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• Work to date as appropriate to GRUAN
• Instrumentation
– Data stream requirements
– Auxiliary measurements

• Data Product Retrieval
– Auxiliary data
– Processing
– Uncertainties
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Work to Date

• Support TT5
• Boulder H2O sonde / FTS retrievals 

– Coincident measurements 50, at  MLO 30
• Discussed MUSICA project

– H2O / HDO focused IRWG sub-group
– Central processing

• NORS project
– Centralized post processing
– Combined with model results

• Discussed: 
– Altitude sensitivity of some species (mostly H2O)
– Formal error analysis
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Instrumentation Typical Installation
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Custom 6” aperture, ephemeris + 1.3Mp 
camera dynamic solar tracker 

Bruker 125HR 250cm 700 – 15,000cm-1 FTIR

LN2 Liquifier

Auxiliary equipment

Ability to resolve any terrestrial absorption 
feature in the mid – near IR  at 2000+ SNR

$85,000 

$400,000

$45,000

$20,000

Priceless!
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Windows 
Computer
OPUS / Bruker
Access Linux Computer:

• Auxiliary data
• Weather / sun monitor
• Timing of spectral data 

collection
• Local & backup storage 

LN2 Dewar: 
Daily Auto Fill
InSb & MCT 
detectors

Precision Solar Tracker Weather Station

TCP Data
Server
• Live parameter 

distribution
• Remote access & 

control

Bruker 125HR

Instrumentation Communications & Controls

Daily download of spectral & 
auxiliary data, remote monitoring

Sun Sensor
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Species measured by high-resolution ground-based solar FTS in mid-IR, 
approx. DOFS from present analysis techniques.

Species DOFS Species DOFS
H2O 2 - 3 CH4 2.5 - 3.5
CO2 2 - 3.5 O3 3 - 5
HF 2.5 - 3.5 C2H2 < 2
COF2 < 2 C2H6 ~ 2
HNO3 2.5 - 4 OCS 3 - 4.5
NO2 < 2.5 HCN < 2.5
NO < 2 SF6 1*
N2O 3 - 5 N2

CCl2F2 1* CO 2.5 - 4
CHClF2 1* CCl3F 1*
ClONO2 1* H2CO 1
ClO 1 HCl 2.5 - 4

*limited by spectroscopy NDACC required product

Instrumentation Target Species

These	4	species	referred	to	in	
BAMS	2016

GRUAN	Justification	document	
GCOS-112	specs:

Priority	1:
- H2O	at	high	vertical	
resolution	(2-5%)

Priority	2:
O3 and	CH4 at	high	vertical	
resolution	and	 total	column	
(3%	&	2%	resp.)

Priority	3:
CO2 at	high	vertical	resolution	
and		total	column	(1%)



Instrumentation Optics

• Spectral Resolution
– Do we want Total Column only or partial 

column data products?
– Implications:
• Instrument Selection / Design
• Desired species
• Cost
• Acquisition time
• Maintenance frequency / time / costs
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Instrumentation Optics

• Require 
– Scanner rate (laser fringe rate)
– Optical band pass
– Throughput

• e.g. specifications on optical components 
• A level of radiometric calibration

• Solar Tracking Requirements:
– Both active and ephemeris pointing
– Solar disk pointing precision (~9arcsec)
– Maximum variability in scan
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Instrumentation Data Acquisition

• Time based data acquisition e.g. Brault
– Now default implementation in Bruker

• But not Laser signal
– Require both IR and Laser signal storage
– Require DC recording

• Including data rate, numerical precision
• Source fluctuation correction (IR)
• Modulation stability (laser)

– Define electrical band-pass filtering 
• e.g. pre-amps 

– Dual channel (or wide band) recording
• Reference O2 band
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Instrumentation Effect of Spectral Resolution
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C. Petri et al.: CO2 sensing w. low res. FTS 1633
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Fig. 8. Retrieved XCO2 from observations by the high resolution
instrument IFS 125HR for the 16 April 2009. The red symbols cor-
respond to the high resolution of 0.014 cm�1, the blue symbols to a
resolution of 0.11 cm�1.
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Fig. 9. Retrieved XCH4 from observations by the high resolution
instrument IFS 125HR for the 16 April 2009. The red symbols cor-
respond to the high resolution of 0.014 cm�1, the blue symbols to a
resolution of 0.11 cm�1.

4.3 Influence of resolution

When comparing XCH4 obtained from both instruments, we
attribute the offset of 0.47% to a combination of improper
a-priori profiles, erroneous spectroscopic data, and / or incor-
rect assumptions in the pT-profile in the retrieval. The residu-
als in Fig. 3 indicate a non-perfect fit. We speculate that non-
ideal choice of input parameters for the least-squares fitting
procedure have different effects for the low resolution spec-
tra compared to the high resolution ones. In order to test the
effect of the resolution, we truncated the high resolution in-
terferograms of the IFS 125HR to a resolution of 0.11 cm�1,
the resolution used by the IFS 66. The results are shown in
Figs. 8 and 9. While XCO2 shows almost no dependence on
the resolution (0.02%), for XCH4 a constant offset of 0.26%
can be observed. The remaining 0.21% are within the uncer-
tainties for XCH4 and we get agreement with our estimation
given above.
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Fig. 10. Retrieved O2, CO2 and CH4 total columns from the
IFS 125HR, by truncating the interferograms to different optical
path differences. For CO2 and CH4 the different retrieval windows
are shown. For CH4 the initial a-priori profile has been shifted ver-
tically by �4 km. The shown bars give a percentage scale.

In order to investigate this in more detail, we truncated the
high resolution interferograms of the IFS 125HR in several
steps from a resolution of 0.014 cm (64.3 cm OPD) down to a
resolution of 0.5 cm�1 (1.8 cm OPD), which covers the range
of the resolution of the satellite spectrometers OCO-2 and
TANSO-FTS /GOSAT. The results are shown in Figs. 10a–
c and 11a–c. The tests have been performed for all spectra

www.atmos-meas-tech.net/5/1627/2012/ Atmos. Meas. Tech., 5, 1627–1635, 2012

1634 C. Petri et al.: CO2 sensing w. low res. FTS
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Fig. 11. Retrieved H2O, XCO2 and XCH4 from the IFS 125HR,
H2O is taken from the different retrieval windows of CH4. For
XCH4 the initial a-priori profile has been shifted vertically by
�4 km. The shown bars give a percentage scale.

measured on 16 April 2009. Shown is the daily mean. For
reference, the variability in percent for each compound is
given as a bar in the figure. The dependence on the OPD in-
creases with decreasing OPD. Down to an OPD of 6 cm (res-
olution of 0.15 cm�1), the O2 and CO2 columns show only
a weak dependency of 0.02%. For CH4 columns, the vari-
ation is much larger, between 0.05% and 0.3%, depending
on the spectral band analyzed. The corresponding results for

XCO2, XCH4 and the most important interfering gas, H2O,
are also shown. The dependency for H2O is about 0.1%. As
there are H2O lines in the window where CH4 is retrieved
(5938 cm�1, 6002 cm�1 and 6076 cm�1), for low resolution
spectra the lines cannot be separated.
These simulations for XCO2 and XCH4 are in agreement

with the results from the comparison of both instruments, as
shown in Figs. 4 and 5. While the CO2 total columns for
both instruments agree within the precision, for CH4, a con-
stant bias of 0.26% was found. It has to be mentioned that
standard TCCON measurements are made with an OPD of
40 cm and are not significantly affected.
In order to investigate the dependency of CH4 on the OPD

in more detail, we shifted the whole a-priori VMR profile of
CH4 down by 4 km, and repeated the resolution-dependant
sensitivity study shown in Figs. 10c and 11c. The results
are displayed in Figs. 10d and 11d. The simulations show
that the dependency of the resolution on the CH4 total col-
umn is less. Furthermore, the dependency of the windows
at 6002 cm�1 and 6076 cm�1 nearly compensate each other.
We tried also other vertical shift amounts, i.e. 2, 4, 6 and
8 km, with 4 km yielding the “optimum” result. That is, 4 km
yielded the smallest dependency on the OPD. A downshift-
ing of the a-priori VMR by 4 km is certainly not realistic, but
our results might indicate that the a priori and/or the spec-
tral data of CH4 are erroneous. For completeness, we have
repeated the simulations for CO2 and O2 but the results do
not depend on shifting the a priori up and down (not shown),
which is not surprising, as the volume mixing ratio of both
trace gases show only weak variability with altitude.
Our study indicates that the retrieved columns depend on

the resolution, especially if the assumed a-priori VMR pro-
file is not perfect. However, it must be mentioned that within
TCCON, the retrieval strategy applied so far is profile scal-
ing. When applying a complete profile retrieval algorithm,
the OPD dependency will look different. Differences for CH4
total columns depending on the retrieval algorithm have al-
ready been observed by Petersen et al. (2010), who compared
profile scaling with the optimal estimation approach for trop-
ical spectra from Suriname.
For an OPD of less than 6 cm (0.15 cm�1) the dependency

of the total columns increases for decreasing OPD. For such
a low resolution, the individual lines are not resolved and
we speculate that the influence of the curvature of the whole
spectral region analyzed begins to dominate the fitting. The
curvature is due to the wavelength dependent sensitivity of
the detector, the reflectivity of all mirrors, the filters applied,
and the spectral wings of interfering gases. This dependency
can partly be avoided by additional measurements using a
blackbody radiation light source to obtain an absolute cali-
bration of the spectra. However, this is beyond the scope of
this paper and will be investigated in a separate study.

Atmos. Meas. Tech., 5, 1627–1635, 2012 www.atmos-meas-tech.net/5/1627/2012/

Remote	sensing	of	CO2 and	CH4 using	solar	absorption	spectrometry	with	a	low	
resolution	spectrometer.	,	C.	Petri	et.	al.,	Atm.	Meas.	Tech,	5(7):1627–1635,	2012.

• Each plots shows the variation in 
retrieved data as a function of 
increasing the OPD (increasing the 
spectral resolution).   
• Left are total column [molec/cm2].
• Right are dry air mole fraction 

[mean VMR]
• For all species / spectral regions 

tested there is significant change 0 
to 5 or 10 cm.
• Accuracy limitations are prevalent 

with low resolution though not so 
with precision
• For total columns only 20cm may 

be sufficient
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Instrumentation Low Resolution

Above: KIT team at NCAR 
Foothills comparisons March 
2015 IMK-ASF 13 

Intercalibrated and TCCON scaled XCH4 

M. Frey, Instrumental calibration of COCCON EM27/SUN spectrometers… IMK-ASF 12 

Intercalibrated and TCCON scaled XCO2 

M. Frey, Instrumental calibration of COCCON EM27/SUN spectrometers… 

Compare xCO2 & xCH4 vs. a TCCON standard 
instrument
Calibration factor vs WMO: 0.9951 

Low resolution Bruker EM-27Sun 0.5cm-1 + solar tracker

From Matthias Frey, KIT

• Still commercial ‘black box’
• Long term stability (multi year) not defined yet
• ILS & radiometric calibration issues
• ILS issues still convolved with interfering species
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Instrumentation Moderate Resolution

• Single moving mechanism (e.g. Bruker EM27, Bomem, ACE-FTS), but
• 20cm OPD / Resolution 0.05 cm-1 nominal
• Weather tight optical bench & electronics mounted on 2 axis motorized stage 

and pointed directly to sun.  
• 3cm optical beam, corner cube reflectors
• Optical bench approx 15 x 15 x 30 cm 
• Full mid to near-IR bandwidth 700 – 8000cm-1

• Capture O2 B band
• ZnSe beamsplitter (500-20,000 cm-1)
• DLaTGS or TE cooled MCT detector (no LN2)
• TCP control & data access.

Miniature Pointing Interferometer
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Instrumentation Calibration

• Line widths of absorption features are less 
then instrument response ->  The ILS is 
analogous to a response to a δ-function.

• NDACC: HBr at 2mb , N2O at 1mb in 2cm 
cell 

• TCCON: HCl at 5mb in 10cm cell
• Other possible species OCS
• HBr can be measured without interference 

in solar spectra

Manifold for producing 20 HBr (N2O) cells at 
common pressure.

HBr cell mounted on motorized 
stage in Bruker 120M

Calibration Cell measurements
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Instrumentation Calibration

• Accumulate calibrated spectra 
& interferograms

• Monitor instrument spectral 
and radiometic response over 
time

• Acquire spectra each e.g. day 
using internal source

• Acquire spectra e.g. day:time
using sun

• Spectra & retrieved ILS 
comparable for all stations

• Retrieved ILS can be applied 
in forward model

H81Br												H79Br	

To Maintain Reference 
Standards



Instrumentation Summary

• Commit to specific species,
• Commit to product: 
– Column / profile e.g. Required DOFS,

• Define instrumentation 
– Spectral resolution,
– Bandwidth,
– O2 channel,

• Remove hidden processes,
– Bruker laser signal and initial processing.
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Data Product Retrieval Processing Steps

• Transform of interferograms
– Source intensity corrections
– Detector non-linearity corrections

• QA/QC on spectra
– Zero levels, phase, SNR, low frequency noise

• Preprocess
– Acquire & process auxiliary retrieval input components

• Stepwise retrieval of target gases
– Non-linear OE retrieval
– Uncertainty estimates

• QA/QC on retrieved data products
– Redundant measurements
– Daily cell measurements 
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Data Product Retrieval Retrieval Example

Retrieval Example 12CO2 & 13CO2

+  CO18O, H218O & HDO
Boulder 23 Jun 2011



• Consistent chemical a-priori profiles:
– For target & interfering species, (NDACC:WACCM)
– Perhaps constant, or best estimate on some time scale,

• Best estimate p-T profiles (NCEP, sonde),
• Spectroscopic data (e.g. HITRAN),
• Consistent retrieval grid,
• Precision temperature & pressure at observation 

location.
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Data Product Retrieval Pre-Processing

Auxiliary data required for consistent retrieval from 
globally diverse stations



Data Product Retrieval Pre-Processing

April 2016 GRUAN ICM-8 19

Input	and	Output	Flow	for	Pre-Processing	Inputs

Processes

Outputs

isotope.input OPUS	
Files

• Geometric	calculations
• Constructs	 spectral	db file
• Converts	OPUS	raw	data	to	

.bnr format

Reduced	
Spectral	
File

X_Y.hbin

ckopus.f90

.bnr Files

Timestamp

Spectral	
DB	

sfitLayer0.py	(slide	5)

Extract	relevant	spectral	
lines	 from	HITRAN

hbin.f90

sfit4.ctl

hbin.input

HITRAN	
DB



Model	
Meteorological	

data

refmaker.input
Local	

Meteorological	
Data

VMR	
Profile	DB

Input	and	Output	flow	for	Core	Processing	Inputs

Processes

Outputs

Merge	meteorological	data

refmaker

Prepare	ascii spectral	file	for	
sfit4	input	(t15asc)

pspec.f90

pspec.input

BNR	
Files

Spectral	
DB

Spectral	fit

sfit4.f90
T15acs
File

reference.prf
File

sfit4.dtl State	
Vector

K,	Kb,	
Matrices

Fitted	
Spectra

Optional	Output

Other	
Outputs

sfit4.ctl

station.layers

X_Y.hbin
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Data Product Retrieval Processing Overview



<InputBaseDir>

<LOC>

<YYYYMMDD>

<LOC>

<YYYYMMDD>

<OutputBaseDir>

Input	Data
• OPUS	files
• Spectral	DB	file
• Isotope	file
• etc

Output	Data
• Copy	of	ctl	file
• T15asc
• Station.layers
• Detail	file
• State	Vector	file
• K.Out file
• Pbp file

<GAS>

<TimeStamp>

<Version>

Input	Directory	
Structure

Output	Directory	
Structure • <InputBaseDir>	 :	Base	directory	for	

input	file	structure

• <OutputBaseDir>	 :	Base	directory	for	
output	file	structure	(can	be	same	as	
<InputBaseDir>

• <LOC> :	Three	letter	site	 location	
abbreviation

• <YYYYMMDD> :	Year,	month,	day	of	
observation

• <GAS> :	Primary	gas	of	interest	for	
retrieval

• <TimeStamp> :	UTC	time	stamp	of	
observation	HHMMSS.SS

• <Version> :	User	defined	description	
of	ctl	file	used	for	processing
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Data Product Retrieval I/O Storage



• Background slope
• Background curvature
• Differential wavenumber shift
• Single wavenumber shift
• Independent wavenumber shift
• Empirical apodization function
• Empirical phase function
• Solar line shift
• Solar line strength
• Phase error
• Zero level offset
• Interfering species
• Channel parameters
• Field of View

• Target / Retrieved gas absorption 
line(s) intensity
• Target / Retrieved gas absorption 

line(s) air broadened line half-width
• Target / Retrieved gas absorption 

line(s) temperature dependence 
• Other possible line parameters:

• Self broadening
• Lower state energy
• Pressure shift 
• Galatry Beta 
• Line mixing parameters
• S-DV parameters

• Solar pointing
• Temperature profile

Systematic & Random components calculated separately
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Data Product Retrieval Error 
Estimation

Instrumental / measurement / forward model parameters



• The sensitivity of X on a given bi is minimized by early 
choices in the retrieval process (e.g. spectral region).

• The best estimate of Sbi may be 
– More or less obvious!,
– Needs to be physically based,
– May require sensitivity testing to determine,
– Also needs to be ‘homogeneous’ across all sites.

• Error estimates are calculated for each level of each 
profile & column

• Error estimates can vary widely by species, station
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Data Product Retrieval Error Estimation
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• These are clear sky measurements,
• Moderate resolution data ~10sec, 
• High resolution ~200sec,
• Data can be recorded at all clear sky solar 

zenith angles,
• Lunar measurements are much higher noise…
• Correlative measurements (redundancy)
– Aircraft profiles
– Side-by-side with multiple instruments

Measurement Scheduling 
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• Raw streams for atmospheric & calibration delivered to 
Central Data Processing Center (CDPC)

• Transforms & corrections performed at CDPC,
• Retrievals (possibly) with sonde H2O as apriori,
• Certainly with local z-p-T measured profiles,
• NRT processing dependent on a-priori availability,
• Software packages exist for retrieval and data flow,
• All retrieval intermediates should be archived –

included in QA/QC e.g. drift analysis.

Data Management 
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• FTIR Technical Document is in development
• Technique and processing is mature,
• Raw data QA/QC framework exists, detailed implementation 

plan and standards required,
• Software packages exist for retrieval and large dataset 

processing 
– detailed parameter selection required,

• Uncertainty estimate framework exists,
• Plan for redundancy TBD,
• Decisions required:

– Given profile requirements do we target total column only for 
solar viewing IR trace gas measurements?

– A-priori data sources

Summary
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End


