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Abstract Ultrasonic wind measurements, sonic temperature and air temperature
data at two heights in the advection experiment MORE II were used to establish
a complete budget of sensible heat including vertical advection, horizontal advec-
tion and horizontal turbulent flux divergence. MORE II took place at the long-term
Carbo-Europe IP site in Tharandt, Germany. During the growing period of 2003 three
additional towers were established to measure all relevant parameters for an estima-
tion of advective fluxes, primarily of CO2. Additionally, in relation to other advection
experiments, a calculation of the horizontal turbulent flux divergence is proposed and
the relation of this flux to atmospheric stability and friction velocity is discussed. In
order to obtain a complete budget, different scaling heights for horizontal advection
and horizontal turbulent flux divergence are tested. It is shown that neglecting advec-
tive fluxes may lead to incorrect results. If advective fluxes are taken into account, the
sensible heat budget based upon vertical turbulent flux and storage change only, is
reduced by approximately 30%. Additional consideration of horizontal turbulent flux
divergence would in turn add 5–10% to this sum (i.e., the sum of vertical turbulent
flux plus storage change plus horizontal and vertical advection). In comparison with
available energy horizontal advection is important at night whilst horizontal turbulent
flux divergence is rather insignificant. Obviously, advective fluxes typically improve
poor nighttime energy budget closure and might change ecosystem respiration fluxes
considerably.
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1 Introduction

In many studies that use micrometeorological methods, the net ecosystem exchange
(NEE) between atmosphere and the surface of interest is determined as the sum of
the vertical turbulent flux and the storage beneath the eddy flux sensors (Aubinet
et al. 2000; Baldocchi et al. 2000; Wilson et al. 2002). The vertical and the horizontal
advective fluxes are typically neglected. However, heterogeneous surfaces require
that these fluxes are taken into account.

The eddy-covariance method (EC method) has an outstanding importance for
the estimation of turbulent fluxes and is widely used in describing and studying the
ecosystem response to climate (Goulden et al. 1996; Valentini et al. 1996; Aubinet
et al. 2001, 2005; Pilegaard et al. 2001; Valentini 2003). Nevertheless this method does
have some shortcomings, and especially at night with stable atmospheric stratifica-
tion, fluxes are underestimated by the EC method, because non-turbulent processes
(i.e. storage and advection) become more important, but are not considered properly
(Aubinet et al. 2000, 2003, 2005). Therefore, recently more emphasis has been placed
on advective processes, primarily to improve estimates of the net ecosystem exchange
of CO2 at complex sites (Lee 1998; Baldocchi et al. 2000; Paw U et al. 2000; Lee and
Hu 2002; Aubinet et al. 2003, 2005; Feigenwinter et al. 2004; Staebler and Fitzjarrald
2004; Marcolla et al. 2005).

The impact of advection on the energy balance has been considered in several stud-
ies (e.g. Blanford et al. 1991; Bernhofer 1992; Lee 1998; Panin et al. 1998; Bernhofer
and Vogt 1999; Paw U et al. 2000; Lee and Hu 2002; Wilson et al. 2002) and is still
poorly understood. Blanford et al. (1991) presented circumstantial evidence that over
an irrigated pecan orchard much of the latent energy may have been transported by
non-turbulent processes resulting in poor energy closure. On a daily basis Bernhofer
and Vogt (1999) found no improvement in closure when including vertical advection,
and vertical advection was suspected by Lee and Hu (2002) to contribute to the lack
of energy closure. Lee (1998) found improvement of energy closure at night when
including vertical advection, but not at day, while Paw U et al. (2000) speculated that
advection may be important for sensible heat at night and day, but only during the
day for latent heat flux, since only small values occur at night. A similar statement is
made by Wilson et al. (2002).

Less is known about the horizontal turbulent flux divergence (in the following re-
ferred to as divergence or horizontal flux divergence), which has been experimentally
neglected until now. Yi et al. (2000) pointed out that, under convective conditions,
the horizontal flux divergence is much smaller than the vertical turbulent flux; this
agrees with Wyngaard et al. (1971) and Lee (1998). Finnigan (1999) stated that the
assumption that the horizontal flux divergence is always much smaller than the vertical
turbulent flux cannot be anticipated. Lee (2004) examined the horizontal flux diver-
gence on the basis of the simple mixing-length analogy; he emphasized that this term
cannot be evaluated in isolation from other terms in the mass conservation equation,
and that the horizontal flux divergence is generated by gradient diffusion and by cor-
relation between the vertical and horizontal velocities. Staebler and Fitzjarrald (2004)
argued that the horizontal flux divergence may be significantly important (10% of
vertical turbulent flux and 30% of the mean horizontal advection respectively),
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underlining the need of further analysis at the same time. Also, an estimation of
this flux divergence is made for sensible heat based on an extended measurement
campaign in 2003.

The aim of the present work is to establish a complete budget of sensible heat
including vertical advection, horizontal advection and the horizontal flux divergence.
Furthermore, an attempt is made to evaluate the importance of each budget term in
relation to available energy.

We used observations from the advection experiment MORE II (More measure-
ments in the Ore mountains), which took place at the anchor station Tharandter Wald
(Germany) in the summer and autumn 2003. This experiment was part of VERTIKO,
a project funded by the German Ministry of Education and Research within the
programme AFO 2000 (Bernhofer and Köstner 2003). MORE II aimed at measuring
all relevant parameters for an accurate estimation of non-turbulent advective fluxes
of CO2 in a soil-vegetation-atmosphere volume.

2 Site and instrumentation

2.1 Site

The anchor station Tharandter Wald (ASTW) is one of the long-term monitoring
stations within the European carbon and water flux programmes from EUROFLUX
to Carbo-Europe IP and serves also as a Global Terrestrial Observing System ref-
erence site as well as for ecological, hydrological and remote sensing applications.
It is situated 25 km south-west of Dresden (south-east Germany) on the northern
slope of the Ore mountains. The main tower is located in the eastern part of the
forest Tharandter Wald, and was constructed in 1990; the forest covers about 6000 ha.
Two small unforested areas are located north and west of the main tower (50◦58′ N,
13◦34′ E); the slightly undulating terrain has an average height above sea level (a.s.l.)
between 350 m and 400 m. However, within a radius of 500 m the typical inclination
is only about 2◦ facing south with larger slopes in the south-east and north-east. In
the western direction the terrain rises up to 422 m a.s.l. (for a comparison with other
European spruce sites refer to Bernhofer et al. 2003; for a footprint and data quality
assessment refer to Rebmann et al. 2005).

Norway spruce (Picea abies) is the dominant species of tree at this site, with an
average canopy height of 29 m (year 2003) and a well-marked trunk space of about
12 m. The understorey is very sparse; leaf area index is about 5.9 (measured in 2002,
after thinning).

The climate is characterised by a mean annual air temperature of 7.7◦C and a mean
annual precipitation of 819 mm; the mean temperature amplitude between summer
and winter is 17.7 K. Wind direction is predominantly from the south-west. The year
2003 was unusually dry and hot, and summer precipitation was 39% below the long-
time average and the mean annual temperature was 1.3 K above the long-time average
(source: data bank, Department of Meteorology, TU Dresden). For more detailed
information about the site, refer to Grünwald (2002).

2.2 Instrumentation and set-up

In the description of the experimental set-up we concentrate on issues relevant to the
present study. Three additional towers (P1, P2 and P3) were installed for the purpose
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Fig. 1 Scheme of
experimental layout. ASTW
denotes permanent main tower

of MORE II and the permanent measurements were enhanced in order to estimate
horizontal and vertical gradients (Fig. 1). The distances between P1 and P2, P1 and
P3, P2 and P3 were 133 m, 99 m and 85 m respectively.

Observations used in the analysis are primarily the wind components u (east),
v (north), w (vertical) and sonic temperature Tsv, which were measured at 2.5 m
above ground level (a.g.l.) (trunk space) and 30 m a.g.l. (above canopy) by sonic ane-
mometers (METEK, USA-1, Germany) at each tower P1, P2 and P3 (Fig. 2). The
sampling rate was 20 Hz. Air temperature was measured by thermocouples (Camp-
bell Sci., Logan/Utah, type E, US specification) with a probe diameter of 75 µm at the
same heights, and the sampling rate of the thermocouples was 1 Hz. These thermo-
couples provided data for the calculation of the horizontal temperature gradients. At
the main tower a vertical temperature profile was taken by identical thermocouples at
a sampling rate of 1 Hz at heights a.g.l. of: 0.5, 2, 8, 18, 26, 33 and 40 m; this profile was
used for the estimation of storage change and vertical advection. From September
until the end of the experiment measurements at z = 18 m were not available.

Sonic data were processed and stored on a single lap-top utilising LabView. Ther-
mocouples were measured and stored with a CR23X data logger utilising a multiplexer
(Campbell Sci., Logan/Utah), all referenced to the same temperature.

3 Methods

A period of 101 days from the beginning of July to October (day of year = DOY
185–285) was examined. To obtain a uniform basis for all calculations the data were
adjusted for imperfect alignment of the sonics, coordinates were rotated around the
y- and x-axes, and sonic temperatures were converted to air temperatures.

The mean wind directions (all data) for the sonics at height z = 30 m (tower P1
and tower P2) clearly differed from those on the main tower (z = 42 m), where only
tower P3 showed good agreement. In order to obtain a uniform initial situation for the
coordinate rotation, wind data for towers P1 and P2 were rotated around the vertical
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Fig. 2 Schematic
instrumentation of towers
P1–P3. Grey circles with black
cross denote measurements of
wind components u, v, and w
(METEK USA-1) and of air
temperature (Campbell Sci.,
Logan/Utah, type E, US
specification). Only relevant
instrumentation is shown
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axis by 18◦ and 35◦, respectively. These angles were determined by using half-hourly
data for the period DOY 185–285 where wind speed was greater than 4 m s−1.

No correction of the wind direction was applied to the sonics inside the canopy
because no explicit rotation angle could be determined due to great scatter. Thus the
sonic data in the trunk space are used without any alignment or adjustment.

Wind data were rotated around the y- and x-axes using the planar fit after Wilczak
et al. (2001); no rotation around the z-axis was made in order to preserve the orien-
tation of the sonics. There exists some concern about the application of the planar
fit in the trunk space (Wilczak et al. 2001), and so several rotation methods were
tested inside the canopy. The main results changed only slightly, and for consistency
the planar fit was chosen for the trunk space too. For further discussions please refer
to the Appendix.

Measured turbulent heat fluxes were corrected according to Eq. (8) given in
Schotanus et al. (1983). No correction was made for frequency loss. Above the forest
the sensible heat flux or the buoyancy flux (covariance of ultrasonic wind speed and
ultrasonic temperature) is only slightly damped and is often used as the reference for
spectral corrections of the water vapour flux and CO2 flux (e.g. Eugster and Senn
1995; Grelle and Lindroth 1996; Bernhofer et al. 2003a). Below the canopy there
exists little theoretical basis for any correction, and so we applied no correction for
frequency loss of sensible heat flux.

The measurements reflect six corner points of an uneven prism, and gradients are
assumed to behave linearly between points. The experimental set-up and the cho-
sen methods for calculation of the advective terms are unable to capture horizontal
gradient changes. Thus the gradients are supposed to be constant within the prism.
Only linear gradients are assumed, which surely does not completely reflect the real
conditions.



104 Boundary-Layer Meteorol (2007) 123:99–120

3.1 The budget equation of sensible heat

In the following the budget of buoyancy flux is developed. The budget of sensible
heat can be calculated by multiplying Eq. (1) below with air density and specific heat
capacity. The source/sink strength term of the buoyancy flux in a control volume is
determined by the changes in space and time:

S (t, x, y, z) = ∂T
∂t

+ ∂uT
∂x

+ ∂vT
∂y

+ ∂wT
∂z

, (1)

where x, y and z form the coordinate system with x directed east, y north and z nor-
mal to the surface; u, v and w are the wind components in this coordinate system, t
denotes time and T temperature. Integrating over the height of the control volume,
applying Reynolds averaging and Einstein summation according to Finnigan (1999)
and Feigenwinter et al. (2004) results in:
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where xj refers to the three directions in space x, y and z and uj to the corresponding
wind components u, v and w. Overbars denote time averages and primes departures
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V

Here, term I denotes storage change, term II vertical turbulent flux (mostly referred
to as EC flux), term III vertical advection, term IV horizontal advection and term V
horizontal turbulent flux divergence; zr is the height of the control volume. Positive
fluxes refer to a transport out of the control volume (source), and negative fluxes indi-
cate a transport into the control volume (sink). Positive storage change represents an
additional source of heat and negative storage change a sink from the control volume.

3.2 Estimation of vertical turbulent flux and of the storage change

Calculation of the vertical turbulent flux followed the usual standard procedure, as can
be found for instance in Aubinet et al. (2000). This procedure was applied to all towers.
The vertical turbulent fluxes at height zr = 30 m show a high correlation among the
towers P1, P2, P3 with correlation coefficients �0.95. Therefore the arithmetic mean
of these vertical turbulent fluxes are taken as representative values.
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Fig. 3 Mean diurnal variation (DOY 185–285, 1 h averages) of vertical temperature profiles (for
further details see text). Temperatures were normalised with temperature at height z = 30 m and
therefore have no dimension. Lower horizontal scale is omitted for clarity, the vertical dotted lines
refer to a ratio of one. A value located to the right of this line is greater than one, while a value located
to the left of this line is smaller than one, respectively. Time is CET

In order to estimate storage change, the vertical temperature profile at the main
tower was assumed to be representative for the whole control volume. No measure-
ment of air temperature at height zr = 30 m was available at the main tower, and
instead the arithmetic mean value of temperatures at P1, P2 and P3 at this height
was used. Figure 3 shows the mean diurnal course of the vertical temperature profile
calculated according to this assumption. It reflects a typical diurnal course of the tem-
perature profile within and above the forest canopy; the stratification is stable at night
and near neutral/ slightly unstable during daytime. A clear difference between trunk
space and crown space can be seen. During the day highest temperatures are found in
the upper crown space, which approximately coincides with the height of the highest
leaf area density. At nighttime an inversion is visible at the height of maximum leaf
area density. The inversion gradually covers the whole canopy during the night.

Storage changes were estimated in three different ways:

(I) using the vertical temperature profile at the main tower, which was considered
to be representative for the whole control volume (Fig. 3);

(II) using only temperature measurements of P1, P2 and P3 at height z = 30 m
and z = 2.5 m;

(III) using only changes in temperature at height z = 30 m.

All options of storage change yield similar results and follow the same diurnal course
(see Sect. 4.2).

3.3 Estimation of vertical advection and horizontal advection

Vertical advection was calculated according to Lee (1998). Instead of the concentra-
tions, which appear in the original equation, the temperature Tr at height zr = 30 m and
the average temperature 〈T〉 between ground and height zr were used. This yields:
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)
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The averaged temperature of option I was calculated as follows:

〈T〉 = 1
30

(
8 T26m + 9 T18m + 8T8m + 3.75 T2m + 1.25 T0.5m

)
(5)

and the averaged temperature of option II was calculated as:

〈T〉 = 1
30

(
18 T30m + 12 T2.5m

)
, (6)

where the indices refer to the measurement heights. The weighting factor of each tem-
perature represents the thickness of the layer for which the temperature is assumed
to be representative. A vertical profile with higher resolution in space reproduces the
real conditions better than a vertical profile consisting of only two measurements.
Thus option I is likely to yield better results.

The same temperature profiles and scaling option I and II as for the computation
of storage change (Sect. 3.2) were applied. The residual vertical wind speed after
rotation by planar fit (Wilczak et al. 2001) was chosen to obtain the mean vertical
velocity at each half hourly timestep.

Horizontal advection was calculated according to Feigenwinter et al. (2004) using
the inclination of a plane to determine the horizontal gradients of air temperature. For
the calculation of the horizontal air temperature gradients, air temperatures measured
by thermocouples were used. In order to estimate the complete budget of sensible heat
for the whole control volume (height of control volume zr = 30 m), it was necessary
to vertically extrapolate the horizontal advection and the horizontal eddy flux diver-
gence, as there were only measurements at two heights (2.5 m and 30 m) available. We
tested two different scaling options as described in the following section.

3.4 Estimation of horizontal flux divergence

In order to calculate the horizontal flux divergence, a similar procedure as for hor-
izontal advection was chosen. However, in contrast to Feigenwinter et al. (2004),
partial derivatives are computed. The horizontal turbulent fluxes u′ T ′ and v′ T ′ are
components of a vector,

−→
H =

[
u′ T ′
v′ T ′

]
. (7)

All these vectors form a vector field, whose divergence gives the horizontal flux diver-
gence of sensible heat,

divH = ρ cp

(
∂u′T ′
∂x

+ ∂v′T ′
∂y

)
, (8)

where ρ is density of air and cp specific heat capacity of air.
The partial derivatives were computed using the equation of a plane Ax + By +

Cz + D= 0. The plane is defined by three points, which are given by the experimental
set up (x- and y- coordinates); the z-coordinate refers to u′T ′ or v′T ′, respectively.
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Two planes were computed for every half hour, one for u′T ′ to obtain ∂u′T′
∂x and one

for v′T ′ to obtain ∂v′T′
∂y (see Appendix for more details).

In order to obtain a complete budget, the following scaling options were used:

(A) The “active surface” of the canopy was used to identify above canopy advection
and inside canopy advection. Measurements at height z = 30 m were taken to be
representative of a layer with a thickness of (zr—zd) where zr is the height of
the control volume and zd is the displacement height. Measurements at height
z = 2.5 m were taken to be representative of a layer with thickness zd = 20.6 m
(Queck 2004).

(B) The volume was split into “crown space” and “trunk space”. Measurements at
height z = 30 m were considered to be representative of a layer between 12 m
and 30 m (the crown space mean height = 18 m) and measurements at height
z = 2.5 m for a layer of depth 12 m (trunk space).

It is clear that these options can only show the range of the possible contributions of
the horizontal flux divergence term. Option A reflects meteorological wisdom, since
the height of the zero plane displacement separates two wind regimes (above and
below canopy). Option B takes canopy structure into account and the fact that wind
speeds are generally low in the crown space. However, it should be kept in mind that
scaling is a source of systematic errors. This applies to horizontal advection too.

4 Results

4.1 Storage change

Figure 4 shows the ensemble mean from DOY 185 through 285 (4 July through 12
October) of the different calculation options (Section 3.1) of storage change. All
options of storage change follow the same diurnal course, and indicate a gain of sensi-
ble heat between early morning and late midday and a loss during the rest of the day.
The slope of the linear regression between the different options of calculation has a
minimal value of 0.93 (between option I and option III). Obviously, the difference
between the calculation methods using one, two or 6 and 5 levels is not significant.
This agrees with Mellmann (1998). However, a slight loss of information is observed
with a decreasing number of considered levels. It is very likely that the storage change
maximum and minimum are underestimated when using fewer levels.

4.2 Vertical advection and horizontal advection

Vertical advection was estimated using options I and II (Sect. 3.2), and again, the
diurnal courses (ensemble mean) of the two options are similar (Fig. 5). Calculation
with only two levels (option II) obviously underestimates the maximum and the mini-
mum. During the night the flux is directed towards the control volume. In the morning
(0600–1000) the value is positive, and at noon and in the afternoon (1200–1800) it is
close to zero. At this time the atmosphere is well mixed and differences in temperature
between the different levels become smaller with less vertical advection.

Horizontal advection was calculated for each level as described in Sect. 3.3 and
scaled afterwards (Sect. 3.4). Horizontal advection was higher at night than during
the day (Fig. 6). The mean diurnal course and the time of peaks for both scaling
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Fig. 4 Ensemble means of different calculation options of storage change of sensible heat with stan-
dard error bars (DOY 185–285, 1-h averages). Option I (solid line), option II (dashed line), option III
(dashed double dotted line). Standard error bars refer to the same symbols

Fig. 5 Ensemble means of
different calculation options of
vertical advection of sensible
heat with standard error bars
DOY 185–285, 1-h averages.
Option I (solid line), option II
(dashed line). Error bars refer
to the same symbols

options are similar. However, there is a clear difference between the two options
(Fig. 6). In general, the wind speed above the canopy is higher than within the canopy
for both day and night, while horizontal temperature gradients (Fig. 7) are slightly
higher in the trunk space compared to above the canopy at night. Large horizontal
temperature gradients were not to be expected, since the mean differences in temper-
ature between the towers range between 0.002 K and 0.2 K and the distances between
the towers is about 100 m (see Sect. 2.2).

The lower measurement level contributes more significantly to horizontal advec-
tion in option A compared to option B. Since at night option A is more negative
than option B, the larger gradients overcompensate for the smaller wind speed in
the trunk space. Between 0400 and 0600 the two options yield different signs for the
horizontal advection, and shows how scaling may lead to different magnitudes of a
budget term. However, the temperature gradients are very small, and may be smaller
than the accuracy of measurement despite the large statistical sample, introducing
considerable uncertainty into the flux budget.
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Fig. 6 Diurnal courses of
different calculation options of
horizontal advection of
sensible heat with standard
error bars (DOY 185–285, 1-h
averages). Option A (solid
line), option B (dashed line).
Error bars refer to the same
symbols

Fig. 7 Diurnal gradients separated in 16 direction classes at the top of the canopy (top) and in the
trunk space (bottom), pointing from low to high temperatures. Outer circles denote 15% of total
values

CO2 advection measurements have shown that horizontal differences of CO2 de-
crease rapidly with height (e.g. Feigenwinter et al. 2004). This may also apply to the
horizontal differences of air temperatures. Therefore, the horizontal advection might
be overestimated by assuming constant gradients over the two parts of the profile.

Comparing mean diurnal courses of horizontal advection and vertical advection
shows that heat flux by vertical advection is smaller, at least for this dataset, and
indicates that the transport with the mean wind in the horizontal direction cannot be
neglected at this site.

4.3 Horizontal flux divergence

Horizontal flux divergence was determined according to Sect. 3.4. There is a weak
diurnal variation in the ensemble mean for both scaling options A and B (Fig. 8).
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Fig. 8 Mean diurnal courses of different calculation options of horizontal flux divergence (DOY
185–285, 1-h averages). Option A (solid line), option B (dashed line). Error bars refer to same
symbols

During the day the horizontal flux divergence has largest values, but at night, when
storage and advection processes dominate, the horizontal flux divergence of sensible
heat is around zero. For both options this term can be positive or negative, i.e. it acts
as a sink or a source. However, on average the term is positive.

Figure 9 depicts the behaviour of the horizontal turbulent flux divergence in rela-
tion to atmospheric stability. It shows highest values under unstable conditions and
smaller values under stable conditions with suppressed turbulence. The horizontal
flux divergence seems to be insignificant under neutral conditions. Horizontal flux
divergence is relatively high under very unstable conditions, but absolute values are
small compared to other components of the sensible heat budget. This points to effects
of inhomogeneity, since for a homogeneous site during free convection (z/L � −1)
there should be no preferred x-direction and therefore no correlation between fluc-
tuations of u and T (Wyngaard et al. 1971). Wyngaard et al. (1971) refer to the site of
the Kansas field program in 1968, which was a flat uniform site (Kaimal et al. 1972).

The horizontal flux divergence shows a weak dependence on friction velocity u∗
and the pattern is not very clear (Fig. 10). The divergence rises with increasing friction
velocity above the typical threshold of 0.3 m s−1 for this site. It tends to decline when
u∗ becomes > 0.7 m s−1. A second increase (below the typical u∗ threshold) may be
due to a smaller bin size. An increase in horizontal flux divergence was found with
rising net radiation (not shown). An examination of horizontal flux divergence in rela-
tion to wind direction did not show much variation due to the little variation of wind
direction during the experiment (south-westerly winds dominated). However, highest
values of horizontal flux divergence were found with the wind from the south-west.

We would like to stress that the result of near-zero eddy flux divergence is proba-
bly site and measurement period specific (as the heterogeneity of the Tharandt site is
limited and basically only one wind direction is covered).
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Fig. 9 Horizontal flux divergence in relation to atmospheric stability. Horizontal flux divergence was
scaled with option A

Fig. 10 Horizontal flux divergence in relation to friction velocity. Horizontal flux divergence was
scaled with option A

4.4 Mean values of budget terms

The mean values of the different terms of the budget together with their different
scaling options are listed in Tables 1 and 2. They are roughly separated into nighttime
and morning transition period (0000–0800), daytime (0800–1600) and the evening
transition period (1600–2400). Naturally, the times of sunrise and sunset change sig-
nificantly over a period of 101 days. Comparing the mean values for storage change
reveals that there is not much difference between the three computation methods.
Storage change appears to be relatively insensitive to a higher spatial resolution of
the vertical temperature profile. Additionally, this might indicate that there is a rela-
tively good coupling between trunk space and the tower top, and partly supported by
Feigenwinter et al. (2004) who observed no nighttime cold air drainage at this site. The
robustness of the calculation to variable spatial resolution of the vertical temperature
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Table 1 Mean values (DOY 185–285) of sensible heat flux (vertical turbulent flux and storage change)
in W m−2

Period EC flux Storage change

Option I Option II Option III

0000–0800 −13.0 2.9 2.8 2.3
0800–1600 173.3 9.8 9.7 9.4
1600–2400 −7.0 −12.6 −12.5 −11.6

Table 2 Mean values (DOY 185–285) of sensible heat flux (vertical and horizontal advection and
horizontal flux divergence) in W m−2

Period Vertical advection Horizontal advection Horizontal flux divergence

Option I Option II Option A Option B Option A Option B

0000–0800 −4.3 −3.4 −23.9 −0.5 1.6 2.3
0800–1600 2.5 2.0 17.0 21.8 13.9 13.7
1600–2400 −6.0 −3.5 −35.0 −25.7 1.8 3.7

profile applies to a minor degree also to the results of vertical advection. However,
the difference between both options is clearer. Option B results in a smaller flux and
might underestimate the vertical advection.

There is a significant difference in mean sums between the two scaling options
for horizontal advection. While option A emphasises the measurements in the trunk
space, option B emphasises the measurement just above the canopy at z = 30 m. Addi-
tionally, during the night the fluxes at z = 2.5 m and z = 30 m are of opposite direction,
due to positive temperature gradients and a higher wind speed in the y-direction
(north) at z = 30 m. Option B is probably not suitable for scaling in this case, as the
mean sum at night is almost zero. This is probably not reasonable as we expect a sig-
nificant contribution of the non-turbulent flux during night. In comparison to vertical
advection the transport of sensible heat by horizontal advection is large. At night
horizontal advection exceeds the vertical turbulent flux.

The horizontal flux divergence has the smallest mean values of all the terms in the
budget. The divergence in relation to EC flux (vertical turbulent flux) and to horizon-
tal advection (calculated with option A) yields values as noted in Table 3. Results over
the whole time period exceed slightly the limits as stated by Staebler and Fitzjarrald
(2004), who found that the horizontal eddy flux divergence was usually not more than
10% of the EC flux, and less than 30% of the mean horizontal advection. These limits
are exceeded by options A and B for the mean values of the whole period. Option B
may represent an upper limit.

Table 3 Percentage (DOY 185–285, half hourly values) of the different options of the horizontal flux
divergence in relation to EC flux and horizontal advection (option A)

(Divergence/EC flux) (Divergence/Horizontal advection)

Option A Option B Option A Option B

Whole period 11 13 41 49
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It should be noted that values of the horizontal flux divergence carry a great
uncertainty, since they are very small and characterised by large scatter. Especially
for this flux the applied scaling options remain questionable, since little is known about
this term and its behaviour along vertically and horizontally changing conditions.

4.5 Effect on the whole budget

To evaluate the importance of the vertical turbulent flux, storage change, vertical
advection, horizontal advection, and horizontal flux divergence, we compared their
magnitude in relation to available energy (sum of net radiation plus ground heat
flux). The data were binned into groups of 4 h according to daytime. For each bin the
mean value of the regarded term divided by available energy was calculated (Fig. 11).
The vertical turbulent flux is important over the whole day, although its importance
clearly decreases in late night/early morning. During this period the importance of
storage change increases. Aubinet et al. (2005) found an increase in storages fluxes
of CO2 at different sites during this part of the night, and reasoned this might be
due to an increase of advection in the second part of the night. Figure 11 shows that
non-turbulent horizontal advection has one of the biggest magnitudes in relation to

Fig. 11 Relative magnitude of each budget term of sensible heat in relation to available energy per
bin (left y-axis and grey columns). Mean value per bin with standard error bar in W m−2 (right y-axis).
Data were binned, bin size is 4 h. From top to bottom: a: vertical turbulent flux, b: storage change, c:
vertical advective flux, d: horizontal advective flux, e: horizontal flux divergence. Please note different
scales of the right y-axes
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the other fluxes during this time. However, there is no increase in this flux during the
second part of the night. During daytime storage change is less important due to the
well-mixed profile.

A weak diurnal variation of vertical advection can be seen and, in relative mag-
nitude, it has nearly no importance during daytime and only a limited importance
at night. At night, the atmosphere is more stable and both horizontal and vertical
temperature gradients become larger (see Sect. 4.2) with advective processes becom-
ing more important. Horizontal advection plays a very important role at night, but is
clearly less important during the day, when the atmosphere is well mixed. At night the
ratio to available energy is large, since available energy is small. The diurnal variation
is also much stronger than for vertical advection.

The horizontal flux divergence has no significant magnitude in relation to available
energy during the whole day. There is a very slight increase during nighttime only.
Even during daytime, this flux has little or no importance whereas the vertical turbu-
lent flux increases much stronger. These findings and the results discussed in Sects.
4.3 and 4.4 support the hypothesis that neglecting the horizontal flux divergence does
not introduce a significant error into the energy budget. Nevertheless, we found that
including horizontal flux divergence might change the budget of sensible heat slightly,
as shown in the discussion below.

Figure 12 shows an overview of the different budget terms for sensible heat. Storage
change and vertical advection were estimated with option I, and horizontal advection

Fig. 12 Mean diurnal variations (hourly mean) of the budget terms of sensible heat in W m−2 with
standard error bars. From top to bottom: a: vertical turbulent flux (solid line), storage change (dashed
line), b: vertical advective flux (dashed line), horizontal advective flux (solid line), c: horizontal flux
divergence
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Table 4 Mean values (DOY 185–285) of sensible heat in W m−2

Period All terms EC flux + storage Vertical + horizontal Advective terms + horizontal
change advection turbulent flux divergence

0000–0800 −36.7 −10.1 −28.2 −26.6
0800–1600 215.6 183.1 19.5 32.5
1600–2400 −58.7 −19.6 −41.0 −39.1
0000–2400 42.0 52.6 −16.2 −10.7

Storage change and vertical advection are estimated with option I. Horizontal advection and horizon-
tal flux divergence are estimated with option A

Fig. 13 Change of daily amplitude of sensible heat if advective fluxes are included. Vertical turbu-
lent flux plus storage change (solid line), vertical turbulent flux plus storage change plus vertical and
horizontal advection (dashed line), all terms including horizontal flux divergence (dotted line)

and horizontal flux divergence were scaled with option A. Vertical advection and
horizontal advection have the same direction and do not cancel each other; these
advective terms and the horizontal flux divergence show large scatter. This does not
necessarily represent an error, but also represents the variability of the fluxes due to
changing meteorological conditions.

Table 4 gives mean budgets for options shown in Fig. 12. For this combination
of options, the mean value of the commonly measured fluxes (EC flux plus storage
change) is reduced by 30%, if horizontal and vertical advection terms are taken into
account (whole day). If the horizontal flux divergence is regarded as well, the total
sum (EC flux plus storage change plus horizontal and vertical advection) is increased
by 10% (option A) and 5% (option B), respectively. This applies to all other combina-
tions of options (option B of horizontal advection is neglected). However, a separate
inspection of daytime and nighttime fluxes reveals an increase of downward fluxes at
nighttime and during the transition period of about 200%, while the daytime upward
flux is increased by about 15%. The daily amplitude is enlarged (Fig. 13). Advective
fluxes obviously improve typically poor nighttime energy budget closure and, assum-
ing similarity between temperature and CO2 concentration, might change ecosystem
respiration fluxes considerably.



116 Boundary-Layer Meteorol (2007) 123:99–120

5 Conclusion and outlook

Albeit the advective fluxes and the divergence show large scatter and scaling incor-
porates a good deal of uncertainty, our results confirm that flux towers should be
used to test for the relative importance of advective fluxes. Neglect of these fluxes
might lead to incorrect budgets. We tested various scaling options given the limited
spatial resolution available. Storage change and vertical advection are not very sen-
sitive to the scaling options applied. For the turbulent horizontal flux divergence it is
still difficult to evaluate its importance at all. However, the budget of sensible heat
is slightly changed if the horizontal flux divergence is included, but in relation to
available energy this flux had rather no importance at this site and during the period
of investigation.

The results have consequences for the problem of energy balance closure and for
the nighttime CO2 flux. The budget of sensible heat changes if advective fluxes and
horizontal flux divergence are taken into account. Advective fluxes would decrease
this lack of closure on an hourly basis, but increase it for daily sums, whilst horizontal
flux divergence might slightly reduce typical closure problems in the study presented
here. Proceeding from the assumption that the sensible heat flux and the CO2 flux are
generally of opposite direction, it can be stated that the carbon sink would be reduced
by advective terms in this case. This would be partly compensated by horizontal flux
divergence.

In order to obtain a better understanding of energy and mass fluxes at sites with hor-
izontal heterogeneity or sloping terrain, more measurements are needed at different
levels within and above the canopy in order to reduce uncertainties in the advec-
tive fluxes and the horizontal flux divergence. This would also help to reduce the
uncertainty regarding the choice of scaling heights, as shown here.
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Appendix

A1 Application of planar fit

Use of the planar fit method is regarded as insufficient within the trunk space. How-
ever, for consistency with the above-canopy treatment we applied this method in the
trunk space too. To illustrate the sensitivity to that treatment the turbulent fluxes
u′ T ′, v′ T ′ and w′ T ′, rotated with the common double rotation, are compared with
the planar fit (now rotated into the mean wind direction). Good agreement was found
for u′ T ′ and v′ T ′ above the canopy as well as in the trunk space, with regression
slopes that are between 0.99 and 1.04. The regression slopes for w′ T ′ (above canopy)
were between 0.9 and 1.07. The wind directions were almost constantly south-west
above the canopy as well as within the trunk space. This may be one reason for this
good agreement. Thus we concluded that in this case an application of planar fit within
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Table 5 Mean values (DOY 185–285) of horizontal flux divergence and non-turbulent horizontal
advection in W m−2

Period Horizontal advection Horizontal flux divergence
Option A Option A

0000–0800 −48.2 (−23.9) −0.8 (1.6)
0800–1600 37.4 (17.0) 7.6 (13.9)
1600–2400 −47.9 (−35.0) −1.8 (1.8)

Both fluxes are estimated with option A. Wind components above the canopy were rotated using
planar fit (only around the y- and x- axis). Wind components within the canopy were rotated using
double rotation. The numbers in brackets give the results using planar fit as applied in the main text

the canopy may be justified to avoid an inconsistent treatment above and below the
canopy.

We also tested the application of the double rotation method in the trunk space
to compute eddy flux divergence. The mean diurnal courses of the horizontal eddy
flux divergence and the non-turbulent horizontal advection were not changed. How-
ever, when applying double rotation non-turbulent advection increased during the
night and horizontal eddy flux divergence was found to be mostly negative at night
(Appendix Table 5). The influence of scaling becomes obvious, since the mean values
for option B (not shown in Appendix Table 5) are always positive. The impact of
the horizontal eddy flux divergence on the sensible heat budget remained negligible,
while non-turbulent horizontal advection became even more important.

A2 Horizontal flux divergence

The horizontal turbulent fluxes u′ T ′ and v′ T ′ are components of a vector of kinematic
heat

−→
H kin,

−→
H kin =

[
u′ T ′
v′ T ′

]
, (9)

and form a vector field; it is possible to compute the divergence of this field. A non-zero
divergence will indicate whether there is a source or sink of the considered variable.
The divergence of an arbitrary vector field

−→
F is given by:

div
→
F = ∂ Fx

∂x
+ ∂ Fy

∂y
+ ∂ Fz

∂z
. (10)

Restricting this to the two-dimensional case on a plane and to the examined horizontal
turbulent fluxes results in:

div Hkin = ∂u′T ′
∂x

+ ∂ v′T ′
∂y

, (11)

where the dimension is K s−1.
The partial derivatives are computed with the equation of a plane

Ax + By + Cz + D = 0, (12)

i.e. a similar procedure was chosen like for the estimation of horizontal gradients after
Feigenwinter et al. (2004). Two planes are computed, one with u′ T ′ and one with v′ T ′.
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The planes are defined by three points (three towers P1, P2, P3), which are given by
the experimental set-up (x- and y- coordinates, positions of the towers) and u′ T ′and
v′ T ′, respectively (z-coordinate). Two planes are calculated, one for u′ T ′ to obtain
∂u′ T′

∂x and one for v′ T ′ to obtain ∂ v′ T′
∂y .

Using matrix notation gives:
∣∣∣∣∣∣∣∣

x x1 x2 x3
y y1 y2 y3
z z1 z2 z3
1 1 1 1

∣∣∣∣∣∣∣∣
= 0 (13)

with axis intercepts as follows:

A = y2z3 + y3z1 + y1z2 − y3z2 − y1z3 − y2z1, (14a)

B = x3z2 + x1z3 + x2z1 − x2z3 − x3z1 − x1z2, (14b)

C = x2y3 + x3y1 + x1y2 − x3y2 − x1y3 − x2y1 = const., (14c)

D = x1y3z2 + x2y1z3 + x3y2z1 − x1y2z3 − x3y1z2 − x2y3z1. (14d)

Re-arranging the equation of the plane after z and differentiating for x and y, respec-
tively, to obtain partial derivatives yields,

∂z
∂x

= −A
C

, (15a)

∂z
∂y

= −B
C

. (15b)

As z stands for u′ T ′ and v′ T ′, respectively we can write:

∂ u′ T ′
∂x

= −A
C

, (16a)

∂ v′ T ′
∂y

= −B
C

, (16b)

where the dimension is K s−1. Multiplying with the density of air and specific heat
capacity yields the divergence of sensible heat.

Note that the x and y coordinates are constant and that a linear change of horizontal
turbulent fluxes is implicitly assumed.

A3 Accuracy of measurement

All the sonic anemometers used in our experiments were tested in a field experiment
in Aesch (Switzerland). The measured horizontal wind components u and v showed
good agreement with derived slopes that were approximately unity (1.01–1.02) and
a correlation coefficient of 0.99. The mean difference (among the sonic measure-
ments above the canopy) of the wind components u and v had an absolute value of
0.0074 and 0.0079 m s−1, respectively, equal to the accuracy given by the manufacturer
(± 0.01 m s−1).

The turbulent buoyancy fluxes derived on the basis of the data from Aesch showed
fairly good agreement (correlation coefficient 0.91–0.98). However, to our knowledge
it is only possible to calibrate the wind components and not the fluxes.
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The used thermocouples were compared for a short time during the set-up and
showed good agreement (U. Eichelmann 2006, personal communication). All ther-
mocouples referred to one reference point and were logged with the same data logger.
Additionally all measurements of the thermocouples (DOY 185–185) were compared
in a linear regression and showed good agreement with a slope near unity (±0.1),
an offset between −0.1 and −0.07 and a correlation coefficient of 0.99. No mean
bias could be detected. Similar good agreement was found for the thermocouples
in the trunk space. An estimation of uncertainty was made for the mean diurnal
course of non-turbulent horizontal advection above the canopy. Therefore the abso-
lute errors in length measurement and wind measurement were estimated (±0.01 m
and ±0.01 m s−1, respectively). The absolute error in temperature measurement was
estimated at 0.01◦C. However, following the law of error propagation, this resulted
in a mean error of more than 50% for the non-turbulent horizontal advection. This
indicates a large uncertainty of the calculated non-turbulent horizontal advection, and
probably applies to horizontal flux divergence too.
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