
Remote Sensing by thermal emission 
 
•  Temperature Sounding 
•  SST from thermal IR (“split window”) 
•  Humidity (profiles, upper tropospheric) 
•  Trace Gases (limb profiling) 
•  IR Clouds (AIRS, MODIS, etc) 
•  Microwave total column water vapor,  
   cloud water, surface wind speed 
 
Reference:  

 Chapter 7 of “Remote Sensing of the lower atmosphere” 
 



Reminder: The fundamental equation 

Iλ (0,µ) = Iλ (τ *,µ)e-τ * /µ + Bλ (τ )
0

τ*

∫  e-τ /µ dτ
µ

Surface  
term 

Atmospheric 
emission  



The emission spectrum 

Information about the atmosphere and surface are encoded 
in these emission spectra 
 
Extract this information requires in principle just using the 
(simple) RT equation with emission.  

TB Contours 



The emission spectrum 

Information about the atmosphere and surface are encoded 
in these emission spectra 
 
Extract this information requires a simple model that can 
simulate the measurement 

Clouds generally 
Decrease TB’s, but 
depends STRONGLY on 
their cloud top 
temperature  



2. Sea surface temperature: split window approach 

I(τ = 0,µ) = B(Ts )t *+B(Ta )[1− t*]€ 

Iλ(τ,µ) = Iλ(τ *,µ)e-(τ * -τ )/µ +      Bλ(t)
τ

τ*

∫  e-(t -τ )/µ dt
µ



I1(τ = 0,µ) = B1(Ts )Tr1(τ*,µ)+B1(Ta )[1−Tr1(τ*,µ)]
I2 (τ = 0,µ) = B2 (Ts )Tr2 (τ*,µ)+B2 (Ta )[1−Tr2 (τ*,µ)]
assume
Ta1 = Ta2 = Ta
also

B(T ) ≈ B(Ta )+
dB
dT
(T −Ta )

and

B2 (T ) ≈ B2 (Ta )+
dB2 / dT
dB1 / dT

(B1(T )−B2 (Ta ))

η =
1− t1

*

t1
* − t2

*

B1(Ts ) = I1 +η[I1 −B1(Tb2 )]

Ts ≈ Tb1 +η(Tb1 −Tb2 )

SST = aT11 + b(T11 −T12 )+ c

Measure at two (window) wavelengths  

Assume Single Atmospheric Emitting 
temperature 

Taylor-expand about Ta 







Idea is to tune the coefficients  
to actually bulk SSTs as measured  
by ships and bouys to remove 
contaminating effects of  
atmosphere – use satellite and 
in situ to produce merged product 

Example SST 
map 



•  Blends AVHRR SST with in-situ (ships+buoys) 
•  3-channel at night, 2-channel during the day 
•  In-situ is used to correct for biases in infrared 
•  One version incorporates AMSR-E since 2002 



Measurements in that part of the spectrum dominated by water vapor emission 
can be used to infer water vapor 
 
Present-day sounders have channels located in the 6.3 um water vapor band 
(e.g  channel 12 of TOVS) and  channels on the 182 GHz water vapor line 
(e.g. SSMT2 & AMSUB) 
 
Also equivalent to channel 12 of TOVS is part of the imager radiometers on  
geostationary satellites SSMT2 

Channel 12 

Upper tropospheric humidity 





TOVS ch12 

SSMT2 

Early Humidity Weighting 
Functions 





Soden et al., 2005 















Weighting Functions 

•   Sensitivity of outgoing radiation to temperature or 
gas concentration at height z. 

•   Peak and width of weighting function determine 
which part of the atmosphere is sensed. 

•   Temperature weighting functions are linear (in 
principle). 

•   Gas weighting functions are non-linear. 



Radiative Transfer for a Nadir Viewing Instrument 

Recall upwelling radiative transfer equation: 

Define transmission: 

Derivative of transmission: 
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Weighting Functions for a Zenith Viewing Instrument 

Transmission: 

Weighting function: 

Recall upwelling radiative transfer equation: 

∫
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Comparison: 



Weighting Functions for Limb Sounding 

Radiative transfer equation: 

∫∞ ∂

∂
=

0 T(s,0))()( ds
s

sBhI

where                            is the path through the atmosphere. )(2 hzRs −≈



…following pp. 361-363 of the text, 

€ 

W (h;z,∞) = τ * R /2(z − h)e−2z / H e−τ1 + e−τ 2[ ]
where, 

€ 

τ1 =
τ *

2
πHR 1− erf 2(z − h) /H( )[ ]e−2h / H

€ 

τ 2 = τ1 + τ * πHRerf 2(z − h) /H( )e−2h / H

• At low optical depth 
weighting functions are 
peaked close to the 
tangent height. 

• At high optical depth 
weights are broader and 
closer to the satellite. 



Advantages of Limb Sounding by Emission 
• None of the emitted radiation seen by the satellite originates below 
the tangent height:  allows for relatively high vertical resolution. 

• The surface has no influence on the measured intensities. 

• Due to the geometry of limb sounding, considerably more emitting 
gas is encountered along grazing paths than on straight ones 
increasing the instrument sensitivity to gases of low concentration. 

• Also, due to paths being high in the atmosphere, effects of pressure 
broadening are reduced. 

Disadvantages of Limb Sounding by Emission 
• Very sensitive to aerosol in the lower stratosphere. 

• Cannot be used in the troposphere because atmosphere is too optically 
thick. 



Gas Weighting Functions 

• In this case we’re interested in the sensitivity of the 
radiance to changes in the gas concentration at each layer, 
not the contribution to the total radiance from each layer 
as before. 
• Gas weighting functions are more complicated in 
practice because they depend on the potentially variable 
gas concentration itself. 
• We define the weighting function with respect to a gas 
concentration c(z) as: 

But equally it can be defined in terms of the averaging 
kernel in the optimal estimation framework 
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Weighting Functions vs. Averaging Kernels 

•  A weighting function tells you the response of an individual 
measurement (a “channel”) to a change in an underlying 
geophysical variable.   

 eg:                    for channel i 
 
•  An averaging kernel tells you the response of the retrieved 

quantity for a change in the true quantity.  For a given retrieved 
quantity, it is 

                           for retrieved Temperature I 
 
•  The weighting function depends on the measurement system 

only, and is one per channel.  The averaging kernel depends on 
the retrieval method as well, and generally incorporates many 
measurements into one AK 


Wi =

∂yi
∂

T


Ai =

∂T̂i
∂

Ttrue



NIR/IR retrieval of  “column” CO2  

Averaging kernel : analogous to a 
weighting function 

In the thermal IR, CO2 
information is spread through 
the troposphere whereas in 
the NIR CO2 information is 
fairly uniform throughout the 
atmosphere. 

Averaging kernels for 1.61 µm CO2 
band (blue) and thermal IR 
emission near 14.3 µm (red). (Crisp 
et al., 2004; Chahine et al., 2005). 



TCCON Averaging Kernels 



Averaging Kernels from Project 2 

• very broad 
• very small 
values along 
diagonal. 

• oscillations 

• optimal 
solution 
• almost 
diagonal 
• no 
oscillations 

• broad 
especially at 
higher levels 







“CO2 Slicing” (Wylie & Menzel, 1989) 

•  Can determine cloud top pressure to within about 50 hPa 
•  Works best for single-layer clouds with top at or above 700 hPa. 
•  Relies on differential absorption within CO2 bands near 15 µm.  Use 2+ 

channels near this wavelength. 
•  Cloud-top height with MISR (stereographic) or CloudSat/Calipso (active 

ranging) are generally superior. 



•  DMSP 
–  multiple launches since 1987 
–  815-853 km polar orbits (one in 

morning and one in evening) 
•  Sensor characteristics 

–  7 channel microwave radiometer with 
frequencies at 19.35, 37.0, 85.5, 
22.235(v) 

–  conical scan mirror with 53.1° incident 
angle at Earth’s surface 

–  25 km resolution (12.5 km - 85 GHz)  
–  Geophysical Parameters (accuracy) 

–  wind speed (~1-1.6 m/s) 
–  column water vapor (~1.2 mm) 
–  column liquid water  (~0.025 mm) 
–  column rain rate (0.3 km*mm/hr) 

Information content in 
Microwave emission 



The Microwave Spectrum 
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Microwave TBs depend on: 

•  Total column of water vapor 
•  Total column of cloud liquid water 

(+drizzle) 
•  Total column of rain 
•  Surface temperature 
•  Surface reflectance (depends primarily on 

windspeed, view angle) 



Sea-Surface Emissivity (calm surface) 
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Sea-Surface Emissivity (with wind) 
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Reflectance vs. Zenith Angle 



Reflectance vs. Wind Speed 



Reflectance Ratio vs. Wind 
Speed 

•  Knowing SST, provides reasonably robust 
way to estimate wind speed. 



Cloud water? 

•  Must tackle Rayleigh extinction! 
•  Can use the fact that cloud drops are small 

compared to microwave wavelengths (~1 
cm) 



Scattering Size Parameter 

(Spheres only) 

From Petty (2004) 

Drizzle drops and smaller are 
firmly in Rayleigh Regime for 
microwave 



insert 14.8 

Particle Extinction (single particle) 

ϖ=1 

‘Rayleigh’ limit  x →0 (x<<1) 

x = 2πr/λ 

Qe = 
Extinction Cross Section 
------------------------------- 
Physical Cross Section 



Microwave (Rayleigh) scattering x→0 
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•  Cloud droplets with x<<1 for all droplets 

•  Optical depth τ through some depth Δz 

Cloud Ice can be 
neglected in most 
microwave RT! 



Volumes containing clouds 
of many particles 

Extinctions, absorptions and scatterings by all  
particles simply add- volume coefficents  

βext,abs,sca = n(r)πr2
0

∞

∫ Qext,abs,sca (r,λ)dr

n( r)= the particle size distribution 
          # particles per unit volume 
              per unit size 

half of 14.9 
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n(r) = const e−r / a Exponential distribution (rain) 

Modified Gamma distribution 
(clouds) 
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(aerosols, sometimes clouds) 
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n(r) = const r
1-3b

b e
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r
ab Modified Gamma distribution 

Effective Radius & Variance 

a = effective radius 
b = effective variance 
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Mean particle radius – doesn’t have much 
physical relevance for radiative effects 

For large range of particle sizes, light scattering 
goes like πr2. Defines an “effective radius” 

“Effective variance” 
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Effective Radius & Variance 

a = effective radius 
b = effective variance 
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Mean particle radius – doesn’t have much 
physical relevance for radiative effects 

For large range of particle sizes, light scattering 
goes like πr2. Defines an “effective radius” 

“Effective variance” 

reff = 10 µm 
Mean radius = 7.2 µm 
νeff = 0.14 



Microwave (Rayleigh) scattering x→0 
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•  Cloud droplets with x<<1 for all droplets 

•  Optical depth τ through some depth Δz 

•  τ depends only on total water path L, the 
index of refraction of water or ice (through Κ), 
and the density of water/ice. 

Ex: 37 GHz, 0.5 kg/m2 
Water: K ~ 0.11 ;   Ice K ~ 3.1e-4 
τwat~ 0.13  ; τice~ 4e-4 
 Cloud Ice can be 

neglected in most 
microwave RT! Distribution of 

water cloud drops 
can be completely 

ignored in 
microwave 



Retrieving path integrated water vapor  
and cloud liquid water from microwave  
radiances 

Fig. 7.6 

Microwave spectrum 
around the 22 GHZ  
water vapor absorption  
line 
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(i)  Emission  from  the  atmosphere

Bλ(t)
0

τ*

∫  e-t/µ dt
µ

~ TS (1− e−τ*/ µ )

(ii) Emission from the surface
(1- RV ,H )e−τ*/ µTS

(iii) Atmospheric emission -  surface reflection
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τ *
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Tl,r = (1- Rl,r )e
−τ*/ µTocean + Rl ,re

−τ*/ µTsky + Tsky

Consider;  e−τ*/ µ ~ 1,  lower frequencies 
Rl,r (Tsky −Tocean ) = Tl,r −Tocean

F =
Tr −Tocean
Tl −Tocean

=
Rr

Rl

Simple Wind Parameterization 

Measurement of Tl/r  (preferably  near 
Brewster’s angle) and a priori knowledge 
of SST yields the ratio of reflectances and 
thus wind speed.  

Greenwald & Stephens (1993) 



Measurement of ΔT at two frequencies (19GHz, 
37 GHz), estimation of RV/H+ Δkw/l, and Trox 
allows for simultaneous solution for W and L,  





SSM/I Physical Retrieval Methodology 

Model:  
  T19V 

  T22V  

  T37V 
  T37H 

WVP 
Cloud + Rain WP 

Wind Speed 
Wind Direction 

Atm. Optical  
Properties 

Surface  
Properties Radiative 

Transfer 
Model 

Compare 

SST Climatology 

Measurements:  

  T19V 

  T22V  

  T37V 
  T37H 

Modify parameters 

Wentz,F.J. "A well calibrated ocean algorithm 
for special sensor microwave/imager," 
Journal of Geophysical Research, 1997.  

•  Separate cloud and rain 
•  Compute Surface rain 

rate from rain WP 







Increase of Water Vapor over time 

Trenberth et al. (2005) 



~20 yrs Cloud Water from Multiple Satellites 

O’Dell et al. (2008) 



Diurnal cycle of Cloud Water from Multiple Satellites 

Wood et al. (2002) 
O’Dell et al. (2008) 



Precipitable Water 
Vapor (mm) 

Cloud Liquid Water 
Path (mm) 

October 27, 
1999 

SSM/I Water Vapor & Cloud 
Liquid Water 



Wind Speed (m/s) Rain Rate (mm/hr) 

October 27, 
1999 

SSM/I Wind Speed & Rainfall 
Rate 



GPM Reference Concept 

     Unify and advance precipitation measurements from space to provide       
next-generation global precipitation products within a consistent framework 

GPM Mission Concept 

Key Advancement 
  

Using an advanced 
radar/radiometer 

measurement system to 
improve constellation 

sensor retrievals 

Partner Satellites: 
  
 
 

GCOM-W1 
DMSP F-18, F-19 
Megha-Tropiques 
MetOp, NOAA-19 
NPP, JPSS (over land) 

GPM Core Observatory (65o) 
 

DPR (Ku-Ka band) 
GMI (10-183 GHz)  

(NASA-JAXA, LRD 2013) 

 
 

•  Precipitation physics 
observatory 

•  Transfer standard for 
inter-satellite calibration 
of constellation sensors  

 

•  Enhanced capability for 
cinear realtime monitoring 
ciof hurricanes & 
cimidlatitude storms 
•  Improved estimation of 
cirainfall accumulation 

Low Inclination Observatory (40o) 
 

GMI (10-183 GHz)  
(NASA & Partner, 2014) 

 

Coverage & Sampling 
 

•  1-2 hr revisit time over land 

•  < 3 hr mean revisit time over 
90% of globe  

Fig. from Arthur Hou 



NASA-JAXA GPM Core Observatory 

 

§  Increased sensitivity (~12 dBZ) for light rain 
and snow detection relative to TRMM 

§  Better measurement accuracy with differential 
attenuation correction 

§  Detailed microphysical information (DSD mean 
mass diameter & particle no. density) & 
identification of liquid, ice, and mixed-phase 
regions 

Dual-Frequency (Ku-Ka band) 
Precipitation Radar (DPR): 

Multi-Channel (10-183 GHz)   
GPM Microwave Imager (GMI): 

 

§  Higher spatial resolution (IFOV: 6-26 km) 
§  Improved light rain & snow detection 
§  Improved signals of solid precipitation over 

land (especially over snow-covered 
surfaces) 

§  4-point calibration to serve as a 
radiometric reference for constellation 
radiometers 

Combined Radar-Radiometer Retrieval 
 

§  DPR & GMI together provide greater constraints   
on possible solutions to improve retrieval accuracy  

§  Observation-based a-priori cloud database for 
constellation radiometer retrievals 

Core Observatory Measurement Capabilities 

Fig. from Arthur Hou 


