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I N STRU M E NT D E PLOY M E NT A N D 
CHARACTERISTICS IN THE I-BOX SETUP. 
In addition to Table ES1 of the main text, Table pro-
vides details of the instrumentation and available 
observations at the core sites (Fig. ES1), and the em-
ployed types of instruments are listed in Table ES2.

Fig ES1. Geographical setting 
of the i-Box core and some 
additional sites in the Inn valley. 
View toward east-northeast. 
The dashed green lines denote 
possible (planned) site-to-site 
scintillometer paths to be em-
ployed during future efforts of 
intensive observations. The 
green dotted line indicates the 
scintillometer path for the ex-
perimental setup reported in 
the article subsection “Mean 
heat flux across a valley.” Site 
AS-WF0 is located some 10 km 
(from where the symbols are 
on the plot) toward the west-
southwest.

CALIBR ATIONS AND INSTRUMENT 
INTERCOMPARISONS IN THE I-BOX. 
Generally, all instruments operated within the 
Innsbruck Box (i-Box) are used with the standard 
calibrations and factory settings as in any experi-
mental setup (Table ES2). However, some types of 

measurement call for extra 
efforts when operated in 
complex terrain, be it be-
cause of orientation (e.g., 
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radiation: normal or vertical; see Matzinger et al. 
2003) or other influences of topography. Here, we 
report on extra efforts that were undertaken, be it 
due to a type of instrument that was not previously 
used in complex terrain or due to using instru-
ments in a long-term setup in rough environmental 
conditions.

HATPRO: ABSOLUTE CALIBRATION. The 
Humidity and Temperature Profiler (HATPRO; Table 
ES2) is a passive microwave instrument that diagnoses 
temperature T and humidity profiles from measure-
ments of brightness temperatures. The retrieval al-
gorithm is based on a multiple-regression approach 
according to Löhnert and Crewell (2003) and Crewell 
and Löhnert (2007) and calibrated by the manufactur-
er using long time series of nearby radio soundings. A 
complex topographical setting such as the Inn valley, 
however, requires detailed local information in order 
to optimally resolve the often complicated vertical 
structure of the valley atmosphere. While the factory 
calibration only used the significant levels from the 
operational radio soundings at Innsbruck airport, a 
more detailed calibration was performed using all 
available levels from the soundings and additional 
soundings from research activities such as Mesoscale 
Alpine Programme (MAP; Mayr et al. 2007). The 
results (Massaro et al. 2015) reveal that—despite the 
complex terrain setting—comparable accuracy as 
over flat terrain (e.g., Löhnert and Maier 2012) can 
be achieved as long as the scanning mode is oper-
ated in the along-valley direction. In other words, 
temperature can be determined to an accuracy of 
0.3–0.9 K below 1,200 m AGL and <1.5 K below 4,000 
m above ground depending on actual conditions. For 

the absolute humidity, the accuracy is in the range 
0.7–0.9 g m–3 below 1,200 m and <0.4 g m–3 below 
4,000 m above ground. These results thus demon-
strate that a local and appropriate training dataset 
allows the operation of a microwave radiometer even 
in truly complex terrain. Similar to the situation 
over less complicated terrain, however, the passive 
microwave technology has great difficulty resolving 
elevated inversions, and these constitute an impor-
tant and recurring element of a valley’s atmosphere. 
Several approaches were tested to improve the situa-
tion, that is, specialized training datasets (e.g., only 
using soundings from a particular season or daytime/
nighttime for the training) and additional input data. 
The most promising approach proved to be one in 
which surface-based temperature measurements from 
different altitudes in the surrounding were employed 
as additional input data [see Massaro et al. (2015) for 
details]. This approach will be more thoroughly inves-
tigated in the near future using i-Box data.

FA S T- R E S P O N S E H YG RO M E TE R S : 
RELATIVE CALIBRATION. Open-path and fast-
response hygrometers as employed within the i-Box 
are quite sensitive to external influences like rain and 
air pollution (steadily reduced opacity of the windows 
over time). While these instruments can be individu-
ally maintained (cleaned, etc.) on a daily basis during 
a short-term campaign, a long-term observational 
program as i-Box calls for some standard procedures. A 
relative calibration was therefore performed over a total 
period of 9 months in a garden area near the institute. 
The data were analyzed using the EdiRe postprocessing 
software developed by the University of Edinburgh 
(Clement and Moncreif 2007). A thorough comparison 

TablE ES1. Instrumentation details for the i-Box core sites (see Fig. ES1). Turb stands for turbulence 
(sonic anemometer), hygr for fast-response hygrometer, 4 comp indicates four components of radia-
tion (shortwave in and out, longwave in and out) individually measured, and net indicates net radiation 
measured. Standard meteo refers to additional standard meteorological measurements, SP indicates soil 
parameters (moisture and temperature, heat flux plate), and SC stands for the possibility of operating a 
large-aperture scintillometer between that site and another.

Type and 
identification

Heights turb 
(m AGL)

Heights hgyr 
(m AGL)

Radiation Standard meteo 
(m AGL)

Additional 
instrumentation

CS-VF0 4, 8.7, 16.9 4, 16.9 4 comp 4 SP

CS-SF8 6.2, 11.4 11.4 — 11.4 SP

CS-SF1 6.6 6.6 — 6.6 SP, SC

CS-NF10 7 7 Net 7 SP, SC

CS-NF27 6.8 6.8 Net 2, 3.5, 6.8 SP, SC

CS-MT21 4 4 Net 1, 2, 4 SP

AS-VF0 31.2, 38.2 39.3 2 compa 39.3 HATPRO, lidar
a Only incoming since site on rooftop.
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of the f lux software available (Mauder et al. 2008) 
showed, however, that turbulence statistics are quite 
robust with respect to the postprocessing (5%–10% 
uncertainty due to choice of software).

Clearly when exploring, for example, the spa-
tial variability of turbulence statistics in complex 
terrain (as, e.g., in Rotach et al. 2008), one is par-
ticularly interested in the relative performance of 
the instruments. Since this information is instru-
ment specific, we do only report here on the general 
findings. Typically, the correlation coefficients for 
latent heat f luxes (variances of specific humidity) 
from pairs of instruments (with the EC150; Table 
ES2, as a reference) are above 0.98. Root-mean-
square (RMS) differences as a measure of obser-
vational uncertainty range between 2 and 13 W 
m–2 for derived latent heat f luxes and 0.01–0.1 for 
variances of specific humidity. For open-path and 
fast-response hygrometers as employed within the 
i-Box (Table ES2), detection of rain periods (and 

similarly periods of condensation during the night) 
is of potential importance. Results from the inter-
comparison period, however, showed that setting a 
threshold for minimum voltage (possible obstruc-
tion of the path) is necessary and sufficient to also 
eliminate (i.e., f lag) periods of rain; however, the 
exact value of it is instrument specific and has to be 
individually determined. Detection and f lagging of 
spikes is furthermore found (or rather confirmed; 
e.g., Mauder et al. 2008) to be essential. A threshold 
of 10 standard deviations to define a spike and a 
quadruple repetition of the despiking procedure 
was found to be most appropriate in order to detect 
essentially all spikes without removing too many 
periods of valuable data. A threshold of 95% in rela-
tive humidity (RH; as measured by a slow-response 
hygrometer aside) was furthermore found to be 
useful in order to detect (and flag) periods of almost 
saturated air when condensation may obstruct the 
path of open-path hygrometers.

TablE ES2. Employed instrument types for the i-Box core sites. MF indicates measurement frequency, and 
RD indicates raw data stored; calibration can be by the manufacturer (man), a relative calibration among 
the i-Box instruments (rel), or an absolute calibration (abs).

Type of 
measurement Type Manufacturer MF (Hz) RD At sites Calibration

Turbulence
C-SAT
METEK

Campbell Scientific
Metek

20
20

Yes
Yes

All
CS-MT21

Man
Man

Fast-response 
hygrometer

EC150
EC155
KH20

Campbell Scientific
Campbell Scientific
Campbell Scientific

20
20
20

Yes
Yes
Yes

CS-VF0
AS-VF0
All CS

Rel

Rel

Scintillometry BLS2000 Scintec 1(25) Yes Experimental Man

Radiation
CMP21/CGR4

CNR4
Kipp & Zonen
Kipp & Zonen

Noa

Noa

CS-VF0
CS-SF1, NF27, 

MT21

Man
Man

Mean T, RH
HC2-S3 

(ventilated)
Rotronics 1b Noa All CS Man

Mean wind speed 
profile

Cup
Model 05103

Aanderaa
Young

1b Noa
CS-NF27
CS-MT21

Man

Soil moisture PICO 64
TRIME  

(IMKO GmbH, D)
1b Noa CS-VF0, SF1, 

NF10, NF27
Man

Pressure Model 278 Setra 1b Noa All Man

Ground heat flux HFP01-7565 HUKSEFLUX 1b Noa

CS-VF0, SF1, 
NF10, NF27, 

MT21
Man

T, RH profile (0–10 km) HATPRO
Radiometer physics 

GmbH
1 Yes AS-VF0 Abs

Wind profile (0–3 km) Streamline Halo Photonics 15 × 10c Noc AS-VF0 Man
a Raw data could be retrieved by inversely applying the instrument calibration factors.
b Stored at 1-min intervals.
c Routinely, raw data not stored; aggregated data stored at 1 Hz.
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INTEGRAL TURBULENCE STATISTICS 
IN COMPLEX TERRAIN: STATISTICAL 
UNCERTAINTY. Integral turbulence statistics 
cannot be determined to a predefined absolute 
accuracy under all atmospheric conditions. While 
over horizontally homogeneous and f lat (HHF) 
terrain one might wait until sufficiently ideal (e.g., 
stationary) conditions prevailed in order to obtain 
a sufficiently large sample, this is not necessarily a 

suitable strategy in complex terrain. In quite gen-
eral terms, data from complex terrain with their 
inherent departure from HHF conditions suffer 
from quite considerable scatter. It is relevant in this 
respect to distinguish between inherent statistical 
uncertainty (as always present and unavoidable) 
and departures from potential characteristic sig-
natures due to spatial variability (such as slope, 
exposition), stability conditions, or other influence 

Fig. ES2. Scaled standard deviation of (local) vertical velocity fluctuations   as a function of (local) stabil-
ity z/L. Data from 11 months of duration (Aug 2013–Jun 2014) at station CS-NF27 with block averaging 
(averaging interval = 30 min) and double rotation (coordinate rotation). Different panels show differ-
ent levels of uncertainty threshold for variances and covariances according to Stiperski and Rotach 
(2016): (top) 100%, (middle) 50%, and (bottom) 20%. The black line is a best fit to the data points. The 
percentage of points in both stable and unstable regimes that pass the specified uncertainty criterion 
is indicated in the graphs on the stable side.
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factors. Stiperski and Rotach (2016) have therefore 
devised a framework for the assessment of statisti-
cal uncertainty in turbulence integral statistics. It 
is based on an argument put forward by Wyngaard 
(1973) when assessing the necessary duration of the 
averaging interval to obtain a given signal-to-noise 
ratio [and has previously been employed by Forrer 
and Rotach (1997)]. For a given predetermined 
duration of averaging interval that is convenient in 
an operational data treatment procedure, the result-
ing statistical uncertainty (noise) of the turbulence 
integral statistics can be assessed.

Clearly, when it comes to deciding which level of 
statistical uncertainty may be considered acceptable, 
this will depend on the type of application of the data. 
When aiming at characteristic (climatological) states 
(such as the degree of surface energy balance closure 
or mean daily cycles for integral statistics at particular 
surface locations), a complete dataset may be desirable 
even at the expense of large statistical uncertainty. On 
the other hand, when assessing the degree of applica-
bility of scaling laws in complex terrain or the Prandtl 
slope wind model (Prandtl 1952) over real slopes, less 
statistical uncertainty will likely be accepted. A 20% 
uncertainty level for integral turbulence statistics 
might arguably be acceptable (or inevitable) for such 
an endeavor under ideal surface conditions, but in 
complex terrain such a small uncertainty might be 
prohibitive. Figure ES2 shows an example of the 
nondimensional standard deviation of the vertical 
velocity component from site CS-NF27. Clearly, a 
rigorous (20%) uncertainty threshold will jeopar-
dize the number of available data points, especially 
in the near-neutral and strongly (un)stable regimes, 
so that a comparison to established models (in this 
case the HHF terrain universal function according 
to Monin–Obukhov) may be impossible even for 
a long-term dataset of many months duration. A 
compromise between data availability and tolerated 
statistical uncertainty will therefore be unavoidable 
when assessing departures from idealized models in 
truly complex mountainous terrain (TCMT).
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