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ABSTRACT 

 

 
 According to the United States Department of Transportation (US DOT), an average of 

over 28,000 crashes and almost 500 deaths annually occurred as a result of fog-related vehicular 

accidents.  In Florida, the January 2008 and January 2012 fog-related multi-car accidents 

claimed the lives of four and eleven people, respectively.  A more effective fog warning system 

could include the use of remote sensing.  The ground observation sites used to detect fog 

statewide are both widely and unevenly dispersed.  Many high-traffic areas affected by fog are 

not monitored by ground equipment, leading to poor forecasting and detection of fog in these 

areas.  A combination of both ground observations and remote sensing may lead to better 

statewide fog detection and forecasting. 

 A bispectral nighttime fog detection technique is used to determine the presence of fog 

across the state of Florida.  This technique uses brightness temperature differences (BTD) 

between two infrared (IR) channels.  The performance of the technique is validated through the 

use of six months of observation data from AWOS/ASOS sites across the state.  An optimum fog 

detection threshold is found based on the BTD values.  Both the optimum threshold and the skill 

of the optimum threshold are compared to a previous study which used a geostationary satellite 

for fog detection. 

 The bispectral technique shows little skill, with a large amount of misses and false 

detections of fog.  The low skill can be attributed to the fact that MODIS makes only one 

nighttime pass which may not necessarily be when fog has formed.  The increased spatial 

resolution of the MODIS sensor over the previous generation GOES Imager does not make up 

for the decreased number of nighttime satellite passes in a given day. 
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CHAPTER ONE 

INTRODUCTION 

 

 
1.1 Motivation 

In the early morning hours of January 29, 2012, low visibility conditions contributed to a 

multi-car crash south of Gainesville, Florida.  This event resulted in the death of eleven people 

and injured an additional 20.  During the morning of January 9, 2008, low visibility conditions 

led to a total of 70 cars involved in multiple accidents on a stretch of Interstate 4 between 

Tampa and Orlando.  Four people were killed and over 40 were injured.  From 2004–2013, 

there has been an average of over 28,000 crashes and almost 500 deaths annually due to fog-

related vehicular accidents (US DOT, 2017).  There are more fog-related vehicular accident 

fatalities than those caused by tornadoes per year (Ellrod and Lindstrom, 2006).  Goodwin 

(2002) stated that while other weather-related accidents that have resulted in injury or death 

have decreased over the years, those which were fog-related have remained stagnant. 

The detection of fog events is difficult due to the sparsity of ground observation stations 

in Florida.  This lack of observations across the state contributes to poor fog forecasting in those 

regions without consistent ground observations with many of these locations being high-traffic 

areas.  Fog detection could potentially be improved through the use of a combination of ground 

observations and satellite data.  This improvement can improve warning systems for low 

visibility conditions through quicker detection.  
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1.2 Types of Fog 

Fog is defined as a cloud near the earth’s surface that reduces visibility to below 1 km 

(5/8 mi) (AMS, 2017).  This phenomenon occurs when a layer of moist air near the surface cools 

to saturation.  Many factors contribute to the formation of fog near the ground.  The synoptic 

flow, cloud microphysics, and terrain characteristics are some of the contributing factors.  Stull 

(2015) categorizes fog into five major types: upslope, radiation, advection, frontal, and steam.  

These five types of fog all differ in how the requisite saturation occurs.  To form, fog needs 

adequate moisture and sufficient cooling.  To accompany one or more of these processes, a 

stable boundary layer is also needed for fog formation.  Dissipation of fog generally occurs 

when the processes of cooling and condensation are disrupted through other processes such as 

solar heating of the earth’s surface and turbulent mixing (Croft, 2003).  The two most common 

types of fog that occur in Florida are radiation and advection fog.  For this study, the majority of 

events are defined as radiation fog events with the presence of advection fog events in the Gulf 

coast regions of the state.  Due to the focus on these two fog types, those will be the ones 

defined. 

1.2.1 Advection Fog 

Advection fog forms when initially unsaturated air advects over a colder surface (Stull, 

2015).  When relatively warm, moist air advects over a cold surface, heat will transfer from the 

air to the surface (Ahrens, 2013).  This process will cool the air to saturation and fog will form.  

Advection fog can occur over cold land, cold water, or land covered with snow or ice (Lefran, 

2015).  Typically, light winds of 3–9 kt are needed for formation.  Heavier winds result in greater 

turbulent mixing could cause the fog to lift into a low stratus deck. 
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 Advection fog typically occurs in marine environments such as coastal areas where the 

ocean supplies the heat and moisture needed for fog formation.  An example of this would be 

the formation of fog in the Gulf coast region of Florida in winter.  Warm, moist air flowing over 

the colder land will also lead to fog formation (Ahrens, 2013).  Some events in these regions, 

such as the land breeze circulation, will work against the formation of fog.  Large-scale synoptic 

flow can override these events, however, causing moist air to advect over land.  This highlights 

the importance of the background synoptic flow in the formation of advection fog. 

     Dissipation of advection fog is generally controlled by both synoptic and mesoscale 

weather patterns.  The surface may become warmer or winds may shift, cutting off the influx of 

moisture, or a frontal system may pass replacing the replacing the relatively warm air with 

colder air (Stull, 2015).  In Florida, advection fog is generally restricted to coastal regions and 

particularly along the Gulf coast. 

1.2.2 Radiation Fog 

Radiation fog is formed as a result of the emission of terrestrial radiation at night (Stull, 

2015).  This emission of radiation from the earth’s surface often forms an inversion, typically on 

a clear, cloudless night where the outgoing radiation can escape to space (Taylor, 1917).  Near 

the surface, the air is cooled to its dew point, thus forming fog.  The formation and persistence 

of radiation fog is also dependent on the absence of turbulence (Roach et al. 1976).  Taylor 

(1917) found that this type of fog would generally not form with wind speeds greater than 

about 2.5 ms-1.  Winds above this threshold would cause too much mixing with the cool air at 

the surface and the warmer, drier air aloft.  Kraus (1958) stated that fog would not form unless 

winds at 1 m were less than 0.5 ms-1.  In line with Kraus’ findings, Roach et al. (1976) also found 
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that the development of radiation fog occurs during periods where wind speeds decrease from 

about 1–2 ms-1 to less than 0.5 ms-1.  Along with a clear sky, light wind and sufficient moisture, 

formation of radiation fog is also dependent on a high relative humidity (Taylor, 1917).  Without 

sufficient moisture, the air will not be able to cool to saturation.  While Houghton (1985) stated 

that the air needs to be within ten percent of saturation for fog to form, Croft (2003) found 

being within twenty percent of saturation is often sufficient.  

 Radiation fog in the southeastern United States (SEUS) typically occurs during the cool 

season of October–March.  During this period, nights are longer, leading to the formation of a 

stronger inversion at the surface (Croft et al. 1997).  The colder surface ground temperatures at 

night can also allow faster radiative cooling of the boundary layer, leading to faster saturation 

(Baker et al. 2002).  Cooler soil temperatures can also cool the boundary layer by the process of 

conduction (Fischer and Estupinan, 2013). 

 Radiation fog can last from less than an hour to several hours.  Dissipation of this type of 

fog occurs once the processes that control its formation change.  Examples of this would be 

solar heating of the surface or the introduction of turbulent mixing (Croft, 2003).  The dispersal 

of fog has been found to occur when wind speeds increase to somewhere between 2–4.5 ms-1 

(Roach et al. 1976; Rivard, 2015).  Once winds speeds within this range have been met, a 

substantial amount of turbulent mixing is added to the boundary layer, prohibiting the 

continued existence of fog.       

1.3 Superfog 

Many fog-related automobile accidents, including both of the aforementioned 

accidents, were caused by a dense layer of fog and smoke from a nearby brush fire, also known 
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as “superfog.”  This hybrid fog type typically occurs during the night or around sunrise 

(Achtemeier, 2003), as this is typically when fog forms.  Superfog is thought to affect both the 

formation and opacity of fog.  The two hypotheses pertaining to these two phenomena are the 

hygroscopic nuclei hyphothesis and the moisture excess hypothesis. 

The hygroscopic nuclei hypothesis explains why superfog is so dense.  It is believed that 

smoldering smoke from a brush fire contains many hygroscopic particles.  These particles by 

definition have an affinity for moisture in the air and can assist in the formation of water 

droplets.  In areas with 100% relative humidity, the presence of hygroscopic particles can lead 

to fog formation through condensation on the particles’ surfaces.  The large number of these 

hygroscopic particles compete amongst each other, leading to an abundance of small water 

droplets in the formation of fog.  The large number of smaller droplets are more effective 

scatterers of light, which increases the opacity of the fog (Achtemeier, 2003).  Droplet 

concentration, rather than size, is the main component in determining the opacity of fog (Croft 

et al. 1997).  The larger number of droplets leads to a larger extinction coefficient, dropping 

visibility (Achtemeier, 2009). 

The moisture excess hypothesis states that moisture is released at high temperatures in 

smoke through smoldering logs and stumps.  Once the moist smoke cools, it reaches saturation 

and forms fog.  This fog will persist as long as there is sufficient moisture in the environment 

(Achtemeier, 2003).  It is thought that the process of combustion is what releases this moisture 

in smoke.  The mixing of this warm, moist air with cool, moist ambient air increases the liquid 

water content, thus producing the formation of superfog (Achtemeier, 2009). 
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The southern United States is a favorable location for fog to form as a result of 

prescribed burns.  Prescribed burns are common in this region of the US, with up to 4–6 million 

acres burned per year.  Most of this burning is done in the winter rainy season when fog 

formation is most likely.  Metropolitan areas in the southern United States are surrounded by 

wildland, leading to the potential formation of superfog in high population areas (Achtemeier, 

2003). 

1.4 Fog Climatology in Florida 

Lefran (2015) examined fog events reported through AWOS/ASOS stations across 

Florida for 2012.  Using this information and brightness temperature values from channels 2 

(3.9 µm) and 4 (10.7 µm) of the GOES-13 satellite, a brightness temperature difference (BTD) 

criteria was created for fog detection.  A 2012 fog climatology for Florida was created using the 

ground observation data (Fig. 1.1) and another was made using the satellite data (Fig. 1.2). 

 Using the GOES-13 data, the state of Florida was found to have an average of 35 fog 

days per year with a standard deviation of 18.  While the number of fog days calculated using 

the satellite data was on average larger, the spatial patterns remain very similar. 

 Breaking the 2012 climatologies down into monthly averages, other minor differences 

appeared.  While December and January were found to be the peak fog months based on the 

station data, the satellite data showed a peak in November and December.  These peak months 

agree with Croft (1997) which states that for the SEUS, the largest number of fog days occurs in 

the cool season of October–March.  Lefran (2015), however, found that the season with the 

greatest occurrence of fog days was spring (March–May) (Fig. 1.3). 
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1.5 Remote Sensing and Fog Detection 

For nighttime and early morning detection of fog, a single infrared (IR) band is of almost 

no use.  There is very little difference between an area of fog and a clear area within a single IR 

channel (Eyre et al. 1984; Ellrod, 1995).  During instances of fog, the nocturnal surface 

temperature is very similar to those found from cloud tops.  Eyre et al. showed that two IR 

channels on the Advanced Very High Resolution Radiometer (AVHRR) could be used for 

nighttime fog detection.  At longer wavelengths, clouds emit radiation almost as a black body.  

At shorter wavelengths, the emissivity of a cloud is somewhat lower, ranging from about 0.8–

0.9 (Hunt, 1973; Eyre et al. 1984).  Due to these emissivity values, the brightness temperatures 

would be less than the physical temperature.  Brightness temperature is the temperature a 

black body would produce at the same radiance as the measured radiance of a gray body (Stull, 

2015). 

The method of using BTDs for fog detection is not applicable for daytime fog detection, 

however.  The BTD values are overwhelmed by reflected sunlight during daytime hours (Ellrod, 

1995).  Daytime fog detection through remote sensing is rather accomplished using visible 

satellite imagery (Anderson et al. 1974). 

1.5.1 GOES-13 and the GOES Imager 

The GOES-13 satellite is equipped with the GOES Imager for nighttime fog detection.  

This device is a modified version of the Imager on the GOES-(8–11) satellites.  The GOES-13 

Imager contains five spectral channels covering visible and infrared wavelengths.  The infrared 

channels, which are used for nighttime fog detection, have a spatial resolution of 4 km at nadir.  
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The Imager makes a full disk (FD) scan every 30 minutes, with some areas being scanned in 

shorter time intervals (OSCAR, 2017). 

1.5.2 GOES-R and the Advanced Baseline Imager 

 The GOES-R satellite (which will now be referred to as GOES-16) launched in November 

2016 equipped with the Advanced Baseline Imager (ABI), which can be used in nighttime fog 

detection.  The ABI contains 16 spectral bands, including the five bands used on the GOES 

Imager.  The infrared bands on the ABI operate with a spatial resolution of 2 km at nadir 

compared to the 4 km spatial resolution of GOES-13.  The ABI makes one FD and three 

continental United States (CONUS) scans every 15 minutes (Schmit et al. 2005). 

 

Fig. 1.1: Number of fog days using AWOS/ASOS observations in Florida for 2012. The data was 

interpolated using a Kriging technique in ArcGIS. Retrieved from Lefran (2015). 
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Fig. 1.2: Number of fog days in Florida for 2012 using fog BTD threshold found in Lefran (2015). 

 

 

Fig. 1.3: Seasonal fog climatologies in Florida for 2012. Seasons include DJF, MAM, JJA, and 

SON. Fog days determined by fog BTD threshold found in Lefran (2015). 
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CHAPTER TWO 

 

DATA 

 

 
2.1 Ground Observation Sites 

 

One way the onset of fog is detected is through the use of the Automated Weather 

Observing System (ASOS) and Automated Surface Observing System (ASOS) networks.  The 

AWOS and ASOS networks are operated by the Federal Aviation Administration and National 

Weather Service, respectively.  The individual stations within these networks are used to make 

observations of present weather conditions at least once per hour without the use of human 

observation.  The AWOS/ASOS observing sites take measurements of multiple atmospheric 

variables including temperature, dew point, wind speed and direction, atmospheric pressure, 

visibility, cloud cover, and cloud heights. 

The ASOS system implements three levels of quality control.  The first level is performed 

on-site and in real-time.  This is done through built-in self-diagnostic and quality control tools 

that act to detect system degradation, component failure, or data error.  When any of these is 

detected, the data is flagged for maintenance.  The second level of quality control is done 

through the use of a Weather Forecast Office (WFO).  The WFO checks all of the Aviation 

Routine Weather Reports (METARs) and Aviation Selected Special Weather (SPECI) reports that 

are transmitted to the forecasting office.  If any of the staff at the WFO detects any data that is 

suspect, that staff reports it to a point of contact to check on the ASOS equipment.  The level 

three quality control used for ASOS observation stations is done centrally over all METARs 

through what is called the ASOS Operations and Monitoring Center (AOMC).  The AOMC checks 
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the station itself after receiving a message either suspect reports being made or the METAR not 

being received within its usual window (NOAA, 1998). 

For the purpose of this study, two variables are used from METARs received from the 

AWOS/ASOS stations.  Currently, visibility measurements are used to detect the existence of 

fog at 89 observation stations across Florida (Fig. 2.1).  Cloud height data is also used to detect 

the existence of overlying cloud layers above the fog layer to determine whether the satellite 

sensor can observe a given fog event. 

To detect cloud heights, an ASOS station uses a laser beam ceilometer.  The ceilometer 

has a measuring range of 12600 ft and a reporting range of 12000 ft.  This device is similar to 

radar in that it is made up of a combination transmitter/receiver.  The ceilometer relies on the 

time between sending a signal and receiving the return of that signal as well as how much of 

that signal is reflected back to the receiver.  The data that the ceilometer receives is used with 

several time-averaging algorithms to determine both the height and amount of the cloud 

(NOAA, 1998). 

To measure visibility, an ASOS station uses a forward scatter sensor.  The two major 

components to make up this device are a projector and detector.  With this sensor, light from a 

pulsed Xenon flash lamp in the blue portion of the visible spectrum is transmitted twice per 

second in a cone-shaped beam over a range of different angles (Fig. 2.2).  The only portion of 

the beam that is received by the detector is that which is scattered forward by the medium (in 

this case, air) between the projector and detector.  The data is put into an algorithm to 

determine visibility (NOAA, 1998). 
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A problem faced by the AWOS/ASOS network is inconsistent spatial coverage.  This 

spatially irregular network contains both areas of relatively dense and sparse coverage.  This 

leads to areas of either underreported or unreported visibility measurements.  To increase the 

spatial coverage of fog detection, satellite data is used in conjunction with that of the individual 

AWOS/ASOS sites. 

2.2 Aqua and the MODIS Sensor 

Before the November 2016 launch of GOES-16, NASA’s Moderate Resolution Imaging 

Spectroradiometer (MODIS) was employed to simulate the improvements of the ABI over the 

GOES Imager (Ellrod and Lindstrom, 2006).  MODIS contains 36 spectral bands ranging from the 

visible to the infrared spectrums as shown in Table B.1 in Appendix B (NASA, 2017b).  Two 

bands have a spatial resolution of 250 m at nadir, five bands at 500 m, and the remaining 29 

bands at 1 km (NASA, 2017c).  It is the latter of these bands that are used in nighttime fog 

detection.  The finer spatial resolution of MODIS allows for a better quality in fog events, as 

evident in Ellrod and Bachmaier (2003). 

Nasa currently employs the use of two polar orbiting satellites, Aqua and Terra, to house 

the MODIS sensor.  Aqua orbits with a 1330 UTC space ascending node while Terra orbits with a 

1030 UTC descending node.  The data from the Aqua satellite is used as its nighttime passover 

times for Florida more directly align with key times of fog formation and persistence.  

 However, the Aqua satellite is a sun synchronous, near polar orbiting satellite (NASA, 

2017a).  MODIS gets continuous global coverage every one to two days.  Due to its low 

temporal resolution, using MODIS for nighttime fog detection is not ideal, but rather a way to 

test the capabilities of GOES-16 and the ABI. 
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Fig. 2.1: Locations of current AWOS and ASOS observation sites in Florida 
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Fig. 2.2: Illustration of the forward scatter sensor. Retrieved from NOAA (1998). 
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CHAPTER THREE 

METHODOLOGY 

 
3.1 Objectives 

 The main objective of this study is to test the potential capabilities of the GOES-16 

satellite in nighttime fog detection through the use of high-resolution data from the MODIS 

sensor on board NASA’s Aqua satellite.  Satellites process data with a finer spatial resolution, 

but fail to detect fog unassisted.  Ground observation sites, such as the AWOS and ASOS 

stations scattered across Florida, give insight on the local occurrence of a fog event.  Combining 

the two data sources, a criterion is determined to detect the occurrence of fog at a fine spatial 

resolution in real-time.  This objective is completed by the following steps: 

i. Calculate BTD values using two MODIS channels in the IR spectrum. 

ii. Extract the pixel values closest to individual AWOS and ASOS stations across the 

state and compare with each station’s fog data. 

iii. Determine best definitions of fog and non-fog events with respect to site 

observation times and MODIS scan time for a given station/day. 

iv. Use a combination of contingency statistics and signal detection theory to 

validate satellite product for nighttime fog detection. 

3.2 Finding BTD Values for AWOS/ASOS Sites 

 The BTD values must be calculated and compared to ground observations from AWOS 

and ASOS sites around the state to create a reasonable nighttime fog detection criterion.  As 

previously stated, the extent of land surface observation sites is limited both spatially and 
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temporally for fog detection.  Fog detection at night using solely ground observations is even 

more difficult (Ellrod, 1995).  Consistent with the use of channels 2 (3.8 µm) and 4 (11 µm) in 

Ellrod (1995), nighttime fog detection with MODIS utilizes its channel 22 (3.9 µm) and 31 (10.75 

µm) data (Chaurasia, 2011). 

3.2.1 Conversion of MODIS Radiance Values to BTD Values 

To calculate BTD values for each of the AWOS and ASOS stations in this study, the 

channel 22 and 31 radiance data from the MODIS sensor on board NASA’s Aqua satellite is 

retrieved.  In the SEUS, most fog days occur during the cool season which is defined as 

October–March (Croft et al. 1997).  Due to this finding, radiance data from 1 October 2015–31 

March 2016 is used in this study. 

The radiance data is converted into brightness temperature values using the inverse of 

Planck’s function.  Appendix C details how the data is converted.  Once the data is converted, 

the BTD values are calculated by subtracting the channel 22 brightness temperature values 

from those of channel 31.  Once the BTD values are calculated, the next step is to begin to 

determine which of these BTD values coincide with a given AWOS/ASOS station. 

3.2.2 Determining BTD Values at Observation Sites  

During the time frame of this study, data was obtained from 97 AWOS and ASOS 

stations.  Each station is examined to determine if measurements were taken during the 

majority of this study’s time frame.  A station was defined as “irregular” if it contained less than 

50 percent of the observations it could potentially have through 24 hourly observations per day 

over the 183-day period.  Any station with less than this number of observations, which was 

calculated to be about 2,200 observations, is not used.  Using this procedure, the total number 
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of ground observation stations used for this study is decreased from 97 to 89.  The locations of 

the remaining observation stations are the same as the those depicted in Fig. 2.1.  The list of 

remaining stations in its entirety can be found in Appendix A. 

A fog day is defined as a day in which at least one observation is made with a visibility of 

less than 0.625 mi (1 km).  Out of 183 total days studied, there were 109 days in which at least 

one station reported fog.  One of the caveats of using the BTD method of nighttime fog 

detection is that overlying cloud layers obscure both low clouds and fog through (Ellrod, 1995; 

Ellrod, 2002).  Because of this, mid- to upper-level cloud layer data is implemented to filter out 

bad data.  Any time in which fog was recorded at the surface as well as a mid- to upper-level 

cloud layer was detected is classified as a non-fog event. 

To best compare satellite-derived BTD values to fog- and non-fog events detected at 

ground observation sites, the BTD values located over each individual station must be 

determined.  An algorithm was used to match each observation site with the nearest pixel from 

the MODIS data based on the latitude and longitude of the observation site.  This algorithm is a 

non-parametric method that compares the latitude and longitude coordinates of the 

observations sites and finds the closest match to those of the pixels within the MODIS image 

(Friedman, 1977).  Due to the fine spatial resolution that MODIS provides, any further 

interpolation techniques are not needed. 

The satellite-derived BTDs are binned into two categories: fog events and non-fog 

events.  The fog days, as determined by the ground observation sites, are compared to MODIS 

passover times.  Due to MODIS completing only one nighttime/early morning scan per day for a 

given point, three sets of time windows are tested to determine the best definition of a fog 
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event with respect to the MODIS passover.  If a fog event was reported on the ground within a 

predefined window centered around the passover of the Aqua satellite, the BTD is categorized 

as a fog event.  All other BTD values are categorized as non-fog events.  The three sets of 

window lengths are defined as 10, 30, and 60 minutes.  The one-hour window centered around 

the satellite passover time is implemented due to the timing of AWOS/ASOS ground 

observations.  Some of the ground sites make observations as infrequently as once per hour.  If 

a MODIS scan were to occur directly between two one-hour observations with a smaller 

window, neither observation would be picked up even if they were both observations of fog.  

The 10-minute window is used to more accurately portray the visibility conditions at the time of 

the scan.  An observation of fog five minutes before the MODIS scan is more indicative of fog 

during the scan than an observation 30 minutes beforehand.  The optimum fog detection 

threshold is found while determining the best time window for defining both fog and non-fog 

events. 

3.2.3 Defining Fog Detection Criteria with Contingency Statistics 

 The optimum threshold for fog detection through bispectral remote sensing techniques 

can vary from location to location.  Coastal areas, for example, have smaller BTD values for fog 

events due to larger droplet sizes (Lee et al. 1997).  The BTD threshold depicting fog at one 

location can be larger or smaller than that at another.  It is necessary to create a new threshold 

to define fog events in Florida using MODIS data.  To do so, a contingency table is used to 

determine the BTD threshold to detect a fog event or non-fog event as well as to minimize both 

false positives and false negatives.  How these events are defined can be seen below in Table 

3.1. 
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Table 3.1: Contingency Table for Fog Validation 

 Station Observation 

 

 

Satellite 

Detection 

 Yes No 

Yes A (hit) B(false alarm) 

No C (miss) D (correct negative) 

 𝑃𝑂𝐷 =  𝐴𝐴 + 𝐶 

𝐹𝐴𝑅 = 𝐵𝐴 + 𝐵 

𝑃𝐹𝐷 = 𝐵𝐵 + 𝐷 

𝑃𝐶 = 𝐴 + 𝐷𝐴 + 𝐵 + 𝐶 + 𝐷 

𝐵𝑆 = 𝐴 + 𝐵𝐴 + 𝐶 

𝐶𝑆𝐼 = 𝐴𝐴 + 𝐵 + 𝐶 

𝐻𝐾 = (𝐴𝐷 − 𝐵𝐶)(𝐴 + 𝐶)(𝐵 + 𝐷) = 𝑃𝑂𝐷 − 𝑃𝐹𝐷 

𝐻𝑆𝑆 = 2(𝐴𝐷 − 𝐵𝐶)(𝐴 + 𝐶)(𝐶 + 𝐷) + (𝐴 + 𝐵)(𝐵 + 𝐷) 

A, B, C, and D values are used to calculate statistical parameters to determine the best 

BTD threshold for fog detection.  A represents a hit, or the number of times the satellite 

correctly detects the occurrence of fog.  B represents a false alarm, or the event in which fog is 

detected while not actually occurring.  C represents a miss, or an event in which a fog event was 

undetected.  D represents a correct negative, or an event in which the absence of fog is 

correctly determined.  Together, the sum of A, B, C, and D represents the total sample size, n. 
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The sum of A and C represents the total number of fog events while the sum of B and D 

represents the total number of non-fog events.  The skill scores used to determine the best fog 

detection threshold are probability of detection (POD), false alarm rate (FAR), probability of 

false detection (PFD), percent correct (PC), bias score (BS), critical success index (CSI), the 

Hanssen-Kuipers discriminant (HK) and the Heidke skill score (HSS). 

The POD is defined as the fraction of the times a fog event is detected to the total 

number of fog occurrences.  Given that a fog event is occurring, the POD is the probability that 

fog event is detected.  A perfect POD score is one, while zero is the worst possible score.  The 

FAR is the proportion of fog detection events that are incorrect.  The FAR score is opposite of 

that of the POD; a score of zero is a perfect score while one is the worst score.  The PFD is the 

likelihood that a fog event is incorrectly detected when given all non-fog events.  The PC is the 

total percent of correctly detected fog and non-fog events.  The BS is the ratio of the total 

number of satellite-detected fog events to the total number of observed fog events.  An 

unbiased detection event displays a BS of one, while a BS>1 overestimates fog frequency and a 

BS<1 underestimates fog frequency.  The CSI, or threat score, is the total number of correct 

detections divided by the total number of events in which fog is either detected or observed.  A 

CSI of one is the best possible score while the worst possible score is zero.  The HK, or true skill 

statistic, is a way to measure skill within the contingency table.  This skill score compares the 

relative accuracy of fog detection to a set of control detections.  A perfect HK score is one, 

while a score with no skill is zero.  HK scores that are below zero show worse rates of fog 

detection than those of the control group.  The HSS uses the PC as the measure for accuracy, 

taking both hits and correct negatives into account.  A perfect HSS is one, while a forecast that 
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is equal in accuracy to the reference forecast has a score of zero.  Like the HK, a HSS that scores 

below zero is worse than the reference forecast (Wilks, 1995). 

Before determining the skill scores of the data, the BTD values are converted to 8-bit brightness 

counts to calculate a more accurate and efficient fog detection threshold.  The brightness 

counts scale on a range of 0–255.  To convert the BTD values into brightness counts, the 

following formula is used: 𝑏𝑟𝑖𝑔ℎ𝑡𝑛𝑒𝑠𝑠 𝑐𝑜𝑢𝑛𝑡 = 150 + 10 ×  𝐵𝑇𝐷 

 Using a combination of the above statistical scores, the best BTD values to detect events 

of nighttime fog are determined.  Multiple threshold values are tested on the skill and bias 

scores.  When a threshold value is tested, all brightness counts at that value and higher are 

marked as a detected fog event.  The skill and bias scores are compared to find the best 

possible brightness count threshold for nighttime fog detection.  All brightness counts between 

150–190 (BTDs of about 0–4 K) are tested and compared for the eight variables. 

 Past research has shown that nighttime fog detection thresholds using satellite data is 

not confined to a single BTD value, but rather a range of values (Ellrod, 1995; Chaurasia et al. 

2011).  To account for this, the CSI scores are computed for a range of brightness counts within 

a moving window.  The window is centered around values ranging from 150–190 brightness 

counts (0–4 K).  The half-width of the window ranges from 050 brightness counts, extending the 

total range of values test to 100–240 brightness counts.  An optimum threshold range for 

nighttime fog detection is found using this method. 
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3.3 Other Caveats and Limitations to the BTD Method 

 This method of nighttime fog detection is not without caveats, however.  As mentioned 

earlier, fog in marine environments is harder to detect due to similar BTD values to that of clear 

air as a consequence of larger droplet sizes.  Overlying cloud layers also have a negative effect 

on cloud detection through the BTD method as they can either obstruct fog or, in the case of 

higher stratiform clouds, mimic a fog event.  This method is limited in snowy areas as cold, 

snow-covered areas introduce more instrument noise to the MODIS sensor.  Certain soil types 

can show the same signals as fog or stratus clouds in cloud-free conditions.  Very thin layers of 

fog (<<100 m) are less likely to be detected through the BTD method due to small temperature 

differences (Ellrod, 1995). 
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CHAPTER FOUR 

 

RESULTS 

 

 
4.1 Pixel Frequency Distributions for Fog and Non-Fog Events 

 

 The frequencies of both fog and non-fog events with respect to brightness counts were 

examined to determine the BTD values most commonly found for such events.  A total of 

16,287 events were analyzed, spanning across 183 days and 89 stations.  The number of fog and 

non-fog events within this sample were dependent on how each of the events was defined.  A 

fog event for a single pixel was not only dependent on whether fog was reported at the 

coinciding observation site, but also how close the observation was made to the time of the 

MODIS scan.  Three different time windows were used to define a fog event.  A 10-, 30-, and 60-

minute window around the MODIS scan time were utilized to determine if that scan can be said 

to have occurred during a fog event.  For example, if the MODIS scan time occurred at 720 UTC, 

a fog event was said to have occurred if the corresponding AWOS/ASOS site reported fog any 

time between 715–725 UTC while implementing the 10-minute window.  Using the 60-minute 

window, the event would be defined as a fog event if fog was reported at any time between 

650–750 UTC. 

 Implementing the 10-minute detection window, 68 total fog events were detected 

compared to 16,219 non-fog events (Fig. 4.1).  Using this sample, the maximum number of fog 

events (3) occurred at the brightness counts of 125 (BTD = -2.5 K), 139 (BTD = -1.1 K), 152 (BTD 

= 0.2 K), and 191 (BTD = 4.1 K).  The maximum number of non-fog events (494) occurred at the 

brightness count of 147 (BTD = -0.3 K).  The 10-minute detection window fog and non-fog event 
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pixel frequencies depict a plateau distribution with multiple peaks.  The small window size led 

to a small number of fog events detected. 

 The pixel frequency distributions of fog events using a 30-minute window began to 

become more modal (Fig. 4.2).  Examining both 15 minutes before and after the MODIS scan 

time increased the number of fog events from 68 to 164 (+141%).  The number of non-fog 

events decreased slightly to 16,123.  The increase in sample size for fog events led to a 

distribution with one mode.  The maximum number of fog events (6) occurred at a brightness 

count of 156 (BTD = 0.6 K).  The maximum number of non-fog events (493) still coincided with a 

brightness count of 147 as the total number of non-fog events decreased only slightly (~0.6%). 

 Increasing the fog detection window to 60 minutes shaped the fog events into an even 

more modal distribution (Fig. 4.3).  Defining a fog event based on whether fog was reported 

either 30 minutes before or after the MODIS scan increased the total number of fog events 

from 164 to 302 (+84%).  The maximum number of fog events (12) occurred with a brightness 

count of 159 (BTD = 0.9 K).  The largest number of non-fog events (493) still occurred 

corresponding with a brightness count of 147.  This was once again due to a small decrease in 

the number of non-fog events in the distribution compared to that with the 30-minute window 

(~0.9%). 

4.2 Skill Score Results 

 An optimum fog detection threshold for brightness counts and, in turn, BTDs was 

examined through the use of statistical skill scores and contingency tables.  As described in the 

previous chapter, the contingency tables were used to evaluate the performance of a given 

threshold value through the use of an array of skill scores. 



 25 

 Overlying cloud layers limit the detection of fog by obscuring the fog event from satellite 

detection.  High cirrus clouds have relatively high BTDs of the opposite sign as fog and low 

clouds.  High clouds have a higher brightness temperature at shortwave IR wavelengths due to 

a higher transmissivity at these wavelengths (Ellrod, 1995).  Due to the negative effects of high 

clouds on satellite fog detection, all events containing high clouds were removed before 

statistical scores were computed.  A high cloud in this study was defined as an event with a 

brightness count of less than 120 (BTD < -3 K).  This criterion is based on similar values from 

past research (Ellrod, 1995) as well as continuity between this study and Lefran (2015).  

Flagging all high cloud events from the dataset removes 5,694 events, decreasing the total fog 

and non-fog events from 16,287 to 10,593. 

 Fig. 4.4 shows the calculated POD, PFD, CSI, HK, HSS, FAR, PC, and BS values when 

defining a single minimum threshold value for fog detection using the 10-minute fog detection 

window.  POD is largest (0.6957) at the brightness count threshold (BCT) of 150 (BTD = 0 K).  

That is, if a fog event is detected with a BTD is 0 or greater, all fog events have the greatest 

chance to be detected.  CSI and HSS are strongest (0.0271 and 0.0463, respectively) with a BCT 

of 186 (BTD = 3.6 K).  HK has its highest value (0.3510) when the BCT is set to 152 (BTD = 0.2 K).  

A BCT of 186 also coincides with the smallest FAR value (0.9669).  The BS value never crosses 1 

and always stays above 2, meaning that for all BCTs, fog was always overdetected. 

 The assorted skill scores for a range of detection thresholds using the 30-minute fog 

detection window are depicted in Fig. 4.5.  POD is largest (0.6903) in conjunction with a BCT of 

150 (BTD = 0 K).  A BCT of 180 (BTD = 3.0 K) coincides with optimum CSI (0.0284) and HSS 

(0.0402).  The highest HK value (0.3427) is found coinciding with a BCT of 151 (BTD = 0.1 K).  
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The lowest FAR (0.9613) value was found at the BCT of 186 (BTD = 3.6 K).  The BS reaches a 

value of 1 between BCTs of 189–190 (BTD = 3.9–4.0 K). 

 Fig. 4.6 shows the skill scores and the coinciding BCT values using a fog detection 

window of 60 minutes.  The largest POD value (0.6538) is found at a BCT of 150 (BTD = 0 K).  A 

BCT of 159 (BTD = 0.9 K) corresponds with the highest CSI (0.0481) and HSS (0.0589) values.  

The largest value of HK (0.3148) is found at a BCT of 155 (BTD = 0.5 K).  The smallest value of 

FAR (0.9337) is found at a BCT of 186 (BTD = 3.6 K).  The BS hits a value of 1 between BCTs of 

184–185 (BTD = 3.4–3.5 K). 

 Using any of the three fog detection windows, both PC and PFD values hit their highest 

and lowest values, respectively, implementing a BCT of 190 (BTD = 4.0 K).  As this was the 

highest possible BCT that was tested, these results can most likely be attributed to the fact that 

a BCT of 190 is accompanied by the lowest possible number of non-fog events to be mistaken 

as fog events. 

 The CSI values for a moving BCT window were evaluated to determine the best possible 

threshold for fog detection.  This test was performed to determine a best possible finite range 

of BTD values that could determine whether fog is present.  Past research has shown that a BTD 

threshold to detect fog is typically a finite range of values (Chaurasia et al. 2011) or the single 

threshold value is one end of an infinite range of values (Ellrod, 1995; Ellrod, 2002). 

 Using the 10-minute fog detection window to define a fog event, the maximum CSI 

value (0.0387) was calculated using a BCT window centered around 189 with a window half-

width of 3 (Fig. 4.7).  Thus, a 10-minute fog detection window yields a maximum CSI at a BCT 

range of 186–192 (BTD = 3.6–4.2 K). 
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Using the 30-minute fog detection window, the maximum CSI value (0.0341) was 

centered around a brightness count of 186 with a window half-width of 5 (Fig. 4.8).  This shows 

that using a fog detection window of 30 minutes yields a maximum CSI value at a BCT range of 

181–191 (BTD = 3.1–4.1 K). 

Implementing the 60-minute window, the maximum CSI value (0.0564) was centered 

around a brightness count of 163 with a window half-width of 4 (Fig. 4.9).  Therefore, the 

highest CSI value was obtained using a BCT window of 159–167 (0.9–1.7 K). 

Doswell et al. (1990) found that both the CSI and HK do not properly measure skill for a 

“rare event,” or an event in which the contingency table is dominated by correct negatives.  In 

this case, the contingency table for BCT centered around 163 with a window half-width of 4 

using the 60-minute fog detection window (Table 4.1) is dominated by correct detections of 

non-fog events.  Doswell et al. (1990) found that the HSS is a better measure for skill in these 

instances as this skill score takes the correct negatives into account while both CSI and HK do 

not.  To properly see how well the HSS can do, it was tested with the BCT moving window the 

same way as the CSI. 

Table 4.1: Contingency Table for BCT of 159–167 (60-minute Fog Detection Window) 

 Station Observation 

 

 

Satellite 

Detection 

 Yes No 

Yes 54 750 

No 154 9635 

 

Fig. 4.10–12 display the HSS for a moving BCT window using the 10-, 30-, and 60-minute 

fog detection windows, respectively.  Implementing the 10-minute fog detection window, the 
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highest HSS (0.0688) was calculated with a threshold fixed at 186–192 (BTD = 3.6–4.2 K).  The 

maximum HSS while implementing the 30-minute fog detection window (0.0525) was found 

using a BCT of 181–191 (BTD = 3.1–4.1 K).  The maximum HSS for the 60-minute window 

(0.0780) was calculated using a BCT of 159–167 (BTD = 0.9–1.7 K).  The maximum HSSs were 

found using the same BCT values as those that coincided with the maximum CSI values.  The 

only difference between the two was a slight increase in skill using the HSS. 

 

Fig. 4.1: Distribution of fog events (blue line) and non-fog events (red line) for each brightness 

count difference using a 10-minute fog detection window. 
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Fig. 4.2: Distribution of fog events (blue line) and non-fog events (red line) for each brightness 

count difference using a 30-minute fog detection window. 

 

Fig. 4.3: Distribution of fog events (blue line) and non-fog events (red line) for each brightness 

count difference using a 60-minute fog detection window. 
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Fig. 4.4: Skill scores for detecting fog with a given BTD or above using a 10-minute fog detection 

window. 

 

 

 
Fig. 4.5: Skill scores for detecting fog with a given BTD or above using a 30-minute fog detection 

window. 
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Fig. 4.6: Skill scores for detecting fog with a given BTD or above using a 60-minute fog detection 

window. 

 
Fig. 4.7: CSI values for a BCT range defined with both a window center and half-width using a 

10-minute fog detection window. 
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Fig. 4.8: CSI values for a BCT range defined with both a window center and half-width using a 

30-minute fog detection window. 

 
Fig. 4.9: CSI values for a BCT range defined with both a window center and half-width using a 

60-minute fog detection window. 
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Fig. 4.10: HSS values for a BCT range defined with both a window center and half-width using a 

10-minute fog detection window. 

 
Fig. 4.11: HSS values for a BCT range defined with both a window center and half-width using a 

30-minute fog detection window. 
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Fig. 4.12: HSS values for a BCT range defined with both a window center and half-width using a 

60-minute fog detection window. 
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CHAPTER FIVE 

 

SUMMARY AND CONCLUSIONS 

 

 
 The use of two infrared channels from the MODIS sensor showed little skill in nighttime 

fog detection.  Using multiple skill scores such as critical success index, probability of detection, 

and the Hanssen-Kuipers discriminant yielded scores on the order of 0.05 out of 1.  The false 

alarm rates were less than ideal as well.  In a best case scenario, fog would not be present more 

than 93% of the time fog is detected by the sensor.  Due to these issues, the use of the MODIS 

sensor on board NASA’s Aqua satellite or any other polar orbiting satellite would be neither an 

accurate nor efficient way of detecting fog during nighttime and early morning hours. 

 A few factors most likely played a primary role in the failure to accurately detect fog 

events.  The temporal resolution of MODIS severely limited the data that was used for 

calibration of the fog detection threshold.  For a given point in Florida, two scans are made 

using MODIS in the nighttime/early morning hours.  One scan is done using the sensor on board 

NASA’s Aqua satellite while the other is made using NASA’s Terra satellite.  As stated in a 

previous chapter, the Terra satellite data was not used as its scan time was too early with 

respect to fog formation and persistence.  The Aqua satellite, however, implanted a scan time 

that was also early in terms of detecting a mature fog.  A fog event is typically more likely to 

form closer to sunrise when the surface is coldest.  The limitations brought about by the 

temporal resolution of the MODIS data limited the amount of fog events that could have been 

detected by the sensor.  The 60-minute window of defining a fog event with respect to the 
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MODIS scan time yielded the most fog events.  Those fog events were greatly outnumbered by 

non-fog events (164:16,123). 

 Another factor that may have played a role in the limitations of MODIS’ ability to detect 

nighttime fog is in the microphysics of the fog itself.  Lee et al. (1997) stated that coastal areas 

typically experience fog that is not as optically thick as that found in other regions.  The reason 

for this is that the CCN particles onto which the fog droplets form are larger and less abundant 

than those in areas away from the coast.  This decrease in optical thickness leads the BTD to be 

similar to that of clear air.  The BTD range that showed the most skill in fog detection in this 

study was 0.9–1.7 K, which was noticeably smaller in magnitude when compared to past studies 

(Ellrod, 1995; Chaurasia et al. 2011; Lefran, 2015).  The sample of BTD values that were used in 

calibration may have been contaminated by fog events in coastal regions of the Florida. 

 One other factor that may have played a role in how unsuccessful MODIS was at 

detecting fog events was the overall sample size of events.  This study examined a single 6-

month period to determine a fog detection BTD threshold.  While the limited sample size 

potentially played a role in the detection algorithm’s poor skill, it was most likely a secondary 

effect when compared to the previous two caveats. 

 The recently launched GOES-16 may be more useful in detecting nighttime fog events.  

The ABI on board GOES-16 boasts a 4 km2 spatial resolution while not limited in temporal 

resolution like its polar orbiting counterparts (Schmit et al. 2005).  An optimum BTD threshold 

value could be determined using GOES-16 to further improve the work done in Lefran (2015).  

The ABI on board GOES-16 will also be using its own fog detection algorithm, the 3.9 µm 

pseudo-emissivity, to determine the presence of fog.  Rather than the bispectral BTD method, 
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this method calculates a ratio of the observed radiance at 3.9 µm compared to the black body 

radiance calculated using the 11 µm brightness temperature (Calvert and Pavolonis, 2010).  The 

3.9 µm pseudo-emissivity method could be further examined and compared to the BTD method 

to determine which shows more skill in Florida. 

 The tradeoff of temporal resolution for spatial resolution was shown to have made fog 

detection less accurate and reliable while utilizing MODIS.  Due to its own limitations, MODIS is 

not a viable option for real-time fog detection.  It has, however, been shown to be useful in 

showcasing the potential of GOES-16 to accurately detect fog due to its increase in spatial 

resolution from previous generations of GOES (Ellrod and Bachmaier, 2003). 
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APPENDIX A 

 

LIST OF AWOS/ASOS STATIONS 

 

 

Table A.1: List of AWOS/ASOS Stations 

Number Station ID Name Latitude Longitude 

1 1J0 Tri County 30.8458 -85.6014 

2 24J Live Oak 30.3001 -83.0247 

3 28J Palatka 29.6586 -81.6889 

4 2J9 Quincy 30.5979 -84.5574 

5 40J Perry-Foley 30.0719 -83.5736 

6 42J Keystone Heights 29.8448 -82.0475 

7 54J DeFuniak 30.7311 -86.1538 

8 AAF Apalachicola 29.7276 -85.0274 

9 APF Naples Municipal 26.1525 -81.7753 

10 

BCT 

Boca Raton 

Airport 26.38 -80.11 

11 BKV Brooksville 28.4736 -82.4554 

12 BOW Bartow 27.9434 -81.7834 

13 

CEW 

Crestview/Bob 

Sikes 30.78 -86.52 

14 CGC Crystal River 28.8673 -82.5713 

15 

CLW 

Clearwater Air 

Park 27.9742 -82.7563 

16 

COF 

Patrick AFB/Cocoa 

Beach 28.235 -80.61 

17 

CRG 

Jacksonville/Craig 

Municipal Airport 30.3361 -81.5147 

18 CTY Cross City 29.6355 -83.1047 

19 

DAB 

Daytona Beach 

Regional 29.1799 -81.0581 

20 DED Deland 29.067 -81.2837 

21 

DTS 

Destin/Fort 

Walton Beach 30.3934 -86.4674 

22 ECP Panama City 30.3582 -85.7956 

23 

EGI 

Duke Field/Eglin 

AFB 30.6503 -86.5229 

24 

EVB 

New Smyrna 

Beach Municipal 29.0557 -80.9489 

25 EYW Key West 24.5561 -81.7596 

26 FHB Fernandina Beach 30.6118 -81.4612 
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Table A.1 - continued 

Number Station ID Name Latitude Longitude 

27 FIN Bunnell 29.4657 -81.2087 

28 

FLL 

Fort 

Lauderdale/Holly 26.07 -80.15 

29 

FMY 

Fort Myers/Page 

Field 26.5849 -81.8615 

30 

FPR 

Fort Pierce/St. 

Lucie 27.4981 -80.3767 

31 FXE Fort Lauderdale 26.2 -80.17 

32 GIF Winter Haven 28.0629 -81.7533 

33 

GNV 

Gainesville 

Regional 29.6917 -82.276 

34 HRT Hurlburt Field 30.4278 -86.6893 

35 HST Homestead AFB 25.4884 -80.3837 

36 

HWO 

Hollywood/N. 

Perry 25.9995 -80.2412 

37 INF Inverness 28.8036 -82.3182 

38 

ISM 

Kissimmee 

Municipal/Orlando 28.29 -81.44 

39 

JAX 

Jacksonville 

International 30.4941 -81.6879 

40 LAL Lakeland Regional 27.9889 -82.0186 

41 LCQ Lake City 30.1821 -82.5769 

42 

LEE 

Leesburg 

Municipal 28.82 -81.81 

43 MAI Mariana 30.8356 -85.1839 

44 

MCF 

Macdill 

AFB/Tampa 27.85 -82.52 

45 MCO Orlando Jetport 28.4294 -81.309 

46 

MIA 

Miami 

International 25.788 -80.3169 

47 MKY Marco Island 25.995 -81.6725 

48 

MLB 

Melbourne 

Regional 28.1028 -80.6453 

49 MTH Marathon 24.7262 -81.0514 

50 NDZ Milton 30.7044 -87.0231 

51 NIP Jacksonville NAS 30.2342 -81.6747 

52 NPA Pensacola NAS 30.3533 -87.318 

53 NQX Key West NAS 24.5757 -81.6888 

54 NRB Mayport NS 30.3914 -81.4245 

 



 40 

Table A.1 - continued 

Number Station ID Name Latitude Longitude 

55 

NSE 

Whiting Field NAS-

N. 30.7242 -87.0219 

56 OBE Okeechobee 27.2628 -80.8498 

57 OCF Ocala 29.1636 -82.221 

58 

OMN 

Ormond Beach 

Municipal 29.3006 -81.1136 

59 OPF Miami/Opa Locka 25.9102 -80.2828 

60 ORL Orlando/Herndon 28.5455 -81.3329 

61 PAM Tyndall AFB 30.0696 -85.5754 

62 PBI West Palm Beach 26.6847 -80.0994 

63 PCM Plant City 28.0002 -82.1642 

64 PGD Punta Gorda 26.9172 -81.9914 

65 PIE Saint Petersburg 27.91 -82.6874 

66 PMP Pompano Beach 26.2464 -80.111 

67 

PNS 

Pensacola 

Regional 30.4781 -87.1869 

68 

RSW 

Fort Myers/SW 

Florida 26.5381 -81.7567 

69 SFB Sanford/Orlando 28.7797 -81.2436 

70 

SGJ 

St. Augustine 

Airport 29.9593 -81.3397 

71 SPG Satint Petersburg 27.7651 -82.627 

72 

SRQ 

Sarasota-

Bradenton 27.4014 -82.5586 

73 

SUA 

Witham Field 

Airport/Stuart 27.18 -80.22 

74 

TDR 

Panama City 

Beach – Drone 

Runway 30.07 -85.5765 

75 TIX Titusville 28.5148 -80.7992 

76 

TLH 

Tallahassee 

Regional 30.3935 -84.3513 

77 

TMB 

Miami/Kendall-

Tamia 25.6423 -80.4347 

78 

TPA 

Tampa 

International 27.9619 -82.5403 

79 TPF Tampa/Knight 27.9156 -82.4493 

80 

TTS 

NASA Shuttle 

Facility 28.6149 -80.6944 
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Table A.1 - continued 

Number Station ID Name Latitude Longitude 

81 

VDF 

Vandenberg 

Airport/Tampa 28.014 -82.3453 

82 VNC Venice 27.0716 -82.4403 

83 

VPS 

Eglin 

AFB/Valparaiso 30.4833 -86.5254 

84 VQQ Jacksonville VQQ 30.2187 -81.8767 

85 

VRB 

Vero Beach 

Municipal 27.6556 -80.4179 

86 VVG The Villages 28.9444 -81.9701 

87 X60 Williston 29.3557 -82.4719 

88 XMR Cape Canaveral 28.4677 -80.5668 

89 ZPH Zephyrville 28.2281 -82.1559 
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APPENDIX B 

 

CHARACTERISTICS OF MODIS IMAGER 

 

 

Table B.1: Characteristics of the MODIS Imager 

Channel Bandwidth (µm) Spatial Resolution 

(km) 

Sample Use 

1 0.620–0.670 0.25 Land/cloud/aerosols 

boundaries 

2 0.841–0.876 0.25 Land/cloud/aerosols 

boundaries 

3 0.459–0.479 0.5 Land/cloud/aerosols 

properties 

4 0.545–0.565 0.5 Land/cloud/aerosols 

properties 

5 1.230–1.250 0.5 Land/cloud/aerosols 

properties 

6 1.628–1.652 0.5 Land/cloud/aerosols 

properties 

7 2.105–2.155 0.5 Land/cloud/aerosols 

properties 

8 0.405–0.420 1 Ocean color, 

phytoplankton, 

biogeochemistry 

9 0.438–0.448 1 Ocean color, 

phytoplankton, 

biogeochemistry 

10 0.483–0.493 1 Ocean color, 

phytoplankton, 

biogeochemistry 

11 0.526–0.536 1 Ocean color, 

phytoplankton, 

biogeochemistry 

12 0.546–0.556 1 Ocean color, 

phytoplankton, 

biogeochemistry 

13 0.662–0.672 1 Ocean color, 

phytoplankton, 

biogeochemistry 

14 0.673–0.683 1 Ocean color, 

phytoplankton, 

biogeochemistry 
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Table B.1 - continued 

15 0.743–0.753 1 Ocean color, 

phytoplankton, 

biogeochemistry 

16 0.862–0.877 1 Ocean color, 

phytoplankton, 

biogeochemistry 

17 0.890–0.920 1 Atmospheric water 

vapor 

18 0.931–0.941 1 Atmospheric water 

vapor  

19 0.915–0.965 1 Atmospheric water 

vapor 

20 3.660–3.840 1 Surface/cloud 

temperature 

21 3.929–3.989 1 Surface/cloud 

temperature 

22 3.929–3.989 1 Surface/cloud 

temperature 

23 4.020–4.080 1 Surface/cloud 

temperature 

24 4.433–4.498 1 Atmospheric 

temperature 

25 4.482–4.549 1 Atmospheric 

temperature 

26 1.360–1.390 1 Cirrus clouds, water 

vapor 

27 6.535–6.895 1 Cirrus clouds, water 

vapor 

28 7.175–7.475 1 Cirrus clouds, water 

vapor 

29 8.400–8.700 1 Cloud properties 

30 9.580–9.880 1 Ozone 

31 10.780–11.280 1 Surface/cloud 

temperature 

32 11.770–12.270 1 Surface/cloud 

temperature 

33 13.185–13.485 1 Cloud top altitude 

34 13.485–13.785 1 Cloud top altitude 

35 13.785–14.085 1 Cloud top altitude 

36 14.085–14.385 1 Cloud top altitude 
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APPENDIX C 

 

CONVERSION OF MODIS RADIANCE VALUES TO BRIGHTNESS TEMPERATURES 

 

 

 

 To convert the MODIS radiance values (W m-2 µm-1 sr-1) into brightness temperature 

values (K), the inverse of Planck’s function is used.  Planck’s function, which is defined as 

𝐿 = 2ℎ𝑐2𝜆−5𝑒 ℎ𝑐𝑘𝜆𝑇−1  

can be rewritten to solve for temperature, T (NASA, 2011): 

𝑇 = ℎ𝑐𝑘𝜆 ln{2ℎ𝑐2𝜆−5𝐿 × 106 + 1} 

The variables are defined as shown in Table C.1. 

Table C.1: Units for Planck’s Function 

Variable Name Units 

T Temperature K 

h Planck’s Constant J s 

c Speed of Light m s-1 

k Boltzmann Gas Constant J K-1 

L Radiance W m-2 µm-1 sr-1 

λ Center Wavelength µm 
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