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Lecture 11 

Applications of passive remote sensing:    

Remote sensing of precipitation and clouds. 
Objectives: 

1. Classification of remote sensing techniques to measure precipitation.  

2. Visible and infrared remote sensing techniques to measure precipitation. 

3. Sensing precipitation in the microwave region. 

4. Cloud detection methods. MODIS cloud mask. 

5. Retrievals of cloud properties from passive remote sensing. 

Required reading:  

S: 7.4, 6.6, 7.6 

Additional/advanced reading: 

Microwave Surface and Precipitation Products System 

http://www.orbit.nesdis.noaa.gov/corp/scsb/mspps/main.html 

ATBD MODIS cloud products: http://modis-atmos.gsfc.nasa.gov/_docs/atbd_mod05.pdf 

Baum, B. A., and S. Platnick, 2006: Introduction to MODIS cloud products: 

http://modis-atmos.gsfc.nasa.gov/reference/docs/Baum_and_Platnick_2006.pdf 

 

 

1. Classification of remote sensing techniques to measure precipitation.  

 Only a small fraction of clouds produces rain => need to separate raining from 

nonraining clouds 

Classification of remote sensing techniques: 

• Passive remote sensing: 

(i) Visible and infrared techniques   

 (ii) Microwave techniques 

• Active remote sensing: 

 Radar (e.g., TRMM radar) 

 

Other techniques: 

Meteorological Weather Stations (rain gauges)  
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2. Visible and infrared remote sensing techniques to measure precipitation. 

Basic principles: 

Clouds are not transparent in the IR and visible (i.e., rain drops can not be sensed 

directly), thus one needs to relate the independent measurements of rainfall to the 

properties of a cloud measured by IR and visible remote sensing (called indirect 

measurements of precipitation). 

 

Main problem: a lack of ground truth data to establish a reliable correlation between 

satellite data and rainfall.  

 

Techniques 

 Cloud Indexing: 

developed by Barrett (1970). 

Principle: assign a rate rain to each cloud type 

                                                              ∑=
i

ii frRr                                                   [11.1] 

where Rr  is the rainfall rate, ri is the rain rate assigned to cloud type i , fi is the fraction 

of time (or fraction of area covered) by cloud type i. 

 

 Cloud Visible Reflection: 

developed by Kilonsky and Ramage (1970). 

Principle: tropical oceanic rainfall dominates by deep clouds which are highly reflective 

in the visible. Highly reflective clouds are more likely to precipitate that “dark” clouds 

because reflection is related to optical depth and hence to cloud thickness => relate the 

frequency of highly reflective clouds to precipitation.  

 

Parameterization by Garcia (1981) for tropical oceanic rainfall 

                                                    DNRr 4.376.62 +=                                                 [11.2] 

Rr is the monthly rainfall (in mm), Nd is the number of days during the month that the 

location was covered by highly reflective clouds (e.g., analysis of GOES visible channel).  
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 OLR (outgoing longwave radiation): 

developed by Arkin (1979) to estimate precipitation for climatological studies. 

Principle: clouds that are cold in the IR are more likely to precipitate than warm clouds 

because cold clouds have higher tops (exception, cirrus clouds). 

 

GOES Precipitation Index (GPI) for the tropical Atlantic : tAGPI c3=  

where GPI is the mean rainfall (in mm), Ac is the fractional area (unitless, from 0 to 1) of 

cloud colder that 235 K in 2.50x2.50 box, and t is the time period (hours) for which Ac 

was determined. 

 

 Bispectral techniques: 

Principle: clouds that have the high probability to produce rain are both cold (IR 

brightness temperature) and bright (high reflection in visible). 

 

 Cloud model techniques: 

Principle: use cloud models to relate satellite visible and IR observations to precipitation.  

 

3. Sensing precipitation in the microwave region. 

Advantages:  

 microwave radiation penetrates clouds because cloud droplets only weakly 

interact with microwave radiation; 

 rain-size drops interact strongly with microwave radiation 

Disadvantages:  

 microwave radiometers have poor spatial resolution 

 contamination from ice crystal scattering 

 

Main principles: 

Ice crystals scatter but do not absorb microwave radiation. Rain liquid drops both scatter 

and absorb, but absorption dominates => relate the optical depth associated with the 

emitting rain drops and brightness temperature measured by a passive microwave 

radiometer. 
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Recall the Marshall-Palmer precipitation size distribution 

)2exp()( 0 rNrN Λ−=  

where N0= 8x103m-3mm-1, but, in general, N0 depends on rain type; 

Λ = 4.1 Rr -0.21 mm-1, Rr is the rainfall rate (mm/hour) .  

Thus the volume extinction coefficient is 

                                      ∫ Λ−=
2

1
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Figure 11.1 Volume absorption (top) and scattering coefficients (bottom) calculated with 
Mie theory for the Marshall-Palmer precipitation size distribution of water and ice 
spheres at three frequencies 19.35, 37, 85.5 GHz). 
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Recall the radiative transfer equation in the microwave region (Lecture 10) 
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Let’s assume that Tatm is constant in the rain layer and that the volume absorption 

coefficient is nearly zero except the rain layer. 
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We can re-write the above equation for the microwave brightness temperature observed 

by a nadir looking microwave radiometer in the following form 

                                          
)exp()exp()1(

)]exp(1[)exp(
**

~

**
~~,

ττε

ττε

ν

νν

−−−+

−−+−=

atm
p

atmsur
p

b

T

TTT
                         [11.4] 

where τ* is the optical depth associated with the emitting/absorbing rain drops: 

 τ* = k a,rain z rain 

z rain is the depth of the rain layer. 

Re-arranging the terms in the above equation, we have  
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Eq.[11.5] helps to understand the brightness temperature-rain rate relationships: 

 No rain (τ* = 0)  => sur
p

b TT νν
ε ~~, =                                                                 

(ε is small for water surfaces, and ε = 0.9 for dry land) 

 Rain increases (τ* increases) => atmb TT →
ν~,  Therefore, for water surfaces, 

the brightness temperature strongly increases with the increases of rain rate => 

raining areas are easily detected over the oceans 

=> over the dry land, the changes in brightness temperature are small with 

increasing rain rate: not useful for rainfall estimations.                                                       



 6

 
Figure 11.2 Brightness temperature vs. rain rate for three frequencies.  

 

 

 

MSPPS (Microwave Surface and Precipitation Products System) project: 

http://www.orbit.nesdis.noaa.gov/corp/scsb/mspps/main.html 

Uses NOAA microwave radiometers: Advanced Microwave Sounding Unit (AMSU) 

AMSU-A and AMSU-B: launched on NOAA 15, 1998 

 

AMSU-A: 15-channel cross track scanning microwave radiometer; mixed polarization 

AMSU-B: 5-channel cross track scanning microwave radiometer 
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Table 11.1 Microwave sensing of precipitation: AMSU vs. SSM/I   

AMSU 
Frequency 

SSM/I 
Frequency 

Microwave processes Retrieved product 

 
 
 

31 GHz 
 
 

50 GHz 
 

 
89 GHz 

 
 
 

9 GHz 
 
 

37 GHz 
 

 
85 GHz 

Controlled by 
absorption/emission by 
cloud water: 
- large drops/high water 
content 
 
- medium drops/moderate 
water content 
 
- small drops/low water 
content 

 
 
 
cloud water and 
rainfall over oceans 
 
cloud water and 
rainfall over oceans 
 
non-raining clouds 
over oceans 

89 GHz 85 GHz Controlled by  ice-cloud 
scattering 

rainfall over the land 
and ocean 

 

 
4. Cloud detection methods. MODIS cloud mask. 

Effects of clouds on solar reflectance: 
 

 
 
Figure 11.3  Cloud spherical albedo as a function of wavelength for selected values of the 
effective radius of cloud droplet. Computations were done for a water cloud having a modified 
gamma size distribution with an effective variance 0.111, cloud optical depth τc(0.75 µm)=16, 
and water vapor content 0.45 g cm-2 (King et al., Cloud retrieval algorithm for MODIS). 
 
NOTE: spherical albedo is defined as 00/)0( FFdif µ↑  
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Effects of clouds on IR brightness temperature: 
 

 
 
Figure 11.4 Brightness temperature as a function of wavelength (and wavenumber) for nadir 
observations and selected values of the effective radius of cloud droplets, cloud optical depth 
τc(0.75 µm)=5 for all cases. Computations were done for a water cloud having a modified gamma 
size distribution for the mid-latitude summer atmosphere with cloud top temperature Tct=14 C, 
cloud base temperature Tcb=17 C, and blackbody surface temperature Tsur=21 C. 
 
 

CLOUD DETECTION METHODS: 

1. Maximum Temperature -- all observations of a small surface area over a 

relatively short period of time are compared. The highest temperature is retained 

as the best estimate of temperature in that area. This method is based on 

a) ocean surface features are more persistent than clouds 

b) clouds are colder than the surface. 

NOTE: This method works poorly for persistent, thin clouds.  

2. Two Wavelength Infrared -- compare temperatures from 3.7 µm and 10.5 µm (or 

any pair of wavelengths in the window. If the temperatures are the same, then one  

can assume the measured signal came from 

a) the sea surface, OR 

b) uniform clouds, which will probably be detected in a visual image of the area 

of interest. 
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If the temperatures at the two wavelengths are different, then there are scattered, 

undetected clouds in the scene.  

3. Infrared Variability -- temperatures of clouds tend to be much more variable in 

space than temperature of the sea surface. Therefore, all areas having a small 

deviation from a mean brightness temperature close to that expected of the sea in 

the region are accepted as good values.  

4. Two Wavelength Visible-Infrared -- uses reflected sunlight to detect clouds on 

the assumption that the sea is much darker in visible wavelengths than clouds. 

 

 

MODIS Cloud Mask (Ackerman et al., JGR 103, 1998): 

• MODIS cloud mask uses multispectral imagery to indicate whether the scene is 

clear, cloudy, or affected by shadows 

• Cloud mask is input to rest of atmosphere, land, and ocean algorithms 

• Mask is generated at 250 m and 1 km resolutions, day&night 

• Mask uses 17 spectral bands ranging from 0.55-13.93 µm (including new 1.38 µm 

band) 

 11 different spectral tests are performed, with different tests being conducted 

over each of 5 different domains (land, ocean, coast, snow, and desert) 

 temporal consistency test is run over the ocean and at night over the desert  

• Algorithm based on radiance thresholds in the infrared, and reflectance and 

reflectance ratio thresholds in the visible and near-infrared 

• Cloud mask consists of 48 bits of information for each pixel, including results of 

individual tests and the processing path used 

• bits 1 & 2 give combined results (confident clear, probably clear, probably 

cloudy, cloudy) 
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TROPICAL CYCLONE RITA (Example of MODIS products, King et al.) 
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5. Retrievals of cloud properties from passive remote sensing. 

Sensors used for cloud remote sensing:  

Visible and infrared imagers 

Microwave radiometers 

Sounders  

Active sensors (radars and lidars) 

 

Cloud characteristics retrieved from passive remote sensing data: 

a) Cloud detection (cloud presence, amount or cloud fraction) (this lecture) 

b) Cloud reflectance (visible imagery) 

c) Cloud emissivity (IR imagery ) 

d) Cloud liquid water content  

e) Cloud optical depth (this lecture) 

f) Cloud phase (water or ice) (this lecture) 

g) Cloud particle size distribution (or an effective radius) (this lecture) 

h) Cloud-top pressure (sounding techniques) 

 

Classification of cloud types: 

ISSCP classification of cloudy pixel used in remote sensing of clouds 

NOTE: ISSCP stands for the International satellite Cloud Climatology Program. 
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MODIS cloud products: 

Optical thickness and particle size (effective radius) (MODIS): 

 1 km spatial resolution, daytime only, liquid water and ice clouds (using 

individual cloud mask tests) 

 Solar reflectance technique, VIS through Near-IR 

–Water nonabsorbing bands: 0.65, 0.86, 1.24 µm 

–Water absorbing bands: 1.6, 2.1, 3.7 µm 

 Land, ocean, and snow/sea ice surfaces 

–Land surface: 0.65 µm 

–Ocean surface: 0.86 µm 

–Snow/ice surfaces: 1.24 µm  

 

 

Solar reflectance technique: 

Principles: 

The reflection function of a nonabsorbing band is primarily a function of optical depth. 

The reflection function of a near-IR absorbing band is primarily a function of effective 

radius. 

 

               Water cloud over the ocean                                     Water cloud over ice 

 

 

 

 
 

 
 
 
 
 
 

 
 
NOTE: here reflectance is defined as ),,0(),,,(
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 Cloud thermodynamics phase  

Effects of water and ice clouds on solar reflectance and IR brightness temperature: 

 

 
Figure 11.5 The upper left-hand panel shows the 0.66 image from MAS (MODIS 
airborne simulator) of a convective cumulonimbus cloud surrounded by lower-level water 
clouds. Subsequent panels show the plots of the reflection function ratio as a function of 
the corresponding brightness temperature at 11.02 µm. Nadir observations. The MAS 
1.88 µm band is the analog for the MODIS 1.38  µm channel (King et al., Cloud retrieval 
algorithm for MODIS) 
 

 

Ice cloud: low reflectance at 1.61 and 2.13 µm and high reflectance at 1.88 µm 
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MODIS algorithm for cloud thermodynamics phase 

 Bispectral IR test (BT8.5-BT11, BT11 thresholds) 

- Uses water/ice emissivity differences in 8.5 µm band (BT8.5-BT11 positive and 

large for ice clouds, small and negative for water clouds) 

-5 km resolution (currently) 

 Solar test (e.g., R1.6/R0.86 ratio test, in development)  

 Decision tree approach: ecosystem-dependent assessment of individual cloud 

mask test results, current technique in production 

 
Brightness temperature technique:  

 

 
 

MAS mixed cloud scene 50m resolution 
visible image. Boxes represent different 
cloud regimes color coded in the brightness 
temperature difference diagram. 
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Critical input in MODIS retrieval algorithms of cloud optical and microphysical 

properties: 

- Cloud mask 
 to retrieve or not to retrieve? 

- Cloud thermodynamic phase 
 use liquid water or ice libraries? 

- Surface albedo 
 for land, ancillary information regarding snow/ice extent (NISE data set) 

- Atmospheric correction 
 requires cloud top pressure, ancillary information regarding atmospheric moisture 

& temperature (e.g., NCEP, DAO, other MODIS products) 
- 3.7 µm emission (band contains both solar and emissive signal) 

 need cloud top temperature, ancillary for surface temperature (e.g., from NCEP, 
DAO, ...) 

 

 

 

 

 

 


