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ABSTRACT 
 
 
 
In this thesis, MM5 mesoscale model data are examined to determine its 

utility in enhancing satellite-based aircraft icing analysis.  The algorithm by 

Alexander (2005) was used to process MODIS imagery on four separate storms 

in January 2006, and his algorithm was validated using 133 positive and negative 

pilot reports (PIREPs).  MM5 mesoscale model soundings were then analyzed to 

determine the temperature (T) and dewpoint temperature (Td) at the altitude and 

location of each PIREP.  Relative humidity (RH) was calculated, and fuzzy logic 

used to determine the aircraft icing potential associated with the T and RH model 

based parameters through the use of operational Current Icing Potential (CIP) T 

and RH interest maps, and the T interest map used in Alexander’s algorithm.  

Model icing potential was calculated using 16 different methods, and it was found 

that weighting RH more in the calculation added the most value to the MODIS 

based algorithm.  It was also found that the Alexander’s T interest map added 

value to the MODIS based algorithm in every case, while the CIP based T 

interest map only added value when RH was weighted higher. 
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I. INTRODUCTION 

A. BACKGROUND  
In-flight icing is an ever present hazard to aviation around the world.  It 

can occur any time of the year, at any altitude, and at any latitude.  Its effects are 

multiple, and can lead to loss of money, equipment, and life.  With the 

International Air Transport Association forecasting that international air traffic will 

grow by 5.9% between 2005 and 2009 (International Air Transport Association 

2004), it is apparent that a robust assessment and prediction of in-flight icing 

potential is essential to increased safety of flight. 

Studies to assess and predict in-flight icing have increased steadily over 

the last decade after an American Eagle commuter flight crashed near Roselawn, 

Indiana on 31 October 1994.  The aircraft was instructed to hold while waiting to 

be sequenced into Chicago O'Hare International Airport (KORD).  Unknown to 

the air traffic controller, the aircraft was holding in, and descending through, 

severe icing conditions.  The aircrew was aware that they were experiencing 

some icing, and post crash investigations revealed that they were using anti-icing 

equipment, but this clearly was not enough.  The black box transcript of the last 

minutes of the flight reveals that the aircraft was on a descent to eight thousand 

feet when it lost control and crashed (planecrashinfo.com 2006).  The aircrew 

members were completely calm until the point where they lost controlled flight, 

which indicates that the aircrew was unaware of the severity of the icing.  As a 

result, all 68 passengers and aircrew on board were killed. 

In-flight icing can occur in the atmosphere over any point on earth. The 

requirements are simple: the aircraft must be flying through supercooled liquid 

water (SLW) of any form, and the airframe must be at or below 0°C.  Both criteria 

must be met at the same point, and time, for icing to occur.  Most modern 

commercial and military aircraft cruise at altitudes where temperatures are below 

the threshold for SLW presence, but these conditions could be encountered 

during the climb, descent, and possible holding phases of flight.  Icing poses a 
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more direct threat to smaller commuter, commercial, and private aircraft flown in 

instrument flight rules (IFR) conditions by IFR rated pilots.  These aircraft 

generally fly at lower altitudes where the presence of SLW is more likely in the 

form of clouds, rain, or drizzle making the icing threat possible during all phases 

of flight for these aircraft. 

The dynamics of flight require laminar flow over a smooth surface to 

achieve balanced flight.  Balanced flight occurs when lift is equal and opposite to 

the weight of the aircraft, and thrust is equal and opposite to the drag of the 

aircraft.  When in balanced flight, an aircraft is able to maintain a constant 

airspeed and altitude.  This balance of forces is depicted in Figure 1. 

 
Figure 1.   Balance of forces for level flight (from 

http://www.grc.nasa.gov/WWW/K-12/airplane/forces.html 19 January 
2006. 

 
The effects of icing are varied, and have the potential of becoming 

catastrophic.  As can be seen in Figure 2, the ice that accretes on aircraft wings 
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is usually rough and irregular.  Its physical existence acts to increase weight of 

the aircraft, but the more severe result comes from its coarseness.  Its coarse 

surface increases the drag and disrupts the smooth airflow over the wings.  The 

combined effect is that the aircraft loses lift and is no longer maintaining 

balanced flight.  To bring the aircraft back into balanced flight the pilot must 

increase the angle of attack (AOA) and increase the throttle settings.  This acts to 

produce more thrust and lift to balance the increased drag and weight produced 

by the ice on the airframe.  Higher throttle settings mean higher fuel flows, and 

therefore, higher flight costs. 

 
Figure 2.   Leading edge mixied icing (from 

http://www.aopa.org/asf/publications/sa11.pdf 19 January 2006) 
 
On the more extreme end of the spectrum, in-flight icing can lead to loss 

of control and ultimately loss of life.  Ice accretion is typically non-uniform over 

the entire airframe, and tends to build more rapidly on smaller airfoils like the 

horizontal stabilizers on the rear of the aircraft.  This is known as a tail stall, and 

when it occurs the aircraft would pitch upward causing the wings to stall sending 

the aircraft into a dive.  If the dive is uncontrollable a crash is inevitable.  In 

aviation terms a stall is simply a complete loss of lift by an airfoil, and a tail stall is 

not the only stall threat.  If ice accretes more rapidly on one of the wings it can 

result in asymmetrical lift or a complete stall of one wing.  Both situations could 

possibly cause the aircraft to enter into an uncontrollable roll.  There also exists 

the physical threat of ice binding control cables and control surfaces which could 

take away the pilots ability to safely maneuver the aircraft.   
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While the icing threat is mitigated by the proper training of pilots, not all 

icing situations are properly assessed by the aircrew.  Severe icing can lead to 

the loss of the aircraft in spite of anti-icing equipment and proper training as 

highlighted by the American Eagle crash in 1994.  The only definite method for 

eliminating the icing threat is to never enter icing conditions.  Clearly this is not a 

viable solution in today’s aviation industry.  Aircraft must fly in IFR conditions to 

get passengers and freight to their destinations on time. 

B. MOTIVATION 
Icing is clearly a threat to aviation throughout the world, and it is equally 

clear that this threat will not keep planes from flying.  It is nearly impossible for 

IFR flight traffic to avoid icing completely, but it is possible to minimize the 

likelihood of a severe encounter.  Proper prior planning on the part of the aircrew 

and air traffic controllers could lead to far fewer catastrophic in-flight icing 

incidents.  At the present time there are several products available that provide a 

nowcast and forecast of icing potential in the atmosphere.  This information 

typically falls under the “for your information” category, and how the information 

is used is at the discretion of the pilot.  It is possible that airline or military policies 

may limit flights and into forecast icing areas, but to the instrument rated private 

pilot this information is precautionary.   

Current methods of icing assessment and prediction include model data, 

satellite data, PIREP data, and products that fuse the various sources.  Model 

fields have become more accurate over the years, but they generally predict 

overly broad areas where temperature and relative humidity criteria would 

indicate icing.  Operational satellite based products are currently based on data 

fields from the geostationary operational environmental satellites (GOES), and 

are limited to providing a horizontal depiction.  The effectiveness of PIREPs has 

been limited due to lack of coverage, detail, accuracy, and timeliness (Erickson 

1997).  Fused products, like the current icing potential (CIP) (Bernstein et al. 

2005), incorporate multiple sources of information (model, satellite, radar, 

PIREPs, etc.) to more accurately portray the current icing potential.   
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While a great improvement over individual sources, the CIP is limited to 

the use of GOES data fields which are currently limited to 5 multispectral 

channels.  Of those five channels, only 3 are used to determine icing potential.  

In 2005, Alexander proposed a daytime Moderate Resolution Imaging 

Spectroradiometer (MODIS) based algorithm to predict icing potential which 

improved upon the currently operational GOES based algorithm.  The use of this 

algorithm fused with other sources of information could improve upon currently 

operational methods of assessing and predicting icing potential with an ultimate 

goal of producing a near real time icing potential product available to pilots in the 

cockpit. 

A possible depiction of such a product can be seen in Figure 3.  This 

depiction is typical of today’s Electronic Horizontal Situation Indicators (EHSI) 

found in many cockpits.  In this example the EHSI is overlaid with a MODIS 

based icing potential field.  The aircraft’s current position is marked by the light 

blue triangle, and its desired flight path is shown as a white line leading to airport 

KSBA.  The warm colors indicate high icing potential, and cold colors indicate low 

icing potential.  The numbers to the right of the triangle indicate the altitudes 

where icing potential is high.  Given the situation depicted, the pilot would know 

that the flight path would take the plane through probable icing, and if 

encountered and accumulating at high rates, could likely find ice free conditions 

just to the south (left as depicted).  While this type of product is not currently 

possible using the MODIS platform, future versions of the GOES imager will 

provide the multispectral channels and time resolution required to make this 

product a reality. 
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Figure 3.   A typical depiction of a standard EHSI with a MODIS based icing 

potential overlay (sandel.com 2006) 
 
C. PURPOSE 

The aim of any research attempting to more accurately depict, or predict, 

in-flight icing potential is to increase flight safety.  The secondary benefits of icing 

prediction are the minimized costs associated with the elimination of 

unnecessary rerouting, fuel economy, and decreased maintenance.  With the 

main goal of safety in mind, Alexander (2005) developed a MODIS based 9-

channel fuzzy logic aircraft icing potential algorithm.  His algorithm proved to be 

more accurate in predicting positive icing PIREPS than the currently operational 

GOES algorithm.  The deficiency with the algorithm’s output is the fact that it is 

limited to a two dimensional horizontal depiction.  While beneficial, a horizontal 

product gives a very limited picture of icing in the atmosphere since there is also 

a vertical component to the icing hazard.  Icing is a three dimensional 

phenomenon, and the purpose of this study is to assess the value of using 

mesoscale model data to increase the specificity of the MODIS based icing 

potential prediction to certain flight levels.  An example of the output from 

Alexander’s algorithm can be seen in Figure 4. 
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Figure 4.   Example of the final product of Alexander’s MODIS based algorithm 

(from Alexander 2005). 
 
D. THESIS PLAN 

Brandon Alexander’s MODIS based fuzzy logic algorithm will be used to 

determine the MODIS based aircraft icing potential during several recent 

northeastern United States Storms.  MM5 model data will then be examined to 

determine if its addition would make icing potential predictions at PIREP 

locations more accurate.  Theory associated with this type of study will be 

discussed in Chapter II.  Chapter III will explain the data collection and 

verification procedures.  Chapter IV will explain the results, and Chapter V will 

close the thesis with conclusions and recommendations. 
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II. THEORY 

A. MODEL BASED ICING POTENTIAL PREDICTION 
Most early icing potential prediction products were completely model-

based, and almost all current icing potential prediction products have a model 

component. The theory is actually quite simple. The only questions that need to 

be answered are: where within the model volume are the clouds, and where 

within the clouds is the temperature conducive to icing?  More detailed questions 

could be asked, but we only attempt to answer these two here. 

The first model parameter that comes to mind when trying to answer the 

questions posed above is relative humidity (RH).  One might expect that clouds 

only exist in areas where relative humidity is close to 100%, but the reality of 

models is that relative humidity rarely reaches 100% and it is generally accepted 

that clouds exist in models at relative humidities above 70%.  In Thomson et al.’s 

(1997b) intercomparison of several earlier in-flight icing algorithms, all of the 

automated algorithms used RH thresholds well below 100%.  The National 

Center for Atmospheric Research’s (NCAR) Research Applications Program’s 

(RAP) icing algorithm’s minimum RH threshold was 56% and the National 

Aviation Weather Advisory Unit’s (NAWAU) icing algorithm’s minimum was 60%.  

In these early algorithms the RH values threshold was a hard threshold.  This 

meant that if the RH was below the threshold no icing was predicted, and above 

the same threshold, icing was predicted on the condition that the temperature 

was in the correct range.  This type of algorithm eventually gave way to a more 

inclusive fuzzy logic based algorithm that weights RH values in icing potential 

calculations. 

One such algorithm is the Current Icing Potential (CIP) as described in 

Berstein et al. (2005).  This product is the most current, and most robust, 

operational icing algorithm ever developed.  It uses model data as one of many 

inputs to help determine icing potential, and RH is only one of four model 

parameters examined.  A RH interest map (RHmap) based on the RHmap used 
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in the CIP can be seen in Figure 5, and is a good example of fuzzy logic.  This 

RHmap assigns the highest potential to high relative humidities, and the potential 

tapers off as RHs decrease.  A close inspection reveals that significant potentials 

still exist down to RHs well below 100%.  This more inclusive fuzzy logic based 

RHmap found in Figure 5 appeared to be a natural choice to compliment the 

fuzzy logic MODIS based icing potential algorithm, and is the RHmap used in this 

study. 

 
Figure 5.   RH interest map (after Bernstein et al 2005) 

 
The second model parameter needed to answer the questions posed is 

the Temperature (T) parameter.  This parameter’s importance to icing potential 

seems rather intuitive, but as used in this study, it is more involved than the RH 

contribution.  Again, as discussed in Thomson et al. (1997b) and Bernstein et al. 

(2005), early icing algorithms used simple temperature ranges to make an icing 

potential determination and later algorithms migrated to a fuzzy logic 

methodology.  Figure 6 displays both T interest maps (Tmap) used in this study.  

Both use a fuzzy logic method for assigning T based icing potential values.  

Interesting to note is the shape of these curves.  SLW drops, by definition, are 

already at temperatures below 0 degrees Celsius, and an intensive study of 

19,057 PIREPs revealed that positive icing PIREP frequencies peak near -7 
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degrees Celsius (Bernstein et al.2005).  This fact drives the shape of both Tmaps 

used in this study.  The Alexander Tmap was based on research conducted by 

Sand et al. (1984), and the CIP Tmap was based on the Tmap currently used in 

the CIP calculation as outlined in Bernstein et al. (2005).  These Tmaps based on 

two separate studies both agree that icing peaks below 0 degrees Celsius and 

drops off as temperature decreases toward -25 degrees Celsius.  Below -25 

degrees Celsius SLW begins to spontaneously freeze creating an ice cloud 

which poses no icing threat. 

 
Figure 6.   T interest maps (from Alexander 2005 and after Bernstein et al. 

2005) 
 
Looking at both the T and RH parameters at the same point in space and 

time allows for the calculation of icing potential.  Alone these provide just a value, 

but together they can possibly predict icing conditions in a cloud.  A high RH 

value paired with a T above 0 degrees Celsius would indicate no icing potential, 

the same RH value and a T at -7 degrees Celsius would indicate a high icing 

potential. 

B. MODIS BASED ICING POTENTIAL ALGORITHM 
Alexander (2005) developed a MODIS based aircraft icing potential 

algorithm.  His approach used 9 of the 36 available MODIS channels, and fuzzy 

logic to develop a robust algorithm comprised of twelve tests.  Those twelve tests 
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are further divided into four groups.  This algorithm outperformed the currently 

operational 3 channel GOES based method in detecting areas of positive icing 

PIREPs.  Table 1 lists the twelve tests and four test groups developed by 

Alexander.  Table 2 lists the 36 MODIS channels and their characteristics for 

reference.  Each test in Alexander’s algorithm will be explained followed by a 

figure depicting the specifics of assigning an icing potential value.  What follows 

is a brief synopsis of each test as described in Alexander (2005). 

Table 1.   MODIS icing tests (after Alexander 2005) 

Test 
Group 

Test (no units unless 
noted) 

Icing Reflectance
Thresholds 

I 0.65µm Reflectance 
(P01) 

Min < 0.10 
Max > 0.25 

I 1.63µm Reflectance 
(P06) > 0.5 

I 2.1µm Reflectance  
(P07) > 0.4 

I 3.9µm Reflectance  
(P22) > 0.06 

I Cirrus Reflectance  
(P26) < 0.08 

II 1.63µm Ratio  
(P61) 

Min < 0.2 
Max > 0.9 

II 2.1µm Ratio  
(P71) 

Min < 0.15 
Max < 0.65 

III Temperature (°C)  
(P31) 

Min > 0 & <-40 
Max @ -10 

IV 3.9-11µm BTD (°C) 
(BTD1) > 10 (Day) 

IV 8-11µm BTD (°C)  
(BTD2) 

Min > 3 
Max < -2 

IV 11-12µm BTD (°C) 
(BTD3) < -0.5 & > 4.5 

IV Trispectral BTD (°C) 
(BTD4) 

Same as 8-11 
BTD 

 
1. Group I Reflectance tests 
Alexander’s first group of tests are reflectance tests using MODIS 

channels 1 (0.65 mµ ), 6 (1.6 mµ ), 7 (2.1 mµ ), 22 (3.9 mµ ), and 26 (1.38 mµ ).  

Reflectance tests are simply a measure of the energy that arrives at the satellites 
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sensors after being reflected by a surface within its field of view.  While 

seemingly simplistic, the use of thresholds allows one to discriminate cloud from 

background and possible composition/phase of the cloud. 

a. P01 Reflectance Test 
The P01 test uses MODIS channel 1 (0.65 mµ ), which is in the 

middle of the visible wavelength spectrum, and is located in a spectral window 

where the atmosphere is nearly transparent.  At this wavelength everything will 

reflect a certain amount of energy back into space, but optically thick clouds 

reflect a majority of incident visible solar energy.  By measuring the amount of 

energy received at the sensor and correcting for sun angle it is possible to 

distinguish cloud from ground or ocean.  There is some difficulty in distinguishing 

cloud from snow or dessert at this wavelength, but these areas can be broken 

out through the use of near-infrared and temperature thresholds in other tests.  

For the purposes of the icing potential algorithm, Alexander set the maximum 

icing potential probability at the >.25 reflectance values and the minimum at the 

<.10 reflectance values with a linear relationship between the two points as 

depicted in Figure 7. 

 
Figure 7.   P01 icing potential vs channel 1 reflectance percentage (from 

Alexander 2005) 
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b. P06 Reflectance Test 
The P06 test uses MODIS channel 6 (1.6 mµ ), and is primarily used 

to determine the phase of the cloud.  The P06 test is limited to daytime use and 

is in a portion of the solar spectrum that makes it possible to determine cloud 

composition.  Figure 8 shows the imaginary index of refraction of clouds based 

on their composition which has a direct relationship with absorption.  If more 

energy is absorbed at a certain wavelength then there is less energy reflected 

back to the satellite sensors.  At the channel 6 wavelength (1.6 mµ ) the real index 

of refraction is nearly identical for ice and water clouds, but the imaginary index 

of refraction is clearly unequal.  The ice cloud has a much larger imaginary index 

of refraction, and therefore absorbs more solar energy than a water cloud.  The 

result of this difference is that the MODIS sensor sees water clouds as brighter 

than ice clouds.  This is helpful in determining icing potential, as icing potential 

increases with increasing SLW content in clouds.  It should be noted that 

brightness of a water cloud decreases with increasing drop size, and the same 

occurs in an ice cloud.  The decreased brightness could lead to crossover into 

the brightness of an ice cloud made up of small ice particles.  Alexander placed 

the threshold for maximum icing potential at the >0.5 reflectance value to mitigate 

the possibility of ice clouds being assigned a high icing potential.  Figure 9 

depicts the specifics of this test. 
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Figure 8.   Imaginary index of refraction between 0.5 and 2.5 mµ  (Baum et al. 

2000). 
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Figure 9.   P06 Icing potential vs. channel 6 reflectance percentage (from 

Alexander 2005) 
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c. P07 Reflectance Test 
The P07 test uses MODIS channel 7 (2.1 mµ ), and is similar to the 

P06 test.  Like the 1.6 mµ  wavelength the 2.1 mµ  wavelength has nearly identical 

real indexes of refraction for water and ice clouds, but different imaginary indexes 

of refraction.  In this case the difference in the imaginary index of refraction is 

less than the P06 test.  This fact makes it a little more difficult to distinguishing 

ice from water with the P07 test.  The specifics of the test are depicted in 

Figure 10. 
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Figure 10.   P07 icing potential vs. channel 7 reflectance percentage (from 

Alexander 2005) 
 

d. P22 Reflectance Test 
The P22 reflectance test uses MODIS channel 22 (3.9 mµ ).  This 

channel lies in the crossover region between incoming solar and outgoing 

terrestrial radiation making it difficult to distinguish the source of the sensed 

energy.  Therefore, the emitted energy of the cloud must be subtracted from the 

total sensed value of the satellite to determine the total reflected solar energy.  

The total solar value can then be used to determine the phase of the cloud since 
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water clouds again reflect more energy than ice clouds.  The threshold for water 

clouds, and therefore maximum icing potential was found to be >0.06 which is 

where Alexander starts a rapid decrease in icing potential as depicted in 

Figure 11. 
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Figure 11.   P22 icing potential vs. channel 22 reflectance percentage (from 

Alexander 2005). 
 

e. P26 Reflectance Test 
The P26 reflectance test uses MODIS channel 26 (1.38 mµ ).  This 

test is unique in that it is not attempting to determine where icing potential is high, 

but where there is no icing potential.  This wavelength is highly susceptible to 

absorption by water vapor in the atmosphere which limits the energy seen by the 

satellite to that reflected by clouds so high in the atmosphere that they are almost 

certainly ice clouds.  At these altitudes the temperature is too cold for the 

presence of SLW in any sensed clouds and therefore icing potential is negligible.  

The specifics of this test are depicted in Figure 12. 
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Figure 12.   P26 icing potential vs. channel 26 reflectance percentage (from 

Alexander 2005) 
 
2. Group II Reflectance Ratio Tests: P61 and P71 
Ratio tests provide a more detailed determination of cloud phase than 

reflectance tests alone.  Two tests are performed in this group using the 

previously discussed channel 1, 6, and 7 reflectance values.  Reflectance values 

for channel one will be highest, and water clouds will have a higher reflectance 

than ice clouds in both channels 6 and 7.  This means a high value from the ratio 

of channel 6 to channel 1 (P61) and channel 7 to channel 1 (P71) will indicate a 

high probability of water clouds.  Since SLW produces airframe icing, high values 

of either ratio would indicate high icing potential.  That said, there are situations 

where the ratio can be greater than 1, but they do not occur in clouds.  Therefore, 

values greater than one were excluded from the icing potential test, and areas 

with values between 0 and 1 were included.  P61 icing potential vs. ratio value is 

depicted in Figure 13.  P71 icing potential vs. ratio value is depicted in Figure 14. 
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Figure 13.   P61 Icing potential vs. P61 ratio (from Alexander 2005). 
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Figure 14.   P71 Icing potential vs. P71 ratio (from Alexander 2005) 
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3. Group III Brightness Temperature Test (P31) 
The P31 brightness temperature (BT) test uses MODIS channel 31 

(11 mµ ).  At this wavelength clouds are both good absorbers and good emitters.  

This is also the wavelength at which the earth’s blackbody emission peaks.  This 

means energy emitted by the earth is absorbed by the cloud and the cloud then 

reemits energy based on its temperature.  Therefore the radiance detected by 

the satellite can be converted to cloud top temperature.  Since the radiance 

detected only comes from the top few meters of the cloud the temperature within 

the cloud can not be directly measured, but if cloud tops are between 0 and -

25ºC a large icing potential can be inferred.  Figure 15 depicts the icing 

probability values used in Alexander (2005). 

 
Figure 15.   P31 Brightness Temperature probability values (from Alexander 

2005) 
 
4. Group IV Brightness Temperature Difference Tests 
The brightness difference tests again allow for more accurate phase 

discrimination within the clouds.  All tests in this group are designed to exploit the 

change in the imaginary index of refraction for water and ice clouds from one 
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wavelength to the next.  Since the absorption coefficient is directly proportional to 

the imaginary index of refraction, and good absorbers are good emitters at a 

given wavelength, sensed brightness temperatures will vary for water and ice 

clouds as wavelength changes.  This variation in sensed brightness temperature 

makes phase determination possible. 

a. BTD1 Brightness Temperature Difference Test 
The BTD1 test measures the difference between MODIS channels 

22 (3.9 mµ ) and 31(11 mµ ).  During daylight hours energy is both reflected and 

emitted by clouds at the channel 22 wavelength.  This causes channel 22 

brightness temperatures to be greater than channel 31 brightness temperatures.  

Since water clouds reflect better at the channel 22 wavelength, water clouds 

have higher brightness temperatures than ice clouds.  This leads to a greater 

difference between channel 22 and channel 31 temperatures in clouds where 

icing potential is high.  The specifics of this test are found in Figure 16. 
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Figure 16.   BTD1 icing potential vs Channel 22-31 brightness temperature 

difference (from Alexander 2005) 
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b. BTD2 Brightness Temperature Difference Test 
The BTD2 test measures the difference between MODIS channels 

29 (8.5 mµ ) and 31 (11 mµ ) brightness temperatures.  At the channel 29 

wavelength the absorption coefficient for both ice and water clouds are 

approximately the same.  As you move toward the channel 31 wavelength the 

absorption coefficient increases for both water and ice clouds, but the ice 

absorption coefficient increases more than the water absorption coefficient.  

Since a good absorber is also a good emitter the channel 31 brightness 

temperatures for ice clouds will be lower than water clouds leading to a negative 

difference in water clouds, and positive in ice clouds.  The specifics of the test 

are found in Figure 17. 
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Figure 17.   BTD2 icing potential vs. channel 29-32 brightness temperature 

difference (from Alexander 2005) 
 

c. BTD3 Brightness Temperature Difference Test 
The BTD3 test measures the difference between MODIS channels 

31 (11 mµ ) and 32 (12 mµ ) brightness temperatures.  This test attempts to help 

distinguish ice clouds from water clouds, but is limited in its ability to do so.  The 
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absorption coefficients for both ice and water clouds increase between 11 mµ  

and 12 mµ .  This means clouds are better absorbers, and therefore better 

emitters at the 12 mµ  wavelength, which leads to slightly lower 12 mµ  BTs.  The 

result is that this difference is generally positive, but research by Inoue (1987) 

and Wieman (1990) found that cirrus clouds have a difference greater than 0.81 

degrees, and thin cirrus have a difference greater than 1.51 degrees.  This 

makes the test helpful in distinguishing cirrus clouds.  The specifics of the test 

are found in Figure 18. 

 

Channel 31 – 32 BTD (°C)

1.5 4.50.8
0

100

Ic
in

g 
P

ro
ba

bi
lit

y 
(%

)

-0.5

Channel 31 – 32 BTD (°C)

1.5 4.50.8
0

100

Ic
in

g 
P

ro
ba

bi
lit

y 
(%

)

-0.5

 
Figure 18.   BTD3 icing potential vs. channel 31-32 brightness temperature 

difference (from Alexander 2005) 
 

d. BTD4 Trispectral Brightness Temperature Difference 
Test 

This test is equal to the BTD2 value minus BTD3 value, and is 

based on research done by Strabala et al. (1994).  The absorption coefficient for 

water clouds increase more between 11 mµ  and 12 mµ  than between 8.5 mµ  and 

11 mµ  which makes the BTD3 value for water clouds larger than the BTD2 

values, and the opposite is true for ice.  Since the BTD2 values for water clouds 
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are negative and the BTD3 values for water clouds are positive then the 

difference for water clouds will be negative.  As stated earlier the opposite is true 

for ice clouds whose difference will be positive.  If the cloud contains both water 

and ice, the value will be close to zero.  The specifics of the test are shown in 

Figure 19. 
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Figure 19.   BTD4 icing potential vs. trispectral brightness temperature 

difference (from Alexander 2005) 
 
5. The Final MODIS Algorithm Test 
To calculate the final icing potential value Alexander (2005) examined all 

of the tests within a group and took the highest icing potential value found for 

each pixel to create the final group icing potential field.  This moved the bias 

toward high icing potential.  Once all of the final group fields were created, the 

final group values for each pixel location were multiplied together and the fourth 

root taken to determine the pixel value in the final icing potential field.  This 

process is displayed in Figure 20. 
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Figure 20.   Illustration of the final aircraft icing potential test (Alexander 2005). 
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Table 2.   Channel specifications for the MODIS platform (after MODIS web 
2006) 

Primary Use Band Bandwidth1 Spectral Radiance2 Required SNR3 
1 620 - 670 21.8 128 Land/Cloud/Aerosols 

Boundaries 2 841 - 876 24.7 201 

3 459 - 479 35.3 243 

4 545 - 565 29.0 228 

5 1230 - 1250 5.4 74 

6 1628 - 1652 7.3 275 

Land/Cloud/Aerosols 
Properties 

7 2105 - 2155 1.0 110 

8 405 - 420 44.9 880 

9 438 - 448 41.9 838 

10 483 - 493 32.1 802 

11 526 - 536 27.9 754 

12 546 - 556 21.0 750 

13 662 - 672 9.5 910 

14 673 - 683 8.7 1087 

15 743 - 753 10.2 586 

Ocean Color/ 
Phytoplankton/ 
Biogeochemistry 

16 862 - 877 6.2 516 

17 890 - 920 10.0 167 

18 931 - 941 3.6 57 

Atmospheric 
Water Vapor 

19 915 - 965 15.0 250 

Primary Use Band Bandwidth1 Spectral Radiance2 Required NE[delta]T(K)4 

20 3.660 - 3.840 0.45(300K) 0.05 

21 3.929 - 3.989 2.38(335K) 2.00 

22 3.929 - 3.989 0.67(300K) 0.07 

Surface/Cloud 
Temperature 

23 4.020 - 4.080 0.79(300K) 0.07 

24 4.433 - 4.498 0.17(250K) 0.25 Atmospheric 
Temperature 25 4.482 - 4.549 0.59(275K) 0.25 

26 1.360 - 1.390 6.00 150(SNR) 

27 6.535 - 6.895 1.16(240K) 0.25 

Cirrus Clouds  
Water Vapor 

28 7.175 - 7.475 2.18(250K) 0.25 

Cloud Properties 29 8.400 - 8.700 9.58(300K) 0.05 

Ozone 30 9.580 - 9.880 3.69(250K) 0.25 

31 10.780 - 11.280 9.55(300K) 0.05 Surface/Cloud 
Temperature 32 11.770 - 12.270 8.94(300K) 0.05 

33 13.185 - 13.485 4.52(260K) 0.25 

34 13.485 - 13.785 3.76(250K) 0.25 

35 13.785 - 14.085 3.11(240K) 0.25 

Cloud Top 
Altitude 

36 14.085 - 14.385 2.08(220K) 0.35 
1 Bands 1 to 19 are in nm; Bands 20 to 36 are in µm 
2 Spectral Radiance values are (W/m2 -µm-sr) 
3 SNR = Signal-to-noise ratio 
4 NE(delta)T = Noise-equivalent temperature difference 
Note: Performance goal is 30-40% better than required 
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III. PROCEDURE 

The synoptic situation was closely monitored in early 2006 to determine 

when subtropical systems would be transiting the northeastern United States and 

southeastern Canada.  MODIS imagery and PIREP data was subsequently 

collected for January 15, 18, 23, and 25, 2006 over the same area examined by 

Alexander in 2005.  Although using the same area was not necessary, it was a 

logical choice since air traffic is much denser in the northeastern United States 

than elsewhere in the country.  MODIS imagery files were collected from the 

National Aeronautics and Space Administration’s (NASA) website at 

http://daac.gsfc.nasa.gov/daac-bin/MODIS/Data_order.pl.  PIREP data was 

collected from the National Oceanic and Atmospheric Administration's (NOAA) 

Aviation Digital Data Service (ADDS) website at 

http://adds.aviationweather.gov/pireps/.  

A. RAW MODIS FILE INVESTIGATION 
MODIS imagery was analyzed using Alexander’s algorithm, and the 

procedures outlined in Alexander (2005).  The raw files were processed using 

MATLAB program files originally created by Dr. Shaima Nasiri, adapted by 

Alexander (2005), and further adapted to process the new MODIS files.  While 

the program files were adapted, the MODIS based aircraft icing potential 

algorithm was not changed.  MODIS Icing potential fields were then compared to 

the 133 total (109 positive, 24 negative) PIREPS collected within three hours of 

the MODIS image times.  All pixels within 25 miles of each PIREP were 

examined to determine the mean and median value of icing potential in that area.  

The maximum value of either the mean or median was used to determine the 

MODIS icing potential (MODISpot) 

B. MM5 MODEL DATA INVESTIGATION 
Air Force Weather Agency (AFWA) MM5 Model Data was investigated 

using the GARP program.  More specifically GARP’s model sounding capability 

was utilized to determine the temperature (T) and dew point temperature (Td) at 

each PIREP location and flight level.  If the PIREP fell within one hour of a 
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forecast period (ie. 1400-1600 for the 1500Z forecast time) that forecast period’s 

values were used in calculations.  If the PIREP fell in the middle hour between 

forecasts (1600-1700 given the standard forecast times of 1500 and 1800) the 

values for both the early and late forecast were collected.  An example of model 

sounding output is shown in Figure 21. 

 
Figure 21.   Sample GARP model sounding output 

 
The procedure for collecting the model data was straight forward.  The 

GARP interface allows for the input of an exact latitude and longitude pair so a 

sounding could be created at each PIREP location.  Once a sounding was 

created, the pressure level associated with the flight level reported in the PIREP 

was determined by placing the cursor within the field and reading the altitude and 

pressure level of the cursor.  After the pressure level of the PIREP was 

determined, it was manually input using the PARCEL menu button depicted in 

Figure 21.  The parcel’s data, including T and Td, was then displayed in the upper 
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right portion of the screen.  The T and Td values were then recorded in an Excel 

spreadsheet for future use in calculations. This process was repeated for all 133 

PIREPS, and twice for each PIREP if it fell in a middle hour between forecasts. 

C. TOTAL ICING POTENTIAL CALCULATIONS 
1. Model Icing Potential Assignment 
The first calculation required before assigning an icing potential value is 

determining the relative humidity (RH) at the PIREP location and altitude.  This 

was accomplished using a simple equation used by the National Weather 

Service (NWS), and is listed in Table 3.  The equation approximates RH within 

0.6% from -25 through 45 degrees Celsius.  While icing can be encountered 

below -25 degrees Celsius, the icing potential at these temperatures is very low. 

a. RH Icing Potential Assignment  
Icing potential values were assigned to the RH values at each 

PIREP location using an RHmap similar to the CIP in Bernstein et al. (2005).  

The actual RHmap used here is slightly more simple than the operational CIP 

RHmap, in that it has fewer turning points.  For the purpose of calculations, the 

RHmaps are essentially the same.  The exact RHmap used here is shown in 

Figure 5.  

b. T Icing Potential Assignment 
Icing potential values were assigned to the T values collected at 

each PIREP location using 2 separate Tmaps.  The first Tmap is based on 

research conducted by Sand et al. in (1984) and is identical to the MODIS 

Channel 31 brightness temperature test used in the MODIS algorithm .  The 

second Tmap is from the CIP as described in Bernstein et al. 2005.  Like the CIP 

based RHmap, the actual CIP based Tmap used here is slightly modified, but 

effectively the same.  Both Tmaps used here are displayed in Figure 6. 

2. Eight Test Calculations 
Eight test calculations were made using both the Alexander based Tmap 

and the CIP based Tmap.  The calculations were designed to accomplish several 

things.  First, was to determine which Tmap would yield the best results.  

Second, to determine which method of determining T and Td between forecast 
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hours would yield the best results, and third, to determine the best weighting of 

model parameters in the icing potential calculations. 

a. MM5_1 
The MM5_1 Icing potential calculation uses the model T and Td 

values from the forecast hours +/- 1hr, and averages the values in the middle 

hour between forecasts.  The RH values in the middle hour are calculated using 

the averaged T and Td values.  The T, Td and RH values calculated in this 

manner have the subscript 1, and the icing potential values assigned from the 

Tmap and RHmap have the subscript 1pot.  The actual equation used can be 

found in Table 3.  This test gives equal weight to both T and RH icing potential 

values when calculating the model portion of the icing potential calculation, and 

also weighs the total model and MODIS portion equally.  This test, as with 7 out 

of the 8 calculations, uses roots in the calculations.  Since all icing potential 

values are between 0 and 1 multiplying them together, and taking root also 

produces a value between 0 and 1.  For example:  9195.95.89. =× . 

b. MM5_2 
The MM5_2 Icing potential calculation uses the model T and Td 

values from the forecast hours +/- 1.5hrs.  The RH values are simple calculations 

using these values.  The T, Td and RH values calculated in this manner have the 

subscript 2, and the icing potential values assigned from the Tmap and RHmap 

have the subscript 2pot.  The actual equation used can be found in Table 3.  

Apart from the method for determining the T and RH, the MM5_2 calculation is 

the same as the MM5_1. 

c. MM5_1_1 
The MM5_1_1 icing potential calculation uses the subscript 1pot 

model icing potential values found in the MM5_1 calculation.  The difference 

between the MM5_1 and MM5_1_1 test is the weighting of the T derived icing 

potential value in the model portion of the total icing potential.  In this case the T 

potential is multiplied by itself and the RH potential, and the cube root is taken to 

determine the total model potential.  This effectively makes the model T value 
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more dominant in the icing potential calculation compared to RH.  The actual 

equation used can be found in Table 3. 

Table 3.   Model icing potential calculations [table titles go at the top] 

Variable Formula 

Relative Humidity 

(RH) 
8)

9.0112
1.0112

(100
T

TT
RH d

+
+−

≈ (National Weather Service 2005) 

Icing potential using 

average T and Td in 

the middle hour (RH 

calc. with same) 

(MM5_1) 

potpotpot MODISRHTMM ××= )(1_5 11  

Icing potential using 

forecast T and Td +/- 

1.5 hrs (RH calc. with 

same)(MM5_2) 

potpotpot MODISRHTMM ××= )(2_5 22  

Icing potential test 1 

using T1pot and RH1pot 

(MM5_1_1) 

potpotpotpot MODISRHTTMM ×××= )(1_1_5 3
111  

Icing potential test 1 

using T2pot and RH2pot 

(MM5_2_1) 

potpotpotpot MODISRHTTMM ×××= )(1_2_5 3
222  

Icing potential test 2 

using T1pot and RH1pot 

(MM5_1_2) 

potpotpotpot MODISRHRHTMM ×××= )(2_1_5 3
111  

Icing potential test 2 

using T2pot and RH2pot 

(MM5_2_2) 

potpotpotpot MODISRHRHTMM ×××= )(2_2_5 3
222  

Icing potential test 3 

(MM5_3) 
potelpotelpot MMMMMODISMM _mod_mod 2_2_52.02_1_52.06.03_5 ×+×+×=  

Icing potential test 4 

(MM5_4) pot
potelpotel MODIS

MMMM
MM ×

+
= )

2
2_2_52_1_5

(4_5 _mod_mod
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d. MM5_2_1 
The MM5_2_1 icing potential calculation uses the subscript 2pot 

model icing potential values found in the MM5_2 calculation.  Otherwise, it is 

calculated in the same manner as the MM5_1_1 calculation.  The actual equation 

used can be found in Table 3. 

e.  MM5_1_2  
The MM5_1_2 icing potential calculation again uses the subscript 

1pot model icing potential values, and is very similar to the MM5_1_1 test.  The 

only difference is that the RH potential value is multiplied twice instead of the T 

potential value.  Again, this effectively makes the RH potential more dominant in 

the icing potential calculation compared to T.  The actual equation used can be 

found in Table 3. 

f. MM5_2_2 
The MM5_2_2 icing potential calculation uses the subscript 2pot 

model icing potential values, but is otherwise the same as the MM5_1_2.  The 

actual equation used can be found in Table 3. 

g. MM5_3 
The MM5_3 icing potential calculation was added after early 

calculations revealed that the MM5_1_2 and MM5_2_2 seemed to produce 

favorable results.  For that reason, the model icing potential values for those two 

tests were used in this calculation, which is the only calculation that does not use 

roots.  It simply takes a percentage of the MODIS icing potential value, the model 

portion of the MM5_1_2 icing potential value, and the model portion of the 

MM5_2_2 icing potential value.  Clearly, there are infinite weighting possibilities 

to this calculation, but the equation found in table 3 is the only variation used 

here.  60% of the MODIS icing potential value was added to 20% of both the 

MM5_1_2 and _2_2 model icing potential values.  Since all values in the 

calculation must be between 0 and 1, the calculated potential will also be 

between 0 and 1.  The actual equation used can be found in Table 3. 
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h. MM5_4 
The MM5_4 icing potential calculation was also added after early 

calculations revealed that the MM5_1_2 and MM5_2_2 seemed to produce 

favorable results.  In this calculation, the model portion of the total icing potential 

in MM5_4 is simply an average of the model portion of the MM5_1_2 and 

MM5_2_2 icing calculations.  This average is then multiplied by the MODIS 

potential value, and the root is taken.  The actual equation used can be found in 

Table 3. 

D. VERIFICATION 
A large portion of the evaluation was modeled after the verification used 

by Alexander (2005).  This allowed for direct comparison with his results.  For all 

calculations (16 total between the Alexander based Tmap and the CIP Tmap) 

and the MODIS icing potential, a value of 0.5 or greater at the PIREP locations 

was considered high icing potential.  Less than 0.5 was considered a low icing 

potential.  These potential values were then compared to the 109 positive icing 

PIREPs and 24 negative icing PIREPS to determine how many PIREPS were 

correctly detected. 

After the comparisons were made, the probability of detection (POD) and 

probability of correct null (PODno) were calculated for all methods of icing 

potential prediction.  POD is simply the number of correctly detected positive 

icing PIREPs divided by the total number of positive icing PIREPs.  PODno is the 

number of correctly detected negative icing PIREPS divided by the total number 

of negative icing PIREPs.  In the case of the MODIS icing potential the area 

efficiency at the .5 threshold was also calculated for comparison with Alexander’s 

results.  Area efficiency is the POD value divided by the total area of diagnosed 

icing. 

The remainder of the verification was designed to determine which 

method of calculating model icing potential provided the most value to the total 

icing potential calculation.  To accomplish this, the threshold for high icing 

potential was varied from 0 to 1 in increments of 0.1.  At each increment the 

POD, PODno, and false alarm fraction (FAF) were calculated for the MODIS 
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potential and the 16 calculated total potentials for use in receiver operating 

characteristic (ROC) curves.  The details of ROC curves will be explained in 

Chapter IV. 



35 

IV. RESULTS 

A. RAW MODIS FILE INVESTGATION RESULTS AND MODIS ICING 
POTENTIAL RESULTS 
The initial investigation of the raw MODIS data fields revealed that there 

was a significant noise problem visible on all days.  The noise was not always 

visible in the same channels, but always in a field used in Alexander (2005) 

MODIS based algorithm.  While Alexander (2005) limited his study to the use of 

MODIS files from the Terra platform, data from both the Terra and Aqua 

platforms were investigated here.  The January 15, 2006 case was Terra based 

data, and the remainder of the cases (January 18, 23 and 25, 2006) were Aqua 

based.   

After viewing the fields created by the MODIS algorithm tests, it became 

apparent that the Aqua based cases had a large amount of noise in the Channel 

6 reflectance field.  An example of this is found in Figure 22.  Since this field is 

used in two of the twelve tests, it was very important to identify and account for 

the noise.  An investigation of the raw data revealed that the noise had values 

well above 1.  Since reflectance values must be between 0 and 1, the noise was 

easily filtered out using MATLAB to index the pixels with erroneous values.  Once 

the noise pixels were indexed, the noise values were replaced with no value.  

This was done to maintain the shape and structure of the data field, which was 

very important for comparing PIREP locations with pixel locations.  An example 

of the corrected field can be seen in Figure 23.  The MODIS algorithm was then 

run using the filtered fields.  After comparing the resultant MODIS icing potential 

field with PIREP locations, it was found that in no case were the pixels within 25 

miles of a PIREP more than half noise.  This finding allowed for a reasonably 

accurate determination of MODIS based icing potential at the PIREP location, but 

the validity of area efficiency calculations may be limited. 
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Figure 22.   Raw January 23, 2006 channel 6 reflectance field 

 
 

 
Figure 23.   Filtered January 23, 2006 channel 6 reflectance field 
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The MODIS algorithm tests also revealed that the Terra based case also 

had a noise problem.  The noise here was found in the channels 22 and 29 

brightness temperature fields, and could not be filtered out.  An example of this 

noise can be found in Figure 24.  At first glance it may appear that there is not 

any noise, but a close inspection reveals noise in the blue-green shades in the 

upper middle portion of the field.  An investigation of the raw data revealed that 

the noise was on the order of 3 Kelvin, but determining which pixels where noise 

against the valid data proved too difficult.  This was a very significant finding 

considering the fact that a 3 Kelvin magnitude difference in the brightness 

temperature difference tests could significantly change the icing potential 

assigned to the pixel.  Given the small area affected by the noise, it was decided 

that these fields would be used with the noise in place. 

 
Figure 24.   Channel 22 brightness temperature field from January, 15, 2006 

 
The final results of the MODIS based icing potential algorithm compared 

to the 133 PIREPs within 3hrs of the 2006 MODIS valid times produced an 

overall POD of 72%, a PODno of 25%, with an average area efficiency of 
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0 25101902. −−× km .  These results compared favorably with Alexander (2005) 

findings based on 46 PIREPs within a 3hrs of the 2003 MODIS fields.  His 

investigation produced a POD of 62.5%, a PODno of 33.3%, and an area 

efficiency of 0 21409. −km .1 

B. MODEL ICING POTENTIAL CALCULATION RESULTS 
The initial assessment of the value added by the various model icing 

potential calculations occurred at the 0.5 threshold using PIREPs within 3 hours 

of the MODIS valid times.  This allowed for a comparison with the results already 

discussed.   

The results using the Alexander Tmap values in calculations can be found 

in Table 4.  Row 1 shows the results of the MODIS icing potential alone while the 

remainder of the rows show the results using the calculations described in 

chapter III.  At first glance it might appear that the addition of the model data 

decreased the MODIS algorithm’s ability to correctly assess icing potential since 

the POD value decreased in every case except one, the MM5_3.  However, one 

must look at the PODno values, which are at worst the same as the MODIS 

algorithm, and at best, are 100% greater.  A close inspection reveals that the 

MM5_1_2, MM5_2_2, and the MM5_4 icing potential calculations produce the 

best combination of POD and PODno values.  The common thread between 

these three tests is that they all weight relative humidity more in the model 

portion of the total icing potential calculation.  Also important to note, is that in 

every case except the MM5_3, the decrease in POD was less than the increase 

in PODno. 

One new variable appears in Table 4 that has not been previously 

discussed.  FAF in column three is the false alarm fraction, and is simply 1-

PODno.  The calculation was necessary, since it is one of the plotted values in a 

ROC curves that will be discussed later. 

 

                                            
1 It is assumed that the area efficiency value found in Alexander 2005 is missing a ?10−× , 

but this can not be verified without repeating Alexander’s study. 
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Table 4.   Results using T icing potential values from the Alexander Tmap, 
and 3 Hour PIREPs 

 POD POD-NO FAF threshold corr + corr - 
Modis 0.72 0.25 0.75 0.50 79.00 6.00 
mm5_1 0.68 0.42 0.58 0.50 74.00 10.00 
mm5_2 0.67 0.46 0.54 0.50 73.00 11.00 
mm5_1_1 0.69 0.33 0.67 0.50 75.00 8.00 
mm5_2_1 0.71 0.33 0.67 0.50 77.00 8.00 
mm5_1_2 0.67 0.50 0.50 0.50 73.00 12.00 
mm5_2_2 0.67 0.50 0.50 0.50 73.00 12.00 
mm5_3 0.77 0.25 0.75 0.50 84.00 6.00 
mm5_4 0.67 0.50 0.50 0.50 73.00 12.00 

 
The results using the CIP Tmap values and calculations can be found in 

Table 5.  As in Table 4, row 1 lists the MODIS icing potential results followed by 

the rest of the calculations.  The addition of model data again appears to 

decrease the POD values in all tests except the MM5_3 calculation, and the 

MM5_1_2, the MM5_2_2, and the MM5_4 again appear to have the best 

combination of POD and PODno.  The similarities end there.  In this case, the 

only tests that produced a greater increase in PODno than decrease in POD 

were the MM5_1_2, the MM5_2_2, and the MM5_4.  In the calculations using the 

Alexander Tmap this occurred in every case except the MM5_3. 

Table 5.   Results using T icing potential values from the CIP Tmap, and 3 
hour PIREPs 

 POD POD-NO FAF threshold corr + corr - 
modis 0.72 0.25 0.75 0.50 79.00 6.00 
mm5_1 0.66 0.29 0.71 0.50 72.00 7.00 
mm5_2 0.67 0.29 0.71 0.50 73.00 7.00 
mm5_1_1 0.62 0.29 0.71 0.50 68.00 7.00 
mm5_2_1 0.64 0.29 0.71 0.50 70.00 7.00 
mm5_1_2 0.67 0.38 0.63 0.50 73.00 9.00 
mm5_2_2 0.68 0.42 0.58 0.50 74.00 10.00 
mm5_3 0.80 0.21 0.79 0.50 87.00 5.00 
mm5_4 0.67 0.42 0.58 0.50 73.00 10.00 

 
While enlightening, the snap shot view displayed in Tables 4 and 5 

seemed insufficient to determine which calculation added the most value to the 
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MODIS based icing potential algorithm. To aid in this determination, the threshold 

for high icing potential was varied 0 to 1 in increments of 0.1, and the results 

plotted in ROC curves.  It should be noted that ROC curves use the FAF as one 

of the plotted variables and there are some who believe that it is not appropriate 

to look at positive and negative PIREPs together.  Brown et al. (1997) argues 

that positive and negative PIREPs do not truly represent icing in the atmosphere 

since pilots do not feel obligated to report negative icing conditions.  This leads to 

PIREPs overestimating icing conditions, but in the cases examined here, the 

days and areas were chosen to effectively guarantee large areas of icing.  This 

would ensure a large number of PIREPs.  In the cases examined here the areas 

had well over 50% of the area forecast as high icing potential.  This could 

indicate that in these cases, the 109 positive and 24 negative PIREPs were more 

representative of the actual icing situation than previous studies that looked at 

larger areas.  The traditional AE calculation was not possible in this case since 

the single point model calculations did not provide an area of forecast high icing 

potential.  ROC curves were the only method available to compare the model 

calculations directly. 

1. ROC Curves 
ROC curves are a valuable tool used to evaluate the performance of test 

thresholds in predicting reality.  They are extremely useful here since we are 

attempting to determine which test provides the most added value to the MODIS 

based icing algorithm at the 0.5 high Icing potential threshold.  While the actual 

values calculated at the 0.5 threshold have already been discussed, ROC curves 

provide a visual and mathematical representation of each calculation’s value. 
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Table 6.   Important ROC variables.  Plotted variables highlighted in light 
grey. 

Actual Icing vs. Icing Potential Prediction 

 Positive Icing Pirep Negative Icing PIREP 

High Icing Potential POD 

Or True Positive Fraction (TPF) 

False Alarm Fraction (FAF) 

Or Probability of False Alarm 

(PFA) 

Low Icing Potential False Negative Fraction (FNF) PODno 

Or True Negative Fraction (TNF) 

 POD+FNF=1 FAF+PODno=1 

 
The variables needed to plot a ROC curve are displayed in Table 6.  The 

two plotted variables are POD vs FAF.  The resultant ROC curves from the use 

of the Alexander Tmap and the MODIS based icing algorithm can be seen in 

Figure 25.  This figure will be used to explain ROC curve characteristics.  POD is 

located on the Y axis, and the Probability of False Alarm (PFA, otherwise known 

as FAF) is located on the X axis.  A one to one line is plotted for reference (black 

dot-dash line in Figure 25).  The test lines are plotted from the upper right to the 

bottom left as the threshold value varies from a minimum to a maximum.  A 

perfect test would plot a line across the graph at y =1 and down at x=0.  In this 

case the area under the curve would be one.  This result would indicate a POD of 

1 and a FAF of 0 (a FAF of zero also indicates a PODno of 1) was achieved by 

the test at some threshold value.  This is never achieved in reality.  Instead the 

test that plots farthest to the top and left of the graph (furthest from the one to 

one line) is considered to perform the best. 
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Figure 25.   ROC curves using 3 hour PIREPs and Alexander Tmap with 

symbols plotted at the 0.5 threshold values. 
 
Figure 25 is a plot of the POD and FAF values for all of the icing potential 

calculations and the MODIS icing potential as the threshold is varied from zero to 

one.  The MODIS icing potential line is the solid dark blue line, and acts as the 

reference for the other tests since they are expected to improve upon the MODIS 

algorithm.  Important to note is that the MODIS algorithm falls almost directly on 

the one to one line, and normally this is considered to be a poor test.  It is easy to 

see that the addition of model data using the Alexander Tmap improved upon the 

MODIS algorithm in every case except possibly the MM5_3 test.  It can also be 

seen that at the 0.5 threshold value (values marked by the symbols) the 

MM5_1_2, MM5_2_2, and MM5_4 tests plot furthest to the top and left indicating 

that these tests performed the best.  It should be noted that the jagged nature of 

the test curves in the upper right potion of the graphs is likely due to the limited 

number of negative icing PIREPs.   

As stated previously, some believe it is inappropriate to use the FAF and 

POD as a measure of algorithm success.  Since FAF is simply 1-PODno, it is 

also an indicator of PODno.  With that in mind it also seems inappropriate to 
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ignore the results found in Table 4 and Figure 25, where at the 0.5 threshold, 

there is a 0.05 drop in POD and a 0.25 increase in PODno over the MODIS 

algorithm alone using the MM5_1_2 calculation.  Using the AE measure alone 

would completely miss the fact that there was a 100% increase in PODno 

percentage with only a 7% drop in POD.  This would indicate that including the 

model data in an area limited by the horizontal extent of the MODIS algorithm 

could greatly increase efficiency.  This finding could be missed if POD and 

PODno were looked at only separately. 

The ROC curves produced using the CIP Tmap can be seen in Figure 26.  

This case looks quite different than the Alexander Tmap case.  The MODIS icing 

potential line is again the solid dark blue line, and acts as the reference for the 

other tests.  Again, the MODIS algorithm line falls almost directly on the one to 

one line since it is the same plot seen in the Alexander Tmap ROC curves.  Here 

the addition of model data it does not add as much value, and in cases actually 

reduces the value.  This can clearly be seen at the 0.5 threshold value, where 

only three of the tests fall above, and to the left, of the one to one line, and four 

actually fall below and to the right.  As possibly expected, the three tests that plot 

furthest to the top and left at the 0.5 threshold are the MM5_1_2, MM5_2_2, and 

the MM5_4. 
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Figure 26.   ROC curves using 3 hour PIREPs and Alexander Tmap with 

symbols plotted at the 0.5 threshold values. 
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V. CONCLUSION AND RECOMMENDATIONS 

A. CONCLUSION 
The Alexander (2005) MODIS based daytime icing potential algorithm 

provided a unique opportunity to examine the benefits of adding mesoscale 

model data to the icing potential calculations.  The two dimensional nature of 

satellite based icing potential products severely limits their operational use as a 

stand alone product, but they are extremely helpful in limiting the horizontal 

extent of diagnosed icing.  In the past, icing products that were strictly based on 

model data fields greatly over predicted the extent of high icing potential, which 

makes the combination of these two products highly beneficial. 

The first conclusion that one must come to when reviewing the result in 

chapter IV is that the CIP Tmap is far too temperature dependant.  As seen in 

Figure 6, the CIP Tmap has a broad range of temperatures (-8 through -4 

degrees Celsius) that assign a maximum icing potential.  This is compared to the 

Alexander channel 31 brightness temperature Tmap which has a distinct peak at 

-10 degrees Celsius.  The CIP Tmap’s broad range of high icing potential did little 

to increase the POD values, and severely limited the total icing potential’s ability 

to detect negative icing PIREPs.  This could be due to forecasters’ desire to error 

on the side of high icing potential in operational products, but the CIP Tmap 

failed to increase POD in this study and drove 4 out of 8 test ROC curves below 

and to the right of the one to one line.  Of the remaining 4 tests only three plotted 

above and to the left of the one to one line, and this only occurred in model icing 

potential calculations that weighted T lower than RH.  By comparison, the 

Alexander Tmap based icing potential ROC curves all plotted above and to the 

left of the one to one line at the 0.5 threshold.  This result suggests that the CIP 

Tmap actually makes it more difficult to correctly detect icing, and no icing, 

potential.  Total icing potential calculations based on the Alexander Tmap clearly 

performed better. 
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Model icing potential calculations that weighted RH values higher than T 

values produced more accurate results.  This is likely due to the tendency of 

models to over predict areas of high RH, which would lead one to conclude that 

when a model predicts low RH it is most likely the case.  This could also be due 

to the fact that temperatures at some altitude over any point on earth will produce 

a high icing potential based on T alone, but icing very rarely occurs outside of 

cloud or precipitation.  By weighting the RH potential values higher, PODno 

values were elevated, which in turn moved the PFA values lower at the 0.5 

threshold for icing potential.  The net effect was that the MM5_1_2, MM5_2_2, 

and MM5_4 ROC lines moved farther from the one to one line, and plotted 

farthest to the top and left at the desired threshold in both the CIP and Alexander 

Tmap ROC curves. 

The addition of MM5 mesoscale model data added significant value to the 

stand alone MODIS based icing potential algorithm which bodes well for future 

operational products based on Alexander (2005).  This type of product is not 

currently feasible due to the time resolution issues associated with the MODIS 

platform, but future GOES imagers will have similar channels and resolutions to 

the MODIS platform with the capability to scan the continental United States 

every five minutes (Allen 2006).  This platform will provide a legitimate 

opportunity to produce a near real time icing potential field that could be viewed 

on cockpit displays. 

B. RECOMMENDATIONS 
It is highly recommended that a study be conducted into the value of the 

CIP’s operational Tmap.  The results here seem to indicate that this Tmap 

severely limits the overall ability to detect negative icing areas, which indicated 

that it over predicts the high icing area.  If the objective of the CIP is to accurately 

portray the icing potential, then the Tmap should be adjusted.  The results of 

such a study could immediately impact the accuracy of an operational product. 

As a direct follow-on to this work, it is recommended that a study should 

be conducted using model volume data.  This would add a third dimension to the 

MODIS based algorithm, and the inclusion of new parameters such as cloud 
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liquid water content could make the model based calculations even more precise.  

This, along with the use of the MODIS cloud mask would provide an advance in 

MODIS based icing and no icing potential prediction.  This study would be time 

and processor intensive due to the large amount of data used, but would be 

worth the time and effort.  A large pool of both positive and negative PIREPs 

would aid in validation and certainty of results.  While positive icing PIREPS are 

readily available, negative icing PIREPs are hard to come by in large numbers.  

To gain this data, coordination with air traffic control (ATC) may be necessary.  

ATC controllers could be asked to query aircraft for icing PIREPs during periods 

when pilots don’t feel the need to provide one.  This would greatly increase the 

probability of receiving a negative icing PIREP, and bring the number of negative 

icing PIREPs closer to the number of positive icing PIREPs which would smooth 

out ROC curves and make comparisons easier.  The difficulty would be in 

coordinating a day when an extra tropical system is transiting an area of interest. 

Finally, outside of using the MODIS cloud mask to reduce the area 

explored for icing, a reexamination at the entire algorithm may be in order.  A 

large amount of time was spent looking at the various test fields produced by 

MODIS icing algorithm during this study, and the final group 1 icing potential field 

appeared ineffective.  Group 1 was comprised of 5 separate tests, but the final 

Group 1 field could have been accurately approximated by giving every pixel in 

the Group 1 field a maximum icing potential value.  There also seemed to be 

repetition in the Group 2 and 4 tests that may, or may not, add value to the over 

all algorithm.  It may be prudent to conduct this analysis prior to conducting the 

larger model volume study suggested above. 
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