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Abstract

The influence of an intermediate-scale lake, with a dimension of approximately 2 km x 10 km,
on a convective boundary layer has been analysed. Data were collected by the airborne platform
Helipod during the STINHO 2002 and LITFASS 2003 campaigns in eastern Germany, during early
summer months, when the lake was much colder than the surrounding surface. The objective was
to assess which atmospheric parameters show influence from the lake by the airborne observations.
While spatial variability for mean quantities is not significant at the observation height of 70 m and
above, the second-order statistics related to potential temperature exhibit a clear decrease in the vicin-
ity of the lake for measurements taken below 100 m above ground level. Second-order statistics of
humidity and vertical wind velocity are not suited to identify the foot print of the lake in our study.
Several length scales of surface heterogeneity were calculated following previous studies. Only the
scale that considers vertical velocity is compatible with our airborne observations. In addition, the
application of a convective scale indicates that the lake could affect the lower convective boundary
layer above the lake and above the surrounding land downstream of the flow for low wind speeds
(below 4 m s~!). Finally, the downstream propagation of the lake influence has been addressed by
calculating the cross-correlation function between the surface radiative temperature and the variance
of potential temperature. A clear relationship between the spatial lag of the maximum correlation
and the horizontal advectivon could be identified.

Keywords: Helipod, Lake, LITFASS 2003, Convective boundary layer, Surface heterogeneity in-
fluences, second-order statistics, turbulence
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1 Introduction

Local and regional climate and weather is affected by the interaction between the land and the atmo-
spheric boundary layer (ABL) and depends highly on the surface characteristics, which may influence
the spatial structure of the ABL. Natural landscapes are usually heterogeneous with different surface
types like patches of farmland, water, villages, forests, etc., each with different heat, moisture and rough-
ness characteristics. These specific features accompanied with different scales of surface heterogeneity
(usually varying from meters to kilometers), generates different sizes and strengths of turbulent eddies
which affect the overlying convective boundary layer (CBL). Therefore, the vertical extension of this
influence depends on the characteristic horizontal scale of surface heterogeneity (Lyet), the turbulence
intensity, thermal stability and the horizontal advection of the boundary-layer flow (Mahrt, 1996). The
horizontal variability of the turbulent structure may be influenced by both the length scale and amplitude
of the surface heterogeneity (Mahrt, 2000).

A number of studies addressed the interaction between a heterogeneous surface and the ABL mostly

by high-resolution large eddy simulation (LES) in the last 25 years (Hadfield et al, 1991, 1992; Avissar and Schmidt,

1998; Letzel and Raasch, 2003). They have found that the simulated CBL structure was strongly affected
by the spatial variation of surface heat flux and that larger scales of landscape heterogeneity have more
influence on the CBL. However, many studies have been performed with simplified surface conditions
and only one dimensional heterogeneous heat flux fields.

Simulations with realistic surface data from field campaigns have been performed only recently
as they demand high computational resources (Siihring and Raasch, 2013; Maronga and Raasch, 2013;
Maronga et al, 2014; Huang and Margulis, 2009). Based on the LES results from two selected cases
of the Lindenberg Inhomogeneous Terrain - Fluxes between Atmosphere and Surface: A long-term
Study (LITFASS 2003) campaign with ground-based measured surface forcing data as an input for LES,
Siihring and Raasch (2013) and Maronga and Raasch (2013) concluded that the influence of surface het-
erogeneity is present throughout the entire boundary layer for both sensible and latent heat fluxes during
strong CBL conditions. They did not detect any blending height (above which the influence of the sur-
face heterogeneity vanishes) for convective conditions and Ly larger than the boundary layer height z;.
In another LITFASS-2003 case study Maronga et al (2014) showed by LES that local effects of surface
heterogeneity remain prominent in the lower ABL. They could not give any proof for a blending height
for the temperature structure parameter (a measure for temperature fluctuation similar to the temperature
variance Og), but for the LITFASS-2003 case study it seems that blending of the temperature structure
parameter occur above several tens of metres above the ground. Furthermore, they conclude that the
structure parameter for temperature is highly correlated with the surface sensible heat flux. However,
structure parameter for humidity (describes the strength of humidity fluctuations) is decoupled from the
latent surface flux even at low levels which is ascribed to the entrainment of dry air at the top of the bound-
ary layer. Huang and Margulis (2009) discovered that potential temperature is more sensitive to surface
heterogeneity than humidity. By using vertical profiles of temperature variance they could identify a
thermal blending height in a CBL which was in good agreement to predictions from Wood and Mason
(1991) and Mabhrt (2000).

The blending height is viewed here as a scaling depth that describes the decrease of the influence
of surface heterogeneity with height. A blending height is not a sharp boundary where the influence
of surface heterogeneity suddenly and completely vanishes, but it describes a vertical scale at which
the impact of surface heterogeneity decreases to some relatively small value. Different formulations of
this height have been discussed in the literature, depending on which forcings are more relevant (for
a complete review see Mahrt, 2000; Bange et al, 2006). The blending height can be re-formulated in
terms of internal boundary layers (IBL). An IBL grows to a maximum depth which is small compared to
the upstream boundary-layer depth, and then encounters a new surface type and looses surface support
(Mabhrt, 2000). An IBL is expected if a clear change in the mean variables is identified.
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Flow of marine air over a heated land surface is a classic example of the mesoscale internal boundary
layer, see references in Garratt (1990). Another possible location where an IBL can form is above a
lake. Unlike a large uniform open ocean the fetch above a lake is typically limited, which supports the
development of a local IBL. Panofsky et al (1982) and Hgjstrup (1982) already demonstrated that the
variance spectra of the horizontal wind components in an IBL were influenced by upstream conditions.
However, on smaller scales like an intermediate-size lake (only a few kilometres width) a well defined
surface discontinuity is not necessarily transferred into the flow since the boundary layer may adjust
without the formation of a new IBL. This situation may be enhanced when the change of surface prop-
erties is not sharp or is of small amplitude (Mahrt, 2000). An adjusting boundary flow is characterized
by horizontal changes of some of the higher moments but does not exhibit significant horizontal varia-
tion of the mean variables. Such boundary-layer adjustments are probably common for smaller surface
heterogeneity scales, like the intermediate-sized lake in our study, but have received little attention so far.

Comprehensive studies of the direct influence of a lake on the lower ABL are scarce. Sahlée et al
(2014) showed that the structure of the turbulence above the lake is influenced by the surroundings.
Variance spectra of both horizontal velocity and scalars during both unstable and stable stratification
displayed a low frequency peak. However, a lack of concurrent observations over the adjacent land, pre-
cluded any comparison of the spatial structure between land and lake. In a study from Samuelsson et al
(2010) the impact of lakes on the European climate was considered. A simulation where all lakes in the
model domain are replaced by land surface is compared with a simulation including lakes. The numer-
ical results stated that the lakes induce a warming on the European climate for all seasons. However
the study does not show any direct impact on the boundary layer or the local flow. Based on airborne
observations obtained during the Upper Spencer Gulf experiments in South Australia, Shao et al (1991)
and Shao and Hacker (1990) investigated the structure of turbulence in a coastal boundary layer, which
is an extreme case of horizontal inhomogeneity. They showed that the boundary layer over this highly
non-uniform surface is characterized by extensive variations in its thermal stratification and turbulence
characteristics and that the behaviour of statistical parameters of second- and higher moments seemed
to be determined mainly by local forcing. Bange et al (2006) analysed airborne measurements from the
LITFASS-2003 and Structure of the Turbulent transport over INHOmogeneous surfaces (STINHO-2)
field campaigns to study the response of second-order statistics like turbulent flux profiles to a patchy
landscape with different underlying surfaces like farmland, forest and a lake. The case studies showed
that the sensible heat fluxes determined over the different sub-areas presented clearly different values at
surface level and at 80 m. Especially, the vertical profiles over water surfaces produced its own vertical
profile of sensible heat flux under weak-wind conditions, apparently unaffected by the surrounding forest
and farmland.

Aforementioned works like Siihring and Raasch (2013) and Bange et al (2006) show evidence that
the lake has an influence on the vertical profile of latent and sensible heat fluxes above the lake. However,
the authors did not find any scaling depth (as those by Mahrt, 2000; Strunin et al, 2004) that could
successfully predict the conditions for a horizontal mixing state of the CBL. In addition, none of the
scaling parameters analysed by e.g. Bange et al (2006) and Siihring and Raasch (2013) were successful
in predicting the vertical extension of the surface heterogeneity or explaining the spatial variability of
latent heat fluxes. One possible explanation could be that too many different types of surfaces, and hence
heterogeneity scales, where involved in such analysis. Further Stihring and Raasch (2013) argued that
those flights in Bange et al (2006) that showed horizontal mixing had a poor statistical representation of
the mean flux estimation from a single leg and thus, they are not suitable for such studies.

In the present study airborne measurements from LITFASS-2003 and STINHO-2 field campaigns
(Beyrich et al, 2002; Beyrich and Mengelkamp, 2006) are analysed in order to evaluate if the influence
of a lake on spatial structure of the convective boundary layer (CBL) is apparent. The lake is of inter-
mediate size with a dimension of approximately 2 x 10 km? and called Scharmiitzelsee. It represents a
surface heterogeneity with a well defined length scale (lake boundaries) and a sharp and strong change in
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surface conditions. This is because it has a colder and smoother surface and is surrounded by warmer and
rougher terrain during the measurement period in late spring and early summer time. Additional flights
from the field campaigns used in Bange et al (2006) and Siihring and Raasch (2013) were analysed. We
report comprehensive observations of the lake influence on the first and second order statistics like the
variance of temperature and humidity by airborne measurements and depict the limitations of such mea-
surements regarding the statistical significance. We determine the key parameters that contribute to the
observed spatial changes over lake and land and show as well the lack of lake influence on certain pa-
rameters. Further, we try to characterize the horizontal shift of the lake influence. The study evaluates if
an IBL can be observed for the LITFASS-2003 area and describes in more detail the downstream propa-
gation of the lake-influenced boundary layer. We follow the suggestions and analysis of blending heights
and IBL published by Raupach and Finnigan (1995); Mahrt (1996, 2000); Wood and Mason (1991). The
proposed minimum horizontal scale (Lt which is described by theses studies) of the surface heterogene-
ity that would influence the airborne measurements at observation level, is checked and compared with
the current airborne data set.

Section 2 briefly describes the experimental dataset used in the present study. The main flow charac-
teristics close to the surface over the lake-land discontinuity as well as an error discussion are addressed
for a case study in Sect. 3, with an extension to the rest of selected cases. Section 4 assesses the length
scales that describe the vertical extension of surface heterogeneity with the current dataset, while Sect. 5
studies the stream wise propagation of the heterogeneity influence. Finally, a conclusion is presented in
Sect. 6.

2 Experiment

2.1 Dataset

The data analysed in this study were collected during two consecutive field campaigns in the summers
of 2002 and 2003, that were part of the series of the LITFASS experiments. This program was initiated
in 1995 in order to develop and test a strategy for the determination of the area-averaged turbulent fluxes
over a heterogeneous landscape (see Beyrich et al (2002) for more details). The STINHO-2 experiment
took place between 24 June and 10 July, 2002, (Raabe et al, 2005), while the LITFASS-2003 campaign
was carried out between 19 May and 17 June, 2003 (Beyrich and Mengelkamp, 2006).

Both campaigns were performed around the MOL-RAO (Meteorological Observatory Lindenberg -
Richard-ABmann Observatory) of the German Meteorological Service (Deutscher Wetterdienst, DWD)
in the area of Brandenburg, Germany, 60 km south-east from Berlin. The experimental site is a 20 X
20 km? flat area with an elevation difference across the site of less than 100 m. The region consists of
a coniferous forest in the western part (43% of the area) and agricultural fields in the eastern part (31%,
mainly cereals). The whole area is covered by lakes and villages that add heterogeneity to the field. The
lake Scharmiitzelsee has a dimension of approximately 2 x 10 km?, and the long-axis is mainly oriented
north-south.

The campaigns were part of the EVA_GRIPS (regional EVAporation at GRId/Pixel Scale over hetero-
geneous surfaces) and the VERTIKO (VERTIcal transport of energy and trace gases at anchor stations un-
der Complex natural conditions) networks and provided a comprehensive data set on surface-atmosphere
interaction processes at the mesoscale (Mengelkamp et al, 2006; Gockede et al, 2004). Measurements in-
cluded the instrumentation equipment from the Falkenberg boundary-layer field site (GM Falkenberg) of
DWD, a regional network of micro-meteorological stations, the 99-m meteorological tower and airborne
measurements sampled by the helicopter-borne turbulence probe Helipod, among other ground-based
remote sensing devices (see Raabe et al (2005) and Beyrich and Mengelkamp (2006) for a complete
overview).

The Helipod is a measurement system designed for boundary-layer field experiments. It is an au-
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tonomously operating sensor package attached to a 15 m rope below a helicopter of almost any type.
The Helipod is equipped with its own power supply, on-board computer, data storage, navigation sys-
tems, radar altimeter and carries a sensor equipment for in-situ measurements of the atmospheric wind
vector, humidity and air and surface temperatures at 100 Hz sampling rate. The resolution of the fast re-
sistance temperature sensor is high (much better than 0.1 Kelvin) and about 30 Hz, which is fast enough
to resolve turbulent temperature fluctuations (Bange and Roth, 1999). Hence, it is suited for small-scale
turbulence measurements and for calculating the turbulent fluxes using the eddy covariance method. The
surface temperature is measured by an infrared temperature sensor simultaneously with the thermody-
namic measurements. At a mission speed of 40 m s~! the Helipod is outside the down-wash area of the
helicopter’s rotor blades. More details can be found in Bange et al (2002) and Bange and Roth (1999).

More than 100 flight hours of Helipod data were compiled during these two field campaigns. A total
of 14 flights that covered the lake-land transition were selected, 13 from the LITFASS-2003 experiment
and an additional one from the STINHO-2 experiment (see Table 1). Basically, all flights included in this
study had at least one leg crossing the lake in a west-east direction at about 100 m above ground level.
In the following study all given heights are always with respect to the ground level.

All selected flights that contribute to our particular database were performed either in the morning
or in the early afternoon in a convective regime, although with different wind conditions. Three types of
flight patterns can be recognized from this data base, that will be referred as "IBL-lake’, ’North Box” and
"E-W grids’ for the rest of the text (Fig. 1a and 1b and Table 1). There are three flights that crossed the
lake approximately parallel to the mean wind direction during the flight IBL-lake, see Fig. 1a), which
was either southeasterly (STI09) or northwesterly (LIT13, LIT14). The rest of them contain legs in the
west-east direction, crossing the lake at different heights over the same latitude (North Box) or over three
different sections of the lake, from the southern edge to the middle part of the lake (E-W grids), see
Fig. 1b.

2.2 Data analysis

We have analysed the spatial series and the second-order statistics for potential temperature 6, water
vapor mixing ratio m and wind vector components. In order to study how the surface heterogeneity
affects them and up to which height, it is necessary to determine a suitable horizontal length scale over
which we compute the first- and second-order statistics within sub-legs (data windows) along a flight leg.
As an example, the potential temperature variance is computed as

2 s )2
% = L (6. —9) (M
1

n

where N is the number of data points within the moving data window. The width of this window has
to be small enough to resolve the surface heterogeneity along the leg, but large enough to cover the
main scales that contribute to the turbulent fluctuations. van den Kroonenberg et al (2012) defined (for a
similar experiment at the same site) a minimum window width of twice the integral length scale to ensure
that all turbulent scales within the inertial sub-range are included. Previous studies of our dataset show
that the integral length scales of sensible and latent heat fluxes measured by the Helipod are smaller than
500 m (Bange et al, 2006). Thus, we have defined windows of 1-km width using unweighted means,
sequentially shifted through the leg by increments of 250 m. In summary, for flux calculations, this value
does not necessarily account for the largest eddies during strong convection conditions. However, 1-km
width is a good compromise between the largest eddy scales within the surface layer and the detection
of a possible lake influence. A similar strategy was followed by Mahrt (2000). For all these reasons, we
believe that 1-km window is expected to capture almost all of the turbulent flux and its spatial variability.
A more precise discussion on the sampling error is given in Sect. 3.2.
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3 Results

3.1 STINHO-2 Flight (STI09)

The flights chosen for the analysis of the land-water transition around lake Scharmiitzelsee (Table 1)
were composed by straight and leveled paths (called legs) at different heights, ranging from 70 to 280 m.
The distance of each single leg was between 7 and 16 km and covered different surface patches (forest,
farmland, lake) along the leg. The main interest of this study is the impact of the lake. The influence of
other patches, which are not in the vicinity of the lake, are not important. Those which are located close
to the lake may influence the signal as well. However, the impact is very low since length scales of the
other patches are much smaller than the lake width. Further, surface discontinuities, i.e. the change in
surface forcing for the other patches is much lower than between land and water.

In order to study the influence of a surface discontinuity, it is appropriate to have a fine grid of legs
closer to the surface. While all selected flights contain at least one leg below 100 m, only the STINHO-2
flight includes several legs within the first 100 m above ground. Therefore, this particular flight has been
chosen for the initial study of the lake-land discontinuity influence on the CBL.

The flight performed on the 9th June 2002 (STI09) was composed of five legs crossing the lake over
its middle part and are called middle track (MT) hereafter as shown in Fig. 1a. These legs were performed
between 40 to 280 m, following a direction approximately parallel to the mean wind. The sky was only
slightly cloudy (2/8 Ci), with a mean wind speed of 6 m s~! from south-east direction (150°) at 100 m
height. Table 2 shows the chronology of the legs of this flight. On that day, the CBL height z; reached a
value of 2100-2300 m, as derived from the wind profiler data (Beyrich and Mengelkamp, 2006).

Figure 2 shows the altitude variation along the five legs flown over the middle part of the lake. All
legs contain significant changes in altitude, because the Helipod did not maintain a constant height above
ground level. Since the three lowest legs overlap partially within a layer between 40 and 120 m, they
will be analysed together to describe the flow characteristics close to the surface (0.02 z,—0.05 z;). The
complete flight lasted more than one and a half hours in the early afternoon. Within this period, the
air temperature increased approximately 1 K, mainly due to the diurnal cycle. This warming trend was
also observed in data from the 99-m tower at the Falkenberg site (not shown). During these flights,
moisture and wind vector for the mean flow did not show significant changes. This warming effect
must be considered in the attempt to use the three legs performed below 100 m as different iterative
measurements of the same layer. Further, we can assume that the CBL and the second-order statistical
moments remain stationary. Indeed, during the 1.5 hour STI0O9 flight the radio sonde observations (not
shown) show that the CBL grew from 1825 m (1052 UTC) to 2375 m (1637 UTC). Assuming a linear
trend, that gives an evolution of 100 m hour~! (150 m of growth for the entire flight). This change in
the boundary-layer height can be ignored. Regarding the second-order moments, the surface fluxes close
to the surface did not changing significantly during the flight time (Beyrich et al, 2006). Even if fluxes
would change, we are only interested in the local differences of fluxes that are simultaneous. That is, the
relation of local fluxes respect to their spatial averages for a given time. In this sense, the overall time
evolution is not important.

3.2 Sampling Error

The second-order statistics like the standard deviation measurement itself are subject to errors. Flight
legs that are not large enough compared to the largest energy-transporting eddies cause a systematic
error since they lead to a systematic under- or overestimation of the turbulent flux or standard de-
viation (Grossmann et al, 1994). The sampling error can be estimated by the expression stated by
Mann and Lenschow (1994) and Lenschow et al (1994) representing the absolute systematic statistical
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uncertainty of the standard deviation oy related to a single flight leg on which 6y was calculated:

Aoy = 2* Op 2)
P,
where Iy is the integral length scale (see van den Kroonenberg et al, 2012) of 0 and P, the averaging
length. Since Iy is about 500 m during our flights and P; about 1000 m (see Sect. 2.2), the sampling error
becomes

AoCy =~ Oy. 3)

Furthermore, different measurements of finite duration or length under identical boundary condi-
tions lead to different second-order statistics compared to the ensemble mean (Bange et al, 2013). Over
land the standard deviation changes significantly over different passes as a consequence of turbulent el-
ements. This is expressed by the random error. For 6y the random error Gcz,e is defined as the averaged
squared differences between the ensemble and the actually measured standard deviation. Thus, 65, can
be interpreted as the standard deviation of Gy. An estimate is given by Lumley and Panofsky (1964);
Lenschow and Stankov (1986) and is defined by:

g, =2 "l (03)"? (4)

with

1 1
=71 Zi — o(leg))? )
=
where / is the number of (moving) data windows on one single flight leg. For instance on a 15 km long
leg, I = 15,000,/250 = 60 values for the variance (in Eq. 1) are calculated. og(leg) is the spatial average

of the standard deviation of 6 along the whole flight leg:

1
Z 6)

The total error of the measurement is the sum of o5, and Aog. Therefore, the uncertainty is in
the same order of magnitude as oy itself. The same also applies for the water vapor mixing ratio .
Generally, this influence can be reduced by averaging over all the passes for a given flight for each
window. Unfortunately, this technique requires the performance of iterative passes along the same leg.
In our dataset, the flights from the LITFASS-2003 campaign do not include more than one pass per leg,
precluding the application of this technique. Only the selected STI09 flight includes three passes along
the lowest leg. However, also the information of the LITFASS-2003 flights is qualitatively valuable and
useful, especially when all flights are treated together as done in Sect. 3.5.

In Fig. 3, og of the three lowest passes (MT02, MT12, MT16) of STI09 flight are shown. The
average O (i) over the number of passes P (in our case P = 3) is marked by the red line and its error
bars for each (moving) window i along the flight leg. The error bars (g, are calculated by the statistical
square average of the variation between 0y and Gy for each (moving) window i along the flight leg:

og(leg) =

N \

1 P

ﬁpzl<oe (p,i) — o5 (i) @)

Lo (i) =
The uncertainty (s, derived from measurements over the lake is significantly smaller than the observed
drop in o over the lake, indicating that this drop is most likely related to the lake footprint. However, the
following analysis has to be considered with caution. Even though the error is too high for a quantitative
analysis, yet the lake remains qualitatively recognizable. A similar result is obtained for the standard
deviation of the water vapor mixing ratio o, or the latent and sensible turbulent heat fluxes.
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3.3 First-Order Statistics

Figure 4 shows the window average of potential temperature along the legs performed over the middle
part of the lake. The warming trend of 1 K observed during the flight has been removed from the lowest
three legs for better comparison. The window-averaged surface temperature, as measured from the lowest
leg, has been also included. This variable reflects the presence of the lake, which is 15 K cooler than the
surrounding area. Over land, lower surface temperatures allow the forest cover to be distinguished from
farmland at both sides of the lake.

Considering the three lowest legs below 100 m, there are large variations of potential temperature
over land. However, a cooling effect of approximately 0.5 K is observed over the lake, which is shifted
downstream to the west between X = 5 - 6 km, since the prevailing wind direction is from the south-east.
Note, that X is defined as the distance from an arbitrary point at the western edge of the flight paths. The
standard deviation of potential temperature also decreases significantly over this part of the leg, as we
will discuss later. This cooling effect related to the lake is hardly detected at 170 and 280 m (MT04 and
MTO6, respectively).

The average water vapor mixing ratio m (Fig. 5) presents some variability along the legs that does
not allow for clear detection of any lake influence. Over the forests at X = 4-5 km and 13-15 km a
weak maximum of m is detected. Since the lake is partially surrounded by trees, with the large forest
at the south of the lake, it is therefore possible to distinguish a drier atmosphere over the lake com-
pared to the moister air over forest. The upper legs do not exhibit similar patterns. Strong convection
plays a role on the variability of 6 and m for the different passes as described in Mahrt (2000). How-
ever, the spatial organization and variability for both variables are not similar, indicating that m may be
affected by other factors, e.g. such as entrainment, which is not directly related with surface patterns
(Stihring and Raasch, 2013). Bange et al (2006) and Siihring and Raasch (2013) noted that the latent
heat flux is more affected by the entrainment of dry air from the free atmosphere than by the surface
latent heat flux during LITFASS-2003 experiment, in contrast to the temperature, which is more affected
by the sensible heat flux.

3.4 Second-Order Statistics

The smaller variability of the potential temperature over the area of the lake influence is further analysed
in Fig. 6, where the standard deviation of potential temperature Oy is represented along the MT legs.
As indicated in Sect. 3.3, a clear drop in Oy is present for the three lowest legs, shifted westward of the
lake, following the mean wind direction. Such a horizontal displacement can be an indication for the
lake footprint propagation downstream.

At the upper levels, the lack of multiple passes complicates the interpretation of cg with respect to
the lake influence. This analysis has to be consider as speculative. At 170 m (MTO04), the leg segment
with small variances over the lake is extended downstream (X = 3-6 km), while it is much narrower
and closer to the lake at 280 m (MTO06) between X = 5-6 km. However, oy exhibits lower values also
over other regions of theses legs (i.e. the farmland/forest area between km 11 and 14 at leg MT04) or
upstream the lake at MT06), leading to an unconfined statistical significance..

The standard deviation of water vapor mixing ratio changes significantly over the different passes at
lower heights, including those segments over the lake (Fig. 7). These results seem to indicate a rapid
change of o, over the lake, specially compared to the surrounding area closer to the lake’s shorelines.
However, no statistically significant minimum is observed over the lake. Sometimes the spatial change
of the instantaneous m can be very large across the forest-lake discontinuity, especially with the fact of a
comparable large window size of 1 km, producing a sudden peak on o, (Fig. 5). This is the case for the
large value detected over the western shoreline in MT12. For the rest of legs, the value of ¢, does not
indicate the presence of the lake.

The variance of vertical velocity o,, for the MT legs increases for higher altitudes (Fig. 8) corre-
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sponding to CBL theory. At the lowest heights, it does not show any terrain influence. At higher levels,
however, its variability increases as the leg-average value also increases. At 280 m, 0,, is smaller at the
eastern and western shoreline of the lake.

Another important scaling variable is the surface Reynolds’ stress, when turbulence is modulated by
wind shear near the ground. This stress is expressed by the vertical flux of horizontal momentum known
as the friction velocity u,, defined according to Stull (1988) as

Uy = [TW’Z + v’w’z] v 8)
The leg-averaged friction velocity u, does not vary significantly with height for the MT legs (Figure
8), indicating that the variance of vertical wind increases with height due to convection. However, the
spatial distribution of u,, and o, is very similar along the legs, showing that they are related, following
the decomposition from the model of o;, in Hgjstrup (1982). Similarly, closer to the surface u, does not
exhibit a clear relationship with the surface pattern.

Since the variance of the vertical wind below 100 m does not reflect any surface influence for MT, the
behaviour of the sensible and latent heat fluxes (Fig. 9) are very similar to those described for potential
temperature and water vapor mixing ratio. Due to a stable stratification over the cold water during the
day and its effect on suppressing turbulence (Beyrich et al, 2006), the sensible heat flux presents small
or even negative values over the lake along the MT legs for the lowest levels, indicating a negligible or
downward heat flux. Higher legs do not show any influence of the lake (not shown).

Similar to o;,, the spatial distribution of the latent heat flux (Fig. 9) changes significantly for the
different passes over the lake, precluding the detection of any lake influence in our dataset. Even for the
latitudinal north-south legs, performed exclusively over the lake, the latent heat flux presents significant
differences (not shown), indicating that the latent heat flux in the surface layer responds to dynamics
originating from a larger scale.

3.5 Flights LIT13 and LIT14 (2003) and discussion with STI09 (2002)

In the following, two additional flights (performed during the LITFASS-2003 campaign) are analysed,
that were carried out on a flight pattern similar to the STIO9 flight (in 2002), see Fig. 1a. The LITFASS-
2003 campaign took place in June 2003, when the weather was characterized by high insolation and
temperatures were mostly above 10°C at night. However, several rain events modified the day-to-day
weather characteristics, providing cases with a large variety of wind and buoyant conditions. They
included several straight legs that crossed the lake over the same region as the MT legs described in the
previous sections. The flights consisted of five legs at different levels approximately parallel to the mean
wind direction which was the Northwest in both cases. LIT13 was performed in the early afternoon of a
mostly sunny day but with 5/8 of Cirrus clouds. A storm event took place during the previous morning
and early night, leaving a wet land surface with a mean wind speed of 8 m s~!. On the next day, LIT14
was performed in the morning, with the sky partially covered with cirrus and convective clouds and a
mean wind speed of 4 m s~!. The effect of the surface humidity was identified on the leg-averaged
sensible heat flux at 90 m, with smaller values for LIT13 (110 W m~2) than LIT14 (160 W m™2).
Despite of the different surface conditions for both flights, a decrease in both potential temperature mean
and variance can be identified over the lake for the lowest leg (Fig. 10). Although there is less statistical
significance by the flights with a single pass, most of them show a drop oy at the vicinity of the lake.
This is not significant if each flight is taken individually, but its persistence for most of the flights is a
useful information.

A clear lake influence on the rest of the variables is difficult to identify since there is only one pass
for each level.
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In summary, the data analysed for the three flights (STI09, LIT13 and LIT14) indicate similar results,
although the lack of several passes per flight along the same path exclude a definitive statement of lake
influence. The lake produces a small cooling effect over the first 100 m, which is shifted progressively
downstream. However, the decrease of 0 is only a few tenths of Kelvin around 80 m. The variance of
potential temperature is clearly affected by the presence of the lake by showing a drop of 6y (Fig. 6 and
10), despite of the mean wind and buoyancy conditions. The variance of m is not so clearly affected by
the lake. A decrease is indicated over the lake, but sometimes, the spatial change of the instantaneous m
is large across the forest-lake discontinuity, producing a sudden peak on G,,.

The presence of the lake does not affect the strength of turbulent mixing in the surface layer (either
represented by o, or u,, see Fig. 8) at observation height. However, the sensible heat flux is very small
or even negative over the lake as shown by the small variance of potential temperature. Latent heat flux
behaves differently. Moisture distribution responds with a more complex pattern to the surface forcing
(due to the presence of forest, agricultural fields and urban areas), and thus the variance of m can be
equally large over the lake as over other regions. In general, 6 and og show the strongest and most
significant footprint of the lake, with a decrease of values, although this is consistently visible at the
lowest flight level of about 80 m only. The results indicate that predictions by LES in former literature
e.g Maronga et al (2014) or Huang and Margulis (2009), where temperature variance is more sensitive
to surface heterogeneity than humidity is observed as well in the in-situ data.

3.6 Lake influence on the rest of flights

An analysis of the rest of LITFASS-2003 campaign flights reveals a similar behaviour in 6y. A total of
34 legs crossing over the lake, within the first 100 m, have been analysed. The main difference, with
respect to the flights described above (LIT13, LIT14, STI09), which followed the mean wind direction,
is that these legs were always oriented in west-east direction, (Fig. 1b). Flights LIT24, LIT25 and LIT07
applied a vertical matrix at three levels for different days, all characterized by a mean wind direction
from the SE but by different speeds. Additionally eight flights were analysed, each one contributing with
three legs below 100 m. These flights were performed under different ambient conditions, regarding the
mean wind direction, time of the day (either morning or early afternoon) and cloud cover.

In order to detect a systematic influence of the lake on the measurements at the lowest levels, a
search for drops in o has been applied to all LITFASS-2003 flights (including LIT13 and LIT14). For
this purpose, it is necessary to define the following parameters as shown in the schematic in Fig. 11:

» Leg-average og(leg): It represents the mean of the 6 obtained for each window i of 1 km width
sequentially marched through the leg by increments of 250 m, see Eq. 6.

* Local-average 0g(A): defined as the mean value of oy for three consecutive 1-km windows. This
parameter is only evaluated for those 1-km windows that fall within a horizontal distance of +2
km from the lake boundaries. This restriction in the horizontal distance was applied for preventing
those drops in g whose physical relation with the lake is unlikely in order to avoid other elements
that may add mor noise to the data. The STIO9 Flights give us a reasonable justification to relate
any significant drop of Gy at the vivinity of the lake with the presence of the lake. The value of the
threshold (+2 km) was determined after a qualitative revision of the oy evolution for all flights.

* The centre of the segment with the lowest 0y (A) or, similarly, with the largest value of oy (leg) —
0p(A) is identified as the central point of the region with the largest influence of the lake, which
is assumed to have the same width as the lake. Additionally, the horizontal distance between this
point and the centre of the lake is defined as the observed mean propagation distance of the lake
influence 8x,ps, at the leg height Zyps. This horizontal distance will be used in Sect. 5.

A clear drop in 0y was detected by the computer algorithm search over the lake for all legs except
for one case. An example for the flight LIT13 and LIT14 is shown in Fig. 10. Circles there mark the
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segment of the leg where the drop of 6y is maximum in the vicinity of the lake. It should be noted that
other drops occur as well along the flight leg, as seen for example at X=22 km for LIT14 in Fig. 10.
In that case this is probably the influence by another lake. However, the programmed algorithm detects
only drops in the vicinity of the lake Scharmiitzelsee. Moreover the decrease in magnitude of this drop
exceeds 50% of the leg-averaged op for 29 cases. Considering that these results are based on single
passes along the given legs, where the random error can play an important role in the determination of
the turbulent variances, the drops are significant and confirms previous results in Sect. 3.5.

4 Vertical propagation of the lake influence

The blending-height theory addresses the decreasing influence of surface heterogeneity with height,
identifying a scaling depth where this influence progressively vanishes. Different formulations of the
blending height zpeng have been discussed in the literature (Mahrt, 2000; Raupach and Finnigan, 1995;
Wood and Mason, 1991), depending on which forcing is most relevant. The different blending height
formulations are compared and checked with our in-situ data in order to estimate which formulation
is the most relevant for our data set. Since 33 out of 34 legs showed an influence of the lake on the
measurements of the standard deviation of potential temperature at 100 m, we should find a parametriza-
tion which fits to almost all of our cases, indicating a scaling depth larger than our aircraft observation
height. All formulations are proportional to the length scale of the surface heterogeneity Ly, a stability
parameter Y, which is a measure of the stratification or wind shear production of turbulence, and they
are inversely proportional to the wind speed u (Mahrt, 2000),

VAN
Zplend = Cy (5) Liet 9

where Cy and p are non-dimensional coefficients that take a particular value for each formulation.
The stability parameter and wind speed are leg averaged. That means each parameter is first calculated
within each 1 km window sequentially shifted through the leg by increments of 250 m. Second, all 1 km
window parameters of each flight leg (around 54 for a 14 km long flight leg) are then averaged. In this
sense, we attempt to receive a parameter which is representative of the whole heterogeneous area. When
turbulence is shear-generated, local diffusive mixing dominates and the stability parameter ¥ becomes
the friction velocity u,, with p =2 and Cy, is in the order of 1. With p = 1, we obtain the diffusion height
zdife (Wood and Mason, 1991), a level at which effects of the surface heterogeneity completely vanish.

When surface heating is important, Wood and Mason (1991) suggested using the spatially-averaged
surface heat flux and potential temperature, ¥ = (W)O /00, to explicitly account for the influence of
buoyancy. For this case, p = 1 and Cy, is of the order of 103, as estimated by Mahrt (2000).

Alternatively, Mahrt (1996) suggested considering o,, as a rough estimation of vertical mixing, with-
out specific attention to whether the origin is due to either wind shear or buoyancy. The variance of
vertical velocity can be described in terms of the relationship (Hgjstrup, 1982),

o, = au; +bw? (10)
where w, is the Deardorff convective velocity scale. Thus, the stability parameter used in this case
Yy = o, (with p =2 and Cy, = 2) generalizes the application of the blending height formulation to shear-
driven convective conditions.

Mahrt (2000) uses Eq. (9) to estimate the minimum horizontal scale of the surface heterogeneity that
would influence the airborne measurements at the mean observation level Zgps,

1 a\’_ Zob
Lyjend = F () Zobs = Lhet = (11)
v \V <blend
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with Lyeng taking different values depending on the stability parameter used. If (for our study) Ljke =
Liet > Lpjend, then the lake is expected to exert a heterogeneity signal on the atmosphere at the observation
level.

The concept of a blending height is discussed controversially in literature for strong convective con-
ditions since the largest eddies transport the surface properties up to the CBL top. Raupach and Finnigan
(1995) proposed a formulation for the maximum horizontal scale of surface heterogeneity Lray, for which
influence in the CBL is confined to depths much smaller than the boundary-layer height z;,

Lray = Crau iZi (12)
Wi
where Cr,y is a non-dimensional coefficient in the order of 1 (Mahrt, 2000). Since the mixing time scale
in the CBL is defined as z;/w., Lray can be interpreted as the horizontal distance covered by the flow
during the mixing time scale.

The length scale of the lake L. is estimated by using the geometrical length of that portion of the
leg over the lake surface. This length varies depending on the flight track orientation, since the lake in the
east-west direction is five times smaller than in the north-south axis. Hence, the horizontal length scale
Ljake ranges between 1.5 km and 2 km for all flights. Figure 12 shows the ratio of L, /L. versus the
leg-averaged wind speed u according to Mahrt (2000), where L, is one of the three possible formulations
of Lpjend:

1. The near-neutral case (Lyjend = Ln),

—\2
Ln = Cn <> Zobs » (13)
where C,, is 0.6.

2. The modified case (Lplend = Lp) after considering the surface heat flux (w’ 93’ / ) 1s
Ly = Co =——=Zobs » (14)
where Cy is 3.1-1073.

3. The generalized case with 6,, and Cy, = 0.5 (Lpjenqd = L) 18

—\ 2
u
LW = CW <G> Zobs . (15)

w

Results for Lr,, (Eq. 12) for the cases in which the CBL depth z; was available are also included as is Ly,
which is explained later. The CBL depth was measured by a Lidar or Radiosonde. Further details can
be found in Beyrich and Mengelkamp (2006). The horizontal gray line at Ly/Ljke = 1 indicates where
the geometrical length scale Ly, is equal to the minimum length scale L,. That means, when the ratio
L, /Liake is smaller than one, the geometrical length scale of the lake Li,e is larger than the minimum
required horizontal length scale of the surface heterogeneity, which is needed to influence the airborne
measurements at the mean observation level. All length scales increase for larger wind speeds. Larger
wind speeds reduce the Lagrangian time that the flow spends over a particular surface feature. Hence, a
longer horizontal length scale of this surface feature is required to achieve a similar depth of influence
(Mahrt, 1996). Only for very few cases, Ly/Liye and Ly/Liske are less than unity, generally for mean
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wind speeds # < 3 m s Only Ly, /Ljpxe shows values smaller than unity, for almost all the cases (except
for those legs with the largest wind speeds).

As mentioned in the introduction, the convective length scale Lr,, indicates the size of heterogeneity
that are supposed to influence the entire boundary layer. Lg,, depends on the intensity of convection
(represented by the Deardorff velocity scale w.), the boundary-layer depth z; and the mean horizontal
wind speed u (see Eq. 12). The results for Lg,, indicate a behaviour similar to L, and Ly, with Lgy, >
Liake ~ 2 km for larger wind speeds (z > 4 m s~1). Under these wind conditions, horizontal convective
mixing prevents the lake influence from extending up to the boundary-layer height. However, previous
studies over the same area show that the sensible heat flux remains very small throughout the entire
CBL over lake Scharmiitzelsee (Bange et al, 2006), and it only matches with the surrounding area at the
upper ABL, where sensible heat flux over land is small (Siihring and Raasch, 2013). Strunin et al (2004)
found that Lr,, had to be complemented with a ratio between shear stress and buoyancy flux at 100 m
to successfully determine the ability of a CBL for horizontal mixing. In the present study, the lack of
iterative passes at higher altitudes precludes a more robust analysis for addressing the vertical extension
of the lake.

Flows over surface discontinuities can develop local internal boundary layers (IBL) downstream,
when the changes of surface properties are sharp enough or the scale of the surface heterogeneity is large.
When a local IBL develops, Mahrt (1996) estimated its maximum depth z;,; with scaling arguments as

o,
Zibl = Cipl %Lhet , (16)

where Cip was found to be 0.15 (Mahrt, 2000). Similarly to what we have applied for the blending-height
parameterizations, it is possible to rewrite (16) in order to calculate the minimum length scale that would
generate a local IBL with a depth similar to the observation level:

1 u
Ly = <> Zobs - (17)

Cibl \ O

Note that L;, is very similar to Ly, although with a linear dependence on the ratio #/o,,. Figure 12
shows the values estimated for our dataset, with minimum scales larger than L,,. Therefore, larger
heterogeneity scales are generally necessary in order to detect the development of an IBL at a given
reference level.

In our dataset, we are able to see a slight drop in the potential temperature but none of the legs
analysed identify a clear change in the mean variables, as we would expect when entering an IBL.
Thus, we can say that a well defined IBL, which is in equilibrium with the underlying surface cannot be
clearly identified with our observations according to Eq. 17, or alternatively the flow adjusts to the new
surface without the formation of an IBL. These observations are in accordance with the LES study from
Maronga et al (2014). They could identify for the LITFASS-2003 case study that blending effects occur
above several tens of metres above the ground for temperature fluctuation.

The fact that the IBL top is not well defined in the layer between 60 and 100 m may suggest that the
scales estimated for the top of the IBL in (16) are valid. As a consequence, between 60 and 100 m, the
influence of the underlying surface can only be detected in the second-order moments of the variables.
Following this argumentation, we would expect that the lowest flight legs were performed within a layer
between the top of the IBL (for those cases where it was generated) and the blending height. In this layer,
the surface influence would gradually vanish with altitude. One should keep in mind, that the various
scaling derivations were intended more as qualitative arguments based in part on linear theory (Mabhrt,
2000). Therefore, quantitative comparisons of the length scales formulations is extremely difficult with
more complex atmospheric flow as they occur over heterogeneous terrain.
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S Horizontal propagation of the lake influence

The above scaling estimates neglect important spatial variations of the stability parameters y and other
variables. Therefore they do not attempt to describe the power-law dependence on the downstream dis-
tance that generally applies for the generation of an IBL (Garratt, 1990; J6zsa et al, 2007). The current
dataset shows that the influence of the lake on the distribution of the standard deviation of potential tem-
perature is commonly shifted downstream. An attempt to characterize this horizontal shift is addressed
by analysing the correlation between the atmospheric response (characterized by oy) and the surface
radiation temperature 7p. In this case, we have considered the 1-km overlapping windows for each leg
below 100 m, as a spatial series of og and 7. We then calculated the cross-correlation function,

5) = cov [0p E;C;- S)7TO(X)1/2 ’ (18)

(var[og]) /< - (var[Tp)])

where S = j - As represents the spatial lag, As = 250 m is the fixed horizontal distance between two
consecutive overlapping windows along the leg and j € (—10, 10). In contrast to the one-point correla-
tion analysis, the cross-correlation function allows us to analyse the spatial displacement of the vertical
transport by horizontal advection.

Figure 13 shows the cross-correlation functions for the three legs of STI09 flight performed below
100 m. Further two more legs ST03 and NT13 have been added from STIO9 which have not been
presented before, but that also cross the lake in a similar way. These two legs have the same track and
height than MTO02, but are located more to the north (NT13) and to the south (ST03) over the lake. The
maximum value of p(S) occurs for a spatial lag S between 0.75 and 0.50 km, with the negative sign
indicating that the maximum correlation is shifted downstream to the west, since there was predominant
easterly wind. The leg MT12 represents one exception to these results, with a function p that exhibits
a plateau within lags § = +1.5 km. A positive correlation is expected since the drop in 6y occurs for
smaller surface temperatures, as the thermals over these regions are weaker.

The cross-correlation function has been calculated for the rest of cases with a small cross-leg wind
component (Ueross /% < 0.5). A total of 12 legs met this condition, and for 8 of them a maximum correla-
tion of Pmax > 0.4 was obtained. All these cases show the maximum cross-correlation for a corresponding
downstream spatial lag.

If we consider (0,,/%) as a qualitative ratio of the strength of the vertical mixing to the horizontal
advective speed, it is possible to relate the spatial lag Spyax of the maximum of the correlation function
with the leg-averaged wind along the leg direction |, the leg-averaged standard deviation of vertical
wind o,, and the observational height 7Z,,s. Based on Eq. 17, we get:

Stax ~ <u|> Zobs = 5xpara (19)
Ow
where we call this relation the parameterized distance 5xpar. Cs is a non-dimensional coefficient which
has to be defined. If this relation (Eq. 19) is reasonable Sp,x and 5xpar should be equal. Figure 14
shows the absolute difference between Oxpar and Spax for varying Cs. In order to obtain Cy for different
conditions, we calculated this difference considering (i) the whole dataset (34 legs), (ii) a subset with
only those legs with ppax > 0.4 (12 legs) and finally (iii) a reduced subset of legs with ppm,x > 0.4 and
low cross-wind (ucross /% < 0.5, 8 legs). The smallest difference is obtained for the latter subset, with a
value of Cs = 0.4. The subset of legs with py,x > 0.4 also show a minimum close to Cs ~ 0.4, however
the absolute difference is higher. A suitable value for parameter Cg can not be determined when all legs
are considered since a minimum value is not found.

For the neutral case, Horst and Weil (1992) found that the level of maximum influence 7 of a given
upstream unit surface point source is proportional to the downstream distance dx through the relation

z 1 u
o KvCp K'M*Z’ ( )
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where Cp = (u /ﬁ)2 is the drag coefficient and k¥ = 0.40 is the von-Karmdn constant. In our case we
have to assume that the lake acts like a unit surface point source. That means we consider the lake as one
point with no horizontal extension, from where the spatial distance of a footprint in the boundary layer
is calculated. We have seen in previous sections, that for our study, o, is a better scaling variable for
turbulence compared to u.. 0y, is needed to calculate the length scale L,,. Only with this length scale L,,,,
the geometrical length of the lake is large enough in order to show a footprint at the observation height
of the lake for the most of our cases, including higher wind speeds (see Fig. 12.)

Thus, relation (20) with o,, instead of turns into expression (19), with a value of Cg close to k. The
parametrization of (19) with Cs = 0.4 is displayed for the two different legs (LIT13 and LIT14) in Fig.
10. The vertical black dashed lines indicate the lake boundaries shifted downstream by the distance $xpar
following the parameterization. Since the parametrization depends on the horizontal wind speed and on
the vertical mixing, the distance of the black dashed lines respect to the lake boundaries is different for
both flights (LIT13 and LIT14) as weather conditions were also different. The segment of the lake with
the minimum of the 6y should be located within the black dashed lines for both cases. For LIT14 the
drop of the oy is in between the parametrized distance. LIT13 is a good example for showing that not
all cases follow the parametrization. However, it is necessary to use the entire dataset in order to test the
validity of the approach given by Eq. 19. We have identified the region with a maximum drop in og over
the vicinity of the lake for 29 legs by a computer algorithm detection (as explained in Sect. 3.6). The
detection of a drop in oy is satisfactorily for most cases (indicated by open circles in Fig. 10).

In the previous section 3.6, we defined the horizontal distance between the geometrical centre of that
region where the drop of oy occurs and the centre of the lake, as the observed mean propagation distance
of the lake influence dxqps at the leg height Zops.

If expressions of Eq. 19 is valid, the parameterized distance xp,r should fit to the observed one
Oxops. In Fig. 15 the difference | Oxghs — Oxpqr | is plotted versus the mean wind speed %. The discrepancy
between the observed and parameterized shifts is smaller than the spatial lag between two consecutive
overlapping windows (250 m) for 15 cases. Hence, 55% of the cases exhibit an observed horizontal shift
similar to the parametrized results from Eq. 19. However, the parametrization 8xp, does not hold for all
cases. It tends to fail for situations with large wind speeds.

6 Conclusion

The influence of an intermediate-scale lake on airborne measurements taken below 100 m in a CBL has
been analysed for 34 flight legs flown during two consecutive field campaigns in the summer of 2002 and
2003. Several first-order and second-order statistics were evaluated in order to check if an lake influence
is apparent in the lower CBL in the vicinity of the lake. The spatial variability for mean quantities is not
very significant. Although there are some hints that our analysed data indicate a cooling over the lake at
100 m above ground and that we can distinguish between a drier atmosphere over the lake compared to
the moister air over forest.

The second-order moments related to potential temperature (0g) exhibit a clear decrease in the vicin-
ity of the lake at the airborne observation height. Unfortunately, only one flight of the selected dataset
contained consecutive passes along the same leg during same environmental conditions and hence a low
sampling error. The flight showed that the observed variances of ¢y are reduced significantly over the
lake. But also the remaining flights, each with different environmental conditions, showed reduced oy
in 33 out of 34 flight legs. Although due the lack of iterative passes the theoretical sampling error is
in the same order as the measurement value, the persistence of a drop in 6 for most of the flights in
the downstream propagation of the lake is significant. Most likely, the lack of thermals above a cool
surface favours such a drop for theses parameters and their random variability. Second-order moments
of humidity and vertical wind, however, did not identify the underlying lake, at least in our study.

The fact that, a slight drop is seen in the potential temperature but none of the legs analysed identify a
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clear change in the mean variables, as we would expect when entering an IBL, suggest that a well defined
IBL is not observed in our data set. Therefore, an IBL which should be as well in equilibrium with the
underlying surface cannot be clearly identified with our observations according to Eq. 17. It seems to
be more likely, that the flow adjusts to the new surface, which is indicated by the decrease of variance of
temperature over the lake, but without the formation of an IBL.

Several length scales of surface heterogeneity were calculated following previous studies of Mahrt
(2000) and Bange et al (2006). These scales consider different parameters depending on the stability
conditions of the flow. Only the scale that considers the variance of vertical velocity or a velocity scale
was compatible with our observations. Probably the variety of buoyancy conditions in our dataset (which
includes days with a weak surface heat flux and strong winds together with days with strong convection)
requires a stability parameter able to describe the vertical mixing induced by both wind shear and thermal
heating in order to fit to all conditions during our flight experiment. In addition, the application of a
convective scale for those cases where the boundary-layer depth was known, indicates that the 2 km
wide lake could affect the lower CBL for wind speeds below 4 m s~!.

Finally, the downstream propagation of the lake influence has been addressed by calculating the
cross-correlation function between the surface radiative temperature and the variance of potential temper-
ature for the entire leg. Although a clear relationship between the spatial lag of the maximum correlation
and the horizontal advective speed could only be identified for 8 cases, this relation indicates promising
results when it is applied solely to the lake influence. After developing a system of that automatically
detects the mean horizontal shift of the lake influence, 55% of the cases exhibit an observed horizontal
shift similar to the simple parametrization of Eq. 19.

Atmospheric flow is complex. Therefore a quantitative comparison of the various length scales
derivations and downstream parametrizations which are based on linear theory is difficult. In future flight
experiments, we suggest simultaneous flights with at least three research aircraft, at three different levels
above a discontinuity, performing repeated legs. Ideally this could be done using research unmanned air
vehicles (UAV) (van den Kroonenberg et al, 2012; Wildmann et al, 2014). By using UAY, also the flight
altitude can be maintained with a much higher precision (1m) compared to a manned helicopter.
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Table 1: List of selected flights. All flights took place in 2003 except STIO9 which was in 2002. Ws is
the wind speed. Local time is UTC + 2 hours. Times are the entire flight time.

Flight Time Heights of Weather Wind Ws
code Date (UTC) legs (m) (Clouds) dir (°) (ms~ 1
IBL-lake

STIO9 09.07 | 1320-1500 | 70, 80,90, 180, 280 2/8 Ci 150 6.0
LIT13 13.06 | 1312-1412 | 86,472, 603, 742, 922 5/8 Ci 300 8.0
LIT14 14.06 | 0922-1020 | 86, 472, 603, 742,922 | 7/8 Ci, 3/8 Cu 280 4.0
North box

LIT24 24.05 | 1312-1405 100, 400, 700 4-6/8 Ci 141 6.3
LIT25 25.05 | 0929-1040 100, 400, 700 1/8 Ci 142 2.2
LITO7 07.06 | 0953-1050 100, 400, 700 1/8 Ci 151 33
E-W grids

LIT28 28.05 | 1203-1307 100 3-4/8 Ci 28-54 5.0
LITO3 03.06 | 1122-1225 100 4/8 Ci 92-148 2.6
LITO4 04.06 | 1216-1321 100 3-6/8 Ci 125-159 5.0
LITO6 06.06 | 1132-1239 100 2/8 Ci 260-310 5.5
LIT10 10.06 | 0906-1010 100 5/8 Ci 113-175 3.0
LIT12 12.06 | 0923-1026 100 2-3/8 Ci 274-348 4.0
LIT13 13.06 | 0940-1041 100 3-2/8 Ci 300 4.3
LIT17 17.06 | 1235-1333 100 3/8Cu4/8Ci | 68-168 2.8

kow (Mark)

Diensdort Radlow

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘

B0

2 km Frieding L

2km ot enli:
(a) Flight-tracks of IBL-lake flights (STI09, LIT13, (b) Flight-tracks of LITFASS2003 flights (Northbox
LIT14) and (E-W grids)

Figure 1: Flight-tracks (blue lines) representative of those flights that cross the lake Scharmiiltzelsee (a)
following the mean wind (STI09, LIT13 and LIT14) or (b) in the east-west direction at different heights
or over different sections of the lake (the rest of flights, see Tab. 1). Green areas refer to forest surfaces,
blue to water and beige to farmland. Hatching areas indicate military zones. Source. Open Street Map.
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Table 2: Chronology of the legs performed during STIO9 flight. Error in the Height column represents
the standard deviation. Local time is UTC + 2 hours. Times report the analyzed flight period.

Time leg number  Height 0 Wind  Wind speed leg-parallel
(UTC) (position)  (m) average (K) dir(®) (ms~!) wind speed (m s~1)
1327-1333 MT 02 83+17 3035 143 6.3 6.3
1344-1352  MT 04 170 £26  303.7 142 7.1 7.1
1402-1409  MT 06 282428 303.9 145 6.6 6.6
1438-1444 MT 12 6615 3045 162 5.8 5.4
1500-1506 MT 16 68 +12 3047 162 5.5 5.1
F T | T | T | T | T | T | T | T | R
400 F 3
350 F 3
~ 300 F ]
g o ]
R C ]
o 200 F -
I o h
150 £ 3
100 F 3
50 E .

Figure 2: Averaged barometric heights along the five middle track (MT) legs performed during the
STIO9 flight. Shaded areas correspond to the standard deviation of the altitude along the 1-km window.
Abscissa shows the distance along the leg, where X is the distance from an arbitrary point at the western
edge of the flight paths. The lowest shaded area depicts the 1-km averaged topography. Vertical gray
lines indicate lake boundaries.

0.5
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03

0y (K)

02
01
0.0

Figure 3: Standard deviation for og of the three passes at the lowest flight legs MT02, MT12, MT16.
The red line indicates the average G of the three legs. Error bars {5, mark the sampling error calculated
after Eq. 7. Wind blows parallel to the flight direction (from the right side to the left side in the panel).
Average wind speed is between 5.5 and 7.1 m s~!. See Table 2 for more information.
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Figure 4: Averaged potential temperature (thick line) and standard deviation (shaded area) for each
middle track (MT) leg at 280 m (MTO06), at 170 m (MTO04) and below 100 m (MT02, MT12, MT16) of
STIO9 flight. The time variability of the temperature is removed. Lower panel shows the corresponding
distribution of the surface temperature measured during the flight leg (MTO02). Abscissa and vertical grey
lines as in Fig. 2. Wind is blowing parallel to the flight direction (from the right to the left side in the
panel). Average wind speed is between 5.5 and 7.1 m s~!. See Table 2 for more information.
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Figure 6: Standard deviation of potential temperature for each middle track (MT) leg at 280 m (MT06),
at 170 m (MTO04) and below 100 m (MT02, MT12, MT16) of STI09 flight. Data are computed for a
window of 1 km width, sequentially marched through the leg by increments of 250 m. Lower panel
shows the corresponding distribution of the surface temperature measured during the flight leg (MTO02).
Wind direction is from the south-east. That means wind is blowing parallel to the flight direction (from
the right side to the left side in the panel). Average wind speed is between 5.5 and 7.1 m s~!. See Table
2 for more information.
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Figure 7: The same as in Fig. 6 but for the water vapor mixing ratio.
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Figure 8: The same as in Fig. 6 but for u, and o,, for each middle track (MT) leg at 280 m (MT06), and
below 100 m (MTO02, MT12, MT16) of STIO9 flight.
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Figure 9: The same as in Fig. 8 but for latent heat flux LE and sensible heat flux H .
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Figure 10: Standard deviation of potential temperature o for legs LIT14 (top) and LIT13 (bottom).
Vertical gray lines indicate the lake boundaries as diagnosed by the surface temperature. Circles indicate
the segment of the leg with the lowest values of oy at the vicinity of the lake. This segment has been
identified with an automatic algorithm, described at the end of Sect. 3.6. Black dashed lines indicate
the segment of the leg where the lake influence should be detected following the parametrization (6xpar)
developed in Sect. 5 (Eq. 19). Refer to the text (Sect. 3.6) for more informations.
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Figure 11: Schematics for the drop search oy in the vicinity of the lake for three consecutive 1-km
windows. Note that the sketch is not true to scale.
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Figure 12: Estimation of the minimum horizontal length scale of the surface heterogeneity that is needed
to influence the airborne measurements at the mean observation level for each leg as a function of the
leg-averaged wind speed. The x-axis shows the ratio of the particular length scale and the actual geomet-
rical length of the lake, which was crossed by each flight leg. The estimation of the length scale follows
the blending-height parameterization for the near-neutral case (L, /Ly ), the modified case after consid-
ering the surface heat flux (Ly /L) and the generalized case (Ly /Ljake). Additionally, boundary-layer
convective scaling has been calculated for those cases where the boundary-layer height was available
(Lrau/Liake), and minimum length scale for detecting the formation of an IBL (Lip/Liske). Horizon-
tal straight gray line at Ly/Lj.e = | indicates where the geometrical length scale Li,e is equal to the
minimum length scale L.
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Figure 13: Cross-correlation function p(S) between the standard deviation of potential temperature Gg
and surface radiation temperature Ty for the five legs of STI09 flight performed below 100 m.
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Figure 14: Absolute difference between
the parameterized horizontal shift dxp,, and
the spatial lag of the maximum correla-
tion function Sp.x against Cg. For all legs
(pointed line), legs with pp.x > 0.4 (dashed
line) and legs with ppax > 0.4 and low cross
wind teross /U < 0.5 (black line).

1800 L L LA L B
1500 | i
= L °
£ 1200 | o * ]
g I ]
S 900 ]
1 [ ] g
8 | [ ]
Léo 600_— % o) —
—_ i [ ]
300 % B -
. o o °
L ) ®
0 . %94 Q9 |Q>. % . g . 1 . |

1 2 3 4 5 6 7 8 9
u(ms'1)

Figure 15: Absolute difference between the parameterized
horizontal shift dxp,, and the observed one dxgps against
the mean wind speed u. A total of 29 legs with a clear drop
of op in the vicinity of the lake could be observed. Open
circles indicate those cases with ucross /71 > 0.5 (large cross-
leg winds). Black circle indicate cases with low cross
wind ueross /2 < 0.5. The horizontal grey line indicates the

spatial lag between two consecutive overlapping windows
(250 m).
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