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ABSTRACT

The eddy-covariance technique tends to underestimate turbulent heat fluxes, which results in nonclosure of

the surface energy balance. This study shows experimental evidence that mesoscale turbulent organized

structures, which are inherently not captured by the standard eddy-covariance technique, can affect near-

surface turbulent exchange. By using a combined setup of three Doppler wind lidars above a cropland-

dominated area in Germany, low-frequency turbulent structures were detected in the surface layer down to

a few meters above ground. In addition, data from two micrometeorological stations in the study area were

analyzed with respect to energy balance closure. In accordance with several previous studies, the data confirm

a strong friction velocity dependence of the energy balance residual. At both stations, the energy balance

residual was found to be positively correlated with the vertical moisture gradient in the lower atmospheric

boundary layer, but at only one station was it correlated with the temperature gradient. This result indicates

that mesoscale transport probably contributes more to the latent heat flux than to the sensible heat flux, but

this conclusion depends largely on the measurement site. Moreover, flow distortion due to tower mountings

and measurement devices affects the energy balance closure considerably for certain wind directions.

1. Introduction

The eddy-covariance (EC) method (Swinbank 1951)

is the most direct measurement technique for quantify-

ing the ecosystem–atmosphere exchange of energy and

matter on a long-term basis. For this reason, large EC

measurement networks have been established (Baldocchi

et al. 2001). During the last few decades it became obvi-

ous that the EC technique usually does not close the

energy balance at the surface—a fact that is known as the

energy balance closure problem (Desjardins 1985; Lee

and Black 1993; Twine et al. 2000; Wilson et al. 2002;

Oncley et al. 2007; Foken 2008b; Hendricks-Franssen

et al. 2010; Stoy et al. 2013). The available energy for

turbulent transport, which is equal to the net radiation

flux2QS* minus the ground heat flux at the surfaceQG, is
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not totally balanced by the sum of the sensible heat flux

QH and the latent heat flux QE:

2QS
* 2QG5QH 1QE 1QR . (1)

The energy balance residualQR can amount tomore than

100Wm22, depending on measurement site, time of day,

and time of year. As an alternative to Eq. (1), Wilson

et al. (2002) defined the energy balance ratioR as the sum

of the turbulent fluxes divided by the available energy:

R5
QH 1QE

2QS
*2QG

. (2)

Given that general systematic errors of that extent in the

measurement of QS* (Kohsiek et al. 2007) and QG

(Liebethal et al. 2005; Foken 2008b) can be excluded,

the energy balance is not closed because the ECmethod

underestimates QH and QE.

Several reasons for the underestimation of turbulent

heat fluxes are discussed in the literature. Early studies

considered instrumental errors (Laubach et al. 1994;

Goulden et al. 1996). Angle-of-attack-dependent errors

of nonorthogonal sonic anemometers resulting from

flow distortion were recently addressed (Kochendorfer

et al. 2012; Nakai and Shimoyama 2012; Mauder 2013;

Frank et al. 2013). In addition, the EC technique is based

on assumptions of horizontal homogeneity and statio-

narity that are usually not completely fulfilled under typ-

ical field conditions. Therefore, rigorous data screening

using a statistical test procedure is a necessary requirement

for studying the surface energy balance (Mauder and

Foken 2006; Mauder et al. 2013). Moreover, surface het-

erogeneities within the flux footprint of the measurement

(Schmid 1997; Panin et al. 1998) as well as different

source areas of the instruments (Culf et al. 2004; Göckede
et al. 2008) have to be considered. The above-mentioned

issues often cannot sufficiently explain why the turbu-

lent fluxes are generally underestimated at many sites,

however. A considerable amount of energy can be stored

in the layer between the surface and the location of the

measurementdevices—forexample, in the soil (Heusinkveld

et al. 2004; Liebethal et al. 2005) and the plant biomass

(Meyers and Hollinger 2004; Lindroth et al. 2010; Kilinc

et al. 2012; Emmel et al. 2013). A small amount of en-

ergy is also fixed by photosynthesis (Blanken et al. 1997;

Schmid et al. 2000; Meyers and Hollinger 2004). Ac-

counting for all storage terms reduces QR significantly,

but it is not sufficient for closing the energy balance

(Leuning et al. 2012; Stoy et al. 2013).

Another theory is that a considerable amount of QR

can be attributed to transport by turbulent structures that

are inherently not captured by an EC tower (Mauder

et al. 2007; Foken et al. 2011). These could be either

low-frequency motions with time scales that are larger

than the averaging time of the EC system (Sakai et al.

2001; Finnigan et al. 2003) or heterogeneity-induced sec-

ondary circulations that do not move with the mean wind

(Lee and Black 1993; Mahrt 1998; Foken 2008b). These

structures induce site-specific horizontal and vertical ad-

vection (Staebler and Fitzjarrald 2004; Higgins et al. 2013),

which are difficult to capture with tower measurements

(Aubinet et al. 2010). In this study, we focus on low-

frequency organized structures that fill the entire atmo-

spheric boundary layer (ABL), and, followingKanda et al.

(2004), we will call them ‘‘turbulent organized structures’’

(TOS). Large-eddy simulation (LES) studies showed that

point measurements, such as the tower-based EC tech-

nique, are not able to capture TOS appropriately (Kanda

et al. 2004; Inagaki et al. 2006; Steinfeld et al. 2007).

Because of the limited grid resolution of current LES

model runs, it is still not clear whether these structures

reach down into the Prandtl layer or surface layer where

flux measurements are usually conducted.

Theobjective of this study is to show that theTOSextend

down to the ground and affect the near-surface exchange.

First, the surface energy balances at two EC stations in an

agricultural area in the west of Germany are determined.

To demonstrate the existence of TOS in the Prandtl layer,

data from three synchronously scanning Doppler lidars are

analyzed. Because the flux contributions of the TOS cannot

be measured directly, we evaluated their role for the ver-

tical exchange of energy indirectly by analyzing the vertical

gradients of temperature and moisture in the lower ABL.

We assume that TOS are an effective exchangemechanism

between the surface layer and the layers farther up in the

atmosphere. They can only contribute substantially to the

vertical fluxes if there is a pronounced difference in po-

tential temperature and specific moisture between the dif-

ferent layers.During daytime conditions, the air close to the

ground is usually warmer and wetter than above, and tur-

bulent fluxes carried by TOS are consequently always

positive. In accord with this situation, the neglect of the

TOS transport by the EC method results in a systematic

underestimation of turbulent heat fluxes, that is, the non-

closure of the surface energy balance. The vertical gradients

in the lower ABL were detected with a radiometer and

alternatively calculated from surface-layer universal func-

tions. From these data, we attempt to identify parameters

that are related to the differentmagnitudes of nonclosure of

the energy balance observed at the sites.

2. Measurements and methods

a. Site description

The measurements were conducted in the Eifel/

Lower Rhine Valley Observatory of the Terrestrial
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Environmental Observatories (TERENO) network,

which is located near Jülich in the west of Germany,
close to the borders of Belgium and the Netherlands.
The TERENO program is a long-term interdisciplinary
research program in Germany that aims to observe the
impacts of global change on terrestrial ecosystems at the
regional level (Zacharias et al. 2011). The data were

collected in the framework of the High Definition

Clouds and Precipitation for Advancing Climate Pre-

diction [HD(CP)2] project, during the HD(CP)2 Ob-

servational Prototype Experiment (HOPE), which took

place in the area in April and May of 2013.

Data from two permanently running EC towers at

Selhausen (50.878N, 6.458E; 103m MSL) and Merzen-

hausen (50.938N, 6.308E; 93m MSL) were used, which

are located in the catchment of the Rur river (Fig. 1a).

Most of the land in the study area is used for agriculture,

mainly sugar beet and winter cereal cultivation (Graf

et al. 2010). The regional landscape was originally flat,

but it has changed dramatically as a result of the intensive

brown-coal surface mining that has occurred there. The

replanted spoil heap ‘‘Sophienhöhe’’ (302m MSL) is

the highest topographic elevation in the area and is

located approximately 7.5 km north of the EC station at

Selhausen and 11 km east of Merzenhausen (Fig. 1a).

The two open pit mines that are located 4 km northeast

and 6.5 km west of Selhausen are the deepest points in

the area.

b. Micrometeorological tower measurements

In April and May of 2013, winter wheat was grown on

the fields instrumented with EC systems at Selhausen

and Merzenhausen. At both sites, all components of the

surface energy balance were measured directly: the

turbulent fluxes of sensible and latent heat, the net ra-

diation, and the ground heat flux [Eq. (1)].

Model CSAT-3 sonic anemometers (Campbell Scien-

tific, Inc.) were used to measure the three-dimensional

wind vector and the sonic temperature and model LI-

7500 open-path infrared gas analyzers (Li-Cor, Inc., Bio-

sciences) to measure the absolute humidity at 2m. The

measurement frequency was 20Hz, and turbulent fluxes

of sensible and latent heat were calculated using the

‘‘TK3.1’’ software package (Mauder and Foken 2011).

The postprocessing of the field data followed the strat-

egy presented in Mauder et al. (2013) and included the

following: a raw-data delay correction that is based on

maximizing the initial cross correlations of vertical wind

speed with temperature and water vapor concentration,

a spike-removal algorithm that is based on median abso-

lute deviation, a planar-fit coordinate rotation (Wilczak

et al. 2001), and corrections for high-frequency spectral

losses (Moore 1986), the difference between sonic

temperature and air temperature (Schotanus et al.

1983), and density fluctuations (Webb et al. 1980). For

postfield quality assurance and quality control (QA/QC),

a three-class quality-flagging scheme following that of

Mauder et al. (2013) was applied to the 30-min statistics

and fluxes. In this study, only data of the highest quality

(flag 0) were used, except for the calculation of mean

daily energy balance ratios in section 3a, where data of

moderate quality (flag 1) were also used.

The net radiation was measured with an NR01 four-

component net radiometer (Hukseflux Thermal Sensors

B.V.) at Selhausen and with an NR Lite net radiometer

(Kipp & Zonen B.V.) at Merzenhausen. The data from

the NR Lite were corrected on the basis of side-by-side

measurements with an NR01 radiometer at the end of

the HOPE campaign. The ground heat flux was deter-

mined from three soil heat flux plates (model HFP01SC;

Hukseflux), of which one was buried at 3-cm depth and

two were placed at 8-cm depth; three Campbell Scientific

model TCAV soil temperature sensors at 1-, 5- and 2–6-cm

depth; and two Campbell Scientific model CS616 soil

moisture sensors at 2.5-cm depth using a calorimetric

approach (Liebethal et al. 2005).

c. Doppler-lidar wind measurements and
dual-Doppler technique

In the area of the Selhausen site, we alsomeasured the

spatially resolved turbulent flow field using Doppler li-

dars. To measure profiles of the vertical wind compo-

nent above the site, we operated a Doppler wind lidar

(Streamline model; HaloPhotonics, Ltd.) approximately

500m northeast of the micrometeorological tower (Fig. 1b).

The Streamline lidar emits a pulsed laser light of 1.5-mm

wavelength at a pulse repetition frequency of 15 kHz.

To reduce the random error of the velocity estimate, an

ensemble average over 15 000 pulses is calculated so

that the effective measurement frequency is about

1Hz. The Streamline lidar achieves a spatial resolution

of 18m. The data from the first five range gates and

from range gates with signal-to-noise ratios , 217 dB

were not used. The random error, determined from the

difference between lag 0 and lag 1 of the autocovariance

function (Lenschow and Kristensen 1985; Frehlich 2001),

is , 0.2m s21 for signal-to-noise ratios . 217 dB. The

Streamline either pointed vertically upward into the at-

mosphere to measure profiles of the vertical wind com-

ponent, or it performed range–height indicator (RHI)

scans (Fig. 1b). During the RHI scan, the lidar perma-

nently changed its elevation angle; that is, it moved from

28 elevation to 308 elevation at 28 intervals, but held its

azimuth angle at 3578.
In addition, two Doppler lidars (WindTracer model;

Lockheed Martin Technologies, Inc.) were used as
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a coordinated dual-Doppler system that was located

approximately 3.5km north of the Selhausen site (Fig. 1b).

Both lidars performed 908-sector plan-position indicator

(PPI) scans (Newsom et al. 2008) at a low elevation. The

system placed in the northeast measured a sector PPI

between the azimuth angles of 1558 and 2458, whereas the
lidar placed in the northwest conducted measurements

between the azimuth angles of 848 and 1748. The

FIG. 1. (a) Overview map (http://openstreetmap.org; this map is made available under the Open Database License 1.0: http://

opendatacommons.org/licenses/odbl/1.0/) of the investigation area indicating the locations of the EC stations at Selhausen and Mer-

zenhausen. (b) Instrument setup for Doppler wind lidar measurements in the Selhausen area: locations of the EC station at Selhausen, the

Streamline Doppler lidar, and the WindTracer systems that were operated in dual-Doppler mode. The HATPRO radiometer for

the temperature and moisture profiles was located next to the northeasternWindTracer system. The black dashed lines in (b) indicate the

borders of the PPI scans of the WindTracer lidars and the orientation of the RHI scans performed by the Streamline lidar.
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elevation for both sector scans differed in a way (0.0258–
2.0258) that the overlap areawas tilted by 28. In the overlap
area of both measurements, the retrieval algorithm

(Stawiarski 2014) that was used delivers a 2D horizontal

wind field for an area of approximately 12km2 with

a spatial resolution of about 70m and a temporal resolu-

tion of 12 s. Both lidar systems were synchronized by

a control program that ran at a remote operation station.

Detailed information on instrumentation, error handling

and scan optimization of the applied dual-Doppler tech-

nique can be found in Stawiarski et al. (2013). During

HOPE, the dual-Doppler technique was also used to de-

tect coherent structures with relatively short time scales in

the surface layer (Träumner et al. 2014).

d. Determination of vertical gradients

Vertical profiles of potential temperature u and specific

humidity q in the ABL were obtained from a passive

microwave radiometer (HATPRO model; RPG Radi-

ometer Physics GmbH) that was located approximately

4km northeast of the EC system at Selhausen (Fig. 1b).

Average vertical profiles from 0 to 10 000m AGL were

calculated every 15min. Here, we used the potential

temperature and humidity measurements at 0 and 250m

to determine the differences between the surface layer

and outer layer. The outer layer is the main part of the

ABL above the surface layer. Additional information on

instrument technique and measurement accuracy can be

found in Rose et al. (2005), Löhnert et al. (2009), and
Löhnert and Maier (2012).
If no profile measurements are available, the local

vertical gradients of temperature T and specific humid-

ity q can be calculated from surface-layer profile equa-

tions (Foken 2008a):

w0T 0 52
a0ku*

fH(z/L)

›T

› lnz
and (3)

w0q052
a0Eku*
fE(z/L)

›q

› lnz
, (4)

where z is the aerodynamic measurement height. This

approach was tested using the EC data from Selhausen

andMerzenhausen. The turbulent fluxes of temperature

w0T 0 and moisture w0q0 and the friction velocity u* were

measured using EC, the coefficients a0 and a0E are ap-

proximately equal to 1.25, and the von Kármán constant
k is taken to be 0.4. The universal functions of the ex-

change of temperature fH and moisture fE account for

the dependence of the turbulent diffusion coefficient

on the atmospheric stability parameter z/L, withL being

the Obukhov length. Thus, the vertical scalar profiles

can be derived from

T(z)2T(z0T)5
w0T 0

a0ku*

�
ln

z

z0T
2cH

�
z

L

��
and (5)

q(z)2 q(z0E)5
w0q0

a0ku*

�
ln

z

z0E
2cE

�
z

L

��
, (6)

where z0 is surface roughness length and z0T and z0E are

roughness lengths of temperature and moisture (Foken

2008a). The value of z0 was set to 0.01m, which has been

suggested for short grass (Wiernga 1993) and should

roughly equal the roughness length of winter wheat

during spring, and we assumed that z0T and z0E were

equal to 0.1z0 (Foken 2008a). Here, we used the integral

of the universal function for temperature after Businger

et al. (1971) and as modified by Högström (1988):

cH

�z
L

�
5 2 ln

�
11 y

2

�
for

z

L
, 0 (7)

cH

�z
L

�
527:8

z

L
for

z

L
$ 0, (8)

with

y5 0:95
�
12 11:6

z

L

�1/2
. (9)

We assumed that the integral of the universal function

for the exchange of moisture cE is equal to cH.

e. Wavelet spectra

Spectra of the horizontal and vertical wind components

were calculated from high-frequency raw data measured

by the sonic anemometer and the vertically pointing

Streamline lidar. Time series with more than 5% of data

missing as a result of unreliable measurements (sections

2b,c) were excluded from the analysis. The remaining gaps

in the time series were filled using linear interpolation.We

did not apply any coordinate rotation to the measured

wind vector. Then, the data from the sonic were block

averaged to 1Hz to reduce the computation time. The

block-averaging procedure serves as a low-pass filter that

removes all fluctuations with frequencies of greater than

1Hz, but we focus on low-frequency structures in this

study.

The continuous wavelet transform was applied to the

data using the Morlet mother wavelet with a frequency

parameter of 6 (Torrence and Compo 1998; Mauder

et al. 2007). The wavelet coefficients Wm(a, b) were

calculated from the convolution of a time series m with

the mother wavelet C shifted by b and scaled by a. The

squaring of the wavelet coefficients yields the wavelet

scalogram, and the integration of the scalogram over

b yields the wavelet spectrum (Hudgins et al. 1993),
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Sm(a)5
dj

a

dt

Cd

1

N
�
N21

b50

jWm(a, b)j2 , (10)

where dj 5 0.25 is the spacing between the scales of the

wavelet transform, dt is the time step of the time series,

and Cd 5 0.776 is a specific constant for the Morlet

function (Torrence and Compo 1998). We considered

only those wavelet coefficients outside of the ‘‘cone of

influence’’ (Torrence and Compo 1998) so that edge

effects are negligible. The integral over the total wavelet

spectrum is equal to the variance of the time series, and

integrating over parts of the spectrum gives the contri-

butions of specific scales. Thus,

rL 5
�
a.t

Sm(a)

�Sm(a)
(11)

is the relative contribution of turbulent structures with

time scales larger than t.

Analogous to Eq. (10), the wavelet cross spectrum of

two time series m and n gives the spectral contributions

to the turbulent flux m0n0 and is defined as

Smn(a)5
dj

a

dt

Cd

1

N
�
N21

b50

Wm(a,b)Wn
* (a, b) , (12)

withWm(a, b) being thewavelet coefficients of time series

m and Wn* (a, b) being the complex conjugates of the

wavelet coefficients of time series n (Hudgins et al. 1993).

3. Results

a. Observed energy balance closure

First, the mean daily surface energy balance ratios at

Merzenhausen and Selhausen were calculated from the

net radiation and surface heat fluxes according to Eq. (2).

We detected slightly higher energy balance ratios (0.856
0.13) at the site in Selhausen and slightly lower values at

theMerzenhausen site (0.766 0.11). Both results were in

good agreement with those from Schmidt et al. (2012), in

which amean closure of 0.8 was reported for anEC tower

at a winter wheat field in Selhausen over a period of 2 yr.

In the current study, we found considerable day-to-day

variability at both sites.

Second, the 30-min energy balance ratios were cal-

culated using the daytime measurements, and an effect

of the mean wind direction on the energy balance clo-

sure was found (Figs. 2a,b): at both sites, lower energy

balance ratios were measured for northeasterly and

easterly winds than for westerly winds. This dependence

on wind direction may be explained by heterogeneities

on the landscape scale (Panin and Bernhofer 2008),

nonhomogeneous fetch conditions (Panin et al. 1998;

Foken 2008b), or flow distortion by the tower and the

measurement devices (Högström and Smedman 2004;
Nakai et al. 2006; Kochendorfer et al. 2012; Nakai and

Shimoyama 2012). We exclude the first explanation,

because the most prominent heterogeneity on the

landscape scale, the Sophienhöhe hill, lies in different
wind sectors for Selhausen (north) and Merzenhausen
(east). In addition, the large surface-mining area west of
Selhausen did not have any influence on the energy
balance closure (Fig. 2a). The horizontal wind speed

u normalized by the friction velocity u* showed larger

fluctuations in the northeastern and eastern wind sectors

at both sites (Figs. 2c,d). This result might suggest the

presence of roughness heterogeneities within the flux

footprint, but the surface northeast and east of the

towers is flat and homogeneous. The third potential

explanation is that flow distortion by the tower mount-

ings and measurement devices caused the poor energy

balance closure and the differences in u/u* for the

northeastern and eastern wind directions. This expla-

nation is supported by the systematic, direction-

dependent fluctuations of the vertical wind component

in that wind sector (3608–1358; Figs. 2e,f). The standard

QA/QC tests did not detect this flow-distortion problem,

although we show in Fig. 2 only data with the best

quality flag (section 2b). The exclusion of those days

when winds came from the 3608–1358 sector leads to

slightly higher energy balance ratios (0.88 for Selhausen

and 0.80 for Merzenhausen), but the energy balance is

still far from being closed completely. Therefore, we

investigate in the following sections whether TOS can

help to explain the remaining lack of energy balance

closure.

b. TOS in the surface layer

In this section, we show examples of TOS with time

scales of larger than 30min that extended down to the

surface layer at the study site. For this purpose, we used

30-min averages of dual-Doppler lidar data to visualize

the horizontal dimensions of the TOS. In addition, the

Streamline Doppler wind lidar data gave information

about the vertical extent of these structures. First, we

focus on two days with high net radiation, different wind

regimes, and different energy balance ratios (Fig. 3). The

date 7 April represents a day with low wind speeds (u 5
0–2ms21) and a relatively low energy balance ratio (0.79

at Selhausen and 0.70 at Merzenhausen), whereas on

16 April higher wind speeds prevailed (u 5 2–4ms21)

and the energy balance ratiowas higher (0.97 at Selhausen

and 0.85 at Merzenhausen). The relatively large re-

siduals in the morning hours are most probably due to
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FIG. 2. Dependence of (a),(b) the energy balance ratio R, (c),(d) the horizontal wind speed normalized by friction

velocity u/u*, and (e),(f) the mean vertical wind speed w after planar-fit rotation on wind direction f at Selhausen

and Merzenhausen. The gray points show all 30-min data with the best quality flag that were measured during

daytime (2QS2QG. 20Wm22). The filled black circles and solid lines show themean values of wind sectors (width

of 22.58) with at least 30 data points, and the open circles and dotted lines show the mean of the wind sectors with less

than 30 data points.
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the energy storage in the biomass of the winter wheat

(Leuning et al. 2012) and the energy that is used tomelt the

white frost on the surface, for which we did not account.

On both days, we detectedTOS in the surface layer.On

7 April (i.e., the low-wind case), cellular structures were

identified in the dual-Doppler data around noontime

(Fig. 4a) and in the early afternoon. The example in

Fig. 4a shows convergence2$(uy) in the horizontal wind
field close to the vertically pointing Streamline lidar. It

was calculated from the 2D horizontal wind field (u, y):

2$(uy)52

�
du

dx
1

dy

dy

�
, (13)

where u is the zonal wind component, y is the meridional

wind component, x is the zonal direction, and y is the

meridional direction.

This convergence zone in the surface layer was asso-

ciated with a quasi-permanent net vertical updraft that

extended through the whole ABL for most of the period

(Figs. 4b,c). In the case of high background wind (i.e.,

on 16 April), we did not find cellular structures but

we detected parallel bands of higher wind speeds with

low-wind bands between them (Fig. 5a). In the vertically

pointing lidar, we detected structures with short time

scales (Fig. 5b) and a small mean vertical wind compo-

nent (Fig. 5c). In the entire dual-Doppler dataset, we

found clear cellular structures only on 7 April. In the

30-min-averaged horizontal wind fields, we usually found

bands of different wind speeds that are aligned parallel

to the mean wind direction. This could be surface-

layer streaks (Cantwell 1981; Robinson 1991; Moeng

and Sullivan 1994), but streaks are high-frequency

structures with spatial dimensions of several hundreds

of meters (Newsom et al. 2008; Träumner et al. 2014)
that should vanish when calculating a 30-min average.

Therefore, we argue that we detected traces of large TOS

that probably fill in the whole ABL and reach down into

the surface layer because their spanwise extent is on the

order of the boundary layer depth and their longitudinal

extent is larger than the dual-Doppler lidar’s field of view.

To investigate how deep the TOS can penetrate into

the surface layer, we performed additional RHI scans

with the Streamline wind lidar. An RHI scan describes

a series of measurements at different elevation angles

and constant azimuth angle. For example, the data from

FIG. 3. Net radiationQS, ground heat fluxQG, sensible heat fluxQH, latent heat fluxQE, and residualQR on (a),(c) 7

and (b),(d) 16 Apr 2013, measured at (top) Selhausen and (bottom) Merzenhausen.
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1030 to 1100 UTC 17April (u’ 1m s21) show amixture

of cell-like structures and parallel bands in the hori-

zontal wind field with convergence at a distance of 1000–

1500m from the Streamline lidar and divergence at

a distance of 300–1000m in the direction of theRHI scan

(Fig. 6a). In the RHI scan we found that at the same time

and at the same distances from the lidar the radial ve-

locities changed their sign, which indicates convergence

and divergence. These convergence and divergence zones

reached down to the lowest measurement points above

the ground (;15m AGL). On 28 April, we found even

stronger convergence in the RHI scans (Fig. 6c), but no

dual-Doppler data were available for that time period.

Thus, we reason that TOS that fill the entire ABL can

penetrate deep into the Prandtl layer (Figs. 6b,c).

Since TOS can reach close to the surface, they should

also affect the data of the micrometeorological tower.

To prove that, we calculated wavelet spectra from the

daily time series of the u and w components measured

with the sonic anemometer at the Selhausen site (Fig. 7).

In addition, we determined the w spectra in the outer

layer using the data from the vertically pointing Stream-

line wind lidar. The w spectra in the surface layer

show some low-frequency contribution ( f , 1/1800Hz)

on 7 April that is due to the convective coherent struc-

tures but not on 16 April, and the overall low-frequency

contribution to the surface-layer w spectra is weak. The

outer-layer (z $ 100m) w spectra and surface-layer

u spectra show a significant low-frequency part, and

they have similar spectral shapes. This result suggests

that the TOS measured with the dual-Doppler tech-

nique (Figs. 4, 5a, and 6a) affect the horizontal wind

component in the surface layer and consequently can

cause horizontal advection and horizontal flux di-

vergences that are not considered in the standard EC

approach (Finnigan et al. 2003).

Another interesting feature is that on 7 April the

surface-layer u spectrum and the outer-layer w spectra

were shifted to lower frequencies, which could explain

the poorer energy balance closure on that day. For this

FIG. 4. (a) The 30-min average (1130–1200 UTC 7 Apr 2013) of the horizontal flow field around Selhausen

measured with the dual-Doppler technique, located on a slightly tilted overlap area at 20–120m AGL. The arrows

show the horizontal wind vector, the colors show convergences and divergences in the flow field, the black

dot indicates the location of the Streamline lidar, and the black plus sign shows the location of the EC station at

Selhausen. (b) The vertical wind component w measured with the Streamline wind lidar during the 30-min period.

(c) The vertical profile of the 30-min average of w measured with the Streamline lidar.
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reason, we calculated the relative low-frequency contri-

bution to the daily u spectra usingEq. (11).We did not find

an appreciable correlation between the low-frequency part

of the u spectrum and the energy balance ratio (linear

model; coefficient of determination R2 5 0.05), which

suggests that considering the strengths of TOS alone is

not sufficient for explaining the unclosed energy bal-

ance. In addition, the vertical scalar gradients need to

be taken into account, which is done in the following

section.

c. Relation of friction velocity and vertical gradients
to the energy balance residual

As explained in section 1, a considerable vertical gra-

dient in temperature and/or humidity is necessary in order

that TOS can contribute to the near-surface energy ex-

change. In other words, the magnitude of the energy

balance residual should correlate with the vertical gradi-

ent of temperature and humidity in the lower part of the

ABL. For this purpose, we determined the temperature

and moisture difference between the surface layer and

a height of 250 m AGL using the profiles from the

HATPRO microwave radiometer. Then, we performed

a linear-regression analysis between the mean daily en-

ergy balance residual and the correspondingmean vertical

gradients, by considering only the daytime values (0800–

1700 UTC). We excluded days on which the mean wind

direction was within the 3608–1358 sector (section 3a). In

a second step, we also excluded days with less than 50%

data availability, mainly as a result of rain events and poor

data quality according to the applied QA/QC scheme

(section 2b).

The regression analysis between various atmospheric

parameters and the mean daily energy balance residual

at the Selhausen site revealed a negative correlation

betweenQR and the friction velocity measured with the

sonic anemometer (Fig. 8a), with R2 5 0.23. With re-

spect to the vertical gradients, there was no correlation

with temperature (Fig. 8b) but there was a correlation

with atmospheric moisture (Fig. 8c), withR25 0.36. This

result means that large energy balance residuals pre-

dominantly occurred during periods with large vertical

moisture differences in the lower ABL. The coefficients

of determination become even larger (R2 5 0.32 for

FIG. 5. The horizontal flow field and vertical wind component around Selhausen at 1500–1530 UTC 7 Apr 2013.

This layout is identical to that in Fig. 4 except for the color scale in (a), which now indicates the spatial deviations u00

from the space–time-averaged horizontal wind speed.
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u* and 0.50 for the moisture gradient) if we exclude the

outlier in Figs. 8a–c (marked with a circle). The multiple

linear regression of the energy balance residual against

u* and the moisture gradient, that is,

QR5 c01 c1
1

u*
1 c2l

Dq

Dz
, (14)

has anR2 of 0.40 (all days) and 0.60 (without the outlier),

with c0 5 244.09Wm22, c1 5 8.38 kgm s24, and c2 5
3.69 kgm21 s21 being regression coefficients (without

the outlier) and l being the heat of vaporization.

As an alternative to the HATPRO profiles, we cal-

culated the vertical gradients between the surface and

the eddy-tower measurement height from the universal

functions following Eqs. (5)–(9). Again, QR correlates

with the vertical moisture gradient (R2 5 0.33) but not

with the vertical temperature gradient (Figs. 9a,b). The

multivariate regression of QR against u* and the mois-

ture gradient yields an R2 of 0.42 (all days) and 0.52

(without the outlier), with c0 5 233.61Wm22, c1 5
11.75 kgm s24, and c25 2.903 1023 kgm21 s21 (without

the outlier).

When the regression analysis was repeated for the

Merzenhausen site, only very weak correlations were

found between the vertical scalar gradients determined

from the HATPRO radiometer and the mean daytime

QR at Merzenhausen, with R2 values of 0.13 for the

temperature gradient and 0.03 for the moisture gradient

(data not shown). The gradients determined from the

radiometer were probably not representative for the

Merzenhausen site because of the larger distance of

approximately 12.5 km between the locations of the

HATPRO device and the EC station (Fig. 1). We cal-

culated the vertical gradients from the universal func-

tions applied to the local tower measurement, and we

found a correlation between QR and the temperature

(R2 5 0.35) as well as the moisture gradient (R2 5 0.38),

whereas the correlation with u* is weak (R2 5 0.11;

Fig. 10). The multiple linear model

QR 5 c01 c1cp
DT

Dz
1 c2l

Dq

Dz
(15)

has an R2 value of 0.46, with cp being the specific heat

capacity of air at constant pressure and c0 5
23.63Wm22, c1 5 11.45 3 1023 kgm21 s21, and c2 5
5.26 3 1023 kgm21 s21. At the Merzenhausen site, the

inclusion of u* does not improve the model performance

significantly. In summary, the friction velocity, the tem-

perature gradient, and the moisture gradient can help to

explain large energy balance residuals on a daily basis,

but not all three parameters were equally relevant for the

two sites analyzed in this study.

4. Discussion

In this study, we tested the hypothesis that TOS are

a major cause for the unclosed energy balance. On 7

April, the dual-Doppler data showed cellular structures

(Fig. 4a), whereas we usually detected parallel bands with

different wind speeds as, for example, on 16 April

(Fig. 5a), in the horizontal wind field of the surface layer.

The cellular structures indicate the presence of convec-

tive cells, or Bénard cells (Ahlers et al. 2009), which are

a typical feature in LES studies of the buoyancy-driven

FIG. 6. (a) The 30-min average (1030–1100 UTC 17 Apr 2013) of

the horizontal flow field around Selhausen (layout similar to that in

Fig. 4a); the solid black line shows the orientation of the RHI scan

of the Streamline lidar. (b) The synchronous 30-min average of the

radial velocity deviation from space–time-averaged wind y00r , mea-

sured with the Streamline lidar that performed RHI scans between

08 and 308 elevation and at 3578 azimuth angle. (c) The 30-min

average of y00r at 1230–1300 UTC 28 Apr 2013.
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ABL (Schmidt and Schumann 1989; Kanda et al. 2004;

Huang et al. 2008). Those convective cells have been

described as ‘‘spoke patterns’’ (Schmidt and Schumann

1989); that is, they form a network of narrow conver-

gence lines with strong updrafts aloft and wider circular

downdraft regions. The data from the vertically pointing

lidar indicate that the updraft regions are located above

the convergence lines and that these updrafts reach far

up into the atmosphere (Fig. 4b). According to LES

studies, the surface-layer convective cells merge into

large buoyancy-driven updrafts that fill the entire ABL

(Schmidt and Schumann 1989; Moeng and Sullivan

1994). Such large-scale turbulent structures were suspected

to be responsible for the saw-blade pattern of the energy

balance residual (Blanken et al. 1997) that we observed at

Selhausen on 7 April (Fig. 3a): if such large structures are

FIG. 7. Wavelet spectra of horizontal (u) and vertical (w) wind components measured at Selhausen on (a) 7 and

(b) 16 Apr 2013. The measurements at 2m AGL were conducted with a CSAT-3 sonic anemometer, and the mea-

surements at 100, 400, and 800m were taken with the Streamline Doppler wind lidar; the vertical dashed line in-

dicates f 5 1/1800Hz (i.e., a period of 30min).

FIG. 8. Linear regression analysis between the daily averages of the energy balance residualQR at Selhausen and (a) friction velocity u*,
(b) the vertical gradient of potential temperatureDu/Dzmultiplied by cp, and (c) specific humidityDq/Dzmultiplied by l, determined from

theHATPROprofiles (0–250mAGL). Days with amean wind direction from 08 to 1358 and less than 50%data availability were excluded

from the analysis. The specific heat capacity of air at constant pressure cp and the heat of vaporization l were needed to convert to energy

units. For each data point, we used only the daytime data measured between 0800 and 1700 UTC. The circle denotes an outlier (see text).
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(are not) properly sampled by theECmeasurement, that is,

the cell does (does not) advect past the tower within the

30-min averaging interval, the energy balance residual is

smaller (larger). Pure convective cells were only de-

tected with the dual-Doppler technique for several

hours, however, when the mean wind speed was low

enough and buoyancy was high. The horizontal wind

field in the surface layer was usually dominated by

parallel bands with different wind speeds (Figs. 5a and

6a) that could be traces of horizontal rolls (Etling and

Brown 1993; Moeng and Sullivan 1994) or secondary

circulations that are induced by upstream surface het-

erogeneities (Maronga and Raasch 2013). We found

evidence that, if the background wind is high enough,

there is strong mechanical mixing in the surface layer

and the majority of the energy-transporting eddies are

FIG. 9. Linear regression analysis between the daily averages of the energy balance residualQR

at Selhausen and (a) the vertical gradient of temperature DT/Dz multiplied by cp and (b) the

specific humidity Dq/Dz multiplied by l, determined from the universal functions (0–2m). Days

with amean wind direction from 08 to 1358 and less than 50%data availability were excluded from

the analysis. Only the daytime data measured between 0800 and 1700 UTC are used.

FIG. 10. Linear regression analysis between the daily averages of the energy balance residualQR at Merzenhausen and (a) the friction

velocity u*, (b) the vertical gradient of temperature DT/Dz multiplied by cp, and (c) the specific humidity Dq/Dz multiplied by l, de-

termined from the universal functions (0–2m). Days with a mean wind direction from 08 to 1358 and less than 50% data availability were

excluded from the analysis. Only the daytime data measured between 0800 and 1700 UTC were used.
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captured by the EC measurement (Fig. 5b). For this

reason, the energy balance residual is negatively corre-

lated with the friction velocity (Fig. 8a). This de-

pendence is well known and suggests that a high

intensity of mechanically induced turbulence improves

the energy balance closure (Blanken et al. 1997; Wilson

et al. 2002; Barr et al. 2006; Hendricks-Franssen et al.

2010; Stoy et al. 2013; Anderson and Wang 2014).

The RHI scans that were performed with the

Streamline lidar on 17 and 28 April confirm that the

TOS can reach almost down to the surface, since we still

found strong convergence in the horizontal wind at 15m

AGL (Figs. 6b,c). The dual-Doppler data and the data

from the Streamline lidar also suggest that TOS only

affect the u component in the surface layer and the w

component in the outer layer, which is confirmed by the

wavelet spectra (Fig. 7). For this reason, TOS do not

contribute much to the cospectra ofw andT andw and q

in the surface layer. This is the concept of the ogive test

(Desjardins et al. 1989), which was suggested to quantify

low-frequency losses of EC data (Foken et al. 1995,

2012; Charuchittipan et al. 2014). The ogive is the cu-

mulative integral of the cospectrum starting with the

highest frequencies and calculating up to a wavelength

of several hours. We applied this test using the wavelet

cross spectra [Eq. (12)], but it did not indicate any sig-

nificant low-frequency vertical flux contribution on

7 April (data not shown), presumably because the w

component was not affected and the structures were not

moving with the mean wind. Our data suggest that the

‘‘missing’’ energy is represented rather in the horizontal

fluxes.

Because the TOS affect the horizontal wind component

in the surface layer, we tested whether the nonclosure of

the energy balance can be related to the low-frequency

part of the u spectrum, but this approach was not suc-

cessful because of the extreme nonstationarity of this

time series. For doing spectral analysis on time series

data, we need stationary conditions over many hours,

a condition that was not fulfilled in the field because of

the diurnal cycle, veering wind directions, and variable

weather conditions. Therefore, we conclude that using

point measurements alone is not sufficient to quantify

the contribution of low-frequencymotions to the surface

energy fluxes, in particular if secondary circulations are

not carried along with the mean wind. We did demon-

strate that ground-based remote sensing instruments can

help to detect large-scale TOS that are difficult to cap-

ture with meteorological towers.

TheDoppler lidar data alone donot allowone to discern

whether the observed TOS contribute to the near-surface

exchange, that is, whether they are ‘‘active’’ turbulent

motions (Townsend 1976). If we take into account the

vertical gradients of temperature andmoisture in the ABL,

however, we can evaluate indirectly whether the TOS

affect the vertical exchange of energy. At both sites,

Selhausen and Merzenhausen, we found a correlation be-

tween themean daytime energy balance residual and the

moisture gradient, but a correlation was found with the

gradient of potential temperature only at Merzenhausen

(Figs. 8b,c, 9, and 10b,c). At Selhausen, the energy bal-

ance residual was larger when the differences in specific

humidity between the surface layer and the outer layer

were larger. In accord with this, the TOS may have con-

tributed more to the latent heat flux than to the sensible

heat flux at Selhausen. In other words, for adjusting the

energy balance closure, a larger fraction of the residual

energy should be assigned to the latent heat flux. This

contradicts the cospectral similarity approach (Blanken

et al. 1997; Twine et al. 2000), which says thatQR should

be distributed among QH and QE according to the mea-

sured Bowen ratio. Data from aircraft measurements

over the boreal forest in Canada (Eder et al. 2014) and

lysimeter measurements in the Alpine region (Wohlfahrt

et al. 2010) also suggest that a majority of the energy

balance residual should be added to the latent heat

flux. The results from theMerzenhausen site (Figs. 10b,

c), however, suggest that the TOS may contribute

similarly to the fluxes of sensible heat and latent heat,

which supports the approach to close the energy bal-

ance by conserving the Bowen ratio (Blanken et al.

1997; Twine et al. 2000). Therefore, we cannot give

a definite recommendation on how to correct the un-

closed energy balance, but the partitioning of the me-

soscale flux seems to be highly dependent on the

measurement site.

For calculating the vertical gradients, we recommend

the use of profile measurements of u and q (Fig. 8). If

the profiles are not available, as was the case for the

Merzenhausen site, the application of profile equations

seems to be a good alternative (Figs. 9 and 10). Because

these gradients are derived from biased EC fluxes esti-

mates, however, we tested whether the magnitude of the

EC fluxes alone is sufficient to explain the energy bal-

ance residual (data not shown). If so, a systematic in-

strumental bias could also be a major cause of the

unclosed energy balance, but the correlations were

much weaker (R2 , 0.18) than those in Figs. 9 and 10.

This gives us confidence that calculating the vertical

gradients of T and q is a convenient approach for

showing that the EC method does not capture the flux

contributions of TOS.

In addition, we have shown that some part of the non-

closure of the energy balance can be explained by flow-

distortion effects (section 3a). The 30-min averages of the

vertical wind component show a strong dependence on
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wind direction for the northeasternwind sector (Figs. 3e,f).

The EC systems were arranged in such a way that there

is no flow distortion for the main wind direction. That is,

the sonic anemometer is facing to the southwest, and the

tower mountings and the measurement devices are lo-

cated in the northeastern wind sector, where they deflect

the wind field. This may result in a decorrelation of the

vertical wind and the scalars, that is, in lower flux esti-

mates. We accordingly calculated a lower energy bal-

ance ratio for the northeastern and eastern wind sectors

at both EC towers (Figs. 3a,b). It is important to note

that the automated QA/QC routine that was applied to

the data did not detect this effect, because the measured

mean vertical wind component lay below the preset

threshold of 0.1m s21 and the measured integral turbu-

lence characteristics deviated by less than 30% from the

modeled ones (Mauder and Foken 2011). Therefore,

an influence of anemometer backwind deficiencies,

tower mountings, and nearby instruments on the EC

fluxes has to be taken into consideration for the north-

eastern sector, even after filtering out unreliable data

using the QA/QC routine. We strongly recommend

checking the processed data, especially w and u/u*, for

such effects. Because it is not clear whether the design of

the anemometer or the instrumental setup is the main

source of disturbance, future research on this topic

would be desirable.

In summary, we showed that a large fraction of the

observed variability in the energy balance residual can be

explained by the friction velocity and the vertical gradi-

ents of temperature and moisture (section 3c), after ex-

cluding data from wind sectors that are affected by flow

distortion and after excluding measurement days with

insufficient data availability. Therefore, Eqs. (14) and

(15) might serve as a first step to develop a parameteri-

zation for the energy balance residual. The remaining

variability results most likely from 1) the neglect of en-

ergy storage terms, which were relevant during the first

days of the investigation period (i.e., at the beginning of

April 2013), and 2) the randommeasurement error that is

due to the stochastic nature of turbulence, instrumental

noise, and the changing footprint of the measurement

(Mauder et al. 2013).

5. Conclusions

We proved with field measurements that TOS with

time scales of larger than 30min can extend deep into the

surface layer, and we have confirmed the dependence of

the energy balance closure on friction velocity. The latter

result suggests that the closure improves with enhanced

mechanical mixing and increased propagation speed of

the coherent structures. The vertical humidity gradient in

the lower ABL also helped to explain the observed var-

iability ofQR, whereas the vertical temperature gradient

was only relevant for one of the two sites under in-

vestigation. This finding indicates that the energy balance

at the EC towers lacks closure because TOS affect the

near-surface exchange. Besides TOS, there are also

heterogeneity-induced mesoscale secondary circulations

that are fixed in space (Lee and Black 1993; Mahrt 1998;

Foken 2008b), which cannot be captured by point mea-

surements alone. Although we did not detect them with

the dual-Doppler lidar in this study area, we expect them

to play a significant role in ecosystem–atmosphere ex-

change in complex terrain—for example, sites in moun-

tainous areas (Brötz et al. 2014), sites close to land–water

boundaries (Higgins et al. 2013), or roughness heteroge-

neities such as forest edges (Eder et al. 2013).

Our study also shows that point measurements are not

an adequate tool for quantifying the flux contribution of

TOS, because these features are three-dimensional.

Ground-based remote sensing measurements give more

insight into the spatial structure of the surface layer, and

we were able to visualize TOS in the surface layer, but

their flux contributions can only be calculated if we also

know the temperature and moisture field with a high

temporal and spatial resolution. Because these re-

quirements cannot be fulfilled with current field experi-

ments, only intensive modeling studies can help. An LES

model allows for conducting virtual measurements under

well-defined environmental conditions, but the in-

vestigation of near-surface exchange requires a very fine

grid resolution to prevent wall effects and to resolve at-

mospheric turbulence instead of parameterizing it in the

surface layer.
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