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1. A
tm
ospheric Layers

A
ssum

ption: atm
osph

e
re
 is in local rad

iative
e
quilib

rium
and

 
th
e
 com

position is approx
im
ate

ly constant.

T
h
e
 structure

 can b
e
 d
e
scrib

e
d
 b
y th

re
e
 param

e
te
rs:

•
altitud

e
 z

•
te
m
pe
rature

 T
(z)

•
te
m
pe
rature

 T
(z)

•
d
e
nsity ρ(z)

T
h
e
 pre

ssure
 P(z) can b

e
 d
e
scrib

e
d
 b
y:

w
h
e
re
 H
= scale

 h
e
igh

t (H
~
 8
km
 ne
ar ground

).

(
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H z

e
P

z
P

−

=
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V
e
rtica

l Profile

Ionosphere

0
<

∂ ∂

z T

0
>

∂ ∂

z T

e
x
ce
pt for 

inve
rsion laye

rs

Ionosphere

C
onstitue

nts of th
e
 A
tm
osph

e
re

•
M
ain constituents:  O

2
and

  N
2

relative constant proportions (7
8
.1%

 N
2 , 2

0
.9
%
 O

2 ) up to 10
0
 km

•
O
zone

–
ab
sorb

s m
ainly in th

e U
V

•
d
istrib

ution d
epend

s on latitud
e and

 season
•
m
ax
im
um
 concentration around

 16
 km

 h
eigh

t

•
C
O
2
 –
im
portant com

ponent for (m
id
)IR

 ab
sorption

•
m
ix
ing ind

epend
ent of altitud

e (sim
ilar to N

, O
)

•
m
ix
ing ind

epend
ent of altitud

e (sim
ilar to N

2 , O
2 )

•
Ions –

varies strongly w
ith
 altitud

e and
 solar activity

•
relevant ab

ove 6
0
km
 w
h
ere reactions w

ith
 U
V
 ph

otons occur:

•
electron sh

ow
ers along m

agnetic field
s cause A

urora
•
at 10

0
 –
3
0
0
 km

 h
eigh

t:  n
e
~
 10

5
–
10

6
 cm

-3

-

2

-
*

2
2

e
O

O
O

     
an

d
     

e
O

O
+

+
→

+
+

→
+

+
+

ν
ν

h
h

•
W
ater vapour

–
causes very strong ab

sorption b
and

s



M
ore

 on W
a
te
r V

a
por

T
h
e w

ater vapor is a strong function of T
and

 z.

T
h
e precipitab

le
w
ater vapor

(PW
V
) is th

e d
epth

 of 
th
e am

ount of w
ater in a colum

n of th
e atm

osph
ere 

if all th
e w

ater in th
at colum

n w
ere precipitated

 as 
rain.  
T
h
e am

ount of PW
V
ab
ove an altitud

e z
0
is:
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S
cale h

eigh
t for PW

V
 is only ~

3
 km

 �
ob
servatories on h

igh
 altitud

es

0
.1 m

m
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V
0
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2
. A
b
sorption of R

ad
iation

A
tom

ic and
 m
olecular transitions th

at cause ab
sorption features:

•
pure rotational m

olecular transitions:  H
2 O
, C
O
2 , O

3 , 

•
rotation-vib

rational
m
olecular transitions: C

O
2 , N

O
, C
O
 

•
electronic m

olecular transitions: C
H
4 , C

O
, H

2 O
, O

2 , O
3 , O

H
 

•
electronic

atom
ic transitions: O

, N
, ... 

T
h
e attenuation

at altitud
e z

0
is given b

y:

for i
ab
sorb

ing species w
ith
 an optical d

epth
 of

(θ
is th

e
 ze
nith

 d
istance

; κ
is th

e
 ab

sorption coe
fficie

nt; ρ
0
is th

e
 m
ass d

e
nsity of air, and

 

r
i (z) th

e
 m
ix
ing ratio).
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A
tm
osph

e
ric B

a
nd
s

T
h
e atm

osph
eric opacity d

efines th
e atm

osph
eric transm

ission b
and

s
–

T
w
o cases of ab

sorption:
total

ab
sorption 

�
atm

osph
eric transm

ission w
ind

ow
s

partial ab
sorption 

�
red

uced
 transm

ission d
ue to narrow

 telluric* 
ab
sorption features

*T
elluric

= related
 to th

e E
arth

; of terrestrial origin

T
h
e atm

osph
eric opacity d

efines th
e atm

osph
eric transm

ission b
and

s
–

and
 th
us th

e w
avelength

s th
at are accessib

le to ob
servations

G
round

 b
ased

 astronom
y is lim

ited
 to visib

le, near/m
id
-IR

 and
 rad

io 
w
avelength

s.  
S
pace astronom

y provid
es access to γ-rays, X

-rays, U
V
, F
IR
, sub

-m
m



S
id
e
 note

:  S
O
F
I
A

F
IR
/sub

-m
m
 astronom

y is also possib
le from

 airplanes, e.g. th
e 

S
tratosph

eric O
b
servatory for Infrared

 A
stronom

y (S
O
F
IA
) 

S
id
e
 note

:  H
I
T
R
A
N

T
h
e H

IT
R
A
N
'2
0
0
4
 D
atab

ase contains 
1,7
3
4
,4
6
9
 spectral lines for 3

7
 d
ifferent 

m
olecules.
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3
. A
tm
ospheric E

m
ission

F
luore

nsce
nce

= re
com

b
ination of e

le
ctrons w

ith
 ions.

T
h
e recom

b
ination prob

ab
ility is low

; takes several h
ours �

nigh
t tim

e

•
Prod

uces b
oth

 continuum
 + line em

ission = airglow

A
. F

luore
sce

nt E
m
ission

[
]

1-
2-

1
1

1-
1-

2-
6

sr
 

cm
W

 
n

m 1
0

5
8

.
1

sr
 

s 
cm
 

p
h

o
to

n
s

1
0

R
ay

leig
h

 
 1

λ

−
⋅

=
=

•
Prod

uces b
oth

 continuum
 + line em

ission = airglow

•
O
ccurs m

ainly at ~
 10
0
 km

 h
eigh

t

•
M
ain sources of em

ission are: O
 I, N

a I, O
2 , O

H
 (

N
IR
), H

T
h
e em

ission intensity is m
easured

 in R
ayleigh

:

B
. T

h
e
rm
a
l E

m
ission

U
p to 6

0
 km

 is th
e atm

osph
ere in local th

erm
od
ynam

ic equilib
rium

 (L
T
E
), 

i.e., th
e ex

citation levels are th
erm

ally populated
.

C
alculating th

e specific energy received
 requires a full rad

iative
transfer calculation

(see b
elow

), b
ut for τ

<< 1 one can use th
e 

approx
im
ation:

w
h
ere B

(T
) is th

e Planck function at th
e m

ean tem
perature of th

e 

θ
τ

λ
λ

λ
co

s 1
)

(
)

(
T

B
z

I
=

w
h
ere B

(T
) is th

e Planck function at th
e m

ean tem
perature of th

e 
atm

osph
ere.

F
or T

 = 2
5
0
 K
 and

 θ
= 0

:



F
luore

sce
nt a

nd
 T
h
e
rm
a
l E

m
ission

fluore
sce

nt e
m
ission 

from
 O
H

�
O
H
 suppre

ssor

th
e
rm
al e

m
ission

S
ky
surface b

righ
tness.

Im
portant as even an unresolved

 point 
source h

as a finite angular d
iam

eter 
w
h
en view

ed
 th
rough

 a telescope.

4
. S
cattering, R

efraction and
 

D
ispersion

(
) 2

2
3

1
8

)
(

π
λ

σ
n

−
=

M
olecular scattering in th

e visib
le and

 N
IR
 is R

ayleigh
 scattering

given b
y: A

. S
ca
tte

ring b
y
 A
ir M

ole
cule

s

(
)4

2

1

3

8
)

(
λ

π
λ

σ
N n

R

−
=

w
h
ere N

is th
e num

b
er of m

olecules per unit volum
e and

 n
is th

e 
refractive ind

ex
 of air  (n-1 ~

 8
·10

-5
P/T

).

R
em
em
b
er, R

ayleigh
 scattering is not isotropic:

(
)

ω
θ

σ
π

d
I

I
R

sc
a
tte

re
d

2

0
co

s
1

1
6 3

+
=



B
. A

e
rosol S

ca
tte

ring
A
erosols (like sea salts, h

yd
rocarb

ons, volcanic d
ust) are m

uch
 b
igger 

th
an air m

olecules �
R
ayleigh

 scattering d
oes not

apply.  

Instead
, scattering is d

escrib
ed
 b
y M

ie’s th
eory

(from
 classical 

electrod
ynam

ics, using a “scattering efficiency factor” Q
):

sectio
n

 
cro

ss
 l

g
eo

m
etrica

sectio
n

 
cro

ss
 

scatterin
g

2
scatterin

g
=

=
a

Q
M

π σ

If a >> λ
th
en  Q

scatte
ring

~
 Q

ab
sorption

and
:

•
th
e scattered

 pow
er is equal to th

e ab
sorb

ed
 pow

er
•
th
e effective cross section is tw

ice th
e geom

etrical size

If a ~
 λ

th
en  Q

s
∝
1/λ

(for d
ielectric sph

eres):
•
th
e scattered

 intensity goes w
ith
 1/λ

D
ue to atm

osph
eric refraction, th

e apparent location of a source is 
significantly altered

 (up to h
alf a d

egree near th
e h

orizon) 
�
telescope pointing m

od
el.

R
efraction 

(
)

(
)

θ
λ

tan
1

−
=

n
R

A
tm
osph

e
ric R

e
fra

ction

3
0

4
0

5
0

6
0

A
tm
osph

e
ric R

e
fra

ction

Refraction R  [arcmin]

N
ote th

at th
e refractive ind

ex
 of air d

epend
s on th

e w
avelength

 λ:

(valid
 for d

ry air, 1 atm
pressure, T

 ~
 2
9
0
K
 and

 λ
0
in [µm

]).
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A
tm
osph

e
ric D

ispe
rsion

D
ispersion:

T
h
e elongation of points in b

road
b
and

 filters d
ue to n(λ)  

[
�
“rainb

ow
”].

T
h
e m

agnitud
e of th

e d
ispersion is a strong function of airm

ass
and

 
w
avelength

.

N
o prob

lem
 is d

ispersion < λ/D
  

o.k. for sm
all or seeing lim

ited
 

telescopes, b
ut b

ig prob
lem

 for large d
iffraction lim

ited
 telescopes 

5
. A
tm
ospheric T

urb
ulence

T
he scales L

1 , L
2 , L

3
are characteristic of the outer (ex

ternal)  scales 
of turb

ulence caused
 b
y the w

ind
 around

 the ob
stacles 1, 2

, 3
. 



T
urb

ulence d
evelops in a fluid

 w
h
en th

e R
eynold

s num
b
er R

e

ex
ceed

s a critical value.  

V
 
is th

e flow
 velocity

µ
is th

e d
ynam

ic viscosity 

ν
µ

ρ
V

L
V

L
=

=
R

e

T
h
e
 R
e
y
nold

s N
um

b
e
r

µ
is th

e d
ynam

ic viscosity 
v
th
e kinem

atic viscosity of th
e fluid

 (v
air =1.5

·10
-5
m
2
s
-1)

L
th
e ch

aracteristic length
, e.g. a pipe d

iam
eter.

A
t  R

e ~
 2
2
0
0
  th

e transition from
 lam

inar
to
turb

ulent
flow

 occurs.

E
x
am
ple:

w
ind

 speed
 ~
 1 m

/s, L
 = 15

m
 �

R
e = 10

6
�
turb

ulent!

T
h
e kinetic energy of large scale (~

L
) m

ovem
ents is grad

ually 
transferred

 to sm
aller and

 sm
aller scales, d

ow
n to a m

inim
um
 scale 

length
 l0 , at w

h
ich
 th
e energy is d

issipated
 b
y viscous friction.

T
h
e local velocity field

 can b
e d

ecom
posed

 into spatial h
arm

onics of 
th
e w

ave vector κ.  
T
h
e reciprocal value 1/ κ

represents th
e scale und

er consid
eration.

T
h
e
 Pow

e
r S

pe
ctrum

 of T
urb

ule
nce

T
h
e m

ean 1D
 spectrum

 of th
e kinetic energy, or K

olm
ogorov

spectrum
, 

is:

w
h
ere l0

is th
e inner scale, L

0
th
e outer scale 

of th
e turb

ulence, and
 

(
)

3/
5

−
∝

κ
κ

E

1

0

1

0

−
−

<
<

l
L

κ



A
ir R

e
fra

ctive
 I
nd
e
x
 F
luctua

tions

W
ind

s m
ix
 layers of d

ifferent tem
perature �

fluctuations of 

tem
perature T

 �
fluctuations of d

ensity ρ
�
fluctuations of 

refractive ind
ex
 n.

O
f interest: d

ifference b
etw

een n(r) at point r and
 n(r+ρ) at a nearb

y 
point r+ρ.  T

h
e variance of th

e tw
o values is given b

y:
point r+ρ.  T

h
e variance of th

e tw
o values is given b

y:

w
h
ere D

n (ρ) is th
e ind

ex
 structure function

and
 C
n 2
 is th

e ind
ex
 

structure coefficient or structure constant of th
e refractive ind

ex
.

(
)

(
)

(
)

3/
2

2
2

- 
ρ

ρ
ρ

n
n

C
r

n
r

n
D

=
+

=

A
ir R

e
fra

ctive
 I
nd
e
x
 F
luctua

tions  (2
)

U
sually, one is only interested

 in th
e integral

of fluctuations along th
e 

line of sigh
t:  C

n 2·Δ
h
.

T
ypical value: C

n 2·Δ
h
 ~
 4
·10

-13
cm

1/3
for a 3

 km
 altitud

e layer

B
ut:

th
ere are alw

ays several layers of turb
ulence

M
e
d
ian se

e
ing cond

itions on M
auna K

e
a 

are
 take

n to b
e
 r
o
~
 0
.2
3
 m
e
te
rs at 

0
.5
5
 m
icrons.  T

h
e
 10
%
 b
e
st se

e
ing 

cond
itions are

 take
n to b

e
 r
o
~
 0
.4
0
 

m
e
te
rs.  F

igure
 tak

e
n from

 a pape
r b
y E

lle
rb
roe

k
and

 T
yle
r (19

9
7
). 



I
m
a
ge
 D
e
gra

d
a
tion b

y
 th

e
 A
tm
osph

e
re

S
cintilla

tion
–
th
e
 

e
ne
rgy re

ce
ive
d
 b
y 

th
e
 pupil varie

s in tim
e

I
m
a
ge
 m
otion

–
th
e
 

ave
rage

 slope
 of th

e
 

w
ave

front at th
e
 pupil 

varie
s (“tip-tilt”)

I
m
a
ge
 b
lurring –

th
e
 

spatial coh
e
re
nce

 of th
e
 

w
ave

front is re
d
uce

d
 

(“se
e
ing”)

T
urb

ule
nce

 C
orre

la
tion T

im
e
 τ

c
T
im
e
 se
rie
s of a patch

 of atm
osph

e
re
 ab

ove
 th
e
 3
.6
m
 te
le
scope

 ape
rture

 (G
e
nd
ron

19
9
4
)

T
w
o effects:

1.
T
h
e turb

ulence d
oes not ch

ange arb
itrarily fast b

ut w
ith
 a 

correlation tim
e or

coh
erence tim

e
τ
c .

2
.
O
ften, th

e turb
ulent tim

e scales >> tim
e for th

e turb
ulent m

ed
ium

 
to pass th

e telescope aperture (w
ind

 speed
) �

“ frozen turb
ulence”



T
h
e
 F
rie

d
 Pa

ra
m
e
te
r r

0

T
h
e rad

ius of th
e spatial coh

erence area is given b
y th

e so-called
 F
ried

 
param

eter r
0
 : 

N
ote that r

0
increases as the 6

/5
 pow

er of the w
avelength and

 
d
ecreases as the -3

/5
 pow

er of the air m
ass.

(
)

(
)

5/
3

0

2
5/

6

0
1

8
5

.
0

−
∞

 
 

=
∫

d
z

z
C

r
n

λ
λ

A
noth

er “d
efinition” is th

at r
0
is th

e average turb
ulent scale over w

h
ich
 

th
e R

M
S
 optical ph

ase d
istortion is 1 rad

ian .

T
h
e angle                is often called

 th
e atm

osph
eric seeing.

0
r λ

θ
=

∆

S
h
ort E

x
posure

s th
rough

 T
urb

ule
nce

R
and

om
 intensity d

istrib
ution of speckles

in th
e focal plane:

T
h
e ob

served
 im
age from

 som
e source is given b

y th
e convolution of I

0

w
ith
 th
e M

T
F
or pupil transfer function T

(ω
):

If a point source is ob
served

 as reference th
rough

 th
e sam

e r
0
w
e can 

calculate:
T
h
is is called

 speckle interferom
etry.
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S
pe
ckle

 I
nte

rfe
rom

e
try

E
x
am
ple:  R

eal-tim
e b

ispectrum
 speckle interferom

etry: 7
6
 m
as resolution.  

h
ttp://w

w
w
.m
pifr-b

onn.m
pg.d

e
/d
iv/ir-inte

rfe
rom

e
try/m

ovie
/spe

ckle
/spe

ckle
m
ovie

.h
tm
l

S
everal related

 tech
niques d

o ex
ist, e.g., S

h
ift-and

-ad
d
, L
ucky 

Im
aging, b

ispectrum
 analysis, A

perture m
asking, T

riple correlation, …


