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Abstract. Cloud measurements are usually carried out with

airborne campaigns, which are expensive and are limited

by temporal duration and weather conditions. Ground-based

measurements at high-altitude research stations therefore

play a complementary role in cloud study. Using the mete-

orological data (wind speed, direction, temperature, humid-

ity, visibility, etc.) collected by the German Weather Ser-

vice (DWD) from 2000 to 2012 and turbulence measure-

ments recorded by multiple ultrasonic sensors (sampled at

10 Hz) in 2010, we show that the Umweltforschungssta-

tion Schneefernerhaus (UFS) located just below the peak of

Zugspitze in the German Alps, at a height of 2650 m, is a

well-suited station for cloud–turbulence research. The wind

at UFS is dominantly in the east–west direction and nearly

horizontal. During the summertime (July and August) the

UFS is immersed in warm clouds about 25 % of the time.

The clouds are either from convection originating in the val-

ley in the east, or associated with synoptic-scale weather sys-

tems typically advected from the west. Air turbulence, as

measured from the second- and third-order velocity structure

functions that exhibit well-developed inertial ranges, pos-

sesses Taylor microscale Reynolds numbers up to 104, with

the most probable value at ∼ 3000. In spite of the complex

topography, the turbulence appears to be nearly as isotropic

as many laboratory flows when evaluated on the “Lumley tri-

angle”.

1 Introduction

Clouds play a crucial role in the thermal balance and the hy-

drologic cycle of the earth. Our understanding of the forma-

tion and evolution of clouds, however, is far from making

reliable predictions. The difficulty is partially rooted in the

turbulent nature of clouds due to the wide range of scales

involved in the process (Jonas, 1996). In recent years, there

has been increasing awareness of the importance of turbu-

lence on clouds (Shaw, 2003; Bodenschatz et al., 2010; De-

venish et al., 2012). The study of cloud–turbulence interac-

tion is difficult since both laboratory experiments and nu-

merical simulations cannot reproduce all the important phys-

ical and thermodynamical parameters involved in real-world

clouds. Observations in natural clouds are therefore an irre-

placeable aspect of the investigation. Most of these observa-

tions are carried out with airborne campaigns that are lim-

ited in resolution by the flying speed of the aircraft, even

though significant progress has been achieved in recent years

by using slowly flying instruments to improve spatial reso-

lution (Siebert et al., 2006, 2010; Malinowski et al., 2013).

Ground-based measurements at high-altitude research sta-

tions therefore play a complementary role. In this work,

we consider the Umweltforschungsstation Schneefernerhaus

(UFS) located just below the peak of Zugspitze in the Ger-

man Alps, at a height of 2650 m. Several short campaigns

on cloud research used UFS/Zugspitze as the measurement

site (Siebert and Teichmann, 2000; Wirth et al., 2012). Here,

by using the meteorological data (wind speed, direction, tem-

Published by Copernicus Publications on behalf of the European Geosciences Union.



3210 S. Risius et al.: A mountain research station for clouds and turbulence

perature, humidity, visibility, etc.) collected by the German

Weather Service (DWD) from 2000 to 2012 and turbulence

measurements recorded by multiple ultrasonic sensors (sam-

pled at 10 Hz) in 2010, we show that UFS is a well-suited

station for cloud–turbulence research. Note that our work is

not concerned with the climatology or mountain meteorology

at Zugspitze, which are important problems by themselves

and require different methods of study, e.g., using data from

longer periods. Rather, by analyzing data recorded at UFS in

the same way as conventionally done for laboratory flows,

we show that both the turbulence and the cloud properties

at UFS carry similar characteristics to those in other well-

studied turbulent flows and in airborne clouds. Our results

presented here can also serve as a benchmark characteriza-

tion of the turbulence and cloud physics conditions at UFS,

which can be used for other researchers who are interested in

carrying out related studies at UFS to evaluate the usefulness

of the research station for their own investigation.

In this paper, we present the flow conditions and large-

scale turbulence at UFS. The small-scale turbulence will

be characterized in an accompanying paper (Siebert et al.,

2015). Here, the term “large scale” or “forcing scale” cor-

responds to the range of the local peak in the energy spec-

trum and is related to the scale at which the kinetic energy

is supplied into the turbulent motion; “small scale” or “dis-

sipation scale” refers to the range at which the viscous dissi-

pation converts the kinetic energy into heat. In-between lies

the “inertial (sub)range”, which is the range of scales where

the kinetic energy is cascaded down to smaller and smaller

scales without significant loss. This nomenclature is con-

ventional in the fluid mechanics community (see, e.g., the

following textbooks: Monin and Yaglom, 1971, 1975; Ten-

nekes and Lumley, 1972; Frisch, 1995; Pope, 2000) and is

also widely adopted in other related communities, e.g., in as-

trophysics (Mac Low and Klessen, 2004) and in atmospheric

science (Wyngaard, 2010). In meteorology sometimes the

entire range of scales where turbulence dynamics are impor-

tant is defined simply as “microscale turbulence”, in contrast

with the “macroscale turbulence” of the large-scale synoptic

flows (Etling, 2008). We will discuss in more detail these dif-

ferent terminologies later in relation to the energy spectrum

measured at UFS.

2 Geography and environment

UFS (47◦25′00′′ N, 10◦58′46′′ E) is located near the top of

Zugspitze, which is the highest mountain in Germany, at a

height of 2962 m above sea level. UFS is a nine-story build-

ing, constructed into the southern flank of the Zugspitze (see

Fig. 1). The southern flank of the mountain is covered with

Germany’s largest glacier, the Schneeferner, which is sur-

rounded by a mountain arc that shields it from winds com-

ing from the north, west and south. The Schneeferner is un-

shielded towards the south-east where melt water streams

Figure 1. Views of UFS from the south. The lower picture is a close-

up view of the top picture, and the measurement site is indicated by

the red ellipse. The photo shown in the top panel was taken in May

2007 and that in the bottom panel was taken in October 2009.

run down the mountain. UFS is situated on the north side

of the glacier, at a height of about 2650 m (see Fig. 2). The

mountain ridge on the west of the glacier is known as the

Schneefernerkopf. Over a length of about 200 m, erosion has

decreased the height of the ridge significantly, and the low-

est point is about 175 m lower than the Schneefernkopf sum-

mit (Engelbrecht, 2011). This part is known as the “wind

hole”, because it directs the wind from the west over the

glacier, also over UFS, like a funnel.

The weather at Zugspitze is mainly influenced by the west-

erlies and synoptic-scale systems that lead to heavy precipi-

tation on the northwest side of the Zugspitze massif. In addi-

tion to this, on about 60 days per year the weather is domi-

nated by foehn winds, which push against the massif from

the south, resulting in relatively high temperatures during

the winter times. The average temperature at the peak of

Zugspitze during the standard reference period (1961–1990)

was −4.8 ◦C, while the lowest and the highest were −35.6

and 17.9 ◦C, respectively (DWD, 2000), and the average pre-

cipitation was 2003 mm per year (Siebler, 2010).

Atmos. Meas. Tech., 8, 3209–3218, 2015 www.atmos-meas-tech.net/8/3209/2015/
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Figure 2. View of the Schneeferner valley from the south-

east (Photo taken by Xtream, alpinforum.com Luftbilder Topic,

24 April 2009. http://www.alpinforum.com/forum/viewtopic.php?

f=7&t=19048&start=50)

3 Flow conditions at UFS

Figure 3 shows the local weather conditions at UFS, includ-

ing temperature, relative humidity, solar radiation and visi-

bility, using the hourly data from the Deutscher Wetterdienst

(DWD, German Weather Service) recorded between 2000

and 2012. The average temperature at UFS during that pe-

riod, −1.5 ◦C, was higher than the average temperature at

the peak of Zugspitze during the standard reference period.

The hourly average temperature at UFS varies between −10

and +6 ◦C throughout the year. The average relative humid-

ity is also nearly the same throughout the year, but with much

larger fluctuations in wintertime. As a check, we analyzed the

1 min data between 2008 and 2012, also recorded by DWD.

The results are the same as those from the hourly data over

the same period. In the presentation below, the term “DWD

data” refers to the recording over the longer period, i.e., the

hourly data between 2000 and 2012.

We now turn to the flow and turbulence conditions at UFS,

which is the main focus of this paper. To see the possible

relation between clouds and the flow conditions, we define

the “cloud” events as when the relative humidity is above

99 %. We varied this condition to when the relative humidity

is above 95 %, and to include other conditions such as requir-

ing the temperature to be above 0 ◦C or the visibility to be

below 200 m. The statistics obtained are virtually the same.

Figure 4 shows the probability density functions (PDFs) of

the horizontal wind direction and the wind speed under both

the no-clouds and clouds conditions. Note that we use the

word “wind” to merely refer to air flow. Due to the local to-

pography, the winds at UFS are primarily in the east–west di-

rection. This dominance of a preferred wind direction is very

convenient for fixed instruments, such as a hot-wire and par-

ticle size analyzer (see also the accompanying paper, Siebert

et al., 2015). The variations of the wind direction and the

PDF of wind speed are different for wind from the west and

from the east, which is most likely due to the different to-

pography on the two sides. Winds from the west have to pass

over the mountain ridge before reaching UFS and hence are

generally more intense and spread over wider angles. The

east winds usually flow along the valley and are mostly free

from the effect of the mountain. In comparison, the flow con-

ditions (wind direction and wind speed) are almost indepen-

dent of whether the wind is carrying clouds or not.

As a way to quantify the difference between the wind from

the east and from the west, we fitted the wind speed PDFs

shown in Fig. 4 as Weibull distributions. The shape parame-

ters of the fitted Weibull distribution are 1.50, 1.48, 1.33 and

1.33 for wind from the east with clouds, wind from the east

without clouds, wind from the west with clouds and wind

from the west without clouds, respectively. As expected the

shape parameter depends only on whether the wind is from

the east or from the west, and it is not sensitive to whether

there are clouds or not. In all cases the shape parameter of

the fitted Weibull distribution is smaller than 2, which sig-

nals a wide distribution of wind speed. The shape parameter

for wind from the east is slightly larger, which is consistent

with the local topology; i.e., wind from the east is coming

from the valley, with less influence by the mountain, while

wind from the west is coming over the ridge, from the wind

hole and moves along the mountain before reaching the mea-

surement site.

As we are interested in the events of clouds covering UFS,

we checked the time fraction of cloud covering at a given

month of the year. Figure 5 shows that it is more likely to ob-

serve clouds in the “summer” (from April to September) than

in the “winter” (from October to March). This is especially

true for clouds from the east because these clouds are almost

exclusively formed from the convection rising from the val-

ley, which correlates with solar radiation. Clouds from the

west can be carried by the dominating westerlies, as stated in

Sect. 2, and therefore do not show a simple dependence on

the season. On the other hand, there is still a pronounced peak

around July. Overall, the probability that the UFS is covered

in clouds is more than 25 % in the summer, with a peak of

nearly 30 % in July. In the summer, the probability of having

clouds from the east and the west is approximately 10 and

15 %, respectively. Therefore, the UFS offers a good possi-

bility to compare these two types of clouds and the associated

turbulence.

To evaluate the chance of measuring clouds, we also

checked the cloud fraction during the time of the day in sum-

mer and in winter, as shown in Fig. 6. In the summertime

the clouds are most likely to occur during the late afternoon

and later in the night, which reflects the fact that the summer

clouds are usually formed from convection originated in the

local valley. During the wintertime the probability of cloud

occurrence is independent of the time of day, suggesting that

cloud cover is more associated with synoptic-scale weather.

www.atmos-meas-tech.net/8/3209/2015/ Atmos. Meas. Tech., 8, 3209–3218, 2015
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Figure 3. Local weather conditions at UFS, obtained from recordings by the Deutscher Wetterdienst (DWD, German Weather Service) over

the years 2000–2012. More meteorological data recorded by DWD can be obtained from the ftp site: ftp://ftp-cdc.dwd.de/pub/CDC/. Red

curves are the averages over that period; green curves are the minimum and maximum values of the monthly averages; and blue curves are

the minimum and maximum values of the hourly averages.
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condition for “clouds” is that the relative humidity be above 99 %.

4 Large-scale turbulence

To measure large-scale turbulence, we installed five ultra-

sonic sensors on a mast located on the roof of the round

tower of the UFS (Fig. 1). The ultrasonic sensors are man-

ufactured by Thies Clima (Göttingen, Germany), and each

of them measures the full wind velocity vector in three di-

mensions at a sampling frequency of 10 Hz. The five sen-

sors are arranged in a configuration that forms two tetrahe-

drons sharing one face (Fig. 7). The analysis shown here is

mainly from the measurements by the top sensor, which is

approximately 6 m above the roof and 20 m away from the

mountain. The wind measured by this sensor is least influ-

enced by the mast itself and other sensors. Figure 8 shows

the spectrum of the horizontal wind velocity in the east–

west direction (solid line), measured from the 1 min DWD

data between January 2008 and July 2012 (circles), with our

sonic sensor at 10 Hz between September 2010 and Septem-

ber 2011 (crosses). The sonic sensor spectrum shown was ob-

tained by averaging the spectra from records of every 2 h and

hence only extends between 0.5 h−1 and 5 Hz. The two spec-

tra agree very well in the frequency range covered by both

Atmos. Meas. Tech., 8, 3209–3218, 2015 www.atmos-meas-tech.net/8/3209/2015/
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Figure 5. Fraction of time during which the UFS is covered by clouds during any month of the year. The red curve is the average cloud

fraction, and the green curves are the maximum and minimum monthly values over the period of data analyzed. From the top to the bottom,

the three panels are the total fraction of cloud covering, the fraction of clouds from the east and the fraction of clouds from the west.

Figure 6. Average fraction of time that clouds cover UFS at a given time of the day (local time at UFS) in summer (top) and in winter

(bottom).

data records, i.e., between 0.5 h−1 and 0.5 min−1. The peak at

f = 1.15×10−5 Hz in the spectrum corresponds to the diur-

nal forcing. There is a noticeable “knee” at a frequency range

of about 1 h−1, which can be made clearly visible from the

compensated spectrum f ·E(f ) shown in the bottom panel

of Fig. 8. This is the so-called “spectral gap” and is known

to exist in spectra measured in many atmospheric flows, un-

der vastly different geographic conditions (Stull, 1988). The

spectral gap is commonly considered as the separation be-

tween the timescales of the synoptic flow and the local “mi-

croscale turbulence” that bears more universal features as as-

sumed by the Kolmorogov hypotheses (Kolmogorov, 1941).

In detailed turbulence studies such as we are concerned with

here, it is customary to divide this range into large scales,

small scales and the “inertial range” in between. The large

scales are where the energy is supplied into the turbulent

motion, which may be loosely related to the peak after the

spectral gap in the compensated spectrum, i.e., at timescales

of roughly 1 to 10 min. The small scales are at much faster

timescales or much smaller length scales that are dominated

by viscous dissipation, which cannot be resolved from the

sonic sensor measurements.

To access the turbulence properties at faster timescales,

we added the spectrum from a hot-wire anemometer mea-

www.atmos-meas-tech.net/8/3209/2015/ Atmos. Meas. Tech., 8, 3209–3218, 2015
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Figure 7. The ultrasonic wind sensors installed on the roof of UFS.

The five ultrasonic sensors are labeled with numbers from 0 to 4.

The top sensor (number 0) is approximately 6 m above the roof.

surement sampled at 1 kHz, which was conducted in August

2009 (triangles). The hot-wire spectrum overlaps well with

the spectrum from the sonic sensor in the range of frequency

between 10−2 and 10−1 Hz. The deviation of the sonic sen-

sor spectrum is most likely due to its limited resolution in

wind velocity measurement. The composited spectrum from

all three spectra shows that, for flows at UFS, the spectrum at

10−2/f/102 Hz indeed follows the Kolmogorov spectrum

Euu(f )∝ f
−5/3, which is shown by the dash-dotted lines in

both panels of Fig. 8. Note that it gives fEuu(f )∝ f
−2/3

in the compensated plot. As suggested by Fig. 8, in our fol-

lowing analysis of the turbulence, we divide our records to

segments that are no longer than 10 min.

We now study quantitatively the turbulent flows at UFS.

We present here large-scale flow measurements. Analysis of

small-scale turbulence is reported in an accompanying pa-

per (Siebert et al., 2015). We analyzed in detail the continu-

ous recording of wind velocities by the top sensor between

September and December 2010. From these recordings, we

select the “steady” events that are defined as segments with

periods between 1 and 2 min, during which the fluctuation

of wind around its mean is less than 25 % of the mean. For

these segments, we then used Taylor’s frozen turbulence hy-

pothesis to obtain spatial correlations and structure functions

from the time series of velocity data. The longitudinal and

transverse velocity auto-correlations, f (r, t) and g(r, t), are

Figure 8. The composite spectrum of the east–west horizontal wind

velocity, including data from the 1 min DWD recording between

January 2008 and July 2012 (circles), measured from our sonic

sensor sampling at 10 Hz between September 2010 and Septem-

ber 2011 (crosses), and from a one-component hot-wire anemom-

etry sampled at 1 kHz in August 2009 (triangles). The thick solid

line is a smoothed composite spectrum using all three spectra men-

tioned above. Note that, due to the limited resolution, the 10 Hz

sonic sensor data deviate from the hot-wire data at f & 100 Hz and

are not used beyond that. The Kolmogorov Euu(f )∝ f
−5/3 spec-

trum was shown for comparison (dash-dotted line). Note that it

gives fEuu(f )∝ f
−2/3 in the compensated plot in the bottom

panel. The vertical dotted line marks the frequency correspond-

ing to a 1 h period. The inset of the top panel shows the local

slope dlnE/dlnf of the smoothed spectrum, from which the scal-

ing range can be identified. The bottom panel shows the compen-

sated spectrum f ·Euu(f ), in which the so-called “spectral gap” at

f ≈ 1 h−1 is clearly visible.

defined as

f (r, t)=
〈u1(x+ e1r, t)u1(x, t)〉〈

u2
1

〉 , (1)

g(r, t)=

〈
u2,3(x+ e1r, t)u2,3(x, t)

〉〈
u2

2,3

〉 , (2)

where the subscripts 1, 2 and 3 refer to vector components

and e1 is an unit vector in the 1 direction. Component 1 is the

mean flow direction of the segment, which could vary from

segment to segment, e.g., from east to west, and the other two

components are in the directions perpendicular to the mean

Atmos. Meas. Tech., 8, 3209–3218, 2015 www.atmos-meas-tech.net/8/3209/2015/
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velocity. The longitudinal and transverse integral scales, LLL

and LNN, are

LLL(t)= L11(t)≡

∞∫
0

f (r, t)dr, (3)

LNN(t)= L22,33(t)≡

∞∫
0

g(r, t)dr. (4)

Since an integration up to infinity is practically not possi-

ble, we determine the integral length scales by integrating

correlations up to the first zero-crossing. The integral length

scales correspond roughly to the sizes of the biggest ed-

dies in the flow and therefore vary significantly in environ-

mental flows. Figure 9 show the distribution of the mea-

sured integral length scales. The most probable values of

the longitudinal and transverse length scales are LLL ≈ 9 m

and LNN = (L22+L33)/2≈ 4.5 m, which agree surprisingly

well with the relation of LLL = 2LNN for homogeneous and

isotropic turbulence (e.g., Pope, 2000). We note that these

values are also consistent with the measurement height of

6 m and are not necessarily representative of the largest ed-

dies in the atmospheric boundary layer, which could possess

much bigger scales (Wyngaard, 2010).

On the other hand, the averages of the instantaneous length

scale ratio is
〈
LLL

LNN

〉
= 1.51, which indicates that the large-

scale wind conditions at the measurement site are in fact

anisotropic. This large-scale anisotropy may be explained by

wind shear induced by surrounding structures. A 6 m tall li-

dar tower located in the northwest of the measurement site

blocks the flow from that direction. Because of the presence

of the lidar tower, wind coming from the west experiences a

strong shear at the measurement site. In contrast, wind com-

ing from the east is less influenced because no structures are

located on the east side of the measurement site. Indeed, the

average length scale ratio
〈
LLL

LNN

〉
is 1.79 for east winds and

1.26 for west winds, which also suggests that the east wind

is in general more isotropic.

Energy dissipation rate per unit mass, ε, is the most impor-

tant quantity to characterize turbulence. For cloud studies,

the turbulence energy dissipation rate determines the other

parameters of cloud droplets such as the Stokes number and

the settling parameter (Siebert et al., 2010). We estimate the

energy dissipation rate from the longitudinal and transverse

second-order velocity structure functions by fitting the iner-

tial range scaling:

DLL = C2(εr)
2/3 (5)

and

DNN =
4

3
C2(εr)

2/3 (6)

with a value of C2 = 2.1 (e.g., Pope, 2000). As shown in

the top panel of Fig. 10, the measured structure functions

Figure 9. PDFs of the integral length scales measured using Tay-

lor’s hypothesis. Note that L11 corresponds to the longitudinal in-

tegral scale LLL and L22 and L33 correspond to the transverse in-

tegral scale LNN. The most probable value of LLL is 9 m, and the

most probable values of the transverse scales are L22 ≈ 4 m and

L33 ≈ 5 m.

DLL and DNN indeed show a scaling region consistent with

Eqs. (5) and (6), where we fit for ε. We then check these

values against the measured third-order structure function,

which satisfies an exact scaling law

DLLL =−
4

5
εr. (7)

As shown in the bottom panel of Fig. 10, the measured values

ofDLLL are within a factor of 2 from the lines− 4
5
εr with the

energy dissipation rates ε estimated from the second-order

velocity structure functions DLL and DNN. It is known that

the scaling of the third-order structure function, Eq. (7), is

more sensitive to Reynolds number, noise and the inhomo-

geneity of the flow (Xu et al., 2009; Mydlarski and Warhaft,

1996). We therefore take the averages of the values obtained

using Eqs. (5) and (6) as the measured ε. The energy dissipa-

tion rates determined in this way are in the range of 10−4 to

10−2 m2 s−3, which are comparable with previously reported

values of atmospheric turbulence measurements (Wyngaard,

2010) and are also typical for turbulence in clouds (Siebert

et al., 2006).

Using the measured values of ε and the rms velocity fluctu-

ation u, we estimate the Taylor microscale Reynolds number

for each segment as

Rλ =

√
15
u4

εν
, (8)

where ν is the kinematic viscosity of air. This definition as-

sumes that the turbulence is homogeneous and isotropic (e.g.,

Pope, 2000) and that the largest length scale can be estimated

asL∼ u3/ε, which we discuss next. The PDF ofRλ obtained

using Eq. (8) is shown in Fig. 11. The maximum Reynolds

number measured is Rλ ∼O(104), and the most probable

value is Rλ ≈ 3000.
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Figure 10. The second-order (top panel) and the third-order (bottom panel) velocity structure functions obtained from the ultrasonic sensor

data. The dashed lines in the top panel are fits to Eqs. (5) and (6), which give the values of ε. These values are then used in Eq. (7) to plot the
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Figure 11. PDFs of the Taylor-scale Reynolds number Rλ. The

most probable value is Rλ ≈ 3000.

With the values of ε, L and u, we check the normalized

energy dissipation rate

Cε =
εL

u3
. (9)

It has been found that the normalized energy dissipation rate

Cε is a constant of approximately 0.5 for a wide range of

Reynolds numbers, including both laboratory flows and flows

in the atmosphere (Burattini et al., 2005; Pearson et al., 2002;

Sreenivasan, 1998). This observation has also been called the

“zeroth law of turbulence”, as Kolmogorov’s hypotheses as-

sume that the mean energy dissipation rate is independent of

the viscosity at high Reynolds numbers (Frisch, 1995; Pear-

son et al., 2004).

Figure 12 shows the current measurements ofCε as a func-

tion of Reynolds number. In agreement with earlier mea-

surements, a value of about 0.5 was found. It can also be

seen that the value of Cε depends weakly on the wind di-

rection, which may be attributed to the different flow con-

ditions of the east and the west wind. As described before,

winds from the west are subject to stronger shear than winds

from the east. Previous data from turbulence in homogeneous

shear flows showed that, in shear flows, ε estimated from

isotropic relations is smaller than the true energy dissipation

Figure 12. Normalized energy dissipation rates conditioned on

wind direction (top) and cloudiness (bottom).

rates (Sreenivasan, 1995). Therefore, for wind from the west,

the measured Cε could be smaller than the real values. On

the other hand, the effect of clouds on the normalized energy

dissipation rate Cε is not very clear. There might be a slight

increase in Cε associated with the occurrence of clouds, but

better converged data are needed before drawing any conclu-

sions.

Finally, to further investigate the deviation of the turbulent

flow at UFS from the ideal isotropic conditions, we show the

measured events on the so-called “Lumley triangle”, which

is the realizable region on the plane spanned by the two non-

trivial invariants of the deviatoric part of the Reynolds stress

tensor (Schumann, 1977; Lumley and Newman, 1977; Pope,

2000). The top curved side of the “triangle” represents two-

component turbulence; i.e., one component of the fluctuating

Atmos. Meas. Tech., 8, 3209–3218, 2015 www.atmos-meas-tech.net/8/3209/2015/
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Figure 13. Mapping of the eastward turbulent wind flows at UFS on

the Lumley triangle, in comparison with two laboratory flows: the

von Kármán flow and the LEM flow. Here η and ξ are the two non-

trivial invariants of the Reynolds stress tensor (Schumann, 1977;

Lumley and Newman, 1977; Pope, 2000). The symbols represent-

ing the UFS flows are color-coded with the Reynolds number Rλ,

whose range is indicated by the colorbar.

velocity vanishes, e.g., 〈u2
1〉 = 0, or is much smaller than the

other two components. Both of the two straight sides of the

triangle represent axisymmetric turbulence, i.e., two compo-

nents of the fluctuations are the same, e.g., 〈u2
2〉 = 〈u

2
3〉. The

left side corresponds to the state of the third component being

smaller than the other two, e.g., 〈u2
2〉 = 〈u

2
3〉> 〈u

2
1〉, which

may be termed as “axisymmetric turbulence with one smaller

eigenvalue” (Pope, 2000); while the right side corresponds

to the opposite state: i.e., the third component is larger than

the other two, e.g., 〈u2
1〉> 〈u

2
2〉 = 〈u

2
3〉, which can be sim-

ilarly termed as “axisymmetric turbulence with one larger

eigenvalue” (Pope, 2000). When mapped onto that plane, any

realistic turbulent flow must lie within the Lumley triangle.

The origin on that map represents the isotropic flows. The

closer to the origin, the more isotropic the flow is. As shown

in Fig. 13, the flows at UFS (for winds from the east) are

not strictly isotropic. In fact, the turbulence is close to be-

ing axisymmetric, with both “one smaller eigenvalue” and

“one larger eigenvalue” cases. As the Reynolds number in-

creases, however, there is a trend for the flow to become

more isotropic. We also compared the flows at UFS with two

widely used laboratory turbulent flows, i.e, the von Kármán

swirling flow between two counter-rotating disks (La Porta

et al., 2001; Mordant et al., 2001; Bourgoin et al., 2006)

and the propeller-driven turbulent flow within an icosahedra,

named the Lagrangian exploration module, or LEM (Zim-

mermann et al., 2010). The turbulent flows at UFS are less

isotropic than the LEM flow, which is designed to achieve

high homogeneity and isotropy (Zimmermann et al., 2010).

On the other hand, the degree of isotropy of the UFS flows

is comparable and, in many cases, even better than the von

Kármán flow, especially as the Reynolds number increases.

For winds from the west, the range of anisotropy is approxi-

mately the same as that of the east winds, but no clear change

with Reynolds number can be observed. This is most likely

due to the effect of shear as discussed before.

5 Conclusions

From our analyses of both meteorological data and the tur-

bulent flow data, we can conclude that the research sta-

tion UFS is suited for cloud–turbulence interaction studies.

The turbulence characteristics at large scales are similar to

other laboratory flows, especially for winds coming from the

east, which are less influenced by the building structures and

nearby mountain. In addition to the analyses of small-scale

turbulence, we are also analyzing the spatial structures of the

turbulence using the multi-point correlations obtained from

simultaneous measurements of the five ultrasonic sensors.

The results will be reported elsewhere.
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