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a b s t r a c t

The components of ecosystem evapotranspiration of a Norway spruce forest (Picea abies L.) as well as
the vertical structure of canopy evapotranspiration were analyzed with a combination of measurements
and models for a case study of 5 days in September 2007. Eddy-covariance and sap flux measurements
were performed at several heights within the canopy at the FLUXNET site Waldstein–Weidenbrunnen
(DE-Bay) in the Fichtelgebirge mountains in Germany. Within and above canopy fluxes were simulated
with two stand-scale models, the 1D multilayer model ACASA that includes a third-order turbulence
closure and the 3D model STANDFLUX. The soil and understory evapotranspiration captured with the
eddy-covariance system in the trunk space constituted 10% of ecosystem evapotranspiration measured
with the eddy-covariance system above the canopy. A comparison of transpiration measured with the
sap flux technique and inferred from below and above canopy eddy-covariance systems revealed higher
estimates from eddy-covariance measurements than for sap flux measurements. The relative influences
of possible sources of this mismatch, such as the assumption of negligible contribution of evaporation
from intercepted water, and differences between the eddy-covariance flux footprint and the area used
for scaling sap flux measurements, were discussed. Ecosystem evapotranspiration as well as canopy tran-
spiration simulated with the two models captured the dynamics of the measurements well, but slightly

underestimated eddy-covariance values. Profile measurements and models also gave us the chance to
assess in-canopy profiles of canopy evapotranspiration and the contributions of in-canopy layers. For
daytime and a coupled or partly coupled canopy, mean simulated profiles of both models agreed well
with eddy-covariance measurements, with a similar performance of the ACASA and the STANDFLUX
model. Both models underestimated profiles for nighttime and decoupled conditions. During daytime,
the upper half of the canopy contributed approximately 80% to canopy evapotranspiration, whereas

tribu
during nighttime the con

. Introduction

Evapotranspiration is one of the most important components
f the water budget in Central European forests. For spruce
orests, evapotranspiration can constitute up to 60% of precip-
tation (Frühauf et al., 1999; Rebmann, 2004). The amount of
vapotranspiration of a forest is influenced by physiological and
orphological properties of the forest canopy (Baldocchi and Vogel,
Please cite this article in press as: Staudt, K., et al., Vertical structure of eva
(2010), doi:10.1016/j.agrformet.2010.10.009

996), and soil properties and soil cover that govern the water vapor
xchange at the soil–atmosphere interface (Baldocchi et al., 2000).
urther influences are meteorological conditions within and above
he canopy such as wind speed, air temperature and humidity.
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tion shifted to lower parts of the canopy.
© 2010 Elsevier B.V. All rights reserved.

Thus, to understand evapotranspiration of a forest ecosystem, mea-
surements of total ecosystem evapotranspiration by, for example
eddy-covariance measurements are not sufficient, as all processes
determining evapotranspiration need to be studied. Measurements
of forest canopy evapotranspiration profiles with the sap flux
and eddy-covariance techniques not only make the partitioning
of ecosystem evapotranspiration into its components possible but
also assist in understanding the vertical canopy moisture dynamics
and its dependence on the vertical structure of plant morphology
and in-canopy micrometeorology. A data base comprising mea-
surements of all evapotranspiration components is also needed to
validate process-based models to ensure adequate process repre-
sentations and thus a proper simulation of the various components
potranspiration at a forest site (a case study). Agric. Forest Meteorol.

of evapotranspiration to avoid a compensation of errors in mod-
eling these components in the total ecosystem evapotranspiration
(Falge et al., 2005).

Ecosystem evapotranspiration (Eeco) consists of four compo-
nents (here, a similar notation than in Barbour et al., 2005, was
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dopted):

eco = Ec + Es + Eg + Ew (1)

ith transpiration from the canopy (Ec), transpiration from the
nderstory vegetation (Es), evaporation from the ground (Eg) (soil
nd standing water on understory vegetation), and evaporation
rom wet canopy surfaces such as from intercepted water (Ew).

The exchange of water vapor of an ecosystem with the atmo-
phere, thus Eeco, is commonly measured with eddy-covariance
ystems, e.g. at more than 400 sites of various terrestrial ecosystems
oined within the FLUXNET network (FLUXNET, 2010).

To monitor the components of Eeco, different measurement
echniques are available. These components are monitored less
ften and especially long-term continuous measurements are rare.
part from assessing one or more components of Eeco, Wilson and
eyers (2001) stress differences and limitations of these measure-
ent techniques. Temporal and spatial scale may vary considerably

etween these methods, making up- or downscaling of the results
ecessary. Furthermore, underlying assumptions, technical chal-

enges and measurement errors are unique for every measurement
ystem.

The sum of evaporation from the forest floor and transpira-
ion from understory vegetation (Eg + Es) can be estimated using
hamber measurements (Rochette and Hutchinson, 2005), the soil
ater budget (Wilson and Meyers, 2001) or eddy-covariance mea-

urements in the trunk space (Baldocchi and Vogel, 1996; Saugier
t al., 1997; Wilson et al., 2000; Roupsard et al., 2006; Jarosz et al.,
008). As the validity of the assumptions of the eddy-covariance
ethod may be questioned in the trunk space of a forest, these
easurements have certain limitations. To check the reliability of

hese data, energy balance closure and spectral analysis are fre-
uently analyzed (Baldocchi and Meyers, 1991; Wilson et al., 2000;
oupsard et al., 2006). Furthermore, the spatial representativeness
f measurements within the trunk space is much smaller than of
hose above the canopy (Baldocchi, 1997). Other errors of eddy-
ovariance data have been discussed in detail by e.g. Baldocchi
2003).

Sap flux measurements are the most common method to moni-
or transpiration from the canopy (Ec). Sap flux techniques based on
hermometric methods can be divided into three categories: heat
ulse velocity methods, heat dissipation methods as well as meth-
ds monitoring heat carried away from a controlled heat source by
he sap (Burgess et al., 2001). Scaling is required to determine Ec of
he stand from sap flux measurements at single trees. Possible rela-
ionships found in the literature include the following factors: stem
ircumference or diameter at breast height, crown projected area,
eaf area, basal area, sapwood area, etc. (see review by Wullschleger
t al., 1998). The scaling procedure is not straightforward and may
nclude two types of errors (Hatton and Wu, 1995; Granier et al.,
000; Wullschleger and King, 2000; Poyatos et al., 2007): the first is
ssociated with the determination of the average sap flux density,
hich is very much dependent on the representation of the among

ree variability. Secondly, the scaling factors incorporate their very
wn uncertainties.

In most cases, evaporation from wet surfaces (Ew) is not mea-
ured directly. Instead, throughfall and stem flow measurements
s well as precipitation measurements above the canopy are per-
ormed to assess the amount of rainfall intercepted by the canopy
rom the difference of precipitation and throughfall/stem flow.

easurements can either be performed at a high temporal reso-
ution using tipping bucket raingauges or collected over a larger
Please cite this article in press as: Staudt, K., et al., Vertical structure of eva
(2010), doi:10.1016/j.agrformet.2010.10.009

ime period (Davi et al., 2005; Zimmermann et al., 1999). Recently,
method to estimate rainfall interception directly from a long

ime series of eddy-covariance measurements was suggested by
zikowsky and Fitzjarrald (2009) and its utility shown for an Ama-
onian rain forest.
 PRESS
Meteorology xxx (2010) xxx–xxx

The contribution of the components to Eeco varies considerably
for different forest ecosystems and different times of the year. For
example, above canopy and forest floor eddy-covariance measure-
ments revealed a contribution of Eg + Es to Eeco of less than 10% at
a temperate deciduous forest during the growing season (Wilson
et al., 2000; Baldocchi and Vogel, 1996), whereas larger contribu-
tions were found for the forest floor of a boreal pine forest (50%
during a summer period, Baldocchi and Vogel, 1996) and a mar-
itime pine forest (annual contribution of 38%, Jarosz et al., 2008).
Accordingly, the contribution of Ec to Eeco can be very different
for various forest types and seasons at one site: Ec accounted for
65% of Eeco at a hardwood-dominated old growth stand (Tang et al.,
2006) and a similar contribution was found for a coconut planta-
tion with Ec being 68% of Eeco (Roupsard et al., 2006). At a mixed
conifer-broad-leaved forest, the contribution of Ec was very differ-
ent between dry (51%) and wet days (22%) (Barbour et al., 2005),
whereas Ec accounted for more than 70% of Eeco during winter and
spring but only about 50% during summer and fall at a ponderosa
pine plantation (Kurpius et al., 2003).

A large fraction of precipitation can be lost due to evaporation
of intercepted water with annual losses of 10–60% of precipitation
for forests (McNaughton and Jarvis, 1983; Chang, 2006). Factors
such as species, stand characteristics and storm conditions have an
influence on the magnitude of canopy interception. For example,
for two spruce stands at different altitudes in the Eastern Erzge-
birge (Eastern Ore Mountains), Germany, 51% of precipitation was
lost due to evaporation of intercepted water at the lower elevation
site and 28% at the higher site (Zimmermann et al., 1999), due to a
larger leaf area index (LAI) at the low elevation site and fog depo-
sition at the higher site. Thus, evaporation of intercepted water is
an important fraction of the annual evapotranspiration budget of
these spruce forests (33% and 44%). McNaughton and Jarvis (1983)
report a contribution of 35–75% of interception to the total annual
evapotranspiration for different forests.

A large number of soil–vegetation–atmosphere models (SVAT-
models), varying in scope, complexity and scale, are available to
simulate the exchange of energy and matter of an ecosystem with
the overlying atmosphere. Frequently, ecosystem evapotranspira-
tion was compared to eddy-covariance measurements above the
canopy. For example, a study by Falge et al. (2005) tested the abil-
ity of five models to reproduce the latent and sensible heat fluxes of
three sites. These models include modules representing evapotran-
spiration processes to a different extent. A reasonable agreement
was found between all models, but the authors stressed the need
for an additional validation of the components of the fluxes, e.g.
soil evaporation and transpiration, with parallel measurements, as
was done by e.g. Wang et al. (2004), Kellomäki and Wang (1999)
and Davi et al. (2005). Multilayer models not only allow the sim-
ulation of the different components of the fluxes but also their
vertical distribution within the canopy. For SVAT models incorpo-
rating higher order closure turbulence schemes, water source-sink
profiles or the profiles of the respective latent heat fluxes within
the canopy were shown by Park and Hattori (2004) and Juang et al.
(2008), but only fluxes above the canopy were compared to mea-
surements. To our knowledge, a comparison of modeled profiles
of evapotranspiration and its components to measurements is still
missing.

The aim of this paper is to study the partitioning of ecosys-
tem evapotranspiration of a forest (1) into its components and
(2) into the contribution from the canopy layers with a com-
bination of measurements and models for the FLUXNET site
potranspiration at a forest site (a case study). Agric. Forest Meteorol.

Waldstein–Weidenbrunnen (DE-Bay). This case study covers a
5-day-period in autumn 2007 and makes use of vertical arrays
of eddy-covariance and sap flux measurements. Two stand-scale
biosphere–atmosphere models are employed: the 1D multilayer
model ACASA (Advanced Canopy-Atmosphere-Soil Algorithm;

dx.doi.org/10.1016/j.agrformet.2010.10.009
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Table 1
Eddy-covariance systems at the ‘turbulence tower’.

Parameter Unit Sampling height [m] Instrument

Wind vector m s−1 36
23, 13, 2.25

USA-1, Metek GmbH
CSAT3, Campbell Scientific, Inc.
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yles et al., 2000) and the 3D model STANDFLUX (Falge, 1997; Falge
t al., 2000).

. Material and methods

.1. The Waldstein–Weidenbrunnen site

Data for this study were collected at the FLUXNET-station
aldstein–Weidenbrunnen (DE-Bay) during the first period of

ntensive observation of the EGER project (ExchanGE processes in
ountainous Regions, IOP-1). The site is located in a low moun-

ain range, the Fichtelgebirge Mountains in North-Eastern Bavaria
50◦08′N, 11◦52′E) at an altitude of 775 m a.s.l. The Norway spruce
orest (Picea abies L., Heindl et al., 1995) at this site is approxi-

ately 54 years old, and has a mean canopy height (hc) of 25 m
nd a tree density of 577 trees/ha. The horizontal variation of the
lant area index at the site as well as the plant area index profile
ere measured in 2007 with two LAI2000 (LI-COR) instruments

Serafimovich et al., 2008b; Siebicke et al., 2010) and revealed a
uite variable plant area index (PAI) with a mean value of approx-

mately 5.6 and 5 m2 m−2, respectively, and a concentration of
he main leaf mass within 0.5 − 0.8hc. Understory vegetation is
eterogeneous consisting of patches of young spruce trees, small
hrubs (Vaccinium myrtillus), grasses (Deschampsia flexuosa) and
osses. The climate of the region is a continental temperate

limate (Dc) according to the effective climate classification by
öppen/Trewatha/Rudloff after Hendl (1991). The annual average

emperature at the Waldstein–Weidenbrunnen site is 5.3 ◦C and
nnual precipitation sums up to 1162.5 mm (1971–2000; Foken,
003). Soils at the site are Haplic Podzols (FAO) that developed over
ranite or gneiss bedrock (Gerstberger et al., 2004). The average
lope of the terrain is 2.6◦ (Thomas and Foken, 2007b). For more
nformation about the site see Gerstberger et al. (2004).

.2. Experimental setup and data

In the framework of the EGER project, two separate
ntensive observation periods (IOPs) were conducted at the

aldstein–Weidenbrunnen site in fall 2007 and summer 2008,
espectively. Here, data from the first intensive observation
eriod (IOP-1), which took place in September and October 2007
Serafimovich et al., 2008a), were analyzed.

In addition to a 32 m high tower (’main tower’, 50◦08′31.2′′

, 11◦52′00.8′′ E), which permanently provides standard meteo-
ological measurements and hosts an eddy-covariance system on
op, a slim 35 m high tower and a 36 m high tower were set
p at an approximate distance of 70 m to the south-east and
he north-west, respectively. Turbulence measurements were per-
ormed at several heights at the slim 35 m high tower (’turbulence
Please cite this article in press as: Staudt, K., et al., Vertical structure of eva
(2010), doi:10.1016/j.agrformet.2010.10.009

ower’, 50◦08′29.9′′N, 11◦52′03.1′′E) and plant physiological mea-
urements were carried out at the 36 m high, more massive tower
’bio tower’, 50◦08′32.9′′N, 11◦51′57.9′′E).

Throughout this paper, time data are given in central European
ime (CET).
18, 5.5 Solent R2, Gill Instruments Ltd.
36, 23, 18, 5.5, 2.25 LI-7500, LI-COR Biosciences
13 Krypton Hygrometer KH-20, Campbell

Scientific, Inc.

2.2.1. Eddy-covariance measurements
During the intensive observation periods, high frequency tur-

bulence measurements were performed on two towers at the
Waldstein–Weidenbrunnen site. On the 35-m-tall, slim ‘turbulence
tower’ six eddy-covariance systems were installed consisting of
sonic anemometers to detect horizontal and vertical wind com-
ponents as well as the sonic temperature, and fast-response gas
analyzers to measure the density of carbon dioxide and water vapor
(Table 1). On the ‘main tower’ another eddy-covariance system was
mounted at the top (Solent R2 Gill Instruments Ltd.; LI-7000, LI-
COR Biosciences). As shown by Mauder et al. (2007) different types
of sonic anemometers and sensor geometry have no significant
influence on the collected data.

The processing of the raw flux data (20 Hz) was done with the
TK2 software package, developed at the University of Bayreuth
(Mauder and Foken, 2004), including several corrections and qual-
ity tests. Quality flags combining the steady state test and the
integral turbulence characteristic test after Foken et al. (2004) were
calculated and used to filter the flux data. Above the canopy, data
with quality flags ≤6 were considered. Inside the forest canopy,
the flags determined with the integral turbulence characteris-
tic test were ignored, as the integral turbulence characteristics
models implemented in the TK2 software only apply above the
canopy (Mauder et al., 2006). Thus, turbulence data inside the
canopy were filtered using the quality flag of the steady state test
only.

Eddy-covariance data was also analyzed to extract coherent
structures from the time series by employing a technique based
on the wavelet transform (Thomas and Foken, 2005). The contri-
bution of coherent structures to the total flux, the time scales of
coherent structures and the number of coherent structures were
derived. Additionally, the distribution of coherent structures in the
buoyancy exchange within and above the canopy was used to clas-
sify the data into different exchange regimes between the air above
the canopy, the canopy, and the trunk space of the forest (Thomas
and Foken, 2007a).

The following five exchange regimes were proposed:

– Wave motion (Wa): Linear wave motion is dominant in the flow
above the canopy and very low scalar fluxes are associated with
linear waves. Thus, the scalar transport is assumed to be minimal
and layers to be decoupled.

– Decoupled canopy (Dc): The air above the canopy and the
canopy/subcanopy are decoupled. Therefore, there is no trans-
port of energy and matter by coherent structures between these
layers.

– Decoupled subcanopy (Ds): The energy and matter transport by
coherent structures is limited to the air above the canopy and the
canopy, but the subcanopy is decoupled.

– Coupled subcanopy by sweeps (Cs): The transport of energy
and matter by coherent structures between the atmosphere,
potranspiration at a forest site (a case study). Agric. Forest Meteorol.

the canopy and the subcanopy is dominated by strong sweep
motions, whereas the ejection phase only insignificantly con-
tributes to the exchange.

– Fully coupled canopy (C): All observation levels are in a fully cou-
pled state. Both ejection and sweep motions govern the exchange

dx.doi.org/10.1016/j.agrformet.2010.10.009
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by coherent structures, which contribute significantly to the
transport of energy and matter.

In this study, latent heat fluxes measured with the eddy-
ovariance method at the ‘turbulence tower’ within and above the
anopy were used to determine the components of the ecosys-
em evapotranspiration budget in the following way: the latent
eat flux (LE) at the top of the tower (36 m) represents ecosystem
vapotranspiration (Eeco). Latent heat fluxes at the lowest measure-
ent height within the trunk space of the forest (2.25 m) capture

vapotranspiration of the soil and understory (Es + Eg). Further-
ore, the difference of the latent heat flux measured within the

runk space and above the canopy equals canopy evapotranspira-
ion Ec + Ew(Ec + Ew = Eeco − (Es + Eg) = LE(36 m) − LE(2.25 m)). Under
he assumption of a dry canopy, thus of zero evaporation from inter-
epted water (Ew), this difference yields canopy transpiration (Ec)
irectly.

.2.2. Sap flux measurements
The ‘heat ratio method’ (HRM) allows the measurement of sap

ux in woody parts of tree trunks and branches and the deriva-
ion of transpiration estimates for trees and stands (Green and
lothier, 1988; Burgess et al., 1998, 2000; Green et al., 2003). By
easuring the amounts of water transferred between different lev-

ls within a tree, we sought to generate an independent measure
f in-canopy vertical transpiration profiles for the evaluation of
he models. We installed sap flux velocity probes (HMR-30, ICT
nternational Pty Ltd., Armidale/Australia) at six different heights
bove the forest floor (1.4, 11.7, 14.8, 17.2, 20.2 and 22.6 m) in the
tems of two P. abies L. trees, situated on the south side of the
bio tower’. Sap flux measurements in the tree trunk (at 1.4 m)
llowed the estimation of the total amount of water transpired
y the entire tree. From the installation at 22.6 m we derived the
mount of water transpired by the needled branches connected
o the stem above that height. From the difference in water flow
etween subsequent installation levels we inferred the amount of
ater transpired by the branches growing between the two instal-

ation heights.
The sensors consist of three needle-shaped probes with ther-

ocouples, which were inserted radially into the xylem. Upstream
nd downstream temperature probes were placed in −0.005 and
0.005 m from the position of the heated sensor. All sensors were
nstalled on the north side of the stem to reduce effects due
o circumferential heterogeneity in sap flow (Nadezhdina et al.,
002; Caylor and Dragoni, 2009; Dragoni et al., 2009). To account
or differences in the sap flux velocity at different radial depths,
ach sensor contained two thermocouple pairs to measure sap
ux at 0.0125 and 0.0275 m depth within the xylem. Side-by-
ide comparison of sensors installed close to each other in the
tem revealed random errors of only 12.3% for the outer and
0.9% for the inner thermocouple. Hence, only a single sensor was

nstalled at each height, in order to obtain a finer vertical reso-
ution of the transpiration profiles. Sensitivity of the sensors to
ir temperature fluctuations was counteracted by covering the
nstalled probes with a layer of bubble-wrap and reflecting alu-

inum foil. For each sensor installed, the cross-sectional area of
apwood was derived at the end of the measuring period, tak-
ng circumference measurements using a tape-measure, and total
epth of the sapwood from cores using a wood borer (Suunto,
inland).

Heat pulses were released every 10 min, and thermocouple
Please cite this article in press as: Staudt, K., et al., Vertical structure of eva
(2010), doi:10.1016/j.agrformet.2010.10.009

eadings recorded with a datalogger (SL5 Smart Logger, ICT Interna-
ional Pty Ltd, Armidale/Australia). Sap flux velocity readings were
orrected for probe misalignment, differences in thermal diffusivity
calculated from measured wood density), and wounding effects,
ollowing Burgess et al. (2001). A sudden baseline shift in one of
 PRESS
Meteorology xxx (2010) xxx–xxx

the sensors (disturbance of the sensor setup after a period of high
wind speeds) was corrected after normalizing the data using an
undisturbed data set as reference. For each thermocouple pair, the
data were multiplied by the appropriate cross-sectional area of sap-
wood, and density of water, resulting in an inner and outer water
flux reading (volume per hour, kg h−1). The ring-shaped sapwood
area represented by the outer thermocouple reading was assigned
a radial depth of 0.02 m. The radial depth for the inner thermocou-
ple reading was obtained by subtracting 0.02 m from total sapwood
depth.

Stand estimates of canopy transpiration (Ec) were derived from
weighted sums of the sap flux of the two trees with sap flux sensor
profiles, up-scaled to stand estimates using the number of trees per
hectare (577 trees/ha) and hourly correction factors accounting for
the fact that the two trees were much larger than the average of
the stand. The correction factors were derived as follows: during a
second intensive observation period (IOP-2) sap flux sensors were
installed at 1.4 m in seven trees representing the range of diameters
at breast height observed in the entire stand. From those measure-
ments a stand estimate of canopy transpiration was calculated and
used as a reference to scale the stand estimate derived from the
profile trees.

Measured values of sap flux were converted from kg h−1 to
W m−2 by multiplication with the latent heat of evaporation
(2.45 MJ kg−1 at 20 ◦C). Stand estimates for each canopy level were
derived from summation of inner and outer water flux readings,
and the final values for each level were averaged to 30 min values.

To compare the sap flux profiles to the eddy-covariance mea-
surements, cumulative transpiration profiles were calculated from
the sap flux signals as follows: at the top of the tree a sap flux of
zero was assumed. For all layers, the sap flux signal measured at the
top height of the layer was subtracted from the value at the bottom
height of the layer. These differences were summed, thus the top
height value is the sum of all differences and represents the total
transpiration (Ec) of the profile. As the two trees chosen for sap flux
profile measurements were larger than the average of the stand,
their average tree height of 26.5 m was used to scale measurement
height, whereas for eddy-covariance measurements hc = 25 m was
utilized.

2.2.3. Supporting meteorological measurements
At the ‘main tower’ and at a clearing at an approximate distance

of 250 m, standard meteorological measurements are performed
year round (for details about the measurement devices see Table 2).
‘Main tower’ measurements comprised in- and above canopy pro-
files of wind, temperature and humidity, as well as all components
of the radiation budget which were measured at the top of the tower
above the canopy. During the intensive observation periods, radia-
tion measurements were also performed in the trunk space of the
forest at 2 m. At the foot of the tower, soil parameters (volumetric
soil moisture, soil temperature) were measured. Precipitation rate
and atmospheric pressure were available from a weather station at
a clearing nearby.

The models utilized in this study require half-hourly meteo-
rological input values. Above canopy values for air temperature,
specific humidity, mean wind speed and down welling short-
and long-wave radiation were provided by the ‘main tower’
standard measuring program, whereas precipitation rate and
air pressure were supplied by the measurements at the clear-
ing. Carbon dioxide concentration was provided by the LI-7000
potranspiration at a forest site (a case study). Agric. Forest Meteorol.

measurement at the top of the ‘main tower’. Gaps in the mete-
orological driving variables were seldom, and were filled with
linear interpolation methods. The ACASA model (Pyles et al., 2000)
additionally needs initial profiles of soil temperature and soil mois-
ture.

dx.doi.org/10.1016/j.agrformet.2010.10.009
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Table 2
Meteorological parameters measured at the ‘main tower’ and the clearing that are relevant for this study.

Parameter Unit Sampling height [m] Instrument, manufacturer

Routine measurements at the ‘main tower’
Dry bulb temperature ◦C 0.05, 2, 5, 13, 21, 31 Vent. psychrometer (Frankenberger, 1951), Theodor Friedrichs & Co
Wet bulb temperature ◦C 0.05, 2, 5, 13, 21, 31 Vent. psychrometer (Frankenberger, 1951), Theodor Friedrichs & Co
Mean wind speed m s−1 2, 4.6, 10, 16.5, 18, 21, 25, 31 Cup anemometer, Theodor Friedrichs & Co
Wind direction ◦ 32 Wind vane W200P, Vector Instruments
Short-wave radiation W m−2 30 CM14 Pyranometer, Kipp & Zonen
Long-wave radiation W m−2 30 CG2 Net pyrgeometer, Kipp & Zonen
Soil moisture % −0.1, −0.5 TRIME-EZ TDR sensors, IMKO GmbH
Soil temperature ◦C −0.02, −0.05, −0.1, −0.2, −0.5,

−0.7, −1.0, −2.0
Pt-100 thermometers Electrotherm GmbH

Additional measurements at the ‘main tower’
Short-wave radiation W m−2 2 CM24 albedometer, Kipp & Zonen
Long-wave radiation W m−2 2 Eppley PIR Pyrgeometer, Eppley Laboratory, Inc.
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Routine measurements at the clearing
Precipitation rate mm 1
Air pressure hPa 2

.3. In-canopy modeling

Two stand-scale biosphere–atmosphere models were employed
or the simulation of canopy exchange, the canopy-surface-layer

odel ACASA (Advanced Canopy-Atmosphere-Soil Algorithm;
yles, 2000; Pyles et al., 2000) and the microclimate and gas
xchange model STANDFLUX (Falge, 1997; Falge et al., 2000). The
utstanding feature in the simulation of the exchange of energy
nd matter within and above the canopy in ACASA is a third-
rder closure method to calculate the turbulent transfer within
nd above the canopy (Meyers and Paw, 1986, 1987). Whereas
CASA is a one-dimensional model, the STANDFLUX model explic-

tly considers the spatial heterogeneity of the stand as it integrates
hree-dimensional information on stand structure and vertical
nformation on stand microclimate to compute spatial light inter-
eption and spatial canopy gas exchange. The ACASA model has
een used for several high- and low-vegetation sites, such as an
ld-growth forest (Pyles et al., 2000) and a maquis site (Marras,
008) and was recently adapted to the Waldstein–Weidenbrunnen
ite (Staudt et al., 2010). STANDFLUX has previously been applied
o the Waldstein–Weidenbrunnen site, among other sites, by Falge
t al. (2000). In the following, basic features of the two models that
re especially relevant for the simulation of water exchange are
xplained.

.3.1. The ACASA model
In the multilayer model ACASA vegetation is partitioned in 10

qually spaced layers and its structure has to be defined by the
ser, specifying canopy height, total LAI and the LAI profile. The
odel domain extends to twice the canopy height with 10 equally

paced atmospheric layers, and includes 15 soil layers with variable
epths.

For the calculation of fluxes, the model distinguishes between
ifferent surface types: leaves, large and small stems, and buildings
hat can either be dry, wet or snow covered. Fractions of these sur-
aces for each layer are first determined by the fractions of total area
ndex per layer and, secondly, calculated within the interception
ubmodel, as will be explained below. Furthermore, a spherical leaf
ngle distribution with nine leaf angles is assumed for sunlit leaves.
or each layer, the fraction of shaded and sunlit leaves is determined
Please cite this article in press as: Staudt, K., et al., Vertical structure of eva
(2010), doi:10.1016/j.agrformet.2010.10.009

ithin the short-wave radiation submodel which follows the basic
deas as outlined in Meyers (1985).

Heat and moisture fluxes are calculated with a gradient resis-
ance formulation for all surface types and leaf angles. As this study
oncentrates on evapotranspiration, only the calculation of the
OMC 212, Adolf Thies GmbH & Co. KG
Barometric pressure sensor, Ammonit Gesellschaft für Messtechnik mbH

moisture flux divergences is shown here:

d
〈

w′q′〉
dz

= qs (Ts) − qa

rs + rb
· 1

hl
(2)

with rs and rb being the stomatal and aerodynamic resistances, qa

the specific humidity of the air and qs(Ts) the specific humidity at
saturation vapor pressure for surface temperature Ts and hl the
layer height. For an accurate calculation of surface temperatures
of leaves, stems and the soil, even for conditions when these may
deviate significantly from ambient air temperatures, a fourth-order
polynomial following Paw and Gao (1988) is used.

Stomatal resistances of dry leaves (rs) are computed within the
plant physiological submodels where the Ball–Berry stomatal con-
ductance calculations (Leuning, 1990; Collatz et al., 1991) and the
Farquhar and von Caemmerer (1982) photosynthesis equations are
combined following Su et al. (1996). The calculation of aerodynamic
resistances (rb) for both sensible and latent heat transfer considers a
free convection and a forced convection component. For the calcu-
lation of soil evapotranspiration, the soil surface resistance, which
matches rs in the calculation of the moisture flux divergence, is
calculated as a function of soil moisture and also considers free
convection.

The moisture flux divergence for each layer is derived by sum-
ming up the calculated moisture flux divergences for all surface
types, which are weighted according to their occurrence. A neg-
ative moisture flux according to the formula above can occur for
negative gradients, which represents dew formation on the leaf
surfaces.

The ACASA model includes an interception submodel for the
simulation of the amount of precipitation intercepted by the forest
canopy. The total capacity of canopy water storage depends on the
PAI and is distributed between the canopy layers according to their
fraction of PAI. When precipitation occurs, these storages are suc-
cessively filled and precipitation reaching lower layers diminishes
accordingly. The model also accounts for water already standing on
the canopy. The fractional area of wet leaves depends on the frac-
tion of water filled storages and is limited to a maximum of 25%
of the leaf surfaces. Evaporation from interception stores is calcu-
lated using equation (2), where stomatal resistances rs for wet and
snow covered leaves are set to zero. The amount of water evapo-
rated from the interception stores within a certain timestep is then
subtracted from the canopy water storage.
potranspiration at a forest site (a case study). Agric. Forest Meteorol.

Simulations of soil moisture and soil temperature are performed
with a soil module that was adapted from MAPS (Mesoscale Anal-
ysis and Prediction System; Smirnova et al., 1997, 2000).

The ACASA model provided all components of ecosystem evap-
otranspiration as well as in-canopy profiles of Ec and of Ew.

dx.doi.org/10.1016/j.agrformet.2010.10.009
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.3.2. The STANDFLUX model
The STANDFLUX model consists of a leaf or branch gas exchange

odule, a three-dimensional, single tree light interception and
as exchange module, and the three-dimensional forest stand
as exchange model. It describes canopy water vapor and car-
on dioxide exchange based on rates calculated for individual
rees and as affected by local gradients in photon flux density
PFD), atmospheric humidity, atmospheric carbon dioxide con-
entration, and air temperature. Direct, diffuse, and reflected PFD
ncident on foliage elements is calculated for a three-dimensional

atrix of points superimposed over the canopy. The model
as used to calculate forest radiation absorption, net photo-

ynthesis and transpiration of single trees, and gas exchange of
he tree canopy. Model parameterization was derived for the

aldstein–Weidenbrunnen site. Parameterization included infor-
ation on vertical and horizontal leaf area distribution, tree

ositions and tree sizes, determined in 2007 and 2008.
Gas exchange was modeled using specific sets of physiologi-

al parameters for top, middle, and bottom canopy. A portable gas
xchange system (GFS3000, Walz, Effeltrich, Germany) was used to
onitor the response of needle gas exchange under assorted con-

itions during the field campaigns. Stomatal conductance depends
n a series of micrometeorological factors like incident radiation,
eaf temperature, relative (or absolute) humidity, leaf internal CO2
oncentration, but also on leaf nutrition and ontogenetic factors.
ranch gas exchange of P. abies L. was measured with the GFS3000

n September/October 2007 at the Waldstein–Weidenbrunnen site
t three different heights in the forest canopy with the objec-
ive of understanding spatial trends in the gas exchange response.
ranches analyzed were growing between 10 and 11 m (bottom),
5 and 16 m (middle), and 20 and 21 m (top level) above ground.
or example, in IOP-1 the needles exhibited a photosynthesis rate at
ight saturation at 16 ◦C (Pmax) of 10.6 �mol CO2 m−2 s−1 at the top,

hile only 5.3 and 4.1 �mol m−2 s−1 were observed at the middle
nd bottom levels, respectively, representing different physiologi-
al behavior in response to shade adaptation. The needles in the top
anopy had larger rates of Pmax compared to subcanopy leaves. Gas
xchange responses to environmental factors were analyzed with
physiologically based model of the Farquhar type. Parameter esti-
ates for describing carboxylase kinetics, electron transport, and

tomatal function were derived, utilizing information from both
ingle factor dependencies to light, temperature, CO2 concentra-
ion, and relative humidity, and diurnal time course measurements
f gas exchange. Data subsets were used for testing the model at the
ranch level. Most of the observed variation in gas exchange char-
cteristics was explained with the model: a number of systematic
rrors were eventually related to light acclimation, nutrition, and
eedle age. Sets of parameter values for top, middle, and bottom
f the canopy have been obtained for application with spruce, for
xample for use in calculating canopy flux rates. The value of the
odel for estimating fluxes between the forest and the atmosphere

as been evaluated together with measurements at the stand level
Falge and Meixner, 2008).

Soil evaporation was modeled employing the multiple-layered
oil water balance model of SVAT-CN (Falge et al., 2005). The soil
odules there comprise a hybrid between a layered bucket model

nd classical basic liquid flow theory (Richard, 1931), numeri-
ally solved after Moldrup et al. (1989, 1992), and parameterized
fter van Genuchten (1980) and Rawls and Brakensiek (1989). Soil
eat transport is modeled after Campbell (1985). Transpirational
emand is distributed to layers proportional to soil resistance,
Please cite this article in press as: Staudt, K., et al., Vertical structure of eva
(2010), doi:10.1016/j.agrformet.2010.10.009

hich itself is a function of hydraulic conductivity and root density.
Interception pool size is modeled as a function of LAI profile.

nterception pools are filled during precipitation events based on
ky view factors, and filling status of interception pools, with a
ownward cascade of potential overflow of upper canopy pools
 PRESS
Meteorology xxx (2010) xxx–xxx

to interception pools deeper in the canopy. Interception loss is
limited by an energy balance approach to wetted leaf area. The
subroutines have been compared against other models and tested
vigorously using data from the VERTIKO project (Falge et al., 2005),
demonstrating the ability to simulate water balance components
with reasonable accuracy.

PAI profiles were derived from horizontally averaging a virtual
3D forest stand constructed from forest inventory data mea-
sured during 2007 and 2008: [x, y]-positions and circumference
at breast height (CBH, m) of the 638 trees within the fenced
area of the Waldstein–Weidenbrunnen were measured with a
forestry laser (Criterion 400, Laser Technology Inc. (LTI)), and a
tape-measure, respectively. For 131 trees crown length (L, m)
and tree heights (H, m) were determined using an inclinometer
(Suunto, Finland). From those data we derived allometric relation-
ships between CBH and tree height (H = 11.087·Ln(CBH) + 22.101,
R2 = 0.74), and CBH and crown length (L = 11.148·Ln(CBH) + 12.92,
R2 = 0.70), for calculation of L and H of the remaining 207 trees. The
basal area of crown projections (AC, m2) was calculated from CBH
(AC = −13.401·CBH3 + 42.932·CBH2 − 17.062·CBH + 4.161, R2 = 0.90),
using data of 41 40–70-year-old P. abies trees analyzed in the
Lehstenbach catchment by Alsheimer (1997). Cylindrical crown
shapes were calculated from AC and L, and positioned in the virtual
3D stand according to the [x, y]-positions of each tree, providing the
volumes for the 3D distribution of leaf area. Initial estimates of total
leaf and stem area of each tree and distribution of leaf and stem area
within the crown were calculated from relationships with CBH as
derived by Alsheimer (1997) and Falge et al. (2000). From the vir-
tual 3D stand a virtual horizontal PAI distribution was calculated.
Using the parameters of the relationship between total leaf area of
each tree and CBH as fitting parameters, the calculated horizontal
PAI distribution was fitted to match the measured horizontal PAI
distribution.

Similarly to the ACASA model, all components of ecosystem
evapotranspiration were provided by the STANDFLUX model and
its soil and interception modules. Furthermore, in-canopy profiles
of Ec and Ew were available.

2.3.3. Model parameterization
The two models require the definition of a range of input param-

eters by the user (for a list of input parameters of the ACASA model
see Staudt et al., 2010). As we intended to compare the two mod-
els not only to measurements but also to each other, we tried
to use the same parameter sets in the two models. These input
parameters were, as far as possible, derived from independent
measurements at the site. As explained in Chapter 2.3.2 leaf gas
exchange measurements at several heights within the canopy were
used to parameterize the Farquhar type model within the STAND-
FLUX model. These plant physiological parameters obtained for
several heights within the canopy were converted to the equations
used in ACASA. Furthermore, the forest inventory data measured in
2007 and 2008 served as the data base for the plant morphological
parameters, such as the LAI and the canopy height of the stand. The
virtual 3D stands created from the measurements for the STAND-
FLUX model (Chapter 2.3.2) was sliced into 29 horizontal layers of
1 m depth for calculating the 1D PAI distribution to be used in ACASA
(see Fig. 6c). For input parameters that were not measured within
the EGER project, values were adopted from the literature on the
Waldstein–Weidenbrunnen site or about other spruce forest stands
(see Staudt et al., 2010 for a list of references). As both model param-
potranspiration at a forest site (a case study). Agric. Forest Meteorol.

eterizations were derived from independent measurements at the
site or literature values, and no tuning of the parameters has been
performed to match model results with evapotranspiration data,
the models represent independent estimates of evapotranspiration
for use in model–model and model–data intercomparison.

dx.doi.org/10.1016/j.agrformet.2010.10.009
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Table 3
Error measures for the comparison of time series for Ec compared to eddy-covariance
measurements (Fig. 3b). MBE, MAE and RMSE are expressed as the percentage
of the mean canopy top eddy-covariance measurement value (daytime (N = 87):
100 W m−2, nighttime (N = 65): 19 W m−2).

Model/Measurement MBE (%) MAE (%) RMSE (%) d R2

Daytime
ACASA (Ec + Ew) −9.7 23.7 31.9 0.85 0.67
ACASA (Ec) −12.8 25.9 34.0 0.84 0.63
STANDFLUX (Ec + Ew) −13.1 23.9 32.4 0.86 0.67
STANDFLUX (Ec) −16.4 26.7 35.4 0.84 0.63
Sap flux measurements (Ec) −15.7 29.5 37.6 0.82 0.56

Nighttime
ACASA (Ec + Ew) −46.7 69.3 83.1 0.38 0.0001
ACASA (E ) −50.4 71.6 85.4 0.39 0.0002
ARTICLEModel
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.3.4. Comparability of profiles and calculation of error measures
The installation heights of eddy-covariance measurements and

ap flux measurements within the profile as well as layer heights in
he ACASA and STANDFLUX models were different, yet optimized
o fully exploit the explanatory potential of the various approaches.
or comparability of measurements and models, profiles were
nterpolated using an Akima interpolation scheme after Akima
1978) implemented in the R-package ‘akima’ (R Development
ore Team, 2008). The eddy-covariance measurement heights were
efined as reference heights for comparison of cumulative profiles,
hereas the contributions of the canopy layers were calculated for

0 equally spaced measurement heights (layer height 0.1hc).
To evaluate the agreement of model results and measurement

alues (model-predicted values P) with the reference measure-
ents (observed values O, here either eddy-covariance or sap flux
easurements), several error measures were calculated. Willmott

1982) suggests not only assessing model performance using the
oefficient of agreement (R2), but also computing difference mea-
ures. Here, the mean bias error (MBE), the root mean square error
RMSE) the mean absolute error (MAE) and the index of agreement
d) are reported (Willmott, 1982):

BE = N−1
N∑

i=1

(Pi − Oi) (3)

MSE =

⎡
⎣N−1

N∑
i=1

(Pi − Oi)

2
⎤
⎦

0.5

(4)

AE = N−1
N∑

i=1

∣∣Pi − Oi

∣∣ (5)

= 1 −

⎡
⎢⎢⎢⎢⎣

N∑
i=1

(Pi − Oi)
2

N∑
i=1

(∣∣P ′
i

∣∣ −
∣∣O′

i

∣∣)2

⎤
⎥⎥⎥⎥⎦ , 0 ≤ d ≤ 1 (6)

ith the number of cases N and where P ′
i
= Pi − O and O′

i
= Oi − O

nd O is the mean of the observed variable.

. Results

.1. Meteorological conditions

For this analysis, we concentrate on a 5-day-period in Septem-
er 2007 (20–24 September, DOY 263–267) during which sunny
eather conditions prevailed. During these 5 days, no precipitation

ccurred and high radiative input was received (Fig. 1), how-
ver 14.4 mm of rainfall occurred 2 days before this fair weather
eriod. The air and soil cooled down, the vapor pressure deficit
ecame minimal and soil moisture increased. After the rain event
f DOY 261, temperatures and vapor pressure deficits (vpd) rose
nd soil moisture depleted again, but it took some days to reach the
re-event values. The comparison of within and above canopy mea-
urements indicated the formation of gradients of vapor pressure
eficit and air temperature between the canopy and the air above
uring the afternoon and night, and these gradients increased
Please cite this article in press as: Staudt, K., et al., Vertical structure of eva
(2010), doi:10.1016/j.agrformet.2010.10.009

owards the end of the fair weather period. Only about 8% of incom-
ng short-wave radiation (Rg) reached the floor of the spruce forest.

ind direction was south–west to west for the first days during the
tudy period and turned to south–east and south in the evening on
ay 265.
c

STANDFLUX (Ec + Ew) −86.1 90.4 107.3 0.41 0.01
STANDFLUX (Ec) −86.1 90.4 107.3 0.41 0.01
Sap flux measurements (Ec) 8.2 67.4 88.2 0.47 0.01

Mean daytime and nighttime temperature and vpd profiles indi-
cate higher temperatures and vpds during day than at night for all
canopy heights (Fig. 2). Whereas temperatures and vpds constantly
decreased with decreasing height in the canopy during nighttime,
there was a maximum at 0.84hc for temperature and vpd, with
higher than above canopy values during daytime. Mean daytime
and nighttime wind speed profiles had a similar shape within the
canopy with a local minimum of wind speed at 0.5hc and a sec-
ondary maximum in the trunk space of the forest, which is more
pronounced during nighttime (Fig. 2c).

3.2. Evapotranspiration components: time series

Ecosystem evapotranspiration (Eeco) and its components for the
5 days fair weather period are displayed in Fig. 3 together with
the coupling regimes. Both models underestimated daytime Eeco

with maximum discrepancies of 55 (104) W m−2 for ACASA, and 69
(134) W m−2 for STANDFLUX (Fig. 3a). The extreme values (brack-
ets) were associated with a single period on day 266 (11:00–13:00)
with winds turning from SSE to NW and back to SSE. In the
morning hours, agreement of models and eddy-covariance mea-
surements was better, including time steps of underestimation but
also overestimation by the models (especially ACASA). STANDFLUX
largely underestimated nighttime Eeco (max. deviation 43 W m−2),
whereas ACASA estimates were closer to eddy-covariance mea-
surements (max. deviation 25 W m−2).

Canopy evapotranspiration (Ec + Ew) measured with the eddy-
covariance method was calculated from the difference between the
above canopy measurements (36 m) and the measurements in the
trunk space (2.25 m). Under dry conditions, which was our initial
assumption, this difference is equal to canopy transpiration (Ec)
and is displayed as such in this and the following figures. Maxi-
mum daytime Ec (Fig. 3b) as measured with the eddy-covariance
method was larger than model estimates and sap flux measure-
ments. Agreement of eddy-covariance measurements and modeled
fluxes became better towards the end of the 5-day-period; with val-
ues in the model results which, although larger, were still too low
(see also Fig. 4). Daytime agreement with MAE of 23.7% (ACASA)
and 23.9% (STANDFLUX) was better than at nighttime (Table 3),
when the models considerably underestimated Ec with MAE of
69.3% (ACASA) and 90.4% (STANDFLUX). Sap flux measurements
displayed daytime maximum values that increased from only the
first to the second day but were similar throughout the last 3 days,
potranspiration at a forest site (a case study). Agric. Forest Meteorol.

thus the daytime underestimation compared to eddy-covariance
measurements throughout the 5-day-period remained the same,
with a daytime MAE of 29.5% (Table 3). Sap flux measurements
and modeled Ec agreed very well during 3 of the 5 days. On the
second day, Ec estimates from sap flux measurements were larger

dx.doi.org/10.1016/j.agrformet.2010.10.009
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ig. 1. Meteorological conditions for 17–24 September 2007 (DOY 260–267). Preci
d), vapor pressure deficit (e), wind speed (f) and wind direction (g). Solid lines repr
he trunk space of the forest (2.25 m). Soil temperature (h) and soil moisture (i) mea
20–24 September, DOY 263–267) on which this study concentrates.

han modeled values but still lower than eddy-covariance esti-
ates, whereas on the last day sap flux estimates were lower than
odeled Ec as well as eddy-covariance estimates. Alltogether, day-

ime MAE of the models compared to sapflux measurements were
maller than 20% (Table 3). At least for the first 2 days Ec from sap
ux measurements is delayed when compared to the other curves
Fig. 3b). A time shift of 0.5 h compared to transpiration measured
ith the eddy-covariance systems revealed the best correlation in

erms of R2. From a hydraulic point of view, sap flux within the
ree trunk could be shifted as well as dampened. However, in this
tudy we did not correct for delays or dampening, because we had
o estimates for the use of stored stem water or storage capaci-
ies over our stem profiles, and sought to avoid adding additional
Please cite this article in press as: Staudt, K., et al., Vertical structure of eva
(2010), doi:10.1016/j.agrformet.2010.10.009

ncertainty by potentially incorrect parameter choice (see Section
).

The ACASA and STANDFLUX models include interception sub-
odels. Both interception modules indicated a contribution of

vaporation from wet surfaces such as needles (Ew) for the first day
n (a) at the clearing nearby; global radiation (b), net radiation (c), air temperature
data from the top of the ‘main tower’ (30–32 m, see Table 2), dotted lines data from
at 10 cm depth close to the base of the ‘main tower’. The last 5 days are the period

with similar magnitudes (Fig. 3c). Furthermore, the STANDFLUX
model indicated some contribution of Ew until day 265. The differ-
ence between Ec measured by eddy-covariance (36 − 2.25 m) and
determined with sap flux measurements reached daily maximum
values of up to 93 W m−2 for 4 of the 5 days, which is about three
times larger than the maximum Ew from the two models for the
first day. Estimates of Ew on day 263–265 were less than on day 266.
However, the large Ew estimates on day 266 (147 W m−2) occurred
during turning wind direction, where footprints of above and below
canopy eddy-covariance measurements were less comparable than
during the other periods.

The soil and understory evapotranspiration (Eg + Es, Fig. 3d)
as measured with the eddy-covariance system within the trunk
potranspiration at a forest site (a case study). Agric. Forest Meteorol.

space reached maximum daytime values of 40 W m−2. The ACASA
model captured these maximum values, but generally overes-
timated Eg + Es. The soil module of STANDFLUX underestimated
measured daytime Eg + Es with daily maximums reaching about 30%
of the value of the measurements.

dx.doi.org/10.1016/j.agrformet.2010.10.009
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ig. 2. Comparison of mean daytime and nighttime air temperature (a) and vapor p
ind speed profiles (c) at the ‘turbulence’ and ‘main tower’ (eddy-covariance meas

The coupling regimes were determined mathematically after
homas and Foken (2007a), with analysis of the distribution of
oherent structures within the profile as outlined in Chapter 2.2.1.
ecoupled conditions (wave motion and decoupled canopy, Wa
nd Dc) prevailed during nighttime and partly coupled conditions
decoupled subcanopy, Ds) during daytime (Fig. 3e). Coupled condi-
ions (coupled subcanopy by sweeps and fully coupled subcanopy,
s and C) were not bounded to daytime but were also found dur-

ng nighttime. These coupling regimes will be used to sort the data
ater in this study.

Scatter plots in Fig. 4a, b and Fig. 5 illustrate the underestima-
ion of Ec for all systems compared to eddy-covariance estimates
uring the first 2 days. For the last 3 days, a difference in the scatter
lots is seen for the ACASA model and a slight difference for the
TANDFLUX model. As indicated by the change in wind direction
n the evening of day 265 (Fig. 1g), this could imply a simulta-
eous change in the footprint area preferentially sampled by the
ddy-covariance measurements. Alternatively, the better agree-
ent of modeled and eddy-covariance Ec towards the end of the

-day-period may indicate that our initial assumption of negligi-
le Ew may not hold for the first days. Meteorological data (Fig. 1)
howed a rainy period on day 261, just 2 days before the fair
eather period on which this study concentrates. After this rain

vent, the vapor pressure deficit remained lower for the first few
ays, which might indicate a wet canopy. Furthermore, the present
eather detector (PWD 11, Vaisala) at a height of 24 m at the ‘main

ower’ indicated fog after the rain event on day 261 which lasted
ntil noon of day 262. Thus, the difference of above and in-canopy
ddy-covariance measurements might not only represent Ec but
lso includes Ew. Unfortunately, no independent measurements of
anopy interception which would enable the derivation of the con-
ribution of Ew were available for our site. When Ec + Ew as simulated
y the two models is compared to eddy-covariance measurements
36–2.25 m), underestimation was slightly reduced and corre-
Please cite this article in press as: Staudt, K., et al., Vertical structure of eva
(2010), doi:10.1016/j.agrformet.2010.10.009

ation improved (ACASA: y = 6.4 + 0.76x, R2 = 0.82; STANDFLUX:
= −2.56 + 0.82x, R2 = 0.82). This shows that, although interception
eeds to be considered in this study, it can only explain a minor
art of the discrepancies in Ec obtained through eddy-covariance
easurements and models as well as sap flux estimates.
D (hPa) Wind speed (m s )

re deficit (vpd) (b) profiles at the ‘main tower’ and of mean daytime and nighttime
nts) for 20–24 September (DOY 263–267).

3.3. Canopy evapotranspiration profiles

The models and the sap flux as well as the eddy-covariance
measurements allow the study of the partitioning of (evapo-)
transpiration within the profile. At the ‘turbulence tower’ five eddy-
covariance systems were positioned within the canopy, and the
highest eddy-covariance system was placed 11 m above the canopy
at the top of the tower. Unfortunately, there was no system located
directly at the canopy top. But assuming a constant flux layer above
the canopy as in the ACASA model, the highest system can be taken
to represent canopy top measurements and will be displayed as
such in the following figures.

For the 5 days mean canopy evapotranspiration profiles were
calculated for daytime and nighttime as well as for the coupling
regimes as explained above. The investigation of averaged profiles
circumvents the variability and thus the limited representative-
ness of half-hourly eddy-covariance measurement values. A similar
approach was employed in a study by Wilson and Meyers (2001)
on the spatial variability of subcanopy fluxes at the forest floor,
where an averaging time of 4 h (eight samples) to 1 day (48 sam-
ples) was suggested to achieve reasonable subcanopy flux data for
model validation.

3.3.1. Variability throughout the day
Mean daytime and nighttime profiles of canopy evapotran-

spiration (Ec + Ew) for the two models and the eddy-covariance
measurements as well as profiles of canopy transpiration (Ec) from
sap flux measurements are displayed in Fig. 6. For sap flux measure-
ments, the mean of the individual error due to the scaling procedure
from tree to stand and due to measurement uncertainties is shown
for all heights within the profiles (see Appendix for derivation of the
error estimates). According to Mauder et al. (2006) the accuracy of
latent heat fluxes measured with a type B sonic anemometer (here:
USA-1, quality flag 1–6) is 20%. For comparison, the error bar of the
potranspiration at a forest site (a case study). Agric. Forest Meteorol.

values at the uppermost eddy-covariance measurement height is
also 20%.

Error measures were calculated by comparing model results
and measurements (for all profile levels combined, Tables 4 and 5).
Therefore, eddy-covariance measurements at the ‘turbulence

dx.doi.org/10.1016/j.agrformet.2010.10.009
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Fig. 3. Ecosystem evaporation (Eeco , a) for DOY 263–268 as measured by the eddy-covariance (EC) system at 36 m and modeled by ACASA and STANDFLUX. Canopy transpiration
(Ec , b) as measured by the eddy-covariance systems (evapotranspiration from the forest
the eddy-covariance measurements at 36 m) and the sap flux measurements; as well as m
modeled by ACASA and STANDFLUX. The difference of eddy-covariance measurements at
from soil and understory (Eg + Es , d). Coupling regimes (e).

Table 4
Error measures for the comparison of day- and nighttime profiles for model results
and sap flux measurements compared to eddy-covariance measurements. MBE, MAE
and RMSE are expressed as the percentage of the mean canopy top eddy-covariance
measurement value (daytime (N = 87): 100 W m−2, nighttime (N = 65): 19 W m−2).

Model/Measurement MBE (%) MAE (%) RMSE (%) d R2

Daytime
ACASA (Ec + Ew) −6.1 17.2 26.8 0.92 0.75
ACASA (Ec) −7.8 17.2 27.1 0.91 0.75
STANDFLUX (Ec + Ew) −3.6 16.2 25.3 0.93 0.77
STANDFLUX (Ec) −5.8 16.4 25.7 0.92 0.77
Sap flux measurements (Ec) −5.2 18.0 27.5 0.91 0.73

Nighttime
ACASA (Ec + Ew) −24.6 40.2 64.5 0.57 0.28
ACASA (Ec) −26.7 40.9 65.2 0.56 0.29
STANDFLUX (Ec + Ew) −45.7 50.7 79.6 0.46 0.28
STANDFLUX (Ec) −45.7 50.7 79.6 0.46 0.28
Sap flux measurements (Ec) −5.6 45.7 69.1 0.69 0.23
floor as measured by the eddy-covariance system at 2.25 m was subtracted from
odeled by ACASA and STANDFLUX. Evaporation from interception water (Ew , c) as

36 m and the sap flux measurements is shown for comparison. Evapotranspiration

tower’ are used as reference values for the comparison of model
results and sap flux measurements, which were interpolated
potranspiration at a forest site (a case study). Agric. Forest Meteorol.

for the eddy-covariance measurement heights using a method
after Akima (1978) as explained above. Errors are displayed as a
percentage of the mean measurement value at canopy top for the
respective time period.

Table 5
Error measures for the comparison of day- and nighttime Ec profiles for model results
compared to sap flux measurements. MBE, MAE and RMSE are expressed as the per-
centage of the canopy top sap flux measurement value (daytime (N = 87): 84 W m−2,
nighttime (N = 65): 20 W m−2).

Model/measurement MBE (%) MAE (%) RMSE (%) d R2

Daytime
ACASA (Ec) −3.0 11.5 16.0 0.97 0.91
STANDFLUX (Ec) −0.7 11.8 17.1 0.97 0.89

Nighttime
ACASA (Ec) −19.5 30.7 46.5 0.71 0.67
STANDFLUX (Ec) −37.1 44.8 65.9 0.47 0.52

dx.doi.org/10.1016/j.agrformet.2010.10.009
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Fig. 4. Scatter plots for the comparison of measurements and models for DOY 263–264 (
as modeled with STANDFLUX and ACASA versus measured Ec by eddy-covariance (EC, 36
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Fig. 5. Scatter plot for the comparison of transpiration (Ec) measured with sap flux
versus transpiration (Ec) measured with eddy-covariance (EC, 36–2.25 m) with its
errors for DOY 263–264 (filled circles) and DOY 265–267 (open circles) (N = 125).
For the estimation of sap flux errors see explanations in the Appendix. For eddy-
covariance measurements, an error of 20% is added to the data for comparison
(Mauder et al., 2006).
filled circles) and DOY 265–267 (open circles) (N = 125): canopy transpiration (Ec)
–2.25 m) (a) and (b); as well as versus sap flux measurements (c) and (d).

The Ec profile measured with the sap flux technique resulted
in lower values than the Ec + Ew measurements made with eddy-
covariance systems for all heights during daytime, with a similar
shape as indicated by a R2 value of 0.73 (Table 4). During nighttime,
the sap flux profile had a different shape than the eddy-covariance
profile with a low R2 of 0.23. For most of the canopy with the
exception of the uppermost part above 0.8hc, sap flux derived
measurements were smaller than eddy-covariance data during
nighttime.

Mean daytime Ec + Ew profiles of the models agreed well with
eddy-covariance measurements (Fig. 6a). Errors were lower than
20% (MAE) and the indexes of agreement as well as the R2

value were high, with only minor differences for the two mod-
els (Table 4). Errors are slightly larger when comparing modeled
Ec profiles to eddy-covariance profiles. For nighttime, both mod-
els underestimated eddy-covariance Ec + Ew profiles, with different
performances of the two models (Fig. 6b). For ACASA, errors were
smaller with a MAE of 40.2% compared to 50.7% for STAND-
FLUX. Furthermore, the index of agreement was larger than for
STANDFLUX. Despite the different degrees of underestimation, both
models had a similar but low R2 (0.28).
potranspiration at a forest site (a case study). Agric. Forest Meteorol.

Modeled daytime profiles of Ec agreed better with sap flux mea-
surements than with eddy-covariance measurements (in Fig. 6,
only Ec + Ew profiles are displayed for the models). Whereas
modeled Ec + Ew profile values underestimated eddy-covariance
measurements with MAE of 17.2% for ACASA and 16.2% for STAND-

dx.doi.org/10.1016/j.agrformet.2010.10.009
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Ec; sap flux). Error estimates are included for sap flux measurements (mean of the
dded to the data of the uppermost height for comparison (Mauder et al., 2006). N
c) normalized to the maximum value. Diamonds mark measurements made in Apr

LUX, the underestimation for modeled Ec profiles compared to
ap flux profiles was smaller with MAE of 11.5% for ACASA and
1.8% for STANDLFUX (Table 5). During nighttime, the different
odel results deviated from each other, and also had lower pro-

les than those derived for sap flux. Modeled profile shapes were
n better agreement with profile shapes from sap flux measure-

ents (daytime R2 = 0.91 and 0.89, nighttime R2 = 0.67 and 0.52, for
CASA and STANDFLUX, respectively). The comparison with eddy-
ovariance measurements resulted in lower R2 (daytime: 0.75 and
.77, respectively, and nighttime: 0.29 and 0.28, respectively).

Estimated mean relative errors for sap flux measurements at
anopy top were 18% for daytime and 26% for nighttime. For day-
ime, mean relative errors of 16–18% for the other measurement
eights were similar. During nighttime, the largest errors were esti-
ated for total Ec. Within the canopy, errors were between 13% and

6%.
To obtain a better indication of the model performance dur-

ng the course of the day, hourly profiles were calculated and
rrors analyzed with the same method used for daytime and night-
ime profiles (Fig. 7). The general picture of a better agreement
t daytime than at nighttime is found again. For STANDFLUX the
ighttime underestimation is more or less constant during the
hole night. Furthermore, evaporation from intercepted water
oes not seem to play a role during nighttime for STANDFLUX
nd during the first half of the night for ACASA, as results for
c and Ec + Ew are the same. For ACASA, there is more variability
n performance during nighttime, but still a general underes-
imation, although less than for STANDFLUX. In the morning
ours (8:00), both models have positive MBE, thus the onset of
vapotranspiration within the profiles took place earlier than in
he eddy-covariance measurements. Best agreement with lowest
rrors and indexes of agreement close to one is achieved just
Please cite this article in press as: Staudt, K., et al., Vertical structure of eva
(2010), doi:10.1016/j.agrformet.2010.10.009

efore and at noon. Sap flux measurements also agree better with
ddy-covariance measurements during daytime than during night-
ime, but with an underestimation during most of the day. Only
n the evening hours are profiles measured with the sap flux
echnique larger than eddy-covariance measurements. The con-
idual measurement errors). For eddy-covariance measurements an error of 20% is
e different ranges of the x-axis for daytime and nighttime. Plant area index profile
8, the line represents the PAI profile as derived for STANDFLUX and used in ACASA.

siderable overestimation in the early evening (19:00 and 20:00)
suggested a time shift in sap flux data compared to eddy-covariance
data. But due to the low number of profiles for averaging and high-
est stability with very low fluxes measured by eddy-covariance at
this time of the day, this feature has to be viewed with caution.

The measured and modeled evapotranspiration profiles allow
the calculation of the contribution of the canopy layers to total
canopy evapotranspiration. These were determined for 10 equally
spaced layers and for each measurement system or model sepa-
rately (Fig. 8). During daytime, contributions of the two models
peaked at 0.75hc (STANDFLUX 25%, ACASA 27%), and the sap flux
measurements at 0.75 − 0.85hc (22% and 23%). Eddy-covariance
measurements had maximum contributions for the uppermost
layer and at 0.65hc. Both measurements indicated some con-
tributions of the lowest third of the canopy, whereas model
contributions came from only the upper two thirds of the canopy.
The results of the two models indicated that the contribution of
evaporation from intercepted water came from the mid-canopy,
which was still wet during the first day of the 5-day study period.
Contributions during nighttime shifted downward in the canopy for
eddy-covariance measurements and the two models, with less pro-
nounced peaks at 0.55hc for STANDFLUX and 0.45hc for ACASA. For
eddy-covariance measurements, all layers between 0.2 and 0.8hc

accounted nearly equally to Ec + Ew. Only the sap flux measure-
ments still had a peak at 0.75hc − 0.85hc, with only a small shift in
the contributions towards the lower layers. While ACASA showed
some contribution of evaporation from intercepted water from the
mid-canopy, there was no contribution of Ew in STANDFLUX simu-
lations.

3.3.2. Coupling stages
Profiles were not only sorted for different times of the day but
potranspiration at a forest site (a case study). Agric. Forest Meteorol.

also for the coupling regimes that were calculated from the ver-
tical distribution of coherent structures after Thomas and Foken
(2007a, Fig. 3c). Due to the uneven distribution of half-hourly val-
ues amongst the coupling stages, the five classes were combined
to only three classes: coupled conditions for coupled subcanopy by

dx.doi.org/10.1016/j.agrformet.2010.10.009
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weeps and fully coupled subcanopy (Cs and C), partly coupled con-
itions for decoupled subcanopy (Ds) and decoupled conditions for
ave motion and decoupled canopy (Wa and Dc).

The models were able to capture Ec + Ew for partly coupled
nd coupled situations well, whereas modeled fluxes were too
ow throughout the profile for decoupled situations (Fig. 9). Over-
ll model agreement was best for partly coupled situations with
Please cite this article in press as: Staudt, K., et al., Vertical structure of eva
(2010), doi:10.1016/j.agrformet.2010.10.009

owest errors (MAE: ACASA 17.2%, STANDFLUX 16.4%) and largest
ndexes of agreement (ACASA 0.93, STANDFLUX 0.94, Table 6). For
his coupling stage the mean total Ec + Ew was largest due to the dis-
ribution of decoupled situations during the course of the day, with

able 6
rror measures for the comparison of mean profiles for model results and sap flux
easurements compared to eddy-covariance measurements for the three coupling

ituations. MBE, MAE and RMSE are expressed as the percentage of the mean canopy
op eddy-covariance measurement value (Wa/Dc (N = 51): 20 W m−2, Ds (N = 27):
04 W m−2, C/Cs (N = 41): 80 W m−2).

Model/Measurement MBE (%) MAE (%) RMSE (%) d R2

Wa/Dc
ACASA (Ec + Ew) −15.9 39.6 64.1 0.64 0.23
ACASA (Ec) −17.1 40.2 64.6 0.64 0.23
STANDFLUX (Ec + Ew) −35.6 47.6 75.6 0.52 0.10
STANDFLUX (Ec) −35.7 47.6 75.6 0.52 0.10
Sap flux measurements (Ec) 2.2 49.1 75.5 0.69 0.24

Ds
ACASA (Ec + Ew) −4.2 17.2 24.3 0.93 0.75
ACASA (Ec) −5.0 17.2 24.3 0.93 0.76
STANDFLUX (Ec + Ew) −1.8 16.4 23.0 0.94 0.77
STANDFLUX (Ec) −2.9 16.0 22.7 0.94 0.78
Sap flux measurements (Ec) −0.4 17.6 25.0 0.92 0.73

C/Cs
ACASA (Ec + Ew) −11.9 18.9 34.0 0.91 0.79
ACASA (Ec) −13.6 18.7 34.3 0.91 0.80
STANDFLUX (Ec + Ew) −11.5 18.9 33.3 0.92 0.79
STANDFLUX (Ec) −13.2 19.2 33.5 0.92 0.80
Sap flux measurements (Ec) −10.9 19.2 34.4 0.91 0.79
ranspiration (Ec + Ew) profiles to eddy-covariance data: mean bias error (MBE, a)
nd index of agreement (d, b). The numbers at the baseline in plot (b) indicate the
available number, fewer profiles result either from instrument failure or quality
Ew and Ec for STANDFLUX and ACASA during most of the nighttime hours.

mainly daytime values. On the other hand, decoupled conditions
were mainly detected during nighttime, thus the results closely
resemble those during nighttime, with better results for ACASA
than for STANDFLUX (MAE: ACASA 39.6%, STANDFLUX 47.6%). Only
coupled situations were not restricted to any time of the day, thus
the mean total Ec + Ew is lower than for daytime and partly coupled
situations and larger than for nighttime and decoupled situations.
Errors were larger than for partly coupled situations with an under-
estimation of measured values (MAE: ACASA 18.9%, STANDFLUX
18.9%), but both models performed equally well. Performance of
both models was slightly worse when Ec profiles were compared to
eddy-covariance measurements during all coupling situations for
both models, thus the taking of Ew into account increased agree-
ment.

Again, sap flux measurements resulted in lower Ec rates
throughout the profile compared to eddy-covariance measure-
ments for coupled conditions, and only slightly lower values for
partly coupled conditions. Agreement was also best for partly
coupled situations (MAE: 17.6%, d: 0.92, Table 6). For decoupled
conditions, the shape of the profile was again different for sap flux
measurements when compared to eddy-covariance measurements
with an overestimation in the uppermost part of the canopy but an
underestimation in the middle part of the canopy. This resulted
in a very low, positive MBE of 2.2% and a MAE of 49.1%. Decou-
pled conditions not only occured during nighttime, but also in the
evening hours when the delay in sap flux measurements compared
to eddy-covariance measurements was most obvious.

4. Discussion
potranspiration at a forest site (a case study). Agric. Forest Meteorol.

4.1. Measurements of canopy transpiration

Transpiration of the canopy (Ec) could be determined from the
difference of eddy-covariance measurements above the canopy and
above the forest floor and from sap flux measurements. For the

dx.doi.org/10.1016/j.agrformet.2010.10.009
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ig. 8. Partitioning of canopy evapotranspiration (Ec + Ew) for equally spaced layers
he contribution of canopy evaporation (Ew) is highlighted in black. Values at the y-

hole study period, Ec from sap flux measurements was lower
han determined from eddy-covariance measurements for most of
he day with the exception of the evening hours (Fig. 3, Table 3).
his same discrepancy between the different measurement sys-
ems with lower estimates for sap flux measurements was observed
t several sites for example during dry periods at a semi-arid forest
Yaseef et al., 2009). At mixed deciduous forests, Wilson et al. (2001)
eported lower transpiration estimates for sap flux measurements
han for eddy-covariance measurements at the annual and daily
ime scale, whereas Oishi et al. (2008) only found larger values
or evapotranspiration estimated from its components, including
ap flux measurements, than for the direct measurements with the
ddy-covariance system for periods with very high radiation loads.
everal reasons for such discrepancies have been proposed in the
iterature and will be discussed in the following for our site.

One reason suggested was the inaccurate assessment of the
omponents of evapotranspiration (Granier et al., 2000; Oishi et al.,
008). The application of the eddy-covariance technique requires
nowledge of the underlying assumptions and the performance
f a series of corrections and quality checks to achieve reason-
ble flux data (Mauder et al., 2006). Nevertheless, the unclosed
Please cite this article in press as: Staudt, K., et al., Vertical structure of eva
(2010), doi:10.1016/j.agrformet.2010.10.009

nergy balance that is observed at many forest sites of approxi-
ately 80% (Aubinet et al., 2000; 81% for EGER IOP-1, Foken et al., in

reparation) even after thorough analysis and filtering of flux data,
ndicates an underestimation of sensible and latent heat fluxes,
robably due to the contribution of larger eddies caused by the het-
Contribution to Ec + Ew (%) Contribution to Ec + Ew (%)

the canopy for daytime (a)–(d) and nighttime (e)–(h). For ACASA and STANDFLUX,
dicate the middle of the layer.

erogeneity of the landscape (Foken, 2008). But this situation would
lead to an amplification of the mismatch between Ec measurements
using the eddy-covariance and the sap flux techniques rather than
serving as an explanation for this discrepancy.

As Ec from eddy-covariance measurements was calculated as the
difference between above canopy and above forest floor measure-
ments, an underestimation of the forest floor measurements, and
thus an underestimation of soil and understory evapotranspiration
(Eg + Es), could lead to Ec rates that are too large. The reliability of
eddy-covariance measurements in the canopy may be questioned
due to the limitations of the underlying assumptions. Several stud-
ies analyzing eddy-covariance measurements above the canopy
and in the trunk space of a forest proved the reliability of in-canopy
measurements by analyzing the energy balance closure in the trunk
space and spectral analysis (Baldocchi et al., 2000; Roupsard et al.,
2006). Wilson et al. (2000) estimated that Eg + Es measured by an
eddy-covariance system was about 10% too low due to high fre-
quency loss on an annual time scale. But as maximum daytime
Eg + Es only reached magnitudes of up to 40 W m−2 (Fig. 3d), a 10%
underestimation is very little compared to the differences of Ec

measured by eddy-covariance and sap flux (Fig. 3c) and can not
potranspiration at a forest site (a case study). Agric. Forest Meteorol.

explain these.
In our case, even though a fair weather period prevailed, evap-

oration from intercepted water (Ew) could not be excluded as a
possible explanation for the mismatch. Unfortunately, no intercep-
tion measurements were available, but a rain event 2 days before

dx.doi.org/10.1016/j.agrformet.2010.10.009
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ig. 9. Comparison of mean evapotranspiration (Ec + Ew; eddy-covariance measure
a), partly coupled (b) and coupled (c) situations. Error estimates are included for sa

easurements an error of 20% is added to the data of the uppermost height for comp
egimes.

he study period could be a possible influence (Fig. 1). Such a con-
ribution of evaporation from intercepted water 2 days after the
ainfall event would be exceptional; for example, Czikowsky and
itzjarrald (2009) detected evaporation from intercepted water
rom eddy-covariance measurements in a tropical rainforest only
uring the day of rainfall or the day after rainfall when rainfall
ccurred at night. At the Waldstein–Weidenbrunnen site, fog fre-
uently occurs on about 200 days per year on average (1997–2001,
lemm and Wrzesinsky, 2007). The fog detected after the rain event
n day 261 until noon of day 262 probably prevented evaporation
rom intercepted water, delaying evaporation from the interception
ool. The difference between sap flux and eddy-covariance mea-
urements had nearly the same daily cycle for the whole period
ith similar maximum daily differences (up to 100 W m−2, Fig. 3c).

f Ew was the main reason for the mismatch, we would expect
ecreasing differences over the study period due to a drying canopy
nder fair weather conditions. Thus, Ew might have played a role
uring the first days, as indicated by the model simulations (Fig. 3c),
ut only to a smaller extent than the mismatch between the two
easurement systems. Rather, the change in wind direction on the

vening of day 265 and the associated change in the footprint area
f the eddy-covariance measurements might explain the better
greement of eddy-covariance and sap flux measurements during
he last 3 days (Fig. 4). This issue will be discussed below in more
etail.

Scaling sap flux measurements from tree to stand was done
horoughly, but still involved several uncertainties. Gaussian prop-
gation of uncertainties of the scaling parameters was performed
see Appendix), and revealed a daytime maximum uncertainty for
alf-hourly estimates of scaled sap flux measurements of 22 W m−2

15%) (slightly lower than eddy-covariance estimates with 20%;
Please cite this article in press as: Staudt, K., et al., Vertical structure of eva
(2010), doi:10.1016/j.agrformet.2010.10.009

auder et al., 2006). Nighttime uncertainties might become as
igh as 5 W m−2 (250%), but absolute fluxes were much lower at
ight. These large uncertainty estimates are not surprising given
he large uncertainties of the various scaling parameters and their
ropagation (see Appendix). The mean absolute error between Ec
s (EC), ACASA, STANDFLUX) and transpiration profiles (Ec; sap flux) for decoupled
measurements (mean of the individual measurement errors). For eddy-covariance

n (Mauder et al., 2006). Note the different ranges of the x-axis for the three coupling

from eddy-covariance and sap flux is larger (30 W m−2 during day,
13 W m−2 at night, Table 3) than the uncertainty of the sap flow
estimates. That is, the difference between eddy-covariance and sap
flux estimates exceeds the accuracy of the sap flux estimates.

The uncertainty estimates for the sap flux estimates of Ec here
included the variation among sensor readings, the uncertainties in
determining sap flux area, representativeness of sample trees, and
tree quantity. The error of time lags and dampening effects between
transpiration and sap flux, due to water recharge in the stems (e.g.
Schulze et al., 1985) or in the upper canopy (Oishi et al., 2008) was
not considered (however, this aspect is discussed below).

With respect to among tree variability, Köstner et al. (1996)
estimated that a measurement error of at least ±8% is caused by
among tree variability. For temperate forests, Granier et al. (1996)
reported coefficients of variation of individual sap flux readings
of 10–15%, both results being close to our estimates of 12% for
the outer and 11% for inner thermocouple readings. Reports of
higher errors might include seasonal variability, drought effects,
or species sampled (Oren et al., 1998), whereas in our case five
well-watered days in early autumn were analyzed. For example,
Köstner (1999) found a maximum error of 18–23% for a 140 year-
old P. abies stand adjacent of the Waldstein–Weidenbrunnen site;
Granier et al. (1996) reported 35–50% in tropical forests. Close to
our values due to among tree variability is the uncertainty of ca. 10%
introduced by sap wood area estimates. It is mainly introduced by
the measurement uncertainty of sapwood depth with a coefficient
of variation of 13%. The error associated with sapwood area esti-
mates is low compared to other publications: values of 15–29% are
reported by Phillips et al. (2002) for estimates of sapwood depth
for Douglas fir trees. Uncertainties due to the representativeness of
sample trees S were again of similar magnitude as the other errors
potranspiration at a forest site (a case study). Agric. Forest Meteorol.

in our study (with averages of 8–15% for the inner sapwood ring
and 9–20% for the outer sapwood ring). Comparison of these val-
ues with other studies is difficult, because we did not directly use
sapwood area to scale from tree to stand, but representativeness of
the two sample trees with respect to the scaled flux as described in

dx.doi.org/10.1016/j.agrformet.2010.10.009
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Fig. 10. Footprint climatology over land use map for EGER IOP-1 (19 September–8
October 2007) for the eddy-covariance measurement at the top of the ‘turbulence
tower’ after Siebicke (2008) (no distinction for stratification was made). White iso-
lines show the relative flux contribution of the corresponding footprint area, with
the outermost isoline indicating that only 5% of the flux is coming from the area out-
side. The white cross marks the position of the ‘turbulence tower’, the gray cross the
position of the ‘bio tower’. The red line shows the fenced area where plant morpho-
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ection 2.2.2. The largest contribution to total uncertainty in the
tudy here was due to the uncertainty of tree quantity (N), the
umber of trees per m2, a number typically assumed to be a fixed
uantity. In our study uncertainty of N is caused by the high spatial
ariation in N in the investigated area, especially when extended
o an area that covers potential footprint areas of individual eddy-
ovariance data. Overall the contribution of representativeness of
ampling trees and tree quantity to the total error is much larger
han that of among tree variability and individual sap wood area
stimates. The contribution of the error of scaled inner (or outer)
ensor readings to the total error amounted to 4–79% (96–21%),
asically reflecting the ratio between inner (or outer) sapwood
reas to total sapwood area. The large variability here resulted
rom different contributions at the six installation heights, with the
argest contribution of the inner ring to total sapwood area at the
runk installation.

The relationship between Ec estimates from eddy-covariance
nd sap flux showed hysteresis effects (see Fig. 7), caused by the
elaying and dampening of sap flux signals compared to eddy-
ovariance data. Time lags between transpiration in the tree canopy
nd sap flux observation in the stem have been studied over the last
our decades (e.g. Lassoie et al., 1977; Schulze et al., 1985; Hatton
nd Vertessy, 1990; Köstner et al., 1992, 1998; Granier and Loustau,
994; Phillips et al., 1997; Lundblad and Lindroth, 2002; Kumagai
t al., 2009). Time lags are interpreted as the time necessary for the
apwood at installation height to equilibrate with the evaporative
emand in the canopy. Recently, Oishi et al. (2008) discussed noc-
urnal fluxes being caused by the recharge of water to upper trunks
nd branches as well as nocturnal water loss. To account for the
ime lag, correlation analyses between eddy correlation data and
tem sap flow data, for example, could be performed. However,
he analyses reported in Phillips et al. (1997) suggest that using
ddy correlation data may not be useful for determining time lags,
ecause correlation at lags from −1.0 to +0.7 h were not signifi-
antly different from correlation at zero lag. This might be caused
y the long averaging intervals (20 min in Phillips et al., 1997;
0 min averaging intervals used for both techniques in our study),
nd uncertainties associated with either technique. In contrast,
undblad and Lindroth (2002) determined time lags from 1 to 2.5 h
etween eddy-covariance and sap flux time series when fitting to
he Penman–Monteith equation inverted for canopy conductance,
nd explained 50–75% of the variations in-canopy conductance
or the calibration period. As an alternative to the correction for
he time lag and dampening of the sap flux signal, parameters for
ater storage capacity and hydraulic conductivity for the different

ompartments of the investigated trees could have been calibrated
sing the measured eddy-covariance and sap flux times series.
owever, time resolution and uncertainty of those data again dis-
ouraged trials to account for the time lag and dampening of the
ap flux signals in this analysis.

Radial trends in sap flux readings for tree species of different
ood anatomy were observed in a series of studies (e.g., Phillips

t al., 1996; Cermak and Nadezhdina, 1998; Wullschleger and
ing, 2000; Nadezhdina et al., 2002; Ford et al., 2004; Kumagai
t al., 2005; Poyatos et al., 2007; Oishi et al., 2008; Caylor and
ragoni, 2009). Extrapolation from the sensor readings at differ-
nt radial depths to the entire xylem is then performed employing
inear, quadratic or Gaussian functions. In this study sap flux sensor
eadings were extrapolated to the entire xylem based on a lin-
ar approach, with simple summation of sapwood area weighted
ndividual values, to minimize additional uncertainties introduced
Please cite this article in press as: Staudt, K., et al., Vertical structure of eva
(2010), doi:10.1016/j.agrformet.2010.10.009

y prescribing more complex functions. The ratio between inner
nd outer sap flux readings (f, m s−1) for our trees increased
ith increasing circumference at installation height (fi/fo = 0.46

n(CH) + 1.28, R2 = 0.81), consistent with the findings of other stud-
es (Phillips et al., 2002; Wullschleger and Norby, 2001). However,
logical measurements were performed and which was used to upscale the sap flux
measurements. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of the article.)

average ratios of fi/fo = 1 were already reached for CBH of 0.54 m,
much lower values than reported in Phillips et al. (2002).

In the literature, scaling flux measurements from single tree
readings to the entire stand have been performed by a suite of
different scalars, for example stem circumference or diameter at
breast height, crown projected area, leaf area, basal area, sapwood
area, etc. (see review by Wullschleger et al., 1998). If we use circum-
ference at breast height (CBH), needle area, crown projected area
(CPA), or CPA multiplied by crown length instead of sapwood area
(As) and tree representativity (S), our Ec estimates over the 5 days
change on average by +29%, −12.5%, +6.1%, and −13.8%, respec-
tively. With the exception of scaling by CBH, the different methods
resulted in fluxes similar to those presented in this study. In com-
parison to the studies by Vertessy et al. (1995) and Hatton et al.
(1995), scaling by circumference at breast height performed worse
than the other three scaling methods, most likely because at our site
basal area is dominated by non-conducting heartwood. As found by
Hatton et al. (1995), a measure of tree domain based on distances
between stems performed worst: scaling Ec by the polyangular area
occupied by the tree (vertices defined by half the distance to the
6–8 nearest neighbour trees) resulted in Ec estimates which were
41.9% larger. The average Ec calculated employing the four scalars
(CBH, needle area, CPA, and CPA multiplied by crown length) over-
estimate Ec presented in this study by only 2.2%. Hence, Ec scaled
by sap wood area, and tree representativity (based on a sample of
seven trees stratified by CBH) represents a robust estimate of the
canopy transpiration at our site.

Plant morphological measurements used to upscale sap flux
measurements to the forest stand were performed within a 1.23 ha
fenced area (Fig. 10). The footprint area for the upper-most mea-
suring height of the ‘turbulence tower’ (white isolines in Fig. 10
calculated by Siebicke, 2008, using the methodology described in
Göckede et al., 2008) comprises this fenced area, but is much larger.
potranspiration at a forest site (a case study). Agric. Forest Meteorol.

80% of the footprint covers mainly conifer forest, but the outer 20%
of the footprint indicates contributions of clearings to the south
and the east of the study site. A comparison of flux measurements
at the clearing east of the study site to flux measurements at the

dx.doi.org/10.1016/j.agrformet.2010.10.009
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Table 7
Error measures for the comparison of time series for Ec compared to sap flux mea-
surements (Fig. 3b). MBE, MAE and RMSE are expressed as the percentage of the mean
canopy top sap flux measurement value (daytime (N = 87): 84 W m−2, nighttime
(N = 65): 20 W m−2).

Model/measurement MBE (%) MAE (%) RMSE (%) d R2

Daytime
ACASA (Ec) 3.4 17.1 20.9 0.94 0.80
STANDFLUX (Ec) −0.8 18.3 23.9 0.93 0.75
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Nighttime
ACASA (Ec) −54.2 54.8 71.0 0.57 0.54
STANDFLUX (Ec) −87.2 87.2 103.4 0.43 0.31

turbulence tower’ revealed that the Bowen ratio (Bo = H/LE, with
he sensible heat flux H and the latent heat flux LE) at the clearing
s lower than for the forest, thus the clearing acts as a source of

oisture (Foken et al., in preparation). Therefore, especially dur-
ng periods with southerly wind directions, as occurred for the
rst 3 days of the studied period, the contribution of the clearings
an lead to evapotranspiration rates that are larger than would be
ound for an area completely covered by spruce forest. In contrast
o the area used for upscaling of sap flux measurements, the eddy-
ovariance footprint is dynamic with different footprints for every
0-min measurement depending on stability and wind direction.
ishi et al. (2008) showed for a mixed forest that the canopy tran-

piration calculated from sap flux measurements depends largely
n the area used for upscaling. For our study, we found the largest
ontribution to total uncertainty of the sap flux measurements was
ue to the uncertainty of tree quantity (N), the number of trees
er m2. Thus, the differences between the flux footprint area and
he fenced area used to scale up the sap flux measurements could
xplain differences in canopy evapotranspiration rates for these
wo techniques.

Comparisons of in-canopy measurements of Ec also revealed
n underestimation of eddy-covariance derived Ec + Ew profiles
y sap flux measurements. Concerning eddy-covariance profile
easurements, the differences of flux footprints of in-canopy mea-

urements have to be additionally considered, with decreasing flux
ootprints with lower measurement height within the canopy as
ompared to above canopy flux footprints (Baldocchi, 1997).

.2. Model – measurement comparisons

Both models underestimated Ec and Eeco measured with the
ddy-covariance technique. The deviating areas of the flux foot-
rint and the areas represented in the models or used to measure
odel parameters might also contribute to these differences, as

lso discussed by Davi et al. (2005) concerning CO2 fluxes. While the
D-model STANDFLUX represents all trees within the fenced area
f the Waldstein–Weidenbrunnen site and calculates the exchange
ates for each tree individually, the ACASA model assumes an
rea of about 104–106 m2, which is a similar size to the flux foot-
rint but is covered by a uniform forest characterized by the plant
orphological input parameters such as the LAI and its profile

erived for the fenced area. Thus, neither the STANDFLUX model
or the ACASA model includes the contributions of clearings, which
ust be assumed to play a role for the fluxes measured with the

ddy-covariance technique. As the areas represented in the mod-
ls resemble the area used to upscale sap flux measurements,
greement of modeled Ec with sap flux measurements was better
Table 7).
Please cite this article in press as: Staudt, K., et al., Vertical structure of eva
(2010), doi:10.1016/j.agrformet.2010.10.009

Including Ew in model results when making comparisons to
ddy-covariance derived Ec + Ew increased agreement, even though
odels still underestimated measured Ec + Ew. Both models indi-

ated a contribution of Ew for the first 2 days. But whether the
nterception submodels simulated realistic estimates of Ew needs
 PRESS
Meteorology xxx (2010) xxx–xxx 17

to be evaluated against interception measurements, which were
not available for our experiment.

While the simulations of Eg + Es of the ACASA model overesti-
mated eddy-covariance measurements at most times of the day,
the STANDFLUX model underestimated Eg + Es. The lower Eg + Es

in STANDFLUX can explain the lower Eeco than that modeled with
ACASA, as modeled Ec and Ew rates were similar in the two models.

The comparison of measured and modeled profiles of Ec and
Ec + Ew revealed differences in agreement for the various systems
as well as for different times of the day and different coupling
regimes. Furthermore, agreement of measured profiles with the
eddy-covariance technique and modeled profiles was better when
evaporation Ew was included in the comparisons. Both models
proved to be able to reproduce mean daytime Ec + Ew profiles well
(Fig. 6), with similar results for STANDFLUX and ACASA. For night-
time, the agreement was not as good as for daytime, with ACASA
performing better than STANDFLUX. But for the comparisons of
nighttime profiles, the lower absolute fluxes should be kept in
mind, with the mean absolute value at canopy top of only 20%
of the daytime value. Sorting profiles for the different coupling
regimes allows assessment of the ability to reproduce evapotran-
spiration profiles by the two models for different states of turbulent
transport of the canopy. Even though best agreement of models
and measurements was found for partly coupled situations, differ-
ences to coupled conditions are small and might, most likely, stem
from the distribution of coupling stages throughout the day, with
only daytime values for partly coupled conditions and daytime as
well as nighttime values for coupled conditions. The canopy and
the atmosphere are coupled for these conditions, which is where
the exchange of water occurs within the canopy. The subcanopy,
which is the trunk space of the forest, did not contribute much
to canopy evapotranspiration, thus no difference in model perfor-
mance was observed whether the subcanopy was coupled or not.
Only for decoupled conditions are errors of the models larger with
considerable underestimations. The class of decoupled conditions
is mainly made up of situations classified as ‘wave motion’, which
were mainly detected at nighttime and are associated with very low
fluxes. The models were not able to correctly predict the profiles of
canopy evapotranspiration under such decoupled conditions.

4.3. Partitioning of evapotranspiration

During daytime, Eg + Es accounts for 10% of Eeco measured above
the canopy at 36 m (Fig. 3). The contribution of Eg + Es to Eeco within
the models was quite different, with a 20% contribution in ACASA
and a 7% contribution in STANDFLUX. Compared to the contribution
of Eg + Es as found in other studies at coniferous forests, a mea-
sured contribution of 10% is quite low. Baldocchi and Vogel (1996)
found a contribution of 50% of Eg + Es for a boreal conifer forest
during summer, Jarosz et al. (2008) an annual contribution of 38%
for a maritime pine forest and Kurpius et al. (2003) a contribu-
tion of 47% during summer and fall for a ponderosa pine forest.
But these forests had a smaller LAI (around 3, 2.4 and 2.2, respec-
tively) than measured at our site (LAI = 4.8 m2 m−2, calculated from
PAI measurements and inventory data). Thus, the available energy
in the trunk space was larger, resulting in a higher evapotranspi-
ration rate. But compared to a temperate deciduous forest, the
contribution of Eg + Es at our site is well within the range found
for the growing season (Wilson et al., 2000; Baldocchi and Vogel,
1996).

The assessment of the contributions of the canopy layers to
potranspiration at a forest site (a case study). Agric. Forest Meteorol.

Ec showed a maximum within the upper half of the canopy for
measurements and models for daytime (Fig. 8). These upper lay-
ers above the maximum of the LAI contribute about 80%. This part
of the canopy is where the largest radiative input and thus the
highest radiation absorption occurs, causing larger air and leaf sur-

dx.doi.org/10.1016/j.agrformet.2010.10.009
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ace temperatures and higher vapor pressure deficits than in the
ower part of the canopy during daytime (Fig. 2). Model simulations

ith SVAT-models incorporating higher order closure turbulence
odules indicated similar distributions of water vapor fluxes, with

he maximum source strength within the top 30% of the canopy
or a broad-leaved forest (Park and Hattori, 2004) and a pine for-
st (Juang et al., 2008). For these forests, the maximum in the
AI profile was at about 0.7hc, which is higher than for our site,
xplaining the contribution of larger parts of the canopy for our
ite. Unfortunately, comparisons to profile measurements for these
ites were not reported. At nighttime, the lower part of the canopy
0.2 − 0.6hc) contributed more to the flux than during daytime for
ll systems except the sap flux measurements. However, keeping
n mind the measurement uncertainties as explained above and the
ow total nighttime value of 20 W m−2 that was distributed within
he profile, the differences between the two measurement systems
ere small. The profiles of the modeled contributions of the canopy

ayers to Ec at nighttime have a profile shape similar to the PAI pro-
le. Thus, at nighttime, the contribution of the layers is proportional
o the fraction of PAI of the respective layers, whereas at daytime
he layers higher up in the canopy contributed more per fraction of
AI than the lower layers due to the higher vapor pressure deficits
nd higher air temperatures of the upper part of the canopy.

. Conclusions

A detailed study of evapotranspiration of a forest ecosystem
ncluding controlling processes and partitioning into its compo-
ents make a range of measurements within and above the canopy
ecessary. Furthermore, for the validation of processes determining
he components of ecosystem evapotranspiration within complex
rocess-based models, accurate measurements of all components
re needed. Here, for a case study of 5 days, a combination of
ddy-covariance and sap flux measurements to distinguish all
omponents of ecosystem evapotranspiration was presented and
ompared to ACASA and STANDFLUX model results.

Even though a good correlation of canopy transpiration mea-
urements using the sap flux technique and differences of
ddy-covariance measurements above the forest and in the
runk space was observed, transpiration rates determined by sap
ux measurements underestimated the values measured with
he eddy-covariance technique. These differences were probably
aused by an interplay of several processes, such as uncertainties in
he measurement techniques, and different sizes and forest struc-
ures in the eddy-covariance flux footprint and the area used to
cale sap flux measurements. Furthermore, the assumption of a
egligible contribution of canopy evapotranspiration from inter-
epted water did not hold true. The relative importance of each
f these processes could not be determined. Further work should
oncentrate on these issues, for example by measuring canopy
nterception and assessing its relative importance, and by studying
longer time period that encompasses more variability in meteo-

ological conditions.
Eddy-covariance measurements within and above the forest

anopy gave insights into the partitioning of ecosystem evapotran-
piration, the most important component of the water budget of
any forests. At the studied spruce forest site, soil and understory

vapotranspiration contributed only 10% to ecosystem evapo-
ranspiration during the 5-day study period in fall 2007. The
ontribution of evaporation from intercepted water was assumed
Please cite this article in press as: Staudt, K., et al., Vertical structure of eva
(2010), doi:10.1016/j.agrformet.2010.10.009

o be minor, even though this point has to be investigated further by
irect measurements of canopy interception, as mentioned above.
he bulk of ecosystem evapotranspiration was made up of canopy
ranspiration. Thereby, the upper half of the canopy with 66% of leaf
rea contributed up to 80% to canopy transpiration at daytime due
 PRESS
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to the higher air temperatures and higher vapor pressure deficits
in the upper part of the canopy.

Not only comparisons of measured and modeled ecosystem
evapotranspiration but also its components were performed to
achieve more confidence in the ACASA and STANDFLUX models.
Keeping the uncertainties of the measurements in mind, both mod-
els reflected the contributions of the components of ecosystem
evapotranspiration during daytime well. Nighttime discrepancies
were larger.

Profile measurements also made it possible to assess the
partitioning of canopy evapotranspiration within the canopy. A
comparison of mean profiles for daytime and nighttime as well as
for three coupling conditions revealed a good agreement of ver-
tical partitioning of canopy evapotranspiration between models
and measurements for mean daytime profiles and for partly cou-
pled and coupled situations. For these conditions, the ACASA and
the STANDFLUX models performed equally well. During nighttime
and for decoupled conditions, both models had problems in repro-
ducing measured profiles, with larger deviations than for daytime
conditions.

Altogether, the ACASA and STANDFLUX models proved to be
valuable tools to simulate the water exchange of our forest not only
as a whole but also its vertical partitioning within the canopy. The
ability of the two models to reproduce measurements of the verti-
cal distribution of the components of evapotranspiration depends
on the time of the day and the coupling condition of the canopy,
with better performance for daytime and a coupled and partly cou-
pled canopy than for nighttime and a decoupled canopy. Despite
the differences in model setup, i.e. a three-dimensional represen-
tation of the stand in STANDFLUX and the one-dimensional setup of
ACASA, the models performed similarly during daytime. Thus, the
better representation of turbulence by ACASA with a third-order
closure method did not seem to be an advantage when compared
to the STANDFLUX model.
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Appendix A. Appendix: Error estimation for sap flux
measurements

Scaling sap flux measurements from tree to stand was done
potranspiration at a forest site (a case study). Agric. Forest Meteorol.

using a series of scaling parameters, and therefore involved propa-
gation of uncertainties of sap flux readings and scaling parameters.
In order to estimate the uncertainty in the calculated value of
canopy transpiration (Ec), we used the Gaussian error propaga-
tion method (e.g. Taylor, 1997; Bevington and Robinson, 1992; Lo,
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here xi, xj are the variables or parameters used in the scaling
unction (F, equation (A.2), for the calculation of Ec, in W m−2), �xi
nd �xj are their standard deviations, and r(xi, xj) is the correla-
ion coefficient between xi and xj. If the scaling parameters can
e assumed to be uncorrelated, the variance of the scaled vari-
ble Ec, �2

Ec
, is calculated from the variances of the parameters x

s �2
Ec

=
∑

i(�2
x (ıF/ıx)2), because in that case the covariance term

�xi · �xj · r(xi, xj)) is zero. Hence, the uncertainty of Ec, �Ec , the
quare root of �2

Ec
, results from the associated uncertainties of the

arameters. The scaling procedure employs repeated multiplica-
ion, and sums of a series of individual sap flux readings from outer
nd inner thermocouples (fo, fi, both m s−1) and scaling parameters,
or example outer and inner sapwood area (As,o, As,i, both m2), rep-
esentativeness of those readings for the entire stand (So, Si, both
nitless), or number of trees per m2 (N):

=
(

fo · As,o · Si + fi · As,i · Si

)
· N · L · � (A.2)

here L latent heat of evaporation (2.45 MJ kg−1 at 20 ◦C), and �
ensity of water (kg m−3).

Each of the variables and parameters is associated with a given
ncertainty (absolute, relative or derived from variances). Esti-
ates for random and systematic uncertainties were identified for

ach measurement and determined from field calibration of the
ensors (side-by-side measurements), and limits of detection; in
ore detail:

For 1 week at the end of IOP-2 we installed seven sap flux sen-
sors side-by-side in the stem of one tree. For use in the error
propagation calculations we estimated from the standard devi-
ation of the seven separate readings an uncertainty of 12.3%
for the outer thermocouple readings (�f = 0.085·f + 0.894 × 10−6,
f and �f in m s−1), and 10.9% for the inner thermocouple read-
ing (�f = 0.069·f + 1.394 × 10−6, f and �f in m s−1). Because the
measurements were performed side-by-side and post-processed
before comparison, the accuracy here already includes the effects
of radial variability, correction for wounding, and correction for
deviation of thermal diffusivity from default, the latter being a
function of thermal conductivity of fresh wood and of water; sap-
wood depth; fresh and dry weight, volume, and basic density of
the wood core; density of water, and specific heat capacity of
fresh wood, wood matrix and sap.
The absolute errors of the cross-sectional area of the outer and
inner rings of conducting sapwood area (As,o and As,i) were esti-
mated from errors of the circumference measurement (CH) and
radial sapwood depth (Dsw) and were on average 10.3% of the
respective sap wood area. The absolute error for the outer ring
(As,o), with a radial depth of 0.002 m, varied between 0.00030
and 0.00245 m2. The absolute error for the inner ring (As,i), with
a variable radial depth (sapwood depth, Dsw, −0.002 m), varied
between 0.00006 and 0.00750 m2.
Single tree sap flux was scaled to the stand scale using the repre-
sentativeness of the two trees with sap flux sensor installations in
Please cite this article in press as: Staudt, K., et al., Vertical structure of eva
(2010), doi:10.1016/j.agrformet.2010.10.009

tree profile for the entire stand, and the number of trees per m2.
As the two trees were comparatively large with respect to the
CBH distribution of the entire stand (see Section 2.2.2), hourly
correction factors were calculated from the ratio between stand
estimates of Ec derived from sap flux measurements in seven
 PRESS
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trees (representing the CBH distribution of the entire stand) and
stand estimates derived from the profile trees only. The correc-
tion factors were derived separately for inner and outer sap flux
readings, and varied between 0.46 and 0.54 for the inner read-
ing, and 0.56 and 0.69 for the outer reading, with relative errors
of 11.4% and 14.0%, respectively.

– Single tree sap flux was scaled to the stand scale using the num-
ber of trees per m2 (N) normally considered as an exact number.
However, since the footprint of the eddy-covariance data is much
larger than the subplot of the trees used for sap flux measure-
ments, the number of trees per m2 determined at the sap flux
subplot might not represent the average value for the eddy-
covariance footprint. In addition, its location varies with time.
To address this mismatch at our relative heterogeneous site, we
included an uncertainty estimate for the scaling factor N, deter-
mined from a variance analysis of the tree densities within the
fenced area of the Waldstein–Weidenbrunnen site. Variances of
N were calculated for subplots of different size (100–5000 m2,
limited by the extent of the fenced area, where all tree positions
were measured). The relative error estimated from the variance
for N was highest (43%) at subplot size 100 m2, and declined with
increasing subplot size to level off to 20% at subplot sizes larger
than 2500 m2. For the error propagation analysis we used the
value of 40%, even though for an extension of the subplot size
beyond the fenced area an increase of the variances in tree den-
sity is expected due to clearings and stands of other age-classes
nearby.

Solving the partial derivatives of equation ((A.2), F), and substi-
tuting those and the above error estimates in equation (A.1), the
final error of an individual estimate of Ec is calculated.

Covariance terms were not considered for correlation between
average f and As (f = −2.66 × 10−5·As + 1.15 × 10−5, r = 0.071,
f in m s−1), nor for correlation between S and N. How-
ever, significant correlations were found between f·As and N,
(f·As = −2.30 × 10−10·N + 0.56 × 10−10, r = −0.89, f·As in m3 s−1, our
data and data from Alsheimer, 1997), and inner and outer ring
estimates (for all levels strong linear relations were found with r
ranging between 0.940 and 0.997). Appropriate covariance terms
were considered in the latter cases.

When individual estimates are aggregated over a time period,
propagation of measurement uncertainty during aggregation has to
be performed. The sap flux estimates were aggregated from 10-min
time resolution to 30-min resolution to match the eddy-covariance
data. This reduced the final error estimate by a factor of approxi-
mately 1/

√
3, because for an aggregation of n measurements with

equal relative errors, random errors diminish with increasing n
according to 1/

√
n (Taylor, 1997).
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