pygmaea

ecosystem was about 2 mmd−1 during dry periods and

increased to 6 mmd−1 after sufficient precipitation (not

shown). This was confirmed with small weighable micro-

lysimeters giving a direct measure of ET from small soil

columns over several days and SEWAB simulations. For a

33-day period at Kema 2010, ET for both micro-lysimeter

and simulations varied around 1.9 mmd−1, reflecting drier

conditions, while in 2012 the micro-lysimeter showed a

maximum ET of 2.7 mmd−1 at BS, and the simulations

3.5 mm d−1 at IM (Fig. 3). In both periods, the lysimeter

measurements do not differ significantly between IM and

BS (two-sided Wilcoxon rank sum test, n= 4). The model

results support this finding in general, as they are within

the 95 % confidence interval (1.96 × standard error) of the

lysimeter measurements in three cases; however they dif-

fer significantly from the lysimeter measurements for IM in

2012. The model results suggest that even for dense vegeta-

tion cover (IM), a considerable part of ET stems from evap-

oration. At DM and BS, transpiration of the small above-

ground part of Kobresia is lower, but it is compensated by

evaporation. Therefore, the water balance is mainly driven

by physical factors, i.e. atmospheric evaporative demand and

soil water content.

3.3 Class-specific comparison of carbon fluxes with

chamber measurements and SVAT-CN simulations

During the Kema 2012 campaign, the carbon fluxes for dif-

ferent degradation levels were investigated with chamber-

based gas exchange measurements. Parallel measurements

could not be established due to instrumental limitations,

therefore the SVAT-CN model is utilised to compare the

degradation classes over the whole period. In order to adapt

SVAT-CN to the chamber measurements, the parameters of

leaf physiology and soil respiration have been set to values

that accommodate the different vegetation types and cover of

the plots (Appendix A, Table A2).

Daily sums of ecosystem respiration (Reco) over IM were

overestimated by the model during period 1, but underes-

timated during the second setup over IM (period 4); see

Fig. 4. This might be attributable to a difference in leaf

area index (LAI) between the rings for period 1 and pe-

riod 4, as they differed in biomass content at the end of the

measurement campaign (Ring P1, NEE chamber: 3.1 g and

P4, NEE chamber: 4.5 g). The model has been adapted to

both periods with one parameter set in order to reflect av-

erage conditions. Overall, the model predicted a mean Reco

of 2.37 gCm−2 d−1 for IM, whereas the mean of the cham-

ber data yielded 2.31 g C m−2 d−1. For the chamber setup

over bare soil (BS, period 2), Reco were, on average, rep-

resented well by the model (on average 0.77 g C m−2 s−1)

as compared to the data average of 0.81 g C m−2 d−1. Sim-

ilarly, for DM (period 3) modelled (1.81 gC m−2 d−1) and

measured (1.69 g C m−2 d−1) average Reco compared well.

Analogous patterns were found for daily sums of gross

ecosystem exchange (GEE= NEE−Reco): under- and over-

estimations of the daily sums characterised the setups over

IM (period 1 and 4), but were compensated to some ex-

tent when analysing period 1 and 4 together (modelled
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Figure 4. Comparison of measured and modelled daily carbon exchange sums from 31 July to 25 August 2012 at Kema. Hatched bars

denote the simulated gross ecosystem exchange (GEE) and ecosystem respiration (Reco), the sum is the net ecosystem exchange (NEE,

coloured bars). The four periods represent different stages of vegetation degradation (see Table 2). Leaf physiology and soil respiration was

parameterised for best representation of the gas exchange chamber data over the entire time period (see Sect. 2.5.2). Missing dates indicate

days when chambers were set up or relocated to another treatment.

average GEE −5.39 g Cm−2 d−1, measured average GEE

−4.96 gCm−2 s−1). Average modelled GEE over BS with

−0.89 gC m−2 d−1 compared well to measured GEE for pe-

riod 2 (−0.69 gCm−2 d−1). Over DM, the average modelled

GEE was −1.64 gCm−2 d−1, and measured GEE showed an

average of −1.94 gCm−2 d−1. The model performance with

respect to 30 min NEE is shown in Table 7, scatter plots of

the regression are given in a supplement.

The mean carbon fluxes derived from SVAT-CN simula-

tions for the different degradation classes over the vegetation

period are shown in Fig. 5. A noticeable carbon uptake of

−2.89 gCm−2 d−1 for IM reduces to −0.09 for BS and even

shifts to a weak release of 0.2 at DM. This is mainly related

to a drop in GEE by 83 % for BS and 64 % for DM, com-

pared to IM (100 %). While Reco for BS is reduced by 66 %,

it only reduces by 12 % for DM, leading to the small net re-

lease already mentioned.

Cumulative NEE was calculated applying the four dif-

ferent model setups previously described: IM; DM and BS

stages of Kobresia pastures at Kema; and alpine steppe (AS)

ecosystem at Nam Co (Fig. 6). The simulation period ranged

from the period 12 July to 26 August 2012. For this pe-

riod, only the IM stage showed significant carbon uptake of

−133 gCm−2. DM and BS ecosystems were more or less

carbon neutral (−4 gCm−2 uptake at BS, and 9 gCm−2 re-

lease at DM). The model for AS resulted in a carbon loss of

24 gCm−2 for the investigated period.

3.4 Distribution of the assimilated carbon in Kobresia

pastures and the soil

The results from two 13CO2 pulse labelling experiments at

Xinghai 2009 (Hafner et al., 2012) and Kema 2010 (Ingrisch

et al., 2014) show the distribution of assimilated carbon (C)

in a montane and alpine Kobresia pasture (Fig. 7). The study

in Xinghai showed that C translocation was different on plots

where vegetation had changed from Cyperaceae to Poaceae

dominance, induced by grazing cessation. Less assimilated C

was stored in belowground pools. The study in Kema showed

that roots within the turf layer act as the main sink for re-

cently assimilated C (65 %) and as the most dynamic part of

the ecosystem in terms of C turnover. This is also the main

difference between the experiments on the two sites as in the

case of the alpine pasture (Kema) more C was allocated be-

lowground than in montane pasture, where such a turf layer

does not exist. However, as the experiments were conducted

under different conditions and in consecutive years, a com-

parison of absolute values is not possible as the determined C

fraction varies also throughout the growing season (Swinnen

et al., 1994; Kuzyakov and Domanski, 2000).

At Kema, the 13CO2 labelling was furthermore coupled

with eddy-covariance measurements to determine the abso-

lute values of the carbon distribution in the plants, roots and

the soil following a method developed by Riederer (2014):

The relative C distribution within the various pools of the

ecosystem, at the end of the allocation period (i.e. when the
13C fixing reaches a steady state, in our case 15 days after

the labelling) was multiplied with a nearly steady-state daily

carbon uptake measured with the eddy-covariance method.

Besides the determination of absolute values, the continuous

observation of the exchange regime with the EC confirms

that the pulse labelling was conducted under atmospheric

conditions similar to those of the whole allocation period.

This leads to more representativeness of the result of the
13CO2 labelling experiment, which could not be repeated due

to the short vegetation period and restricted access to this re-

mote area. Please note that repetitions have been carried out,

leading to standard errors as depicted in Fig. 7.
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Figure 5. Simulated carbon fluxes at Kema in 2012 (46 days:

12 July to 26 August 2012) for IM, DM, and BS. Hatched bars

denote the simulated GEE and Reco, the sum is the NEE (brown

bar).

3.5 Influence of plant cover on convection

and precipitation

For investigating the influence of degradation on the devel-

opment of convection and precipitation, the ATHAM model

was applied for 25 % (V25) and 75 % (V75) plant cover at the

Nam Co basin, with each of these in a dry and a wet scenario.

From Fig. 8 it becomes immediately apparent that wet sur-

face conditions are associated with higher deposited precipi-

tation. At the same time, near-surface relative humidities are

higher (not shown). For both the dry and wet cases an earlier

cloud and convection development is observed for the less

vegetated surface: simulations produce higher cloud cover

and more convection from 10:00 local mean time (LMT) on-

ward. At Nam Co we observed the frequent development of

locally generated convective systems at similar hours in the

field. Thus clouds block more incoming solar radiation be-

tween 10:00 and 14:00 LMT, the time with the potentially

highest short-wave radiation forcing, for the less vegetated

system compared to the intact vegetation scenario. Conse-

quently, simulated surface temperatures were higher for the

V75 scenario, leading to higher surface fluxes and a stronger

simulated convection development over the day as a whole.

A potential albedo effect can be excluded since the observed

albedo of the vegetated surface is similar to that of the bare

surface and surface temperatures remain virtually identical

until convection develops.

The mechanism for this process is presumably that the

vegetation cover reduces bare soil evaporation. At the same

time, higher surface temperatures due to higher radiation in-

put result in both larger sensible and latent heat fluxes in the

afternoon hours, while the plant cover is able to access water

that is not available for surface evaporation.

This hypothesis obviously needs to be investigated more

thoroughly with field observations and simulations, but the

findings indicate that changes in surface conditions can affect

convective dynamics and local weather. This preliminary in-
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Figure 6. Model results of net ecosystem exchange (NEE) over 46

days of July and August 2012 at Kema. (a): mean diurnal cycle, and

(b): cumulative NEE. The four lines represent different stages of

vegetation degradation (IM, DM, BS, and AS).

vestigation of vegetation–atmosphere feedbacks did not take

into account any spatial patterns in surface degradation that

may result in larger patches with different surface conditions

that may then affect circulation. However, such circulation

effects are typically found in modelling studies using patch

sizes with length scales that are several times the boundary-

layer height.

3.6 Simulation of different degradation states

The results for the different degradation states allow the

simulation of the NEE and evapotranspiration for a gradual

change from IM to BS using a tile approach of the fluxes

(Avissar and Pielke, 1989). Such a tile approach is exemplar-

ily shown for different percentages of the ecosystem types

IM and BS for a 46 days period in July and August 2012 at

Kema site, with simulated NEE (Fig. 9a) and evapotranspira-

tion (Fig. 9b). As expected from the cumulative carbon gains

for SIM and SBS shown in Fig. 5, SIM developed the largest

carbon sink over the investigated summer period, whereas

SBS is nearly carbon neutral in summer and a source for

longer periods. The intermediate stages showed decreasing

average carbon uptake with increasing amount of bare soil.

Diurnal variability is largest for 100 % SIM and smallest for

100 % SBS in the ecosystem, as indicated by the interquartile

ranges in the box plot.

Evapotranspiration decreases from SIM to SBS in this

model degradation experiment (Fig. 9b), but this reduction

is small compared to the overall day-to-day variability and

is not supported by the lysimeter measurements (Fig. 3).

Therefore a change in mean ET due to degradation cannot

be confirmed in this study. The day-to-day variability, how-

ever, increases from SIM to SBS. This is connected to a larger

variability of simulated soil moisture in the uppermost layer,

as the turf layer retains more water due to its higher field
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Figure 7. 13C partitioning and distribution of recently allocated C within the various pools, namely CO2 efflux, shoot respiration, shoots,

roots and soil for Xinghai site (grazed and ungrazed) in 2009 and Kema site (IM) in 2010, determined at the end of a 29 day and 15 day

allocation period, respectively. Vertical lines in the bars denote standard errors (n= 3 for Xinghai 2009 and n= 8 for Kema 2010). Total

fluxes of C in gC m−2 d−1 to the different C pools at Kema site are based on the combination of eddy-covariance measurements and labelling.

Shoot respiration is not measured, but determined as difference between the 13C recovery at the first sampling and the sampling at the end of

the allocation period. First sampling in Xinghai was 1 day after the labelling and in Kema at the labelling day. Figure modified after Hafner

et al. (2012) and Ingrisch et al. (2014).
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Figure 8. Simulated convection development and deposited precipitation (blue bars) for a symmetric Tibetan Valley with 150 km width. The

black lines indicate cloud base and cloud top in kilometres above ground level; the dashed line shows the centre of the cloud mass and the

contours give the mean cloud water and ice concentration integrated over the model domain. V25 and V75 refer to 25 % and 75 % vegetation

cover, while wet and dry indicate initial soil moisture corresponding to 1.0 and 0.5× field capacity, respectively. Times are given in local

mean time (LMT), which is two hours before Beijing standard time (CST).

capacity and lower soil hydraulic conductivity, and the roots

can extract water for transpiration from lower soil layers as

well.

4 Conclusions

Increasing degradation of the Kobresia pygmaea turf signifi-

cantly reduces the carbon uptake and the function of Kobre-

sia pastures as a carbon sink, while the influence on the evap-

otranspiration is less dominant. However, the shift from tran-

spiration to evaporation was found to have a significant in-

fluence on the starting time of convection and cloud and pre-

cipitation generation: convection above a degraded surface

occurs before noon instead of after noon. Due to the domi-

nant direct solar radiation on the Tibetan Plateau, the early-

generated cloud cover reduces the energy input and therefore

the surface temperatures. Therefore the degradation state of

the Kobresia pastures has a significant influence on the water

and carbon cycle and, in consequence, on the climate system.

Due to the relevance of the Tibetan Plateau on the global cir-

culation changes, the surface properties on the highland have

influences on larger scales. These changes in the water and

carbon cycle are furthermore influenced by global warming
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Figure 9. Modelled daily net ecosystem exchange (top, NEE) and

modelled daily evapotranspiration (bottom, ET) for 46 days (12 July

to 26 August 2012) at Kema (varying combination of SIM and SBS):

box plot with median, 25 % and 75 % quartiles; bars represent quar-

tiles ±1.5 times interquartile range.

and an extended growing season (Che et al., 2014; Shen et al.,

2014; Zhang et al., 2014).

Plot scale experiments are a promising mechanistic tool

for investigating processes that are relevant for larger scales.

Since all results showed a high correlation between mod-

elled and experimental data, a combination is possible with

a tile approach with flux averaging to realise model studies

that consider gradual degradation schemata. The consequent

combination of plot scale, ecosystem scale and landscape

scale shows the importance of the integration of experimental

and modelling approaches.

The palaeo-environmental reconstruction (Miehe et al.,

2014) as well as the simulations of the present study suggest

that the present grazing lawns of Kobresia pygmaea are a

synanthropic ecosystem that developed through long-lasting

selective free-range grazing of livestock. This traditional and

obviously sustainable rangeland management would be the

best way to conserve and possibly increase the carbon stocks

in the turf and its functions. Otherwise, an overgrazing con-

nected with erosion would destroy the carbon sink. Consid-

ering the large area, even the loss of this small sink would

have an influence on the climate relevant carbon balance of

China.

From our investigation we propose the need for the follow-

ing additional research:

– Extension of this integrated experimental-modelling re-

search scheme to the full annual cycle. This cannot done

by a single campaign but is possible within the Third

Pole initiative (Yao et al., 2012). The modelling studies

of this paper make such investigations realistic.

– The results obtained so far on just these three sites

should be extended to an increased number of exper-

imental sites, supported by appropriate remote sensing

tools, in order to regionalise degradation patterns and re-

lated processes. The methodical and data basis is avail-

able for this (Ma et al., 2008, 2011, 2014; Yang et al.,

2013)

– Investigation of the processes along elevation gradi-

ents, with special reference to functional dependences.

Therefore biological data (Miehe et al., 2014) as well as

atmospheric data (Ma et al., 2008) should be combined.

– The use of remote sensing cloud cover studies to evalu-

ate simulations of cloud generation and precipitation de-

pending on surface structures. This should be combined

with high resolution WRF modelling studies, which

are already available for the Tibetan Plateau (Maussion

et al., 2014).

www.biogeosciences.net/11/6633/2014/ Biogeosciences, 11, 6633–6656, 2014

D. Babel et al. (2014)

120



6648 W. Babel et al.: Pasture degradation modifies the water and carbon cycles of the Tibetan highlands

Appendix A: Model adaption to the Tibetan Plateau

A1 Adaption of SEWAB

Considering the specific problems on the Tibetan Plateau,

three changes have been implemented in SEWAB. Those are

a variable thermal roughness length (Yang et al., 2008), soil

thermal conductivity calculation (Yang et al., 2005) and the

parameterisation of bare soil evaporation (Mihailovic et al.,

1993). These changes have been already applied and evalu-

ated at the alpine steppe site Nam Co using the same data set

(Gerken et al., 2012; Biermann et al., 2014).

Furthermore, all relevant model parameters have been

adapted to the site-specific conditions (see Table A1). The

parameters for the alpine steppe site Nam Co have been used

as published in Biermann et al. (2014), which were inferred

from field and laboratory measurements. Specific parameters

for the Kema site have been elaborated as follows: albedo has

been estimated from radiation measurements individually for

the 2010 and 2012 data set. The fraction of vegetated area

has been surveyed (Sect. 2.2), root depth is assessed from

soil profiles (Biermann et al., 2011, 2013) and the roughness

length for momentum is estimated from eddy-covariance

friction velocity under neutral conditions. The LAI for the

vegetated area has been calculated from a biomass survey

(September 2012, n= 5) and subsequent scans of leaf sur-

face using WinSeedle. Maximum stomatal conductance has

been elaborated by gas exchange measurements with Ko-

bresia pygmaea in Göttingen (see Appendix B2), which has

been translated to minimum stomatal resistance.

Soil properties have been estimated from measurements

separately for conditions with root mat (RM: IM and DM)

and without root mat (BS). As SEWAB accepts only one

soil parameter set for the whole soil column, the proper-

ties of the uppermost 5 cm have been used. The bulk density

has been surveyed in 2012 for soil layers of 5 cm thickness,

down to 30 cm for RM and 14 cm for BS (n= 4 plots×4

replicates= 16 for each layer). Average soil organic carbon

content of the turf layer was 9 %, measured by dry com-

bustion (Vario EL, Elementar, Hanau), corresponding to ap-

proximately 18 % organic matter, which is in agreement with

previous analyses by Kaiser et al. (2008). This amount has

been distributed to three layers of 5 cm according to the rel-

ative content of root mass in each layer, sampled in 2010

(n= 4 plots× 3 replicates= 12 for each layer). From bulk

density and mass fraction of organic matter the porosity in

0–5 cm depth is estimated with 0.593 m3 m−3, assuming den-

sities of 2.65 gm−3 for mineral content and 1.2 gm−3 for

organic content. The soil heat capacity of solid matter is

combined from 2.1× 106 Jm−3 K−1 for mineral content and

2.5× 106 Jm−3 K−1 for organic matter according to Hillel

(1980). Thermal conductivities for dry soil and at saturation,

needed for the conductivity calculation (Yang et al., 2005),

have been investigated for a similar turf layer (Chen et al.,

2012: Anduo site for RM, BJ site for BS). Further, we de-

rived saturated hydraulic conductivities of 1.9× 10−5 ms−1

and 4.6×10−5 ms−1 as mean values for RM and BS, respec-

tively, using infiltrometer measurements from 2010 (Bier-

mann et al., 2011, 2013). An in situ soil water retention curve

was established from tensiometer and TDR profile measure-

ments in 2012, reflecting the properties of RM in the first

15 cm and the properties of BS in 25 cm depth. From this

data the matrix potential at saturation 9sat and the expo-

nent b for the relationship by Clapp and Hornberger (1978)

is estimated via linear regression of the logarithmic form:

log(92)= log(9sat)+ b · log(2sat

2
). Further, the soil water

content at field capacity and wilting point has been derived

from this relationship assuming pF values (= log(92)) of

2.5log(hPa) and 4.5log(hPa) for2FC and2WP, respectively.

A2 Adaption of SVAT-CN

Species parameterisation of the leaf model

for Kobresia pygmaea:

Measurements of in situ CO2 and H2O leaf gas exchange

in response to temperature, radiation, CO2 mixing ratio, and

relative humidity were made using a portable gas exchange

system (WALZ GFS3000, Walz, Effeltrich/Germany). Sin-

gle factor dependencies of leaf gas exchange to light, tem-

perature, CO2 mixing ratio, and relative humidity, were

performed for copiously watered Kobresia pygmaea plants

from greenhouse experiments at the University of Göttin-

gen. The respective plant individuals have been collected

in 2012 at the Kema site with underlying soil monoliths,

and regrown/recovered in Göttingen. The measurement setup

was situated in a greenhouse chamber regulated to 15 ◦C.

GFS3000 gas exchange measurements were performed at six

different temperatures (7.5, 10, 15, 20, 25, and 30 ◦C) inside

the cuvette and a series of different relative humidities of the

inlet air, ranging between 20 and 65 %, matching meteoro-

logical conditions found at the field site during the intensive

campaign in 2010. As high humidity inside the chamber sys-

tem leads to problems with water condensation in the tubes,

the conditions were restricted to relative humidity up to 65 %.

Data have been analysed using the physiology-based leaf gas

exchange model (Farquhar et al., 1980; Ball et al., 1987) to

derive estimates for those parameters that describe the car-

boxylase kinetics, electron transport, respiration and stom-

atal function. We used a non-linear least trimmed squares re-

gression tool (Reth et al., 2005c), that minimises the sum of

squared residuals excluding the largest 5 % of residuals, as-

sumed to indicate data contamination or data–model incon-

sistencies. Sets of parameter values for Kobresia pygmaea

(Appendix, Table A2) were obtained as the basis for calcu-

lating canopy flux rates at the different field sites.
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Table A1. Relevant parameters to describe the surface characteristic in SEWAB and SVAT-CN. Kema represents two parameter sets: (i) root

mat (RM) for IM and DM; and (ii) BS.

Parameter Unit Description SEWAB SVAT-CN

Kema RM Kema BS NamC AS Kema RM Kema BS NamC AS

a – Albedo 0.18a

0.16b
0.18a

0.148b
0.196 0.18a

0.16b
0.18a

0.148b
0.196

ε – Emissivity 0.97 0.97 0.97 0.97 0.97 0.97

fveg – Fraction of vegetated area 0.88 (IM)

0.26 (DM)

0.12 0.6 0.88 (IM)

0.26 (DM)

0.12 0.6

LAI – Leaf area index 1.0 1.0 1.0 0.5a

1.0b
0.5a

1.0b
1.0

zr m Root depth 0.5 0.3 0.3 0.4 0.4 0.4

hc m Canopy height 0.03 0.03 0.15 0.03 0.03 0.15

zom m Roughness length 0.003 0.003 0.005 0.003 0.003 0.005

Rs, min sm−1 72 72 60 c c c

Rs, max sm−1 2500 2500 2500 c c c

λs, dry W m−1 K−1 Thermal conductivity, dry soil 0.15 0.15 0.15 c c c

Wm−1 K−1 Thermal conductivity at saturation 0.8 1.3 1.3 c c c

CG · ρG 106 Jm−3 K−1 Soil heat capacity (solid matter) 2.34 2.1 2.1 2.4 2.4 2.4

2sat m3 m−3 Porosity 0.593 0.533 0.396 0.593d

0.533e
0.533 0.396

9sat m Matrix potential at saturation −0.074 −0.022 −0.51 c c c

Ksat 10−5 ms−1 Saturated hydraulic conductivity 1.90 4.60 2.02 1.90 4.60 2.02

2FC m3 m−3 Volumetric water content at field ca-

pacity

0.252 0.201 0.210 c c c

2WP m3 m−3 Volumetric water content at wilting

point

0.088 0.087 0.060 c c c

b – Exponentf 4.38 5.54 3.61 c c c

θr m3 m−3 Soil residual water contentg c c c 0.025d

0.05e
0.05 0.025

α m−1 Scale parameterg c c c 0.006d

0.003e
0.003 0.0466

n – Shape parameterg c c c 1.17d

1.27e
1.27 1.443

a From measurements in 2010; b from measurements in 2012; c parameter not available due to different parameterisation; d organic layer (0–15 cm depth); e mineral layer (15+ cm depth); f exponent b for relationships

after Clapp and Hornberger (1978); g parameter according to van Genuchten (1980).

Parameterisation of soil retention curve:

In SVAT-CN the relationship between soil matrix potential

9 (or better water suction, in units of m) and soil water con-

tent θ (m3 m−3) is described by a retention curve after van

Genuchten (1980)

9(θ)=
1

α
·

[(
θ − θr

θs− θr

)− 1
m

− 1

] 1
n

, (A1)

where θ is soil water content (m3 m−3), θr soil residual water

content (m3 m−3), θs soil saturated water content (m3 m−3), α

a scale parameter (m−1), and n andm shape parameters, with

m= 1–1/n. Site-specific data of measured retention curves

(soil moisture and soil water potential from AWS, Table 3)

have been used to parameterise θr, α, and n (Appendix, Ta-

ble A1) by non-linear least square regression.

Parameterisation of soil respiration:

Soil respiration (Rs, µmolm−2 s−1) is modelled as a function

of modelled soil temperature Ts (K) and soil water content θ

(m3 m−3) in 10 cm depth as follows:

Rs = Rnorm · e

(
E0·

1
Tref−T0

·
1

Ts−T0

)
(A2)

·max

(
0.01,

θ − θ0

(θhalf− θ0)+ (θ − θ0)

)
where Rnorm is the base rate at optimum soil water content

and reference temperature (µmolm−2 s−1); E an activation

energy parameter (◦C) that determines temperature sensitiv-

ity; Tref reference temperature (◦C); T0 (−46.02 ◦C, a regres-

sion parameter from Lloyd and Taylor, 1994), θ the soil wa-

ter content where the rate is reduced to zero (m3 m−3), and

θhalf the soil water content where the rate is reduced by half

(m3 m−3).

The original formulation in SVAT-CN was changed to ac-

commodate the much higher soil organic content in the Ko-

bresia ecosystems. Tref and E were adapted to match soil

respiration data measured with gas exchange chambers. For

Kema a Tref of 16 ◦C for the “Kobresia”, and 24 ◦C for the

“bare soil” plots, were used. At Nam Co Tref was set to

16 ◦C. For all sites an E of 500 ◦C was employed. Rnorm was

2.3 µmolm−2 s−1. At all sites only weak dependences on soil
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Table A2. Parameters applied to describe leaf physiology of Kobresia pygmaea. For detailed explanation of the leaf model and use of the

parameters see Falge (1997) and Falge et al. (2003). The equations are also available in Wohlfahrt et al. (1998). Output of the model is on a

projected leaf area basis.

Description Parameter Value Value Value Unit

original Kema NamCo

Dark F(Rd) 1.51 2.42 1.51 µmolm−2 s−1

respiration Ea(Rd) 72 561 Jmol−1

Electron c(Pml) 61.93 99.1 28.0 µmolm−2 s−1

transport 1Ha(Pml) 50 224 Jmol−1

capacity 1Hd(Pml) 200 000 Jmol−1

1S(Pml) 436.8 JK−1 mol−1

c(V cmax) 53.4 85.4 32.5 µmolm−2 s−1

Carboxylase 1Ha(V cmax) 41 953 Jmol−1

capacity 1Hd(V cmax) 200 000 Jmol−1

1S(V cmax) 206.1 JK−1 mol−1

f (Kc) 299.469 µmolmol−1

Ea(Kc) 65 000 Jmol−1

Carboxylase f (Ko) 159.597 mmolmol−1

kinetics Ea(Ko) 36 000 Jmol−1

f (τ) 2339.53 –

Ea(τ ) −28 990 Jmol−1

Light use α 0.0332 0.0332 0.0111 (mol CO2)

efficiency (mol photons)−1

Stomatal gmin 18.7 mmolm−2 s−1

conductance

gfac0 21 –

For the Kema site, the respective formulation was adapted to: gfac=max(15,gfac0 × 10(0.025·9)), 9 in MPa,

simulated in 10 cm depth.

water content were implemented, with θ set to θr of the re-

tention parameterisations, and θhalf set to 0.035 m3 m−3.

Parameterisation of leaf gas exchange:

Species-specific parameters (Table A2) for the physiology-

based leaf gas exchange model have been derived from CO2

and H2O leaf gas exchange measurements in the greenhouse

(see “Species-specific parameterisation of the leaf model for

Kobresia pygmaea” in this section). For the simulation of

the Kema campaign in 2012, at first the original parameters

of Table A2 were used for the vegetated area of the differ-

ent degradation states of “Kobresia” (IM and DM) and “bare

soil” plots, but underestimated the measured chamber gas ex-

change data. Consequently, three scaling parameters c(Pml),

c(V cmax), and F(Rd) were increased to 160 % of the origi-

nal values (Appendix, Table A2) for better comparison with

measured data. The same parameters were used for the Kema

2010 campaign. The slope of the linear equation, which links

stomatal conductance to assimilation and environmental con-

trols, is modelled depending on soil matrix potential (9) in

the main root layer: gfac=max(15,gfac0×10(0.025·9)),9 in

MPa, simulated in 10 cm depth. For the campaign in 2010 –

a year with drought stress effects, the respective formulation

was adapted to gfac=max(5,gfac0× 10(0.1·9)).

For the Nam Co site, which is characterised by a vegeta-

tion composition of alpine steppe species different from the

Kobresia pastures, no specific leaf gas exchange parameters

are available. As a first attempt, leaf parameter sets of Ko-

bresia were applied, but these overestimated measured eddy-

covariance fluxes. Consecutive reduction of scaling parame-

ters (Appendix, Table A2) yielded a better representation of

the measured eddy-covariance fluxes.
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Appendix B: Model evaluation

B1 Evapotranspiration: EC – SEWAB

In order to test the performance of simulations of evapotran-

spiration with SEWAB, we compared the model results for

Kema with the eddy-covariance measurements from 2010.

Therefore the simulations for IM, DM and BS have been ag-

gregated as weighted sums according to the eddy-covariance

footprint (SRefEC, see Table 6) and the measurements have

been corrected according to the energy balance closure gap

(Sect. 2.3.1). The results show that SEWAB simulations rep-

resent the measured evapotranspiration well (Fig. B1). Sim-

ilarly, the simulations generally capture the diurnal cycle of

evapotranspiration (Fig. B2), with median fluxes of approxi-

mately 6.5 mmd−1 at noon, and a large day-to-day variation

caused by variable moisture conditions within the observa-

tion period in 2010. The simulations slightly overestimate

daytime fluxes and underestimate night-time fluxes, the over-

all bias with high quality flux data (flag 1–3 out of a scheme

ranging from 1–9, Foken et al., 2004) is −0.13 mmd−1.

B2 Carbon flux: EC – SVAT-CN

Kema 2010:

For best representation of the eddy-covariance data footprint,

model results (SRefEC, Table 6) are calculated as weighed

sums of IM, DM and BS according to the proportion of total

surface area in Table 2. Due to drier conditions in 2010, the

vegetation was partially considered to be photosynthetically

inactive, therefore the LAI of vegetated area has been re-

duced from 1 to 0.5. Mean diurnal patterns of both, measured

and modelled net ecosystem exchange showed CO2 release

during night, and uptake during daytime hours, with a pro-

nounced peak in the late morning hours, and a smaller peak in

the late afternoon (Fig. B3). However, measured hourly me-

dians of net ecosystem exchange ranged between −2.8 and

1.5 gCm−2 d−1 over the course of the day, whereas modelled

medians reached a minimum of −3.0 and a maximum of

1.7 gCm−2 d−1. Although the model overestimated the CO2

uptake, especially in the midday hours, the comparison be-

tween hourly medians of model output and measured NEE

(Fig. B4, left) showed that the simulations were generally re-

alistic.

Nam Co 2009 (AS):

Compared to Kema data, mean diurnal patterns of measured

and modelled net ecosystem exchange showed much smaller

variation within a given hour (smaller interquartile ranges),

and lower CO2 release during night, and lower uptake dur-

ing daytime hours (lower diurnal amplitudes, see Fig. B5).

As leaf physiological parameters were adapted to match

measurements and model results, the ranges of both mea-

sured and modelled medians showed a better overlap: mea-
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Figure B1. Scatter plot of measured vs. SEWAB modelled SRefEC

evapotranspiration (ET) over 61 days of 2010 (3 June to 2 August)

at Kema. Measured and modelled values are restricted to high data

quality (flag 1–3 out of a scheme ranging from 1 to 9, Foken et al.,

2004). Measured EC data is corrected according to the surface en-

ergy imbalance with the buoyancy flux correction.

sured hourly medians of net ecosystem exchange ranged be-

tween −2.3 and 1.0 gC m−2 d−1 over the course of the day,

and modelled medians between −2.7 and 1.0 gCm−2 d−1.

The wide range of measured NEE from −6 gCm−2 d−1 to

1 gC m−2 d−1 at mid-day results from variable moisture con-

ditions during the monsoon season and is consistent with

chamber-based observations at a similar spot near Nam Co

station (Hu et al., 2013).

At Nam Co the model overestimated the CO2 uptake espe-

cially in the afternoon hours, indicating a larger influence of

soil respiration than currently represented by the model. Sim-

ulated soil respiration depends on simulated driving variables

(soil temperature and moisture) and parameters. The latter

have not been measured at Nam Co directly; instead the val-

ues from the Kema field site have been employed, eventually

introducing the observed bias. Nevertheless, the correlation

with r2 of 0.90 between hourly medians of modelled and

measured NEE (Fig. B4, right) was better than at Kema.
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Figure B2. Mean diel course of measured and energy balance corrected evapotranspiration ET (left panel) and SEWAB modelled ET (tile
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to high flux data quality (flag 1–3). Measured data is corrected according to the surface energy imbalance with the buoyancy flux correction.

00:00 05:00 10:00 15:00 20:00

−9

−6

−3

0

3

6

9

N
E

E
 E

C
 in

 g
C

m
−

2 d−
1

●

●
●●

●

●

●

●

●

●

●

●

●

●

00:00 05:00 10:00 15:00 20:00

−9

−6

−3

0

3

6

9

N
E

E
 S

V
AT

−
C

N
 in

 g
C

m
−

2 d−
1

●

●
●

●

●●

●
●

●

●●

●

●
●

●

●

●
●
●

●

●

●

●●

●●

●
●

●

●●

●

●
●

●

●

Figure B3. Mean diel course of measured (left panel) and modelled (tile approach according to the EC footprint: SRefEC, right panel) net

ecosystem exchange (NEE) over 61 days of 2010 (3 June to 2 August) at Kema: box plot with median, 25 % and 75 % quartiles; bars represent

quartiles ±1.5 times interquartile range, dots are outliers. Measured and modelled values are restricted to high data quality (flag 1–3 out of a

scheme ranging from 1 to 9, Foken et al., 2004).
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(left panel) and 2009 campaign at Nam Co (right panel). The regression line (dashed, black) is shown as well as the 1 : 1 line (solid, grey).
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Figure B5. Mean diel course of measured (left panel) and modelled (right panel) net ecosystem exchange (NEE) over 44 days during 2009

(26 June to 8 August) at Nam Co: box plot with median, 25 and 75 % quartiles; bars represent quartiles ±1.5 times interquartile range,

dots are outliers. Measured and modelled values are restricted to high data quality (flag 1–3 out of a scheme ranging from 1 to 9, Foken

et al., 2004). Model parameters for leaf physiology and soil respiration were adapted for best representation of eddy-covariance data (see

Sect. 3.2.1).
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• We lack understanding of the carbon cycling of Tibetan alpine pastures.
• We measured the turnover of recent assimilates within plant soil atmosphere system.
• Absolute fluxes were assessed by coupling eddy-covariance and CO2 pulse labeling.
• We identify the root turf as the major part for carbon turnover in this ecosystem.
• Grazing cessation didn't affect carbon allocation and fluxes in one growing season.

a b s t r a c ta r t i c l e i n f o

Article history:
Received 23 July 2014
Received in revised form 21 October 2014
Accepted 22 October 2014

Editor: J.P. Bennett

Keywords:
Alpine grassland
Carbon cycle
Land use changes
Grazing
Tibetan-Plateau

The Tibetan highlands host the largest alpine grassland ecosystems worldwide, bearing soils that store substan-
tial stocks of carbon (C) that are very sensitive to land use changes. This study focuses on the cycling of
photoassimilated C within a Kobresia pygmaea pasture, the dominating ecosystems on the Tibetan highlands.
We investigated short-term effects of grazing cessation and the role of the characteristic Kobresia root turf on
C fluxes and belowground C turnover. By combining eddy-covariance measurements with 13CO2 pulse labeling
we applied a powerful new approach to measure absolute fluxes of assimilates within and between various
pools of the plant-soil-atmosphere system. The roots and soil each store roughly 50% of the overall C in the
system (76 Mg C ha−1), with only a minor contribution from shoots, which is also expressed in the root:shoot
ratio of 90. During June and July the pasture acted as a weak C sink with a strong uptake of approximately
2 g C m−2 d−1 in the first half of July. The root turf was the main compartment for the turnover of
photoassimilates, with a subset of highly dynamic roots (mean residence time 20 days), and plays a key role
for the C cycling andC storage in this ecosystem. The short-term grazing cessation only affected abovegroundbio-
mass but not ecosystem scale C exchange or assimilate allocation into roots and soil.
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1. Introduction

Soils of grassland ecosystems store large amounts of carbon
(C) (Scurlock and Hall, 1998) and their C sequestration potential has
attracted a lot of attention in recent years (IPCC, 2013). In alpine envi-
ronments the sensitivity of grasslands to external influences is very
pronounced (e.g. Fang et al., 2010a; Lin et al., 2011; Ni, 2002;
Wohlfahrt et al., 2008). This is especially the case for the Kobresia
pastoral ecosystem of the Tibetan highlands (Atlas of Tibet Plateau,
1990; Miehe et al., 2008a,b; Chen et al., 2013, 2014; Sun and Zheng,
1998), which is among the ecosystemsmost sensitive to climate change
and anthropogenic activities (Cui and Graf, 2009; Miehe et al., 2011;
Qiu, 2008; Yang et al., 2014).

Although the Tibetan Plateau only accounts for approximately 1.0%
of the global terrestrial land area (Fang et al., 2010b), the C stored in
its soil makes up 2.5% of the global soil C storage (Wang et al., 2002).
It is therefore important to understand and to quantify the C budget as
well as to estimate C fluxes and identify their drivers in these remote
highland pastures with in situ studies (Hafner et al., 2012; Wang et al.,
2007; Wu et al., 2010).

The Tibetan highlands in general are mainly above the tree line at
about 3800 m a.s.l. in the north and above 4800 m a.s.l. in the south-
east (Miehe et al., 2007) and are thus characterized by alpine steppe
and Kobresia pygmaea dominated pastures (Wang et al., 2006).
K. pygmaea, a cyperaceae, extends approximately 450,000 km2 along
an altitudinal range of nearly 3000 m a.s.l., between the montane belt
(around 3000 m in the northeast and around 4000 m in the eastern
and southern declivity to nearly 6000 m (Miehe et al., 2008b)). It
grows no more than a few centimeters tall while developing a very ex-
tensive rooting system. These roots form a very dense felty turf layer,
consisting of roots, root remains, amorphous humus andminerogenious
matter which covers and protects the soil fromwind and water erosion
as well as trampling damage by large herbivores (Kaiser, 2004; Miehe
et al., 2011).

It is assumed that the major driver for the vegetation composition
and structure of this K. pygmaea ecosystem is grazing by herbivores,
namely traditional pastoral livestock and small mammals (Miehe
et al., 2008b;Wu et al., 2009). Therefore, the state of theK. pygmaea eco-
system is strongly dependent on the grazing practices and livestock
husbandry by the local Tibetan population (Miehe et al., 2014). These
human activities have changed dramatically since the 1950s, for reasons
including increasing livestock numbers, concentration of grazing close
to settlements and fencing due to sedentarization programs (Du et al.,
2004; Goldstein and Beall, 1991; Harris, 2010; Lu et al., 2009; Sheehy
et al., 2006). As a reaction to overgrazing and subsequent degradation,
rangeland policies of recent years included the regulation of livestock
numbers and the implementation of grazing exclosures (Han et al.,
2008). However, the effects of altered grazing intensity on C budgets
of the alpine pastures in the highlands are not sufficiently understood
yet (Gao et al., 2007). Grazing is considered to be one of the key fac-
tors for C budget and turnover of K. pygmaea pastures. It indirectly af-
fects C allocation in the ecosystem by controlling species composition
and functional diversity of the vegetation on the time scale of years
(Cao et al., 2004; Gao et al., 2007; Klein et al., 2004; Miehe et al.,
2008a,b; Wei et al., 2012; Wu et al., 2009; Zhao and Zhou, 1999).
Grazing has been shown to have positive effects on the overall C stor-
age of the Kobresia ecosystem (Gao et al., 2007; Hafner et al., 2012; Shi
et al., 2013). The crucial role of the turf layer within this ecosystem is
emphasized by the findings of Hafner et al. (2012). They report that
the change from a Cyperaceae to Poaceae dominated montane grass-
land in the northeastern highlands (3400m a.s.l.), induced by cessation
of grazing, had the greatest effect within the turf layer, with a decrease
of C fluxes and lower plant-derived C stocks within the upper layer of
the soil. Since all mentioned studies have been conducted in already
established grazing exclosures, no short-term effects of grazing cessa-
tion on theKobresia pastures have been investigated yet, although direct

physiological effects on the C allocation of plants have been observed on
short time scales as well in other ecosystems (Bardgett and Wardle,
2003; Holland et al., 1996; Schmitt et al., 2013).

Two of themost commonly usedmethods in C studies are turbulent
flux measurements with the eddy covariance (EC) method (Aubinet
et al., 2012) and pulse labeling with 13C or 14C enriched CO2 (see re-
views by Kuzyakov and Domanski (2000) and Kuzyakov (2001)). EC
measurements are a micrometeorological approach used to estimate
C net ecosystem exchange (NEE) on the ecosystem scale (Baldocchi,
2003; Wohlfahrt et al., 2012). They provide absolute values for the C
exchange with a high resolution and over a long time for a detailed
overview of the exchange between the ecosystem and the atmosphere
(Foken, 2008a). Only few studies with EC have been conducted on the
Tibetan Plateau e.g. by Kato et al. (2004, 2006) and Zhao et al. (2005) in
the northeast of the Plateau and by Fu et al. (2009) in the southern
highlands. 13CO2 pulse labeling enables tracking of the allocation of
assimilated C to the various C pools within the plant–soil system.
Assimilates are used for metabolism by shoots, roots and rhizosphere
microorganisms or become incorporated into soil organic matter.
Thus, their distribution affects how long the assimilated C will remain
in the ecosystem before returning to the atmosphere by root and mi-
crobial respiration (Carbone and Trumbore, 2007). Above- and below-
ground C budgets and C allocation within the plant–soil-system of
the Tibetan Plateau estimated by 13CO2 labeling have been presented
by Wu et al. (2010), Hafner et al. (2012) and Unteregelsbacher et al.
(2011), but only from the northeast part of the Plateau in about
3000 m a.s.l.

Furthermore, each of the two methods, EC measurements and CO2

pulse labeling, has its shortcomings. EC measurements do not reveal
C fluxes within single compartments of the ecosystem (Leclerc and
Foken, 2014). 13CO2 pulse labeling only provides a relative distribu-
tion of assimilates, yet mass units and absolute fluxes are important
in in situ studies related to C balance and turnover (Kuzyakov and
Domanski, 2000). To close this gap, we apply a new approach pro-
posed by Riederer (2014). We couple the relative distribution of
photoassimilates, derived from a 13CO2 pulse labeling experiment,
with the ecosystem C uptake, derived from EC measurements. Thereby,
we can determine the absolute fluxes of assimilates into the different
plant and soil compartments of the ecosystem.

We chose our study site taking into account the general lack of in situ
measurements of C cycling, especially in the core distribution of the
K. pygmaea ecosystem at high altitudes (N4000 m a.s.l.). We conse-
quently coupled EC measurements and 13CO2 labeling to characterize
the C allocation and turnover and to understand the role of the turf
layer in terms of C storage and cycling. Furthermore, we investigated
if grazing cessation affects C fluxes and stocks of alpine K. pygmaea
pastures already within the first growing season after cessation. We
expect that short-term effects of grazing cessation would quickly ex-
press in the allocation of recent assimilates and later on in above- and
belowground C stocks.

2. Material and methods

2.1. Study site

Our study site is located on the Tibetan Plateau at 4410 m a.s.l. adja-
cent to the village Kema and the “Naqu Ecological and Environmental
Observation and Research Station” (92°06′ E, 31°16′ N; established in
2007 as “K. pygmaea Research Station Kema” by the Marburg University
and the Tibet University Lhasa with support of the Volkswagen founda-
tion and since 2011 operated by the Institute of Tibetan Plateau
Research, Chinese Academy of Sciences, Beijing).

The site itself is a typical alpine Kobresia pasture on a gentle
slope, covered with K. pygmaea (Cyperaceae), accompanied by other
graminoids (Carex spp., Festuca spp., Kobresia pusilla, Poa spp., Stipa
purpurea) and to a minor degree by small rosette plants and cushion
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plants. Thus, the site is representing one of the most common and im-
portant vegetation types on this ecosystem (Miehe et al., 2008b). The
average vegetation height at the grazed plots of less than 2 cm is typical
for the golf course-like Kobresia mats (Miehe et al., 2008b), and the
characteristic turf layer has an approximate thickness of 7 cm overlying
soils classified as stagnic Cambisols (humic, eutric) (Table 1, IUSS-ISRIC-
FAO, 2006). The specific turfmats ofK. pygmaea grasslands are designat-
ed as Afe horizons according to Kaiser et al. (2007) and Kaiser et al.
(2008) throughout this study. Most of the pasture (65%) is covered by
dense vegetation and an intact turf layer. 16% of the surface is covered
by turf patches with crusts of lichens and algae, and only few grass
bunches and cushion plants or rosettes turf (Unteregelsbacher et al.,
2011). The remaining 19% of the surface is bare soil, with only few
plants occurring and the characteristic turf layer missing. The distribu-
tion of the surfaces was surveyed in 2012 (Biermann et al., 2013). Graz-
ingwith a stocking rate of about 2.5 yaks per hectare is restricted to one
month in winter or spring due to a governmental pasture health pro-
gram started in 2006.

The nearest weather station of the Chinese weather service in
Naqu (4507m a.s.l.) recorded for the period 1971–2000 an annual pre-
cipitation of 430 mm as well as a mean maximum temperature for the
warmest month of 15.6 °C and an annual average temperature of
−0.9 °C (http://www.weather.com.cn). Precipitation falls mainly as
rain during the summer months from May to August, but heavy snow
events can occur in winter and spring. In contrast to the typical pattern,
the spring and summer month in 2010 were comparably dry with only
40 mm of precipitation recorded at the study site in July.

2.2. Grazing treatments

At the research site a pasture area of 100 × 250 m was fenced
in 2009, excluding grazing livestock such as yak, sheep and goat. In ad-
dition, four subplots (15 × 15 m) were established inside the livestock
exclosure to additionally exclude the only surviving wild herbivore, an
endemic small soil-dwelling mammal, the Plateau Pika (Ochotona
curzoniae).

All three grazing treatments were investigated within the labeling
experiment: normal grazing (G), a partial exclosure, with exclusion of
livestock but allowing for grazing by Pikas (P) and ungrazed plots (U),
with exclusion of livestock and pikas. EC measurements were only pos-
sible over G and P, but not over U, because maintaining an exclosure of
pikas of the size necessary for ECmeasurements was not possible. Thus,
effects of livestock grazing correspond to the difference between G and
P, whereas the combined grazing effects of livestock and pikas are
reflected by the difference between U and G.

During the experimental period from June to August 2010 the pas-
ture was stocked with 2.5 yaks per hectare additionally to the govern-
mental management, which is within the range of stocking rates
applied in the Naqu prefecture (from 0.1 to 3.4 yaks per hectare; Wei
and Chen (2001)) However, most of this stocking is beyond the carrying
capacity and thus pastures in this region are overgrazed (Wei and
Chen;, 2001).

2.3. Eddy-covariance measurements

2.3.1. Data acquisition
Turbulent atmospheric fluxes, additional energy balance compo-

nents and meteorological parameters were measured from 8 June
to 2 August 2010, inside (EC-P) and outside (EC-G) the livestock
exclosure. Eddy-covariance fluxes were determined with an ultrasonic
anemometer (CSAT3, Campbell Sci. Inc.) and an open path infrared gas
analyzer (IRGA, LiCOR 7500, LiCOR Bioscience Inc.). Further energy
balance components were estimated with a net radiometer (CNR1,
Kipp & Zonen) and soil temperature profiles beneath bare soil, grazed
and ungrazed Kobresia mats. Meteorological reference data was also
measured on site (HMP45, & PTB210, Vaisala; rain gauge, Ott). Detailed
setup information is given in Table A1 or by Biermann and Leipold
(2011).

2.3.2. Post processing
The turbulent fluxes, averaged for 30 min, were calculated from the

high frequency raw data with the well-tested software package TK3
(Department of Micrometeorology, University of Bayreuth; Mauder
and Foken, 2011). Furthermore a footprint analysis was performed
to ensure representativeness of the measurements (Göckede et al.,
2006). It showed that the source areas for both eddy-covariance sta-
tions were dominated by K. pygmaea mats. Furthermore, towers were
separated far enough so that the measurements can be considered to
be independent from each other and can be attributed to either G
or P. This analysis also ensures the comparability between the 13CO2

pulse labeling experiment and the EC measurements, as recommended
in Reth et al. (2005). Since heterogeneity within the roughness or ther-
mal properties of the underlying surface might result in large-scale
turbulent structures not measured with EC, gaps can be found in the
energy balance closure (EBC) (Foken, 2008b). Investigation of the EBC
for the 2010 experiment at Kema showed that 73% of the energy
balance is closed for observations from EC-G and EC-P. The here pre-
sented NEE measurements are not corrected for this missing energy
in the turbulent exchange as it is not applicable (Foken et al., 2011)
while it is a standard procedure for the latent and sensible heat
flux. Due to malfunction of the measurement devices or the above-
mentioned quality assessment and consequent rejection of data with
poor quality, gaps are found within the time series of turbulent fluxes
and C exchange measurements. To ensure a continuous time series of
NEE, which is necessary for the estimation of C budgets, the data gaps
were filled with a widely used technique as described in Ruppert
et al. (2007) and Appendix A3.

2.4. 13CO2 pulse labeling

2.4.1. Experimental setup and sampling
The 13CO2 pulse labeling was conducted on the 1st of July 2010

(for details on selection of this date see 3.1) with four replicates of
each of the three treatments (G, P, U), grouped in four blocks (in de-
tail described in Biermann and Leipold (2011)). The labeling proce-
dure itself is presented in detail in Appendix B1 and by Hafner et al.
(2012).

The 13C was chased in the plant–soil–atmosphere system over a
period of two months with increasing sampling intervals (0, 1, 4, 8,
15, 23, 29, 36, 48 and 64 days after the labeling). The first sampling
(0) was conducted immediately after the labeling. The following pools
were sampled: plant shoots, roots and soil organic matter in two layers
(0–5 cm and 5–15 cm) and soil CO2 efflux. Shoots were sampled by
clipping and belowground pools were sampled with a soil corer. Total
belowground CO2 efflux and its δ13C signature were measured with
the static alkali absorption method (Hafner et al., 2012; Lundegardh,
1921; Singh and Gupta, 1977). We are aware that this method is often
described as inaccurate for the determination of the soil CO2 efflux.
However, it has been shown that this method can give reasonable

Table 1
Horizons and texture of the stagnic Cambisol (humic, eutric) according to WRB (IUSS-
ISRIC-FAO, 2006). The turf mat is designated as Afe following Kaiser et al. (2008) (Suffix
fe from felty according to Kaiser (2004)).

Horizon Depth
[cm]

Texture Description

Afe 0–7 Ls2 Felty Kobresia pygmaea turf mats consisting of
woody roots

Ah1 7–15 Ls3 K. pygmea turf mats with decreasing root density
and woody roots

Ah2 15–23 Ls3 Accumulation of organic carbon in mineral soil
Sg-Bw 23–49 Tl Redoximorphic features, carbonate content 0.003%
Ck N49 Diffuse CaCO3
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estimates for sufficiently long deployment times (Rochette and
Hutchinson, 2005). It was the only means at this remote location of
obtaining measurements of soil CO2 efflux and its isotopic signature.
The sampling is described in detail in Appendix B2.

2.4.2. Data analysis
To investigate the C distribution in the ecosystem and to compare C

sequestration in the grazing treatments, C stocks (Mg C ha−1) of the
plant and soil pools were calculated on the basis of the pool mass and
the C content determined by the IRMS (Appendices B2, B3).

The distribution of photoassimilates in the system is calculated
based on the enrichment of 13C in each sample achieved by the 13CO2

pulse labeling. Briefly, this enrichment can be calculated as a product
of the increment of 13C (13Ct atom%excess) and the amount of C in the cor-
responding pool at a specific time after the labeling. For an inter-
comparison between different plots all amounts of recovered 13C in a
pool at a given sampling time are expressed as percentage of the refer-
ence recovery. The reference recovery is defined for each plot, as the
sum of all excess 13C recovered in shoots, roots and soil organic carbon
(SOC) at the first sampling, directly after opening the labeling chamber.
The details of the calculation are given in Hafner et al. (2012) and
Appendix B3. The figures and tables present means and standard errors
of the mean (SEM).

Soil respiration measurements were distorted by the admixture of
atmospheric CO2 in the traps, which became apparent froma shifting to-
wards higher values of the δ13C signature of the non-enriched reference
measurements of soil respiration. Therefore, Keeling Plots (Keeling,
1961) were used to account for this admixture and to obtain the natural
abundance isotope signature of the soil CO2 efflux.

2.5. Coupling of eddy-covariance flux measurements and 13CO2 labeling

The 13CO2 pulse labeling reveals the relative fraction of recently
assimilated C that is transported into various pools of the plant–soil
system after a given time. The EC technique measures absolute values
of C fluxes on ecosystem scale. By coupling these two techniques,
we assume that the fraction of recovered 13C in a specific pool after a
defined allocation period represents the ratio between the flux into
this pool and the overall assimilation. Therefore, we use the following
equation, adapted from Riederer (2014) to estimate absolute fluxes
into the different pools within the ecosystem for the defined allocation
period:

F Cð Þi ¼ R 13Ci

� �
� GPPdaily ð1Þ

with F(C)i being the absolute flux into a specific pool i, R (13Ci)t the
fraction of recovered 13C within pool i at the end of the defined alloca-
tion period and GPPdaily being the mean daily assimilation estimated
with EC during the allocation period.

Although this approach is simple, it is essential that meteorological
conditions and assimilation on ecosystem scale don't vary strongly
since this would affect the transport of C within the plant–soil system,
needs to be stable throughout the allocation period of the 13C. Further-
more, it is difficult to estimate the length of this allocation period, which
should not be confused with the end of the chase period. However, this
period is critical for the interpretation of the distribution of the assimi-
lated tracer (Wang et al., 2007). Allocation of 13C to various pools in
the plant–soil system is considered to be complete when the metabolic
plant components are depleted of 13C (Saggar et al., 1997). This point
is difficult to identify, but numerous studies report that allocation is fin-
ishedwithin 3–4 weeks (Hafner et al., 2012; Keith et al., 1986; Riederer,
2014; Swinnen et al., 1994; Wu et al., 2010).

3. Results

3.1. Carbon exchange on ecosystem scale

The observed matter and energy fluxes observed by the EC stations
as well as temperature, humidity and precipitation measurements for
the period 9 June to 2 August (Fig. 1) enable us to characterize the over-
all exchange conditions between the K. pygmaea ecosystem and the at-
mosphere. In general, the dynamics of the C fluxes measured at both EC
stations were very similar. When averaged over the whole period, the
NEE resembled a weak sink for both stations (Table 2). However, the
observations can be divided into three periods with different character-
istics. At the beginning of the observation period, the NEE did not show
a clear daily cycle with mainly respiration and only weak assimilation.
Starting from 24 June assimilation increased which resulted in a
negative NEE during the day, leading to the decline of the cumulated
NEE after this date. This can be explained by onset of rain, rise in soil
water content and a rise in air temperature in June. For a period that
lasted until 24 July fluxes showed a constant behavior. After 24 July till
the end of the EC measurements the NEE was again characterized by
a weaker assimilation during overall drier conditions. This was also
apparent in the ratio between the sensible and latent heat flux, the
Bowen ratio, for these periods, which was greater than one, since the
sensible heat flux dominated over the latent heat flux (data not
shown). Based on the in situ calculated fluxes and the so gained knowl-
edge about the C dynamic, the start of the 13CO2 pulse labeling experi-
ment was scheduled on 1 July.

A comparison of the measured NEE fluxes from the two stations
using the geometric mean regression (Dunn, 2004) – the method of
choice to account for random errors in both time series – shows only a
3% difference. This small difference in mean NEE measurements on eco-
system scale cannot be considered as relevant and, additionally, cannot
be attributed to any differences in grazing. Rather, existing differences
between individual half-hour values of the two EC stations were related
to differences in the distribution of vegetation and bare soil within
the actual footprint of these flux estimates, or free convection events
whichwere not capturedwith theECmeasurements. This also propagat-
ed into the cumulated and mean daily fluxes (Fig. 1) and explained the
small divergence within the dynamics of the fluxes from the two sites.

3.2. Carbon distribution within the ecosystem

Averaged over all grazing treatments, the total C stored aboveground
and in the upper 15 cm of the soil made up 76.1 ± 1.6 Mg C ha−1. The
aboveground biomass had only a very marginal contribution (~0.6%)
to the overall C stocks whereas equal C amounts (ca. 50%) were stored
in roots and soil organic carbon (SOC) of the upper 15 cm (Fig. 2a).
The mean root:shoot (R:S) ratio was 90.

The grazing treatment had a significant effect on the C stocks of the
shoots (F2,59 = 4.81, padj = 0.046). The post-hoc test revealed that the
shoot C of the livestock exclosure (P) was significantly lower than that
of the ungrazed (U) treatment (difference 0.11 ± 0.03 Mg ha−1

, z =
−3.096, padj = 0.03). The grazing treatment had no effect on below-
ground C stocks or the R:S ratio.

3.3. Dynamics of assimilate allocation

Tracing the distribution of 13C in the plant–soil–atmosphere system
over the course of the chase period allowed assessment of the dynamics
of allocation of recent assimilates. In general, the grazing treatments
did not reveal any difference in the recovery of 13C in the C pools. The
total uptake of 13C during the labeling was not differing between treat-
ments. On average, the total 13C recovered right after the labeling was
0.54 ± 0.02 g 13C m−2. Additionally, the overall tracer dynamics in the
different investigated pools were very similar between the treatments.
The datawas therefore pooled for further analysis to increase sample size.
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In all pools, 13C was significantly enriched after the labeling com-
pared to its natural abundance, except for the SOC 5–15 cm. In this
pool the 13Cat%excess was solely significantly different from zero for the
first two samplings and days 36 and 64 after the labeling.

The percentage of recovered 13C in the shoots decreased rapidly
within the first days after the labeling and stabilized below 10% of re-
covered 13C after 4 days (Fig. 3a). Afterwards the 13C recovery in the
shoots did not change significantly anymore.

The 13C recovery in the CO2 efflux from soil reflects root respiration
and the belowground mineralization of recent assimilates. The highest
rate of 13C efflux in the belowground CO2 efflux was detected within
the first 24 h after the labeling (Fig. 3b). Afterwards, the contribution
of 13C to the CO2 efflux declined rapidly. The decline can be described
by the sum of two exponential functions. This provides turnover rates
for two metabolic stages, one for root respiration and a rapid use of
rhizodeposits by microorganisms (TR1 = 0.66 ± 0.08 days−1) and a
second, slower, stage of utilization of transformation products and
dying roots (TR2 = 0.05 ± 0.02 days−1). This corresponds to mean
residence times (MRT) of 1.5 days (MRT1) and 20 days (MRT2). Due to
the uniform behavior of the efflux from the three grazing treatments
it can be stated that, on average, 36.8 ± 1.4% of recovered 13C was re-
leased as belowground CO2 efflux during two months.

The majority of the 13C (58%) was already allocated belowground at
the first sampling immediately after the labeling (day 0, roughly 4 h
after the start of the 13CO2 labeling), which reflected a fast allocation

of assimilates to belowground pools. Most assimilates were recovered
in roots of the layer 0–5 cm (Fig. 4a). Recovered 13C peaked 15 days
after the labeling and declined during the second half of the chase
period between several sampling steps. The 13C dynamic in the SOC of
both layerswas very low. In the soil of the upper layer, 13C incorporation
increased during the chase period (Fig. 4c). This increase of 13C in SOC
corresponded to the 13C decline in the roots (Fig. 4a, b), reflecting
their transformation to SOC. No clear trend could be obtained for the
soil of 5–15 cm (Fig. 4d), because themean 13C enrichmentwas not sig-
nificantly higher than in the unlabeled soil at several sampling times.

3.4. Absolute fluxes within the K. pygmaea ecosystem

Absolute C fluxes within the plant–soil–atmosphere continuum
were calculated according to Eq. (1) using the relative distribution of
13C at the end of the allocation period and themean daily GPP of this pe-
riod derived from a partitioning of the NEE measured with EC. The end
of the allocation period is defined as the time when 13C in the roots of
the top layer reached a maximum, in our case 15 days after the labeling
(Fig. 4a). The C fluxes estimated with the EC showed a fairly strong and
constant assimilation during this period. Weather conditions were also
quite stable with no relevant changes in temperature or available mois-
ture between the days (Fig. 1). The relative distribution of assimilates as
well as the resulting absolute fluxes derived from the coupling, are pre-
sented for each pool in Fig. 2b. It is clearly visible that most of the

Allocation period

Fig. 1. CO2 fluxes from 9 June to 2 August 2010 including the EC measured Net ecosystem exchange (NEE, black square) as well as the partitioned fluxes; gross primary production (GPP,
dark grey circle) and total ecosystem respiration (Reco, light grey diamond). Closed symbols represent the partially grazed site EC-P and open symbols represent the grazed site EC-G. The upper
panel shows dailymean values and themiddle panell shows the cumulated C-fluxes. Additionally, the lower panel shows sums of daily precipitation (blue bars), mean daily temperature (dark
red line) and humidity (dark blue dashed line) characterizing the weather conditions for the duration of the labeling experiment. The 13C labeling event on 1 July is marked by the vertical
red line; 13C sampling dates are indicated by vertical dashed red lines, the estimated allocation period by the grey shaded area.

Table 2
Mean daily CO2 fluxes and standard errorsmeasured at the EC Stations P and G, estimated for thewhole period and themain vegetation period in July as well as the allocation period and
the labeling day of the CO2 labeling experiment.

Station Flux
[gC m−2 d−1]

Observation period
8 Jun–2 Aug 10

Constant flux period
24 Jun–24 Jul 10

Allocation period
1 Jul–16 Jul 10

Labeling day
1 Jul 10

EC-P NEE −0.12 ± 0.09 −0.66 ± 0.01 −0.71 ± 0.10 −1.24
GPP −1.51 ± 0.10 −2.1 ± 0.01 −2.18 ± 0.10 −2.52
Reco 1.38 ± 0.02 1.48 ± 0.00 1.47 ± 0.02 1.32

EC-G NEE −0.12 ± 0.09 −0.65 ± 0.01 −0.68 ± 0.08 −1.22
GPP −1.37 ± 0.08 −1.84 ± 0.01 −1.87 ± 0.10 −2.53
Reco 1.19 ± 0.02 1.15 ± 0.00 1.16 ± 0.03 1.30

Mean both NEE −0.12 ± 0.09 −0.65 ± 0.01 −0.69 ± 0.09 −1.23
GPP −1.44 ± 0.09 −1.97 ± 0.01 −2.02 ± 0.10 −2.53
Reco 1.28 ± 0.02 1.32 ± 0.00 1.32 ± 0.03 1.31
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assimilates were recoveredwithin the roots of the first 5 cm resulting in
an absolute flux of recent assimilates of 1.04 g C m−2 d−1 into this pool
during this period of the growing season. The belowground CO2 efflux
represented the second largest flux with 0.48 g C m−2 d−1 while
the flux of recent assimilates into aboveground biomass only accounted
for 0.15 g C m−2 d−1.

4. Discussion

4.1. Grazing effects on C fluxes and C budget

One of the aims of our study was to test whether grazing cessation
already affected C fluxes and stocks of the alpine K. pygmaea ecosystem
within the first growing season after grazing cessation. Therefore, we

investigated ecosystem C fluxes, C allocation in the plant–soil–system
and C stocks of this ecosystem in a grazing experiment. As grazing has
been shown to affect belowground C allocation on a short time scale
for several grassland species (Bardgett et al., 1998; Holland et al.,
1996; Kuzyakov et al., 2002; Paterson and Sim, 2000; Schmitt et al.,
2013) we expected that short-term effects of grazing would quickly
express in the allocation of recent assimilates.

However, only the aboveground C stocks were affected by grazing
cessation. It is intuitive that aboveground grazing affects the above-
ground biomass. However, it is remarkable, that neither the allocation
of recent assimilates nor the NEE on ecosystem scale were affected.
This suggests that grazing cessation did not influence the C cycling,
at least during the first half of the first growing season after grazing ces-
sation. The very large R:S ratio of our study site (R:S = 90) is even
higher than in other studies conducted in the alpine pastures of the
Tibetan Plateau (52, Fan et al. (2008; 35.7), Yang et al. (2009)). It is
conceivable that the high belowground biomass enables K. pygmaea to
buffer aboveground effects of grazing in terms of C cycling, thusmaking
the ecosystem resistant against short-term changes in the grazing
regime. This emphasizes the importance of belowground plant
compartments in this ecosystem and the need to increase knowledge
of belowground C cycling of this extraordinary grassland ecosystem.

The lowest aboveground biomass was not found in the full grazing
treatment (G), but in the livestock exclosure (P), where only small
mammals – mainly pika – were grazing. We assume that pikas were
attracted by the fenced area, due to fewer disturbances by livestock
and herders, which increases overall pika density. This might actually
have resulted in an overall higher grazing pressure on the livestock
exclosure. We cannot verify this, because we lack data of pika density
on the study site during the season of our experiment. But high pika
density has been shown to negatively affect aboveground biomass
(Liu et al., 2013). Additionally, pikas can graze vegetation completely
down to the turf surface due to their smaller body size and more suit-
able teeth (Retzer, 2007).

We found no effects of grazing cessation on belowground C stocks.
After several years of grazing exclosure Hafner et al. (2012) observed
a decrease of belowground C stocks in a Kobresia humilis grassland
(~3000 m a.s.l.) in the northeastern highlands. However, due to the
large size of the belowground C stocks and the low productivity of
these alpine ecosystems, such changes in the C stocks can rather be
expected to be a long-term effect of grazing on the scale of years.

Unfortunately, we were not able to conduct EC measurements over
the whole growing season due to logistical restrictions. Therefore, we
were not able to test, if the grazing treatments started to affect ecosystem
C exchange later in the growing season. Additionally, it was not possible
to measure C fluxes on the ungrazed site (U) with EC, becausemaintain-
ing a suitable area free of pikas is not feasible. Thus, the influence of the
pika grazing on ecosystem scale remains uninvestigated in this study.

4.2. Distribution of C within K. pygmaea pastures

In the following section we discuss the C distribution within the
plant–soil–atmosphere continuum of an alpine K. pygmaea pasture eco-
system for the main vegetation period in summer 2010. We present the
relative distribution of C within the compartments of the ecosystem re-
vealed by a 13CO2 pulse labeling experiment. Furthermore, we are able
to present absolute estimates of these fluxes through the relatively
new combination of labeling results and EC flux measurements
(Riederer, 2014). For the better introduction of the new approach, we
will start out with general remarks and explanations. Absolute fluxes
were estimated by the pooled data from the 13CO2 pulse labeling exper-
iment andameandaily GPP valuewas estimated fromboth ECmeasure-
ments for the allocation period. Due to lack of differences between the
grazing treatments, the discussion will be grazing-independent.

Partitioning patterns of assimilates can vary greatly depending on the
climatic conditions (Meharg andKillham, 1989; Palta andGregory, 1997)
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and change over the course of the growing season (Swinnen et al., 1994).
This usuallymakes it impossible to extrapolate the partitioning of a single
13C pulse labeling to thewhole growth period (Kuzyakov and Domanski,
2000; Swinnen et al., 1994). Therefore, extrapolating partitioning pat-
terns and fluxes over a longer period needs to be done with caution.
The EC measurements provide a valuable constraint to judge whether C
fluxes undergo strong changes within the allocation period. The labeling
experiment was conducted in a period with a strong assimilation signal
and overall constant fluxes (Fig. 1), which was only possible to identify
through the simultaneous EC measurements and represents a great ad-
vantage of the new coupling approach. We therefore considered
partitioning from the labeling experiment to be representative for the
whole allocation period, since EC data showed constant C fluxes and
comparable weather conditions (Fig. 1).

During the two months experiment the alpine K. pygmaea pasture
acted as a weak C sink with a mean NEE of −0.1 g C m−2 d−1. The es-
timated mean ecosystem assimilation of 1.36 ± 0.09 g C m−2 d−1 is
in good agreement with values from another study over alpine
Kobresia pastures in about 4000 m a.s.l. (Fu et al., 2009). However, it
is roughly 1–2 g C m−2 d−1 smaller than the values from studies
over montane K. humilis pastures at altitudes lower than 4000 m a.s.l.
(e.g. Hirota et al., 2009; Kato et al., 2004, 2006; Zhao et al., 2006).

In the investigated alpine K. pygmaea ecosystem, the majority of as-
similated C was allocated into belowground pools (Fig. 2b). This was
reflected in the rapid decline of recovered 13C in the shoots during the
first days after labeling (Fig. 3). Leake et al. (2006) report 13C losses in
shoots of 32–70% in upland grassland within one day. Wu et al.
(2010) observed a decline of fixed C in the shoots of 36.7% within 24 h
after the labeling in a secondary K. humilis pasture (3250 m a.s.l.) in
the northeastern highlands on the QTP. The slower decline of 13C in
shoots of a Kobresia pasture shown by Hafner et al. (2012) is associated
with their definition of the reference recovery and differences in the
vegetation itself. In contrast to our study, they relate the recovered 13C
to the amount of 13C found one day after the labeling.

The shoot respiration, however, was ofminor importance for the de-
cline due to the small aboveground biomass and the high R:S ratio of the

Kobresia ecosystem. The photoassimilates remaining in the shoots were
likely incorporated into structural shoot tissue. However, this remains
speculative, because we do not have compound specific measurements
of 13C incorporation.

The total 13C recovered belowground and in soil CO2 efflux after
15 days accounts for 93.7% of recovered 13C. According to the EC fluxes
it corresponds to 1.87 g C m−2 d−1. This is more than the 59%
reported for K. humilis pasture (Wu et al., 2010) and the observed
40% for a Kobresia pasture (Hafner et al., 2012). This emphasizes the
importance of belowground C allocation and cycling in these alpine
K. pygmaea pastures. In our study, 23.6% of the 13CO2 allocated below-
ground was recovered in CO2 efflux from soil (root exudates and root-
derived CO2), which is in good accordance with values reviewed by
Kuzyakov and Domanski (2000). The roots acted as the largest sink of
13C in the system (Fig. 2). This high incorporation of assimilates can be
related to the very large rooting system maintained by the perennial
plant K. pygmaea as adaptation to trampling und grazing (Miehe et al.,
2008b).

The high 13C recovery in roots and the low recovery in SOC are
in contrast to the results observed for a montane Kobresia pastures in
Qinghai by Hafner et al. (2012), who report only minor 13C allocation
into roots, but already very high amounts in the SOC one day after the
labeling. Their 13C pulse labeling was conducted later in the growing
season. They argue that the rooting system was already developed
and assimilates were invested mainly aboveground in vegetative and
generative organs and shoot tissue and belowground into root exuda-
tion. In our study assimilates were mainly invested into the build-up
of roots, leading to a longer turnover time of this C to become SOC.
This might not only be an effect of the growing season, but could addi-
tionally be a response of the plant to the relatively dry growing season.
However, we lack data from other years to estimate effects of this dry
season.

In general, belowground pools have the largest contribution to C
turnover within K. pygmaea pastures. The roots within the turf layer
acted as the greatest sink for recently assimilated C, which is in good
agreement with Fan et al. (2008) who found the highest C density in
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the uppermost centimeter of alpine soils on the southeastern highlands.
For the allocation period of the 13C labeling experiment, which was also
theperiodwith the greatest C uptakeduring the observation period, this
sums up to 28 g C m−2. The further fate of these assimilates, e.g. their
turnover in the roots or a possible incorporation into SOC, is of major
importance to understand the role of recent assimilates for the overall
C sequestration within this ecosystem.

4.3. Rapid turnover of assimilates in the root turf

Tracing 13C of the pulse labeling in the soil CO2 efflux gives valuable
information about belowground metabolism and turnover of recent
assimilates (Unteregelsbacher et al., 2011). By following the 13C incor-
poration in roots and SOC we gain an overall picture of the role of the
root turf for the fate and turnover of assimilates in this ecosystem.

During the first days after the labeling the recovery of tracer in soil
CO2 effluxwas high, whichwas associated with root and rhizomicrobial
respiration of assimilates. Its MRT of 1.5 days is well in accordance with
(Kuzyakov, 2006), who reports that in grasses a maximum of 1–2 days
is necessary for most of the C allocated to root respiration to return to
the atmosphere as CO2.

After approximately two weeks, the amount of tracer recovered in
roots peaked (Fig. 4a,b). In contrast to other pulse labeling studies on
the northeastern highlands of the Tibetan Plateau (Hafner et al., 2012;
Wu et al., 2010), the long chase period and the high number of replicates
after pooling the grazing treatments allows us to follow tracer dynamics
precisely over a time scale of several weeks. The decline after two weeks
was accompanied by a simultaneous slight but steady 13CO2 efflux from
soil (Fig. 3). This might partly be caused by metabolic turnover of assim-
ilates from storage pools. Lehmeier et al. (2008) showed that stores play
a central role for respiratory C metabolism, but also that these stores
are quite short lived. Additionally, we also observed an increase in the
recovery of 13C in SOC (Fig. 4c). This suggests that labeled root material,
i.e., roots that had been built up by recent assimilates, started to be
decomposed, which contributed to soil CO2 efflux, and partly trans-
formed to soil organic matter. The mean residence time of recently
assimilated C in these Kobresia roots is approximately 20 days, as de-
scribed by the slower decay rate of the biexponential decline fitted to
the CO2 efflux rate (Fig. 3b). Thus, a subset of roots in the root turf, prob-
ably fine roots, had a rapid turnover, as it has also been reported by Wu
et al. (2011) for a K. humilis pasture of the northeastern highlands and
others for forest and grassland ecosystems (Gill et al., 2002; Hendrick
and Pregitzer, 1993). Roots that become lignified have a much longer
lifespan, which we can't estimate with our two months study.

The decomposition of fine roots partially leads to a stabilization of
root C in SOC due to the chemical recalcitrance of root compounds
(Rasse et al., 2005), however, this will be of minor importance for
these fine roots, which are poor in lignin and suberin. The two other
mechanisms important in temperate ecosystems (physico-chemical pro-
tection through interaction with minerals and physical protection from
decomposition by aggregation) are of minor importance in Kobresia eco-
systems. Interactionwithminerals is hardly possible becausemost of the
Ah horizon consists of dead roots, and the minerals are mainly quartz
crystals of a medium and large silt size without any relevant sorption
places. The further common mechanism—protection by aggregation, is
also ofminor importance because the aggregate structure is notwell pre-
sented in these soils. Therefore, C stabilization mechanisms (cold tem-
peratures and short period of microbial activity) in soils under Kobresia
root mats may be different from that under temperate grasslands.

5. Conclusions

By combining two commonly used methods, pulse labeling and EC,
we present a new andmore powerful approach to understand C cycling
in the plant–soil–atmosphere system compared to singular plot- or eco-
system scale approaches. It enabled us to estimate absolute C fluxes into

various pools of the K. pygmaea pastures and to identify C dynamics on
various spatial scales.

Within the first growing season after grazing cessation we observed
effects on aboveground C stocks of the alpine K. pygmaea pasture,
whereas recent C fluxes were not influenced. This was shown for the
partitioning and turnover of recently assimilated C on plot scale as
well as the overall C budget at ecosystem scale by combining 13CO2

pulse labeling with eddy-covariance flux measurements. We conclude
that the high belowground biomass, expressed in the very large R:S
ratio of 90, enables K. pygmaea to buffer aboveground effects of short
term changes in the grazing regime.

The K. pygmaea root turf makes up roughly 50% of the overall C
stocks. However, besides its huge size in terms of relative as well as ab-
solute C storage, it is a highly dynamic component of the C cycle in this
ecosystem. A more detailed investigation of C fluxes identified the root
turf asmajor sink for recent assimilates. Our study showed that a subset
of roots is highly dynamic, with a mean residence time of 20 days.
Carbon input into the soil is controlled by root turnover and not
rhizodeposition.

Overall, we conclude that the living roots of the turf layer represent
the most active part in terms of C cycling and play a key role in the
turnover of recent assimilates. As the turf stores a very high amount
of C its destruction through environmental or anthropogenic factors,
e.g. overgrazing-induced degradation or changes of vegetation could
lead to a great release of CO2 to the atmosphere.

This unique ecosystem requires further studies on the role of
grazing, especially on longer time scales, for C stabilization and a more
in-depth understanding of the development, age and structure of the
turf layer aswell as its protective role for the ecosystem. This knowledge
is necessary in order to evaluate and mitigate the effects of climate and
land use change on the Tibetan Plateau.

Acknowledgments

Supplementary data is available at http://doi.org/10.1594/
PANGAEA.833208. This work was supported by the German Research
Council (DFG) DFG Fo 226/18-1.2, DFG KU 1184/14, MI 338/7-2; WE
2601/4-2;(SPP1372) within the Priority Program 1372 “Tibetan Pla-
teau: Formation, Climate, Ecosystems” (TiP). Access to the “Naqu Ecolog-
ical and Environmental Observation and Research Station”was granted by
the Tibet University, Lhasa and the Institute of Tibetan Plateau Research
(ITP), Chinese Academy of Sciences. Furthermore, the authors would
like to thank everybody who participated in the collection of the data
on the Tibetan plateau. We also are thankful to the Centre for Stable
Isotope Research and Analysis (KOSI) of Göttingen University and
the Laboratory of Isotope Biogeochemistry of the Bayreuth Center of
Ecology and Environmental Research (BayCEER) for the δ13C analysis.
Table A1
Setup specification for the eddy covariance stations, EC-P and EC-G.

Measured quantity EC-station Device Height [m]

Wind components P and G CSAT3
(Campbell Sci., Inc.)

2.20

CO2 and H2O
Concentration

P and G LICOR 7500
(LI-COR Biosciences)

2.20

Reference temperature
and humidity

P and G HMP45 (Vaisalla). 2.20

Precipitation P Tipping rain gauge 1.00
Radiation components P and G CNR1

(Kipp & Zonen)
2.00

Soil temperature
“Kobresia mat”

P and G Pt100 −0.025, −0.075,
−0.125
(−0.200 only at P)

Soil water contend
“Kobresia mat”

P and G TDR probes (IMKO) P:−0.10,−0.20
G: −0.15

Soil temperature
“bare soil”

Only P Pt100 −0.025, −0.075,
−0.125

Soil water contend
“bare soil”

Only P TDR probes (IMKO) −0.15
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Appendix A. Eddy covariance

A1. Instrumentation EC stations

Table A1 lists the devices used at the two stations EC-P and EC-G.
It describes the measured quantity, manufacturer and measurement
height.

A3. Post processing of turbulent fluxes

The internationally compared software TK3 (Mauder et al., 2008) in-
cludes all necessary data correction and provides tools for the quality
control of data. Therefore, calculated fluxesmatch up-to-datemicrome-
teorological standards (Foken et al., 2012; Rebmann et al., 2012). Wind
data was rotated according to the planar-fit rotation method consider-
ing terrain effects on the measurements (Wilczak et al., 2001). Quality
of the derived fluxes is indicated with a quality-flagging scheme after
Foken and Wichura (1996), accounting for development of turbulence
as well as stationarity. It enables to be distinguish between data of
high quality (flag 1–3), intermediate quality (flag 4–6) and poor quality
(flag 7–9) (Foken et al., 2004).

The utilized footprint analysis is based on a Lagrangian stochastic
forwardmodel, providing a two dimensional representation of the con-
tributions of source areas (Rannik et al., 2000). Nevertheless, it needs to
be considered that, depending on thewind direction, the distribution of
IM, DM and BS within the footprint for single half-hour values might
differ from the overall distribution within the research area.

A3. Gap filling and partitioning of turbulent C fluxes

Gap filling of NEE measurements and also the partitioning of this
flux in C uptake and respiration is a common procedure (e.g. Desai
et al., (2008); Falge et al., (2002); Lasslop et al., (2010); Reichstein
et al., (2012)). Therefore, gross primary production (GPP) was esti-
mated with a light response function following Michaelis and Menten
(1913) using in situ solar radiation measurements. This technique
also enables estimation of the C uptake of the Kobresia pastures from
the measured NEE. The approach is described in Ruppert et al. (2007)
follows Falge et al. (2001):

GPP ¼ aRgNEEsat;day
aRg þ NEEsat;day

þ Reco;day ðA1Þ

with a the initial slope of the function, the global radiation Rg, the satu-
ratedNEE rateNEEsat. day and the respiration rate during daytimeReco,day.

Ecosystem respiration (Reco) is parameterized from in situ measured
night-time NEE and temperature measurements following Lloyd and
Taylor (1994) as used in Falge et al. (2001):

Reco ¼ Reco10e
E0

1
283:15−T0ð Þ

� �
− 1

T−T0ð Þ

� �h i
ðA2Þ

with Reco10 being the respiration rate at 10 °C and E0 the sensitivity of
the respiratory fluxes at a constant T0.

The fitting of the parameters for GPP and Reco was done with high
quality data (flag 1-3) for two periods due to the strong differences in
the diurnal cycle. Respiratory fluxes dominated within the first period
and no daily cycle existed from 9 to 23 June, while assimilation became
more dominant leading to a daily cycle in the second period from 24
June to 8 August. The NEE time series selected for intermediate data
quality was gap–filled with estimated values, where missing values
due to instrument failure or rejection of data due to inappropriate
data quality made this necessary. The time series of GPP and Reco are

entirely made up of parameterized values originating from the mea-
sured NEE.

Appendix B. 13CO2 pulse labeling

B1. Labeling procedure

Chambers of the size 60 cm × 60 cm × 10 cm were erected with
transparent plastic foil. The chambers were carefully sealed by burying
the foil in the soil and additionally sealing with wet soil. Prior to the
closing, a vial with 2 g of 13C enriched (99 atom-%) Na2CO3 dissolved
in water was placed inside each chamber. The label was released into
the chamber atmosphere by injecting an excess of 5 M sulphuric acid
with a syringe into the vial. To facilitate a uniform distribution of the
tracer inside the chamber, the chambers were agitated from time to
time. The labeling started at noon; chambers were opened after 4 h of
labeling.

B2. Sampling procedure

Plant shoots were cut from a small circular area (diameter 6.5 cm).
Belowground samples (soil and roots) were taken with a soil corer
(diameter 2.6 cm) from two layers (0–5 cm and 5–15 cm), which
contain the vast majority of roots and soil organic matter. Except for
the first sampling, all samples from each compartment were taken as
mixed samples of two soil cores from each plot. The samples were
dried at 50 °C and belowground samples were separated into roots
and soil afterwards. All samples were weighed and homogenized in
a ball mill prior to further analysis. To make sure that the soil sam-
ples were free of carbonates, they were decalcified with hydrochloric
acid (HCl).

Total belowground CO2 efflux and its δ13C signature were measured
as follows. CO2 originating from the soil was captured in a sodium hy-
droxide solution (NaOH). After clipping of the shoots an opaque alumi-
num chambers, with a diameter of 6.5 cm, was placed on the bare soil. A
graduated beakerwith a defined amount of 1MNaOHwasplaced inside
the chamber. The NaOH captures the CO2 flowing out from the soil into
the chamber. Clipping of the shoots is necessary to avoid the additional
CO2 originating from shoot respiration. The beakers were changed
on the sampling days, and thus measured the cumulative CO2 efflux
in the periods between the sampling days. The amount of NaOH was
adjusted between 20 to 30 ml according to the length of these trapping
periods to ensure that NaOH was not neutralized. The amount of
CO2 captured in the NaOH in the measurement periods was quantified
by titration against 0.1 M HCl to the color change of phenolphthalein
(pH = 8.2). To determine the δ13C signature of the CO2 efflux, 2 M
SrCl2 was added to precipitate the carbonate captured in the NaOH as
SrCO3. The precipitation was neutralized by repeated addition of puri-
fied water and dried afterwards.

The natural abundance of 13C in the different plant and soil
pools, as well as of the soil CO2 was measured by doing the identical
sampling and analysis procedure on unlabeled spots at the field
site. Carbon content and the δ13C signature of enriched and non-
enriched (reference) samples were determined by an isotope
ratio mass spectrometer coupled with an elemental analyzer at
the laboratory of Isotope Biogeochemistry, Bayreuth Center of Ecol-
ogy and Environmental Research (BayCEER) (IRMS: Delta Plus,
Thermo Fisher Scientific, Bremen Germany; EA: NC 2500, CE Instru-
ments, Milano, Italy) and at the Centre for Stable Isotope Research
and Analysis, University of Göttingen (IRMS: Delta C, Finnigan
MAT, Bremen, Germany; EA: NA1108, Fisons-Instruments, Rodano,
Milano, Italy). With the exception of the samples from the first
sampling, a subset of three replicates per treatment and sampling
day were analyzed.
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B3. Calculations

The belowground C stocks were calculated for both layers (0–5 cm,
5–15 cm):

C Mg ha−1
� �

¼ z � ρ � C ðB1Þ

where z (cm) is the thickness of each layer, ρ (g cm−3) is the bulk
density and C (%) is the C content.

The soil CO2 efflux rate (mol C m−2 d−1) was calculated by:

CO2 efflux ¼ m Cð Þ
AΔt

ðB2Þ

where m(C) represents the amount of C absorbed in the trap, A is the
area of the soil under the chamber and Δt is the length of the trapping
period.

The enrichment of 13C (13Ct atom%excess, % of total C atoms) in each
sample achieved by the pulse labeling is calculated by subtracting the
amount of 13C in the natural abundance samples (13C atom% of NA, % of
total C atoms) from the amount of 13C in the sample (13Ct atom% of sample,
% of total C atoms):

13Catom%excess ¼ 13Catom% of sample−
13Catom% of NA: ðB3Þ

The amount of 13C in the C pools at a specific time t after the la-
beling (13Ct, g m−2) is the product of the increment of 13C at that
time (13Ct atom%excess) and the amount of C in the corresponding pool
(Ct pool, g m−2) and can be calculated as such:

13Ct ¼
13Ct atom%excess

100
� Cpool: ðB4Þ

To make the 13C incorporation into the investigated pools compara-
ble between the plots, the amounts of 13C in a pool at time t (13Ct) are
expressed in percentage of the reference recovery at day 0 (13Ct0 rec)
of the corresponding plot:

13Crec ¼
13Ct

13Ct0rec
� 100% ðB5Þ

The reference recovery 13Ct0 rec is defined as the total amount of
13Catom%excess found in all investigated plant and soil C pools at the first
sampling (day 0), directly after opening the labeling chamber. A time
delay of 12 h was assumed between the clipping and the complete
stop of metabolic processes by drying. These 13C losses during the dry-
ing of soil and plant samples were corrected.

The statistical analysis was done in R 2.10.1 (R Development Core
Team, 2009). To test for treatment effects in the five investigated
pools we used linear mixed effect models (R-package nlme, Pinheiro
et al., 2011) with ‘Treatment’ (U, P, G) as fixed effect and ‘Block’ (1–4)
and ‘sampling date’ as random effects. To account for the multiple test-
ing of the treatment effect in the five C pools p-values were adjusted ac-
cording to Holm's procedure (n = 5). In case of a significant treatment
effect within a C pool (padj b 0.05) we used a post-hoc Tukey test (R-
packagemultcomp, Hothorn et al., (2008), p-adjustment by Holm's pro-
cedure), to test which treatments show differences in the respective
pool. A non-parametric Mann–Whitney-U test was applied to evaluate
differences between the grazing treatments in 13C partitioning at
every sampling step of the chase period. Differences in the percentage
of recovered 13C between time-steps were tested with the non-
parametric Wilcoxon matched pair test (significance level p = 0.05).
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Abstract

Harsh weather conditions, great changes in seasonal concentrations, temperature or pressure
and general low atmospheric water vapour concentrations in arid or semi arid environments
pose a challenge for an accurate estimation of humidity concentrations and latent heat flux.
Furthermore, necessary calibration on a regular basis usually involves a great effort due to the5

remoteness of these areas. Within a quality check of data measured on the Tibetan Plateau,
Metzger et al. (2006) have shown a super saturation within humidity measurements with an
open path infrared gas analyser (Li-7500) during winter conditions. They suggested to investi-
gate the consequence of these findings for the latent heat flux be investigated as well. Humidity
concentrations and latent heat flux were therefore estimated within this study through parallel10

measurements by a Krypton Hygrometer (KH20) and a Li-7500 in February 2010, showing that
both devices measure the latent heat flux with great accuracy but flux estimates of the KH20
are greater by 20%. Unfortunately the cause of this divergence cannot be exactly determined
nor attributed to one of the devices. It can be generally stated, however that the estimation of
evaporation is still within an acceptable error range, but that improvement of long-term moni-15

toring in areas with low water vapour concentrations is necessary. Furthermore, this comparison
also showed that neither the Li-7500 nor the KH20 are capable to accurately measure absolute
humidity concentrations under such conditions. All this shows the need for a good calibration
strategy for stations with limited access and therefore a new mobile KH20 calibration device
was tested. This test showed that a KH20 in combination with the calibration device offers an20

easy method to maintain the possibility checking on the latent heat flux estimates of a routine
EC station equipped with a Li-7500.

1 Introduction

In those arid and semi arid areas found in high elevation, polar or desert environments where
atmospheric humidity concentrations are low, measurements of water vapour content are chal-25

lenging. An example of such problematic measurements is revealed within a comparative data

2
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quality investigation of turbulent flux estimates measured at two eddy-covariance (EC) stations
on the Tibetan Plateau by Metzger et al. (2006). They observed during winter a super saturation
within humidity measurements derived with an open path infrared gas analyzer Li-7500 (Li-
COR Bioscience Inc.). The two EC stations, namely Qomolangma Station for Atmospheric and
Environmental Observation and Research (Everest Station) and Nam Co Monitoring and Re-5

search Station for Multisphere Interactions (NAMORS), are part of the framework Tibetan Ob-
servation and Research Platform (TORP, Ma et al., 2008) installed by the Institute of Tibetan
Plateau Research (ITP), Chinese Academy of Sciences, and are also used within the Project
CEOP-AEGIS of the European Union Menenti et al. (2014, http://www.ceop-aegis.org). In or-
der to gain more insight into this problem and following the suggestion by Metzger et al. (2006)10

side-by-side measurements, of a Li-7500 and an ultra violet gas analyzer (Krypton Hygrom-
eter KH20, Campbell Sci. Inc.) were conducted in February 2010 at NAMORS under winter
conditions. The goal was to investigate whether the problem of unrealistic humidity concen-
tration measurements with the Li-7500 would affect the estimation of the latent heat flux with
the eddy-covariance method. Furthermore, a mobile calibration unit for the KH20 was utilized15

for an in-situ calibration under field conditions directly before the inter comparison (Foken and
Falke, 2012).

2 Material and Methods

2.1 Study site

The chosen study site NAMORS (30◦46′22′′N, 90◦57′47′′ E) is located within the Nam Co20

Basin on the Tibetan Plateau, 220km north of Lhasa, at 4730masl.. The permanent eddy-
covariance tower (3 m, Figure 1) is equipped with an open path infrared gas analyzer Li-7500
(LiCOR Bioscience Inc.), an ultrasonic anemometer (CSAT3, Campbell Sci. Inc.) and a com-
bined humidity and temperature sensor (HMP45, Vaisala). For the side-by-side measurements
the setup was extended with a Krypton Hygrometer, measuring absorption through water vapour25

concentration with ultraviolet light (KH20, Campbell Sci. Inc.). The CSAT3 was installed fac-

3
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ing southm, with the Li-7500 along its east and the KH20 along its west side. Further radiation
components, as well as soil moisture and soil temperature, are measured at close to the EC
station. All data is logged to a Cr5000 Datalogger (Campbell Sci. Inc.).

2.2 Post processing of turbulent data and quality control

Calculation of turbulent fluxes and aggregation to 30 min averages was done with the software5

package TK2, Department of Micrometeorology, University of Bayreuth (Mauder and Foken,
2004),a more recent version, TK3, has become available in the mean time (Mauder and Foken,
2011). The software is internationally compared (Mauder et al., 2008), calculated fluxes match
up-to-date micrometeorological standards (Foken et al., 2012; Rebmann et al., 2012) due to
the data corrections included and the quality control tools. Wind data was rotated according to10

the planar-fit rotation method (Wilczak et al., 2001) considering terrain effects on the measure-
ments. Data quality is assured by the implemented flagging scheme after Foken and Wichura
(1996). For the comparison of absolute humidity concentrations data with intermediate quality
(flag 4-6) was selected while for the comparison of the latent heat flux of the two sensors only
data with best quality (flags 1-3) was used and data with poor quality (flag 7-9) was rejected.15

The classification of the data quality follows Foken et al. (2004).

2.3 Operation, calibration and sensitivity of the KH20 and Li-7500 gas analyser

2.3.1 Li-7500

The Li-7500 is an open path infrared gas analyzer which measures water vapour and CO2 con-
centration within a fixed path length of 125 mmthrough absorption of infrared light, within the20

wavelengths of 4.26 and 2.59 µm and non-absorbing reference wavelengths of 3.95 and 2.40
µm. Maintenance and calibration requirements for the Li-7500 are usually quite low with the
field calibration and changing of internal desiccants recommended 1-2 times a year depend-
ing on environmental conditions. The manufacturer’s calibration curve itself is considered to be
valid for several years, and a change would be revealed during the field calibration carried out by25

4
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the user of the device, which sets a “zero” and “span” value to be used within the calculation of
the concentration to account for any drift within the measurements (LI-COR, 2004). Although
it is possible to set “span” and “zero” on a mounted device, it is recommended that the device to
disassembled for a calibration inside a laboratory to minimize errors and leaks especially when
the drying chemicals are changed as well. Furthermore, the Li-7500 is considered to be quite5

resistant against contamination of the window through dust and rain (Burba, 2013). Although
the above-mentioned points make the Li-7500 a reliable and easy to handle device there are
some problems . A change in specification of the original design of the Li-7500 in 2002 has
increased the temperature sensitivity of the H2O measurements while solving problems aris-
ing from penetrating sunlight for CO2 measurements. A comparison between a reference and a10

Li-7500 before and after being re-adjusted to the specifications prior to 2003 showed that the
specifications used after 2003 introduce a greater temperature drift for low temperatures and
low humidity concentration (Weisensee et al., 2003). Burba et al. (2008) introduced an addi-
tional correction term to the WPL correction (Webb et al., 1980; Leuning, 2007), accounting
for a heat flux within the observation path of the Li-7500 (Grelle and Burba, 2007), however15

the application of this correction is controversially discussed (?Wohlfahrt et al., 2008; Reverter
et al., 2011; Oechel et al., 2014). In this study the additional correction is not applied since, in
general, the WPL correction has more effect on C02 fluxes and is of minor importance for the
latent heat flux (Liebethal and Foken, 2003). A study by Fratini et al. (2014) revealed that a bias
in measurements of gas concentrations introduced by contamination will also propagates into20

the flux estimates.

2.3.2 KH20

The Krypton Hygrometer (KH20) estimates water vapour concentration in the air by measur-
ing the absorption with ultra violet radiation emitted by krypton gas (Campbell, 1985). Main
absorption by water vapour happens within the main band of 123,58nm and a the secondary25

band of 116,49nm. Absorption within the main band is chiefly caused by water vapour, while
the influence of other gases is relatively weak. Within both bands the absorption is caused by
water vapour and oxygen, which needs to be accounted for in a special correction (Tanner et al.,

5
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1993). Due to both the strong absorption within the main wavelength and the short path length,
typically 10 mm, the device is quite sensitive and therefore well-suited for the use in arid envi-
ronments. Absorption by oxygen and water vapor for both absorption-bands can be calculated
according to the Lambert-Beer’s law (Campbell, 1985). The KH20 factory calibration proce-
dure estimates Kw, the effective absorption coefficient of water vapour, by varying the absolute5

humidity while path length and oxygen level remain constant; unfortunately such procedures
are somewhat impractical, if not impossible, for the use as field calibration due to a missing
moisture chamber. However, field calibrations become necessary due to contamination of the
windows or strong changes in environmental circumstances, or possible changes of the intensity
of the UV lamps. In order to make the field calibration of the KH20 more convenient, Foken10

and Falke (2012) introduced a new calibration device for the KH20 which follows in princip
the proposed calibration procedure for the Lyman-alpha Hygrometer allowing calibration for
constant absolute humidity through varying the path length ((Buck, 1976) updated by Foken
et al., 1998). A more detailed description of how to operate the calibration device and technical
details can be found in Foken and Falke (2012).15

The new device does not directly calibrate the coefficient for water vapour absorption, how-
ever the calibration is done with oxygen as proxy. It is therefore assumed that changes in the
intensity of the Krypton lamp affect the absorption by water vapour and oxygen in the same
manner. This is possible due to the higher concentration of oxygen in the atmosphere and there-
fore enhanced absorption. It is consequently necessary to estimate the calibration coefficients20

for humidity (KWoriginal
) and oxygen (KOoriginal

), parallel for a new KH20. Most conveniently,
KWoriginal

is taken from the calibration by the manufacturer and KOoriginal
is determined right

after the purchase with the mobile calibration device. Any changes in the intensity of the lamp,
which will also be reflected in the change of calibration coefficient for oxygen (KOin situ), can
be then scaled to the new calibration coefficient of water vapour (KWin situ).25

KWin situ =KWoriginal
· KOin situ

KOoriginal

(1)

6
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In general this KH20 calibration has an error range between 5-10% (Foken and Falke, 2012).This
calibration uncertainty becomes even greater with increasing timespan between the determina-
tion of KWoriginal

and KOoriginal
.

2.3.3 Application of the Li-7500 and KH205

Due to their different designs both, the Li-7500 and the KH20 sensors, have advantages and dis-
advantages which might affect their applicability on the TP during winter when temperatures
and absolute humidity concentrations are low. Besides using either UV or IR light, the greatest
difference between the two devices is the variable path length of the KH2O versus the fixed
path length of the Li-7500. This allows a better adjustment of the KH20 to low water vapour10

concentrations or for measurements of small eddies close to the ground due to the short path
length. However, a change in altitude requires a recalibration of the KH20 due to its great sensi-
tivity to changes in oxygen concentration. Furthermore,the device is sensitive to contamination
through dust and rain and needs a regular maintenance. On the other hand the calibration of
the Li-7500 involves the use of a ”zero” gas, a reference gas for CO2 and a dew point gener-15

ator for H2O. Furthermore, the calibration is ideally carried out in a laboratory setting where
temperature and pressure are keep at a constant level. In addition it needs to be considered that
the manufacturer calibration is carried out under different conditions. For the LI-7500 used, the
smallest calibration mass density scaled to typical ambient pressure on the TP during winter is
2.77gm−3.20

3 Results and Discussion

In order to identify a pattern within the course of a year, continuous measurements of absolute
humidity with the Li-7500 and the HMP45 for 2009 and 2010 are shown in Figure 2. Also
included is the maximal absolute humidity at saturation and air temperature. It is clearly visible
that the humidity measurements by the Li-7500 regularly exceed the threshold of the maximum25

absolute humidity at saturation during the winter month, while this only occurs occasionally

7
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during the summer months. Furthermore, the effect of field calibration on 30 June 2009 is also
visible in this figure. After the calibration, measurements of the Li-7500 and the HMP45 are
in great accordance until air temperature starts to fall below 0◦C in October. While in 2009 the
absolute humidity measurements by the Li-7500 start to decrease again with the rise of the air
temperature above 0◦C in April and May, in 2010 such an effect is not visible. However, the5

calibration on July 8th, 2010 is again visible. Together with the data gap in May, this indicates
a malfunction of the sensor in June 2010.

We also compared measurements of absolute humidity from the LI-7500 and the KH20 to
humidity measurements by an HMP45 for 22 February, since an under or overestimation of
water vapour concentrations could cause a bias in the turbulent flux estimates (Fratini et al.,10

2014). The comparison reveals an offset between Li-7500 and HMP45 absolute humidity mea-
surements (Figure 3). Values of absolute humidity measured with the KH20 are forced to the
HMP45 values since the device is only set up to measure the fluctuations correctly and not
capable of this kind of measurement. However, even though they are in the same range as the
HMP45 values, there are still differences, between both time series. Besides this differences,15

it is notable that the fluctuations of the two fast sensors have the same pattern throughout the
day but the magnitude of the fluctuations of the KH20 and the Li-7500 differ. The range of the
fluctuations measured with the KH20 is greater than those of the Li-7500.

The direct comparison of the latent heat fluxes measured with both devices during the side-
by-side experiment in February 2010 in the Tibetan Plateau reveals only a little scatter between20

the measurements. However, fluxes measured by the KH20 are 20% greater than those measured
with the Li-7500 (Figure 4), although the deviation is greatest for high latent heat fluxes above
150 Wm−2, which rarely occur. It cannot be determined whether the difference is related to
either an uncertainty in the measurements by the Li-7500 or the KH20, since the Li-7500 was
not specially calibrated for winter conditions and the calibration of the KH20, even thought25

carried out in situ in the field during the experiment has an error range of up to 10%. The power
spectra for both devices were plotted, and Figure 5 shows that energy follows the power law of
-5/3 required for ideal conditions within the inertial subrange (Kolmogorov, 1941).

8
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4 Conclusions

The short study on the Tibetan Plateau showed that both sensors can be considered suitable
for measuring the latent heat flux on the TP even under winter condition since the measure-
ments of both devices is small and the power spectra follows the required decline. However,5

used by themselves are not capable of measuring accurate absolute humidity concentrations.
Furthermore, the comparison of the latent heat flux measurements with the Li-7500 and KH20
gas analysers showed that even though the fluctuations can be measured with high accuracy,
a difference of 20% between the two measurements was observed, with higher fluxes detected
with the KH20. Therefore the absolute estimates of the flux might be prone to an error which10

should not be neglected, although it needs to be kept in mind that the TP is an area with low
data coverage and limited accessibility so that the long term flux estimation with the Li-7500
can be still considered as acceptable. It is nevertheless highly recommended to take great care
to properly calibrate and maintain devices which are used under harsh conditions in order to
minimise error and use the full range of possibilities provided by the measuring equipment.15

A strong control of the “span” and “zero” drift for the Li-7500 is recommended and a second
field calibration during winter time might improve the measurements and furthermore frequent
field calibration would allow use of the estimation of a bias for the turbulent flux as proposed
by Fratini et al. (2014). Because Weisensee et al. (2003) could show that a Li-7500 with the
settings prior to the sunlight correction from 2003 would be more accurate in the estimation of20

low absolute humidity concentrations, utilizing a device factory re calibrated for winter condi-
tions needs to be considered. One additional winter field calibration for the Li-7500 and parallel
measurements with a regular in-situ calibrated KH20 can be considered as the most practical
procedure, as remote stations are not permanently staffed with trained persons for a regular cal-
ibration of the Li-7500. We are aware that our experiment on the Tibetan Plateau during winter25

is prone to certain shortcomings. Due mainly to the logistical problems we were not able to use
recently factory calibrated devices and had to rely on the equipment at the Station which had
already been exposed to the harsh conditions on the Plateau for some time. Nevertheless we
see that there is a need to look into winter-time data, especially when used in larger projects

9

F. Biermann et al. (subm)

154



D
iscu

ssio
n
P
a
p
er

|
D
iscu

ssio
n
P
a
p
er

|
D
iscu

ssio
n
P
a
p
er

|
D
iscu

ssio
n
P
a
p
er

|

such as CEOP-AEGIS (Menenti et al., 2014), as a bias exists between the two estimated latent
heat fluxes obtained with the two different devices. We therefore want to encourage everyone
measuring in similar environments to not only look at the flux estimates but also look critically
at absolute humidity concentrations measured with the Li-7500.
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Metzger, S., Ma, Y., Markkanen, T., Göckede, M., Li, M., and Foken, T.: Quality assessment of Tibetan
Plateau Eddy Covariance measurements utilizing Footprint modeling, Adv Earth Sci, 21, 1260–1267,
http://www.bayceer.uni-bayreuth.de/mm/de/pub/pub/pub detail.php?id obj=42418, 2006.15

Oechel, W. C., Laskowski, C. A., Burba, G., Gioli, B., and Kalhori, A. A. M.: Annual patterns and budget
of CO 2 flux in an Arctic tussock tundra ecosystem, Journal of Geophysical Research: Biogeosciences,
119, 323–339, doi:10.1002/2013JG002431, http://doi.wiley.com/10.1002/2013JG002431, 2014.

Rebmann, C., Kolle, O., Heinesch, B., Queck, R., Ibrom, A., and Aubinet, M.: Data Acquisition and
Flux Calculations, in: Eddy Covariance: A Practical Guide to Measurement and Data Analysis, edited20

by Aubinet, M., Vesala, T., and Papale, D., pp. 59–83, Springer, Dordrecht, http://dx.doi.org/10.1007/
978-94-007-2351-1 3, 2012.

Reverter, B., Carrara, A., Fernández, A., Gimeno, C., Sanz, M., Serrano-Ortiz, P., Sánchez-Cañete, E.,
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Fig. 1. Eddy-covariance station with the CSAT3, Li-7500, KH20 and HMP45 at NAMORS in February
2010.
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Fig. 2. Timeline of absolute humidity measurements conducted with the LiCOR 7500 (black) and the
HMP 45 (red) at NAMORS from 2008 to 2011. The grey shaded area indicates the amount of water in
the air when 100% relative humidity is reached; the blue line represents air temperature. Vertical green
lines mark the field calibration dates for the LiCOR 7500 on 30.06.2009 and 08.07.2010.

15

F. Biermann et al. (subm)

160



D
iscu

ssio
n
P
a
p
er

|
D
iscu

ssio
n
P
a
p
er

|
D
iscu

ssio
n
P
a
p
er

|
D
iscu

ssio
n
P
a
p
er

|

Fig. 3. Comparison of measurements conducted with the Li-7500, HMP45 and KH20 on 22 February
2010 at NAMORS. The measurements are shown with the same resolution but the observations with the
Li-7500 show higher absolute values.
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Fig. 4. Comparison of the observed latent heat flux with both gas analyzers, Li-7500 and KH20, during
the side-by-side measurements in February 2010 at NAMORS.
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Fig. 5. Spectra of energy dissipation for the Li-7500 (a) and the KH20 (b). The red line indicates a
dissipation of -5/3.
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