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Standard (unmodified) Lambert attenuation Law

% = —w. (1)

The solution of Eq. (1) yields Beer’s absorption law:
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Fig. 1. A photon flux ¢ is impinging on a thin slab of thickness dz

and area A. The density of the atoms is given by N, therefore, a p— no-
there are N,dzA atoms in the thin slab. If the effective area of

an atom is o, the probability of a collision (i.e., absorption) is

6NAdz/A = 6N;dz = adz. Therefore the attenuation of the photon

flux ¢ would be —a¢pdz. This model neglects the effect of stimulated

emission and spontaneous emission.
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Modified Lambert Law :
Application to a 2-level state : Absorption extinction follow a so-called Lambert-W
or Write-Omega function

sity), this law breaks down. This is because at high
photon flux the processes of stimulated emission and

spontaneous emission cannot be ignored. They start We introduce # = 2(i2)in /s as a dimensionless quantity:
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We arrive at an expression for ¢(z) in terms of the 0.2
Lambert W-function:
0.0%% > 3 6 8 70
1 Length L
¢(2) — o W(267¢( ) eXp[ZGTd)(O) - NtUZ])- (11) From “Correction to the Beer-Lambert-Bouguer law

207 13,2024, LPNHE for optical absorption” (Abitan et al.,2008) 3



Predicted transmission and extinction for the modified
Lambert Law (for 2-energy levels system)

transmission predicted by two-levels system with Wright-omega function

transmission vs optical depth effective extinction vs optical depth
L0 by 10_::E3ﬁ extinct = =2.5%np.1log10(T)
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T = 1/k#wright k+np. log (k) -
n(x) = =W(in(k) + & — aL). /kxwrightomega (k+np.log(k)=-x)

X |-

T = 1/kxlambertw(np.exp(k+np.log(k)=-x))

Workshop StarDice, Dec 11-13, 2024, LPNHE 4



Functions Wright-omega and Lambert-W

Wright-Omega function Lambert W functions
8 T —— python Wright-omega function
----- python Wright-omega function through lambert W (k=0) 0.0 /r’—
Relevant branch of W function
6 4
—2.51
>4 > _5.0-
—— python Lambert W function k=0
2 —7 5 ) —— python Lambert W function k=-1
—— python Lambert W function k=1
—— python Lambert W function k=-2
0- —10.0 ' python Lambert W function k=2
0 5 10 0 1 2 3
X X
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Rayleigh (scattering)
extinction (libradtran)
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A = 350 nm fit :
A = 400 nm fit :
: slope = 0.173 mag/airmass const = 0.000 mag

mes A = 450 nm fit
A = 500 nm fit :
A = 550 nm fit :
A =600 nm fit :
A =650 nm fit :
A =700 nm fit :
A =750 nm fit :
A = 800 nm fit :

A = 850 nm fit

A = 950 nm fit
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300 400 500 600

slope = 0.495 mag/airmass const = 0.000 mag
slope = 0.283 mag/airmass const = 0.000 mag

slope = 0.112 mag/airmass const = 0.000 mag
slope = 0.076 mag/airmass const = 0.000 mag
slope = 0.054 mag/airmass const = 0.000 mag
slope = 0.039 mag/airmass const = 0.000 mag
slope = 0.029 mag/airmass const = 0.000 mag
slope = 0.022 mag/airmass const = 0.000 mag
slope = 0.017 mag/airmass const = 0.000 mag

: slope = 0.013 mag/airmass const = 0.000 mag
ws A = 900 nm fit :

slope = 0.010 mag/airmass const = 0.000 mag

: slope = 0.008 mag/airmass const = 0.000 mag

= A = 1000 nm fit : slope = 0.007 mag/airmass const = -0.000 mag

700 800 900 1000 1100

A (nm)

Bouguer-line extrapolation
at the TOA
(Top of Atmosphere)

Behaves as expected like a pure original Lambert Law (exponential)



PWV extinction saturation at
selected wavelength

e saturation

Not simple extrapolation at the TOA (Top of Atmosphere)
See the mathematics afterward

PWV Air extinction vs airmass x pwv

1.6 m— ) =719 NM
. — ) =725

14l  X-scale linear — =728 nm
—_ A=817 nm
D i A=823 nm
g 1.2 L A=828 nm
:’é 10| Non-Linear Extrapofation at 0. Aot
£os| forairmass=0~ .-~ i
= e s A =952 NM
2 0.6 EAl — A =975 nm
2 0.4 1 / el icasessseniey
| / Resperee T AL

021 Y sttt O

0.0 é.—...._..———-{"""“'_

0 5 10 15 20 25 30 35

airmass X pwv (mm)

—2.5l0g10 (Tpwy) (Mag)

100 ]

10-1 ]

10—2.

10—3.

ObsAtmo : H20 absorption for different pressures, am = 1.0
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standard and observed transmission for airmass 1.20

L] [ L] L] 1.0_
PWV extinction saturation in ¢
0.8
LSST bands ;
5 0.61
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relative extinction for a flat SED wrt pwv = 0 mm é 0.2
| vandLssro ©
400 1 i T 0:07
_ | peiim Y 400 600 800 1000
§300- A
E Procedure :
c
£ 00 » Compute the instrumental magnitude for a flat
£ z SED for each airmass x PWV
2 100 » Subtract the instrumental magnitude for pwv
=0 mm at the same airmass
0.

T e TR Note all in-band points are aligned along the
airmass x PWV(mm) same curve

- wrt airmass x pwv whatever the airmass is
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Comparison of PWYV attenuation at wavelengths or

integrated over the band

PWV Air extinction vs airmass x pwv
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airmass x pwv (mm)

Take home message : strong saturation for PWV component

m— A =719 nm
A =725 nm
A =728 nm
A=817 nm
A=823nm
A=828 nm
A=900 nm
A=910 nm
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PWV Air extinction vs airmass x pwv
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» Attenuation is driven by target density (H20) not by

the interaction strength
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—2.510910 (Tozone) (Mag)

Ozone and saturation

at selected wavelengths ?

Ozone extinction vs airmass x ozone in Chapuis band

0.20
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airmass x ozone (DU)

No ozone saturation

- Even in Huggins band
- Low density number of
absorption molecules

A = 400 nm fit :
A = 450 nm fit :
+ A =500 nm fit :
A =550 nm fit :
A = 600 nm fit :
A = 650 nm fit :
A =700 nm fit :
A =750 nm fit :
A = 800 nm fit :

ObsAtmo : Ozone absorption for different pressure, am = 1.0

1.00

0.98 1

0.96 1

iion

slope = 0.000 mmag/DU const = 0.000 mmag
slope = 0.005 mmag/DU const = 0.000 mmag
slope = 0.036 mmag/DU const = -0.000 mmag
slope = 0.093 mmag/DU const = -0.001 mmag
slope = 0.142 mmag/DU const = -0.001 mmag
slope = 0.070 mmag/DU const = -0.000 mmag
slope = 0.027 mmag/DU const = -0.000 mmag
slope = 0.011 mmag/DU const = 0.000 mmag
slope = 0.005 mmag/DU const = -0.000 mmag

Ozone extinction vs airmass x ozone in Huggins band
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= A = 300 nm fit :
wesss A = 310 nm fit :
A = 320 nm fit :
A =330 nm fit :
: slope = 0.040 mmag/DU const = 0.002 mmag

A = 340 nm fit

messs A = 350 nm fit :
: slope = 0.000 mmag/DU const = 0.000 mmag

= )\ = 400 nm fit

700 800 900

slope = 10.558 mmag/DU const = -6.681 mmag
slope = 2.511 mmag/DU const = -0.278 mmag
slope = 0.802 mmag/DU const = 0.147 mmag
slope = 0.088 mmag/DU const = 0.016 mmag

slope = 0.002 mmag/DU const = 0.000 mmag



Comparison of Ozone extinction at wavelengths
and in bands

Ozone extinction vs airmass x ozone in Chapuis band
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—2.5l0g10 (To2) (Mmag)

ObsAtmo : 02 absorption for different pressures, am = 1.0
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Di-Oxygen extinction

0.9
Di-Oxygen extinction vs airmass 0.8
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PWV Extinction in libradtran fit with the Lambert-W function (2 params)

from scipy.special import wrightomega, lambertw
from scipy.optimize import curve_fit

def absorption_lambertw(x, a, b ):
return np.real((a * lambertw(xkb ,0)))

PWV Air extinction vs airmass x pwv : Fit of Lambert W function

| Predicted NON-Linear Extr
| foram=0
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PWV Air extinction vs airmass x pwv : Fit of Lambert W function
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Perhaps PWYV absorption is not fully saturated
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O2 Extinction in libradtran fit with Lambert-W function (2 params)

—2.5l0910 (To2) (Mmag)
o o o =
o P o o

o
o

from scipy.special import wrightomega, lambertw
from scipy.optimize import curve_fit

def absorption_lambertw(x, a, b ):

return np.real((a * lambertw(xxb ,0)))

O2Air extinction vs airmass : Fit of Lambert W function

©
>

: A =687 nm
A =689 nm
Predicted NON-Linear Extrapolation at 0 A= 759 mm
|for am=0 s
w— )\ =767 nm
0.0 05 1.0 15 2.0 25 3.0
airmass

Perhaps O2 absorption is fully saturated
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O2Air extinction vs airmass : Fit of Lambert W function
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Take home message on Absorption model

Absorption components in libradtran:

Extinction is fitted by a Lambert-W function

»0zone - No-saturation

»PWW - Strong-saturation but not complete

»02 - Maximal saturation

2-level Model:

* Transmission follows a Lambert-W/Write-Omega function

Absorption in atmosphere is not exactly a 2-level model (absorption band)

» Note : Absorption law could be checked on HiTrans model (applied to light crossing homogenous density medium)
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Atmospheric absorption is not a 2-electronic levels system

Simple 2-electronic levels atomic
model following Lambert modified

Energy

aw for absorption

Electronic energy levels

Absorption

400 500 600 700
Wavelength [nm]

Ey

Figure 4: llustration of three electron energy levels in a molecule and absorption of blue and red light.

Energy

3

—— Electronic + vibrational

energy levels

Absorption

400 500 600

Wavelength [nm]

700

Energy

El ===

More realistic
Atmospheric absorption
atomic &molecular model

Electronic + vibrational +

rotational energy levels

Absorption

400 500 600

700

= i Wavelength [nm]

From https://oceanopticsbook.info/view/absorption/physics-of-absorption

Thus it is not mandatory that the Lambert modified function applies itself to atmospheric absorption
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Transmission extrapolated at airmass =1 (1 night)

» Divide the measured spectrum by the SED x throughput
» Predict transmission at airmass =1 Assuming transmission follow Lambert law

atmospheric transmission for night 20230802

1.2 | 1.9 12 atmospheric transmission for night 20241015
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Extinction curve in PWV absorption region (1-night)

Bouguer curves in PWV region night = 20240925
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Measured Extinction vs airmass
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Extinction : “all selected
Photometric nights”

»  Can further improve
by correcting
transmission for a
grey term

Extinction wrt (z x PWV)
looks slightly different
from a Lambert-W
function

» CBP will provide
instrumental
transmission
» Include more data from

non photometric nights
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Extinction curve in Ozone absorption region (1-night)

Ozone mixed with Rayleigh scattering depending on Pressure

atmospheric transmission for night 20241015
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airmass x ozone (DU) (log scale)
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Extinction curve in O2 absorption region (1-night)

atmospheric transmission for night 20241015
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Rayleigh scattering is mixed with O2 absorption
» Difficult to see 02 absorption saturation
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Take home message

* Understanding atmosphere means understanding extinction with
airmass

» Not only transmission at airmass = 1 or atmospheric parameter values
derived from a librdtran model

* Different extinction curves in different wavelength regions
 Scattering (Rayleigh & aerosol) = Standard Lambert law for atm. Attenuation

* Absorption by components 2
* Modified Lambert law in some cases
e Strong saturation for PWV & 02

 Libradtran absorption (PWV,02) is more compatible to a Lambert-W function applied to
extinction (optical depth)

* In progress : check of these attenuation on Auxtel Spectroscopic Data
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