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•  Fourier transform infrared spectrometer (FTS): measurement of absorption spectra, 
part of TCCON network. Our focus: measured CH4 [1] 

•  AirCore balloon sounding: collects gas samples for up to 30km, used as 
    ”ground truth” to validate the retrievals [2] 

FTIR-spectrometer AirCore balloon sounding 
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FTS measurement is modeled with Beer-Lambert law:                                  

I(�) = I0(�) exp

 
�

NX

i

Z

l
�i(l)xi(l)dl

!
(a�2 + b�+ c) + o↵set



02/07/17 02/07/17 

Introduction: FTS measurement 
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FTS measurement is modeled with Beer-Lambert law:                                  

where for each trace gas i: 

is the intensity of measured light at given wavelength 

are the absorption coefficients  

are the unknown trace gas densities 
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Consider the non-linear inverse problem  

y = F (x) + "



02/07/17 02/07/17 

The inverse problem 

7 

Consider the non-linear inverse problem  

Statistical approach:  
•  view all parameters as random variables 
•  use Bayes’ Formula to find the posterior distribution of the unknown    : 

y = F (x) + "

⇡(x|y) / ⇡"(y|x)⇡pr(x)
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Consider the non-linear inverse problem  

Statistical approach:  
•  view all parameters as random variables 
•  use Bayes’ Formula to find the posterior distribution of the unknown    : 

 
Assume: Gaussian prior and likelihood:  

y = F (x) + "

⇡(x|y) / ⇡"(y|x)⇡pr(x)

xpr ⇠ N (xo, L
T
xLx), " ⇠ N (0, LT
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⇡(x|y) / ⇡"(y|x)⇡pr(x)

⇡(x|y) / ⇡"(y|x)⇡pr(x)

⇡(x|y) / ⇡"(y|x)⇡pr(x)

xpr ⇠ N (xo, L
T
xLx), " ⇠ N (0, LT

" L")

xpr ⇠ N (xo, L
T
xLx), " ⇠ N (0, LT

" L")



02/07/17 02/07/17 

Likelihood-Informed (LIS) Dimension Reduction 
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Following T. Cui & al. [4] we use SVD                             and define matrices                                     

�r = LxV1:r, �? = LxVr+1:N ,

eJ eJT = U⇤V T
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Likelihood-Informed (LIS) Dimension Reduction 

14 

Following T. Cui & al. [4] we use SVD                             and define matrices                                     

�r = LxV1:r, �? = LxVr+1:N ,

eJ eJT = U⇤V T

we can decompose       as  

x = �rxr + �?x?
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Likelihood-Informed (LIS) Dimension Reduction 
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Following T. Cui & al. [4] we use SVD                             and define matrices                                     

�r = LxV1:r, �? = LxVr+1:N ,

eJ eJT = U⇤V T

we can decompose       as  

x = �rxr + �?x?

The approximate posterior can now be written as                                      

e⇡(x|y) / ⇡(y|�rxr)⇡r(xr)⇡?(x?)
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•  Solution by Optimal Estimation (OE): Maximum A Posteriori estimate by  
 
 
 

  
 
 
 

xMAP = arg min
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Profile retrieval 
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•  Solution by Optimal Estimation (OE): Maximum A Posteriori estimate by  
 
 
 

  
 
•  Uncertainty Quantification using Adaptive Markov Chain Monte Carlo (MCMC) [5],  
     significant computational gains with LIS [6]  
 
 
 

xMAP = arg min
x2Rn

�
ky � F (x)k2" + kx� x0k2pr
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Freely available MATLAB toolbox by Simo Tukiainen (FMI) [7] 
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Freely available MATLAB toolbox by Simo Tukiainen (FMI) [7] 
 
•  Radiative transfer forward model for FTS retrieval 
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Freely available MATLAB toolbox by Simo Tukiainen (FMI) [7] 
 
•  Radiative transfer forward model for FTS retrieval 

•  Effects from scattering and aerosols assumed negligible 
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Freely available MATLAB toolbox by Simo Tukiainen (FMI) [7] 
 
•  Radiative transfer forward model for FTS retrieval 

•  Effects from scattering and aerosols assumed negligible 

•  Absorption coefficients calculated using HITRAN2012 
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SWIRLAB  
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Freely available MATLAB toolbox by Simo Tukiainen (FMI) [7] 
 
•  Radiative transfer forward model for FTS retrieval 

•  Effects from scattering and aerosols assumed negligible 

•  Absorption coefficients calculated using HITRAN2012 

•  Temperature, pressure and solar spectrum from GGG2014 
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SWIRLAB  
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Freely available MATLAB toolbox by Simo Tukiainen (FMI) [7] 
 
•  Radiative transfer forward model for FTS retrieval 

•  Effects from scattering and aerosols assumed negligible 

•  Absorption coefficients calculated using HITRAN2012 

•  Temperature, pressure and solar spectrum from GGG2014 

•  Retrieval using LIS dimension reduction: OE & MCMC 
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- Optimal Estimation 
based fast retrieval 
algorithm for the 
FTS problem 
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SWIRLAB profile retrieval 
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- Optimal Estimation 
based fast retrieval 
algorithm for the 
FTS problem 
 
- Motivation: 
currently, 
operational retrieval 
only has 1 degree of 
freedom: scaling the 
prior mean 
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SWIRLAB Prior 

Multivariate Gaussian: 
 
 
Covariance: derived from 
an ensemble of  
ACE-FTS 
satellite measurements. 
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SWIRLAB Prior 

Multivariate Gaussian: 
 
 
Covariance: derived from 
an ensemble of  
ACE-FTS 
satellite measurements. 
 
 
Mean:  
•  Lower part from 

GGG2014 
•  Upper part from  

ACE-FTS 
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MCMC results 
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, dim(xr )= 4 , dim(x) = 100 
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MCMC results 
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Preliminary results: vertical information on CH4 
•  allows time series analysis on different altitudes 
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Abstract
In this work, we studied the vertical distribution of atmospheric methane (CH4) measured in Sodankylä, North-

ern Finland. The CH4 profiles were retrieved from the ground-based direct Sun FTS measurements using a method
that utilizes a novel dimension reduction approach and Bayesian inference. The instrument belongs to the Total Car-
bon Column Observing Network (TCCON), source for accurate and precise column-averaged abundance of several
trace gases and the data are used for climatological studies and act as important reference for satellites such as OCO-
2 and GOSAT. The new profile data set covers years from 2009 to the present day (from February to November)
and altitudes 0-40 km. The retrieved FTS profiles were compared to the Atmospheric Chemistry Experiment (ACE)
satellite measurements and AirCore balloon measurements. Finally, we analyzed the altitude-dependent time series
of CH4 using a flexible method that allows smooth variations in the trend and seasonal cycle. For comparison the
same analysis was made to in situ measurements on ground and for vertically resolved ACE satellite data.

Sodankylä FTS measurements
The Bruker 125HR Fourier Transform Spectrometer (FTS) has been measuring at the Arctic Space
Centre of Finnish Meteorological Institute since 2009 [1]. The main objective has been to perform
total column retrievals of atmospheric greenhouse gases with quality obeying the requirements of
TCCON. With a retrieval code developed at the FMI [2], we have processed the FTS data to obtain a
9-year vertically resolved time series of methane (CH4) (Fig. 1).

Figure 1: Time series of daily average values of retrieved profiles.

Retrieval Method
We use a dimension reduction method, directly truncating the prior covariance matrix. A Gaussian
prior X ⇠ N (x0,C), where x0 2 Rn is the prior mean and C 2 Rn⇥n covariance which can be
factorized using eigenvalue decomposition, or with SVD,

C = USUT ⇡
kX

i=1

�iuiu
T
i = PkP

T
k , (1)

where Pk = [
p
�1u1, . . . ,

p
�kuk], � are the (sorted) eigenvalues, and u are the corresponding eigen-

vectors. Then the profiles are parameterized x = Pk↵ + x0, where ↵ ⇠ N (0, Ik). In the FTS inverse
problem, the number of layers is n ⇡ 70, but the number of unknowns is k = 3 which approximately
corresponds the actual information content of the measurement. Then the posterior distribution be-
comes

⇡(↵|y) / exp

✓
�1

2

⇣
ky � f (Pk↵ + x0)k2Cy

+ k↵k2Ik
⌘◆

, (2)

where y 2 Rm is the measured spectrum, f : Rn ! Rm is the forward model, Cy 2 Rm⇥m is the
measurement error covariance, and Ik 2 Rk⇥k is a diagonal unit matrix.

Figure 2: Log10 of prior covariance,
letting the retrieved profile fluctuate
most in the lower stratosphere.

Figure 3: Prior means (x0) for differ-
ent seasons based on ACE retrievals
and AirCore soundings.

Figure 4: Three largest singular vec-
tors Pk

Validation of the profiles
Figure 5 top row shows FTS retrieved profiles compared to AirCore balloon measurements. The
figure also shows profile dependence on solar zenith angle and this dependence is depicted more
specifically in Figure 6. The bottom row of Figure 5 then shows how the profiles look when corrected
with the function fitted for each layer. Figures 7 and 8 show how FTS retrieval, ACE retrieval and
AirCore soundings compare to each other on a specific day. Figure 9 shows more statistical analysis
on all the coinciding measurements.

Figure 5: All the retrieved profiles for a single day plotted with the AirCore sounding for that day. The solar zenith angle
at the moment of measurement is color coded. Top row shows original profiles, bottom row shows air mass corrected
profiles.

Figure 6: Solar zenith angle (sza) dependence of mixing ratios at three example altitudes.

Figure 7: Sodankylä FTS, AirCore,
and ACE-FTS CH4 profiles measured
on 14th July over Sodankylä.

Figure 8: Sodankylä FTS, AirCore,
and ACE-FTS CH4 profiles measured
on 16th July over Sodankylä.

Figure 9: Median relative difference
to ACE-FTS (N=59). Shown are dif-
ferences to raw (dashed) and averag-
ing kernel smoothed (solid) ACE pro-
files.

Time series analysis
Time series analysis is made with Dynamic linear model (DLM) [3]. The DLM model allows smooth
variations in the trend and seasonal cycle components. We look at two different altitudes and as
a reference we have Sodankylä in situ measurements from a 50-meter tower and ACE profiles for
higher altitudes. From Figs. 10 - 11 we see that FTS based fit is not very sensitive to seasonal cycle
variability perhaps because there is always some data missing during the winter time when the zenith
angle stays above 83 degrees. This probably is also one reason for the difference in the phase of the
seasonal cycle when comparing the FTS based time series to the others.

Figure 10: Comparing the DLM analysis of the in situ tower measurements (50 m) and the FTS retrieval lowest level
(namely 300 m).

Figure 11: Comparing the DLM analysis of the ACE satellite and the FTS retrieval at 13.5km.
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Preliminary results: vertical information on CH4 
•  allows time series analysis on different altitudes 
 
 

Vertical distribution of Arctic methane

S. Tukiainen, T. Karppinen, M. Laine, J. Hakkarainen, R. Kivi, P. Heikkinen, and J. Tamminen

Abstract

In this paper we studied the vertical distribution of atmospheric methane (CH4) measured in Sodankylä, North-
ern Finland. The CH4 profiles were retrieved from the ground-based direct Sun FTS measurements using a method
that utilizes dimension reduction. The data set covers years from 2009 to the present day (from February to Novem-
ber) and altitudes 0-40 km. The retrieved FTS profiles were validated against the ACE satellite measurements and
AirCore balloon measurements. The total columns derived from the profiles were compared to the official TCCON
XCH4 data. Finally, we analyzed the time series using a flexible method that allows smooth variations in the trend
and seasonal cycle.

Sodankylä FTS measurements

We have produced a methane profile data set from the Sodankylä FTS measurements, containing over
110.000 profiles (Fig.1). For the processing, we used a FMI-developed, open-source retrieval code
that provides about three pieces of information about the profile.

Figure 1: Daily means of the retrieved CH4 profiles.

Retrieval Method

We use a dimension reduction method, directly truncating the prior covariance matrix (Tukiainen et
al., 2016). A Gaussian prior X ⇠ N (x0,C), where x0 2 Rn is the prior mean and C 2 Rn⇥n

covariance which can be factorized using eigenvalue decomposition, or with SVD,

C = USUT ⇡
kX

i=1

�iuiu
T
i = PkP

T
k , (1)

where Pk = [
p
�1u1, . . . ,

p
�kuk], � are the (sorted) eigenvalues, and u are the corresponding eigen-

vectors. Then the profiles are parameterized x = Pk↵ + x0, where ↵ ⇠ N (0, Ik). In the FTS inverse
problem, the number of layers is n ⇡ 70, but the number of unknowns is k = 3 which approximately
corresponds the actual information content of the measurement. Then the posterior distribution be-
comes

⇡(↵|y) / exp

✓
�1

2

⇣
ky � f (Pk↵ + x0)k2Cy

+ k↵k2Ik
⌘◆

, (2)

where y 2 Rm is the measured spectrum, f : Rn ! Rm is the forward model, Cy 2 Rm⇥m is the
measurement error covariance, and Ik 2 Rk⇥k is a diagonal unit matrix.

Validation of the profiles

Figure 2 shows a comparison with the FTS profiles and the AirCore balloon profiles. From the FTS
data, we show all retrieved profiles from each day—color indicating the solar zenith angle. Generally,
the mid-day profiles are larger than morning and evening profiles. The profiles in Fig. 2 are not air
mass corrected.

Figure 2: Comparison of the retrieved FTS CH4 profiles (blue) with the AirCore profiles (red).

Figures 3 and 4 show two days where we have a FTS, AirCore, and ACE-FTS satellite measure-
ment close to Sodankylä on the same day. Figure 5 shows the median difference to ACE-FTS for 19
co-located profiles.

Figure 3: Sodankylä FTS, Air-
Core, and ACE-FTS CH4 profiles
measured the same day near So-
dankylä.

Figure 4: Same as Fig.3 but differ-
ent day.

Figure 5: Median relative differ-
ence to ACE-FTS (N=19). Shown
are differences to raw (dashed) and
averaging kernel smoothed (solid)
ACE profiles.

SWIRLAB XCH4

Figure 6: Time series of SWIRLAB and TCCON XCH4 columns
(top) and their difference (bottom).

Figure 7: Air-mass correction (top) and
correlation of the columns (bottom).

The Sodankylä FTS is part of the TCCON network which provides official XCH4 columns pro-
cessed with the GGG-software. The SWIRLAB XCH4 columns were calculated using the surface
pressure (because we do not retrieve O2), and air mass corrected using a simple empirical function
(Fig. 7, upper panel). Both data sets agree very well with each other (correlation of the daily means is
0.96). However, there is a large bias between the data sets, which may be to some extent compensated
by using averaging kernels in the comparison.

Time series analysis
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Figure 8: Time series data at different altitudes.

Figure 9: Correlation of
1st layer values and Pal-
las.

We use dynamical linear model (DLM) (Laine et al., 2014) to analyze
the time series of the retrieved profiles. The DLM model allows smooth
variations in the trend and seasonal cycle components. In addition to the
FTS-time series, we also analyze ground-based in-situ time series from
Pallas which is another measurement site about 150km from Sodankylä.

Figure 10: Time series of the Pallas in-situ CH4 measure-
ments. Upper panel: data and the fitted time series model.
Middle panel: seasonal cycle component. Lower panel: am-
plitude change of the seasonal component.

Figure 11: Same as Fig.10 but for the first layer
of the FTS-profiles. Note the different time range.
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Smooth regression tool for time series analysis, MATLAB toolbox by Marko Laine [8] 
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Smooth regression tool for time series analysis, MATLAB toolbox by Marko Laine [8] 
 
 
•  Hierarchial statistical model for uncertainties in data, process and parameters 

 
•  Can be used to extract trend, seasonal component etc. 

yt = Ftxt + vt vt ⇠ N(0, Vt)

xt = Gtxt�1 + wt wt ⇠ N(0,Wt)

yt
xt

Ft
Gt

vt
wt

: observations 
: hidden model states 
: observation operator 
: model operator 
: observation uncertainty 
: model uncertainty 
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DLM fit: FTS (10km) 
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T. Karppinen1, S. Tukiainen2, O. Lamminpää2, J. Hakkarainen2, R. Kivi1, P. Heikkinen2, T. Laurila2, J. Hatakka2, H. Chen3, M. Laine2, H. Lindqvist2, and J. Tamminen2
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Abstract
In this work, we studied the vertical distribution of atmospheric methane (CH4) measured in Sodankylä, North-

ern Finland. The CH4 profiles were retrieved from the ground-based direct Sun FTS measurements using a method
that utilizes a novel dimension reduction approach and Bayesian inference. The instrument belongs to the Total Car-
bon Column Observing Network (TCCON), source for accurate and precise column-averaged abundance of several
trace gases and the data are used for climatological studies and act as important reference for satellites such as OCO-
2 and GOSAT. The new profile data set covers years from 2009 to the present day (from February to November)
and altitudes 0-40 km. The retrieved FTS profiles were compared to the Atmospheric Chemistry Experiment (ACE)
satellite measurements and AirCore balloon measurements. Finally, we analyzed the altitude-dependent time series
of CH4 using a flexible method that allows smooth variations in the trend and seasonal cycle. For comparison the
same analysis was made to in situ measurements on ground and for vertically resolved ACE satellite data.

Sodankylä FTS measurements
The Bruker 125HR Fourier Transform Spectrometer (FTS) has been measuring at the Arctic Space
Centre of Finnish Meteorological Institute since 2009 [1]. The main objective has been to perform
total column retrievals of atmospheric greenhouse gases with quality obeying the requirements of
TCCON. With a retrieval code developed at the FMI [2], we have processed the FTS data to obtain a
9-year vertically resolved time series of methane (CH4) (Fig. 1).

Figure 1: Time series of daily average values of retrieved profiles.

Retrieval Method
We use a dimension reduction method, directly truncating the prior covariance matrix. A Gaussian
prior X ⇠ N (x0,C), where x0 2 Rn is the prior mean and C 2 Rn⇥n covariance which can be
factorized using eigenvalue decomposition, or with SVD,
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vectors. Then the profiles are parameterized x = Pk↵ + x0, where ↵ ⇠ N (0, Ik). In the FTS inverse
problem, the number of layers is n ⇡ 70, but the number of unknowns is k = 3 which approximately
corresponds the actual information content of the measurement. Then the posterior distribution be-
comes
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where y 2 Rm is the measured spectrum, f : Rn ! Rm is the forward model, Cy 2 Rm⇥m is the
measurement error covariance, and Ik 2 Rk⇥k is a diagonal unit matrix.

Figure 2: Log10 of prior covariance,
letting the retrieved profile fluctuate
most in the lower stratosphere.

Figure 3: Prior means (x0) for differ-
ent seasons based on ACE retrievals
and AirCore soundings.

Figure 4: Three largest singular vec-
tors Pk

Validation of the profiles
Figure 5 top row shows FTS retrieved profiles compared to AirCore balloon measurements. The
figure also shows profile dependence on solar zenith angle and this dependence is depicted more
specifically in Figure 6. The bottom row of Figure 5 then shows how the profiles look when corrected
with the function fitted for each layer. Figures 7 and 8 show how FTS retrieval, ACE retrieval and
AirCore soundings compare to each other on a specific day. Figure 9 shows more statistical analysis
on all the coinciding measurements.

Figure 5: All the retrieved profiles for a single day plotted with the AirCore sounding for that day. The solar zenith angle
at the moment of measurement is color coded. Top row shows original profiles, bottom row shows air mass corrected
profiles.

Figure 6: Solar zenith angle (sza) dependence of mixing ratios at three example altitudes.

Figure 7: Sodankylä FTS, AirCore,
and ACE-FTS CH4 profiles measured
on 14th July over Sodankylä.

Figure 8: Sodankylä FTS, AirCore,
and ACE-FTS CH4 profiles measured
on 16th July over Sodankylä.

Figure 9: Median relative difference
to ACE-FTS (N=59). Shown are dif-
ferences to raw (dashed) and averag-
ing kernel smoothed (solid) ACE pro-
files.

Time series analysis
Time series analysis is made with Dynamic linear model (DLM) [3]. The DLM model allows smooth
variations in the trend and seasonal cycle components. We look at two different altitudes and as
a reference we have Sodankylä in situ measurements from a 50-meter tower and ACE profiles for
higher altitudes. From Figs. 10 - 11 we see that FTS based fit is not very sensitive to seasonal cycle
variability perhaps because there is always some data missing during the winter time when the zenith
angle stays above 83 degrees. This probably is also one reason for the difference in the phase of the
seasonal cycle when comparing the FTS based time series to the others.

Figure 10: Comparing the DLM analysis of the in situ tower measurements (50 m) and the FTS retrieval lowest level
(namely 300 m).

Figure 11: Comparing the DLM analysis of the ACE satellite and the FTS retrieval at 13.5km.
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1 Finnish Meteorological Institute, Sodankylä, Finland; 2 Finnish Meteorological Institute, Helsinki, Finland; 3 Center for Isotope Research, University of Groningen, Groningen, Netherlands

Contact:tomi.karppinen@fmi.fi

Abstract
In this work, we studied the vertical distribution of atmospheric methane (CH4) measured in Sodankylä, North-

ern Finland. The CH4 profiles were retrieved from the ground-based direct Sun FTS measurements using a method
that utilizes a novel dimension reduction approach and Bayesian inference. The instrument belongs to the Total Car-
bon Column Observing Network (TCCON), source for accurate and precise column-averaged abundance of several
trace gases and the data are used for climatological studies and act as important reference for satellites such as OCO-
2 and GOSAT. The new profile data set covers years from 2009 to the present day (from February to November)
and altitudes 0-40 km. The retrieved FTS profiles were compared to the Atmospheric Chemistry Experiment (ACE)
satellite measurements and AirCore balloon measurements. Finally, we analyzed the altitude-dependent time series
of CH4 using a flexible method that allows smooth variations in the trend and seasonal cycle. For comparison the
same analysis was made to in situ measurements on ground and for vertically resolved ACE satellite data.

Sodankylä FTS measurements
The Bruker 125HR Fourier Transform Spectrometer (FTS) has been measuring at the Arctic Space
Centre of Finnish Meteorological Institute since 2009 [1]. The main objective has been to perform
total column retrievals of atmospheric greenhouse gases with quality obeying the requirements of
TCCON. With a retrieval code developed at the FMI [2], we have processed the FTS data to obtain a
9-year vertically resolved time series of methane (CH4) (Fig. 1).

Figure 1: Time series of daily average values of retrieved profiles.

Retrieval Method
We use a dimension reduction method, directly truncating the prior covariance matrix. A Gaussian
prior X ⇠ N (x0,C), where x0 2 Rn is the prior mean and C 2 Rn⇥n covariance which can be
factorized using eigenvalue decomposition, or with SVD,

C = USUT ⇡
kX
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where Pk = [
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�1u1, . . . ,

p
�kuk], � are the (sorted) eigenvalues, and u are the corresponding eigen-

vectors. Then the profiles are parameterized x = Pk↵ + x0, where ↵ ⇠ N (0, Ik). In the FTS inverse
problem, the number of layers is n ⇡ 70, but the number of unknowns is k = 3 which approximately
corresponds the actual information content of the measurement. Then the posterior distribution be-
comes
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where y 2 Rm is the measured spectrum, f : Rn ! Rm is the forward model, Cy 2 Rm⇥m is the
measurement error covariance, and Ik 2 Rk⇥k is a diagonal unit matrix.

Figure 2: Log10 of prior covariance,
letting the retrieved profile fluctuate
most in the lower stratosphere.

Figure 3: Prior means (x0) for differ-
ent seasons based on ACE retrievals
and AirCore soundings.

Figure 4: Three largest singular vec-
tors Pk

Validation of the profiles
Figure 5 top row shows FTS retrieved profiles compared to AirCore balloon measurements. The
figure also shows profile dependence on solar zenith angle and this dependence is depicted more
specifically in Figure 6. The bottom row of Figure 5 then shows how the profiles look when corrected
with the function fitted for each layer. Figures 7 and 8 show how FTS retrieval, ACE retrieval and
AirCore soundings compare to each other on a specific day. Figure 9 shows more statistical analysis
on all the coinciding measurements.

Figure 5: All the retrieved profiles for a single day plotted with the AirCore sounding for that day. The solar zenith angle
at the moment of measurement is color coded. Top row shows original profiles, bottom row shows air mass corrected
profiles.

Figure 6: Solar zenith angle (sza) dependence of mixing ratios at three example altitudes.

Figure 7: Sodankylä FTS, AirCore,
and ACE-FTS CH4 profiles measured
on 14th July over Sodankylä.

Figure 8: Sodankylä FTS, AirCore,
and ACE-FTS CH4 profiles measured
on 16th July over Sodankylä.

Figure 9: Median relative difference
to ACE-FTS (N=59). Shown are dif-
ferences to raw (dashed) and averag-
ing kernel smoothed (solid) ACE pro-
files.

Time series analysis
Time series analysis is made with Dynamic linear model (DLM) [3]. The DLM model allows smooth
variations in the trend and seasonal cycle components. We look at two different altitudes and as
a reference we have Sodankylä in situ measurements from a 50-meter tower and ACE profiles for
higher altitudes. From Figs. 10 - 11 we see that FTS based fit is not very sensitive to seasonal cycle
variability perhaps because there is always some data missing during the winter time when the zenith
angle stays above 83 degrees. This probably is also one reason for the difference in the phase of the
seasonal cycle when comparing the FTS based time series to the others.

Figure 10: Comparing the DLM analysis of the in situ tower measurements (50 m) and the FTS retrieval lowest level
(namely 300 m).

Figure 11: Comparing the DLM analysis of the ACE satellite and the FTS retrieval at 13.5km.
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