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E-ELT

« mainly infrared telescope
« ground based =# |ight has to pass the Earth's atmosphere
« impact of atmosphere high in the IR, higher than in opftical

=P corrections required to recover astronomical spectra
critical for observations with ELTs
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Earth's Atlmosphere: Effects
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Earth's Atmosphere: Layers
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Standard Atmosphere
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Earth's Almosphere
Interaction with Radiation and Charged Particles
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Atmospheric Absorption: Optical + NIR
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Atmospheric Absorption: MIR

Smette et al. 2015, A&A, 576, A77
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Variability: H,O
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Variability: H,O
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Cerro Paranal:
PWV from X-shooter echelle spectra

Kausch et al. 2015, A&A 576, A78
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Global Aqua/MODIS data for
January and July 2014

http://earthobservatory.nasa.gov/
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Variability: CO,

Jan 2001 - Dec 2012
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Variability: Aerosols

January 2014 00 02 04 05 08 10 July 2014

Global Terra/MODIS aerosol optical depth (AOD)
and fire data for January and July 2014

http://earthobservatory.nasa.gov/
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Variability
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Airglow

= light emission by
chemiluminiscence

« uUpper atmosphere
(meso- to thermosphere)

NASA
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Airglow

.....powered by the Sun's extreme UV photons

SDO 450 nm SDO 33.5 nm

SDO/AIA 4500 2013-03-01 01:00:07 UT SDO/AIA 335 2013-03-01 02:17:28 UT

Solar UV photons can destroy molecules in the Earth's upper atmosphere.
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Airglow

Red Ol airglow
Reaction:

O, +e > O+ O('D)

O('D) = O(3P,) + hv (630.0nm)
O('D) = O(3P,) + hv (636.3nm)

Bates (1982)

red Ol@630.0:636. 3nm
v =270km

NASA" |
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Airglow

Oxygen airglow

Reaction:

O, + hv (<0.24um) > O+ O
O+O0O+M-0,* +M
O, *+0O > O,+O*('S)
O*('S) = O(1D) + hv
(green 557.7nm)

~97km

Barth & Hildebrand (1961)

NASA" |
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Airglow

NaD airglow ‘.4/;\/,.

b~

%
Reaction: NqD Doublet: ~95km i
' 1=588. 9950nm (D2) und 589 5924 nm (D,)

Na + O; 2 NaO + O,
NaO +O - Na(?P) + O,
Na(2P) = Na(2S) + hv (Doublet)

see Khomich (2008)
for an overview

NASA" |
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Airglow

airglow continuum

Reaction:

NO + O 2 NO,*

NO,* > NO, + hv  (A~0.6um)
NO, +O = NO + O,

longer A: probably NO + O,

(not yet fully clarified) e i
Wavelength [um

Rel. radiance

~90km

Krassovsky (1951)

NASA
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Airglow

Hydroxyl (OH) airglow
Reaction:

Dissociation of H,O and O, -
atomic O and H

O+0,2>0;+M

H+ O;— OH*+ O,

vib-rotational transisions (OH bands)

(0.5um < A < 5um)

~87km

Bates-Nicolet (1961)

NASA" |
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X-Shooter plain sky spectrum
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X-Shooter plain sky spectrum
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X-Shooter plain sky spectrum
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ESO/FORS sky specira: variability

N. Patat/ESO
2007

http://www.eso.org/~fpatat/science/skybright/MOVIES/the dancing sky nosound full.mov STEEL
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Variability:

« climate change (decades):
it takes a while, until chemical changes in the lower atmosphere
reach the mesosphere and above - delay
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Variability: I
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Variability:

« climate change (decades)
« solarcycle (11yr)
« seasonal (months): induced due to seasonal changes (temperature)
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Variability:

« climate change (decades)
« solarcycle (11yr)

« seasonal (months)

« planetary waves (few days

NASA/GSFC
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Variability:

. climate change (decades) 210 £ E
« solar cycle (11yr) 200 7
 seasonal (months) T o0 b E
« planetary waves (few days) ; F v -z .
- diurnal (24h) T e E
170 ;— ______ : - ,'; —;

- —" =8 -

160 - “I"" =| ‘3 | -

12 20 21

Tocal tilme [L]

Noll et al, 2015, ACP, 15, 3647
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Variability:

- climate change (decades)f -
« solar cycle (11yr) e
« seasonal (months) :
« planetary waves (few days,

. diurnal (24h)
« gravity waves (minutes)

\ W FAN A

Wikipedia / NASA
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Variability:

« climate change (decades)
« solar cycle (11yr)

« seasonal (months)

« planetary waves (few days)
« diurnal (24h)

« gravity waves (minutes)
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ow can we get rid of this¢

Plan #1:
Go to space
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Armada of Space Observatories
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Go to Space

Disadvantages

* highrisk

* very expensive

« limited payload

« limited lifetime

* NO Mmaintainance / upgrades
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ow can we get rid of this¢

Plan A:
Supplementary calibration
frames
,Classical method*”
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Correcting for

absorption

Required: transmission spectrum

Telluric standard stars:

hot stars without/with few, well
known intrinsic spectral features
(B-type)

observation in the vicinity, at least
same airmass than science target

observation directly before/after
the science target

emission

STEEL
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counts [ADU] (- 10%)

Transmission

I I | I ] | 1

TS #1: Hiplasaod |-
L] base points
culWe spling it

i)

CH
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| |

| | | | l L | | l
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Kausch et al, 2015, A&A, 576, A78
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Correcting for

emission

Required: airglow spectrum

Plain sky observations:

« LSS: portion of the slit w/o object
« specific sky spectrum taken
before/after the science target and
« taken in the very vicinity of
the science target
« same exposure time

Very expensive in terms of telescope time
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ow can we get rid of this¢

Plan o
Modelling
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Correcting for

absorption

Required: transmission spectrum

Telluric standard stars:

« hot stars without/with few, well
known intrinsic spectral features
(B-type)

« oObservation in the vicinity, at least
same airmass than science target

« observation directly before/after

the science target

molecfit
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Telluric Absorption Correction with molecfit

Basu: idea ([1].[2]):
derive the atmospheric state from its fingerprint in the science spectra
« calculation of synthetic fransmission spectra corresponding to this state
by means of a radiative fransfer code
 iteratively fitting these spectra to absorption features in science spectra
« use the best-fit transmission for the telluric absorption correction

Features:

« comprehensive software suite for telluric absorption correction
« instrument independent

« world-wide use

« based on Ansi-C - high compatibility (Linux+MacQOS)

« freely available*

[1] Smette et al. 2015, A&A, 576, AT7T
[2] Kausch et al. 2015, A&A, 576, A8
*http://www.eso.org/pipelines/skytools
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Telluric Absorption Correction with molecfit

Parameter file

List of spectra

<
<

A4 Y

ppmv

PWv [*

molecfit

Y

Fitting

Best fit? >

parameters

Y

calctrans

Y Y

TAC reference Transmission
spectrum corr. function

Yy Y

corrfilelist

Y

List of telluric absorption
corrected (TAC) spectra

«—fifting of spectral features in the
fitting ranges - best fit solution

< calculation of the transmission
based on the fit + application
of the telluric abs. correction

«—application of the correction to
other files.
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Radiative Transfer Code

LBLRTM ([11.[2]):

atmospheric

Line DB profile

* Line-By-Line-Radiative-Transfer-Model
« third party code [3]

« V12.2 Y
« widely used in atmospheric research LNFL
« still being further developed

A

A

LBLRTM

}

Synthetic
transmission

[1] Clough et al., 2005, J. Quant. Spectrosc. Radiat. Transfer, 91, 233-244
[2] Clough et al., 1992, J. Geophys. Res., 97, 15761-15785
[3] http://rtweb.aer.com/lblrtm frame.html
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Radiative Transfer Code: Line Database

HITRAN database([1],[2],[3]):

» 39 different molecules

e 2,713,968 spectral lines

» calculated & observed data
* V13 (HITRAN 2008)

Hzﬂw

2 4 b B 10 T

=
=]

=
R

2o
=

T
L

@
=
3

@
o
=

E
L

=

[1] Atomic and Molecular Physics Division, Harvard-Smithsonian Center for Astrophysics
[2] Rothman et al., 2009, Journal of Quantitative Spectroscopy and Radiative Transfer, vol. 110, pp. 533-572
[3] http://www.cfa.harvard.edu/HITRAN/
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Radiative Transfer Code: Atmospheric Profile

« Static atmospheric standard profile (P, T, mixing ratios for many molecules)

« Global GDAS* weather model: 1° x 1° grid, every 3 h, profiles for P, T, r

« Local meteorological data for height of site: P, T, and r, (faken from FITS
header if present) > ESO MeteoMonitor

atmospheric standard profile GDAS profile: 2012-12-30T03.gdas
140 140 —
s GDAS-profile:  2012-12-30T03.gdas GDAS profile database [1]:
120} s 120 \ S — Location: Cerro Paranal, Chile provided by ARL/NOAA [2]
100+ P g 100 " Lat: 24° 37'S worldwide 1°x1° grid
= f.\ = W ————HO Lon: -70° 24 12/2004 - present
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£ 5 £ %
2 60 ) 2 &0 s
= 40 # = 40 5 i Relative humidit R Te tu
I I'—‘,,- \ ____________ elative humidity [mm] emperature
{ - 30000 T T T T 25 30000 T
20f { 20 <eenee s
'\-,.,_,__7 \\ cie
0t - e - ol— ' - . Hoel PWV = 3.1 mm /
150 200 250 300 350 400 10° 10° 10° o 25000 - . 5 25000 - ]
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20000 [l . 20000 /
ngt.atm = Mid-Latitude, night-time = 15 = /
140 ‘ | | E E £
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o o \
1201 i ¥ | © © \
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_100f AN ;‘ 1 w2 10000 [~ . 10000 [ e
E ool 3‘\/ 3 i i e / N
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[ppmv]

*ftp://ftp.arl.noaa.gov/archives/gdasl/
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mpfit Package

« Software package for fitting issues

« Levenberg-Marquardt technigue for solving the least-squares
problem

« Fifting core inmolecfit

« freely available

« very versatile (also used for skycorr)

* in ANSI-C and IDL

https://www.physics.wisc.edu/~craigm/idl/cmpfit.8TEEL
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molecfit Workflow

DATE-QES
¥
science input GDAS at:;aor?g;?dﬁc
spectrum profile profile

h 4

=: ESQO-MM > merged profile

? E \

@ > Radiative Transfer Code «
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molecfit Workflow
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Fitting Procedure

Fitting ranges: lines of intfermediate strength; good
coverage of wavelength range; as narrow as possible
(better continuum fit and shorter code run times)

Exclusion regions: no fitting of bad pixels (or other
insfrumental defects) and object features

0.8
0.6
0.4

0.2
0.0

0.8
0.6
0.4

0.2
0.0
0.8

0.6
0.4

0.2
0.0

Intensity

Smette et al. 2015, A&A, 576, A77

0.70 0.75 0.80 0.85 0.90
Wavelength (um)

STEEL
Erice - 15.10.2015



Fitting Procedure

x> minimisation by a Levenberg-Marquardt technique (mpfit[1])
Fitting parameters:

« Scaling factors for molecular profiles

« Coefficients of polynomials for continuum fit

« Coefficients of Chebyshev polynomials for Chebyshev polynomials
modification of wavelength grid ——

. Widths of boxcar, Gaussian, and Lorentzian ¢ \(Y \/ / ~ / :
for instrumental profile (alternative: user- s R : R &
provided kernel — no fit) /X\ / . "7//

« Emissivity of greybody (only for fit of sky
emission spectra in the thermal IR) n=5

e
Lalalsl

1

=]

th

T 1T

"—___::—-._
= |
[~}
Il
3]

S

Lol

=

[1] Markwardt, C. B. 2009, in Astronomical Society of the Pacific Conference Series,
Vol. 411, Astronomical Data Analysis Software and Systems XVIII, ed.
D. A. Bohlender, D. Durand, & P. Dowler, 251
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molecfit Workflow
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Telluric Absorption Correction with molecfit

Parameter file

List of spectra

<
<

A4 Y

ppmv

PWv [*

molecfit

Y

Fitting

Best fit? >

parameters

Y

calctrans

Y Y

TAC reference Transmission
spectrum corr. function

Yy Y

corrfilelist

Y

List of telluric absorption
corrected (TAC) spectra

«—fifting of spectral features in the
fitting ranges - best fit solution

< calculation of the transmission
based on the fit + application
of the telluric abs. correction

«—application of the correction to
other files.
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Results/Comparison CRIRES
» hires IR spectrograph

e« 1-52um

Comparison of observed and best-fit model spectrum

1 YA _

10 | l

] ] ] ] 1 ] ] ]
3.28 3.2 33 3.31 332 3.33 3.34 335

Wavelength [micron] Obs. spectrum —

(=} b2 N =
. |
1

Residual (Obs.-Model)
&
1
|

- N N
T
I

£ 1 1 1 1 1 1 1 1

3.28 329 33 331 332 3.33 334 335
Wavelength [micron]
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Results/Comparison CRIRES
» hires IR spectrograph

e« 1-52um

Quality of telluric absorption correction

Radiance

3.31 3.32 3.33
Wavelength [micron]
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Results/Comparison MUSE
. IFU

« optical

3 stars in NGC6397

Intensity
IIIIIII|III IIIII III|III|III|III|I III|III|III|III I

0.70 0.75 0.80 0.85 0.90
Wavelength (um)

Smette et al. 2015, A&A, 576, AT7
STEEL
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Results/Comparison

counts [ADU]

Comparison with TSS

12000 |

10000 |

8000

6000

4000 g

2000

V921-Sco

ol

I
1

1.31

1.32

1.33

i 'n "M N“‘ ‘

1.34 1.36

wavelength [um]

counts [ADU]

12000
11000
10000
9000
8000
7000
6000
5000

4000

NGC5812

H(4-10)
(1.64117 pm)

H(4-11)
(1.68111 um)

H(4-12)
(1.73669 um)

1.62

1.64

— Object spectrum
—— molecfit correction
—— Classical method correction

1.66 1.68 1.7
wavelength [um]

Kausch et al.

2015,

1.72 1.74

AgA, 576, ATS8

STEEL
Erice - 15.10.2015



Limitations

External:

« Accuracy of the line database
« Radiative transfer code accuracy
» [Initial atmospheric profile

Internal:

« Low S/N spectra cannot be fitted reliably

« Number of fitting parameters (A-fit, continuum, LSF,....)
» Infrinsic spectral features of the object

« Resolution
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Correcting for

emission

Required: airglow spectrum

Plain sky observations:

LSS: portion of the slit w/o object
specific sky spectrum taken
before/after the science target and
taken in the very vicinity of

the science target

same exposure time

skycorr
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Sky emission removal with skycorr

Basic idea ([1], [2]):

« Use an arbitrary plain sky spectrum of the same instrument/setup (archive)

« [teratively fitting OH line groups individually to corresponding OH emission
features in science spectra

« Use the best-fit sky spectrum for the sky emission removal

Features: -

+ Comprehensive software . | - - .
suite for sky emission TEEEsE i s oz oz ¢ %
removal 36406 |

* Instrument independent o

2e+06

« world-wide use

d based On AnSi_C le+06 oL L 1 1 — m H — I,——‘ R
’ freaeaky (]\/CJ”C]kjlea* 0 MLAMEAmEAMQiMﬁt=ALJMi NI J humL |“lemUiLh.ﬁw“@mMM_

1.2 14 1. 18 2

Flux [photonsfsfmzfmicronfarcsec 2]

wavelength [micron]

[1] Davies, 2007, MNRAS, 375, 1099
[2] Noll et al., 2014, Ag&A, 576, 25
*http://www.eso.org/pipelines/skytools
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Sky emission removal with skycorr

Sky spectrum

Line / continuum

Object spectrum

Line / continuum

separation separation
'| st S'I'ep + +
FWHM estimate FWHM estimate
Continuum Continuum
subtraction subtraction
Line group

weight estimate

|

\ 4

Fitting of A and line flux (mpfit)

l

Subtraction
object - sky spectrum
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Continuum/Line Separation

* lines:
sky emission (airglow OH, O, [1])
intrinsic object features

« confinuum:
intrinsic object continuum
thermal emission (telescope / lower atmosphere)
airglow continuum (most probably from N,O [1])
moonlight [2]
zodiacal light
scattered starlight

[1] Noll et al. 2012, 2014; Komich et al 2008
[2] Jones et al. 2013, 2015 subm.
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Continuum/Line Separation

flux [arb. units] flux [arb. units]

flux [arb. units]

x 10° X-Shooter spectrum
| | | | | |
10 —
| e |
) I |
0 .n-.u-«.j i ._JLU.![JJ., bl .:J }..Lluli i ..Juﬂ._l‘ll.i(!lhi i i .ll o ‘lJlI.LuLIl i _i|| J.IJLL_; | H _thh L !Ll |J JL.’A#'J!’J. -_.L‘_.‘|;| ST o __-.\.J.I.I]_L«.
1 1.1 1.2 1.3 14 1.5 1.6 1.7 1.8 1.9
wavelength [micron]
x 10° X-Shooter spectrum (zoomed to A=1.6-1.605 um)
10 = I ] 1 ] 1 I | | =}
0 1 | | 1 | .'\ | i al 1
1.6 1.6005 1.601 1.6015 1602 16025 1.603 16035 1.604 16045 1.605
wavelength [micron]
x 10° first derivative
T T I T I T T
2 - -._: -
0 = [} =
_2 - u 2
a=1.69a+04
| | | | | 1 | I |
1.6 1.6005 1.601 16015 1.602 16025 1.603 16035 1604 1.6045 1.605
wavelength [micron] Noll et al.

2014,

As&A, 576, 25
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Continuum/Line Separation

N4625-SINFO-H

T
1

3.5e+06

- O o o) o $c0tN ™ [« 75 ] o SO~ o n <o ao no o~ 0 WD o0 o O
= = = <t = < um wnwnw uw umn 1D O W 1] [(s] w Do~ P~ ~ I~ M ~ ~ o000 oo
Eic g - G v P A - PR s R e — S e e Sy HIE R B e g i

3e+06

T

1
i

2.5e+06

Flux

2e+06

T

1.5e+06 | 1
© thMﬂw ‘J “ | |
‘Hyn\u L'thM‘\Mw“‘l‘ ‘ \ ‘

UL || | (I || ‘ ‘ | i .
/ e \ I\HH‘ |' iz _.“l-‘ﬂ. B I‘I ! “ {l ‘| I| I(\ ! || ” | ' |L|~| H | l| |‘ ‘ ||
1e+06 | 1 1 1 1 1 ih"Jh*lﬁfﬂJU‘ﬂ%

1.45 1.5 1.55 1.6 1.65 1.7 1.75 1.8
A [micron]

T

contfinuum slope STEEL
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Continuum/Line Separation o
FWHM determination:

with strong, isolated, symmetric lines

TEST-SINFO-J / \

400000 F7 . | ! | —
350000 | i
s 8 I S &8 [l I RT3y SNBSRE B I
300000 } | i
250000 H i
y |
= 200000 | i
1
150000 H | | i
|
' | IRt
100000 H 5 r | [ ‘ | i
| | \| Il |
50000 | | 100 \ ‘ il | ]
T R ‘,i‘ | I i | o A mie
o L I " L ML T ||_M -~ 'l'l‘..‘m ||.‘.|II|H“n|' 1S "l" \"'l'll'ﬂ |'|' ) ' il
1.1 1.15 1.2 1.25 T 13 1.35
A [micron]
pseudo-confinuum (O, lines) STEEL
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Sky emission removal with skycorr

Sky spectrum Object spectrum
Line / continuum Line / continuum
1st step sepa-ll’_ation sepa-l;ation
FWHM estimate FWHM estimate
nd Continuum Continuum
2nd step subtraction subtraction
Line group
d
3 step weight estimate

|

Y

Fitting of A and line flux (mpfit)

1

Subtraction
object - sky spectrum

Noll et al. 2014, A&A, 576, A25
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Band Grouping for Line Scaling + Weighting

Grouping by same upper level

Vibrational OH groups (NIR) Rotational OH transitions

B | I I I | I | | | I I I 33| | I [ | I I I I | B I I | I I |2 | | I | I [ | [ I I |

B 2 i i i

100 34 — 100 — P-branch —

a’ N 1 i = . i

3! B 1 o B S s i

w80 | - » 80 o -

3] L 4 o B o _

h | 1 & | | _
© © o

Q = 4 @ - -

LE 60 - N LE 60 - R-branch ]

| B T 1 B .

" B 1 ©n B 4 " .

S 40 - & 40 —

¥ - ¥ - . |3 .

= B = B [ 7]

[z 20 — - [ 20 — 3 | | —

; |1 SR E T : :

| 2 ’ il | 9 | L] .

I‘w, |“|L| ||||| |.| w l !
0 L v v b by b : | : ||| 0 L1 “ 1 : 1 1 I| I| | 1 ||| : L1
1 1.2 1.4 1.6 1.8 2 1.55 1.6 1.65
Wavelength [um] Wavelength [um]

Noll et al. 2012, A&A, 543, A92
Noll et al. 2014, A&A, 576, A25
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Sky emission removal with skycorr

Sky spectrum Object spectrum
Line / continuum Line / continuum
1st step separation separation
- +
FWHM estimate FWHM estimate
nd Continuum Continuum
2" step subtraction subtraction
Line group
d
3 step weight estimate
4™ step Fitting of A and line flux (mpfit)
Subtraction
th :
S STep object - sky spectrum Noll et al. 2014, A&A, 576, A25
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Results/Comparison

Radiance

Residual (input-best-fit sk}

800000
700000
600000
500000
400000
300000
200000
100000

0

300000
700000
600000
500000
400000
300000
200000
100000

0

Quality of sky subtraction

al T T T T T T T =
JJ et
1 ] L I I 1 ] 1
1.45 1.5 1.55 1.6 1.65 1.7 1.75 1.8
Wavelength [micron] input —
best-fit sky
al T T T T T T T
I‘ ‘" ‘-;I_‘e'_ L I" bl "—"_‘-."ﬂ I-i -v'v hd I :- i‘."—' rv!l L L'I 1 i H
1.45 1.5 1.55 1.6 1.63 1.7 1.75 1.8

Wavelength [micron]

original scaling =—

optimal scaling

Skycorr User Manual,

SINFONI
H band
plain sky

sky

Residual (input-best-fit

VLT-MAN-ESO-19550-5896
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Results/Comparison

Radiance

Radiance

Quality of sky subtraction

SINFONI
H band
NGC4594

T T T T T
2e+06 | -
1.5¢+06 -
le+06 - =
500000 | ’ ‘ ‘ ' ‘ ' ' (‘ ' | i
| | 1]
0 __.||_|'._||._,fL_IllL“ﬂ.r'._,lll_,lellNﬂ__Jle___,'l[_,l|H|I|,_,||_"|I|_,|I_,_.I\Jrll_n4|||_J‘._|I LN ’l‘lﬁ‘,\,_,f|_,||,_,|||_||l _,'I_J{L_,.'Lelll\ JlL.-Ull. drldlll_f|_ _,,_,m',ﬂ,_,rl_’ll‘_.pl _,|I__|l|_|(|._,_fL,ﬂuwl'l_.ﬂ_lrl_,“,lll_,ﬂ _,\_,l 'll_u_A_F _,f,,__||._,||._,_ J’l_,|||__|l'\ Jr_\_
1 1 1 1 1 1
1.45 1.5 1.55 1.6 1.65 1.7 1.75 1.8
Wavelength [micron] NGC4594 w/ sky —
best-fit sky —
T T T T T T T T
2e+06 | -
1.5¢+06 -
le+06 |-
500000 -
0 1 ] ] 1 1 ] ] -
1.45 1.5 1.55 1.6 1.65 1.7 1.75 1.8

Wavelength [micron]

NGC4594 wfo sky —

sky corr. output —

Skycorr User Manual, VLT-MAN-ESO-19550-5896
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Results/Comparison: Comparison with Classical Method

RMS of the sky subtraction residuals relative to the mean line peak flux

| 1 | 1 1 I 1 1 1 1 | 1 1 | 1 |
- — skycorr -
04 L —mo scaling N
03 | _
m b —
= - _
[0 = _
v 02 N
0.1 -
- L ]
0 1 1 I 1 1 | 1 1 1 1 | 1 1 I 1 L]
0 50 100 150

At [mln] Noll et al. 2014, Ag&A, 576, A25
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Limitations

« Accuracy of the incorporated line lists

« Airglow model

« Atmospheric conditions (fransparency)

* Instrumental calibration

« Number of fitting parameters (A-fit, continuum, LSF,....)
« Spectral resolution

» Infrinsic spectral features of the object
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Summary & Outlook

Modelling is a good alternative to supplementary observations

molecfit and skycorr are

* Instrument independent

« world-wide use

« based on Ansi-C - high compatibility
« high flexibility

« freely available*

-2 Will be implemented in future pipelines

e
Y NETIS
Z |

Mid-infrared
E-ELT Imager and

MICADO Spaciigragh
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molecfit
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Invoking molecfit:

K @ molecfit_reflex_raw CONCRE)
File Edit View Workflow Tools Window Help

@eEQPle =)=l e
Components | Data [ Outline | Workflow |
* . —

Search Components

° Reflex. ‘ oot ] & SM-02 Molecfit Workflow for Telluric Feature Correction

VLO (31 July 2013)
‘Advam::d 5., | Sources | Cancel ‘ ¢) Eurepean Seuther Observatory 201
iolgang Kausch, St Nl . e, Cozity 2y Stotn Kemeswenger
for #stro- and Paricle
All Ontologies and Folders - uﬂw,smﬂn,‘wmk
e
o [ Components A5030 bmsbrsck
o [ Projects
o 3 statistics
o= | Actars
= Parameter not . actor with
¢ [ Dataturbine [ Input / Output Parameters o be changed ] [ Workflow Instructions - interactive option
o [ Directors
o | Eso-reflex
o [ Opendap Installation directory | e INST_OIR: OVERVIEL.
=R Working directory | « WORKDIR The workfiow molectt s Smed at cakulating SyPRERi sky spectra by means of meteorsgicaldata a ne It and
o [ Myliforkflows a radiative transfer coc, to e used for el absorption cormecton, T spectrs are created by fting spectral
features in an obsemed Input spectrum, AS 3 reSUE, & 73S iSs on curie & ArodUCed, Wnich Can be 3pRked 35
ctum | ¢ ename: G 3BSOBEON COMECTon 1 the NPUt .
N e e o e oorsns (mage cotaniy | & coumns
Flux i E Wask STRUCTIONS

P Er andlor Mas <an b ool et NULL Step 1 Set the working cirectory 'WORKDR Ths is the deectory where

UL raquire for Wveleagth 1 1 5 give oy heacer auords your data & placed and where the outaut directary (OUTFUTOIR)

Barameter 5t ol e, <ol ok, ol s, and co mask LR L

St 3: Povde the name of the reerence spectru (prier lrame)

Tipe of mput spectrum — 1 = transrmission (defaukl; 0 = emissior | etrans: 1 e 3: Provde the conesponding Coumns of the fis fle see s header

MuRpleative actor to convert wBvelength to micson | way_to_ micron; 163 9 case they.ase not known)

St 4 Provda specrum specec nfomato
ype of spectrum (trar

Gefault errorralative to mean for the case that the ermor column is missing | e Sefaull_error- 0.01

Wavelengths n vacuum | il | oacaiiar pie ot for e wavelenaih (w3 to_miror]
ASCll o FITS table for wavelength ranges in micron to be fited | @ wange include: none Step 5:Provee ncysone s pael g s
ASIC or #TS table for vavelength ranges in micron 1o be exciuded from the fi | & wange_oxciude: none Step 6: Provide autput n
ASCllor FITS tabe for piel ranges Lo be excluded rom the il | @ prange_exciude: nane S5 . e i s
SHeb 5 oy psting e R buren the Python GUI starts and shows the
Sptmisng the  and appl theteturc eaturs comectn. See
folecfit GUI and Tutorial' (VLT-HAN-ES0-19550-5928) for a description
Directory for utput fles | ¢ CUTPUTOIR: oftha GUland 3 urora
Parameter fle | & parfie: SWORKDRISoutput narms. par
i for ovtput figs | @ output_name: b vis 1 1 for description of the fiting parameters and the

ASCINst o fles 1o be comected for tellric absorptien | ¢ lstname underlring algorkhms.

[ Fitting Parameters ] [ Workflow ]

FIT PRECISION Relative chz convergence crterion | @ flok 102
Relative parameter convergence criterior | @ ot 1a2

Lt of malecudes to be inchuded I the mege. | & 1SEmiec: K20 02
MOLECULES Fitfags for molecuies — 1 = yes; 0 = na (N_val nmolec | a fimaieci 10
Valuas af malacular columns, axpressad relathely ts tha nput ATH profie | & relcol 11

Convasanof e from ghaufs 2 mum‘as2) famclon cpecum arb | ¢ foxsri:o
P uril o aserve
0 phot(s™m ™ 2*mum*as® 2} (n conversion)
"2t 3" 2)

2 miytas™2
BACKGROUND For oiher unks te converson factor as tobe consiered as corstant tem
AND. e continuum Tt

CONTINUUM 1= yes; 0= na femissi oty | &t back 0
Inital value for telescops background it irange: [01]1 |  tel back: 0.1
Polymomial i af continuum > degree | @ ft_cont- 1
Dgres of conficionts for cantinuum ft | @ cont 13
Iniial constant term for continuum it (ualid fo al ft ranges) | @ cont_const 1.0

0 results found.

Refinerment of wavelengen soluton using a polynomial of degree wic_n | a ft_vic: 1

= oo el ders e e e v s, | 4o
il contaeterm fr g comeon | 4w nsts
- Initial value for FWHM of boxcar relative to slit width {>m= 0. and <= 2| | @ reles_box: 8
- Fit recolution by Gaussian -+ 1= yes; 6 = no | w it res gauss: 1
= Initial vale for FWHM of Gaussian in plels | @ res_gauss: 1.0

w22l value for FYHM of Lorentzian n picets | & res larantz 0.5

Size of GaussianLorentzianNogian kemel n FAHN | @ kertac: 30.0

- Variable kemel (inar incraase with wavelength}? - 1 = yes; D = no | averkem: 1

ASCI fie containing ine kerelinformatien (=nene It nat presen) | @ keme fle: nene
Pixel seale | @ poac: 036 o

— 1

STEEL
Erice - 15.10.2015




Invoking molecfit:

Reflex
GUI:

X Molecfit GUI v1.0.2
File Masking Settings RUM 7

Step 1 Step 2 Step 3 Step 4 Step 5 Step 6 Step 7

Wavelength Resolution / . Apply telluric
Mask Tool Molecules Correction Fitting Kernel el e FIT Correction

Raw

Pixel exclusion

Fit region

| = |

Show: Grid | Legend | DATA |« MODEL | | DIFFERENCE | | EXCLUSION REGIONS || FIT REGIONS |«
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Invoking molecfit:

e Reflex
e GUI
e console:

<inst dir>/bin/molecfit <parameterfile>

<parameterfile>:

contains all information required for the telluric absorption correction for a specific file,
i.e. filenames, fitting parameters, output,....
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Parameter file: plain ASCII file = text editor

### Driver for MOLECFIT
#4# NTRFCTORY QTRITCTIRE

PR U S R UV U S o .") for the following folder structure:
#
# |--bin/
# .
# 1-—config/ Sections comments (,#’)
# <basedir>---- !
# |--data/
#
# |--output/
#
# A relative or an absglute path can be provided. In the former case MOLECFIT
# has to be started yh <basedir>. ]
basedir: | parameter:
#4 TNPITT DATA
. ____ ____ __.._ (path relative to basedir or absolute path) .
filename: examples/input/crires spec jitter extracted 0000.fits <parname>: <parva|ue>
# ASCII list of files to be corrected for telluric absorption using the
# transmission curve derived from the input reference file (path of list and -or-
# listed files relative to basedir or absolute path; default: "none")
listname: none
<parname>
# Type of input spectrum -- 1 = transmission (default); 0 = emission
trans: 1
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(]

Parameters: Sections ,,Directory” and , Input Data

[...]

# A relative or an absolute path can be provided. In the former case MOLECFIT
# has to be started in <basedir>.
basedir: .

## INPUT DATA
# Data file name (path relative to basedir or absolute path)
filename: examples/input/crires spec jitter extracted 0000.fits

# ASCII list of files to be corrected for telluric absorption using the

# transmission curve derived from the input reference file (path of list and
# listed files relative to basedir or absolute path; default: "none")
listname: none

[...]

basedir: In all cases either absolute paths can be given, or paths relative to basedir

filename: File, which is to be corrected. This file is the reference, which is usually used
for fitting and for the correction

listname: ASCII file containing a list of other spectra, which should be corrected with
the same transmission spectrum

STEEL

Erice - 15.10.2015



«“

Parameters: Sections , Directory” and ,,Input Data

[...]

# Type of input spectrum -- 1 = transmission (default); 0 = emission
trans: 1

# Names of the file columns (table) or extensions (image) containing:

# Wavelength Flux Flux Err Mask

# - Flux Err and/or Mask can be avoided by writing ’NULL’

# - 'NULL’ is required for Wavelength if it is given by header keywords
# - parameter list: col lam, col flux, col dflux, and col mask

columns: Wavelength Extracted OPT Error OPT NULL

# Default error relative to mean for the case that the error column is missing
default error: 0.01

[...]

trans: molecfit can fit both emission and transmission features;
columns: column names of the input file

default_error: If no error column is present one can give a default error here
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Parameters: Sections , Directory” and ,,Input Data“

[...]

# Multiplicative factor to convert wavelength to micron
# (e.g. nm -> wlgtomicron = le-3)
wlgtomicron: le-3

# Wavelengths in vacuum (= vac) or air (= air)
vac_air: vac

[...]

wigtomicron: Molecfit calculates internally in [um]. Thus one needs to specifiy the
wavelength unit in the input spectrum

vac_air: Wavelength regime; depends on the pipeline output
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«“

Parameters: Sections , Directory” and ,,Input Data

[...]

# ASCII or FITS table for wavelength ranges in micron to be fitted
# (path relative to basedir or absolute path; default: "none")
wrange include: none

# ASCII or FITS table for wavelength ranges in micron to be excluded from the
# fit (path relative to basedir or absolute path; default: "none")
wrange exclude: none

# ASCII or FITS table for pixel ranges to be excluded from the fit

# (path relative to basedir or absolute path; default: "none")
prange exclude: examples/config/exclude crires.dat

[...]

Definition of the range files
wrange_include: Path to the file defining the fitting ranges

wrange_exclude: Exclusion range in A space

ange_exclude: Exclusion range in pixel space
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Parameters: Section , Results”

[...]

## RESULTS
# Directory for output files (path relative to basedir or absolute path)
output dir: output

# Name for output files

# (supplemented by " fit" or " tac" as well as ".asc", ".atm", ".fits",
# ".par, ".ps", and ".res")

output name: molecfit crires

# Plot creation: gnuplot is used to create control plots

# W - screen output only (incorporating wxt terminal in gnuplot)

# X - screen output only (incorporating x11 terminal in gnuplot)

# P - postscript file labelled ’<output name>.ps’, stored in <output dir>
# combinations possible, i.e. WP, WX, XP, WXP (however, keep the order!)

# all other input: no plot creation is performed
plot creation: XP

# Create plots for individual fit ranges? -- 1 = yes; 0 = no
plot range: O

[..]

output_dir: directory where all output files are stored in

tput_name: Defines name space for output files

Qlot_creation: Defines type of output plots

nnsorugglot range: Defines whether plots for ALL fitting ranges should be created individually -
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Parameters: Section ,,Fit Precision”

[...]
## FIT PRECISION
# Relative chi2 convergence criterion

ftol: le-2

# Relative parameter convergence criterion
xtol: le-2

[...]

mpfit stops the fitting procedure as soon as either the y2-value or the fitting parameters
change less than a given certain limit

ftol: Convergence criterion for the variation of the y2-value
xtol: Convergence criterion for the variation of the fitting parameters

Note: Use with care!
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Parameters: Section ,,Molecular column®

[...]

# List of molecules to be included in the model
# (default: 'H20', N val: nmolec)
list molec: H20 CH4 O3

# Fit flags for molecules -- 1 = yes; 0 = no (N val: nmolec)
fit molec: 1 1 1

# Values of molecular columns, expressed relatively to the input ATM profile
# columns (N val: nmolec)
relcol: 1. 1. 1. Ho | ™o ™ ho T ‘ ' ™ ho

[...] S 08

list_molec: List of molecules to be ¥ | .

Ll L | S L L TR T | L L V- TR | L
1.2 14 1.6 1.8 2 2.2 24 286

considered by the radiative 1 s
transfer code; Depends on the chosen fitting range

fit_molec: Defines, whether a molecular column should be fitted or assumed to be constant
col: Scaling factor for the molecular column (starting value);

DTE: # of values in fit_molec and relcol must be equal to number of molecules (order!);
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Parameters: Section , Background and continuum®“

[...]

## BACKGROUND AND CONTINUUM

# Conversion of fluxes from phot/ (s*m2*mum*as2) (emission spectrum only) to

# flux unit of observed spectrum:

# 0: phot/ (s*m”2*mum*as”2) [no conversion]

# 1: W/ (m"2*mum*as”™2)

# 2: erg/ (s*cm”2*A*as”"2)

# 3: mJy/as”2

# For other units, the conversion factor has to be considered as constant term
# of the continuum fit.

flux unit: O

# Fit of telescope background -- 1 = yes; 0 = no (emission spectrum only)
fit back: 0

# Initial value for telescope background fit (range: [0,1])
telback: 0.1

[..]

flux_unit: Same as wlgtomicron, but for the flux (internal units: photons/(s*m?*um#*as?) )

fit_back: Defines, whether the telescope background should be fitted (greybody). Only
important for emission spectra (parameter: trans: 0)
back: Initial value for the telescope background (greybody factor)
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Parameters: Section , Background and continuum®“

[...]

# Polynomial fit of continuum --> degree: cont n
fit cont: 1

# Degree of coefficients for continuum fit
cont n: 3

# Initial constant term for continuum fit (valid for all fit ranges)
# (emission spectrum: about 1 for correct flux unit)
cont const: 1.

[...]

fit_cont: Defines whether the continuum should be fitted as poynomial

cont_n: degree of continuum polynomial

cont_const: Initial constant continuum value; Can be only roughly in the order of the
continuum level
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Parameters: Section ,,Wavelength solution”

[...]

## WAVELENGTH SOLUTION
# Refinement of wavelength solution using a polynomial of degree wlc n
fit wlc: 1

# Polynomial degree of the refined wavelength solution
wlc n: 3

# Initial constant term for wavelength correction (shift relative to half

# wavelength range)
wlc const: O.

[...]

fit_wilc: Defines whether the wavelegth grid should be fitted with a Chebyshev polynome

wlic_n: degree of Chebyshev polynomial 1o Y \( X 70

wlc_const: Initial constant term for the wavelength 3 YX\ =/ =///’

correctopm :E ; X n=s N / //

I
Tt
<

|
=]
tn
=]
=]
tn
-
=]
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Parameters: Section , Resolution”

[...]

## RESOLUTION
# Fit resolution by boxcar -- 1 = yes; 0 = no
fit res box: 0

# Initial value for FWHM of boxcar relative to slit width (>= 0. and <= 2.)
relres box: 0.

# Voigt profile approximation instead of independent Gaussian and Lorentzian

# kernels? -- 1 = yes; 0 = no
kernmode: 0

[...]

fit_res_box: Defines whether the Line Spread Function (LSF) kernel should contain a boxcar
component

relres_box: Initial value for the BOXCAR component relative to the slit width

kernmode: molecfit can fit the line profile by either a Voigt profile, or by independent
Gaussian/Lorentzian kernel
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Parameters: Section , Resolution’

[...]

# Fit resolution by Gaussian -- 1 = yes; 0 = no
fit res gauss: 1

# Initial value for FWHM of Gaussian in pixels
res gauss: 1.

# Fit resolution by Lorentzian -- 1 = yes; 0 = no
fit res lorentz: 0

# Initial value for FWHM of Lorentzian in pixels
res lorentz: 0.5

[...]

fit_res_gauss:
rel_gauss: Initial value for FWHM of the GAUSSIAN component

fit_res_lorentz:

_lorentz: Initial value for FWHM of the LORENTZIAN component
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Parameters: Section ,Instrumental parameters’

[...]

## INSTRUMENTAL PARAMETERS

# S1lit width in arcsec (taken from FITS header if present)
slitw: 0.4

slitw _key: ESO INS SLIT1 WID

# Pixel scale in arcsec (taken from this file only)
pixsc: 0.086
pixsc_key: NONE

[...]

slitw: Slit width in arcsec (taken from FITS header if present)
slitw_key: fitsheader keyword describing the slit width
pixsc: Pixel scale in arcsec

pixsc_key: fitsheader keyword describing the pixel scale
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Parameters: Sections ,,Ambient parameters” and ,,Atmospheric
profiles”

These sections incorporate parameters describing the date/time of the observations, the

airmass, atmopsheric state during the time of the observations (r,,, P, T, M1 temperature,...),
longitude/latitude of observatory, ....

Mostly taken from fits header keyword (,,<parameter>_key“), or should not be modified.
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Invoking skycorr:
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Skycorr User Manual, VLT-MAN-ESO-19550-%8BE.
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Invoking skycorr:

* Reflex
e console:

<inst dir>/bin/skycorr <parameterfile>

<parameterfile>:

contains all information required for the removal of sky emission lines for a specific file,
i.e. filenames, fitting parameters, output,....

Skycorr User Manual, VLT-MAN-ESO-19550-%8BE.
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Parameter file: plain ASCII file = text editor (asmolecfit)

# ____________________________________________________________________________
$oomm o INPUT PARAMETER FILE FOR SKYCORR —-—=-—=-—=-—=—————————————
# ____________________________________________________________________________
$omm o DIRECTORIES + FILES————————-———————————om—m o -

# Absolute path of skycorr installation directory
INST DIR=../../

# Absolute or relative (with respect to INST DIR) path and filename of input
# object spectrum
INPUT OBJECT SPECTRUM=src/test/data/sky sinfo 1.fits

# Absolute or relative (with respect to INST DIR) path and filename of input
# sky spectrum
INPUT SKY SPECTRUM=src/test/data/sky sinfo 2.fits

# Absolute or relative (with respect to INST DIR) path and filename of output
# directory (will be created if not present; default: <INST DIR>/output/)
OUTPUT DIR=output

# Main name of diagnostic output files, extensions will be added
OUTPUT_NAME=TEST—SINFO—H

comments (,#°)

Sections

| parameter:

<parname>: <parvalue>
- Or‘ -

<parname>
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Parameter file: plain ASCII file = text editor (asmolecfit)

# Absolute path of skycorr installation directory
INST DIR=../../

# Absolute or relative (with respect to INST DIR) path and filename of input
# object spectrum
INPUT OBJECT SPECTRUM=src/test/data/sky sinfo 1.fits

# Absolute or relative (with respect to INST DIR) path and filename of input
# sky spectrum

INPUT SKY SPECTRUM=src/test/data/sky sinfo 2.fits

# Absolute or relative (with respect to INST DIR) path and filename of output
# directory (will be created if not present; default: <INST DIR>/output/)

OUTPUT DIR=output

# Main name of diagnostic output files, extensions will be added
OUTPUT_NAME=TEST—SINFO—H

[..]

Section for FILES and DIRECTORIES [...]
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Parameter file: plain ASCII file = text editor (asmolecfit)

e INPUT STRUCTURE----=---—————————————————————— ——
# Names of file columns (table) or extensions (image)

# A list of 4 labels has to be provided:

# 1: wavelength [image: NONE if dedicated extension does not exist]

# 2: flux [image: NONE if in zeroth, unnamed extension]

# 3: flux error [NONE if not present]

# 4: mask (integer: 1 = selected, 0 = rejected;

# float: 0. = selected, otherwise rejected) [NONE if not present]

COL NAMES=lambda flux NONE NONE

# Error relative to mean if no error column is provided (default: 0.01)
DEFAULT ERROR=0.01

# Multiplicative factor to convert wavelength to micron
# e.g.: wavelength unit = A -> WLG _TO MICRON = le-4
WLG_TO MICRON=1.

# Wavelengths in vacuum (= vac) or air (= air)

VAC AIR=vac
[...]

Section for INPUT structure[...] : asformolecfit
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Parameter file: plain ASCII file = text editor (asmolecfit)

Section for EXPERT MODE: Should be used with care!

FITS keywords, line lists, scaling parameters for airglow, solar radio flux database, etc....

STEEL
Erice - 15.10.2015



Parameter file: plain ASCII file = text editor (asmolecfit)

o LINE IDENTIFICATION-—-————————————————————————————
# Initial estimate of line FWHM [pixel]

FWHM=5.0

# Variable line width (linear increase with wavelength)? -- 1 = yes; 0 = no
VARFWHM=0

# Relative FWHM convergence criterion (default: le-2)
LTOL=1e-2

# Minimum distance to neighbouring lines for classification as isolated line:
# <MIN LINE DIST> * <FWHM> [pixell]
MIN LINE DIST=2.5

# Minimum line peak flux for consideration of lines from airglow line list:
# <FLUXLIM> * <median flux of identified lines>

# Automatic search -> FLUXLIM = -1 (default)

FLUXLIM=-1

[..]

FWHM: Estimate of the FWHM for the line identification

VARFWHM: Switch whether the FWHM should be assumed to be variable
“MoL: convergence criterion for the FWHM fit
IN_LINE_DIST: min. distance between two lines to be assumed as being separated ([FWHM])
UXLIM: minimum line peak flux to be considered from the airglow line list
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Parameter file: plain ASCII file = text editor (asmolecfit)

e FITTING OF SKY LINES——-—————————————————m—
# Relative chi”2 MPFIT convergence criterion (default: le-3)
FTOL=1le-3

# Relative parameter MPFIT convergence criterion (default: le-3)
XTOL=1e-3

# Relative chi”2 convergence criterion for iterative improvement of
# wavelength grid (default: le-3)
WTOL=1e-3

[...]

Parameters for fitting the sky emission lines: same asmolecfit

WTOL: convergence criterion for the wavelength fit
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Parameter file: plain ASCII file = text editor (asmolecfit)

# Maximum degree of Chebyshev polynomial for wavelength grid correction:
# -1 = no correction

# 0 = linear term (coef. = 1) is also considered but not fitted

# 7 = default

CHEBY MAX=7/

Minimum degree of Chebyshev polynomial for wavelength grid correction.
CHEBY MIN <= CHEBY MAX:

- Iterative increase of polynomial degree at least until CHEBY MIN
(default: 3).

- Procedure stops if chi”2 gets worse or CHEBY MAX is reached.

- Results of degree with best chi”2 are taken.

CHEBY MIN > CHEBY MAX:

- Iterative increase of polynomial degree until CHEBY MAX is reached.
- Results of degree CHEBY MAX are taken.

CHEBY MIN=3

H= FH o H S H FH

# Initial constant term for wavelength grid correction (shift relative to half
# wavelength range)
CHEBY CONST=0.

[..]

rameters for fitting the wavelength grid with Chebyshev polynomials
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Parameter file: plain ASCII file = text editor (asmolecfit)

[...]

# Type of rebinning:

# 0 = simple rebinning (summation of pixel fractions)

# 1 = convolution with asymmetric, damped sinc kernel [default]
REBINTYPE=1

# Minimum relative weight of the strongest line group of a pixel for
# including a pixel in the line fitting procedure (default: 0.67)
WEIGHTLIM=0.67

# Sigma limit for excluding outliers (e.g. object emission lines) from
# estimate of group flux correction factors (default: 15.)
SIGLIM=15.

# Lower relative uncertainty limit for the consideration of a line group for
# the fitting procedure. The value is compared to the sigma-to-mean ratio of
# the group-specific flux correction factors of the initial estimate

# (default: 0. -> include all fittable line groups).

FITLIM=0.

[..]

REBINTYPE: Output can be rebinned, defines simple/kernel convolution rebinning
EIGHTLIM: minimum relative weight for the strongest line group of a pixel

LIM: Exclusion criterion for outliers

LIM:
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