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Abstract
When measuring the energy balance at the earth’s surface using the Eddy covariance technique, the obtained budgets seldom
produce a closed energy balance. The measurements often miss some of the energy fluxes. A possible reason is the neglect of
non-turbulent surface fluxes of latent heat and sensible heat, i.e. advective fluxes of these quantities. We present estimates of
advective latent and sensible heat fluxes for three different sites across Europe based on the ADVEX dataset. The obtained
horizontal and vertical advective fluxes were site-specific and characterized by large scatter. In relative terms, the data indicated
that the sensible heat budget was less affected by advection than the latent heat budget during nighttime; this is because vertical
turbulent latent heat fluxes were very small or close to zero during the night. The results further showed that the additional energy
gain by sensible heat advection might have triggered enhanced evaporation for two sites during nighttime. Accounting for
advective fluxes improved the energy balance closure for one of the three ADVEX sites. However, the energy balance closure
of the other two sites did not improve overall. A comparison with energy balance residuals (energy missed by the measurements
without accounting for advection) indicated a large influence of systematic errors. An inspection of the energy balance for the
sloped site of the ADVEX dataset underlined the necessity of slope-parallel measurement of radiation.

1 Introduction

The energy balance is fundamental in the interconnected
earth-atmosphere system (Odum 1983; Oke 1987). Equation
1 denotes the energy balance at the earth’s surface.

Rn−G ¼ H þ LE; ð1Þ
where Rn denotes net radiation,G ground heat flux,H sensible
heat flux, and LE latent heat flux. The left hand side of Eq. 1 is
termed available energy (AE). AE is partitioned between the
sensible heat flux (H) and the latent heat flux (LE), both of
which redistribute the available energy back into the atmo-
sphere. All terms in Eq. 1 are in W m−2. The energy balance
is a formulation of the first law of thermodynamics (energy
conservation). Not all components of Eq. 1 can be directly
measured at the earth’s surface; therefore, we have to account
for possible heat storage changes (J) between the earth’s sur-
face and a chosen reference height above the earth’s surface.
Equation 1 becomes to:

Rn−G−J ¼ H þ LE; ð2Þ
where the available energy now includes J (storage changes)
inWm−2. It is not always possible to close the energy balance
based on the measurements obtained (e.g. Tsvang et al. 1991;
Kanemasu et al. 1992; Wilson et al. 2002; Foken 2008;
Franssen et al. 2010; Stoy et al. 2013; Gerken et al. 2018;
McGloin et al. 2018); that is, the sum of the measured fluxes
of the left and right hand side of Eq. 1 and Eq. 2, respectively,
is not equal. This is known as lack of energy balance closure,
or energy balance closure gap. An energy balance closure gap
between 10 and 30% is reported for most sites and often the
sum of the latent and sensible heat flux is underestimated in
relation to AE (Wilson et al. 2002; Foken 2008; Franssen et al.
2010; Stoy et al. 2013). However, there are also a few studies
(Heusinkveld et al. 2004; Mauder et al. 2007a) which report
an almost closed energy balance for measurements above rath-
er homogeneous terrain.

Sensible and latent heat fluxes are usually measured by the
Eddy covariance (EC) method. This method has been
established as the method of choice for measuring fluxes of
sensible and latent heat above different surfaces for more than
two decades (Goulden et al. 1996; Aubinet et al. 1999;
Baldocchi 2003; Aubinet et al. 2012a; Baldocchi 2014).
However, the EC method detects turbulent exchanges be-
tween the earth’s surface and the atmosphere. It therefore
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misses non-turbulent advective transports, which are relevant
during conditions of low turbulence, typically at night
(Aubinet et al. 2003, 2005; Marcolla et al. 2005; Aubinet
2008; Aubinet et al. 2012b). Therefore, neglecting advection
can contribute to an unclosed energy balance. Other factors
can also contribute to an unclosed energy balance.
Wilson et al. (2002), Foken (2008), Foken et al.
(2011), and Gao et al. (2017) address these further fac-
tors. Here, we focus on advection.

Numerous studies consider missed advection as a contrib-
utor to the measured energy balance closure gap (Lee 1998;
Bernhofer and Vogt 1999; Paw et al. 2000; Lee and Hu 2002;
Massman and Lee 2002; Turnipseed et al. 2002; Wilson et al.
2002; Klemm et al. 2006; Kochendorfer and Paw 2011;
Higgins et al. 2013; Stoy et al. 2013; Novick et al. 2014;
Ringgaard et al. 2014). Only a few studies state that advection
is not relevant concerning the energy balance for their
inspected site, or it was statistically insignificant (Etzold
et al. 2010; Higgins 2012; Varmaghani et al. 2016). This
shows that advection is strongly site specific (Yi et al. 2005;
Aubinet et al. 2010; Novick et al. 2014).

The number of studies reporting measurement of advective
energy fluxes for forested sites is limited. Vertical advective
energy fluxes are more often directly assessed (Lee 1998;
Bernhofer and Vogt 1999; Lee and Hu 2002; Turnipseed
et al. 2002; Moderow et al. 2007, 2011; Novick et al. 2014)
than horizontal advective energy fluxes (Moderow et al. 2007;
Hong et al. 2008; Moderow et al. 2011); this is because the
latter requires a complex set-up. Thomas (2011) addressed
aspects of horizontal advection of sensible heat in the sub-
canopy of a forest.

Lee and Hu (2002) identified vertical advective fluxes as
statistically important and hypothesised that contributions of
horizontal energy fluxes may be potentially more important.
This is accordance with Novick et al. (2014), who only mea-
sured vertical advective energy fluxes. Including estimates of
vertical advective energy fluxes into the energy balance did
not substantially improve energy balance closure for their data
set. Therefore, Novick et al. (2014) concluded that horizontal
advection is possibly larger than vertical advection. Moderow
et al. (2007) report smaller vertical than horizontal sensible
heat advection on average. However, Turnipseed et al.
(2002) agreed with Lee (1998) that vertical advective fluxes
potentially become important under highly convective condi-
tions, whereas horizontal contributions might cancel out.
Concerning the magnitude of the advective fluxes during
nighttime and daytime, Wilson et al. (2002) suggested that
advective energy fluxes contribute to the energy balance gap
during nighttime but advective fluxes might be also important
during the day.

The aim of this paper was to add further experimental in-
sights to the problem of the energy balance closure gap in
relation to sensible and latent heat advection, namely energy

transports by the meanwind (Stull 1988). Further aimswere to
detect a possible relationship between site heterogeneity and
magnitude of advective energy fluxes, and to highlight some
of the difficulties inherent in determining advective energy
fluxes. The study is based on the ADVEX dataset
(Feigenwinter et al. 2008). We present results for three
ADVEX sites, followed by some general conclusions.

2 Material and methods

2.1 ADVEX sites

Three ADVEX measurement campaigns took place at three
sites across Europe in 2005 and 2006 (Ritten/Renon, Italy;
Wetzstein, Germany; Norunda, Sweden). All three sites
were part of CarboEurope-IP (CE-IP; Schulze et al.
2010). Table 1 gives an overview of the basic site char-
acteristics of these locations, which is mainly based on
Feigenwinter et al. (2008).

All three sites differed in topography (Fig. 1, Table 1) but
were covered by coniferous forests (IGBP vegetation type
ENF); however, they showed different vertical distribution
of plant area density (Fig. 1). The leaf area index (LAI) ranged
between 4 and 5.5 m2 m−2 for Ritten/Renon and was around
4 m2 m−2 atWetzstein; LAI ranged between 3 and 6 m2 m−2 at
Norunda. Wetzstein was the most homogenous stand (even-
aged) and Ritten/Renon the least homogenous (uneven-aged
stand with varying tree heights) (Feigenwinter et al. 2008).
The sites also differed in their wind conditions, which also
reflected site location, and stand characteristics (partially).
Renon exhibited the highest wind velocities, whereas
Norunda had the lowest (Fig. 2).

2.2 ADVEX experiments

Data from the ADVEXmeasurement campaign (Feigenwinter
et al. 2008) formed the basis for this study. Feigenwinter et al.
(2008) give a detailed description of the configuration and we
only present a short overview here. The respective experi-
ments took place in 2005 (Ritten/Renon) and 2006
(Wetzstein, Norunda) (Table 1). All three ADVEX experi-
ments shared a similar arrangement (Fig. 1). Four additional
towers of differing design (A, B, C, D; Fig. 1) were erected at
the respective sites around the main permanent tower. Each of
these additional towers had four measurement levels. The
measurement heights were 1.5 m, 6 m, 12 m, and 30 m above
ground level at Ritten/Renon and Norunda; at Wetzstein, they
were 1.5 m, 4.4 m, 8.8 m, and 24 m above ground level. The
three wind components in space (u, east; v, north; w, vertical),
air temperature, CO2, and water vapour concentration were
measured at these levels. Ultrasonic anemometers (81000V
R.M. Young Meteorological Instruments, US; R3 Gill

762 U. Moderow et al.



Instruments Ltd., UK, only at tower C) measured the three
wind components at 20 Hz. Unshielded thermocouples (type
E, diameter 75μm, Campbell Scientific, Logan, US; sampling

rate 0.5 Hz) were employed for recording air temperature.
Closed path infrared gas analysers (Li6262/7000, LI-COR,
Lincoln, US) were used for measuring CO2 and water vapour

Fig. 1 Site characteristics of the ADVEX sites and location and
measurements heights of the ADVEX towers (towers A, B, C, D). (a)
Topography and location of towers. Open triangle up, open triangle
down, filled quadrangle, and filled circle denote ADVEX towers of dif-
ferent tower designs. Black cross denotes permanent main tower
(CarboEurope-IP tower). (b) Profiles of the plant area density (PAD)

around the ADVEX towers, calculated for vertical layers of Δz = 0.2 m.
At Wetzstein and Norunda, PAD information is only available for the
surroundings of the main tower. PAD was calculated according to Queck
and Bernhofer (2010). (c) Scheme showing the measurements heights at
the ADVEX towers. Each dot refers to heights where measurements of
wind, air temperature, and water vapour concentration took place

Table 1 General site characteristics of the ADVEX sites. DOY refers to day of year

Ritten/Renon (RE) Wetzstein (WS) Norunda (NO)

Location 46° 35 N 11° 26 E 50° 27 N 11° 27 E 60° 05 N 17° 28 E

Elevation 1735 m 782 m 45 m

General topographical characteristic South facing slope (11°) Situated at a ridge flat

Mean annual temperature 4.1 °C 5.9 °C 5.5 °C

Mean annual precipitation 1010 mm 840 mm 527 mm

Main wind direction/local wind system Local slope wind system
South-south west wind

(upslope, daytime)
North-north west wind

(downslope, nighttime)

South-west Slight predominance
of south-westerly winds

Analysed period of ADVEX Year 2005, DOY 178–258 Year 2006, DOY 102–170 Year 2006, DOY 188–261

References Marcolla et al. (2005),
Feigenwinter et al. (2008)a

Feigenwinter et al. (2008)a,
Rebmann et al. (2010)

Lundin et al. (1999),
Feigenwinter et al. (2008)a,
Lindroth et al. (2010)

a Reference for ADVEX experiment
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concentration, whereby each measurement level of the
ADVEX towers was probed every 160 s. Air temperature at
the transect points was measured using unshielded ther-
mocouples (type E, diameter 75 μm, Campbell
Scientific, Logan, US; sampling rate 0.5 Hz) at 1.5 m
above ground level. Table 1 indicates the analysed pe-
riod of each advection experiment.

2.3 Theory–budget equation

For a control volume of side length L and height zr, the sink/
source strength S involving any scalar s can be written as
follows (Finnigan 1999; Feigenwinter et al. 2004; Aubinet
et al. 2010):

S t; x; y; zð Þ ¼ ∫
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where t denotes time in s, x, y, z the three direction in space
(east, north and perpendicular to the surface) and u, v, w the
corresponding wind velocities in m s−1. zr is also referred to as
reference height, which was equal to the uppermost ADVEX
measurement level here (Section 2.4). L and zr are given in m.
Overbars represent mean values (temporal averaging) and
primes are deviations from these mean values. All the terms
in Eq. 3 are linked by the control volume of length L and
height zr. They are separately determined and then added to-
gether to give S (source or sink strength).

Term I denotes storage change (FS), term II vertical turbu-
lent flux at height zr (FEC), term III vertical advection (FVA),
term IV horizontal advection (FHA), and term V the horizontal
turbulent flux divergence. In the case of sensible heat and
latent heat, the terms I–V are in W m−2. There are discussions
about the importance of term V (horizontal flux divergence)
(Finnigan 1999; Staebler and Fitzjarrald 2004) but it is com-
monly assumed that this term is of minor importance
(Wyngaard et al. 1971; Lee 1998; Yi et al. 2000). This agrees
withModerow et al. (2007), who revealed a minor importance
of the horizontal flux divergence (term V) for their investigat-
ed site. Therefore, we neglect term V in the following.

The sign convention for the fluxes is as follows: positive
fluxes denote a transport of energy out of the control volume
and negative fluxes denote a transport of energy into the con-
trol volume.

2.4 Calculation methods

In the case of latent heat, s in Eq. 3 refers to mixing ratio r (mass
of water vapour to mass of dry air in kg kg−1) and in the case of
sensible heat to potential air temperature θ in K. Air temperature
was converted to potential temperature using Eq. 4:

θ≅T þ g=cp
� �

z; ð4Þ
where T is air temperature in K, g gravitational accelera-
tion, z is height in relation to the reference height in m, and
cp is specific heat capacity at constant pressure. The ratio
(g/cp) was taken as 0.0098 K m−1 (Stull 1988). The highest
ADVEX level at the four towers served as reference height
at the respective site.

Mixing ratio (mass of water vapour to mass of dry air) was
calculated according to Stull (2000):

Fig. 2 Distribution of horizontal wind speed U at the uppermost level of eachADVEX tower, i.e. at 30m (Ritten/Renon, Norunda) and 24m (Wetzstein)
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r ¼ 0:622
e

p−eð Þ ; ð5Þ

where r denotes mixing ratio in kg kg−1, e partial pressure of
water vapour in hPa, and p air pressure in hPa. The number
0.622 is the ratio of the gas constants for dry air to that for
water vapour. Equation 5 requires measured level-specific air
pressure, which was not available. These pressure data were
obtained via barometric relationship using the available air
pressure measurement of the respective site. Equation 5 used
level-specific air pressure and water vapour pressure.
Furthermore, level-specific air density and air temperature
was used to convert measured water vapour concentration to
water vapour pressure and respective molar mass.

Vertical advection was calculated following the procedure
outlined in Feigenwinter et al. (2008), which is based on the
approach of Lee (1998). Vertical advection was separately
determined for each of the four ADVEX towers per site,
whereas θ and r were linearly interpolated using a layer thick-
ness of 0.5 m before calculating vertical differences according
to Lee (1998). The resulting vertical advection (term III of Eq.
3) was the average for all tower-specific vertical advection
estimates for each time step. The average for all towers
included estimates for at least three towers. If less than
three towers were available, the corresponding half hour
was labelled with an error code.

Prior to averaging vertical advection horizontally, mean
values of vertical advection of sensible heat of individual
towers ranged from − 24.0 W m−2 to 8.0 W m−2 (−
7.0 W m−2 to − 3.0 W m−2; 0.0 W m−2 to 3.0 W m−2) at
Ritten/Renon (Wetzstein, Norunda). Mean values of latent
heat advection of individual tower ranged from − 3.0 W m−2

to − 12.0 W m−2 (− 0.5 W m−2 to 2.0 W m−2; − 1.0 W m−2 to
0.5 W m−2) at Ritten/Renon (Wetzstein, Norunda). Appendix
A gives further details concerning comparison of tower-
specific vertical advection estimates.

Determination of the mean vertical velocity (w ) followed
the approach of Wilczak et al. (2001) and used rotation matri-
ces as noted in Rebmann et al. (2012). Here, 18 wind sectors
(sector size 20°, starting from 350°) were used. Time intervals
with at least one of the following characteristics were exclud-
ed for determining rotation angles: U < 1 m s−1, w > 1 m s−1,
angle of attack > 20°, whereU refers to horizontal wind speed
and w to measured vertical wind speed.

Horizontal advection was obtained using the approach of
Feigenwinter et al. (2008). This approach utilised bilinear in-
terpolation yielding gridded horizontal wind components u
(east, x-direction) and v (north, y-direction) temperatures and
water vapour concentrations based on the measurements of
the four ADVEX towers. The grid had a spatial resolution of
10 m. Horizontal gradients of temperature (water vapour con-
centration) in the direction of x (east) and y (north), respec-
tively, were obtained by linear interpolation of the temperature

(water vapour concentration) differences between grid points
in the respective direction. Based on these gridded gradients
and gridded horizontal wind components u (east) and v
(north), horizontal advection was calculated for each grid
point and then averaged over the respective layer. The
resulting horizontal advection of each time step was computed
by integration over the height of the control volume (term IV
of Eq. 3). Prior to gridding, the vertical profiles were linearly
interpolated using a layer thickness of 0.5 m. For further in-
formation, see Feigenwinter et al. (2008).

Vertical turbulent fluxes of sensible and latent heat are
based on CarboEurope-IP measurements (Schulze et al.
2010) at the main tower of the respective site and were obtain-
ed via Eddy covariance (Aubinet et al. 2012a). They were
taken fromModerow et al. (2009). Please note that these mea-
surements took place above the uppermost ADVEX level. We
assume that possible heat storage changes within the layer in
between are very small and therefore negligible, and further
assume that all measurements above the respective canopy
took place within the constant flux layer. See Moderow
et al. (2009) for details of the respective measurement config-
uration and post-processing.

Estimates of available energy and their uncertainty bounds
were taken from Moderow et al. (2009). Available energy
encompassed net radiation, soil heat flux (including heat stor-
age changes between soil heat flux plate and soil surface), and
heat storage changes. Heat storage changes included sensible
and latent heat storage change, heat storage change in bio-
mass, and heat storage change due to photosynthesis. For a
detailed description of the calculation of the available energy
and its uncertainty bounds, see Moderow et al. (2009).

Atmospheric stability was evaluated using measurement
height (z) divided by the Monin-Obukhov-Length (L) and
was calculated based on data of the EC system used for
obtaining vertical turbulent fluxes of sensible and latent heat
(Moderow et al. 2009). Furthermore, we used the Richardson
number (Ri) to assess atmospheric stability within the canopy.
The Ri was calculated as described in Oliveira et al. (2013)
and van Gorsel et al. (2011) and is shown in Eq. 6:

Rican≡
gΔz
Θ

� �
θ30−θ6

U30−U6ð Þ2 ; ð6Þ

where U denotes horizontal wind speed in m s−1, θ potential
temperature in K, g gravitational acceleration in m s−2, Δz
layer thickness between upper and lower measurement level
in m, and Θ reference temperature in K taken from the upper
measurement level. Index ‘30’ (‘6’) denotes measurement
levels at 30 (6) m above ground level at Ritten/Renon and
Norunda. The corresponding measurement levels were 24 m
and 4.4 m above ground level at Wetzstein. Inputted data of θ,
Θ, and U were averaged over all ADVEX towers and the
respective measurement levels.
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The following statistical measures were used to analyse
energy balance closure: simple linear regression and energy
balance ratio (EBR), as given in Eq. 7:

EBR ¼ ∑ H þ LEð Þ
∑ AEð Þ ; ð7Þ

where EBR denotes energy balance ratio, H sensible heat flux,
LE latent heat flux, and AE available energy. H, LE, and AE
are in W m−2, while EBR is dimensionless.

Time-intervals fulfilling at least one of the following
criteria were excluded from analyses: precipitation greater
than 0 mm; relative humidity greater or equal to 97.5%. This
was done to minimise the influence of possibly wetted sensor
surfaces and involved errors.

Global radiation (RG) was used to distinguish between
nighttime and daytime. Half-hourly values with RG greater
than 5 W m−2 were termed daytime, and half-hourly values
with RG equal to 0 W m−2 denote nighttime.

All calculations were done on a half-hourly basis.

2.4.1 Sloped site Ritten/Renon

Sloped sites deserve special attention in studies devoted to the
energy exchange between the earth’s surface and the atmo-
sphere because they clearly deviate from ideal surfaces in
terms of micrometeorological studies (horizontal, homoge-
neous, unlimited fetch). Therefore, there is an ongoing discus-
sion on the determination of energy balance components,
which addresses the measurement of the available energy
(Whiteman et al. 1989; Matzinger et al. 2003; Leuning et al.
2012; Serrano-Ortiz et al. 2016; Wohlfahrt et al. 2016) as well
as the measurement of turbulent heat fluxes (Geissbühler et al.
2000; Christen et al. 2001; Stiperski and Rotach 2016).

Studies dealing with the correct measurement of net radia-
tion at sloped sites have concluded that a slope-parallel mea-
surement arrangement should be used because inclination of a
surface alters its radiation gain (Whiteman et al. 1989;
Matzinger et al. 2003; Holst et al. 2005; Leuning et al. 2012;
Serrano-Ortiz et al. 2016; Wohlfahrt et al. 2016). Therefore,
we corrected horizontally measured net radiation to account
for this altered radiation gain at the sloped site (Ritten/Renon,
slope of 11°). Correction of net radiation not measured parallel
to the surface was calculated according to a procedure de-
scribed by Goldberg (1999). The required separate estimates
of diffuse and direct solar radiation were obtained following a
procedure as outlined by Collares-Pereira and Rabl (1979)
because no separate measurements of these two radia-
tion fluxes were available. The required extra-terrestrial
radiation was computed following a procedure described
by Gassel (1997).

The application of EC methods requires very fast measure-
ments of the three wind components (u, v, w) in the three

directions of space (x, y, z). Vertically-installed sonic ane-
mometers are commonly used for this, even on sloping terrain.
Only a few studies have applied a slope-normal configuration
or compared measurements of vertically mounted to slope-
normal mounted sonics (Geissbühler et al. 2000; Christen
et al. 2001; Nadeau et al. 2013; Oldroyd et al. 2016;
Stiperski and Rotach 2016). A slope-normal orientation has
the advantage of reducing flow distortion, which is caused by
the sonic itself compared with a vertical configuration
(Geissbühler et al. 2000; Christen et al. 2001; Stiperski and
Rotach 2016). Stiperski and Rotach (2016) compared mea-
surements of sensible heat flux based on a vertically and a
slope-normal mounted sonic on a slope of 27°. They found
small but statistically significant differences between both set-
ups for radiatively driven days. However, there was no statis-
tical significance for days not-radiatively driven. Based on
wind tunnel experiments, Christen et al. (2001) stated that
angles of attack which deviate less than 10° from the horizon-
tal plane are preferable because this results in more reliable
measurements. Geissbühler et al. (2000) investigated the dif-
ference between the two set-ups on a sloped site of 23°.
According to their conclusion, a slope-normal position of a
sonic is ideal for the investigation of single flux events, while
they detected no significant differences in the mean and var-
iances of turbulent fluxes.

Ritten/Renon is on a slope of 11°, which is clearly less than
the slope of the inspected site of Geissbühler et al. (2000), and
a vertically mounted sonic was used for obtaining turbulent
fluxes of sensible and latent heat flux. Therefore, we assume
that using these turbulent heat fluxes is justified because we
are interested in balances and investigated longer time-periods
than those of Geissbühler et al. (2000) and Stiperski and
Rotach (2016).

Feigenwinter et al. (2010b) investigated the slope wind
systems of Ritten/Renon based on the ADVEX dataset using
the same approach as in this publication. They demonstrated
that this approach is capable of capturing the wind pattern and
connected advective flow pattern of this site and further
showed that the transport took place parallel to the slope.

3 Results and discussion

3.1 Vertical advective fluxes of sensible and latent
heat

Figure 3 shows diurnal courses of vertical sensible heat ad-
vection (FVA,H). Wetzstein showed weakly developed diurnal
courses with a tendency towards larger negative values during
nighttime and towards small positive values during day; such
well-marked tendencies were not observed at Norunda and
Ritten/Renon. Generally, diurnal courses confirmed the pat-
tern shown by Moderow et al. (2011), but were not identical.
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The reason for this was twofold. Firstly, w was newly calcu-
lated using deviating wind sectors and thresholds, although it
should be noted that mean diurnal behaviour of w changed
only slightly (not shown). This highlighted the sensitivity of
vertical advective fluxes to the way w is determined.
Secondly, Moderow et al. (2011) excluded distinct wind sec-
tors (Wetzstein) and synoptic situations (Ritten/Renon) in
their analyses, whereas we included them.

Absolute values and scatter of vertical advective fluxes of
sensible heat tended to follow the ranking of heterogeneity of
the sites; Ritten/Renon, as the least homogenous site,
exhibited the largest values and scatter, whereas
Norunda (the most homogenous site) exhibited the
smallest values and no distinct diurnal course.

Resulting vertical latent heat advection (FVA,LE) is shown
in Fig. 4. FVA,LE did not show a well-developed diurnal course
at any site. The most heterogeneous site (Ritten/Renon) again
showed the largest fluxes, whereas FVA,LE was of comparable
magnitude at Norunda and Wetzstein.

It is normally assumed that advective fluxes are small dur-
ing the day (turbulent conditions, unstable atmospheric strat-
ification) and larger advective fluxes occur at nighttime (sup-
pressed/no turbulence, stable atmospheric stratification). The
obtained data of vertical advective fluxes only marginally
reflected this. An analysis of FVA,H and FVA,LE in relation to
friction velocity (u∗) (conducted separately for day and night)
showed that these obtained fluxes were not sensitive to u∗
(except FVA,H at Wetzstein). Here, FVA,H changed in sign
and tended to larger negative values below u∗=0.3 m s−1.

Three classes of atmospheric stability (stable: z/L >
0.05 m m−1, unstable: z/L < − 0.05 m m−1, and neutral

in between) were used to evaluate the behaviour of
vertical advective fluxes in relation to atmospheric sta-
bility separately for day and night. Similar to the depen-
dency on u∗, vertical advective fluxes only showed a
clear dependency on atmospheric stratification in the
case of FVA,H at Wetzstein. Here, FVA,H changed in sign
and tended to larger negative values when approaching
strongly stable conditions during both night and day.
No clear dependencies could be detected for the other
two sites. Two factors might contribute to this: firstly,
the uncertainty in determining mean vertical velocity,
and secondly, the chosen approach for determining
mean vertical differences. We evaluated atmospheric sta-
bility using the measure z/L and the Ri (Eq. 6) to in-
vestigate this further. A comparison showed that the Ri
indicated stable conditions more frequently than the
measure z/L, suggesting that a possible stable layer
within the canopy suppresses vertical transport.
Therefore, it is possible that an exchange is calculated
which does not occur in reality over the whole vertical
extent of the stand; this is because measurements are
used which were taken above, in, and below the cano-
py. At Wetzstein, this hypothesis is supported by the
results of Zeri (2008); these revealed a decoupling of
the flow above the canopy from the flow below the
canopy for low values of u∗ (typically nighttime condi-
tions). Absolute values of vertical advection at all sites
were not sensitive to wind direction.

At Ritten/Renon, low vertical sensible heat advection
was observed in the morning and in the late afternoon
(Fig. 3, Fig. 5). These values coincided with times

Fig. 3 Diurnal courses of vertical sensible heat advection (FVA,H) as box plots based on half-hourly values

Fig. 4 Diurnal courses of vertical latent heat advection (FVA,LE) as box plots based on half-hourly values
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where vertical differences changed in sign (Fig. 5).
Northerly winds dominated during the night, whereas
southerly winds dominated during the day (Feigenwinter
et al. 2010b; Fig. 7). The low advection estimates in the
morning coincided with the transition of the nighttime
downslope flow to daytime upwind flow. However, the
change between a daytime and nighttime regime occurred
more gradually in the evening compared with the morning.
Low advective estimates mainly occurred before the eve-
ning transition of the slope flow. Therefore, low advective
estimates after sunrise are due to small vertical differences
and a change in the slope flow, whereas low advective
estimates before sunset are mainly due to small vertical
differences.

3.2 Horizontal advective fluxes of sensible and latent
heat

Figure 6 shows diurnal variations of horizontal advection of
sensible heat (FHA,H). All subplots have the same y-axis range
to facilitate better comparison between sites. Horizontal sen-
sible heat advection (FHA,H) at Ritten/Renon exhibited a clear
diurnal course with negative fluxes during the night and pos-
itive fluxes during the day. The obtained advective fluxes of
FHA,H were large for this site. During nighttime, large values
of FHA,H were mainly connected with northerly winds (ap-
proximately downslope direction), whereas FHA,H was mainly
connected with southerly winds (approximately upslope di-
rection) during daytime (Fig. 7). Thus, FHA,H was connected

Fig. 5 Diurnal courses of vertical
differences in potential
temperature, mean vertical
velocity, vertical advection of
sensible heat, and wind direction,
half-hourly values grouped by
hour. Grey areas denote times of
sunrise and sunset during the in-
vestigated period
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with a slope flow phenomenon at this site, as shown by
Feigenwinter et al. (2010b) in the case of CO2-advection.

FHA,H at Wetzstein showed a similar diurnal course to
FHA,H at Ritten, although absolute values were smaller than
FHA,H at Ritten. FHA,H at Norunda did not show a marked
diurnal course. A large scatter was apparent for all three
sites. Generally, diurnal courses reflected the pattern
shown by Moderow et al. (2011), although distinct wind
sectors (synoptic situations) were not excluded in this
study at Wetzstein and Ritten/Renon. If distinct synoptic
situations (strong winds from either the South or North
penetrating deep into the canopy; Feigenwinter et al.
(2008)) were excluded at Ritten/Renon, then the amplitude
of the respective diurnal courses of FHA,H decreased and
large values were obtained less often. This was also true at
Wetzstein if distinct wind sectors (across ridge situations)
were excluded, indicating that these special situations en-
hanced advection. Regarding horizontal advection, FHA,H
at Ritten/Renon exhibited the largest values and scatter,
Norunda showed the smallest values, with Wetzstein in
between. Ritten/Renon was the most heterogeneous site
and Norunda the least heterogeneous. Therefore, this com-
parison also reveals the effects of different heterogeneities.

Figure 8 shows the diurnal courses of latent heat advection
(FHA,LE). The graphs use the same scaling for FHA,H to facil-
itate comparison with FHA,H and between sites. The obtained
fluxes were mainly positive at Ritten/Renon and Wetzstein
over the whole day, indicating a removal of moisture from
the control volume. Norunda showed mostly smaller fluxes
which were not characterised by a predominance of a distinct
flux direction. The large scatter of obtained advective fluxes
was striking, with all three sites showing this characteristic.
Scatter was partly even greater than for FHA,H. This scatter
was most unevenly distributed throughout the day at
Norunda. We hypothesised that this pattern of scatter, which
indicated frequently occurring very large latent heat advec-
tion, is caused by the water vapour concentration measure-
ments. An inspection of the standard deviations of half-
hourly water vapour concentration measurements (σH2O)
showed the largest values as well as the largest scatter at
Norunda, whereas the smallest values as well as scatter of
σH2O occurred at Wetzstein. Additionally, σH2O exhibited al-
most no variation with friction velocity (u∗) at Wetzstein,
whereas σH2O clearly increased with decreasing u∗ at
Norunda. Furthermore, at Norunda we found larger values
as well as scatter of σH2O for stable stratification (typical

Fig. 7 FHA,H at Ritten/Renon as a
function of wind direction based
on half hourly values (daytime:
n = 1598; nighttime: n = 723).
Outer circles denote 15% of total
values

Fig. 6 Diurnal courses of horizontal sensible heat advection (FHA,H) as box plots based on half-hourly values
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nighttime condition) than for unstable conditions. Therefore,
we assume that the water vapour-concentration measurements
were more affected by the applied discontinuous sampling
strategy at Norunda than at Wetzstein. The discontinuous
sampling strategy can result in large not necessarily physical
fluxes, as demonstrated by, for example, Siebicke et al.
(2011), Siebicke et al. (2012) and Marcolla et al. (2014).
The large fluxes of FHA,LE did not coincide with reported large
CO2-advection at Norunda (Feigenwinter et al. 2010a). Ritten/
Renon was like Norunda, with σH2O tending to increase with
decreasing u∗ and with increasing stable atmospheric stratifi-
cation. This, in combination with larger horizontal wind
speeds compared with the other two sites, also resulted in
frequently large FHA,LE. Given the uncertainty inherent in
the water vapour concentration measurement, only a very cau-
tious interpretation of FHA,LE in relation to site heterogeneity
was possible. However, the obtained results suggested that
heterogeneous sites might be more influenced by FHA,LE than
homogenous sites.

FHA,H (FHA,LE) clearly increased with increasing u∗ above a
threshold of u∗ around 0.4 m s−1 (0.3 m s−1) at Ritten/Renon
during day (nighttime). This also was detectable at Wetzstein
for daytime conditions but not as clearly as for Ritten/Renon.
Advective horizontal fluxes at Norunda did not show a well-
defined dependency on u∗. All sites tended to exhibit larger
horizontal advection when approaching slightly stable or
slightly unstable conditions.

We found that horizontal advective fluxes were larger than
vertical advective fluxes. This supports the hypothesis
outlined by Lee and Hu (2002) that horizontal advection
may be larger than vertical advection, as well as a similar
conclusion by Novick et al. (2014). Moderow et al. (2007)
obtained a similar result for an old spruce forest in Germany,
but only assessed sensible heat advection.

3.3 Energy budgets and closure

We only present a cautious interpretation of corresponding
budgets here because of weaknesses and limitations in calcu-
lating advective fluxes, which became apparent when
inspecting diurnal courses and relationships to turbulence
and atmospheric stratification. Firstly, mean values of sensible

and latent heat budgets with and without consideration of
advective fluxes are presented (Table 2), and secondly the
possible influence of advective fluxes on energy balance clo-
sure is discussed. In general, the results for Ritten/Renon and
Wetzstein were similar, whereas Norunda was different.

Mean values of advective fluxes (Table 2) indicate that
vertical advection (FVA) was on average smaller than horizon-
tal advection (FHA), as diurnal courses have already sug-
gested. This corresponds to other studies for sensible heat
advection (Moderow et al. 2007) and studies concerning
CO2 advection (Feigenwinter et al. 2004; Feigenwinter et al.
2008; Zeri et al. 2010). FHA and FVA did not cancel each other
out for sensible or latent heat at any of the sites. This partly
contrasts to the results of Hong et al. (2008), where FHA and
FVA of latent heat cancelled each other out for the layer above
the canopy.

During nighttime, advective fluxes increased the total sen-
sible heat flux on average at Ritten/Renon and Wetzstein
(Table 2), adding energy to the control volume. At both sites,
this qualitatively reflected the change in latent heat flux,
which was also increased overall by advective fluxes during
nighttime. This led to the hypothesis that additional energy
from sensible heat advection facilitates higher evaporation
during nighttime. Furthermore, advective fluxes changed
the budget of sensible heat and latent heat in relative terms
(in relation to FEC) more during nighttime than during the
day at these two sites. However, in relative terms, the change
due to advective fluxes was larger for the latent heat budget
than for the sensible heat budget; this is because the turbulent
latent heat fluxes were usually small during nighttime.
Absolute values of latent heat advection could not be consid-
ered negligible. This result did not confirm the statement of
Paw et al. (2000), who speculated that the latent heat budget
would be less sensitive to errors caused by advection during
nighttime. When inspecting daytime and nighttime together,
the results from Ritten/Renon and Wetzstein qualitatively
agreed. The budget of sensible heat decreased when includ-
ing advective fluxes, whereas the budget of latent heat in-
creased. The changes in the respective budgets did not com-
pensate each other.

The results for Norunda differed from the results for Ritten/
Renon and Wetzstein, and no consistent behaviour was seen

Fig. 8 Diurnal courses of horizontal latent heat advection (FHA,LE) as box plots based on half-hourly values.
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as at Ritten/Renon and Wetzstein (e.g. mean values for night-
time). In addition, we must be cautious given the evidence for
possibly erroneous advective latent heat fluxes, especially for
this site in relation to the applied discontinuous sampling strat-
egy (see Section 3.2).

Vertical turbulent fluxes used in this study were determined
by the EC method. This technique assesses turbulent ex-
change and therefore misses flux contributions during periods
with insufficient turbulent conditions. Friction velocity (u∗)
can be used to detect such periods. Studies of CO2-exchange

Fig. 9 Energy balance ratio without advective fluxes and relative
magnitude of advective fluxes in relation to vertical turbulent flux. (a)
Absolute values of energy balance ratios without advective fluxes in
relation to friction velocity. AE denotes available energy, AE = Rn −G
− J. (b) Absolute relative magnitude of sensible heat advection (FVA,H +
FHA,H) in relation to sensible vertical turbulent flux (FEC,H). (c) Absolute
relative magnitude of latent heat advection (FVA,LE + FHA,LE) in relation

to latent vertical turbulent flux (FEC,LE). Please note that the decreasing
relevance of advective fluxeswith increasing u∗ is mainly due to increases
in FEC,H (FEC, LE). Half-hourly data were binned. Each bin contains 40
values except bins corresponding to the largest values of u∗. This bin
contains 61 (58, 59) values for Ritten/Renon (Wetzstein, Norunda).
Please note that a logarithmic scale of ordinate and radiation corrected
for surface inclination was used at Ritten/Renon

Table 2 Mean values of surface fluxes (based on half-hourly values)
including and excluding advective fluxes for nighttime (RG = 0 W m-2),
daytime (RG > 5 W m-2), and whole day. The ratio (FEC+FHA+FVA)/FEC

is based on absolute values of the sum FEC+FHA+FVA and FEC,
respectively. n denotes the number of considered half-hourly values

sensible heat flux latent heat flux

n FEC FHA FVA FEC + FHA
+ FVA

(FEC+FHA
+FVA)/FEC

FEC FHA FVA FEC+ FHA
+ FVA

(FEC+FHA
+FVA)/FEC

W m–2 % W m–2 %

Ritten/Renon

Night 315 –32 –178 –5 –215 666 13 96 –5 104 799

Day 660 241 68 –5 303 126 184 113 –6 291 158

All data 978 152 –12 –5 135 89 129 107 –5 230 179

Wetzstein

Night 556 –39 –12 –13 –64 163 7 16 3 25 385

Day 658 86 4 1 91 106 91 13 –2 103 113

All data 1242 27 –4 –5 18 68 51 14 1 66 129

Norunda

Night 299 –34 16 2 –15 44 8 5 0 13 150

Day 915 94 5 2 100 107 117 –19 –1 96 82

All data 1255 60 8 2 69 116 88 –14 –1 73 83
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in particular use a so-called u∗ filter (Goulden et al. 1996;
Falge et al. 2001; Aubinet et al. 2012b) where a critical value
(u∗,crit) is defined below which a considerable amount of flux
is missed. Figure 9 shows how the contribution of advective
fluxes in relation to the respective turbulent flux changes with
friction velocity. The depicted critical values of friction veloc-
ity were taken from the literature (Ritten/Renon: u∗,crit =
0.3 m s−1, Marcolla et al. 2005; Wetzstein: u∗,crit =
0.5 m s−1; Anthoni et al. 2004, Zeri 2008; Norunda: u∗,crit =
0.3 m s−1, Lagergren et al. 2008). As a starting point, we
plotted binned data of absolute half-hourly energy balance
ratios (EBR = (FEC,H + FEC,LE)/(Rn − G − J)) without

considering advective fluxes against friction velocity (Fig. 9,
subplots a). The energy balance ratio clearly decreased with
decreasing values of u∗ for all sites and larger EBR were less
frequent. If one assumes that most energy is missed due to
advective transports during periods of low u∗, then the relative
magnitude of advective fluxes should increase in relation to
the vertical turbulent flux (FEC) with decreasing u∗. All the
graphs depict advective fluxes which are much larger than the
corresponding vertical turbulent flux for low values of u∗. In
the case of larger values for u∗, advective fluxes tended to be
smaller than the corresponding vertical turbulent flux. The
crossing of the line indicating an EBR of 1 does not

Table 3 Energy balance ratio and results of simple linear regressions including and excluding advective fluxes

Without advective fluxes including advective fluxes

n EBR R2 slope offset EBR R2 slope offset
- - - W m−2 - - - W m−2

Ritten/Renon

Night 315 0.32 0.07 0.19 −7.9 1.85 0.44 2.37 31.3

Day 660 1.10 0.68 0.92 68.2 1.54 0.62 1.22 120.9

All data 978 1.16 0.80 0.95 50.7 1.51 0.77 1.39 30.3

Wetzstein

Night 556 0.53 0.09 0.23 −18.8 0.63 0.20 0.79 9.8

Day 658 0.70 0.86 0.72 −4.6 0.77 0.81 0.77 0.3

All data 1242 0.75 0.91 0.69 6.2 0.81 0.86 0.76 5.5

Norunda

Night 299 0.66 0.26 0.74 3.3 0.05 0.00 −0.13 −7.3
Day 915 1.18 0.90 1.01 31.2 1.10 0.62 0.95 27.6

All data 1255 1.22 0.93 1.03 23.8 1.19 0.67 0.94 30.2

Fig. 10 Comparison of mean diurnal course of available energy (AE) and
its estimated uncertainty range (according to Moderow et al. 2009) with
mean diurnal courses of the sum of the turbulent fluxes of H and LE with

and without consideration of advective fluxes, hourly means. Please note
different scaling of y-axes
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necessarily coincide with reported friction velocity thresholds.
In addition, advective fluxes also frequently remained non-
negligible for larger values of u∗. However, as single time
series of advective fluxes did not consistently change with
u∗, the decrease in magnitude relative to the vertical turbulent
flux with increasing u∗ is mainly due to the well-developed
dependency of FEC,H and FEC,LE on u∗. We interpret Fig. 9 in a
cautious way: firstly, it supports the hypothesis that the im-
portance of advective fluxes increases with decreasing friction
velocity; secondly, that larger advective fluxes of energy
could also exist for larger values of u∗; and thirdly that u∗,crit
determined for the vertical turbulent exchange of CO2may not
necessarily apply for energy fluxes to the same degree.
Furthermore, the relative size of advective fluxes in re-
lation to FEC (Fig. 9 subplots b and c), together with
depicted EBR (subplots a), indicate that the obtained
advective fluxes are frequently too large to show perfect
closure on a half-hourly basis. The subsequent analysis
of the energy balance closure confirmed this.

Prior to inspecting the energy balance including ad-
vective fluxes, we analysed the influence of a possible
underestimation of net radiation (Rn) on the energy bal-
ance closure at Ritten/Renon. Moderow et al. (2009) re-
ported an overclosure for this site, i.e. turbulent fluxes of
sensible and latent heat redistributed more energy to the
atmosphere than was available according to the mea-
sured available energy. Ritten/Renon is located on a
comparatively steep slope which is approximately
south-facing. However, radiation was measured perpen-
dicular to the geopotential but not parallel to the surface.
Th e r e f o r e , r a d i a t i o n me a s u r emen t s p o s s i b l y
underestimated net radiation because an inclination of a
surface alters its radiation gain. The energy balance

using horizontally measured Rn showed a linear relation-
ship between (Rn – G − J) and (H + LE) of y = ax + b: y =
1.02x + 49.85 W m−2, with a coefficient of determination
of 0.80 and an energy balance ratio of 1.24 (no distinc-
tion between night and day). The use of surface parallel
Rn reduced the slope of the linear regression as well as
the energy balance ratio but the offset of the linear re-
gression was still large, indicating that a considerable
amount of energy was st i l l missed (y = 0.95x +
50.74 W m−2; R2 = 0.80; EBR = 1.16). Although not all
statistical measures improved, this still indicates an un-
derestimation of the available energy at sloped sites if
radiation measurements do not take place parallel to the
surface, and this is in line with results of, for example,
Leuning et al. (2012) and Wohlfahrt et al. (2016).
Therefore, we used net radiation corrected for surface
inclination for all further analyses.

In the next step, the fluxes of sensible and latent heat
were related to the available energy to evaluate the en-
ergy balance closure (EBC). Table 3 gives results of
linear regressions between (Rn − G − J) and (H + LE)
as well as energy balance ratios with and without con-
sideration of advective fluxes. The energy balance
changed differently for each site when advective fluxes
were included. Overall, the EBC improved at Wetzstein.
Wetzstein was situated on a ridge. Therefore, divergence
(convergence) situations during night (day) connected
with horizontal turbulent flux divergence were possible.
Moderow et al. (2007) stated that horizontal flux diver-
gence is approximately 10% of FEC in the case of sensi-
ble heat. Using this value for sensible heat as well as for
latent heat this would further improve the energy balance
closure for this site (EBR = 0.89).

Fig. 11 Residuals of the energy balance not considering advective fluxes
in relation to the total sum of advective fluxes based on half-hourly
values. Results are shown for stable atmospheric conditions, i.e. z/L >
0.05 m m−1. Each data point is represented by a black filled circle

combined with an open light grey circle. Therefore, the greyer an area
is the more data fall within this area. n refers to the number of half-hourly
values included in the respective regression. Grey solid line indicates the
corresponding linear regression line and inclined dashed line the 1:1 line
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In contrast, the overclosure at Ritten/Renon increased
due to higher surface fluxes by advection, especially la-
tent heat advection (Table 3). This resulted in very large
energy balance ratios, as well as large slopes of linear
regression, which we regard as physically questionable
and are probably related to measurement problems. Most
statistical measures for energy balance closure did not
indicate a positive effect on the energy balance closure
at Norunda. Figure 10 also shows an increase for latent
heat fluxes when including advective fluxes at this site
during nighttime. Very large horizontal advective fluxes
often coincided with large values of relative humidity
and low values of friction velocity here. Therefore, we
assumed a considerable influence of measurement errors,
possibly due to condensation. The coefficient of deter-
mination decreased in most cases for Ritten/Renon and
Norunda when including advective fluxes, which indi-
cated a less stringent relationship between available en-
ergy and surface fluxes.

We acknowledge that vertical turbulent fluxes can
change if different post-processing schemes are applied,
as shown by Mauder et al. (2007b). Based on the report-
ed margins of Mauder et al. (2007b), Moderow et al.
(2009) stated that this would not result in a closed ener-
gy balance for the investigated sites, the time intervals,
and the data of vertical turbulent fluxes used here.

The inclusion of advective fluxes did not necessarily
improve the energy balance closure (Table 3 and
Fig. 10). We studied how the energy balance closure
qualitatively changed for each half hour (closed, un-
closed, or over-closed budgets). Energy balance was
regarded as closed if the sum of latent and sensible heat
flux fell within the uncertainty range of the available
energy. The uncertainty range of available energy was
defined according to Moderow et al. (2009). When the
sum of latent and sensible heat flux fell outside of the
range of uncertainty it was regarded as unclosed or over-
closed (depending on its sign). The percentage of half-
hourly values with a closed energy balance only in-
creased for Wetzstein (from 45% to 52%) and the num-
ber of half-hourly values with an over- or under-closure
decreased at this site at the same time when including
advective fluxes (from 65% to 59%). At Ritten/Renon
and Norunda, when advective fluxes were included the
percentage of time intervals with a closed energy balance
decreased (from 26% to 20% for Ritten/Renon and from
69% to 58% for Norunda). Consequently, the percentage
of time intervals with an overclosure or underclosure
correspondingly increased. For all sites, there were half
hours which qualitatively changed in energy balance clo-
sure from underclosure to overclosure and vice versa.

In a further step, we analysed advective fluxes in re-
lation to the energy balance residual (residual = Rn − G −

J − H − LE). If advective fluxes are the main cause of the
energy balance closure gap then a relationship between
the sum of the advective fluxes and the energy balance
residuals should exist. For this analysis, residuals were
calculated excluding advective fluxes. We then per-
formed simple linear regressions for three classes of at-
mospheric stratification. Here, measurement height (z)
divided by the Monin-Obukhov length (L) was used to
evaluate atmospheric stability. The three classes of atmo-
spheric stability were stable (z/L > 0.05 m m−1), unstable
(z/L < − 0.05 m m−1), and neutral (− 0.05 m m−1 ≥ z/L ≤
0.05 m m−1). Coefficients of determination (R2) indicat-
ed that the sum of advective fluxes and the energy bal-
ance residuals were uncorrelated for all investigated
classes of atmospheric stability (R2 ≤ 0.4, whereas five
performed linear regressions yielded a R2 of 0.0).
Previous studies reported similar results. Lee and Hu
(2002) obtained a comparable result which stated that
energy balance residuals showed almost no correlation
with their estimates of vertical advection for midnight
periods. Oncley et al. (2007) showed energy balance
residuals and obtained advective energy fluxes within
one graph. The corresponding graph of Oncley et al.
(2007) indicated that energy balance residuals and ad-
vective fluxes did not necessarily linearly correlate.

Scatter plots for stable atmospheric conditions (Fig. 11)
indicated that there was possibly a relationship for distinct
ranges but a considerable number of the total sum of advective
fluxes were too large, thus resulting in a poor correlation mea-
sure. We hypothesise that this is most probably due to system-
atic errors because the number of measurement points are
probably too small to assess the ecosystem under consider-
ation in a comprehensive way, although ADVEX was one of
the advection experiments with a comparatively large number
of measurement points. This would correspond with Leuning
et al. (2008) and Aubinet et al. (2010) who stated that system-
atic errors constitute a major challenge in current advection
studies and they cannot be simply reduced by long-term mea-
surements. Especially at Norunda, measurements of moisture
gradients are probably influenced by the applied discontinu-
ous sampling scheme. Furthermore, the obtained residuals are
also subject to errors in the determination of other energy
balance components (e.g. FEC,H, FEC,LE). Therefore, even if
we had more accurate and precise estimates of advection, this
factor might not be able to explain residuals alone.

4 Summary and conclusion

The ADVEX dataset was used to estimate advective fluxes of
sensible and latent heat for three coniferous sites across
Europe differing in topography and stand characteristics.
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Derived half-hourly advective fluxes of sensible and latent
heat were often quite large and characterised by large scatter
for all sites. Well-marked diurnal variations were favoured by
complex terrain. This was more striking for sensible heat than
for latent heat advection.

The ratio (FHA + FVA)/FEC of the sum of horizontal and
vertical advective fluxes (FHA + FVA) to the vertical turbulent
fluxes (FEC) increased with decreasing friction velocity (u∗),
mainly due to a decrease in the vertical turbulent fluxes with
decreasing u∗. However, even for well-mixed conditions (typ-
ically daytime), substantial advective fluxes occurred.

The smallest advective fluxes were observed for Norunda
(flat site with homogeneous canopy) but results clearly indi-
cated that even quite homogeneous sites should be critically
inspected regarding advection. The largest advective fluxes
were detected for Ritten/Renon (sloped site in complex terrain
and least homogeneous canopy structure). Diurnal variations
of advective heat fluxes were governed by the local slope
wind system at this site, which revealed that the flux budgets
of sloped sites with local slope wind systems are consistently
affected by advection. Furthermore, special synoptic situa-
tions can cause large advective fluxes at sloped sites, as shown
by Feigenwinter et al. (2010b) in the case of CO2-advection.
Use of radiation corrected for surface inclination improved the
energy balance closure for Ritten/Renon and confirmed the
results for other sloped sites (Leuning et al. 2012; Serrano-
Ortiz et al. 2016; Wohlfahrt et al. 2016).

Advection changed the budgets of sensible and latent heat
for all sites. During nighttime, the budget of latent heat flux
was relatively more affected by advective fluxes than the bud-
get of the sensible heat flux for all sites; this is because vertical
turbulent fluxes of latent heat were smaller than vertical tur-
bulent fluxes of sensible heat during nighttime. When advec-
tive fluxes were included during nighttime, the transport of
sensible heat into the control volume and the transport of
latent heat out of the control volume increased for two of the
inspected sites on average (Wetzstein, Ritten/Renon). This
indicated an enhancement of nighttime evaporation by the
additional energy input of sensible heat.

Advective fluxes changed the energy balance closure dif-
ferently for each site. On average, the energy balance closure
was only improved for one site (Wetzstein). A comparison of
energy balance residuals (energy missed by the measurements
without accounting for advection) to the total sum of advec-
tive fluxes indicated a large influence of systematic errors.
This confirms a similar conclusion of Leuning et al. (2008).

Based on the comparison of the three sites, it can be further
concluded that advective fluxes are highly site specific, which
is in line with Yi et al. (2005), Aubinet et al. (2010), and
Novick et al. (2014).
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Appendix

Table 4 gives mean values of vertical advection (FVA) of sensi-
ble heat (FVA,H) and latent heat (FVA,LE) for eachADVEX tower
and site. Ritten/Renon showed the largest differences in mean
values. Wetzstein and Norunda showed differences of similar
magnitude. Mean values of FVA did not differ significantly
(Table 4) for some tower combinations. However, the obtained
ranges of tower specific advection estimates were quite different
(Fig. 12). There was no correlation between tower specific esti-
mates for FVA,LE on a half-hourly basis. In the case of FVA,H,
there were weak correlations for all possible tower combinations
(coefficient of determination R2: 0.2–0.4) at Wetzstein, which
was also true for one tower combination at Ritten/Renon

We hypothesise that the poor correlation between tower
specific estimates of FVA,H and FVA,LE is due to estimates of
the mean vertical velocities (w ). Tower specific estimates ofw
were uncorrelated for all possible tower combinations and all
sites (maximum R2 of 0.1). In contrast, vertical differences of
potential temperature showed a good correlation (R2 range:
0.67–0.93) and a weak or reasonable agreement for vertical
differences in mixing ratio (R2 range: 0.37–0.87).

Table 4 Mean values of FVA,H and FVA,LE calculated if data of all four
towers were available (rounded figures)

Ritten/Renon Wetzstein Norunda

FVA,H FVA,LE
$ FVA,H

§ FVA,LE
% FVA,H

& FVA,LE
#

W m−2 W m−2 W m−2 W m−2 W m−2 W m−2

Tower A − 3.0 − 12.0 − 3.0 − 0.5 0.0 − 1.0
Tower B 8.0 − 5.0 − 5.0 0.5 3.0 − 0.5
Tower C − 4.0 − 4.0 − 5.0 0.5 2.0 − 0.0
Tower D − 24.0 − 3.0 − 7.0 2.0 2.0 0.5

Mean values of the respective towers were tested using Wilcoxon rank
test (p value 0.05) to see whether they significantly differ from each other
$ Ritten/Renon FVA,LE: Mean values of tower B and C did not differ
significantly
§Wetzstein FVA,H: Mean values of tower A and C, and tower B and C did
not differ significantly
%Wetzstein FVA,LE: Mean values of tower A andB, tower A and C, tower
B and C, and tower C and D did not differ significantly
&Norunda FVA,H:Mean values of tower A andB, tower B and C, tower B
and D, and tower C and D did not differ significantly
# Norunda FVA,LE: Mean values of tower A and C, tower A and D, tower
B and C, tower B and D, and tower C and D did not differ significantly
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