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The  Yatir  forest  in Israel  is a solitary  forest  at the  dry  timberline  that is surrounded  by  semi-arid  shrub-
land.  Due  to  its  low  albedo  and  its high  surface  roughness,  the  forest  has a  strong  impact  on the  surface
energy  budget,  and  is supposed  to induce  a  secondary  circulation,  which  was  assessed  using  eddy-
covariance  (EC)  and  Doppler  lidar  measurements  and  large-eddy  simulation  (LES). The buoyancy  fluxes
were 220–290  W  m−2 higher  above  the  forest,  and  the  scale  of  the  forest  relative  to  the  boundary-layer
height  is ideal  for generating  a secondary  circulation,  as  confirmed  by a LES run  without  background
wind.  However,  usually  a  relatively  high  background  wind  (6 m  s−1) prevails  at  the  site.  Thus,  with  the
Doppler  lidar  a persistent  updraft  above  the  forest  was  detected  only on 5 of the  16  measurement  days.
Nevertheless,  the  secondary  circulation  and  convective  coherent  structures  caused  low-frequency  flux
econdary circulation contributions  in  the mixed-layer  w spectra,  the  surface  layer  u  and  w spectra  and  in  the  surface-layer
momentum  fluxes.  According  to the  ogive  functions  from  the  tower  data  and  a  control  volume  approach
using  the  LES,  such  low-frequency  contributions  with  timescales  >30 min  were  a major  reason  the non-
closure  of  the energy  balance  at the  desert  site.  In the  roughness  sublayer  above  the  forest,  these  large
structures  were  broken  up  into  smaller  eddies  and  the  energy  balance  was  closed.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

The convective atmospheric boundary layer is conceptually
ivided into a surface layer and a mixed layer or outer layer
Driedonks and Tennekes, 1984). The turbulence of the homoge-
eous surface layer under stationary convective conditions obeys
onin–Obukhov similarity theory. In addition, large convective

oherent structures that scale with the height of the atmospheric
oundary layer influence the horizontal wind component (Kaimal,
978; Højstrup, 1981). They are often called ‘inactive motions’

ecause according to Townsend (1961) and Bradshaw (1967) they
re imprints of large turbulent fluctuations originating from the
uter layer and do not contribute to shear stress. The convec-

∗ Corresponding author at: Institute of Meteorology and Climate Research,
tmospheric Environmental Research, Karlsruhe Institute of Technology, Kreuzeck-
ahnstraße 19, 82467 Garmisch-Partenkirchen, Germany. Tel.: +49 8821 183 137;
ax: +49 8821 73573.

E-mail address: fabian.eder@kit.edu (F. Eder).

ttp://dx.doi.org/10.1016/j.agrformet.2015.06.001
168-1923/© 2015 Elsevier B.V. All rights reserved.
tive coherent structures are thermals (Wilczak and Tillman, 1980;
Williams and Hacker, 1993), open cells (Kropfli and Hildebrand,
1980; Träumner et al., 2014) or, in case of background wind,
as horizontal rolls (Etling and Brown, 1993; Drobinski et al.,
1998; Maronga and Raasch, 2013) and typically have horizon-
tal length scales of 1.5 times the boundary-layer height (Kaimal
et al., 1976; Caughey and Palmer, 1979; Liu et al., 2011). How-
ever, homogeneous field conditions can rarely be met  in reality,
which complicates the application of universal scaling rules and
the interpretation of boundary-layer measurements. Differences in
surface roughness, temperature or moisture are supposed to cre-
ate internal boundary layers (Garratt, 1990; Strunin et al., 2004),
to induce advection on the surface-layer or boundary-layer scale
(Raupach and Finnigan, 1995; Higgins et al., 2013) and, if the
differences in surface properties are strong enough and if the
surface patches are large enough, to induce secondary circula-

tions (Mahfouf et al., 1987; Dalu and Pielke, 1993; Courault et al.,
2007; van Heerwaarden and Vilà-Guerau de Arellano, 2008; Garcia-
Carreras et al., 2010; Sühring and Raasch, 2013; Dixon et al., 2013;
Kang and Lenschow, 2014; van Heerwaarden et al., 2014).

dx.doi.org/10.1016/j.agrformet.2015.06.001
http://www.sciencedirect.com/science/journal/01681923
http://www.elsevier.com/locate/agrformet
http://crossmark.crossref.org/dialog/?doi=10.1016/j.agrformet.2015.06.001&domain=pdf
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Large-scale boundary-layer structures also have an effect on
urface flux measurements conducted with the eddy covariance
echnique (Foken, 2008; Foken et al., 2011). The eddy-covariance
EC) method is very attractive for determining land-atmosphere
xchange of energy and traces gases, since it does not disturb the
cosystem under investigation and the flux measurement oper-
tes on the ecosystem scale, i.e. it is representative of a larger area
Schmid, 1994; Baldocchi, 2003). However, this method generally
oes not close the energy balance at the earth’s surface, which is
alled the energy balance closure problem (Foken, 2008). Accord-
ngly, the energy balance ratio R, which is the sum of sensible heat
ux QH and latent heat flux QE divided by net radiation –QS∗ minus
he ground heat flux QG ,

 = QH + QE
−QS∗ − QG

, (1)

s usually smaller than unity. Multi-site analyses across different
cosystems have shown that energy balance ratios usually range
etween 0.7 and 0.9 (Wilson et al., 2002; Hendricks-Franssen et al.,
010; Stoy et al., 2013).

A potential reason for this is the non-consideration of fluxes
arried by (i) turbulent structures with timescales larger than the
veraging time of the EC system (Sakai et al., 2001; Turnipseed et al.,
002; Foken et al., 2006; Charuchittipan et al., 2014) or by (ii) sec-
ndary circulations that are bound to surface heterogeneities and
o not move in space (Lee and Black, 1993; Mahrt, 1998; Hiyama
t al., 2007). There are indications that the non-closure of the energy
alance is related to the heterogeneity of the surrounding land-
cape (Mauder et al., 2007a; Panin and Bernhofer, 2008; Stoy et al.,
013), but experimental evidence that secondary circulations are
n important transport mechanism in the surface layer is still lack-
ng.

In this study, we aim to investigate the structure of the convec-
ive boundary layer above a well-defined surface heterogeneity.
he Yatir forest in Israel is a planted pine forest with a scale of

pproximately 6–10 km,  located in a semi-arid region at the dry
imberline at the northern border of the Negev desert. Due to its
ow albedo and its increased surface roughness as compared to the
emi-arid desert, the forest generates higher turbulent heat fluxes

ig. 1. Topographic map  of the Yatir forest showing the locations of the measurement de
nd  west of the desert site at present.
eteorology 211 (2015) 115–127

than the adjacent desert (Rotenberg and Yakir, 2011). We  hypoth-
esize that the resulting spatial differences in surface buoyancy flux,

QB = QH

(
1 + 0.61T

cpQE
�QH

)
, (2)

where T is the temperature, cp is specific heat of air at constant
pressure and � is the heat of vaporization (Schotanus et al., 1983;
Charuchittipan et al., 2014), should drive a secondary circulation
between the forest and the desert. For this reason, it will be investi-
gated whether Yatir forest is large enough and whether the surface
heat flux differences are strong enough to modify the convective
boundary-layer dynamics and to induce a secondary circulation.
Scaling approaches, ground-based remote sensing measurements,
high-frequency 3d-wind measurements and large-eddy simulation
(LES) will be used for this study. In particular, the role of secondary
circulations for the measured surface energy balances at the forest
and the desert site will be investigated. It is intended to provide
evidence why the turbulent heat fluxes are likely to be underesti-
mated by the EC method. For this purpose, wind spectra and ogive
functions will be calculated and the LES model will be used to iden-
tify the missing flux components by considering the flux budget
equation of virtual control volumes.

2. Methods

2.1. Research site

The measurements (Fig. 1) were taken at Yatir pine forest
(31◦20′43.1′′N, 35◦3′6.7′′ E, 660 m a.s.l.) and in the nearby semi-arid
shrub land (31◦19′6.5′′N, 34◦58′54.84′′E, 461 m a.s.l.). The site lies
in the transition zone between the Mediterranean climate and the
semiarid climate. The mean annual precipitation is 285 mm  with
a distinct dry summer period. The measurement campaign lasted
from 21 August to 11 September 2013. As such, it took place more
than 6 months after the last rain event in the area.

The Yatir forest is dominated by Pinus halpensis trees of 11 m
height that were planted mostly from 1964 to 1969 and cover an
area of about 2800 ha (Grünzweig et al., 2003; Rotenberg and Yakir,

2011). The surrounding area has been under grazing for at least sev-
eral decades and is sparsely covered with shrubs and herbaceous
annuals and perennials. Since the measurements were conducted
at the end of the dry season, the major part of the semi-arid shrub-

vices at the desert site and the forest site. Please note that there is no forest south
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and was free of vegetation. For this reason, we will call the site that
as located there a “desert” for simplicity.

The atmospheric boundary layer in the region is known to
e influenced by cyclical large-scale synoptic weather variations
Dayan et al., 1988). The weather conditions during summer are
ominated by the “Persian trough”, a surface low-pressure trough
hat extends from the Asian monsoon region through the Persian
ulf to the Aegean Sea (Ziv et al., 2004). It is responsible for the
ersistent north-westerly flow from the eastern Mediterranean to

srael, known as the Etesian winds. The Persian trough is capped by
 subtropical anticyclone centred over North Africa and the Mid-
le East, and the strength of that anticyclonic flow determines
he depth of the trough and the mean boundary-layer depth in
he region (Dayan et al., 2002). Furthermore, the boundary-layer
evelopment is also affected by the diurnal sea-breeze cycle. Dur-

ng daytime, a sea breeze from the Mediterranean Sea that acts
ike a weak cold front penetrates inland (Dayan et al., 1988; Dayan
nd Rodnizki, 1999). It is associated with a reduced boundary-layer
epth (Levi et al., 2011).

.2. Eddy-covariance and radiation measurements

In order to assess the energy balance and the turbulent heat
uxes at the forest site and the desert site, EC and radiation mea-
urements were conducted. At the forest, data from the FLUXNET
tation “Yatir” (IL-Yat) were used (Fig. 1). A R3-50 sonic anemome-
er (Gill Instruments, UK) measured the wind vector and the sonic
emperature, a LI-7000 gas analyzer (LiCOR Biogeosciences, USA)
he water vapour and carbon dioxide concentration, two CM21
yranometers (Kipp & Zonen, The Netherlands) the short-wave up-
nd down-welling radiation and two PIR pyrgeometers (Eppley lab,
SA) the long-wave up- and down-welling radiation. The sonic and

he inlet of the gas analyzer were mounted at a height of 19 m a.g.l.,
.e. 8 m above the top of the forest canopy, the radiation sensors
t 5 m above the top of the forest (Rotenberg and Yakir, 2011).
he data were stored on a CR1000 data logger (Campbell Scien-
ific, USA). In the desert, a small meteorological mast was operated
Fig. 1) that was equipped with a R3-100 sonic anemometer (Gill
nstruments, UK), a LI-7200 gas analyzer (LiCOR Biogeosciences,
SA), two CMP21 pyranometers (Kipp & Zonen, The Netherlands),

wo CGR4 pyrgeometers (Kipp & Zonen, The Netherlands) and a
R3000 data logger (Campbell Scientific, USA). The measurement
eight was 6 m a.g.l.

At both systems, the measurement frequency was 20 Hz. The
ost-field data processing according to Mauder et al. (2013)

ncluded a raw data delay correction based on the maximization
f the cross-correlation, a spike removal based on median abso-

ute deviation, a double rotation of the wind vector and corrections
or the high-frequency spectral loss (Moore, 1986), the difference
etween sonic temperature and air temperature (Schotanus et al.,
983) and density fluctuations (Webb et al., 1980). The calculations
ere done with the software package TK3.11 (Mauder and Foken,

011). For quality assurance and quality control (QA/QC), a three-
lass quality flagging scheme according to Mauder et al. (2013) was
pplied to the 30-min turbulent statistics and fluxes. In this study,
ata of moderate (flag 1) and highest quality (flag 0) were used.

.3. Doppler lidar measurements

In addition to the micrometeorological measurements, a scan-
ing Doppler wind lidar (Streamline, HaloPhotonics Ltd., U.K.) was
perated next to the meteorological tower at the forest site (Fig. 1).
t emits a pulsed laser light of 1.5 �m wavelength at a pulse rep-
tition frequency of 15 kHz and averages over 15000 pulses, i.e.
ts effective measurement frequency is approximately 1 Hz. The
oppler lidar determines the wind component along the optical
eteorology 211 (2015) 115–127 117

axis, the radial velocity, from the Doppler shift of the emitted laser
pulse due to the movement of atmospheric particles relative to
the device. During the measurement campaign, the Doppler lidar
mainly pointed vertically upward into the atmosphere to measure
profiles of the vertical wind component with a vertical resolution
of 30 m.  Every 30 min, a velocity azimuth display scan (Browning
and Wexler, 1968) with 16 points was  performed in order to mea-
sure the horizontal wind profile. Data from the lowest 60 m and
data with poor quality, i.e. signal-to-noise ratios <−17 dB, were
discarded. For signal-to-noise rations >−17 dB, the measurement
precision is better than 0.2 m s−1, which was  determined from the
difference between lags 0 and 1 of the auto-covariance function
(Lenschow and Kristensen, 1985; Frehlich, 2001). Moreover, the
boundary-layer height zi was determined from the maximum nega-
tive gradient in the backscatter intensity profile (Emeis et al., 2008).

2.4. Fourier and wavelet analysis

Fourier and wavelet analysis were performed in order to deter-
mine the mixed-layer and surface-layer velocity spectra using the
20-Hz sonic anemometer data of u, v and w, and the 1-Hz Doppler
lidar data of w, where u represents the along-wind, v the crosswind,
and w the vertical wind component. At first, unreliable data were
removed from the time series: lidar data with low signal-to-noise
ratios (Section 2.3) and sonic data that were beyond the consistency
limits (Mauder et al., 2013) or that were spikes according to median
absolute deviation method. Time series from which more than 5%
of the data had to be rejected were excluded from the analysis.
The gaps were filled by means of linear interpolation and the high-
frequency sonic data were rotated into the mean wind direction,
i.e. v̄ = 0.

The Fourier transform was  applied to the time series data in
order perform an ogive test, that was introduced by Desjardins
et al. (1989) and applied to micrometeorological tower measure-
ments by Foken et al. (1995) to test whether all low-frequency
contributions are captured. This requires calculating the Fourier
co-spectrum Comn of two  time series m and n given as

Comn (f ) = � (F∗
m (f ) Fn (f )) ,  (3)

where Fm and Fn are the complex coefficients of the fast Fourier
transforms of m and n, f denotes the frequency, the asterisk denotes
the complex conjugate and � indicates taking the real part (Stull,
1988). The ogive function og is the cumulative integral of the co-
spectrum starting from the highest frequency fmax (Foken et al.,
2006),

og (f0) =
f0∫
fmax

Comn (f )df. (4)

If the ogive function already converges for frequencies
f0 < 1/1800 Hz, all turbulent motions are captured within 30 min,
which was  the averaging interval of the EC method.

The wavelet transform was applied to calculate the wind veloc-
ity spectra, because it resolves the time series in frequency and
time domain and is also able to capture turbulent motions that do
not pass by the measurement device regularly in time. The sonic
data were block-averaged to 1 Hz in order to reduce the computa-
tion time. A continuous wavelet transform was applied using the

Morlet mother wavelet with a frequency parameter of 6 (Torrence
and Compo, 1998; Mauder et al., 2007b). The convolution of a time
series m with the mother wavelet � shifted by b and scaled by a
gives the wavelet coefficients Wm(a, b). The wavelet spectrum Sm(a)
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Table 1
Overview of the LES configuration.

Surface heat flux (K m s−1) 0.4 (forest); 0.16 (desert)

Roughness length (m)  2.0 (forest), 0.01 (desert)
Background wind (m s−1) 0; 6
Initial boundary layer height (m)  1200
Number of grid points (−) 1200 × 1200 × 120
Domain size (m)  24000 × 24000 × 2400
Size of the forest rectangle (m)  10000 (lateral) × 6000 (longitudinal)
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Fig. 2. Scheme describing control volume and corresponding flux components for
the sensible heat flux. The flux though the lower face of the cube is the prescribed
surface heat flux. Through each other face s of the cube, sensible heat is transported

by  the turbulent fluxes �v′
⊥�

′ �, advection �v′
⊥���� and dispersive fluxes

[
ıv⊥ı�

]
,

where v⊥ is the velocity vector perpendicular to the corresponding face. For the

upper face of the control volume, v⊥ is replaced by w, and
[
w′�′

]
represents the

EC flux at the top of the control volume. In addition potential temperature can be
Time step (s) 1.8
Spatial resolution (m)  20
Simulation duration (h) 6

s obtained after squaring the wavelet coefficients and integrating
ver b (Hudgins et al., 1993),

m (a) = ıj

a

ıt

Cı

1
N

N−1∑
b=0

|Wm (a, b) |2, (5)

here ıj = 0.25 is the spacing between the scales of the wavelet
ransform, ıt is the time step of the time series, and Cı = 0.776 is

 specific constant for the Morlet function (Torrence and Compo,
998). In order to prevent edge effects, only those wavelet coeffi-
ients outside of the cone of influence were considered (Torrence
nd Compo, 1998). The integral over the wavelet spectrum is equal
o the variance of the time series and integrating over parts of the
pectrum gives the contributions of specific scales. Accordingly,

L =

∑
a>�

Sm (a)

∑
Sm (a)

(6)

s the relative contribution of turbulent structures with time scales
arger than �.

.5. Large-eddy simulation

The LES model PALM v3.9 (Maronga et al., 2015) was  used to
valuate the influence of the desert–forest system on the boundary-
ayer structure under idealized conditions (Table 1). The shape of
he Yatir forest was approximated by a rectangular triangle. The
ifference between forest and desert was encoded in different sur-

ace fluxes and roughness lengths. We  did not include an additional
lant canopy layer for the forest, since we are primarily interested

n the boundary-layer structure and circulations above the forest
nd desert. Also, we only ran dry simulations, because the humid-
ty was practically negligible during the days of the measurement
ampaign. Another idealization was that the simulations took place
n flat terrain, although in reality the terrain around the Yatir for-
st consists of moderate hills and it slowly rises for 200 m from
he desert measurement station to that within the forest (Section
.1). This idealization allowed us to disentangle the influence of
urface parameters on the boundary layer structure from that by
he topography.

In the horizontal, periodic boundary conditions were applied.
he size of the domain was sufficiently large such that the forest
id not interact with its periodic copies. At the upper boundary,
he vertical velocity and the perturbation pressure were zero. At
he lower boundary, the standard Prandtl layer parameterization of
ALM was applied, using Monin–Obukhov similarity theory within
he first grid cell. The simulations were initialized with a constant
otential temperature of 305 K up to 1200 m,  above which there
as a capping inversion of 0.01 K m−1. We  focused on two differ-
nt cases: a simulation with zero background wind, and another
ith 6.0 m s−1 background wind from the northwest, i.e. 315◦, that

s representative for the conditions during the measurement cam-
aign. For detailed information on the LES model including the
stored in the control volume over time, i.e. ı�
ıt

/= 0. The notation is according to the
text.

boundary conditions, sub-grid and Prandtl layer parameterization,
we refer to Maronga et al. (2015).

2.6. Control volume approach

In the LES model, the velocity vector field and the scalar fields are
output at the spatial and temporal resolutions specified in Table 1.
This offers the opportunity to set up a virtual cubic control volume
(Fig. 2) around the measurement locations at the forest centre and
in the desert and to calculate the complete flux budget equation for
the sensible heat flux (Finnigan et al., 2003). Spatiotemporally aver-
aging the equation for the potential temperature of PALM (Maronga
et al., 2015) over the cubic control volume and over 30 min yields
the budget equation

�H0� = �w′�′� +
∑
s

�v′⊥�′�s + �w���� +
∑
s

�v⊥�s���s

+
[
ıwı�

]
+

∑
s

[
ısv⊥ıs�

]
s
+

∫∫∫ ∂�
∂t

dxdydz
, (7)

where H0 denotes prescribed surface heat flux, x, y and z the
Cartesian coordinates, w the wind component in z direction, � the
potential temperature, v⊥ the velocity vector perpendicular to any
lateral face s of the cube in the xz-  or yz-plane. The angular brackets
indicate the spatial average over the respective face of the cube,
the ı corresponding spatial fluctuations, the overbars temporal
averages, the primes the temporal fluctuations. The term on the
left-hand side of Eq. (7) is the ‘true’ surface heat flux, the terms
of the right-hand side denote the EC flux at the top of the control
volume, the horizontal flux divergence, the vertical and horizon-
tal advection, the vertical and horizontal dispersive fluxes (Belcher
et al., 2012) and the storage of � within the control volume. The
parameterized sub-grid fluxes were added to the virtual EC flux and
horizontal turbulent fluxes. For the present study, the side length

of the cubic control volumes was chosen as 5 grid points and they
were located at the forest centre and at the approximate location
of the ceilometer in the desert.
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Table  2
Daytime (5–15 UTC) surface-layer parameters at the desert site and the forest site.

Date u*,desert u*,forest z/Ldesert z/Lforest Bodesert Boforest QB,desert QB,forest

[m s−1] [m s−1] [−] [−] [−] [−] [W m−2] [W m−2]

22 August 2013 0.26 – −2.17 – 11.1 – 140.1 –
23  August 2013 0.24 0.78 −0.91 −0.11 8.4 12.7 158.3 409.8
24  August 2013 0.27 0.75 −0.51 −0.10 9.7 15.8 158.6 278.3
25  August 2013 0.24 0.66 −0.97 −0.18 10.0 9.4 179.1 362.1
26  August 2013 0.28 0.76 −1.25 −0.37 21.9 10.5 169.2 415.4
27  August 2013 0.26 0.81 −0.76 −0.10 8.6 7.4 179.9 418.2
28  August 2013 0.21 0.78 −2.49 −0.11 3.7 24.7 157.5 438.8
29  August 2013 0.23 0.69 −1.25 −0.21 7.3 7.1 163.1 419.1
30  August 2013 – 0.72 – −0.70 – 15.6 – 406.0
31  August 2013 – 0.65 – −0.26 – 17.1 – 334.8
01  September 2013 0.24 – −1.39 – 7.0 – 207.1 –
02  September 2013 0.23 – −1.88 – 9.5 – 161.5 –
03  September 2013 0.22 0.70 −0.98 −0.20 7.4 15.9 156.2 415.6
04  September 2013 0.25 0.76 −0.70 −0.10 6.8 11.7 159.4 343.7
05  September 2013 0.26 0.87 −0.65 −0.09 7.7 – 163.9 –
06  September 2013 0.28 0.70 −1.07 −0.23 13.3 43.5 149.5 380.7
07  September 2013 0.26 0.74 −4.00 −0.17 12.0 14.7 182.5 443.2
08  September 2013 – 0.65 – −0.17 – 9.5 – 399.2
09  September 2013 – 0.71 – −0.20 – 16.1 – 400.5
10  September 2013 – 0.72 – −0.28 – 10.6 – 342.9

u*: friction velocity; z: measurement height; L: Obukhov length; Bo: Bowen ratio; QB: surface buoyancy flux.

Table 3
Daytime (5–15 UTC) boundary-layer parameters.

Date zi U � w*,desert w*,forest LRau

[m]  [m s−1] [◦] [m s−1] [m s−1] [m]

22 August 2013 1220 6.99 296 1.78 – 3830
23  August 2013 1000 7.05 310 1.72 2.20 2700
24  August 2013 1210 8.31 286 1.76 2.05 3360
25  August 2013 1160 5.61 311 1.83 2.20 2170
26  August 2013 1030 6.25 330 1.91 2.26 2450
27  August 2013 1010 6.84 345 1.75 2.19 2290
28  August 2013 790 5.87 329 1.53 2.10 2180
29  August 2013 780 6.68 310 1.63 2.01 1930
30  August 2013 – 5.55 337 – 2.05 –
31  August 2013 – 4.77 297 – 2.01 –
01  September 2013 900 5.25 286 1.71 – –
02  September 2013 800 5.28 303 1.64 – –
03  September 2013 820 5.91 325 1.68 2.17 1980
04  September 2013 930 6.67 285 1.68 1.96 2580
05  Sept 2013 – 6.74 312 1.70 2.43 –
09  Sept 2013 980 5.49 316 – 2.13 –
10  Sept 2013 1420 6.19 348 – 2.20 –

z �: me
l

3

3

h
d
d
w
t
b
t
e

i: boundary-layer height above the forest, U: mean wind speed at 200–500 m a.g.l., 

ength  scale according to Raupach and Finnigan (1995).

. Results and discussion

.1. Surface turbulent heat fluxes and energy balance closure

The average daily cycles of net radiation and surface turbulent
eat fluxes at both sites (Fig. 3) illustrate the extremely dry con-
itions in the area with a mean daytime Bowen-ratio of 8.4 at the
esert site and 12.5 at the forest site. The results are in accordance
ith long-term measurements of Rotenberg and Yakir (2011) at

he Yatir forest, who found Bowen-ratios larger than 10 and sensi-
le heat fluxes up to 926 W m−2 during summer. Fig. 3 also shows
he increased sensible heat flux above the forest, for which several
xplanations can be found:
i) Due to its low albedo (12.5%) as compared to the desert (33.7%),
the forest reflects less shortwave radiation, e.g. about 200 W m−2

less around noontime. In addition, the long-wave upwelling
radiation at the forest is lower by about 100 W m−2. This sur-
an wind direction at 200–500 m a.g.l., w*: convective velocity scale, LRau: convective

plus of energy is mainly put into QH because of the extremely
dry conditions.

ii) The high surface roughness length of the forest increases fric-
tion, which leads to an increased turbulence intensity above
the forest site. As a result, the friction velocity at the forest site
is about 3 times larger than at the desert site (Table 2). This
increased turbulence intensity above the forest facilitates the
vertical transfer of heat (Juang et al., 2007) which is known as
the canopy convector effect (Rotenberg and Yakir, 2010, 2011).

Regarding the surface energy balance, QG was  not measured,
although it probably has a large amplitude, especially at the desert
site (Heusinkveld et al., 2004). However, on a daily basis, and espe-
cially over a longer period, QG should be zero on average, because

the energy that is stored in the soil during the day is released dur-
ing the evening and the night. Leuning et al. (2012) confirmed that
the ratios of (QH + QE)/(−QS∗) and (QH + QE)/(−QS∗ − QG) on a daily
time scale are equivalent. Accordingly, the average energy balance
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losure at both sites was calculated by integrating −QS∗, QH and QE
ver the whole measurement campaign, and the energy balance
as found to be not closed at the desert site (R = 0.81) whilst it was

losed at the forest site (R = 1.00). Under the assumption that under
hese extremely dry conditions only QH and not QE is considerably
nderestimated, we could correct for this systematic error at the
esert site by adding the complete ‘missing’ energy (0.19 QS∗) to
H . This would increase the sensible heat flux above the desert by
0%.

Consequently, there is a difference in surface buoyancy QB (Eq.
2), Table 2) between forest and desert of about 270–340 W m−2

uring daytime, or of about 220–290 W m−2 if we account for the
nderestimation of QH at the desert site. If the forest is large enough
Section 3.2), this might induce a secondary circulation (Section 3.3)
hat could affect in turn the measurements of the turbulent heat
uxes (Section 3.4).

.2. Boundary-layer convective scaling

For generating secondary circulations, surface patches must be
arge enough to induce advection at the boundary-layer scale. In
he convective boundary-layer, large eddies exchange air between
he surface and boundary-layer top within a time scale of zi/w∗ ,

hich is usually a few tens of minutes. Accordingly, the surface
eterogeneity should be larger than the distance LRau that the flow
ravels during this mixing time scale (Raupach and Finnigan, 1995),

Rau = CRau
UZi
w∗ , (8)

here U is the mean wind speed of the well-mixed bulk of the
onvective boundary layer, which was determined from the wind
rofile of the Doppler lidar between 200 m and 500 m a.g.l. (Table 3),
nd CRau = 0.8 (Mahrt, 2000) is a non-dimensional coefficient. The
lending height concept (Mahrt, 2000) is an alternative method for
stimating the minimum size of surface heterogeneities. However,
his approach was not applicable for the convective boundary layer
t the Yatir site, since it only considers vertical mixing due to shear-
nduced turbulence.

LRau was calculated using the daytime averages of U, zi and w∗
Table 3). For most measurement days, it was found that the size
f surface heterogeneities should be at least around 2–2.5 km.  On
2 August and 24 August, LRau was >3 km due to the relatively deep
oundary layers on 22 August and 24 August and the relatively
igh wind speed on 24 August. The shape of the Yatir forest is

pproximately a triangle, with a size of 10 km in East–West direc-
ion and 6 km in North–South direction. Accordingly, it should be
lways large enough to generate secondary circulations. Further-
ore, since the mean daytime boundary-layer height above the
 desert site and (b) the forest site between 22 August and 11 September 2013. The

forest was about 800–1400 m (Table 3) with maximum values of
about 2000 m around noontime, the forest also fulfils the pre-
requisites by Patton et al. (2005) who found that heterogeneities
with a size of around 4–9 times the boundary-layer height are
most effective in generating secondary circulations. Recently, van
Heerwaarden et al. (2014) stressed that the optimum ratio of het-
erogeneity size to boundary-layer height increases with increasing
heat flux amplitude.

3.3. Secondary circulation above the forest

The surface buoyancy flux above Yatir forest is ∼220–290 W m−2

larger than in the desert (Section 3.1) and that the forest is large
enough to cause boundary-layer scale advection (Section 3.2).
Accordingly, a secondary circulation might develop in that area,
which was tested by means of LES and analyzing the wind mea-
surements of the Doppler lidar and the sonic anemometers.

As described in Section 2.5, two different LES runs were per-
formed, one with zero background wind and one with a background
wind of 6 m s−1 from 315◦ that is representative of the typical mete-
orological conditions during the measurement campaign (Table 3).
The boundary-layer height was initialized with 1200 m (Section
2.5) and grew up to about 1500 m after 3 h of simulation. Thus, ratio
of heterogeneity scale to boundary-layer height was  about 5–7. The
forest was encoded as an isolated patch with a larger surface heat
flux that covered about 5% of the model domain and exhibited a 2.3
times higher surface buoyancy flux than the domain average that is
almost equal to the desert buoyancy flux. For such heat-flux ampli-
tudes, van Heerwaarden et al. (2014) confirmed the suggested ideal
ratio of heterogeneity scale to boundary-layer height by Patton et al.
(2005) of 4–9. For the zero-wind case (Fig. 4a,c), a strong updraft
above the forest was  found after 3 h of simulation with vertical wind
speeds >3 m s−1 at the forest centre. The desert area showed hexag-
onal patterns that are typical for open cell convection (Schmidt and
Schumann, 1989; Träumner et al., 2014). However, it seems that
updrafts >2 m s−1 were suppressed within a distance of <5 km from
the forest border (Fig. 4c). Accordingly, at low wind speeds, the for-
est is able to induce meso-scale circulations similar to those which
were detected with aircrafts above lakes in the boreal forest (Sun
et al., 1997), above patches with different surface moisture in the
Sahel region (Taylor et al., 2007; Garcia-Carreras et al., 2010) and
the Great Plains, USA (Kang et al., 2007), or above irrigated agri-
cultural land in arid regions (Mahrt et al., 1994; Wulfmeyer et al.,

2014).

For the LES run with background wind (Fig. 4b,d), only a weak
net updraft was found above the forest (Fig. 4b). The whole sim-
ulation domain was  dominated by bands of up- and downdrafts
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Fig. 4. The vertical wind component w from the LES runs without (a,c) and with geostrophic wind (b,d) after 3 h of simulation; panels (a) and (b) show the spatially-averaged
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rofiles above the forest, above those parts of the desert that are within a distance
way  from the forest (desertfar); panels (c) and (d) show an horizontal cross-section
d)  show the location of the forest, i.e. the area with the increased surface heat flux

ith absolute vertical wind speeds mostly <1 m s−1 (Fig. 4d) that
ould be traces of horizontal roll convection (Etling and Brown,
993). There were slightly stronger updrafts (w̄ > 1 m s−1) down-
ind of the forest, but all in all, the large-eddy-simulation did not

rovide clear evidence for a strong stationary secondary circula-
ion between forest and desert under these wind conditions. This
s in accordance with aircraft measurements of Dixon et al. (2013),

ho found that heterogeneity-induced circulations only existed up
o background wind speeds of about 5 m s−1 (Dixon et al., 2013),
nd a LES study of Kang and Lenschow (2014), where background
ind inhibited the formation of a heterogeneity-induced secondary

irculation.
Then, the vertical wind velocity profiles above the forest mea-

ured with the Doppler lidar were analyzed in order to test whether
hey confirm the findings from the LES. According to the modelling
esults, the secondary circulation should be visible as a persistent
ertical updraft above the forest. A persistent updraft was con-
idered as (i) a mean vertical wind velocity >0.5 m s−1 for (ii) at
east a 3-h period and (iii) extending >500 m in height. Persistent
pdrafts were found on 5 days during the measurement campaign
22 August, 30 August, 31 August, 1 September, 10 September)
bove the forest, although the mean horizontal wind speed (U) was

elatively high (4.8–7.0 m s−1) on those days (Table 3). An example
f a strong persistent updraft on 10 September is shown in Fig. 5a.

nterestingly, relatively low wind speeds (<3 m s−1) and low friction
 km from the forest centre (desertclose) and above those parts of the desert further
-min averages of w at a height of approximately 0.6 zi; the tick black lines in (c) and

velocities (<0.5 m s−1) were measured at the forest tower during
that event (Fig. 5b,c), which presumably allowed the development
of a well-shaped secondary circulation. However, all these events
occurred before 12 h UTC, i.e. before the onset of the sea breeze
(Section 2.1) that usually arrives at the measurement site during the
early afternoon hours. The sea breeze circulation is associated with
higher wind speeds. The development of a distinct secondary cir-
culation is weakened and the persistent updraft moves downwind
of the forest (Fig. 4d).

In addition, it was tested whether such a secondary circulation
becomes apparent as significant low-frequency contributions at
atmospheric wind spectra. For this reason, wavelet spectra (Sec-
tion 2.4) from the sonic anemometer data and the w time series
of the vertically pointing Doppler lidar were investigated for time
scales >30 min. Here, we show examples from 25 August and from
27 August. We  found low-frequency contributions to the w spectra
in the entire mixed layer (Fig. 6a,d) and especially in the u and
v spectra above the desert site (Fig. 6b,e). These low-frequency
contributions could be either caused by a stationary secondary cir-
culation between forest and desert that do not obey mixed-layer
scaling (Kang, 2009), or by buoyancy-driven convective coher-
ent structures that obey mixed-layer scaling (Kaimal et al., 1976;

Kaimal, 1978; Højstrup, 1981; McNaughton, 2004). The measured
spectra were also compared with the spectral model of Højstrup
(1981) that explicitly considers the low-frequency contributions
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ig. 5. Doppler lidar measurements of the wind field above the Yatir forest on 10 S
olours  indicate 30-min averages of the vertical wind component w; panels (b) and 

nemometer above the forest canopy.

f convective coherent structures to the surface-layer horizon-
al wind components. The data from the forest site show a good
greement with the model of Højstrup (1981), but the measured

ow-frequency contributions at the desert site were larger than
redicted by the model, especially on 25 August. These additional
ontributions may  originate from secondary circulations induced
y the forest-desert heterogeneity, even though the Doppler lidar

able 4
ean values of low-frequency contribution (time scales > 30 min) rL to spectra of wind co

Wind component Instrument 

u R3-50 sonic anemometer 

v R3-50 sonic anemometer 

w  R3-50 sonic anemometer 

w  Streamline lidar 

w  Streamline lidar 

w  Streamline lidar 

a Measurement height of sonic anemometers was 6 m at the desert site and 19 m at the
ber 2013 (a); the arrows show the horizontal wind speed and wind direction, the
w the horizontal wind speed U and the friction velocity u∗ measured with the sonic

did not show a mean vertical updraft above the forest on those days.
Above the forest, the u and v spectra were shifted to higher frequen-
cies, because in the roughness sublayer the convective coherent

structures were less dominant and probably broken up into smaller
organized structures (Raupach et al., 1996; Finnigan, 2000). Accord-
ingly, the spectral ratios rL (Eq. (6)) of the u and v spectra above the
forest are significantly smaller than above the desert (Table 4). The

mponents above desert and forest for the whole measurement campaign.

Height a.g.l. rL (desert) rL (forest)

6(19)a m 0.31 ± 0.08 0.11 ± 0.04
6(19)a m 0.29 ± 0.07 0.12 ± 0.03
6(19)a m 0.02 ± 0.01 0.01 ± 0.003
100 m – 0.11 ± 0.07
400 m – 0.13 ± 0.04
800 m – 0.16 ± 0.08

 forest site.
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Fig. 6. Normalized wavelet spectra of the three wind components u, v and w using the data from (a to c) 25 August and (d to f) 27 August 2014. The mixed-layer w spectra
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a,d)  were determined from the Streamline data, the surface-layer spectra above (d,
ayer  spectra were compared with the spectral model of Højstrup (1981). The ver

easurements.

 spectra from the surface layer did not show any significant low-
requency contribution (Table 3, Fig. 6) which is in accordance with
he spectral model. To sum up, we found significant low-frequency
ontributions, especially in the surface-layer u and v spectra that
re most likely caused by convective coherent structures, and, to

 lesser extent, also by a stationary secondary circulation between
he forest and the desert.

.4. Implications for flux measurements and energy balance

losure

As presented in the previous section, convective coherent
tructures and secondary circulations induce low-frequency con-
 desert and (c,f) the forest from the sonic anemometer measurements. The surface-
ashed line indicates a period of 30 min which was the averaging time for the EC

tributions to the surface-layer horizontal wind spectra with time
scales larger than the averaging time of the EC systems. The low-
frequency contributions above the desert site were larger than
above the forest site at the respective measurement levels of the
EC systems (Table 4). Hence, the energy balance at the desert
site was not closed, while it was closed at the forest site (Section
3.1).

This relation suggests that the averaging time of 30 min is
not sufficient to capture all atmospheric motions contributing to
surface-atmosphere exchange. In order to verify this assumption,

ogive functions for the desert site and the forest site were cal-
culated (Section 2.4). Here, the ogives were calculated using the
daytime measurements between 7 and 15 UTC for the momentum
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Fig. 7. Fourier co-spectra and ogive functions normalized by the co-spectrum for momentum flux (a,c) and sensible heat flux (b,d) at the desert site (a,b) and the forest site
(c,d)  on 25 August 2013. For this analysis only periods up to 3 h were considered. The grey line indicates the original co-spectrum, the black line the smoothed co-spectrum,
the  solid coloured lines the normalized ogive function, and the horizontal dashed line the respective value of the ogive function at a period of 30 min.
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ux following Foken et al. (2006) and for the sensible heat flux,
y considering all frequencies up to a period of 3 h. Fig. 7 shows
xamples of co-spectra and ogive functions for 25 August, and these
esults are representative for the whole measurement campaign.
or the momentum flux at the desert site, the ogive function was
ot convergent within 30 min, but it was convergent at the for-
st site. For the sensible heat flux, both ogives were convergent
ithin 30 min. Thus, the ogive test does not indicate any significant

ow-frequency contribution to the sensible heat flux. However, this
s not surprising since the surface-layer w spectra did not show
ny low-frequency contributions (Section 3.3, Fig. 6). In the sur-
ace layer, the horizontal wind components are affected by the
econdary circulation and the convective coherent structures. For
his reason, the ogive function of the momentum flux at the desert
ite does not converge and we expect that the horizontal sensi-
le heat fluxes ¯u′T ′ and ¯v′T ′ are similarly affected by the secondary
irculations. In other words, we expect that the low-frequency cir-
ulations at the desert site cause advection and horizontal flux
ivergence (Finnigan et al., 2003; Foken et al., 2010, 2011), but
he calculation of the co-spectra of u and T and of v and T did not
rovide any meaningful result. Moreover, a stationary secondary
irculation between the forest and the desert with a lifetime >3 h
ould not be captured with this approach that is based on a point
easurement.

Our results are different from the results of Heusinkveld et al.

2004) from measurements in the nearby Negev desert. They
id not find any significant low-frequency contributions to the
uxes and they were able to close the energy balance. However,
eusinkveld et al. (2004) conducted their measurements further
inside the desert, and far away from any pronounced surface
heterogeneity like the Yatir forest. Thus, at their site, secondary cir-
culations were probably not relevant. No significant low-frequency
contributions affected the surface-layer measurements and conse-
quently, the energy balance was  closed.

Furthermore, LES offers the possibility to calculate the complete
flux budget (Finnigan et al., 2003), following the control volume
approach presented in Section 2.6. This was  done for one control
volume above the desert site (Fig. 8a) and one above the forest site
(Fig. 8b) using the model run with a background wind of 6 m s−1.
The LES reproduces that, above the forest, the sensible heat flux
estimate using the EC method is identical to the surface sensi-
ble heat flux, i.e. the turbulent fluxes are not underestimated and
the energy balance should be closed. At the desert site, the virtual
EC flux underestimates the surface sensible heat flux by 30%. This
underestimation at the desert site is due to net advection of sensi-
ble heat out of the control volume. The forest site is also subject to
a net advection of sensible heat into its control volume, but this is
compensated by the horizontal flux divergence. However, it should
be noted that no canopy layer and thus to roughness sublayer was
represented in the LES model and the top of the control volumes
was at 100 m a.g.l. due to the coarse grid resolution. Nevertheless,
this approach successfully reproduces that the EC method tends to
systematically underestimate the surface heat fluxes at the desert
site, but not at the forest site, and that advection is a major reason.

This advection is caused by turbulent structures with timescales
larger than 30 min  that become apparent as low-frequency contri-
butions to the horizontal wind spectra in the surface layer (Fig. 6)
and to the surface-layer momentum flux (Fig. 7).
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he  forest site (b) for a background wind of 6 m s−1; the  ̇ indicates the sum of the 

. Conclusions

Due to its isolated location, the Yatir forest represents a pro-
ounced surface heterogeneity that is an ideal natural laboratory

or investigating secondary circulations and its affect on microme-
eorological measurements under constant fair weather conditions.
ecause of its low albedo and its increased surface roughness, the

orest creates higher turbulent heat fluxes which results in horizon-
al surface buoyancy flux differences of 220–290 W m−2. Moreover,
he forest has dimensions of about 5 times the usual boundary-layer
eight, which is ideal for inducing a strong secondary circulation
Patton et al., 2005). Moreover, it is larger than the convective
ength scale of Raupach and Finnigan (1995) and is thus able to

odify the complete overlying atmospheric boundary layer.
The LES run without background wind confirmed the devel-

pment of a secondary circulation that becomes apparent as a
trong persistent updraft above the forest. However, in the Doppler
idar measurements, such persistent vertical updrafts were only
ound on 5 of 16 measurements days, during hours with relatively
ow wind speeds. The LES confirmed that, with a common back-
round flow of 6 m s−1, the vertical velocity field is dominated by
onvective coherent structures that are not related to the surface
eterogeneity. The weak updraft downwind of the forest could not
e captured with a single Doppler lidar located at the forest centre.

Secondary circulations and convective coherent structures are
esponsible for the underestimation of the turbulent fluxes by
9% at the desert site. The associated low-frequency contributions
ith timescales >30 min  cannot be captured with the standard EC
ethod. The ogive test indicated low-frequency contributions to

o-spectrum of u and w, but not to the co-spectrum w and T. Our
ata suggest that the ‘missing’ energy is mainly contained in advec-
ion and the horizontal fluxes and not in the low frequencies of the
ertical turbulent fluxes. Analyzing the complete flux budget of a
irtual control volume in the LES model confirmed that the low-
requency structures cause considerable advection at the desert site
hat is responsible for the non-closure of the energy balance. Above
he forest, the surface-layer spectra are shifted to higher frequen-
ies, all ogive functions converge within 30 min, and the energy
alance is closed, presumably because the large eddies are broken
p into smaller structures in the roughness sublayer of the forest.

Thus, it could be shown that differences in landuse do not only
ave a strong effect on the local energy budget, but also affect the

tructure of the overlying boundary layer. The afforestation efforts
n the Yatir area probably also modify the local boundary-layer
eight, the cloud formation and the regional weather and climate.
e flux determined from the LES control volume method for the desert site (a) and
x, flux divergence, advection, dispersive flux and storage components.

Furthermore, secondary circulations are not restricted to special
sites like the Yatir forest. Such effects could occur in every land-
scape that is characterized by sufficiently large surface patches that
have different surface buoyancy fluxes, e.g. due to differences in
surface moisture, different agricultural crops or in urban areas. For
investigating the effects of landuse on boundary-layer properties, a
careful selection of the measurement location is required. We  rec-
ommend performing a simple numerical simulation in advance of
the campaign for this purpose. Moreover, an integrated approach
using surface flux measurements, ground-based remote sensing
measurements and numerical simulation gives the best insights
into the processes at work.
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