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EELT

A mainly infrared telescope
A groundbased =# | i ght has to pass the Eal
A impact of atmosphere high in the IR, higher than in optical
= corrections required to recover astronomical spectra
critical for observations with ELTs
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Earthos At mosphere: Effects
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Earthdos At mosphere: Layers
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Standard Atmosphere
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Eart hdos At mosphere
Interaction with Radiation and Charged Particles
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Transmission

Transmission

Atmospheric Absorption: Optical + NIR

"
i PR
Dd ; —
(y band) O, (B band)
"0, (Aband)
] L 1 i 1 ] 1 ‘ ] 1 | 1 ] 1 I 1 ‘-I ‘ 1 1 ] ] 1 ]
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
wavelength [um)]
T T T I T T r T T T r T T T 1 T T T 1 T T T T T [ T T T T
HED HEO | Hzo | Hzo
"| A
0.8 |-
0.6 -
0.4
0.2 |-
U =
1 1.2 1.4 1.6 1.8 2 2.2 2.4 286
wavelength [pm]
Smette et al. 2015, A&A, 576, A77
STEEL

Erice 6 15.10.2015



Atmospheric Absorption: MIR

Smette et al. 2015, A&A, 576, A77
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Variability: H ,0

GDAS profile: 2012-01-01T00.gdas

Relative humidity PW Temperature
30000 T T T T [mmi] 30000 T T
25
25000 PWV = 63 mm | 25000 | -
20
e 20000 Fmm———— 1 — 20000 [ =
= T E /
o = | == 1 E 5 \
£ 15000 [ 1 £ 15000 [ L ]
a _F______,«-" rm @ =
P00 =t st - 10 T 1po00 N .
e ——— \‘\
5000 [ e s i 5 5000 |- T .
o 5
o i T | 0 0 i i \'“i
0 20 40 =18 80 100 150 200 250 300 350
rp [%e] T[]
Transmission
T I
Location: Cemo Paranal, Chile
Lat: 2493 1S
Lon; -70° 24F =
Height; 2635m
|_
\ﬂ;MJluM|MFLM_
| | |
5 10 15 20 E 30

wavelength [rmu m]

STEEL
Erice 6 15.10.2015



Variability: H ,0
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Cerro Paranal :

PWV from X-shooter echelle spectra
Kausch et al. 2015, A&A 576, A78

E A 07/2014

Global Aqua/MODIS data for
January and July 2014

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

CO, (umol mol ™)
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Variability: Aerosols

January 2014 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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Figure 5. Globally averaged N,O mole
fraction (a) and its growth rate (b) from

Figure 4. Globally averaged CH, mole
fraction (a) and its growth rate (b) from
1984 to 2013. Differen ' ]
annual means are s
columns in (b).

Figure 3. Globally averaged CO, mole
fraction (a) and its growth rate (b) from
1984 to 2013. Differences in successive
annual means are shown as shaded
columns in (b).

What about emissiorf?

WMOGreenhouse Gas Bulletin No. 10, 6 Nov 2014
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Airglow

= light emission by
chemiluminiscence

A upper atmosphere
(meso - to thermosphere)

NASA
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Airglow
e. . poweredlulmy st et reme UV phec

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

STEEL
Erice 6 15.10.2015



Airglow

Red Ol airglow

Reaction :

O,"+e-A O+ O('D)

O(*D) A O(®P,) + hn (630.0nm)
O('D) A O(®P,) + hn (636.3nm)

Bates (1982)

red Ol@630. O 636. 3nm
¢ ~270km

: A
Il B V.

NASA .

L
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Airglow

Oxygen airglow

Reaction : )
OO+ =0 O
O, + hn(<0.24pm) A O+ O ©
O + O + MM O ", l
02*+O A 02+O*( lS) ' grie_r;_c;xygenline

O*(19 A O(D) + hn
(green 557.7nm)

~97km

Barth & Hildebrand (1961 )

NASA .
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Airglow

NaD airglow

Reaction :

Na+O3;A NaO +0O,
NaO +O A Na(?P) + O,
Na(2P) A Na(?2S) +hn (Doublet)

see Khomich (2008)
for an overview

/\
// \/
\//

* NaD Doublet: ~95km
' 1=588. 9950nm (D2) und 589 5924 nm (D 1)

NASA .
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Airglow

airglow continuum
Reaction :

NO +O A NO.,*

NO.* A NO, + hn (I ~0.6um)

NO,+O A NO + 0O,

longer 1: probably NO+ O ,
(not yet fully clarified)

~90km

Krassovsky (1951)

Rel. radiance

0.6 0.7
Wavelength [um

NASA
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Airglow

Hydroxyl (OH) airglow
Reaction :

Dissociation of H,O and O, A
atomic O and H

O+0,A O;+M

H+O;b6 OH*O, +

vib -rotational transisions (OH bands )

(0.5um < T < 5pm)

~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 spectra: 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

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

100 k= m fM
A climate change (decades ) ol So— ﬁM&V L
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NASA
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Variability

A climate change (decades )
A solar cycle (11yr)
A seasonal (months): induced due to seasonal changes (temperature )
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Variability

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

A seasonal (months)

A planetary waves (few days

NASA/GSFC
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Variability

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

A seasonal (months)

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

1yo [K]

Lan

L&o

L70

150

4,

|
]
A4

[ -+ e s R I I

4]

Tocal tilme [L]

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

A
A
A
A
A
A

climate change (decades )¢
solar cycle (11yr) e
seasonal (months) :
planetary waves (few days,
diurnal (24h)
gravity waves (minutes)

il

2 ]

A s
L

MAOD

Wikipedia / NASA
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Variability

A
A
A
A
A
A

climate change (decades )
solar cycle (11yr)

seasonal (months)
planetary waves (few days)
diurnal (24h)

gravity waves (minutes)

All Sky Image
ESO/VLT
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How can we get rid of this?

Plan #1.:
Go to space

STEEL
5.10.2015



Armada of Space Observatories
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Go to Space

Disadvantages

A high risk

A very expensive

A limited payload

A limited lifetime

A no maintainance / upgrades

STEEL
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How can we get rid of this?

Plan A:
Supplementary calibration
frames
aClassical method 0
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Correcting for

absorption

Required : transmission spectrum

Telluric standard stars:

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

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

A observation directly before /after
the science target

emission

STEEL
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I I | I T | 1
12 - — TS5 #1: Hipha4e0h
L] base points

[=F g T T

i)

CH

counts [ADU] (- 10%)

Transmission

TSS minus spline fit Co, o,
| | | | | | : [ | | |

1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2 21 22 23 24
wavelength [pum]

Kausch et al, 2015, A&A, 576, A78
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Correcting for

emission

Required : airglow spectrum

Plain sky observations

A LSSportion of the slitw/o object
A specific sky spectrum taken
before/after the science target and
A taken in the very vicinity of
the science target
A same exposure time

Very expensive in terms of telescope time
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How can we get rid of this?

Plan a:
Modelling
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Correcting for

absorption

Required : transmission spectrum

Telluric standard stars:

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

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

A observation directly before /after

the science target

molecfit
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Telluric Absorption Correction with  molecfit

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

A derive the atmospheric state from its fingerprint in the science spectra

A calculation of synthetic transmission spectra corresponding to this state
by means of a radiative transfer code

A iteratively fitting these spectra to absorption features in science spectra

A use the best -fit transmission for the telluric absorption correction

Features:

A comprehensive software suite for telluric absorption  correction
A instrument independent

A world -wide use

A based on Ansi-C A high compatibility (Linux+MacOS )

A freely available *

[1] Smette etal . 2015, A&A, 576, A77
[2] Kausch et al. 2015, A&A, 576, A78
*http :// www.eso.org/pipelines/skytools
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Telluric Absorption Correction with  molecfit

Parameter file List of spectra
by molecfit «—fitting of spectral features in the
fitting ranges A best fit solution
pagg'ir;?ers Best fit? -
g P ¢ c alculation of th_e transmlss!on
based on the fit + application
' ' of the telluric abs. correction
" epectnm Cor. funciion
corrfilelist <_appllca_tlon of the correction to
other files.

Y

List of telluric absorption
corrected (TAC) spectra
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Radiative Transfer Code

LBLRTM ([1]1[2]) atmospheric

Line DB profile

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

A Vv12.2 Y
A widely used in atmospheric research LNFL
A stillbeing further developed

A

LBLRTM <
}
Synthetic
transmission
[1] Clough et al., 2005, J. Quant. Spectrosc . Radiat . Transfer , 91, 233-244
[2] Clough etal., 1992, J. Geophys.Res. , 97,15761 -15785

[38]1 http  :/Irtweb.aer.com/lblrtm_frame.html
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Radiative Transfer Code: Line Database

HITRANdatabase ([1],[2],[3]):

w39 different molecules

A 2,713,968 spectral lines

A calculated & observed data
A V13 (HITRAN2008)

-m —H.,0
i e
w25 —
==ttt 1 —
o _—
R
o 10 —
E =
_ﬁ —
e A0y
1] 2 4 ] o 10 T
[1] Atomic and Molecular Physics Division, Harvard - Smithsonian Center for  Astrophysics
[2] Rothman etal., 2009, Journal of Quantitative Spectroscopy  and Radiative Transfer, vol. 110, pp. 533-572
[8] http  ://www.cfa.harvard.edu/HITRAN /
STEEL
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Radiative Transfer Code: Atmospheric Profile

A
A
A

Static atmospheric standard profile

Global

GDAS* weather model: 1

Local meteorological data for height of site:
header if present ) A ESOMeteoMonitor

atmospheric standard profile

(P, T,mixing ratios for many molecules)
°x 1° grid, every 3 h, profiles for

P, T,ry

P, T,and r,(taken from FITS

GDAS profile: 2012-12-30T03.gdas

140 140 —
s GDAS-profile:  2012-12-30T03.gdas GDAS profile database [1]:
120} PO 120 \ Location: Cerro Paranal, Chile provided by ARL/NOAA [2]
100} P i 100 % Lat: 24° 37'S worldwide 1°x1° grid
T f.\ T W _— Lon: -70° 24 12/2004 - present
2 80+ ™~ = = 80 \\ Height: 2635m 3h basis
=S : 5 S
3 60} s k- 60} N
= 3 = S ) e PWV
40+ 40 \\ ____________ Relative humidity {rrm) Temperature
201 :‘,"’ 20 5 e 30000 25 30000
R e
0! - S 2 0 : - Hoci PWV = 3.1 mm /
150 200 250 300 350 400 10 5 1 0“ 10° . 25000 7 20 25000 /
Temperature [K] Pressure [mb] Ho F‘:"
o 20000 [ 4 20000 /
ngt.atm = Mid-Latitude, night-time atl = 15 = /
140 : : ' s E E §
£ £ 15000 [ £ 15000
120 | . o = \
\ P T - 10 T X
_ 100 - | F22 10000 [ 10000 \\
£ i 4 == N\
% 80 ‘.‘ E COF: s " 5 \
% 60+ 5 i H202 5000 [+ = 5000 \\
= 1 2z N
40 } | c2He . = A
\“‘ i - O 1 O O 1 1 1
20+ X "'k : o sm ] 20 40 60 80 100 150 200 250 300 350
gl . | | A A P (%] TIK]
107 107 10" 10° 10° 10° 10"
[ppmv]
*ftp ://ftp.arl.noaa.gov/archives/gdasl/
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mpfit Package

A Software package for fitting issues

A Levenberg -Marquardt technique for solving the least-squares
problem

A Fitting core in molecfit

A freely available

A very versatile (also used for skycorr )

A in ANSI-C and IDL

https://lwww.physics.wisc.edu/~ craigm/idl/cmpfit.html STEEL
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nolecfit Workflow

DATE-0OBS
¥
. ) m heri
science input GDAS atst:rfgafd #
spectrum profile profile
b A
ESO-MM

e il merged profile
2
@
o,
Ly
o )
8 o) *
O E| ‘
e k|
o e et -
o | Radiative Transfer Code -
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nolecfit Workflow

O 0]
-
s g
o Rl
y L1+
Legend:
[ = extenal input
] =software
- STEEL
= output Erice 8 15.10.2015




Fitting Procedure

Fitting ranges: lines of intermediate 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
instrumental 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)
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Fitting Procedure

.2minimisation by a Levenberg -Marquardt techniqgue  (mpfit[1])
Fitting parameters

A Scaling factors for molecular profiles

A Coefficients of polynomials for continuum fit

A Coeff.ic?ien.ts of Chebyshev polyljomials for Chebyshepolynomials
modification of wavelength grid

A Widths of boxcar , Gaussian, and Lorentzian \(Y / "0
\.\ =1 /

for instrumental profile (alternative: user- o /x\ _ _ / //
/ : n=2

provided kernel B no fit)
A Emissivityof greybody (only for fit of sky
emission spectra in the thermal IR) Iy

[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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nolecfit Workflow
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Telluric Absorption Correction with  molecfit

Parameter file List of spectra
by molecfit «—fitting of spectral features in the
fitting ranges A best fit solution
pagg'ir;?ers Best fit? -
g P ¢ c alculation of th_e transmlss!on
based on the fit + application
' ' of the telluric abs. correction
" epectnm Cor. funciion
corrfilelist <_appllca_tlon of the correction to
other files.

Y

List of telluric absorption
corrected (TAC) spectra
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Results/Comparison CRIRES
A hires IR spectrograph

A 1-5.2pum
Comparison of observed and best-fit model spectrum
1 1 1 1 1 1 1 ||
40 -
35
30 ﬁ
25 | —
20 L
15 |-
10 | l
{) !
U le I I I 1 I 1 L
3.28 329 33 331 132 3.33 3.34 3.35
Wavelength [micron Obs. s —_
gth [micron] + s spocirum —
6 1 1 1 1 1 1 1 | |
4k -
i :
2' 0
é )
22 -
- §
)
% |- -
'8 ] ] ] ] | ] | [ |
3.28 3.29 33 331 332 3.33 334 3.35
Wavelength [micron]
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Results/Comparison CRIRES
A hires IR spectrograph

A 1-5.2um

Quality of telluric absorption correction

Radiance

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

A 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, A77
STEEL
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Results/Comparison

Comparison with TSS

' “ 12000 T . T . T T
12000 | V921-Sco ‘ 11000 - NGC5812
o |
10000 | 10000 H(4-10) H(4-11) H(4-12)
(1.64117 pm) (1.68111 pm) (1.73669 pm)
=) = 9000t .
= 8000} 2
= < 8000}
£ 6000 | w2
3 ’ ’ S 7000}
O (&)
oo A n"\wrww
Wb |
5000
2000 r |
‘ | 4000 |
0 1 1 1 L 1 1 1 L
1.31 1.32 1.33 1_34 1 35 1_36 1.62 1.64 1.66 1.68 1.7 1.72 1.74
wavelength [um] wavelength [um]

Object spectrum
molecfit correction
— Classical method correction

Kausch et al. 2015, A&A, 576, A78
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Limitations

External :

A Accuracy of the line database
A Radiative transfer code accuracy
A Initial atmospheric profile

Internal:

A Low S/N spectra cannot be fitted reliably

A Number of fitting parameters (I -fit, continuum |, LSF, é.)
A Intrinsic spectral features of the object

A Resolution
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Correcting for

emission

Required : airglow spectrum

Plain sky observations

A LSSportion of the slitw/o object
A specific sky spectrum taken
before/after the science target and
A taken in the very vicinity of
the science target
A same exposure time

skycorr
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Sky emission removal with  skycorr

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

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

A Iteratively fitting OH line groups individually to corresponding OH emission
features in science spectra

A Usethe best-fit sky spectrum for the sky emission removal

Features: -

A Comprehensive software wwlis T $80 g3 = s § 7 @ &
suite for sky emission 1335 s5 3553 5 3 3 3
removal 36405 |

A Instrument independent I

2e+06 |

A world -wide use |

A based on Ansi-C esos L L L T I R |
A freely available * 0 M m Ll |‘1uu. HML_,)MN\

1.2 14 1. 18 2

Flux [photonsfsfmzfmicronfarcsec 2]

wavelength [micron]

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

15t step

Sky spectrum

Line / continuum
separation
+

FWHM estimate

skycorr

Continuum
subtraction

Object spectrum

Line / continuum
separation
+

FWHM estimate

Y

Continuum
subtraction

Line group
weight estimate

|

\ 4

Fitting of A and line flux (mpfit)

Subtraction

object - sky spectrum
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Continuum/Line Separation

A lines:
sky emission (airglow OH, O, [1])
Intrinsic object features

A continuum :
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

Noll etal. 2014, A&A, 576, 25
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