
Turbulence, Stability and Trend Removal Turbulence, Stability and Trend Removal 

in spectroscopic time series datain spectroscopic time series data

Forschungszentrum Karlsruhe 
in der Helmholtz-Gemeinschaft

Institut für Meteorologie und 
Klimaforschung

Peter Werle

Karlsruhe Institute of Technology, IMK-IFU
Kreuzeckbahnstrasse 19, 82467 Garmisch-Partenkirchen, Germany

Peter.Werle@kit.edu

mailto:Peter.Werle@kit.edu


A prerequisite (not only) for experimental work is

a measure that helps us

to judge how good we are.



Sample Variance

Allan-Variance
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Typically, the sample variance is calculated from a data 
sample using the relation:

where     is the sample mean calculated from the same data set. 
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What happens to the standard deviation …

Allan-Variance
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… when a data set may be characterized by power law spectra which are more 
dispersive than classical white noise fluctuations ?

One can show that the standard deviation is a 
function of the number of data points in the set; 
it is also a function of the dead time and of the 
measurement system bandwidth. For example, 
using flicker noise as a model, as the number 
of data points increases, the standard 
deviation monotonically increases without 
limit. 

Some statistical measures have been 
developed which do not depend upon the 
data length and which are readily usable for 
characterizing random fluctuations in 
precision oscillators.
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IEEE subcommittee on frequency stability …

Allan-Variance

c'

[ppmv]

c

[ppmv]

nS

[m/s]

S

[ppmv]

… has recommended von 
Neumann´s two sample variance 
and an experimental estimation 
of the square root of the “Allan 
variance” is 
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D. W. Allan, “Statistics of atomic frequency standards,”
Proc. IEEE, vol. 54, pp. 221–230, Feb. 1966.



The two sample variance approach is also useful in trace gas analysis

Allan-Variance

The concept of the Allan 
Variance has been applied to 
characterize spectroscopic 
instrumentation

and has become a well 
established tool for researchers 
and instrument developers to 
describe the performance of  
laseroptical trace gas sensors.

P. Werle et al. „The limits of signal averaging in atmospheric trace gas monitoring“, Appl. Phys. B 57, 131-139 (1993).



Detrending : What is the optimum time constant ?
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Plot of the two sample variance as a function of the 
subensemble averaging time t. The line following t-1 

indicates the expected behaviour for a “white noise” 
dominated system.



Detrending of time series data
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Stability Analysis vs Filter Time Constant
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detrend with
 = 30 sec

detrend with
= 300 sec 

raw data :
dominated by a
non-linear drift
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Frequency domain and time domain

P. Werle and R. Kormann, "Fast chemical sensor for 
eddy-correlation measurements of methane emissions 
from rice paddy fields “, Applied Optics 40, 851 (2001).

Frequency Domain
Cospectra and Covariances

Frequency n = f  u / z [Hz]
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Inertial
subrange

Time Domain
Allan Variance Analysis

J.C. Kaimal et al., “Spectral characteristics of surface- 
layer turbulence“, Quart. J. R. Met. Soc. 98, 563-589 
(1972)

„It is quite apparent that there is considerable similarity in the shapes 
of the logarithmic spectra and cospectra. On the high frequency side 
they fall off according to -2/3, -4/3, or -3/2 depending on the 
parameter; on the low-frequency side the slope is very nearly +1 “
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