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1. INTRODUCTION

Over land surfaces shortly after sunrise a shal-
low convective boundary layer (SCBL) develops
below the formerly ground-based nocturnal inver-
sion layer (NIL). On a summer morning with low
soil water content and a cloudless sky, the top
of the SCBL increases rapidly due to heating of
the surface, the resulting upward turbulent sen-
sible heat flux H and the entrainment of air from
above. This kind of morning transition - the rapid
burning off of the nocturnal inversion (Stull 1988)
- does possibly not provide enough time for a tho-
rough mixing of the SCBL and the reaching of an
equilibrium as observed during the daytime con-
vective boundary layer (CBL).

The early morning transition gives a good oppor-
tunity to study CBL characteristics and entrain-
ment. The relevant vertical and horizontal scales
are small and allow measurements of the turbu-
lent and convective flow with small statistical un-
certainties (Lenschow and Stankov 1986). Fur-
thermore, disturbing effects or complex boundary
conditions like clouds do normally not occur. The
early morning SCBL is the clear-convective ca-
se where strong up- and down-drafts are much
more important than subsidence and radiative
cooling which can lead to sharp-edged tempe-
rature profiles without an interfacial layer. During
the morning transition a pronounced entrainment
zone can therefore always be expected as long
as the synoptical wind speed is low. The gene-
ral process of the transition is well known. But
especially scales and practical values that can be
used for numerical models and analytic methods
to describe the transition - which has a great re-
levance to air pollution - are missing.
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Past experiments revealed that the morning tran-
sition can partly be described by linear and
quasi-stationary processes. E.g. the surface he-
at flux increases linearly in time (Tennekes 1973;
Angevine et al. 2001) and so does the surface
temperature. This raised the question whether
the usual Deardorff scaling scheme for the day-
time CBL is also applicable although the SCBL
is possibly not well mixed. We applied airborne
measurements to determine the systematic (and
then possibly scalable) behaviour of the flow bet-
ween the lower part and the top of the SCBL. To
cover this height range a somewhat unusual flight
strategy at constant altitude was applied.

2. EXPERIMENTAL SETUP

The airborne measurements were performed
using the helicopter-borne turbulence probe He-
lipod (Muschinski and Wode 1998; Bange and
Roth 1999; Bange et al. 2002). The Helipod (Fi-
gure 1) is a unique turbulence measurement sy-
stem of about 5 m in length, 0.5 m in diameter,
and 250 kg in weight. The autonomously opera-
ting sensor package was constructed to be car-
ried by almost any helicopter attached to a ro-
pe of 15 m length. At a typical ground speed of
40 m s−1 the Helipod is outside the downwash
area of the rotor blades. Due to its small fuse-
lage, and the absence of wings and propulsion
the influence of the Helipod on the atmosphere
is small compared to conventional research air-
craft. Additionally, the Helipod is in general allo-
wed to perform lower and slower flights than an
air plane.

The Helipod carries its own navigation systems,
power supply, data storage and fast responding
sensor equipment. The system was designed for
in situ measurements of the turbulent fluctuati-
ons of wind, temperature, humidity and the tur-
bulent fluxes. To achieve a high temporal reso-
lution, each meteorological parameter was mea-
sured with at least two different types of instru-
ments: One that had a short response time, but



Fig. 1: The turbulence probe Helipod during take
off at the research airport Braunschweig.

the disadvantage of a temporal drift, was sam-
pled at 100 Hz. The other type responded slow-
ly but was very accurate on a large time scale,
and was sampled at 20 Hz. To achieve a lar-
ge frequency range the data sets were combi-
ned by complementary filters. The results were
100 Hz time series of the meteorological parame-
ters, equivalent to one measurement point every
40 cm. To achieve an even higher resolution the
Helipod was upgraded in 2005 to 500 Hz samp-
ling rate and CO2 measurement. The system can
optionally be equipped with additional sensors
e.g. aerosol probes.

The Helipod performed 40 hours of measure-
ment flights during the STINHO-2 (STructure of
the turbulent transport over INHOmogeneous
surfaces) experiment in 2002 (Raabe et al. 2005)
which was embedded into the series of the LIT-
FASS experiments (Beyrich et al. 2002c; Neis-
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Fig. 2: Four vertical profiles of the potential tem-
perature θ successively measured by the Heli-
pod on 8 July, 2002. The data were smoothed by
a moving average over 8 s.

ser et al. 2002). The experimental site was loca-
ted near the meteorological observatory Linden-
berg (MOL) of the German meteorological ser-
vice (DWD) about 60 km south-east of Berlin.
Among others, seven micro-meteorological sta-
tions were installed on different surface types as
well as a large aperture scintillometer (LAS, Bey-
rich et al. 2002b) and a 99 m meteorological
tower (Beyrich et al. 2002a).

On three days the early-morning boundary-layer
transition was probed (Table 1). In general the
nights before the flights were cloudless with the
exception of a few cirrus clouds. The resulting
strong nocturnal net radiative cooling caused a
ground-based inversion with a vertical potential
temperature gradient of γi = ∂θ (∂ z)−1 =1.3. . . 2
K (100 m)−1. The vertical temperature profile wi-
thin the inversion was non-uniform and exhibited
many thin layers with various lapse rates, as ty-
pical for a stably stratified flow (Gossard et al.
1985). The top of the inversion was found bet-
ween h = 240 and 390 m with some dependence
on the location of the vertical sounding. Above
h the atmosphere (the residual layer RL) was
slightly stably or neutrally stratified. At the bot-
tom of the RL wind speeds around 5 m s−1 we-
re observed. Convection reached the flight level
between 05 and 06 UTC (local time was UTC
plus two hours). The NIL was completely remo-
ved about one hour later (Figure 2). Before that,
the NIL acted like a lid on the developing SCBL,



similar to the daytime capping inversion. During
the burning off the mean lapse rate γi inside the
inversion was not changing.

The Helipod performed so-called ’Small Grid’
low-level flight patterns which consisted of 13 to
15 straight and level legs of 5 km length, half
of them oriented in north-south and half of them
in west-east direction (Figure 3). The centre of
the flight pattern was the 99 m tower of the Ger-
man Meteorological Service DWD at Falkenberg.
The transmitter of the LAS was mounted on the
99 m tower at Falkenberg, while the receiver was
mounted on a platform at the MOL site, 4.7 km
northward (Beyrich et al. 2002b).

The horizontal flights at about z = 80 m agl we-
re supplemented by slant flights at the corners
of the square-shaped flight pattern. These verti-
cal soundings reached up to 800 m agl. Detailed
information on the analysed flights is given in Ta-
ble 1.

In the daytime CBL vertical profiles of statistical
moments like the line-averaged turbulent fluxes
are usually obtained from measurement flights at
various levels with respect to the ground. The ra-
pid development of the SCBL during the morning
transition gave an opportunity for a different flight
strategy: While the Helipod stayed at a constant
height z, the top of the SCBL was rising rapid-
ly. On one hand the flight legs were long enough
to provide reasonable statistical errors of the tur-
bulent fluxes in stable stratification. On the other
hand the time to fly the legs was short enough
(two minutes) to be interpreted as a snap-shot
of the turbulent flow. Goal of the strategy was
to weight the flight level z with a certain scaling
height zi (e.g. the current depth of the SCBL) to
obtain vertical flux profiles in terms of a dimen-
sionless height ζ .

3. CHARACTERISTICS OF THE SCBL

In the daytime, well-mixed CBL large-scale con-
vective motion driven by surface heating force a
near-uniform distribution of the mean wind vector
〈~v〉 and the potential temperature θ . The control-
ling parameters are the scaling height zi of the
CBL and the surface heat flux

H0 = ρcp
〈

w′θ ′
〉

|z=0 (1)

with air density ρ , specific heat cp and vertical
wind fluctuations w′. The brackets denote ave-

Fig. 3: ’Small Grid’ flight pattern of the Helipod
and measurement path of the LAS (dotted line).

raging and the prime indicates fluctuations i.e.,
quantities subtracted by their mean value and by
their linear trend. In the following the scaling pa-
rameters and other quantities are derived accor-
dingly to the daytime well-mixed CBL.

3.1 Scaling Heights

A CBL can generally be described by three cha-
racteristic heights (e.g. Sorbjan 1995):

• The top h of the entire boundary layer which
is identical with the bottom of the free at-
mosphere in the day time CBL. During the
morning transition h can be identified with
the base of the RL of the CBL of the after-
noon before. Above h the morning ABL is
neutrally or slightly stably stratified. During
the flight experiment h was found to be sta-
tionary on a horizontal average (Table 1).

• The base hi of the thermal inversion. Above
hi the potential temperature θ is increasing.
Below hi the ABL flow is turbulent and con-
vective. The base itself is rising in time due
to the burning-off process.

• The buoyancy flux zero-crossing height h0



marks the altitude where the sensible heat
flux becomes negative the first time.

The height h0 is located clearly below the inver-
sion at hi (e.g., Sorbjan 1995). Both heights can
be set into a linear relationship which is possibly
valid for a certain time period:

h0

hi
=: B (2)

where B is positive and always smaller than uni-
ty. For the daytime CBL the normalised zero-
crossing height B is a function of the entrainment
parameter A (Sorbjan 1995)

A = −
Hi

H0
=

1
B
−1 , (3)

with the minimum heat flux Hi < 0 of the ABL and
the surface heat flux H0. A typical value of the
daytime entrainment parameter is A ≈ 0.2 (Sorb-
jan 1996b; Kim et al. 2003), leading to a rough
estimate of h0 ≈ 0.83 hi in the well-mixed CBL.
Results from LES showed that this is a slight
over-estimation and rather suggest B≈ 0.75(Sor-
bjan 1995).

The top of the mixing layer zi was determined by
eye from the slant profiles performed by the He-
lipod in between horizontal legs (Figure 2) and
compared to sodar and tower observations (Figu-
re 4). All measurements displayed a steady and
uniform rise of the inversion base so that the tem-
poral increase of the scaling height could be de-
scribed by

żi ≡
∂ zi

∂ t
≈ constant . (4)

Considering that a) the sodar data were not
available for all investigated days, b) the mixing
height estimation from sodar data is not always
reliable especially in complex terrain (Beyrich
1997), and c) the tower data seemed to fit better
with the Helipod data, only the latter was used for
the further analysis. For all three morning transi-
tions the expansion speed żi of the SCBL was
about 140 m per hour (Table 1).

As a result of the rapidly increasing inversion
height, each leg of the grid flight patterns had to
be assigned to a different value of the dimension-
less height ζ = z zi

−1. The values of ζ for each
individual leg were calculated by linear interpo-
lation of zi as observed during the Helipod slant
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Fig. 4: Time series of inversion height zi deter-
mined from tower and sodar measurements and
steep-slant Helipod flights on 9 July.

profiles (Figure 4). Thus the early legs were per-
formed just below ζ = 1, while the latest legs we-
re located at ζ ≈ 0.25. About then the SCBL rea-
ched the top of the inversion h and the convective
elements ascended without the cushioning effect
of an topping inversion into the RL.

3.2 Surface Heat Flux

The current surface flux for each individual leg
was sought for proper scaling. In principle, the
surface heat flux H0 can be determined from
single-altitude low-level flights in combination
with an inverse model (LLF+IM method, see Ban-
ge et al. 2006). The method relies on a low hori-
zontal flight that spans at least a square-shaped
pattern so that the numerical inversion is able
to distinguish temporal and spatial dependence.
Since the single legs of the Small Grid flight pat-
tern did not provide information on the horizon-
tal distributions, the LLF+IM method could not be
applied here. Instead of that the surface heat flux
had to be determined from simultaneous ground-
based measurements that covered an area large
enough to be representative for the 5×5 km2 in-
vestigation site.

During STINHO-2 the synoptic wind speed was
low and the early morning SCBL was not well
horizontally mixed. Therefore, the measurements
of the 99 m tower were not representative for
the investigated area and were not taken into ac-
count. The LAS was the most suitable measu-
rement system for the comparison with the Heli-
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Fig. 5: Time series of sensible surface heat flux
measured by LAS (10-minutes averages). The
dotted line indicates the end of the early morning
flight measurements.

pod because it also measured over a mixture of
surface types (forest, grassland, grain crop fields,
rape fields etc.) with a path length of 4.7 km (Fi-
gure 3). The method to calculate surface fluxes
from LAS over heterogeneous terrain was des-
cribed in detail by Meijninger et al. (2002) and
Meijninger et al. (2005). The relative error of the
surface heat flux H0 derived from the LAS was
estimated as about 10-15 %. This uncertainty
was basically due to some simplifying assump-
tions when deriving H0 from the measurements
of the refractive index structure parameter and
to the possible range of the similarity coefficients
used thereby. The flux data were determined as
ten-minute averages (Figure 5). During the mea-
surement flights (until 07 UTC) the increase of
the surface flux was well approximated by a line-
ar process i.e.

Ḣ0 ≡
∂H0

∂ t
≈ constant (5)

as already reported by Tennekes (1973). Du-
ring the three early-morning flights in STINHO-2,
Ḣ0 ≈ 60 W m−2 h−1 was observed (Table 1).

3.3 Thermal Structure of the SCBL

The thermal budget of a CBL can be described
by (e.g., Betts et al. 1990)

1
ρcp

∂H
∂ z

= −
∂θ
∂ t

−S (6)
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Fig. 6: Time series of potential temperature mea-
sured at constant altitude by the Helipod.

where S denotes the horizontal turbulent fluxes
and the advection due to the mean wind vector
〈~v〉 = (ū, v̄, w̄)

S = 〈~v〉gradθ̄ +
∂u′θ ′

∂x
+

∂v′θ ′

∂y
. (7)

Assuming that the advection S is comparatively
small (e.g. Fedorovich et al. 2004) the heat flux
at height z can be approximated by

H(z,t) = ρcp

h0
∫

z

dz′
∂θ (z′,t)

∂ t
(8)

as demonstrated by Sorbjan (1995). In a quasi-
stationary situation i.e., with a height indepen-
dent and constant heating rate θ̇ ≡ ∂θ (∂ t)−1, the
integration results in

H(z) = ρcp (h0− z) θ̇ (9)

i.e., the vertical heat flux up to h0 is expected
to show a linear height dependence, as usual-
ly found in the daytime CBL. Quasi-stationarity
could also be assumed during the morning tran-
sition (Sorbjan 2005). The potential temperature
θ and also the adiabatic lapse rate ∂θ (∂ z)−1 ≈ 0
were height-independent within the SCBL, alt-
hough strong fluctuations due to convective ele-
ments and turbulence occurred (Figure 2). The
potential temperature increased at a constant ra-
te of about 2 K per hour as measured by the He-
lipod (Figure 6 and Table 1).

Since the buoyancy flux zero-crossing height
could not directly be observed, h0 was substitu-
ted using (2). During the burning off the inversion
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Fig. 7: Time series of sensible heat flux measured
by Helipod at constant height of 90 m on 8 July.

base zi was rising. It was assumed that h0 was
also increasing in time. So the ratio B was con-
sidered to be approximately constant during the
transition. The temporal increase of the heat flux
at a fixed altitude z could then be expressed in
terms of the scaling inversion height zi:

Ḣ ≡
∂H
∂ t

= ρcp B θ̇ żi . (10)

As a consequence Ḣ should also be constant
and the vertical flux profile was expected to be
linear in the Deardorff scaling scheme.

Actually the time series of the heat flux H(z) mea-
sured by the Helipod at constant altitude z we-
re not that steady as expected. For instance,
Figure 7 shows larger deviation of the measu-
red flux from the linear regression, probably due
to the heterogeneous surface of the overflown
terrain. Error bars, calculated according to Len-
schow and Stankov (1986) with modifications in-
troduced by Bange et al. (2006), increased with
time due to the increase of the size of the con-
vective elements and corresponding increase of
the turbulent integral length scale. The linear re-
gression provided a height ratio B ≈ 0.4 (Table 1).
Thus the heat flux was expected to cross zero
shortly below the centre of the SCBL. For compa-
rison, typical values in the daytime CBL are about
h0 ≈ 0.8 zi.

Considering the temporal development of the
SCBL, both the height z and the sensible heat
flux H(z) were scaled using the Deardorff sche-
me (Deardorff 1970). Due to the low flight levels
the decrease of the air density with height was
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Fig. 8: An attempt of Deardorff-scaling all heat
fluxes measured during the three days. The dot-
ted line was drawn by eye.

neglected:
〈w′θ ′〉z

〈w′θ ′〉0
≈

H(z)
H0

. (11)

As expected from the non-linear behaviour of the
heat flux time series, the dimensionless heat flux
in Figure 8 did not reveal a clear linear depen-
dence on the dimensionless height ζ nor did the
data points drop to a joint curve. However, the
latter can even not be expected for the daytime
CBL, as the variety of entrainment parameters
A found in literature demonstrates (see Equati-
on 3). Also the vertical distribution of the dimen-
sionless heat fluxes in the daytime CBL determi-
ned in various field experiments (e.g. as collected
by Sorbjan 1991) revealed similarly strong scat-
ter. Nevertheless, a linear fit to the data points ful-
filled an important criteria: the fit ended at H(0) =
H0 i.e., the extrapolated airborne flux measure-
ments were in agreement with the ground-based
LAS observations. By the way this was not ful-
filled in airborne measurements during the mor-
ning hours analysed by de Arellano et al. (2004).

The same fitted line crossed zero at 0.55 zi in ac-
ceptable agreement with the expectations for B
from the linearised enthalpy equation (6). Unfor-
tunately there were only few data points above h0

so the interesting region at the top of the SCBL
was poorly resolved. But still visible was a further
decrease of H(ζ ) until a minimum at about 0.8 to
0.9 zi was reached, which disagreed with the ex-
pectation that the flux minimum was reached at



zi (Deardorff 1974). Then the flux increased and
crossed zero again, as expected.

The height ratio B was considered to be more or
less constant during the morning transition. Ne-
vertheless B was not suited for the determinati-
on of the entrainment parameter – i.e. (3) was
considered not to be valid in the SCBL – since A
was decreasing rapidly. The entrainment veloci-
ty is defined by (e.g. in zero-order-jump models,
Tennekes 1973)

we = żi − w̄ = −
〈w′θ ′

e〉

∆θ
(12)

with the large-scale subsidence w̄ and the poten-
tial temperature increase (jump) ∆θ above the in-
version at zi. Since the morning SCBL is deve-
loping rapidly, w̄ ≪ żi can be assumed. The ent-
rainment parameter can then be written as

żi ∆θ
〈w′θ ′〉0

≈
〈w′θ ′〉e

〈w′θ ′〉0
≈ −A . (13)

During the morning transition, the surface heat
flux was rapidly increasing while the temperature
difference ∆θ between SCBL and RL was rapidly
reduced. Thus A was rapidly decreasing in time.
The minimum heat flux in Figure 8 was around
-0.3 H0 leading to A = 0.3 which merely repres-
ents an entrainment parameter averaged over all
measurements on all three days.

3.4 Scales of the SCBL

Typical scales of the convective mixed layer
(Deardorff 1970) are the convective velocity

w∗ =
[ g

θ̄
zi

〈

w′θ ′
〉

0

]1/3
(14)

and the convective temperature

θ∗ =
〈w′θ ′〉0

w∗
. (15)

Typical values for the convective time scale or
large-eddy overturning time (e.g., Sullivan et al.
1998)

τ∗ =
zi

w∗
(16)

are around 600 s for the daytime CBL (e.g. the
Wangara data, Hibberd 1996), while for the ear-
ly morning τ∗ ≈ 1000 s was expected (Sorbjan
2005). The Helipod measurements in STINHO-
2 yield much smaller values (Figure 9), between
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Fig. 9: Time series of the eddy-overturning time
τ∗ derived from interpolated time series of the in-
version height zi (Helipod) and surface heat flux
measurements (LAS), on three different days.

150 and 320 s, slowly increasing with time. This
even exceeds observations in strong shear and
large vertical wind speeds (Petre and Verlinde
2004). The external forcing time scale

τext =
〈

w′θ ′
〉

0

(

∂ 〈w′θ ′〉0

∂ t

)−1

=
H0

Ḣ0
(17)

was at least 1 h (Table 1 and Figure 5). Since
τ∗ ≪ τext, this was another indication for quasi-
stationarity during the morning transition.

In the daytime CBL the statistical properties, non-
dimensionalised by w∗ and θ∗, are expected to
be functions only of ζ (e.g., Kaimal and Finnigan
1994). While the dimensionless kinetic heat flux
〈w′θ ′〉(w∗θ∗)−1 (11) decrease linearly with ζ (Fi-
gure 8), the dimensionless horizontal wind fluc-
tuations are more or less constant

σu

w∗
≈

σv

w∗
≈ 0.6 (daytime CBL) . (18)

To describe the behaviour of the dimensionless
temperature and vertical wind standard deviati-
on, empirical functions of ζ are established which
exhibit a minimum of σθ θ−1

∗ and a maximum of
σw w−1

∗ in the centre of the daytime CBL.

The daytime features of the statistical moments
of second order could only partly be retrieved in
the morning transition as observed by the Heli-
pod. The dimensionless horizontal wind fluctuati-
ons did not show a systematic dependence on ζ
(Figure 10). The mean values were found around
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tical wind, d) potential temperature.

σu w−1
∗ ≈ σv w−1

∗ ≈ 0.9 (Table 1) with some de-
pendence on the day of measurement and in-
creasing scatter with increasing ζ . Also in con-
trast to the daytime CBL both σw w−1

∗ (on avera-
ge 0.65) and σθ θ−1

∗ (around 1.5) were found to
be ζ -independent although again the scatter in-
creased at larger ζ (and also an outlier occurred
for σθ θ−1

∗ on 5 July). A substantial increase of
scatter of the dimensionless statistical moments
in the upper part of the daytime CBL was already
observed in other experiments (Sorbjan 1991),
possibly due to variations of the entrainment pa-
rameter A. Sorbjan (1996a) explained the scatter
of moments involving the temperature with a va-
riation of the potential lapse rate γi in the inversi-
on. Hence Sorbjan (2005) recommended the use
of an alternative set of adjusted similarity para-
meters containing γi. Since in our early-morning
temperature profile (Figure 2) and in agreement
with e.g., Deardorff (1967), Sorbjan (1996c) and
Angevine et al. (2001), the lapse rate inside the
inversion remained unchanged during the transi-
tion, the alternative parameters could not reduce

the scatter in the data presented here.

4. CONCLUSIONS

On three days low-level flights during the mor-
ning transition were analysed in order to iden-
tify scales and parameters that simplify the cha-
racteristics of the SCBL. Many indications were
found that the morning transitions were quasi-
stationary and governed by linear processes. Du-
ring the burn-off process the inversion lapse rate
γi remained unchanged. The height of the inversi-
on base, the surface temperature and the surface
heat flux increased linearly in time. A quite good
mixing of the SCBL was also expected due to the
very short large eddy overturning time τ∗ ≤ 300s.
Nevertheless, the development of the sensible
heat flux H(t) at the flight level was afflicted with
larger deviations from linear behaviour. Conse-
quently, scaling the flight level z with the inversion
base zi and the sensible heat flux H at z with the
surface heat flux H0 led to a vertical profile with
large scatter, although the classic CBL heat flux
profile could still be identified. A linear fit of the di-
mensionless heat flux started near the SCBL at
about 0.8 zi, crossed zero at 0.55 zi and was ex-
trapolated to the ground in good agreement with
surface flux measurements.

Two reasons for the scatter in the dimensionless
heat flux profile can be considered. In the SCBL
the mean wind speed was low and the turbu-
lent transport was dominated by vertical motion
(up- and down-drafts due to convection). Nevert-
heless, the horizontal advection (as also discus-
sed by Hibberd 1996; Sorbjan 1996c) and the
horizontal turbulent fluxes – term S in (6) – had
possibly a noticeable effect and could not be ne-
glected. More likely, the scatter was due to the
heterogeneous terrain of the STINHO-2 site. The
atmospheric flow in the SCBL was significantly
affect by the underlying surface (Lenschow et al.
1979) and the individual legs were flown over va-
rying terrain. Overall the scatter in the dimension-
less flux profile was not substantially larger than
what is known from the daytime CBL (Sorbjan
1991). In fact the findings fit better into classic
CBL theory than other observations during the
morning transition (e.g. de Arellano et al. 2004).

Significant difference to the daytime CBL was
found in the dimensionless standard deviations.
The eddy overturning time τ∗ was found to be



much smaller compared to the daytime CBL.
As in the daytime CBL σu w−1

∗ and σv w−1
∗ we-

re height-independent and more or less identi-
cal. But the mean values were found to be lar-
ger (0.9 instead of 0.6). Unlike in the daytime
CBL the variances of vertical wind and tempe-
rature were height-independent (σw w−1

∗ ≈ 0.65
and σθ θ−1

∗ ≈ 1.5). In agreement with experimen-
tal observations in the daytime CBL the scatter of
all statistical moments of second order increased
with height. This was possibly due to entrainment
variations but not due to fluctuations of the lapse
rate γi.

In agreement with the daytime CBL a mean ent-
rainment parameter A ≈ 0.3 was found in the
Deardorff flux scheme, although the data base
close to the inversion was quite thin. The expe-
rimentally determined ratio B = 0.55 of flux zero-
crossing and inversion height exceeded the esti-
mated value of 0.4, which was derived from the
linearised enthalpy equation. Possibly B was less
time-independent than expected during the tran-
sition. But still B was found to be much smal-
ler than in the daytime CBL, where the heat flux
crosses zero usually around 0.8 zi. If parameter B
can be interpreted as a measure of the entrain-
ment layer thickness, then the entrainment zone
of the morning SCBL was much deeper than in
the daytime CBL.

To enhance the data base on the morning transi-
tion additional flight experiments should be done.
To reduce the amount of boundary parameters
and sources of scatter, at first the SCBL over ho-
mogeneous terrain should be probed.
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Tab. 1: Characteristics of the three flights during
the morning transition.

flight 1 flight 2 flight 3
date 2002 5 July 8 July 9 July
time UTC 0520 – 0645 0557 – 0707 0539 – 0700
horizontal legs 13 16 15
vertical profiles 3 5 4
clouds no clouds no clouds 1/8 Ci
flight altitude z m agl 82.6 90.0 85.1
RL base h m agl 330 240 390
wind speed at 400 m m s−1 5.5 4.0 5.4
wind speed at z m s−1 2.9 2.9 4.9
żi m h−1 129 143 134
θ̇ (z) K h−1 1.83 1.55 2.20
Ḣ(z) W m−2 h−1 30.8 36.5 43.2
Ḣ0 W m−2 h−1 58.4 54.8 66.6
B 0.37 0.47 0.42
σuw−1

∗ 0.87±0.33 0.69±0.11 1.16±0.30
σvw−1

∗ 0.83±0.18 0.71±0.10 1.24±0.40
σww−1

∗ 0.63±0.10 0.60±0.06 0.73±0.13
σθ θ−1

∗ 1.63±0.15 1.53±0.42 1.43±0.52


