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Applications

William Bell

Acknowledgements:

P. Bauer, S. Di Michele, 

A. Geer, S. English, C. Peubey,

S. Healy

][ 

30
][ 

GHz
cm

n
l =



M
e

te
o

ro
lo

g
ic

a
l T

ra
in

in
g

 C
o

u
rs

e
E

C
M

W
F

 
2

0
1

0

In
tr

o
d

u
c
ti
o

n
 t
o

 M
ic

ro
w

a
v
e

 R
a

d
ia

ti
v
e

T
ra

n
s
fe

r 
&

 A
p

p
lic

a
ti
o

n
s

Why study MW radiative transfer theory ?
Information from Microwave data
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(over ocean)
Soil moisture Ocean salinity Sea ice
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ÅThese two lectures are about the physics behind the 

observation operators that allow us to derive information about 

T, q, u, v, é. etc in the analysis.

ÅMost microwave observations are assimilated directly as 

radiances.

ÅIn this case the observation operator is a radiative transfer 

model.

Why study MW radiative
transfer theory ?
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Part I: MW RT - Background & Principles

Importance of MW data in NWP DA

Clear sky RT 

Spectroscopy

RT models:  line-by-line to fast models

Scattering RT & rainy radiance assimilation

Surface emission

Other Issues:  Zeeman Effect, Polarimetry, RFI

Part II: MW RT Applications

Clear sky T-sounding AMSU and SSMIS

Q-sounding:  SSMI clear sky radiance assimilation

Q-sounding:  SSMI radiance assimilation in clouds and precipitation

T-Sounding in the stratosphere/mesosphere SSMIS

Ocean surface winds:  Windsat

Appendix 1:  Detailed derivations of RT equation solutions

Appendix 2:  Bibliography
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Microwave Sounders in operational systems

N

MetOp-A

N16

N18

F-16 SSMIS
N-15

EOS-AQUA

ÅT information from 50 -60 GHz O 2 

absorption

ÅQ information from 183 GHz H 2O
absorption, and window channels at 
(19, 22, 37, 89 and 150 GHz)

N19

F-17 SSMIS

F-18 SSMIS

MW sounding data is available 

from:

Å4 NOAA satellites (15,16,18,19)

Å1 NASA satellite (EOS-Aqua)

Å1 EUMETSAT satellite (MetOp-A)

Å3 DMSP satellites (F16,17,18) 
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The importance of microwave observations in NWP

2003 OSE:2003 OSE:
NN--15,15,--16 and 16 and --17 AMSU17 AMSU
NN--16 & N16 & N--17 HIRS17 HIRS
SatWindsSatWinds
Scatterometer windsScatterometer winds
SSMI ocean surface WSSSMI ocean surface WS
Conventional observationsConventional observations

2007 OSE :2007 OSE :
NN--16, N16, N--18, MetOp18, MetOp --2  AMSU2  AMSU
SSMISSSMIS
AIRS & IASIAIRS & IASI
Scatterometer windsScatterometer winds
SatWindsSatWinds
SSMI ocean surface WSSSMI ocean surface WS
Conventional observationsConventional observations

Observing System Experiments (OSEõs)
(Met Office)

Effect of withdrawing

MWS data
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Observing System Experiments 

(OSEs):

2007 ECMWF forecasting    

system,

winter & summer season,

no satellite data (NOSAT)

NOSAT + 1 AMSU-A

Full system

« 500 hPa geopotential height
anomaly correlation

3/4 day

3 days

The importance of microwave observations in NWP
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Microwave sounding data: some examples of measured radiances

50.3 GHz

.

52.8 GHz

53.6 GHz

54.4 GHz 183±1 GHz

183±5 GHz

183±7 GHz

150 GHzBrightness 
Temperature
measurements 
obtained over 
~12 hours by
( F-16 SSMIS )

200K 300K 300K150K
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19 GHz (H pol)

19 GHz (V pol) 22 GHz (V pol)

37 GHz (H pol)

37 GHz (V pol)

Microwave imagery data: some examples of measured radiances

Measurements 
obtained over 
~12 hours by
(F-16 SSMIS)

100K 300K
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Clear Sky Radiative Transfer :

weighting functions
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Recap: Radiative transfer equation in clear skies

dI (over ds)

Change in radiant intensity along a path is given by the 
sum of source and loss terms, in the clear sky case:  
emission and absorption , respectively:

dI emit =   ǾaB ds  (emission)

dI abs = - ǾaI ds (absorption )

Hence:

dI = dI emit + dI abs

= Ǿa(B-I) ds  

and:
dI/ds = Ǿa(B-I)          (Schwarzschilds Equation)

S(ensor)

Ǿa - absorption coeff
Dimensions [L] -1

s0
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Radiative transfer equation in clear skies

ds
ds

sdt
sBstsISI

S

s

ñ+=

0

)(
)()()()(

00

Weighting function
(gradient of transmittance wrt s)
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 no n1 n2

k

AMSU -A:
50-57 GHz
channels

Weighting functions

4
5

6
7
8

9

10

11

12

13

14



M
e

te
o

ro
lo

g
ic

a
l T

ra
in

in
g

 C
o

u
rs

e
E

C
M

W
F

 
2

0
1

0

In
tr

o
d

u
c
ti
o

n
 t
o

 M
ic

ro
w

a
v
e

 R
a

d
ia

ti
v
e

T
ra

n
s
fe

r 
&

 A
p

p
lic

a
ti
o

n
s

Spectroscopy in the Microwave
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Moist H2O Rotation lines

+

Water vapour contiuum

Dry O2 Rotation Lines

+

Dry air continuum

The Microwave Spectrum

Region covered by 

operational microwave

sensors
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The Microwave Spectrum:
AMSU - A channels

Channel positions and bandwidths are based on trade -offs aimed 
at simultaneously optimising :

Åwidth of the band (wider bands give lower noise)
Åflatness of optical depth across the band (narrow weighting 
functions)
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The Microwave Spectrum:
AMSU - B / MHS  channels

183±1 GHz is close to peak of the 183 GHz water vapour line:
Ÿ higher optical depth
Ÿ higher weighting function 

Note: weighting function depends on atmospheric state !
(unlike T -sounding where fixed O 2 mixing ratio makes weighting 
functions (relatively) state independent
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Rotational Spectroscopy 

æE~ 1 - 5 cm-1

Microwave absorption lines are normally 
due to rotational transitions.

Differences in rotational energy levels
are small in comparison to :

ÅVibrational levels ( æE ~ 100ð5000cm -1)
Åbasis of IR spectroscopy

ÅElectronic states (æE ~ 10,000cm-1)
Åbasis of UV/VIS spectroscopy
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Broadening of atmospheric absorption / emission lines

For most absorption / emission lines in the earths atmosphere, 
two broadening mechanisms are important:

ÅPressure (collisional) broadening ( *)
ÅDoppler broadening 

If both are important (eg in IR) the line shape is given by the
convolution of both ðthe Voigt line shape

The form of the resulting line shape determines how the 
Line strength (S i) is distributed spectrally, remember :

( ) ( ) continuum terms
i o

i

k N S Fn n n= - +ä
Absorption

Coefficient Center frequency

Frequency

Line Shape

Gas strength factor

abundance Ȇ0, S, F
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Line strengths (S)

[ ] 36

22

3

10.)/exp(
)(

)/exp(1
3

8
)(

-
-³--=

ifi

ai

ififif
TEc

TQ

Ig
Tc

hc
TS Ruu

p

where :Rif = |< i|M|f>| 2 - transition dipole matrix element
= 0 if no change in dipole moment
involved in transition from i to j

See Rothman et al
1987

partition function

Isotopic 
abundance

Nuclear spin
degeneracy

Boltzmann factor for 
ground state with 
energy E i

Spontaneous 
emission term

Note :   S(T)

obtained through measurement, and available through
published spectroscopic databases (eg HITRAN, Geisa é)
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Pressure Broadening (F)
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Van Vleck and 
Weisskopf (1945)

Lorentz line shape omits this factor

Approximation valid near line 
centre at most microwave
frequencies and higher 

Pressure broadening coefficient is 
obtained through measurement and 
is available from spectroscopic databases
ɔ0 ~ 1-3 GHz. atm -1 

mean time between collisions
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Doppler Broadening (F)

02

02

0

2

0

2

2

0

2

0

2ln8

2

)(
exp

2
),(

n

ns

n

nn

np
nn

mc

kT
FWHM

mc

kT

kT

mc

kT

mc
g

=

=

ö
ö

÷

õ

æ
æ

ç

å -
-=

Note line widths scale
linearly with frequency 

Due to Doppler shift resulting 
from relative motion between 
observer and abs/emitting
molecule

Gives rise to a 

Gaussianlineshape
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Doppler vs Pressure Broadening : IR vs MW

Pressure broadening dominates in the MW, we can 
neglect Doppler broadening in most applications


