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Abstract
The objective of this thesis was to determine for how long after a calibration measurements of CO2 concentrations with an Infrared Gas Analyzer (IRGA) yields trustworthy data. This is investigated for two sites in a long-term measurement network
in the Inn Valley. For this purpose, data from an independent reference site with
frequent calibrations was used. Hohenpeißenberg (HPB) was selected as reference
site as it is as close as possible to the Inn Valley and as distant to dominant local
CO2 sources (like cities) as the two sites in the Inn Valley. In order to render the
CO2 mixing ratios from to distant sites comparable, an averaging period was established first.
It was found that the calibration state of the IRGA sensors did not degrade for at
least three years. An inconsistency in the time series of CO2 mixing ratios in the
i-Box suggested an uncertainty in one of the sensor’s calibrations. Results also show
that all sites record similar seasonal and diurnal cycles, although annual averages of
CO2 mixing ratios differ at the examined sites. In summer, however, it was found
that CO2 concentrations measured at distant sites are almost equal on average.
The results demonstrate that CO2 concentrations can differ considerably from site
to site, so that local influences and sensor exposition can predominate over the
long-term tendency of the atmosphere to mix and, therefore, harmonise CO2 concentrations throughout the whole atmosphere.
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Chapter 1
Introduction
1.1

Motivation

The i-Box, short for Innsbruck-Box, is a long-term, observational network for
turbulence in complex terrain in the Inn Valley combined with high resolution
numerical modelling (Rotach et al. 2017a). In a preceding Bachelor-Thesis by
Platter (2021) the CO2 concentrations and fluxes at the i-Box site Hochhäuser
(HH) were found to be continuously lower than concentrations and fluxes at other
sites. On average the difference of the CO2 concentration at HH to Kolsass (KOL)
amounts to 82 mg/m−3 (≈45 ppm).
Facing rising CO2 concentration in the atmosphere (IPCC 2014) every measuring
site, that contributes to the conclusion of this relevant trend, needs to provide
informative and high quality data. Valid and high quality measuring techniques
and standards of CO2 concentrations are essential, since firstly data from different
sites and locations need to be comparable and secondly to be closest to the
’true’ concentration in the atmosphere. To obtain these valid and high quality
measurements regular calibration is necessary. The manufacturer of the sensors
installed in the i-Box recommends to calibrate the instruments at least seasonally.
Neither at KOL nor at HH the sensors have been calibrated this often.
Considering that CO2 is a well-mixed and persistent gas and, thus, rather locationindependent on average, we suspect that the sensor in HH might be measuring
too low concentrations and therefore needs calibration. However, the data already
recorded over the last several years should not be regarded useless, nor accepted for
analysis without any reservations or second thoughts. Therefore, this thesis tries to
decipher what data is good and useful and what should be handled with care or
excluded.

1
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1.2

Introduction

Measurement techniques of CO2 concentration

1.2.1

Infrared Gas Analyzer

The CO2 concentration can be measured with the help of a Infrared Gas Analyzer
(IRGA), which can either be ’open path’ or ’closed path’. An open path IRGA
(see Figure 1.1) consists of an Infrared (IR)-radiation detector and an IR-radiation
source, the latter emitting electromegnetic radiation at two specific wavelengths:
a reference wavelength outside of the absorption spectrum of CO2 and a so-called
’active’ wavelength within the CO2 absorption spectrum. The detector measures
the incoming intensity having passed through a volume of gas. If this volume of gas
contains CO2 , the intensity of the active wavelength I is reduced by absorption, while
the intensity of the reference wavelength I0 is unchanged. From the resulting relative
difference of the two signals the amount of CO2 is determined. The calculation
follows the Beer-Lambert-Law:
T = exp(−A · CCO2 · d)

(1.1)

where T is the transmittance ( II0 ), A the absorption coefficient of CO2 , CCO2 the
instantaneous concentration of CO2 and d the path length of the beam through the
gas. Since all parameters are known except for CCO2 , we solve eq. 1.1 for CCO2 .
The open path measurement is in-situ, in contrary to the closed path IRGA that
is sucking air through a tube into the sampling cell (Haslwanter et al. 2009). In
combination with a sonic anemometer, which measures the components of the wind
vector and its deviations from, for instance, the 30 min mean of the components
(u’,v’,w’) (fluctuations), the vertical turbulent CO2 -flux c0CO2 w0 can be calculated.
The overbar indicates that the mean of a quantity over a certain period of time (at
the i-Box for 30 minutes) is applied. The prime in c0CO2 in the flux indicates the
fluctuation around the mean cCO2 – similar to (u’,v’,w’). This sensor-combination is
called IRGA-SON and this method of CO2 flux determination the eddy-covariance
method.

1.2.2

Cavity Ring-Down Spectroscopy

Another measurement technique is the Cavity Ring-Down Spectroscopy (CRDS).
A laser beam with a certain frequency enters a cell equipped with two (or more)
opposite mirrors which have typically a reflectivity of R=0.9999 (Engeln et al. 1998).
The path length of the beam is thereby enormously prolonged to several kilometers
increasing the sensitivity of the technique (Maithani and Pradhan 2020), since the
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Figure 1.1: EC150 CO2 /H2 O openpath gasanalysator, adopted from:
https://www.campbellsci.de/ec150

Figure
1.2:
The i-Box site
Hochhäuser,
adopted
from:
https://acinn-data.uibk.ac.at/pages/ibox-hochhaeuser.html

beam bounces from one mirror back to the other (see Figure 1.3 for a schematic
depiction). In an empty cell the light intensity decays exponentially (’rings down’)
because of the imperfect mirrors (Picarro 2021). Adding a gas sample into the
cavity a second source of intensity loss/decay by absorption occurs. Absorption
accelerates the ring-down time. By calculating the ring-down time for an empty
and a gas filled cavity, differentiation between losses due to absorption and losses
due to cavity mirrors is possible.
The ring-down time is converted to absorption intensity by some simple calculations.
I(t, λ) = I0 exp(−

t
)
τ (λ)

(1.2)

1
where τ is the ring-down constant, and thus, the decay rate R(λ)= τ (λ)
is proportional
to the optical losses inside the cavity. These losses occur for two reasons: empty
cavity mirror decay and absorption. Therefore,

R(λ, CCO2 ) = R(λ, 0) + cε(λ) · CCO2

(1.3)

with the speed of light c, extinction coefficient ε and the concentration CCO2 . The
sample absorption A(λ) = ε(λ) · CCO2 can be rewritten with the help of equation
1.3 to:
1
A(λ) = · (R(λ, CCO2 ) − R(λ, 0))
(1.4)
c

4
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Now knowing the absorption coefficient A, the concentration can be computed by
using the Beer-Lambert law from equation 1.1 (Picarro 2021).
The Cavity Ring-Down Spectroscopy is considered to be a particularly reliable technique of measuring CO2 in the atmosphere and is, therefore, often used at sites with
very high quality requirements and standards.

Figure 1.3: Schematic diagram depicting the principle of CRDS. The arrows in the cavity
depict the back and forth path of the light inside the cavity with a decreasing intensity
after each pass, adopted from Maithani and Pradhan (2020)

1.3

Goals and Outline

In order to get the most out of the data that the sensors in HH and KOL already
collected and to investigate the spatial variability of CO2 several steps are necessary.
The goals of this thesis thus are:
• firstly, to obtain an overview of installation and calibration dates and conditions
• to compare the i-Box sites KOL and HH among each other and to an independent and quality-controlled reference site
• to determine whether there is a continuous degradation of the i-Box sensors
• to investigate whether the calibration state of the sensor is good for a certain
interval of time after installation and calibration, respectively
• to sort out the data which are not usable anymore and to evaluate the quality
of the maintained data
• finally, to analyse the spatial variability of CO2 concentration statistics within
the i-Box

1.3 Goals and Outline

5

In the case of a continuous degradation of the quality of the sensor and data the
error will be described mathematically in order to find a correction function. If a
correction can be found, can it be applied to the turbulence statistics? Different
approaches of applying the correction need to be discussed thereafter.
First, I summarise the specifications of the measurements sites Hochhäuser,
Kolsass and the reference site in Section 2.2. Furthermore, I describe the methods
in this Chapter 2 (2.3). Results are presented in Chapter 3. A discussion of
the found results and how they answer before-mentioned questions is given in
Chapter 4. A final conclusion is drawn in 5. This thesis closes with the bibliography.

6

Chapter 2
Methodology
2.1

General Approach

Since the sensors in Kolsass and HH have not been calibrated as often as recommended by the manufacturer and especially HH was suspected to measure too low
CO2 concentration on the basis of the investigations by Platter (2021). The data
sets, thus, need to be examined with regard to plausibility and calibration state.
Therefore, the objective of this thesis is to compare the data sets collected at KOL
and HH to an independent reference site, which is calibrated frequently. As CO2 is
a well mixed and persistent gas I expect the CO2 concentrations at two sites, which
are located at a sufficient distance to local CO2 sources, to be comparable when
averaging for long enough periods. These averages are computed by a Gaussianweighted running mean for a window length long enough to filter instantaneous
local effects. Therefore, a suitable averaging time, which renders the two time series
comparable (e.g. 12 hours, one day, one week, one month, ...) needs to be found. For
instance, an averaging time of one week means that for one data point in the time
series a symmetric window centered at this data point with a length of seven days is
placed. Out of all these data points in the so called ’filter length’ (i.e. the window)
a Gaussian mean is computed for this centered data point. Then this window moves
on to the neighbouring data point. By applying this procedure the time series is
smoothed as effects, which are local and on a smaller time scale than the averaging
time, are filtered out. In the following, ’smoothing’, ’averaging’ and ’filtering’ are
used interchangeably as well as ’averaging time’ and ’filter length’ in the context of
applying the Gaussian running mean.
I do not expect that the hourly averages of two sites match because local effects
exert a greater impact on the CO2 concentration than on longer time scales.
Furthermore, the two time series cannot be assumed to be perfectly equal but the
difference between the time series on the whole is expected to stay the same if both
7
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sensors are well calibrated and the suitable filter length is applied. Therefore, the
difference between the two sites is investigated. The difference between two stations
can indicate a degradation of the calibration-state e.g. if the difference is increasing
with time. If local effects cannot be filtered out completely, shorter periods, when
local effects are less pronounced, with good concordance can be examined more
closely in order to determine the calibration state and plausibility.
Going into detail: The averaging time is determined during so-called ’safe periods’. I
assume that after installation and calibration the data collected by the sensor reflects
the ’true’ CO2 concentration and has no systematic bias for a certain period of time
(the safe period). This time interval is the period the manufacturer assures during
which the sensor keeps its well-calibrated state. If the sensor needs calibration every
month, the safe period is one month after calibration. The CO2 concentration of
the i-Box site during this safe period is compared to the CO2 concentration of the
reference site. With the help of criteria, which are supposed to assure the equality
or the ’even difference’ of the two CO2 time series, different filter lengths are tested.
The filter length, that produces best results with respect to the ’equality’ criteria
during the safe period, is thereafter applied to the entire measurement period. The
same procedure is applied for the auto-covariance, so that also for this quantity the
best filter length is going to be determined.
I have selected HPB as a suitable reference site because, firstly, I expect the sites
in the Inn Valley and HPB to have the same background CO2 concentration due to
their proximity as well as the good mixing of CO2 in the atmosphere and, secondly,
because HPB is as distant to major sources of CO2 as KOL and HH.

2.2

Set-up

This survey is based on data from three different sites: Hochhäuser (HH), Kolsass
(KOL) and Hohenpeißenberg (HPB). HH and KOL are i-Box sites located in the
Inn Valley. Hohenpeißenberg is situated in southern Germany, 65 km southwesterly
from Munich. Although the air-line distance between Hohenpeißenberg and the
sites in the Inn Valley averages to about 70 km, Hohenpeißenberg can serve as
a reference for CO2 concentration for several reasons. By using ’filters’ local
influences due to different weather situations (e.g. stability) are leveled out. For
more detail see Methods (2.4). Smaller deviations on time and spatial scale are
considered under the circumstances of regional differences like vegetation.

9

2.2 Set-up

2.2.1

i-Box Sites

The turbulent transport in the surface layer can be mathematically described by the
Monin-Obukhov similarity theory on condition that the surface is horizontal, homogeneous and flat (HHF-assumption) (Foken 2006). Numerical weather prediction
models use a parameterised turbulence characteristic assuming even mountainous
terrain like the Alps to fulfill the HHF condition (Rotach et al. 2017a). Facing this
deficiency, the i-Box combines ”a long-term, experimental set-up in complex mountainous terrain [...] with high resolution numerical modelling” (Rotach et al. 2017a).
It consists of six core sites and six additional sites in the Inn Valley, from sites down
at the valley floor up to the crest.
The site in Kolsass is located on an almost flat valley floor (545 m a.s.l.)(ACInn
2021) surrounded by different types of agricultural land. The 17 m high tower
is equipped with three turbulence and humidity instruments (sonic anemometer
CSAT3 by Campbell Scientific and hygrometer KH20 by Campbell Scientific respectively) at different heights and measurements of radiation as well as other standard
meteorological parameters (Rotach et al. 2017b). The CO2 concentration is measured at a height of 4 m by an open path Infrared Gas Analyser (Section 1.2.1)
EC150 by Campbell Scientific. In July 2020 the hygrometer KH20 mounted at 16.9
m was replaced by another IRGA-SON, so that CO2 concentration and flux are
measured at two heights. Its data is not part of this investigation.
The site in Hochhäuser (in the following HH) (1009 m a.s.l.), a village above Kolsass
on the south sidewall of the Inn Valley, is located on a steep slope with an angle
of 27◦ . It is characterised by an alpine meadow and a forest starting about 250
m farther up the slope. A small road runs right below the 6-m high measurement
tower (ACInn 2021). Also this tower is a full energy-balance station and measures
turbulence at two levels, the CO2 concentration instrument EC150 is mounted at
6.8 m and levelled (see Figure 1.2).
CO2 concentration data from both sites are sampled with a frequency of 20 Hz and
averages and fluctuations over a period of 30 minutes are calculated (Unit: mg m−3 ).
See Table 2.2 for detailed information on installation and measurement dates.

2.2.2

Hohenpeißenberg

The observatory Hohenpeißenberg (HPB) is the oldest meteorological observatory
in a mountainous region in the world (DWD 2016). It was founded on the Hoher
Peißenberg, 934 m, in the alpine foreland in 1781 (47◦ 48’N, 11◦ 01’ E, see Figure
2.1) (von Thünen-Institut 2021). Here the emphasis is placed on the chemical
composition of the atmosphere. In 2016 the observatory became part of the
Integrated Carbon Observation System (ICOS) leading to the installation of

10
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three CO2 concentration sensors at three different levels on a television tower
(DWD 2016). The sensors at 50 m, 93 m, and 131 m height are measuring in 5
minutes shifts per measuring level providing information on vertical profiles and an
additional quality check. The installed sensor type Picarro G2301 uses the closed
path cavity ring-down spectroscopy measurement technique (von Thünen-Institut
2021) (Section 1.2.2). The data can be downloaded from the ICOS-website, the
files contain hourly averaged CO2 concentrations in µmol/mol and the standard
deviation from the hourly average computed for 382 samples during the sampling
period of the measurement level. The sampling frequency amounts therefore to
382
= 0.33 s−1 . The measurement period begins on the 18th of September
f = 1200s
2015 and ends on the 31st of January 2021, where times are in UTC.

Figure 2.1:
Location
of Hohenpeißenberg measuring tower in South
Germany, adopted from
Google maps

2.2.3

Zugspitze and Schauinsland

Since measurements of CO2 concentrations at KOL started in August 2013 but at
HPB not till 2015, another reference is needed for this earlier data. The German
Umweltbundesamt (short UBA) runs a measuring network of air quality which
is among others part of the Global Atmospheric Watch (GAW) of the WMO.
The nearest station to Kolsass (air-line distance of 35 km) is the environmental
research station Schneefernerhaus on top of the Zugspitze at an altitude of 2650
meter. Over the entire observation period different sensors for measuring CO2
concentration were operational. From 2012 to 2015 the sensor Envirosense 3000i

11
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by Picarro has been installed, which is using the Cavity Ring-Down Spectroscopy
(1.2.2) as a measurement technique (Giemsa et al. 2019). A second site of the
network is on top of the Schauinsland at 1025 meters altitude, a mountain 10 km
south of Freiburg and 280 km bee-line to Innsbruck (see Figure 2.2). It recorded
the first measurements of CO2 in Europe in 1972 and provides the longest series of
measurements in Europe. The sensor currently operational is the Non-Dispersive
Infrared gas analyser URAS G3 by Hartman Braun (not discussed in Section
1.2) (Schmidt et al. 2003). Both sites are outside of core settlements like urban
agglomerations and cities and, therefore, in a good distance of sources of pollution
(UBA 2021).

Figure 2.2: Zugspitze and Schauinsland measurement site marked in red, HPB and i-Box
marked in blue adopted from Google maps

2.2.4

Converting Units

Since the i-Box data is provided in mg/m3 , while HPB measurements are given in
µmol/mol, a common unit is necessary. In order to convert µmol/mol in mg/m3
and vice versa temperature and pressure data is needed. However, I only have
pressure and temperature data available measured at the i-Box sites. Furthermore,
mixing ratios (in µmol/mol) are comparable at different sites while it is not possible
to compare concentrations at different sites due to the temperature and pressure
dependency of this quantity. Thus, the i-Box data is converted to µmol/mol using
the equation of state:
cµmol/mol = cmg/m3 ·

Vm 273K + T 1013hP a
·
·
M
273K
p

(2.1)

with the molar volume Vm = 22.4 l/mol at STP (standard temperature and
pressure), the molecular weight of CO2 M = 44.01 g/mol, the temperature T and
pressure p at the i-Box sites.

12
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In the context of CO2 concentration the unit ppm (parts per million) is frequently
used. ppm is equal to µmol/mol and is going to be used in this paper instead of
µmol/mol. In the following, the expressions ’CO2 concentration’ and ’CO2 mixing
ratio’ are used interchangeably.

2.3

Quality Check

Since this thesis examines among other things whether and how and under which
conditions the collected data at HH and KOL is still usable and ’good’, this section
covers quality checks. The basis for every investigation should be a high standard
and quality data-set as there is hardly any informative value in results from low
quality or wrong data. Therefore, certain erroneous data points need to be excluded
from the data set. Quality-check applies to the i-Box sites and to HPB in two
different ways.

2.3.1

i-Box

The best method of post-processing for the i-Box sites is specified in Stiperski and
Rotach (2016). This following description is taken from Stiperski and Rotach (2016)
with slight modifications.
If at least one of the following criteria is met, the averaging interval of 30 minutes
is excluded:
• malfunctioning of the instrument diagnosed by the sonic flag during averaging
interval
• Skewness of temperature, CO2 concentration and wind components fell out of
the [-2,2] range
• Kurtosis of temperature, CO2 concentration and wind components > 8
A large amount of data do not pass these minimum quality criteria due to heavy
rain and prolonged wet conditions (Stiperski and Rotach 2016). Data without flags,
within the given range of skewness and kurtosis and that also passes the stationarity
and statistical uncertainty tests are defined as Low Quality data (LQ). Stationarity
is given when the difference between 5 min statistics and 30 min statistics is less
than 30 %. Data that additionally has outliers manually excluded are defined High
Quality data (HQ) (see Section 2.3.3). For the data set of standard deviations, on
which the variance analysis is based, a new flag is introduced in Section 2.3.3, so
that I named this data set ’HQ+’.

2.3 Quality Check

2.3.2

13

Hohenpeißenberg

This section can be considered as a summary of the ICOS data processing description
by Hazan et al. (2016). Everyday the raw data from the instruments at the ICOS
sites is uploaded to the ICOS Atmospheric Thematic Centre (ICOS ATC) where a
centralized post-processing is undertaken.
On daily basis at 7 am and 7 pm the instruments sample air from target tanks,
whose mole fraction is known, giving a tool of quality control of the instrument.
Furthermore, twice a month various reference gases are measured over a period of
several hours (von Thünen-Institut 2021).
Rejected raw data are tagged with an user flag allowing differentiation of invalid
and valid data.
The sensor itself needs to meet certain criteria: the cavity pressure, the cavity
temperature and the outlet valve opening. These are provided at the same time
resolution as each data point. If one or more of these three criteria are not met, the
data is flagged ’invalid’. In addition, stabilization and flushing time are common
error sources, so that during this time interval the gas concentration is flagged.
In a second step of post-processing only the valid raw data is corrected for water
vapor and to the WMO calibration scale for mole fractions of gas.
Finally, 1 min, hourly and daily means and the standard deviations are computed
and the number of data points for computing the average is provided. In the files
available on the ICOS-website only hourly averages are provided.

2.3.3

Exclusion of Outliers

Absolute CO2 Concentration
Despite the data cleansing with the help of the provided flags and tests, particularly
the i-Box sites needed further exclusion of non-realistic values. For this reason, the
1. and 99. percentiles are computed and all values below and above these thresholds, respectively, are excluded. The 99. percentile in the KOL data is still very
high (788.2 ppm), so that all values above the 90. percentile (499.3) are excluded
additionally. See Table 2.1 for the computed percentiles. The boxplots in Figure
2.3 illustrate very well that the data from Kolsass is very wide spread, while all
three HPB sensors have similar values and data spread. Since data from KOL has a
wide spread towards very high mixing ratios (rather than towards low values), the
mean depicted as the red plus is considerably shifted upwards in respect to the red
median line. At all sites the distribution is positively skewed. The median at HH is
considerably lower than at the other sites (see Figure 2.3 and Table 2.1).
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Table 2.1: 1st , Median and 99th percentiles of the CO2 concentrations in ppm from all
sensors for their entire data sets, * indicates the 90th percentile

Sensor
1. percentile [ppm]
Hochhäuser
375.2
347.7
Kolsass
392.7
HPB @ 50 m
HPB @ 93 m
392.8
392.8
HPB @ 131 m

Median [ppm]
425.0
406.3
413.0
412.2
411.8

99. percentile [ppm]
506.4
788.2 (499.3)*
438.5
436.8
435.6

Figure 2.3: Statistical distribution of the CO2 concentration in ppm after removing
flagged values, the red line depicts the median, the red plus the mean, the blue lines are
the 25th and 75th percentile, the grey lines are 1st and 99th percentile, at each site the box
plots are computed with the whole data set
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Standard Deviation
In HPB the standard deviation from the 60 min interval mean are very small in
contrast to the values in the i-Box (see Figure 2.4). For all three measurement
heights both the mean and the median are below 1 ppm, with increasing height
the values in median and mean are decreasing. The same pattern can be observed
for the 99th percentile. The reasons for this are firstly, that most variations origin
near to the earth surface and, secondly, the atmospheric turbulence can produce
fluctuations up to 30 ppm.
For the i-Box sites the mean lies outside the quartile-box illustrating the weight
of the fewer but stronger/higher outliers (75th percentile: 6.3 ppm). The standard
deviation at KOL can reach very high values up to 61.9 ppm in the 99th , while HH‘s
is 17.5 ppm (see Figure 2.4) despite the datacleansing with the help of flags and
tests. Therefore, the reliability of flags and tests is examined in the next section.

Figure 2.4: As in Figure 2.3, but for the CO2 -standard deviation for the 30 min interval
mean (i-Box sites) and 60 min interval mean (HPB), please notice the logarithmic Y-Scale

Reliability of Flag-Exclusion
In the Figures 2.5 and 2.6 the diurnal course of absolute CO2 concentration, the
CO2 flux and the standard deviation from the 30-min mean of a characteristic example day is depicted together with the flags indicating whether one of the data
points is excluded. The flags are the quality flag of the IRGA-SON ’co2f1’, the
CO2 quality flag ’rawco2irga’, the stationarity test flag ’statco2’ and the uncertainty
test flag ’wwynco2’. Furthermore, the stems in panel (f) of the Figures 2.5 and 2.6
equal 1 when the kurtosis of either the temperature or CO2 concentration or wind
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components is > 8. The stems in panel (g) equal 1 when the skewness of either the
temperature or CO2 concentration or of the wind components fall out of the [-2,2]
range.
In Figure 2.5 the 25.03.2016 was randomly chosen, as for most of the days at least
one data point is excluded. In Figure 2.6 a day was chosen when the diurnal course
of the CO2 concentration and flux had no runaway value.
Obviously, the concentrations from 3.45 to 4.15 and from 5.45 to 6.15 UTC in Figure
2.5 are runaway values indicated by the flag ’rawco2irga’ and the skewness test of
either temperature, wind vector or CO2 itself. However, neither the flags ’co2f1’,
’statco2’ nor ’wynco2’ come out. They also do not spot any value in the period between 20.15 and 22.45 UTC that should be disregarded. In contrary to the kurtosis
and skewness tests which reject these values. This is likely due to very high standard
deviations in these intervals. During the first half of the night mainly the skewness
test suggests to exclude values from the period between 0.15 and 4.15. Considering
the absolute concentrations and the flux, I cannot detect unreasonable values but
still the standard deviation is larger than 25 ppm. However, at 2.45 UTC no flag or
test indicates an exclusion, although the standard deviation is at least higher than
25 ppm, so that this value can ’slip through’ the datacleansing. All in all, the flag
’rawco2irga’ works fine when absolute CO2 concentrations fall out of the physical
range but it does not reject all high standard deviations. When the data is tested
for skewness and kurtosis, most of the high standard deviations are detected. Yet,
the kurtosis and skewness test also lead to exclusion of seemingly ’good’ data as it
can been seen in Figure 2.6. The time series of the absolute CO2 concentrations,
standard deviations and fluxes do not show any outliers, but still the kurtosis and
skewness tests lead to the exclusion of data points. The flags ’co2f1’, ’statco2’ and
’wynco2’ do hardly indicate an exclusion though in some cases necessary, e.g., in
Figure 2.5 the flux at 4.15 UTC averages to 60.000 µmol m−2 s−1 but the flag ’co2f1’
does not come out.
Because of the considerable amount of high standard deviations a subjective limit
of 5 ppm was introduced, a ’Variance flag’ as it is only applied to the exclude too
large variances of CO2 and corresponding absolute CO2 concentration values are not
excluded. The 5 ppm limit of this ’Variance Flag’ corresponds approximately to the
99th percentile of the standard deviations at the HPB sites (HPB @ 50 m is slightly
above while HPB @ 131 m is slightly below 5 ppm). This leads to the exclusion
of many data points KOL but it also brings the mean (2.4 ppm) and the median
(2.3 ppm) of the standard deviation of CO2 closer to each other. In addition, HH’s
distribution is less skew.

Figure 2.5: Absolute CO2 concentration (in mg m−3 , panel (a)), standard deviation (std in mg m−3 , panel (b)) and CO2 flux corrected for
WPL and frequency response (in µmol m−2 s−1 , panel (c)) without any data manipulation displayed together with the flags co2f1, statco2,
wynco2 in panel (d), the rawco2irga flag in panel (e), tested for kurtosis in panel (f) and for skewness in panel (g). If the flags in panel (d) equal
-1, the values have to be excluded. If the flags in panels (e), (f) and (g) equal 1, the values are excluded as well. Blue shaded periods indicate
if at least the flag ’rawco2irga’ points up, yellow for the skewness test (kurtosis flag can additionally come out) and red if only the kurtosis flag
points up. Values are for KOL on the 25th of March 2016
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Figure 2.6: As in Figure 2.5 but values are for HH on the 16th of October 2017
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(a)

(b)

(c)

Figure 2.7: Histograms showing the number of available data points during the course of
the day and seasons for all data (purple + yellow + red + blue bars), LQ-data, HQ-data,
and HQ+ data in (a) Kolsass (b) Hochhäuser (c) HPB @ 50 m
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Stages of Data-Exclusion on an hourly and seasonal scale
The number of data points after each step of datacleansing is displayed in Figure
2.7. Each site has different measuring periods, so that the number of total data
points is not equal. For the analysis of the absolute concentration the HQ data
is used, while the variance (the square of the standard deviation) – and only the
variance – is analysed with the help of the HQ+ data, since the standard deviation
data set needed further exclusion (the subjective limit of 5 ppm).
KOL is the only site where the LQ data is showing a clear diurnal cycle in the data
exclusion with more residual data during the daylight hours. In winter a greater
amount is discarded by flags and tests than in the other seasons. This is also the
case for Hochhäuser. The exclusion of runaway values is stronger during the night
as can be seen by the increasing length of the red bars during the night. The same
applies to the exclusion of standard deviations greater than 5 ppm (the length of
the yellow bars).
Hochhäuser and HPB do not show a daily cycle but they both have a kink in the
afternoon, at HPB closer to midday and at Hochhäuser rather in the late afternoon
only in spring and summer. At HPB the exclusion of standard deviations greater
than 5 ppm has no effect on the number of data points as no yellow bars are visible.
For reasons of space saving the plots for the two higher levels at HPB are not
displayed being very similar to the 50 m level. Characteristic for HPB is that only
a small amount of data is discarded. At HH the flags and test reject more data, but
less outliers of absolute concentration and standard deviation have to be sorted out
manually than for KOL.

2.4

Methods

First of all, I look at the meta-data and data sets from the very beginning of the
installation of the three sensors in order to get an overview over each measuring
period and the calibration times. In addition, I consult the field books of the i-Box
sites and the manufacturer’s instruction for answering following questions:
• When was the date of installation?
• Where exactly? What are characteristics of the site?
• When and how calibrated?
• What does the manufacturer recommend?
The results of these before-mentioned questions are presented in Table 2.2.
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Table 2.2: Overview of the three measurements sites and their installation and calibration
dates
Code

HH

KOL

HPB

Sensor type

date of
measuring period
installation
12.09.2017 00:15
05.09.2017 until
30.09.2021 23:45
01.08.2013 00:15
23.07.2013 until
30.09.2021 23:45

location

Hochhäuser
EC150
1009 m MSL,
Campbell Scientific
mounted on 6.8 m
Kolsass,
EC150
545 m MSL,
Campbell Scientific
mounted on 4.0 m

Picarro G2301

2.4.1

Hoher Peißenberg,
934 m MSL
mounted at 50m, 93, 131m

18.09.2015 00:00
until
31.01.2021 23:59

dates of
calibration
04.10.2021
26.06.2014
March 2016
June 2018
daily: short term
target gases,
every 2-4 weeks:
long-term target gases

manufacturer’s
recommendation
monthly zero and span gas
but at least seasonally
(3 month)
see above

use regularly calibration gas,
calculate linear relationship,
intercept = offset

The HPB Reference

I assume the HPB-data to be good and serve as a reasonable reference to critically
evaluate the i-Box data.
HPB allocates CO2 concentrations at three different measurement heights but only
one is needed to serve as a reference in this thesis. By comparing the time series
of CO2 concentrations it becomes obvious that all curves are nearly equal and
follow each other (see Figure 2.8 and Table 2.3). Only small differences are found:
the lowest sensor measures slightly higher concentrations and the highest sensor
measures continuously lower CO2 concentrations, since ”sources and sinks of carbon
dioxide are located at the surface, and the fluctuation generated by the surface
processes gradually attenuates with height” as stated in Haszpra and Prácser
(2021). As the differences between the three sensor heights can be expected to be
much smaller than the differences to the i-Box sites, the choice of the reference
sensor is less important. Hence, the mid-level sensor is defined as the reference.

Table 2.3: Mean CO2 concentration in ppm over the whole measuring period at the three
measurement levels at HPB

50 m 93 m 131 m
412.3 411.57 411.11

2.4.2

Data Gaps and Interpolation

Data gaps are occurring in the i-Box data for several reasons, e.g. when instruments
were unmounted for repair or short-term power-breakouts. These gaps are identified
and filled with the corresponding date and NaN-values.
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Figure 2.8: CO2 concentration at HPB at the three measurement heights (red line for
50 m, blue line for 93 m and black line for 131 m), the data was averaged over 7 days
using a Gaussian running mean (see text).

While the i-Box sites provide CO2 concentrations every half hour at xx:15 UTC and
xx:45 UTC, in HPB are only CO2 mixing ratios on the hour available.
For this reason, neighbouring i-Box data points are averaged to obtain data points
on the hour and on the half hour, e.g., cCO2 (t = 23.45) and cCO2 (t = 00.15) are
averaged to yield cCO2 (t = 00.00). The half hour averaged values are not considered
when comparing to HPB’s full hour data.

2.4.3

Safe Periods

Safe periods are time intervals in the data sets of the i-Box sensors, when it can
be assumed that the sensor measures the ’true’ CO2 concentrations, i.e. it has
no systematic bias. In these periods I claim the measurements to be ’good’ and
valid. Having studied the logfiles of the i-Box sites safe periods of the sensors are
determined. In Table 2.2 the dates of calibration and installation are summarised
together with the manufacturer’s recommendation of calibration intervals. Campbell
Scientific suggests a zero and span calibration every month but at least seasonally
and thus every three month (CSI 2017). To be sure one month is defined here a
safe period. The safe periods start right after the sensor is operational after the
installation or calibration and last for one month. Neither the sensors in Kolsass
nor Hochhäuser have been calibrated this often. Therefore, well-calibrated periods
are rare (see Table 2.4): I assume the sensors to be well-calibrated after installation
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and repair at Campbell Scientific. However, it is impossible to tell the exact time
of calibration during the period of repair. Hence, one month after remounting the
sensor is possibly not or only partly within the ’safe’ period of one month after
calibration. A shortening of the period may be necessary. Furthermore, for some
safe periods in Table 2.4 the start date is not equal to the date of installation or
calibration (as noted in Table 2.2) because the sensor does not necessarily begins
measuring right after (re-)mounting the sensor to the measurement tower.
In the following, PSP-K3 and PSP-K4 are examined to define a filter length. PSP-K1
and PSP-K2 cannot be compared to the reference site as the measurements in HPB
start in September 2015 and, thus, after these safe periods. PSP-K4 is investigated
first because the time series at KOL during this safe period show smaller differences
to HPB than for the safe period PSP-K3. PSP-K1 and PSP-K2 cannot be used to
define a filter length, however, the quality of the calibration corresponding to these
safe periods can be assessed by comparing to the measurements at Schauinsland and
Zugspitze.
For HH only PSP-HH1 can be analysed because neither data from HPB nor from
HH during PSP-HH2 is available yet.
In order to filter out site-specific influences like different weather situations a moving
average with a certain time window is applied to the CO2 concentrations at all three
sites (see Section 2.1 for more detail). To avoid a sharp break and an erroneous
tendency before and after the safe period also the data from one week before and
after are computed with the running mean. The window (’filter’) length has to be
found by defining a criterion for good alignment between the CO2 concentrations
from HPB and the i-Box sites. The time interval with the best fit is assumed to
filter best these regionally and temporally limited differences.
Table 2.4: potential safe periods (PSP) of the i-Box sensors and their identifier

Identifier
PSP-K1
PSP-K2
PSP-K3
PSP-K4

Kolsass
01.08. until
23.07. until
09.03. until
05.06. until

01.09.2013
23.08.2014
09.04.2016
05.07.2018

Identifier
PSP-HH1
PSP-HH2

Hochhäuser
12.09. until 12.10.2017
04.10. until 04.11.2021

The Equality Criteria
In the method I am using here (see Section 2.1) mixing ratios of two sites are compared in order to identify periods of sufficiently small deviations (so that ’equality’
can be assumed). The uncertainty of the individual measurements must be taken
into account. In Haszpra and Prácser (2021) the uncertainty for the Picarro G2301
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– the sensor type operational in HPB – is investigated in different conditions. The
highest uncertainty was recorded during the morning transition hours in summer.
(= ppm). The given uncertainty in the
The median is given with a value of 1.7 µmol
mol
Picarro Datasheet (Picarrro 2019) is smaller, thus, I am assuming the uncertainty
to be the worst case all year (i.e., ± 1.7 ppm). Then, the amount of i-Box data
points within the uncertainty range of the reference HPB is computed (’CR-Nb-inUR’ short for Criterion on number in Uncertainty Range). If the time series of both
sites follow each other well (for instance, diurnal cycles of CO2 concentrations at
both sites), the number of data points in the uncertainty range is expected to be
large. However, it is also possible that the weather pattern advects air masses with
higher mixing ratios to one site first and delayed to the other (or exclusively to one
site), giving a small amount of number of data points in the uncertainty range.
Therefore, the mean difference over the whole safe period is calculated additionally,
so that the magnitude and the exact time of a peak is less important than a common
background concentration level. Two curves are judged ’equal’ when the ratio of
the mean difference to the average concentration of HPB is less than 1% (’relative
difference’, short ’CR-rel-diff’). The limit of a relative difference of ± 1% is chosen
because the uncertainty of ± 1.7 ppm amounts to a span of 3.4 ppm. The span
equals roughly 0.84% of the mean CO2 concentration at HPB. As this is a rough
estimation and other external influences are not considered the criterion is relaxed
to ± 1%.
If the relative difference is smaller than ± 1% for a filter length, two time series are
’equal’. Since this criterion can be true for several filter length, CR-Nb-in-UR is
taken into account. The best of the potential filter lengths found by CR-rel-diff is
the filter length with the maximum amount of data points in the uncertainty range
(CR-Nb-in-UR). If CR-rel-diff is not true, the mixing ratios of the two sites are not
equal during the safe period, visual speaking: the two time series lie too far apart.
Therefore, CR-Nb-in-UR cannot be applied, as individual data points would only
lie in the uncertainty range by incident. The filter length that reduces differences
between HPB and the i-Box best is still of interest and, therefore, the differences
between the two curves smoothed with potential filter lengths are computed. The
filter length producing the smallest deviation (’CR-mean-diff’ is minimum) is used
for further analysis.

2.4.4

Whole Period

Having examined the safe periods more closely in Sections 3.1.1, 3.1.2, 3.2.1, the
found filter length is applied to the whole measurement period of each sensor. The
averaged time series of CO2 mixing ratios of the i-Box sites are compared to the
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averaged time series at HPB. In addition, the time series of the difference between
HPB and i-Box mixing ratios is analysed for sensor drift and seasonal cycles.
If large differences between the time series still appear, I suspect a sensor error. Can
this difference with respect to time be formulated as a function of time? Which set
of data is usable for further analysis? The periods of good calibration-state, during
which the data is valid, are determined by examining the difference to the HPB
reference. The turbulence statistics during these periods of good calibration state
can be compared.

2.4.5

Analysis of Turbulence Statistics

In order to analyse the turbulence statistics, the autocovariance - so actually the
variance - at the three sites is computed. The i-Box sites provide also the CO2 flux,
however, HPB only provides the standard deviation of the 60 minute mean. Thus,
the standard deviations are squared and the same procedure as for the absolute
concentration time series is undertaken.
While I can expect the absolute concentrations to be almost equal, this is not the
case for the CO2 fluxes and for the variances. The magnitude of this quantity
is dominated by local conditions and processes. But still, the comparison can
yield interesting results, thus, I investigate the safe and other periods in the same
manner as for the absolute concentrations but without the demand of ’equality’ of
the variances.
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Results
3.1

Kolsass

The KOL sensor was installed on the 23th of July 2013 and started measuring on
the 1st of August 2013. First sensor problems occurred in November and December
2013 when the sensor wasn’t working. Having dismounted the sensor on the 13th of
December 2013, no data was recorded until the 1st of February 2014. However, for
some reason the sensor had not started working before the 2nd of February 2014.
One week later the sensor stopped working again until the 20th of February 2014.
I assume that the sensor was taken back to the institute as the next entry in the
logbook mentions that the EC was reinstalled on the 7th of March 2014 and seemed
to work well thereafter. On the 25th of June 2014 the sensor was dismounted for a
zero and span calibration at the institute of the university. For this reason, the KOL
time series has a data gap until the 23th of July 2014 when the sensor was remounted.
In December 2014 and February 2015 the sensor reported an error which could be
fixed on-site. A trouble-free period of nine months was terminated by a damage in
November 2015, so that the sensor was sent to Campbell Scientific for repair (and
most likely for calibration). The sensor was mounted on the tower in Kolsass on the
9th of March 2016 giving the safe period PSP-K3 which is analysed in this thesis.
The sensor worked well until January 2017 when problems were reported in the
logbook. Since the sensor was judged to be ok according to the logbook in March
2017, I suppose someone attended to the problems. No troubles were mentioned
until the 22th of November 2017 when probably a water damage led to the dismount
of the sensor. Again, the sensor was sent to Campbell Scientific for repair, explaining
the large data gap in the CO2 concentration time series until the 5th of June 2018
(see Figure 3.1), the start of the safe period PSP-K4. Despite a rather low signal
strength on the 24th of October 2019 (however, it is not noted if the sensor has been
cleaned as well to improve the signal strength), the sensor has been trouble-free
27
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since the second repair and calibration. It has not been zero- and span-calibrated
for three years now.

Figure 3.1: CO2 concentration at KOL for the entire period with overlaid relevant
logbook entries, ’EC’ denotes the EC 150 instrument at KOL

3.1.1

Safe period PSP-K4

Absolute concentration
This safe period PSP-K4 should begin on the 6th of June and last til the 6th July
2018. Due to the data gap from the 6th to the 14th at KOL (see Figure 3.2a) this
safe period starts on the 15th of June and is therefore shortened.
In Figure 3.2 the concentrations from KOL are compared to those from HPB during
the entire safe period in June 2018 and for different averaging periods. Both curves
in Fig 3.2a display smaller diurnal oscillations with higher values during the night
and relatively small concentrations during the day. The minima recorded at KOL lie
below the HPB curve. These oscillations are filtered out when increasing the filter
length to several days (like for 3 days/72 hours). Individual extrema are damped as
can be seen for the 9th of June in the plots of Fig 3.2. Since the amplitude at KOL
is in general larger than at HPB, increasing the filter length causes the difference
between a HPB peak and a KOL peak to diminish. As a result, the KOL curve
approaches the HPB curve in Fig 3.2c.
The relative difference (see Table 3.1) does not increase by much with increasing
filter length, while the number of data points in the uncertainty range grows until
168h and shrinks thereafter. The relative difference is always smaller 1%, so that
the mixing ratios at HPB and KOL can be judged ’equal’. The number of data
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points in the uncertainty range is maximum for 168 hours. With the help of the
defined equality criteria (see Section 2.4) I set the suitable filter length to 168 hours
in order to reduce disparities on smaller time and space scales.
Table 3.1: The equality criteria (CR-rel-diff: relative difference, CR-mean-diff: mean
difference, CR-Nb-in-UR: amount of data points in uncertainty range, see Section 2.4 for
more detail) describing the correspondence between KOL and HPB data as a function of
the filter length during PSP-K4

filter length
24 h
72 h
168 h
216 h

CR-rel-diff (in %) CR-mean-diff (in ppm) CR-Nb-in-UR (in %)
0.5
1.8
9
0.6
2.3
17
0.6
2.5
22
0.6
2.5
19

Variance
As already mentioned in Section 2.3.3 the standard deviation at KOL is mostly >1
ppm, obviously the variance is then > 1 ppm2 . In HPB 75% of the data points is
< 1 ppm (and so is the variance). Thus, it is practical to plot the following curves
against a logarithmic Y-axis.
In Figure 3.3 the variances from KOL are compared to those from HPB during the
safe period PSP-K4 and for different averaging periods. For a filter length of 24 hours
the diurnal cycle of the variance is clearly visible with – in general – maxima during
night and minima during day (see Figure 3.3a). The drawback of the logarithmic
Y-axis is, that the amplitudes of the diurnal cycles at KOL and HPB are deformed.
Amplitudes at HPB seem larger but they are actually smaller than at KOL. In
order to estimate the difference between the HPB and KOL time series I included
Figure 3.3c. The difference is minimum for a filter length of 31 days and one month
respectively (see Table 3.2).
Table 3.2: Mean difference of variance between HPB and KOL as a function of the filter
length during the safe period PSP-K4

filter length (in days) mean difference (in ppm2 )
1
-5.30
7
-5.23
31
-5.16
38
-5.20
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(a)

(b)

(c)

Figure 3.2: Time series of averaged CO2 concentrations at KOL (blue line) and HPB
(red line) for (a) 24 h, (b) 72 h and (c) 168 h averaging times. The safe period PSP-K4
(see text) for the sensor at KOL is delimited with the two vertical dashed lines. The red
shaded area around the HPB curve depicts the uncertainty range of the HPB sensor.
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(a)

(b)

(c)

Figure 3.3: Time series of the variance of CO2 at KOL (blue line) and HPB (red line)
for (a) 24 h and (b) 72 h averaging times. (c) depicts the absolute difference between the
variance at HPB and KOL. The safe period PSP-K4 (see text) for the sensor at KOL is
delimited with the two vertical dashed lines.
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Safe period PSP-K3

Absolute concentration
PSP-K3 starts on the 9th of March and lasts til the 9th of April 2016. First of all, we
shall note that this safe period is during spring, in contrary to the before-mentioned
safe period PSP-K4 which is during summer. This fact could be essential later in
the discussion.
Figure 3.4 displays the comparison of the concentrations at KOL and HPB during
the safe period PSP-K3 and for different averaging periods. Characteristic for this
safe period is that the KOL curve is most of the days clearly above the HPB-curve
(see Fig 3.4) – in contrast to PSP-K4. This circumstance though prevents finding
a suitable filter length to judge the two curves ’equal’. The relative difference given
in Table 3.3 does not fulfill the requirement set by the equality criterion CR-rel-diff:
relative difference < 1 %. Yet, a filter length that reduces differences to HPB best,
can be determined with the help of CR-mean-diff. Mean differences are minimum
for filter lengths ≥ 168 hours
In addition, this result neither rejects nor confirms the filter length found for PSPK4, but supports the hypothesis, that 168 h is a suitable filter length.
Table 3.3: The equality criteria (CR-rel-diff: relative difference, CR-mean-diff: mean
difference, CR-Nb-in-UR: amount of data points in uncertainty range, see Section 2.4 for
more detail) describing the concordance between KOL and HPB data in dependency on
the filter length during PSP-K3

filter length
24 h
72 h
168 h
216 h

CR-rel-diff (in %) CR-mean-diff (in ppm) CR-Nb-in-UR (in %)
2.4
-10.0
7
2.2
-8.9
5
2.1
-8.7
0
2.1
-8.7
0

Variance
Figure 3.5 depicts variances computed for different averaging periods at KOL and
HPB during the entire safe period PSP-K3. Also during this safe period, minima of
the diurnal cycles are before midnight (x-ticks at the x-axis in Figure 3.5 are at 0.00
UTC) and maxima are after the x-tick. In addition, the variance at KOL is nearly
always higher than at HPB.
The mean difference between both curves is minimum for a filter length of a month
(see Table 3.4). Since in both safe periods the filter length of one month seem to
produce best correspondence between HPB and KOL, the following investigation

3.1 Kolsass
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(a)

(b)

(c)

(d)

Figure 3.4: As Fig. 3.2, but for the safe period PSP-K3 (11.3.2016 - 10.4. 2016). (d)
displays the difference of CO2 concentration between HPB and KOL after averaging over
168 h
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of the variance in the whole measurement period are monthly filtered time series.
When applying different filter lengths to the whole data set, the difference actually
reduces with filter lengths longer than one month.
(a)

(b)

(c)

Figure 3.5: As Fig. 3.3, but for the safe period PSP-K3

Table 3.4: Mean difference of variance between HPB and KOL as a function of the filter
length during the safe period PSP-K3

filter length (in days) mean difference (in ppm2 )
1
-4.33
-4.03
7
31
-3.991
38
-3.992
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Whole period

Absolute concentration

Figure 3.6: Time series of absolute CO2 concentration at KOL (blue line) and HPB (pink
line for the lowest sensor and red line for the mid-level sensor) for the entire measurement
period of HPB. An averaging filter over 7 days has been applied to the data (see text).
Yellow highlighted periods depict the time intervalls in summer when HPB and KOL
(should) align (see text).

In Figure 3.6 the concentrations from KOL are compared to those from HPB during
the entire measurement period at HPB for an averaging time of 168 hours. The periods where the two curves approach each other are marked yellow. The comparison
between HPB and KOL reveals many interesting features. Starting with the most
prominent, the seasonal cycles can be seen in both curves, but at KOL the maxima
in winter are significantly higher than at HPB. Despite one exception (2017) the
extrema of both curves are roughly at the same time. During summer mixing ratios
at KOL sink towards the reference concentrations at HPB. This impression is confirmed by comparing the monthly means of CO2 concentration in August (see Table
3.5). Bearing in mind that the study is conducted in order to assess the calibration
status of the KOL sensor and having found that at least for the summer safe period
PSP-K4 average mixing ratios at the two sites are within a few ppm we see:
• mixing ratios at the two sites correspond well during the first summer after
operations at HPB started (2016) as the two curves align in in the first yellow
highlighted section in Figure 3.6
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Figure 3.7: Time series of the difference in averaged (over 7 days) absolute CO2 concentrations at KOL and HPB for the entire measurement period of HPB. Yellow highlighted
periods depict the time intervalls in summer when HPB and KOL (should) align

• with the approaching cold season mixing ratios at KOL increase more strongly
than at HPB
• in the next summer mixing ratios typically become smaller and are more
’aligned’ (see the yellow shaded periods in Figure 3.6). This can be seen in the
summer periods of 2018 and 2019, in summer 2020 mixing ratios at KOL are
even smaller than those at HPB. In the summers 2017 and 2021 concentrations
align only for a few days or weeks (this will be discussed below).
The monthly mean in 2017 as well as the course of the curve in Figure 3.6 in
summer 2017 are striking: The CO2 concentrations at KOL are much higher than
at HPB. Furthermore, CO2 concentrations at KOL reach the winter maximum in
16/17 about one month later than at HPB (HPB: February, KOL: March). This
development needs to be investigated more thoroughly (see next section). Not only
in August 2017, but also in August 2021, the monthly mean lies 20 ppm above
the HPB monthly mean (Table 3.5). Taking a look on the weekly filtered curve
in Figure 3.6, a period when the KOL curve aligns with the HPB can be found in
2021 – on contrary to 2017. For about 2 to 3 weeks starting on the 20th of June
2021 KOL and HPB display the same pattern of oscillations and mixing ratios at
KOL are only slightly above those at HPB.
In addition, the monthly mean at KOL deviates strongly from HPB’s in 2020, but
this time the mean at KOL is roughly 14 ppm below HPB’s. This low monthly
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mean is accompanied by a sudden drop from the usual winter maximum in the
beginning of March 2020. A less steep decline continues from April to July/August
resulting in a lower signal than in HPB. This rigorous decrease is answered by an
equally rigorous increase towards the next winter maximum with usual high CO2
mixing ratios.
Besides the seasonal cycle both curves show oscillations of smaller amplitude and
time scale (roughly 2 weeks, but this pattern is not regular). The amplitude of the
KOLv data is greater than at HPB, which is most obvious in the period between
June and September 2018.
The difference between KOL and HPB plotted over the whole measurement period
(Figure 3.7) resembles the seasonal cycle as the winter maxima at KOL are disproportionally higher. In winter the difference reaches 40 ppm, some of the peaks
on the weekly time scale even produce differences of 50 to 60 ppm. The maximum
difference occurs every winter in December and January (and February in 2021)
except for 2017, when it occurs in March.
The curve is mainly above the 0 ppm axis indicating that CO2 concentrations at
KOL are generally higher than at HPB. Only in summer 2020 the difference is considerably negative. Except for the before-mentioned summer periods in 2017 and
2021, the difference oscillates around the 0 ppm mark in summer.
Table 3.5: Monthly means of CO2 concentration at KOL and HPB calculated for August
of each year, CO2 concentrations are given in ppm. If the monthly mean at KOL is higher
than at HPB, it is coloured red, if it is smaller than at HPB, it is coloured green

8/2016
HPB
400.4
Kolsass 403.5

8/2017 8/2018
401.9
405.6
420.9
404.5

8/2019 8/2020
405.3
408.7
405.8
394.4

8/2021
410.0
430.0

Worsening of calibration state of the Kolsass sensor in 2017?
In Figure 3.8 the concentrations at KOL for the annual cycles 2016/17 and 2018/19
are compared to those from HPB for an averaging time of 168 hours. In other
summers of the measurement period the difference reduces to (close to) 0 ppm.
In summer 2017, however, the difference only reduces to 14 ppm. The winter
maximum in 2016/2017 reaches usual values (up to 450 ppm) and – despite its delay
– is similar to the winter maxima of the other years. While the two annual cycles in
HPB for 2016/2017 and 2018/2019 look very similar except for the rather constant
higher concentration in 2018/2019, the two annual cycles at KOL are quite different
between the two years (Figure 3.8). Though the annual cycles start similarly and
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Figure 3.8: Annual cycle of CO2 concentration in Kolsass (blue) and HPB (red) for the
years 2016/2017 (full lines) and the years 2018/2019 (dashed lines)

Figure 3.9: Annual cycle of the difference between CO2 concentration at KOL and HPB
for the years 2016/2017 (blue line) and the years 2018/2019 (red line)
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(same as for HPB) with slightly higher values in 2018/19, the maximum is firstly
higher and secondly earlier than the one in 2016/17. After the annual cycle 16/17
has reached its maximum, mixing ratios at KOL do not exhibit values similar to
HPB. This suggest, therefore, a potential malfunctioning of the sensor. In Section
3.2.2 it will be shown that the other sensor in the Inn Valley (HH) did not observe
unusually high CO2 mixing ratios in summer 2017, thus supporting the potential
failure of the KOL sensor.
In order to answer the question until when the data in 2016/2017 is still valid
and usable, the difference between KOL and HPB of the two cycles is plotted in
Figure 3.9. A difference in winter of up to 45 ppm is usual, so that the winter
maximum in 2016/2017 does still correspond to a usual difference, but the time
is unusual. Assuming that this delayed winter maximum is acceptable, the data
until April is still usable. Moreover, the sensor was deemed ’ok’ when checked
in March 2017. However, the difference after April is almost up to 20 ppm
higher than the usual difference between KOL and HPB. Furthermore, an absolute
difference of about 30 ppm until August and 20 ppm afterwards seems to be too high.

Period 2013 until 2015

Figure 3.10: Time series of CO2 concentrations at HPB (red), Schauinsland (purple)
and Zugspitze (green) for the period January 2013 to December 2019. Schauinsland and
Zugspitze are monthly averaged CO2 concentrations, HPB is the 168 h averaged time
series.
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Figure 3.11: Time series of CO2 concentrations at KOL (blue), Schauinsland (purple)
and Zugspitze (green) for the period August 2013 to August 2017. Schauinsland and
Zugspitze are monthly averaged CO2 concentrations, KOL is the 168 h averaged time
series.

In order to substantiate the findings from the previous section, the CO2 mixing
ratio from KOL are analysed for the period 2013 to 2015 and compared to those
from two other longer operational sites, i.e. Schauinsland and Zugspitze. These two
were not selected as reference sites in the first place, because of their large distance
(Schauinsland) and exposure (Zugspitze). Figure 3.10 shows the comparison of the
CO2 measurements at the three reference sites from 2013 to 2019. All sites record
an overall increasing trend of CO2 mixing ratio, likely reflecting the global increase
in CO2 concentration. Furthermore, the annual cycle with higher concentrations in
winter and lower concentrations in summer is displayed for all sites. At HPB mixing
ratios are slightly higher than at Schauinsland, and at Schauinsland mixing ratios
are slightly higher than at Zugspitze. In summer, however, all three sites have the
same concentrations supporting the observations from above.
In Figure 3.11 the time series of CO2 at KOL are compared to the time series at
Schauinsland and Zugspitze in the period between August 2013 and August 2017.
As already mentioned in Section 3.1.2, after the factory calibration in March 2016
the mixing ratios at KOL are even during the safe period PSP-K3 higher than at
HPB. Moreover, in all other springs concentrations at KOL are higher than at HPB
(Figure 3.6). This is also true when comparing mixing ratios at KOL to Schauinsland and Zugspitze in Figure 3.11.
After the calibration at the institute of the university (ACINN) CO2 concentra-
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tions have considerably dropped, which is a sharp break to the long-term trend.
This inconsistency suggested an uncertainty of the self-conducted calibration at the
institute. The first annual cycle from summer 2013 to summer 2014 has a mean
concentration of 422.6 ppm. In July 2014 the sensor was calibrated at the institute
of the university in Innsbruck. The mean of the annual cycle from summer 2014
to summer 2015 was considerably lower, in fact 403.4 ppm and therefore 19.2 ppm
lower than the year before. However, when comparing the monthly means in 2015 to
2016 (see Table 3.6, an annual mean comparison is not possible due to the data gap
of almost 5 months) CO2 concentrations are remarkably higher (up to 20 ppm) again
after the annual cycle with zero- and span-calibration by the institute staff. After
the calibration at the institute, the KOL data match very well with the monthly
means at Zugspitze and Schauinsland (see Figure 3.11). Furthermore, this annual
cycle is the only one where the winter amplitude fits almost to the amplitude of
the reference stations. During the period of rising CO2 concentrations at all three
sites (August 2014 until January 2015) the KOL curve is slightly above the reference
curves (here Schauinsland and Zugspitze), in contrast to the period with decreasing
CO2 concentrations, where it lies slightly beneath, which is unusual as it is never
below the reference curves (Schauinsland, Zugspitze and HPB) except for the period
after March 2020.
Table 3.6: Monthly means of CO2 mixing ratios computed with weekly filtered data in
2014 (after installation of the sensor), in 2015 (after the calibration at the institute) and
in 2016 (after the calibration at Campbell Scientific) in ppm

March April May June
2014 431.1 426.0 421.8 424.2
2015 407.5 404.3 401.6 395.0
2016 424.3 418.8 421.4 420.0

Variance
In Figure 3.12 the monthly averaged variances at KOL are compared to those at
HPB during the entire measurement period at HPB. Since the outlier-exclusion is
better for the flux than for the standard deviation as discussed in Section 2.3.3, the
flux at KOL is added to the Figure 3.12. The data in HPB does not provide the
flux, so this investigation is less a comparison rather than a qualitative analysis of
the relation between flux and variance. Still the variance at KOL is compared to
the variance in HPB with regard to the absolute numbers.
A seasonal cycle is clearly visible in the flux at KOL reaching maxima in December
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Figure 3.12: Monthly filtered variance of CO2 at KOL (blue) and HPB (red for mid-level
sensor, pink for lower sensor) plotted against the left y-axis, CO2 -flux at KOL (purple)
plotted against the right y-axis for the whole measurement period in HPB.

and January and minima in summer, it is directed towards the ground in summer
(<0) and upwards in winter (>0), but as it is only slightly greater than 0 the flux is
rather weak in winter. A large variance at KOL correlates to a strong flux (absolute
value of the flux) giving a strong flux towards the ground mainly in summer.
The variance at KOL does also follow a seasonal cycle, but it is less pronounced for
there are some oscillations with nearly the same magnitude but on a smaller time
scale than the seasonal. One can easily see that the KOL variance and the flux are
roughly mirrored but the flux does not follow every oscillation of the variance. For
instance, during the period between December 2018 and March 2019 the variance
oscillates while the flux stays on a rather constant level. In general, the flux oscillates
less than the variance.
At HPB the variance cycles seasonally as well with minima in winter and early
spring and maxima in summer.
Figure 3.13 displays the monthly averaged difference between variances at KOL and
HPB during the entire measurement period at HPB. The variance at KOL has a
general offset of 1.7 ppm2 to the variance at HPB. The difference does not show any
increasing or decreasing tendency over the years but oscillates regularly between
a difference of 1 ppm2 and 2.5 ppm2 . In the period after March 2018 a seasonal
pattern can be identified with a maximum in the interval between September
and December. However, the variance at KOL does not show the striking and
distinct seasonal cycle of the difference as for the absolute concentration (Figure 3.7).
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Figure 3.13: Difference of the monthly filtered variance of CO2 at KOL and HPB for
the entire measurement period in HPB

3.2

Hochhäuser

The sensor at Hochhäuser was installed on the 5th of September 2017, the first
measurement was recorded on the 12th . The sensor has been less troublesome over
the whole measuring period than the KOL sensor. The logbook only indicates
regular cleaning. The sensor was calibrated on the 4th of October 2021, after four
years without a zero and span calibration.

3.2.1

Safe period PSP-HH1

Absolute concentration
In Figure 3.14 the concentrations at HH are compared to those at HPB during
the safe period PSP-HH1 and for different averaging periods. For Hochhäuser CO2
concentrations are during the safe period from the 12th of September until the 12th
of October 2017 continuously lower (see Figure 3.14). This offset is rather constant
(see Figure 3.14d) and does not show any increase or decrease with time. For nearly
all filter lengths the difference averages 5 ppm (see Table 3.7), so that the relative
difference of 1.2% is higher than the defined equality criterion CR-rel-diff. The
number of data points in the uncertainty range of HPB’s measurements is highest
for a filter length of 24 hours as HH’s diurnal peaks often cross the HPB curve. For
this reason, the diurnal cycles are examined more closely in Section 3.3.1. As for
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the safe period PSP-K3, I am not able to define a best filter length by using the
equality criteria CR-rel-diff. On that account, CR-mean-diff is considered giving
a best filter length of 24 hours. However, a filter length of 24 hours produces too
many oscillations, so that this filter length is not practical to plot the whole period.
Nevertheless, this filter length yields best agreement with HPB, see Table 3.8. The
difference to HPB in every season and every year is smaller when the filter length
was set to 24h than to 168h. The amplitudes in HH are more strongly damped the
longer the filter length. The same happens of course to the amplitudes in HPB,
but since amplitudes are greater in HH the damping is also stronger. HH’s peaks
cross less often the HPB curve and therefore the mean difference increases. Further
analysis in Section 3.3.1.
Table 3.7: The equality criteria (CR-rel-diff: relative difference, CR-mean-diff: mean
difference, CR-Nb-in-UR: amount of data points in uncertainty range, see Section 2.4 for
more detail) describing the correspondence between KOL and HPB data as a function of
the filter length during PSP-HH1

filter length
24 h
72 h
168 h
216 h

CR-rel-diff (in %) CR-mean-diff (in ppm) CR-Nb-in-UR (in %)
1.2
4.8
13
1.2
5.0
8
1.2
5.0
9
1.2
5.0
7

Table 3.8: Daily filtered mean difference compared to weekly filtered mean difference of
the season between HPB and HH, numbers are given in ppm

DJF
MAM
JJA
SON

2018
24h 168h
-1.9 -2.8
-5.1 -6.2
-5.7 -5.9
-8.6 -9.4

2019
24h 168h
-5.6 -6.3
-5.3 -6.6
-7.5 -8.0
-2.7 -4.2

2020
24h
168h
-3.9 -5.9
-16.2 -17.5
-5.0 -6.2
-7.2 -9.1

2021
24h 168h
-8.2 -9.5
-8.2 -8.8
-2.2 -3.3

Variance
The variance in HH is during the safe period nearly 4 ppm higher than in HPB.
Despite the offset both curves show diurnal cycles (Fig. 3.15a) and on some days
(e.g. 19.9.2017 to 26.9.2017) the HH curves follows the HPB curve very well. We
still have to note that the amplitude in HH appears to be smaller but this is only
due to the logarithmic y-axis. As mentioned already before the amplitude at HPB
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(a)

(b)

(c)

(d)

Figure 3.14: As Fig. 3.2 but for the safe period PSP-HH1 at HH. (d) represents the
difference between the CO2 concentration at HPB and HH for a filter length of 168 hours
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is actually smaller than at HH. The difference is computed and displayed in Figure 3.15c suggesting that the offset is in mean constant, sometimes slightly higher
sometimes slightly lower than -3.7 ppm2 .
The mean difference between HPB and HH diminishes with increasing filter length
(see Table 3.9). It even still reduces when filtering over several months up to one
year. I still decided to filter the data over one month in terms of consistency with
the KOL data. Furthermore, the computed differences between HPB and HH over
the whole period for different filter lengths is minimum when the filter length is set
to one month.
Table 3.9: Mean difference of variance between HPB and Hochhäuser depending on the
filter length during the safe period PSP-HH1

filter length (in days) mean difference (in ppm2 )
1
-3.84
7
-3.69
31
-3.43

3.2.2

Whole period

Absolute concentration
In Figure 3.16 the concentrations from HH are compared to those from HPB during
the entire measurement period at HH for an averaging time of 168 hours. At first,
one notices that the seasonal cycle at HH and HPB follow each other very well.
Only the winter maximum in 20/21 is differently shaped at HH than at HPB.
HPB’s maximum is similar to the shape of the other winter maxima before, while
HH’s CO2 concentrations rise rather linearly towards the (therefore) delayed winter
(now rather spring) maximum. However, there are several distinct peaks in the
HH curve which rise towards the HPB curve (e.g. shortly before and after the 13th
December 2020).
Furthermore, the HH curve is continuously lower than the HPB curves except for
single peaks on the weekly time scale, which rise – especially during the winter
periods – even higher than the peaks measured at HPB (e.g. in December 2017 and
November 2019). In summer (JJA+s), only few peaks exceed the peaks at HPB.
High peaks (amplitudes larger than 10 ppm), which actually corresponde to the
concentration at HPB, occur more often in summer. But most amplitudes in HH
are only slightly larger than amplitudes in HPB. Often small scale oscillations in
HPB and HH are at the same time.
The sharp drop in the HH curve in March and April 2020 is striking. The HPB
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(a)

(b)

(c)

Figure 3.15: As Fig. 3.3 but for the safe period PSP-HH1 at HH
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Figure 3.16: Time series of absolute CO2 concentration in HH (black line) and HPB (pink
line for the lowest sensor and red line for the mid-level sensor) for the entire measurement
period of HH. An averaging filter over 7 days has been applied to the data (see text).

Figure 3.17: Time series of the difference in averaged (over 7 days) absolute CO2 concentrations in HH and HPB for the entire measurement period of HH.
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curve behaves quite contrarily as it rises to a relative maximum but stays in the
usual shape of a declining winter peak.
In February and March 2021, however, CO2 mixing ratios in HPB drop suddenly,
while HH does not show any sign of a decline.
The difference plot does not show any annual or seasonal cycle but centers rather
linearly around -9 to -11 ppm. Towards the end of the measurement period the
difference approaches the 0 ppm mark.
In general, the period from summer 2020 to summer 2021 is worth a closer
examination. The zoom-in (Figure 3.18) reveals periods of about 10 weeks during
summer time, where the concentrations at HPB are very well reproduced at HH
(except for the offset, encircled blue in Figure 3.18). But also during the winter
period single peaks at HH agree very well to peaks of concentration at HPB.

Figure 3.18: Weekly filtered CO2 concentrations in HH (black line) and HPB (red and
pink lines) from summer 2020 to summer 2021

Variance
The variance at both HH and HPB cycles through seasonal maxima in summer and
autumn and minima in winter and spring. The curves in Figure 3.19 are in phase,
yet there are some noticeable differences. While the variance at HH peaks in one
distinct maximum each year, the variance at HPB stays on a maximum level over
a longer period with two or more peaks. This period stretches from the end of
May until mid of November in the years 2018 and 2019, in 2020 it ends already in
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September. At HH the variance does also stay over a longer period considerably
higher than in the rest of the year, however, this period is shorter than at HPB. It
starts with the beginning of June and ends in the middle of September.
The cycles at HH are characterised by a very regular pattern: the distinct peaks
occur in the years 2019, 2020 and 2021 all in the last week of July and reach 2.5
ppm2 . The variance peaks in 2018 on the 20th May but also with a value of 2.5
ppm2 . Moreover, the lows are in mid/end-March with a variance of 0.8 ppm2 (in
2020: 0.9 ppm2 ). During the winter 17/18 the first low point is attained already in
December. The amplitude, therefore, averages to 1.7 ppm2 .
The pattern in the seasonal cycles at HPB is nearly as pronounced as at HH. The
maxima (for HPB @ 93 m) are usually 1 ppm2 with at least two peaks in June and
September. Except for 2021, where the minimal variance is 0.4 ppm2 , the minimum
is 0.3 ppm2 . The first relative low is obtained in December. The amplitude of the
seasonal oscillations adds up to 0.7 ppm2 .
One can only observe a weak seasonal cycle for the flux measured at HH. It increases
rather linearly from May until a ’sharp’ drop in April or May. Thus, it does not
reproduce the seasonal cycle of the variance at HH as well as at KOL (Figure 3.12),
but the minimum of the flux correlates roughly with the first peak of the rising
variance.
Figure 3.20 displays a seasonal cycle of the difference between the variance at HH
and HPB and reflects the higher summer maxima at HH. The difference is largest
in summer and autumn (ca. 1.5 ppm2 ) and smallest during the lows in winter and
spring (0.3 - 0.4 ppm2 ). The mean difference between HH and HPB over the whole
period is 0.87 ppm2 .

Figure 3.19: As Fig. 3.12 but for HH for the entire measurement period at HH
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Figure 3.20: As Fig. 3.13 but for HH for the entire measurement period at HH

3.3

Comparison Hochhäuser to Kolsass

CO2 concentration
Although the air-line distance between HH and KOL is only 2 km, the CO2 concentration curves differ very much: While KOL concentrations are most of the time
higher than at HPB (Figure 3.6), HH’s are lower (Figure 3.16). The winter maxima
at KOL are higher than at HH. While concentrations at KOL coincides in some
periods in summer to HPB (Figure 3.6), HH does not have these longer periods of
good correspondence but rather short peaks (Figure 3.18). Apart from these peaks
mixing ratios at HH are continuously lower than at HPB. The weekly oscillations
at KOL have a greater amplitude than at HH. In contrast to the concentrations
curve at HH, which has distinct peaks, the mixing ratio curve for KOL has rather
distinct low points. All in all, KOL and HH curves for CO2 concentrations behave
very differently, so that the question of why is very interesting.
Variance
The variances at both KOL and HH are mainly larger than 1 ppm2 and thus larger
than at HPB (Figures 3.19, 3.12). KOL has a minimum mean difference of the
variance for a filter length of one month, one cannot find a best filter length for HH
during the safe period. Yet, for the whole period a filter length of one month reduces
the differences best as well. For KOL as well as for HH maxima in the annual cycle
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are in summer, while minima are in winter and spring. Both sites tend to higher
summer amplitudes than at HPB. The seasonal cycle at HH is more pronounced and
regular than at KOL. The flux, however, reaches its annual maximum in December
and January at KOL, but in April or May at HH. At KOL the flux mirrors roughly
the variance, at HH it does not. The mean difference over the whole measuring
periods in HH and KOL average to 0.9 ppm2 and 1.7 ppm2 respectively.
On the whole, the variances at KOL and HH behave more similarly than the CO2
concentrations.

3.3.1

Diurnal Cycle

In Figures 3.21 and 3.22 the concentrations from KOL and HH are compared
to those from HPB for the diurnal cycles in every season. As the analysis
of a suitable filter length for HH suggested to also take 12 and 24 hours into
account, Figures 3.21 and 3.22 are a convenient way of displaying such short filter
lengths, in Figure 3.21 for an averaging time of 12 hours, in Figure 3.22 for 24 hours.

Figure 3.21: Comparison of the diurnal cycles of the CO2 concentrations at KOL (blue
lines), HH (black lines) and HPB (red lines) for a filter length of 12 hours for the four
seasons. From the left to the right panel: Winter, Spring, Summer and Autumn. The
means for all three sites are computed from the measurements during the period between
September 2017 and September 2021

Starting with Figure 3.21, one first observes that concentrations are higher at KOL
and lower at HH than HPB. Moreover, the amplitude of a diurnal cycle is always
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Figure 3.22: As in Figure 3.21 but for a filter length of 24 hours

largest at KOL. The daily average decreases from winter days over spring days to
autumn days and is lowest for summer days. In HH spring and autumn daily means
are nearly equal. The daily maxima and minima are approximately in phase for all
seasons, the minimum occurring shortly after 12 UTC. The time of the maximum
shifts between 2 UTC and 7 UTC depending on site and season.
In winter only concentrations at KOL show a distinct diurnal cycle, yet at HH concentrations reach a minimum at 15 UTC. HPB stays constantly at a concentration
of 419 ppm.
The diurnal cycles at HH and HPB in spring resemble each other well except for
the offset of 9 ppm and the slightly larger amplitude at HH. The KOL curve is
closer to the HPB curve than in winter, while the HH curve departs from that at
HPB.
The maximum at HH and HPB agree in summer nights, since concentrations at
HH stay unchanged on the same night level, but concentrations at HPB sink with
respect to spring concentrations. CO2 concentrations at KOL and HH coincide in
the diurnal minimum at midday.
The whole HPB curve moves up in autumn compared to its summer curve. For
this reason and because the minimum at KOL reaches less low than in summer,
the concentrations at KOL and HPB are approximately equal in the daily minimum.
By comparing Figure 3.22 to Figure 3.21 the strong damping of the amplitude in
Kolsass becomes obvious. The damping in HH and HPB is less pronounced. In
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HH the small diurnal cycle in winter for a filter length of 12 hours is completely
flattened for a filter length of 24 hours. While the KOL curve approaches the
HPB-curve in summer better for a 24 hour filtering, the HH maximum does not
coincide anymore with HPB.
In general, by increasing the filter length the damping of amplitudes is stronger
for the i-Box sites, since amplitudes are larger there. This is advantageous for the
comparison of KOL to HPB because maxima are damped stronger than minima in
spring and summer. For instance, the spring maximum averages to 450 ppm for a
filter length of 12 hours and to 438 ppm for 24 hours giving a damping of 12 ppm.
The minimum, in contrast, is only damped by 5 ppm (from 420 ppm to 425 ppm).
Since the mixing ratio at KOL is in general higher than at HPB, increasing the filter
length produces better agreement, see Table 3.10.
Better correspondence cannot be found for HH when increasing the filter length
from 12 hours to 24 hours. On the contrary, when reproducing these figures with
a filter length of 168 hours, the daily means are closer to the minima than to the
maxima, so that the difference to HPB is actually increased (not shown).
Table 3.10: Mean difference of CO2 concentrations between KOL and HPB of each
season for all data

24 h
168 h

3.3.2

Winter Spring Summer Autumn
33.75
12.94
3.41
12.51
33.25
11.68
2.93
12.14

Summary with the Help of Annual Means for Absolute CO2 Concentrations

Figure 3.23 summarizes the different CO2 concentrations at the three sites that
were found in the sections before. Kolsass has always higher values than HPB,
and HPB has always higher values than HH (except for few high peaks on the
weekly to daily timescale). The higher annual means at KOL result mainly from
the higher winter maxima, since concentrations at KOL agree to those at HPB in
short periods in summer. During the years the annual mean rises at all sites.
The annual means retell the story of the sensor in Kolsass. In 2013 the sensor
should have been well calibrated after installation, however, values are clearly
higher than in the safe period after the zero- and span-calibration at the institute
in summer 2014 and therefore the mean in 2013 is considerably higher than in
2014. During the first half of the year in 2014 the sensor has not been calibrated
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yet, thus resulting in clearly higher CO2 concentrations. On the other hand, the
second half of the year has lower values after calibration, so that the annual mean
resembles this jump of concentration levels. The mean in 2015 is very low as
concentrations are even lower at KOL than at Schauinsland and Zugspitze in 2015
after the self-conducted calibration. This inconsistency suggests that either the
calibration after the installation in 2013 or after calibration in 2014 was imprecise.
In March 2016 the sensor has been calibrated, so that the annual mean (from
March to December) can be assumed valid. Remarkable is the difference of 22 pm
between 2015 and 2016. The annual mean in 2017 is especially high, as it is also
shown in the curve in Figure 3.8 for 2017. I therefore suggest to investigate data
from the beginning 2017 to the end of 2017 further. Equally high as in 2017 is the
annual mean in 2021 at KOL. The values in 2018, 19 and 20 seem reasonable and
the sensor has not posed any problems in these years (compare to Figure 3.1).
The difference of the annual means between HH and HPB stays over the years
between 7 to 10 ppm and decreases even in 2021 to 6 ppm, confirming that the HH
sensor has not drifted over the last four years. While the average in 2020 at KOL
and HH is lower than in the year before, HPB does not indicate this kink in the
concentration.

Figure 3.23: Annual mean CO2 concentrations at KOL, HH and HPB from 2013 to
2021. Note, that for KOL in 2013 the ’annual’ mean is computed for August til December.
Moreover, the mean for all sites in 2021 is computed for January til September.
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Chapter 4
Discussion
When I started working on this topic, on the one hand, I expected to find CO2
concentrations at HH, whose difference to the reference CO2 concentrations in HPB
signals a degradation (of some sort) from the date of installation, since the sensor
has not been calibrated for four years. On the other hand, I expected the KOL time
series of the CO2 concentrations to resemble the HPB reference CO2 concentrations
as the the sensor was calibrated during its measurement period three times. Moreover, because CO2 is a well-mixed gas I hypothesized that at least annual means
of the three sites were (almost) equal. However, the HH sensor measured also in
the safe period, during which the calibration state of the sensor is considered good,
lower CO2 concentrations than in HPB, while the sensor at KOL recorded – except
for some short periods in summer – especially in winter higher CO2 concentrations.
The main objective and goal of the study seemed to culminate in a retroactive correction function of the HH data, instead I now suggest to consider all measurements
of HH valid and thus usable. The same applies to KOL but with one exception in
2017.

4.1

Safe Periods

To start with, the trustworthiness of a ’safe’ period itself needs to be discussed. I
based the definition on the recommendation of the sensor’s manufacturer that it
should be calibrated once a month ideally and at least seasonally. Hence, I inferred
that the sensor is for one month after its last calibration surely in a well calibrated
state. This, however, is already challenging as, for instance, the sensor at KOL has
been unmounted and sent in for repair over 6 months in 2017/2018. Although a
sensor potentially starts to drift the moment after calibration, I still defined the
whole month after reinstallation as the safe period of the sensor. Firstly, because
the sensor has not been exposed to major sources of contamination like pollutants
57
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until mounting and secondly, because during this period the sensor is even so in a
better calibration state than afterwards.
Yet, the safe period in August 2013 (PSP-K1) raises the question, if the sensors are
in a good calibration state after first installation. During PSP-K1 the measured
CO2 concentrations at KOL deviate considerably from the measurements on
the Zugspitze and Schauinsland, while they align very well one year later after
calibration of the sensor at KOL (see Figure 3.11). Therefore, the data of 2013
needs to be investigated more closely with respect to convection activity during this
year and with the help of another reference site. The convection activity could play
a role because it is a mechanism of redistributing CO2 . During periods of strong
convection activity vertical (and horizontal) gradients of CO2 concentration can be
reduced. As CO2 sources are likely close to the ground higher CO2 mixing ratios
at the ground can decrease when convection activity lifts enriched CO2 air parcels
to higher levels with lower CO2 mixing ratios. However, during weak convection
activity gradients with higher concentrations at the ground stay unchanged or
can even intensify if the sources close the the ground keep emitting CO2 . Since
the sensor at KOL is mounted very close to the ground (4 m), high CO2 mixing
ratios can be a signal of weak convection activity. If this investigation concluded
that the measured CO2 concentrations were to be considered invalid, I would
also mistrust the assumption of safe periods after installation and the measured
CO2 concentrations. This again leads to the question, how trustworthy the CO2
concentrations during the ’safe’ period in HH are as this safe period is after the
installation as well. The detected offset could not exclusively arise from physical
differences between HPB and HH and a correction function becomes necessary
after all. Furthermore, the CO2 concentrations recorded in HH after the calibration
in October 2021 are interesting to be looked at, whether the calibration makes a
difference in the time series or whether the trend of the last four years carries forward.

4.1.1

The Equality Criteria

The criterion CR-Nb-in-UR has not yielded as good results as expected (only small
amounts of data points lie within the uncertainty range of HPB), since this would
require that e.g. maxima and minima are in phase in the Inn Valley and HPB. But
also on a weekly scale of filtering, the maxima and minima are not in phase, for
instance, during the period 13.3.2016 until 23.6.2016 in Figure 3.2c. CO2 concentrations in HPB start with a slight maximum and decrease while CO2 concentrations at
KOL rise towards a maximum. The spatial distance between the sites could be too
far, so that an advection of an air mass with a relative high amount of CO2 reaches
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HPB before the Inn Valley. The filter is not able to adjust such shifts of maxima
and minima. It rather works well for approximating the much higher amplitude at
KOL to the amplitudes at HPB (as pointed out in Section 3.3.1).
The equality criterion CR-rel-diff puts more emphasis on the same background CO2
concentration by simply calculating the mean of the difference between HPB and
the i-Box-sites. Of the three safe periods, that were analysed in this thesis, only
one can be judged to show an equal background concentration of CO2 . This period
in 2018 is in Kolsass during summer. In four out of six summers, that have been
recorded at HPB, the KOL curve falls towards the HPB curve (even below in 2020).
The other safe period (PSP-K3) in Kolsass is in March, when the KOL curve is
above the HPB curve in all years (except 2020). Therefore, it is reasonable to not
judge these curves equal and it fits in the observations of a typical annual cycle at
KOL, so that the calibration state of the sensor does not need to be doubted. The
differences during both safe periods PSP-K3 and PSP-K4 can, thus, be attributed
to physical causes.
During the safe period PSP-HH1 in HH, CO2 concentrations are already 5 ppm lower
than in HPB. If the sensor is calibrated well during this safe period, I conclude that
the difference corresponds to a physical reason of lower CO2 concentrations at HH
than at HPB.

4.1.2

The Filter Length

The first examined safe period in Kolsass PSP-K4 suggested to apply a Gaussian
running mean with a window of seven days over the whole time series. The equality
criterion was helpful to judge whether the compared time series could be considered
equal or not. However, it was not helpful to decide which filter length is the best in
the end, since all filter lengths are accepted and none rejected. Therefore, I needed to
come back to the primary definition of the equality criterion on the number of data
points within the uncertainty range of HPB. The maximum number is registered
for a filter length of 168 hours expressing the damping of the amplitudes at KOL.
Yet, the mean difference and thus the relative difference is smallest for a filtering
over 24 hours during the safe period. For the whole time series, on the contrary, 168
hours and one week, respectively, yields smaller differences again (see Table 3.10).
Possible reasons are, firstly, that within one week different weather conditions can
prevail at KOL and HPB or rather become negligible in comparison to the second
possible reason: the damping of amplitudes at KOL has just the right amount on a
weekly time scale. This safe period produces the least relative difference for a filter
length of 24 hours, since the daily minima lie underneath the HPB curve, while for
most other periods (particularly in spring, autumn and winter) also the minima lie
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above the HPB curve.
The safe period PSP-K3 shows unequal time series at KOL and HPB, suggesting
either a sensor problem or simply the fact, that CO2 concentrations are not equal.
Having remounted the sensor after repair at Campbell Scientific, the first option is
unlikely. The higher CO2 concentrations in this safe period PSP-K3 in March agree
with other measurements: in all years are CO2 concentrations at KOL in March 10
ppm (2020) to 30 ppm (2017) higher than at HPB. The equality criterion rejects
every filter length, which makes sense as – despite by coincidence – data points from
KOL are not in the uncertainty range of HPB and the time series do not align.
The mean difference and the relative difference is smallest for a filter length of 168
hours and longer. As already mentioned, the mean difference for the whole period
is smallest for 168 hours, so that the investigation of this safe period does not reject
this result.
In HH the offset in the safe period of -5 ppm to HPB carries forward to the whole
period in a rather continuous manner. Four out of the 15 seasons displayed in Table
3.8 have an offset of > -4.5 ppm, three are in the range -4.5 ppm to -5.5 ppm and
eight are < -5.5 ppm (filter length of 24 hours). In HH a filter length of 24 hours gives
the best approach to the HPB data both in the safe period and the whole period,
rejecting the hypothesis, that on a weekly time scale weather conditions between
the Inn Valley and HPB can assimilate and therefore reduce the mean differences.
Increasing the filter length leads to a stronger damping of the HH peaks, which
usually approach the HPB curve, resulting in a lower mean and increasing hence
the mean difference to HPB.
All in all, on the basis of both safe periods and the whole data set the filter length of
168 hours is reasonable at KOL. At HH the analysis indicated that filtering over 24
hours yields best agreement, however, displaying longer time series with this filter
length is impractical.

4.2

Degradation of i-Box Sensors by means of
CO2 concentrations comparison during the
whole period

The CO2 concentrations measured by the sensors in HH and KOL behave very
differently when comparing to the CO2 concentrations at HPB.

4.2 Degradation of i-Box Sensors by means of CO2 concentrations comparison during the
whole period
61

4.2.1

Kolsass

Except for some periods, which are discussed in the following subsections, I do not
assume that the sensor in Kolsass has drifted or degraded in some other way, since
CO2 concentrations align with HBP in summer. But why are CO2 concentrations in
winter that much higher at KOL than at HPB? The sensor at HPB is mounted on
a TV tower on top of one of the highest peaks in the surrounding area. The sensor
in Kolsass, in contrast, is mounted at the valley bottom. Maybe this difference in
exposition and location yields the reason. Since we can assume the sensor to be in a
well calibrated state, the CO2 concentrations at the KOL sensor are indeed higher.
First of all, the sensor at KOL is much closer to the surface than at HPB. Close to
the surface cycles of CO2 concentration are stronger than higher in the atmosphere.
”In the absence of significant biological activity in the wintertime, CO2 has no
major sinks such that mixing ratios are influenced primarily by source strength
and atmospheric transport” (Pataki et al. 2005). The source strength near KOL is
possibly stronger and/or the atmospheric transport at a valley floor could be more
favorable of generating higher CO2 concentrations than at a mountain peak.
Several other reasons and their combination could also cause such high concentrations. Firstly, a local source close to the sensor or upstream of the main wind
direction could emit CO2 especially in winter. HH does not show a higher amplitude
than HPB, so that this hypothetical source influences the KOL sensor locally and
does not affect this general region of the Inn Valley. Pataki et al. (2006) state
that local sources gain in importance especially in inversion periods ”typical of
mountain basins” (Pataki et al. 2005) in winter. In order to test this hypothesis
the main wind direction and velocity could be investigated together with possible
local sources upstream of the sensor.
A second reason could be found in the analysis of the winter boundary layer. CO2
can accumulate in the shallow winter PBL for two reasons: firstly, due to higher
CO2 concentrations in general because of heating emissions and additional missing
uptake by plants through photosynthesis and secondly, due to the smaller volume of
the shallow PBL and often capping inversion, so that more CO2 has to accumulate in
a tighter space in winter and cannot escape to the free troposphere. The HH sensor
will not register these higher CO2 concentrations if it is located above the capping
inversion, which is possible as the difference of elevation is roughly 450 meters.
Pataki et al. (2003) observes in Salt Lake City as well, that ”mixing ratios were
highest in the wintertime with maximum values [...] during atmospheric inversions”.
Later Pataki et al. (2006) found that CO2 concentrations can build up in periods
with ongoing temperature inversions, which could explain the general higher level
of CO2 concentrations at KOL over longer periods in winter. For further analysis
temperature profiles of radiosoundings or temperatures at KOL and HH could
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be compared in order to estimate if HH sticks out of the boundary layer or cold pools.

Period 2013 until 2015
The annual cycle at KOL from summer 2013 to summer 2014 is about 20 ppm
shifted upwards in comparison to the annual cycle at the Zugspitze and Schauinsland (Figure 3.11). In July 2014 the sensor was calibrated and afterwards it aligned
very well to the annual cycles at Zugspitze and Schauinsland.
The whole August 2013 could actually be considered a well calibrated period, since
it has just been installed. The period after the calibration at the institute in July
2014 can as well be regarded well calibrated, assuming that the ’homemade’ calibration is not subject to uncertainty.
Either in 2013 or in 2014, the sensor has an inaccurate calibration state. The logbook (Figure 3.1) mentions many occasions when the sensor needed troubleshooting
and, additionally, the time series is clearly off the reference curves supporting the
hypothesis, that the data in 2013/14 until the calibration needs to be disregarded.
But since also in summer 2017 and 2021 CO2 concentration at KOL is 20 ppm higher
than the reference, reduced convection activity during summer 2013 and 2014 (or
other factors) needs to be excluded first in order to discard this data. Furthermore,
concentrations during this annual cycle are even higher than during the annual cycle
two years later (see Table 3.6) after the repair at Campbell and against the trend
of rising CO2 concentrations with time.
Yet, also the behaviour of the annual cycle after the calibration at the institute
needs to be questioned. Starting in February 2015 the KOL curve stays mostly
below the reference curves and the monthly means are up to 20 ppm lower than in
2016 (compare to Table 3.6). Except during spring and summer in 2020, the CO2
concentrations at KOL are usually higher or equal to the reference sites. However,
this signal could express an early onset of the vegetative period. In order to test
this hypothesis the temperature and radiation from February and March 2014 can
be compared to the other years. Moreover, one could find out the type of plant that
has been grown in 2015 and 2020 and whether it differs from the other years, since
fast-growing plants take up more CO2 per second (Villazon 2021). If this hypothesis
of a vegetation signal can be rejected, the course in February 2015 until November
2015 is so anomalous, that the self-conducted calibration only lasts for half a year
and/or is subjected to an uncertainty of about 16 ppm. This estimation is based on
the difference between the mean of the months shown in Table 3.6 for 2015 and 2016
of 19 ppm (mean of MAM+J in 2015: 402.1 ppm, MAM+J in 2016: 421.1 ppm)
minus the global annual increase from 2015 to 2016 of 2.83 ppm (Dlugokencky and
Tans 2021). If one shifted the cycle of CO2 concentration between summer 2014 and
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2015 about this amount of uncertainty (16 ppm) up, the entire time series recorded
at KOL would be consistent with rather smooth transitions from 2013/14 and to
the time series after the manufacturer’s calibration in March 2016. The difference
to Schauinsland and Zugspitze would be almost constant. This would mean that
the measurements from 2013 to 2014 were valid and the measurements after the
self-conducted calibration in 2014 until the next calibration in 2016 needed to be
disregarded. The calibration at the institute would be imprecise. Since this calibration in 2014 has been the first and only self-conducted calibration, the data after
the next homemade calibration is interesting to analyse.
All in all, I suggest to further investigate the annual cycle from 2013 to 2014, since
the deviation to the reference curves is very pronounced. An exclusion of these
values might be necessary. Furthermore, the calibration at the institute seems to
be very concise, since afterwards the CO2 concentrations at KOL align rather well
with the monthly means at the Zugspitze and Schauinsland. This is, however, not
a ’safe’ statement as especially the consistency to the entire time series at KOL is
not given if the self-conducted calibration is considered correct.
Moreover, the matching amplitude at KOL to the amplitude at the reference sites
is striking, as it has been the only fitting amplitude. The winter 2014 could be a
winter with a very well mixed atmosphere.
However, it is also necessary to discuss the suitability of the Zugspitze and Schauinsland as a reference. On the one hand, the sensor at the Zugspitze is situated high
enough to actually sample CO2 concentrations of the free atmosphere, while the
sensor in Kolsass is not. (It can still be advantageous, since it is less affected by
local influences on CO2 concentrations than HPB). On the other hand, both sensors
are closer to each other than HPB and KOL.
The measurement site Schauinsland is further away from Kolsass than HPB, but it
samples air from the PBL in contrary to the sensor on top of the Zugspitze. And
since HPB was found to serve as a good reference, Zugspitze and Schauinsland do
as well, since the alignment between them is very high, as displayed in Figure 3.10.
The Years 2017 and 2021
2017
The CO2 concentrations reach a delayed maximum in March 2017 and do not
return to the HPB curve in summer as they do in four out of the six recorded
summer seasons. The last period KOL and HPB aligned has been in December
the year before (2016). The sensor has not been calibrated for more than a year
by this time leading to the question, whether the calibration lasts one year. Since
in summer 2019 as well as in summer 2020 after the calibration in 2018 the CO2
concentrations align with HPB, the calibration state lasts at least 2 years. Still,
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a certain contamination of the sensor lens or similar could have occurred in 2017,
so that a sensor problem cannot be excluded as a possible reason. Consulting the
logbook for KOL I find a water damage mentioned for the 22th of November in
2017 after the period of missing alignment.
I suggest to disregard the data from KOL for the period April 2017 until December
2017 on the basis of a difference of 30 ppm in June and July and 20 ppm in August,
September and October between HPB and KOL.
In my opinion though, this result is not ’safe’ and should be double-checked for
other possible physical reasons of higher summer concentrations at KOL: If the
summer 2017 was a summer of reduced convection activity, the high and delayed
winter maximum values could last even until summer. However, the delayed
winter-maximum could also already indicate a sensor-malfunctioning. I, therefore,
suggest a comparison to other CO2 -data from the Inn Valley – if possible. The
annual cycle of CO2 concentration measured at the top of the Zugspitze cannot
confirm a delayed winter maximum. But again, Zugspitze is not located in the Inn
Valley, only close by. Moreover, the strength of the mixing could be investigated
with the help of the measurements of the wind field and temperature profiles
recorded at the four measurement heights at KOL. Also possible are other local
conditions like low temperatures in April/May 2017 so that heating produces the
excess of CO2 .
In the end, it can be stated, that the measurements of the KOL sensor in 2017
are not trustworthy but I am not able to significantly reject them as invalid or
unrealistic.
2021
In August 2021 the monthly mean is as well 20 ppm higher than the one in HPB,
however, in this year the curves actually align better in July, when the difference
averages 9.6 ppm (HPB: 412.4 ppm and KOL: 422.0 ppm). In comparison to the
summer 2017, when the monthly smoothed difference was never below 15 ppm, the
difference is smaller. Furthermore, for 2 to 3 weeks in June and July the pattern at
KOL and HPB is almost equal and the absolute concentrations differ only slightly.
Still, it is necessary to discuss, whether a sensor problem has occurred or whether
physical reasons can explain the difference (or both). The sensor has not been
calibrated for three years until (summer 2021), but it seemed to work well in August
2021, when it has been checked manually. For this reason and because the period
2nd July until the 12th in HPB and KOL agree very well, I do not assume a sensor
problem. The CO2 concentrations in HH are 5 ppm lower in this period. As this
offset is also present in the safe period, this difference does not contradict to a wellmixed atmosphere. After this period of good agreement CO2 concentrations rise at

4.2 Degradation of i-Box Sensors by means of CO2 concentrations comparison during the
whole period
65

KOL during the summer which is highly unusual. These higher CO2 concentrations
in the Inn Valley could also explain the decreasing difference between the HH sensor
and the HPB sensor in summer 2021. Usually, the HH sensor has a difference of 5
ppm, but in summer 2021 it is nearly 0 ppm. The absolute concentrations in HH in
JJA+S in the years before average 400 ppm to 404 ppm, in 2021 the same average
is 410.5 ppm. Possibly, low convection and low entrainment of CO2 poorer air from
the free troposphere lead to increasing CO2 concentrations in the boundary layer.
However, the oscillations in HH are in phase with the oscillations in HPB indicating
a well mixed air mass. Again, this leads to a further analysis of the mixing with
the help of temperature profiles, turbulent kinetic energy and the wind field and a
comparison of these parameters between KOL and HH.
The Lockdown in March and April 2020
At KOL as well as at HH a sudden drop in the CO2 concentrations has been
recorded in March 2020. At first, CO2 concentrations fall 50 ppm already on the
9th of February and can therefore not be associated with the lockdown in March.
Moreover, a similar drop was measured on the 19th of December 2019. Yet, CO2
concentrations sink even further starting from the 10th of March 2020.
Also in HH CO2 concentrations drop about 40 ppm starting from the 21st of
March 2020 until the 30th of April with a short break in the rising tendency on
the 15th of April. In contrast to KOL, HH returns afterwards to a usual level of
CO2 concentrations in June, July and August. Thus, I infer that the dropping
signal at KOL is probably a combination of two or more CO2 reducing processes.
Possible processes are firstly, stronger than usual uptake by plants or other local
sinks, secondly, a polluted sensor lens and thirdly, the lockdown from the 15th of
March until the 15th of April. End of October 2019, the signal strength of the KOL
sensor reduced to 0.83%. Unfortunately, the logbook does not mention whether
the sensor has been cleaned afterwards. If not, an increasingly polluted sensor lens
could produce the lower CO2 concentrations. This is contradicted by the the trend
in October when CO2 concentrations rise again even without cleaning the sensor.
The lockdown is likely to contribute towards the drop in CO2 concentrations as the
time range of the lockdown fits roughly to the time range of the drop in HH. I,
therefore, also assume that the lockdown is partly a signal of the drop at KOL.
But since the CO2 concentrations sink further after the end of the lockdown,
another cause has to act towards lower concentrations. Platter (2021) asserts that
temperatures in March and April 2020 have been higher than in the years before
and could possibly start the vegetative period earlier. Furthermore, I already
mentioned in Section 4.2.1 of the discussion that the kind of crop plants growing
on the agricultural fields surrounding the measurement tower in Kolsass could also
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influence the CO2 uptake.

Larger Amplitudes at KOL
Especially in the figures of the diurnal cycle comparison (Fig. 3.21, 3.22) but also for
longer timescales as the weekly filtered time series in Figure 3.6 the larger amplitudes
measured at KOL become obvious. The sensor in Kolsass is mounted at a height of 4
m, while the lowest sensor in HPB is mounted at 50 m. This difference in height alone
can cause lower CO2 concentrations at the higher sensor, even if they were located
at the same site. Fang et al. (2014) compares the diurnal cycles recorded at the same
measurement tower at 10 m and 50 m. During night and early morning, the lower
sensor registers up to 5 ppm higher CO2 concentrations than the higher sensor. Fang
et al. (2014) identified the respiration of plants in a stable boundary layer at night
as the reason for this. Another measurement site observes even higher differences
between the lower and higher sensor, which is partly due to ”stronger sources near
the [...] observatory” (Fang et al. 2014). Applying this knowledge, I conclude that a
combination of stronger sources near the sensor at KOL (the motorway, for instance)
and the lower measurement height produces the larger amplitudes at KOL than at
HPB. The same holds for the slightly larger amplitudes at HH than at HPB, but
the sensor is mounted on 6.7 m and more distant to the motorway than Kolsass.

4.2.2

Hochhäuser

The CO2 concentrations at HH are continuously lower than at HPB and since this
offset is already existent during the safe period, I can assume this deviation to be
due to physical reasons. Still the sensor has never been calibrated during the period
of study, so that a defective calibration in the beginning cannot be excluded with
the help of a comparison to another calibration. Therefore, the data recorded after
October 2021 is interesting to look at, whether one finds a jump in the time series or
any other sign of the recent calibration. In addition, the difference between the HPB
and HH time series displayed in Figure 3.17 does not show a drift of the sensor over
the years, so that the calibration maintains for at least four years. It is difficult to
find reasons or draw a comparison to other investigations of CO2 concentrations in
order to explain the difference between HPB and HH due to the spatial separation.
Since KOL and HH are located in the same valley, KOL at the valley floor and
HH at the valley slope, differences can be interpreted by a more intuitive access.
In the Salt Lake Valley in Utah, USA a similar setting as for the i-Box in the Inn
Valley has been installed. Several sensors have been mounted at the valley floor,
one sensor at the valley slope and one sensor on top of a mountain (Strong et al.
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2011). The time series of CO2 concentrations at the valley floor are on a higher
level than the time series on the slope and this time series is again higher than the
time series recorded at the mountain peak. The closer to the valley floor, the larger
is as well the amplitude of the winter maxima in the Salt Lake Valley – just as for
KOL and HH. However, the sites at the valley floor are closer to Salt Lake City, a
major source of CO2 , than the measurement site at the slope. Yet, both in the Inn
Valley and in the Salt Lake Valley, CO2 concentrations decrease with height of the
measurement sites.
Increasing distance to CO2 sources and more vegetation closer to the sensor can as
well cause the lower concentrations measured at HH than at KOL.
Peaks in the Cold Seasons
The time series in HH is characterised by sudden peaks lasting only one day, when
CO2 concentrations are considerably higher in HH than in HPB. All peaks, when
the difference to HPB exceeds 10 ppm, occur in November, December and January
(one peak is on 29th October 2019). These peaks can be generated by a local, maybe
agricultural, source.
Taking results from the Salt Lake Valley in account, certain cold pool events can
also be linked to these peaks. There ”peaks were observed during significant atmospheric inversion events.” (Pataki et al. 2003). At the inversion capping the planetary boundary layer large gradients of ”passive scalars” can be seen (Hennemuth
and Lammert 2006). If the capping inversion of the cold pools is below the height
of the HH sensor, CO2 concentrations can be remarkably lower than at KOL. If the
capping inversion, in contrast, reaches higher than the HH sensor, accumulated CO2
in the boundary layer induce the peaks in the time series. In the Salt Lake Valley
measurements ”showed a strong influence of atmospheric stability and the height of
the capping inversion on CO2 mixing ratios” (Pataki et al. 2005). The air below the
capping inversion can be well-mixed (Pataki et al. 2005), so that CO2 concentrations
at KOL and HH could align. However, mixing with the air above the capping inversion is hampered during cold pool events (Pataki et al. 2005). The before-mentioned
relation between the capping height and the sensor height has been observed in the
Salt Lake Valley. When the capping height has been above the sensor located at the
slope, all four sites recorded similar diurnal CO2 concentrations. When the boundary layer has been shallower, CO2 concentrations have been higher than usual at
the sites at the valley floor and close to the background CO2 concentrations at the
site above the capping inversion (Pataki et al. 2005).
Radiosoundings in the Inn Valley can be used to identify the height of the capping
inversion on cold pool events. Furthermore, CO2 concentrations at KOL and HH
need to be investigated whether they align on days with a high inversion layer. In-
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teresting side note: Haid et al. (2020) mentions a cold pool event in the Inn Valley
on the 5th of November 2017, which coincides with one of the peaks in the HH time
series.
Strong upslope winds can advect CO2 enriched air masses from the valley floor to the
slopes and the HH sensor. This process can be observed at the measurement site on
the Mauna Loa (Thoning et al. 1989). The wind data recorded at the measurement
tower in Hochhäuser and Kolsass can be used to verify or reject this hypothesis.

4.3

Variance and Flux in the i-Box

The absolute numbers of the variance cannot be compared, firstly, because the measurement systems differ in HPB and the i-Box, so that the systematic error, the
sensitivity, the precision and other instrument-specific properties, that influence the
variance, need to be incorporated in a kind of conversion factor. For instance,
Thoning et al. (1989) multiply the standard deviation by a factor taking the sensor sensitivity into account in order to calculate the CO2 variability. Secondly, the
standard deviation and thus the variance is largely a result of local conditions like
kind, strength and amount of sources and sinks and their distance to the sensor.
The variance at all three sites displays a distinct seasonal cycle with maxima in summer and minima in winter. Especially in HPB the seasonal cycle is very pronounced
and regular. Thus, I conclude, that the amount and strength of sinks and sources
of CO2 is greater in summer, when, for example, plants take up CO2 during the day
and respire CO2 at night. In winter and spring, in contrast, the strong influence
of vegetation diminishes drastically. The CO2 concentrations in HPB do not even
indicate any diurnal cycle on winter days (Figure 3.21).
The flux measured at the i-Box sites mirrors roughly the time series of the variance.
This can be well seen for the time series at KOL (3.12). However, the flux does not
resemble the oscillations of the variance on smaller timescales. The small variances
in winter and early spring lead to a weak positive flux, while the larger variances
in the warm seasons can induce a strong flux directed towards the ground. Platter
(2021) obtains the same results for the i-Box sensors, explaining this seasonality to
be ”significantly determined by the vegetative period”. The vegetation constitutes
the major driving force of the flux by taking up CO2 during daytime in the warm
seasons.
The difference between HH and HPB displays a distinct seasonal cycle, the difference between KOL and HPB does as well, it is, however, less pronounced. The
differences are larger in the warm seasons suggesting that the influence and strength
of the vegetation is more determinant at the i-Box sites than in HPB. This observation could also be intensified or mainly caused by the sensor height: The i-Box
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sensors are mounted below 10 m and therefore, closer to the vegetation, while the
HPB sensors are mounted above 50 m.

4.4

Diurnal Cycles

As expected the diurnal cycles of CO2 computed by Platter (2021) for KOL and
HH agree to those computed in this analysis. The maxima are reached early in
the morning and minima between 14 and 15 UTC. The amplitude at KOL is as
well larger than in HH for Platter (2021)’s analysis. He deduces this diurnal cycles
from the photosynthetic activity of the plants. Also at other sites, the minima are
mostly reached at 15 LT (local time), for instance at Mauna Loa (Thoning et al.
1989), at four out of five sites close to Tokyo (Imasu and Tanabe 2018) and in
China (Fang et al. 2014). There the maxima are as well as at the three sites of
this study between 5 and 7 LT in the morning. Fang et al. (2014) mentions as well
that the larger amplitude is a sign of more solar radiation and higher temperatures
stimulating higher assimilation during day and respiration during night. When
comparing the diurnal cycle at KOL to that at HH, this fact could as well play a
role in the difference of amplitude.
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Chapter 5
Conclusions
Despite the manufacturer’s recommendation to calibrate the sensor at least seasonally, the sensors were found to record usable data without regular calibration. On
the basis of good correspondence between HPB and KOL in summer periods the
sensor at Kolsass was found to be well calibrated for up to three years. Furthermore,
it does not show any signs of sensor degradation. Yet, there are periods in the
time series measured at KOL which need to be discarded or at least handled with
care. The annual cycle from August 2013 to June 2014 is constantly higher than
CO2 measured at the Zugspitze and Schauinsland, while after the calibration in
July 2014, the curves align well. This leads to the (still) open question, whether
either the cycle from summer 2013 to summer 2014 or the cycle from summer 2014
to 2015 needs to be excluded. The self-conducted calibration at the institute of
the university either has an uncertainty of 16 ppm or can be assumed concise. In
addition, the period from April 2017 until November 2017 needs to be investigated
further, if one wants to use the data, otherwise I suggest to disregard this period
on account of a difference greater than 20 ppm to the reference site HPB even in
summer.
Furthermore, a running mean window of one week is considered to reduce the
difference of CO2 mixing ratios to the reference site best.
Amplitudes on all time scales are larger at KOL than at HPB, which can be
deduced from the height of the sensor in Kolsass in contrast to HPB.
By means of this thesis, CO2 concentrations measured at the Hochhäuser site are
continuously lower due to physical reasons. This could be the exposition at the
slope of the Inn Valley in combination with atmospheric transport in a mountainous
valley. No data needs to be excluded and no drift is detected in the time series. A
filter length of 24 hours is suited for the Hochhäuser sensor to approximate CO2
concentrations measured in HPB best. The Hochhäuser time series is characterised
by small timescale peaks of one day only, when CO2 concentrations suddenly rise
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enormously in the cold season.
When investigating the time series of all three sites for spatial variability, the
seasonal cycles of CO2 concentrations and the variance become obvious. These are,
however, characterised by differences in amplitude and duration. For instance, are
values at KOL disproportionally higher in winter than in summer in comparison to
the time series in HPB. CO2 concentrations are higher in winter and early spring
and lower in summer and autumn. The variance, in contrast, peaks in summer and
reaches its low point in winter. The flux measured at the i-Box sites is slightly
positive in winter and more negative in summer. These seasonal cycles in the
parameters CO2 concentrations, variance and flux are mainly influenced by the
photosynthetic activity of the vegetation and the vegetation period itself.
As well as the seasonal cycles the diurnal cycles differ from site to site. The
amplitude is largest at KOL and smallest at HPB, the amplitude at HH is only
slightly larger than HPB in winter and spring, while the difference increases in
summer and autumn. All sites reach the daily minima at 14 or 15 UTC, when the
photosynthesis of the plants can be assumed to be most productive. For this reason,
during the late night all sites reach their maximum, when plants have respired CO2 .
All in all, the globally rising CO2 concentrations can also be observed at these
three sites. Despite this fact, that the atmosphere mixes CO2 rather well – being
a persistent gas in the atmosphere – local influences and spatial disparities can
outweigh the atmospheric mixing, so that CO2 concentrations at all sites have
different levels throughout the whole measurement periods.
Based on this analysis of the time series recorded in the i-Box, I propose following
interesting future studies:
• Comparing the CO2 concentrations measured with the sensor in Kolsass, that
is mounted on a height of 16.9 m to the lower sensor deducing either the
calibration state of the sensors or the mixing of CO2 in the boundary layer
during a diurnal cycle
• Investigating the wind field in connection with possible CO2 sources upstream
of the sensors
• Estimating the height of the winter boundary layer with the help of radiosoundings, LIDAR, temperature comparison of the sensors or by other
means in order to find whether HH is located above
• Further investigation of the CO2 concentration at KOL from 2013 to 2015
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taking a reference site into account
• Analysing the convection during the summer seasons in 2017 and 2021 in
comparison to the other summer season in the Inn Valley
• Does the Lockdown in March and April 2020 induce changes in the CO2 concentrations and what happened to the time series in HH (and Kolsass) during
this period, respectively?
• Do the distinct peaks in HH correlate to the height of the capping inversion
of cold pool events in the Inn Valley?
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