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Radiative
transfer



Emission: All substances at 
finite temperatures radiate EM 
energy

Absorption: Energy into heat

Scattering: Energy to other
directions due to particles in the 
propagation path

causing attenuation or extinction of the radiation



Radiative Transfer Equation 1/4

Absorption: Energy into heat

Scattering: Energy to other directions due to particles in 
the propagation path

Emission: All substances at finite temperatures  radiate 
EM energy

Extinction: Intensity of brightness decreases during 
propagation in a medium (absorption and scattering)

Emission and extinction take place simultaneously in every point

Extinction: The loss in brightness intensity I(R) by extinction
due to propagation over distance dr is:

Extinction coefficient (power attenuation) = κe

(Note: Brightness = spectral brightness x  bandwidth)
κe = extinxtion coefficient

κa = absorption coefficient

κs = scattering coefficient

dRIdI eextinction  =

sae  +=

x-y plane



Radiative Transfer Equation 2/4
Emission by a small volume:

Js and Ja: emission (absorption) and scattering
source functions into direction R

We define albedo:

=> Emission:

If J is the effective total source function

then emission by small volume =>

Emission and extinction together:

By inserting emission and extinction:
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Radiative Transfer Equation 3/4

Insert optical depth, defined as:

=>

Radiative transfer equation:

At the boundary z = 0 we have I(R=0)

What is I(R) in direction R ?

We define optical depth between points R1 and R2 :

Solution (not derived here):

TB from Rayleigh-Jeans law:

(note the use of bandwidth here)
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Radiative Transfer Equation 4/4

Thermodynamic balance=>
Ja is isotropic, follows Planck’s law

Analogous to absorption source function,  Js can be defined
as follows:

where volume scattered brightness temperature TVS

(R;Ri
) is the phase function; accounts for energy

scattered from direction Ri into direction R 

Radiative transfer equation (using TB):

In a scatter-free medium:
(κs = 0; a = 0)
This is the result we mostly use in radiative transfer problems
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Brightness temperature
radiative transfer 
equation

T – is the physical temperature

TB - is the brightness temperature

TVS - is the volume scattering temperature

a – albedo

τ– is the optical depth



Atmosphere

Interesting reading:

http://bencraven.org.uk/2016/01/17/how-high-is-the-sky/





Interesting reading:

http://bencraven.org.uk/2016/01/17/how-high-is-the-sky/

Sea level pressure atmosphere

Liquid atmosphere



From: Microwave Radar and Radiometric Remote Sensing, by Ulaby and Long, 2014, with permission. 

Atmospheric 
composition
Except for water-vapor 
variations, the relative 
composition of the atmosphere 
essentially is constant up to 90 
km above sea level.



From: Microwave Radar and Radiometric Remote Sensing, by Ulaby and Long, 2014, with permission. 

Standard Atmosphere

Pressure

Atmospheric pressure P(z) and 
decreases approximately 
exponentially with increasing 
geometric height z (Fig. 8-2).

Although its variation with height is 
somewhat irregular and is strongly 
dependent on time of day, season, 
geographic location, and atmospheric 
activity.



From: Microwave Radar and Radiometric Remote Sensing, by Ulaby and Long, 2014, with permission. 

Temperature

The variation of atmospheric 
temperature with height, T(z), exhibits 
a cyclic pattern that subdivides the 
Earth’s atmosphere into a number of
atmospheric layers

Standard Atmosphere



From: Microwave Radar and Radiometric Remote Sensing, by Ulaby and Long, 2014, with permission. 



From: Microwave Radar and Radiometric Remote Sensing, by Ulaby and Long, 2014, with permission. 

Oxygen and water vapor are the
only atmospheric constituents
that exhibit significant
absorption bands in the microwave
spectrum.



From: Microwave Radar and Radiometric Remote Sensing, by Ulaby and Long, 2014, with permission. 







Atmospheric 
absorption
and radiometer
measurement



From: Microwave Radar and Radiometric Remote Sensing, by Ulaby and Long, 2014, with permission. 

Upward looking

radiometer



From: Microwave Radar and Radiometric Remote Sensing, by Ulaby and Long, 2014, with permission. 

(a) direct and (b) inverse problems in atmospheric remote sensing



From: Microwave Radar and Radiometric Remote Sensing, by Ulaby and Long, 2014, with permission. 

Optical thickness 

of atmosphere



For an upward-directed antenna beam, 

the sky brightness temperature is given 

by

were κa( f, z) and T(z) are the 

absorption coefficient and 

thermometric temperature,

Downward emitted brightness 
temperature

Absorbtion components:

zenith optical thickness

where WT( f,θ, z) is the temperature 

weighting function



Weighting function

Estimating the state of the atmosphere includes generating height profiles for 
atmospheric temperature, pressure, and water vapor, measuring cloud liquid-
water content and rain rate, and profiling the concentrations of atmospheric 
gases of interest. The estimation process is realized through the application of 
inversion algorithms that are formulated in terms of atmospheric weighting 
functions. 

A weighting function is specific to the physical quantity being estimated.



Temperature weighting function and height

Oblique transmissivity The temperature weighting function WT

is the derivative of the atmospheric 

transmittance with respect to altitude z.

And when pressure is taken into 

account



From: Microwave Radar and Radiometric Remote Sensing, by Ulaby and Long, 2014, with permission. 

Normalized temperature weighting function for ground-based sensing at (a) several Nimbus 6/SCAMS 

frequencies along the zenith (θ = 0), and (b) several angles θ at 54.5 GHz (from Westwater and Decker, 1977).



Retrieving parameters from 
atmospheric sounding data
• Forward model

• Model inversion

• Linearisation

• Least-Squares solution

• Constrained solution

• Statistical inversion

• etc.



From: Microwave Radar and Radiometric Remote Sensing, by Ulaby and Long, 2014, with permission. 



Microwave Radiometer (MWR) by Radiometrics.

Water vapor and liquid water measurements at frequencies: 23.8 and 31.4 GHz 







From: Microwave Radar and Radiometric Remote Sensing, by Ulaby and Long, 2014, with permission. 



From: Microwave Radar and Radiometric Remote Sensing, by Ulaby and Long, 2014, with permission. 

Scattering by 
atmospheric 
particles 



From: Microwave Radar and Radiometric Remote Sensing, by Ulaby and Long, 2014, with permission. 



Land 
Observations 
with 
radiometer



Downward looking 
radiometer

Where Γ is the reflectivity of the ground 

(or ocean) surface, (0,∞) is the one-

way transmissivity of the atmosphere 

along direction θ, and TSE is the 

brightness temperature of the surface 

when observed in the absence of the 

atmosphere.



From: Microwave Radar and Radiometric Remote Sensing, by Ulaby and Long, 2014, with permission. 

The brightness 
temperature TB

incident upon the 
radiometer antenna 
includes emission 
contributions from the 
atmosphere and the 
ground cell observed 
by the antenna field of 
view.



Surface emission

Our interest is in Tp
SE, the p-polarized brightness temperature due to 

surface emission by the cell viewed by the beam of the p-polarized 
antenna.

Where       is the transmissivity of the atmospheric layer between the 
ground cell and the antenna, TUP is the upwelling atmospheric emission by 
the same layer, and Tp

SS is the fraction of the downward-emitted 
atmospheric radiation that gets surface scattered by the ground cell into 
the direction of the radiometer.



From: Microwave Radar and Radiometric Remote Sensing, by Ulaby and Long, 2014, with permission. 



From: Microwave Radar and Radiometric Remote Sensing, by Ulaby and Long, 2014, with permission. 

Vegetation



From: Microwave Radar and Radiometric Remote Sensing, by Ulaby and Long, 2014, with permission. 



From: Microwave Radar and Radiometric Remote Sensing, by Ulaby and Long, 2014, with permission. 



Radiometer usage and 
instrument examples



Radiometers in remote sensing

Operating frequencies presently 1.2, 6.9, 18, 22, 37, and 89 GHz, vertical and horizontal 

polarizations at each frequency

• Poor spatial resolution from satellite (5 -100 km)

• Swath width up to 1500 km

• Data time series available since 1978 (various satellites) – Regional coverage excellent due to 

continuous operation

• Can measure through clouds (rain affects data)

• Day / night measurement capability

• Data interpretation not simple

• Radiometer measurement outcome is proportional to target temperature

• Penetration depth smaller than for radar (higher operating frequencies) 

• ”Penetration depth” ~1 cm – 0.5 m, mostly <30 cm 

• ”Penetration depth”: Emission still reaches air (and sensor)



Freely available passive microwave 
data

Remote Sensing 2014, 6(7), 6183-6220; 

doi:10.3390/rs6076183



Atmospheric 
applications



The deployed SSMIS 

instrument showing the main 

canister, reflector antenna, 

and calibration load 

assembly [Kunkee et al., 

2008]. The sensor is 

approximately 1.2 m tall 

when deployed with a mass 

of approximately 96 kg.







Suomi NPP



From: Microwave Radar and Radiometric Remote Sensing, by Ulaby and Long, 2014, with permission. 

Suomi NPP











METOP
AMSU-A
Microwave radiometer

15 channels

23-90 GHz

Atmospheric

Temperature

and water



METOP
EUMETSAT





From: Microwave Radar and Radiometric Remote Sensing, by Ulaby and Long, 2014, with permission. 

Limb-sounding

Figure 9-40:

Limb-sounding geometry 
for a sensor at height H
above Earth viewing at 
angle θ below the local 
horizontal resulting in a 
tangent height ht



From: Microwave Radar and Radiometric Remote Sensing, by Ulaby and Long, 2014, with permission. 

GPS Radio Occultation



From: Microwave Radar and Radiometric Remote Sensing, by Ulaby and Long, 2014, with permission. 

CHAMP satellite







WindSat





Band [GHz] Polarizations Average EIA[deg]

Spatial 

Resolution

(3-dB footprint 

size)[km x km]

6.8 V, H 53.8 39 x 71

10.7 V, H, P, M, L, R 50.1 25 x 38

18.7 V, H, P, M, L, R 55.6 16 x 27

23.8 V, H 53.2 20 x 30

37.0 V, H, P, M, L, R 53.2 8 x 13

WindSat
Polarimetric Radiometer

Summary of WindSat channels, polarizations Earth incidence angles 

and channel resolutions. Polarizations are listed as V for Vertical, H 

for Horizontal, P for +45 deg, L for Left Circular, and R for Right 

Circular

http://www.remss.com/missions/windsat



WindScat data processing

Ocean Measurement Acronym
Effective Spatial

Resolution [km x km]

Channels Required

for Retrieval

Sea surface temperature SST 39 x 71
6.8 VH, 10.7 VH,18.7 

VH, 23.8 VH, 37.0 VH

Ten-meter wind speed using low 

frequency channels
WSPD_LF 25 x 38

10.7 VH, 18.7 VH, 23.8 VH, 

37.0 VH

Ten-meter wind speed using medium 

frequency channels
WSPD_MF 16 x 27 18.7 VH, 23.8 VH, 37.0 VH

Columnar atmospheric water vapor VAPOR 16 x 27 18.7 VH, 23.8 VH, 37.0 VH

Columnar cloud liquid water content CLOUD 16 x 27 18.7 VH, 23.8 VH, 37.0 VH

Rain rate RAIN 8 x 13 18.7 VH, 23.8 VH, 37.0 VH

All-weather 10-meter wind speed WSPD_AW 25 x 38 no rain39 x 71 in rain
6.8 VH, 10.7 VH, 18.7 VH, 

23.8 VH, 37.0 VH

Ten-meter wind direction 

(relative to north)
WDIR 25 x 38

10.7 VHPMLR, 18.7 

VHPMLR, 23.8 VH, 37.0 

VHPMLR



Average of 3 days ending: 2015/02/03, 
WindSat, version 7.0.1
Atmospheric Water Vapor (mm)



Average of 3 days ending: 2015/02/03, 
WindSat, version 7.0.1
Surface Wind Speed (m/s)



Average of 3 days ending: 2015/02/03, 
WindSat, version 7.0.1
Cloud Liquid Water(mm)



Average of 3 days ending: 2015/02/03, 
WindSat, version 7.0.1
Sea Surface Temp (ºC)



Small satellite 
radiometers









MicroMAS and MicroMAS-2 satellites 













PolarCube

Platform: 3U Cubesat
Payload : microwave radiometer MiniRad

around 18.7503 GHz

University of Colorado at Boulder
• Center for Environmental Technology

• Colorado Space Grant Consortium

• National Snow and Ice Data Center

Measures temperature, moisture, precipitation, 

cloud water and ice, and cryospheric surface 

features such as snow cover and sea ice 

concentration





CYGNSS

The Cyclone Global Navigation Satellite System 
(CYGNSS)
The Cyclone Global Navigation Satellite System is a space-based system 
developed by the University of Michigan and Southwest Research Institute 
with the aim of improving hurricane forecasting by better understanding the 
interactions between the sea and the air near the core of a storm.









Land imaging
radiometers



SSM/I Special sensor microwave/imager

SSM/I series radiometers onboard 7 

satellites since 1978

Frequencies and polarizations

-19.35 GHz, V + H

- 22.235 GHz, V

- 37.0 GHz, V + H

- 85.5 GHz, V + H

Mass 49 kg

Power consumption 45 W

Offset parabolic reflector:

- 61 cm x 91 cm

Reflector and feed horn antenna are

mounted on a drum, rotated around its axis



Ice Motion from 
Passive Microwave: 
SMMR, SSM/I, 
SSMIS, and AMSR-E



Snow Water Equivalent (FMI, Globsnow)



SMAP
Soil Moisture Active Passive
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SMOS 
(Soil Moisture and Ocean Salinity)

Payload:

Advanced L-band (1.4 GHz) radiometer

(MIRAS)

Passive instrument

Launced 2009

Polar orbit (inclination 98º)

Period 100 min

Altitude 765 km

Mass 658 kg



Interferometric radiometer





Microwave Radar and Radiometric Remote Sensing, by Ulaby and Long

SMOS at ESTEC electrical testing
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Global

Soil Moisture



L-band TB images Europe
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Microwave Radar and Radiometric Remote Sensing, by Ulaby and Long
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Radio Frequency 
Interference



Microwave Radar and Radiometric Remote Sensing, by Ulaby and Long

Prohibited interferences!
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Microwave Radar and Radiometric Remote Sensing, by Ulaby and Long

Probability of RFI in Europe!
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The sea ice thickness from SMOS

University of Hamburg / KlimaCampus / CliSAP / Institute of 

Oceanography



Airborne systems

Calibrating and 
verifying



Primary platform of the HUT-2D is 
Department’s aircraft

Page 114





• The only University-owned and operated remote sensing 

aircraft in Europe

• Most aircraft  instruments were built in projects involving 

graduate and undergraduate students

• Instruments used as satellite sensor  demonstrators

• HUT-2D:  the world’s first airborne interferometric radiometer 

(1.4 GHz frequency; 36 identical antennas and receivers)

• 6 – 94 GHz microwave radiometer: 14 channels

• 5.3 / 9.8 GHz quad-polarization radar scatterometer

• Imaging spectrometer 400 – 900 nm wavelength

• Infrared, video and conventional cameras

• GPS and attitude data

• Used in numerous national /international campaigns

Flying Remote Sensing 

Laboratory:  Skyvan



Radiometesr mounted to airplanes cargo 

doorway



Research aircraft

SkyVan
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Ground measurements

Calibrating and 
verifying



From: Microwave Radar and Radiometric Remote Sensing, by Ulaby and Long, 2014, with permission. 



Freezing Soil map
by SMOS

Rautiainen, Kimmo; Lemmetyinen, Juha; Schwank, Mike; Pulliainen, Jouni; Mätzler, Christian; Kontu, Anna; 

Wiesmann, Andreas, "An Innovative Application for SMOS: Characterization of Seasonal Soil Freezing" EGU 

General Assembly 2013, held 7-12 April, 2013 in Vienna, Austria.
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These PowerPoint slides are intended for educational use. 
They should not be used for sale or financial profit.

• Ulaby

• Long

• Blackwell

• Elachi

• Fung

• Ruf

• Sarabandi

• Zebker

• Van Zyl


