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ABSTRACT 

The impact of fog on activities such as land transportation, 
flight and marine operations, and military missions can be 
dangerous.  Thus, this study developed a new and simple method 
for detecting fog areas over the Taiwan Strait more accurately 
during winter by using the Tropical Rainfall Measuring Mis-
sion Microwave Imager (TMI) Level-1B calibrated brightness 
temperature (TB) data, combined with ground station fog 
observations.  This method is based on the microwave TB dif- 
ferences among four TMI channels, including horizontal and 
vertical polarization TBs of 37.0 and 85.5 GHz, for heavy fog 
and clear weather conditions.  The method can be applied to 
large areas during the daytime and nighttime and distinguish 
fog from low clouds.  It involves selecting fog cases and recog- 
nizing fog areas, removing relevant land data and calculating 
TMI TB statistics, establishing TB fog criteria, and finally va- 
lidating the fog criteria through analysis of independent cases.  
The results indicated that the fog detection accuracy reached 
75%.  Among the four channels of the TMI, the 85.5 GHz 
horizontal polarization exhibited the highest fog sensitivity. 

I. INTRODUCTION 

In addition to the large number of vessels that pass through 
the Taiwan Strait, many airplanes fly across the Strait each day.  
According to statistics from the MINISTRY OF TRANS- 
PORTATION AND COMMUNICATIONS R.O.C. (MOTC), 

2.5 million and 2.6 million people flew to the outlying Taiwan- 
controlled islands located in the Taiwan Strait during 2013 and 
2012, respectively.  The fog over Taiwan occurs most fre-
quently during winter.  Therefore, as implied by the afore-
mentioned maritime and aviation statistics, fog detection over 
the Taiwan Strait during winter is critical. 

According to the World Meteorological Organization (WMO), 
when fog is present, horizontal visibility is lower than 1000 m.  
Gultepe et al. (2014) demonstrated that the respective visibil-
ity for heavy ice fog, intermediate ice fog, and light ice fog is 
lower than 1000 m, between 1000 and 5000 m, and higher than 
5000 m.  When visibility is less than 500 m at sea or in the  
air, or less than 200 m on land, the Central Weather Bureau of 
Taiwan issues a heavy fog warning to the public.  Cho et al. 
(2000) observed a high frequency of sea fog occurrence (more 
than 50%) when the dew point exceeded 285 K and the dif-
ference between the dew point and sea surface temperature 
was typically more than 2 K, according to a decade of obser-
vations around the Korean peninsula.  Pagowski et al. (2004) 
revealed that the forecasting of fog is considerably difficult 
because of its high variability and the complicated physical 
processes that occur in the boundary layer.  Gultepe et al. (2007a) 
indicated that the complex fog processes involve droplet mi-
crophysics, aerosol chemistry, radiation, turbulence, and large- 
scale and small-scale dynamics, and are influenced by the 
types of surface condition.  They demonstrated that the liquid 
water content, droplet concentration, and droplet size increase 
during the formation of fog.  Kim and Yum (2010) observed 
that the formation of cold sea fog over the Yellow Sea off the 
west coast of the Korean peninsula was relative to the move-
ment of moist and warm air over the cold surface.  Kim and 
Yum (2011) indicated that turbulent cooling and radiative 
cooling occurred before the onset of fog, thus crucially con-
tributing toward decreasing temperature over the cold surface 
and to the water vapor saturation in the boundary layer. 
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Two methods are typically used to observe fog: (1) physical 
observation without the use of instruments, and (2) observa-
tion using a visibility meter.  However, these two approaches 
cannot satisfy the current information demand for fog detec-
tion because of their limited spatial coverage over both land 
and sea.  Nevertheless, this downside can be overcome by using 
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satellite observations.  In general, infrared (IR) and visible (VIS) 
satellite data can be used for fog detection.  Eyre et al. (1984) 
used the brightness temperature (TB) difference between two 
IR window channels to detect fog.  The detection method is 
based on the different thermal emissivity of fog from the two 
IR channels.  Several subsequent studies (Wetzel et al., 1996; 
Lee et al., 1997; Anthis and Cracknell, 1999; Greenwald and 
Christopher, 2000; Bendix, 2002) have employed similar 
techniques.  The techniques involve the use of TB differences 
observed from the 3.9 (3.7) m and 11.2 (11.0) m channels 
from Geostationary Operational Environmental Satellites 
(National Oceanic and Atmospheric Administration Advanced 
Very High Resolution Radiometer).  Another approach entails 
using the TB difference between the IR4 (3.5-4 m) and IR1 
(10.3-11.3 m) from the Multifunctional Transport Satellites 
(MTSAT).  However, this approach can be used only at night, 
when no reflected solar radiation is present to affect the TB of 
the shortwave channels (Bader et al., 1995). 

In recent years, various fog detection studies using satellite 
data have been conducted.  Gultepe et al. (2007b) indicated that 
satellite observations cannot be used for accurate fog detection 
when VIS channels are not available (i.e., during nighttime).  
Liu and Hu (2008) established a series of thresholds for fog 
detection by using MTSAT data; however, the method can be 
used only during the daytime.  Gao et al. (2009) demonstrated 
that the TB difference between the shortwave and longwave 
ranging from -5.5C to 2.5C can be used as a criterion for de- 
termining the area of sea fog over the Yellow Sea.  Thresholds 
of TB and albedo for fog detection, which greatly improved 
sea fog detection, were derived by Yoo et al. (2010).  Bendix  
et al. (2006) and Cermak and Bendix (2008) have developed 
methods for detecting fog and low stratus clouds during the 
daytime, but with no differentiation.  In addition, Cermak and 
Bendix (2011) developed a technique for distinguishing low 
stratus clouds and fog on the basis of METEOSAT Second 
Generation Spinning-Enhanced Visible and Infrared Imager 
data.  However, this technique can be used only during the 
daytime.  Thus, some methods have been devised to detect sea 
fog, but are limited to either daytime or nighttime use.  Wang 
et al. (2014) attempted to overcome this limitation by devel-
oping a method that can detect sea fog for both day and night 
by using a combination of the various methods proposed by 
previous studies.  However, the principal method for detecting 
fog during the daytime still differed from the approach that 
was used for nighttime conditions.  Evidently, despite the 
substantial research that has been performed on fog detection 
methods, additional improvements are required.  Although the 
combined use of two IR channels, such as 3.9 (3.7) and 11.2 
(11) m, enables detecting fog, this approach is limited to 
nighttime cases (Bader et al., 1995).  Furthermore, Eric et al. 
(1997) indicated that if fog is present at night, it may remain 
undetected because there are no available VIS images.  A 
simple method for detecting fog during both the daytime and 
nighttime and distinguishing it from low clouds seems to be 
lacking.  Hamazu et al. (2003) indicated that the vertical at-

tenuation in fog is relatively weak compared with the hori-
zontal attenuation; therefore, high frequency channels are the 
most appropriate for vertical observations in airborne or sat-
ellite-borne applications.  The main purpose of our study was 
to establish a novel method for detecting fog during winter 
over the Taiwan Strait by using four high frequency Tropical 
Rainfall Measuring Mission (TRMM) Microwave Imager 
(TMI) channels during both the daytime and nighttime.  Using 
a combination of the method proposed in this study and the IR 
detection method enables reduction of fog-induced aviation 
and sea disasters. 

The collection of TMI and MTSAT data and relevant ground 
observations is discussed in Section 2.  Section 3 describes the 
methodology regarding foggy area recognition, case selection, 
and research processing.  In Section 4, the results from an in- 
dependent case verification are presented and discussed.  Finally, 
Section 5 concludes the study with comments on the devel-
oped method for fog detection, its limitations, and future work. 

II. THEORETICAL BASIS 

The typical fog particle size (0.5-40 m) is approximately 1 
m, and the typical cloud particle size (10-100 m) is greater 
than 10 m.  Theoretically, the liquid water content of fog is 
0.1 gm-3, whereas that of clouds is greater than 0.4 gm-3 (Wang, 
1997).  Fog, clouds, and rain differ in their liquid water content.  
In other words, fog can be considered either a cloud or a type 
of rainfall, depending on perspective. 

In the spectral range of the IR window channels, most of the 
radiation measured by satellites is emitted by surfaces such as 
from land, sea, and cloud tops.  Because atmospheric absorp-
tion is relatively light within these window channels, they can 
be used to observe surfaces during the absence of clouds.  Fog 
can be detected by analyzing the variation of the emissivity 
from two IR channels.  Specifically, the effective temperature 
of fog at 3.7/3.9 m is lower than at 11/11.2 m, but the 
temperature of both land and sea monitored through these 
channels is approximately the same.  Therefore, the TB dif-
ference between two IR channels is sensitive to the presence of 
fog or low stratiform clouds. 

Eric et al. (1997) indicated that individual cloud types can 
be identified by observing various cloud features including the 
brightness, edge definition, texture, size, organizational pat-
tern, and individual shape in a VIS satellite image.  In IR and 
VIS images, fog and stratiform clouds are characterized by 
smooth and flat tops, a lack of an organized pattern, and, ty- 
pically, sharp boundaries.  In satellite image animations, clouds 
generally move with the upper winds while fog remains sta-
tionary.  Bader et al. (1995) reported that fog can often be de- 
tected using IR image enhancement and image animation.  
Generally, using VIS and IR images simultaneously enables 
accurately detecting the location of fog areas. 

The most effective method for recognizing cloud types 
involves acquiring VIS and IR images of the same location.  In 
a VIS image, fog appears to have a smooth flat texture.  In an  
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Fig. 1. Relationship between TB and surface rainfall rate over the 

ocean for TMI channels of 10, 19, 37, and 85 GHz in the stan-
dard atmosphere (Hu et al., 2009). 

 

 
IR image, fog exhibits a gray shade.  Relying on these features 
alone renders distinguishing fog from stratiform clouds diffi-
cult.  Eric et al. (1997) demonstrated that when multiple or time- 
lapse images are available, a useful rule of thumb is that if a 
cloud with a smooth flat texture and gray shade does not move, 
it is generally fog. 

Hu et al. (2009) detailed the relationship between the TB 
and the rainfall rate (RR) over the ocean in a standard at-
mosphere (Fig. 1) when horizontal homogeneity of rain clouds 
is assumed.  When it rains, the TB in all channels increases 
with the RR because of emissions from the cloud water and 
rain water.  By contrast, beyond a certain saturation point, the 
TB decreases with the increasing RR because of more sig-
nificant scattering.  Fig. 1 illustrates that the saturation point 
reaches faster at a higher microwave frequency than at a lower 
frequency.  Therefore, the drop in the TB caused by scattering 
is more substantial at lower frequencies than at higher fre-
quencies.  Gultepe et al. (2009) demonstrated that the liquid 
water content increases with the droplet number concentration 
(Nd).  The preceding discussion indicates that the microwave 
TB and liquid water content are directly proportional.  There-
fore, the droplet number concentration is directly proportional 
to the microwave TB before microwave channel saturation. 

Regarding RR retrieval, because lower frequency of TMI 
has a stronger relationship with the RR and a wider dynamic 
range than higher frequency channel, retrieval of stratiform 
rainfall is typically performed with low frequency data.  By 
contrast, the TB observed using higher frequency channels 
reaches saturation when the RR is greater than 3 mm hr-1 
(Petty et al., 2001).  However, the scattering effects caused by 
larger raindrops or solid precipitation are more significant at a 
higher frequency of TMI. 

Satellite passive microwave observation is widely used for 
rainfall estimation over the ocean (Adler et al., 2001).  Em-
ploying passive microwaves to estimate the RR entails using 
the emission effects of liquid water observed from channels 
lower than 30 GHz before saturation.  Conversely, when the 
estimation involves larger raindrops or solid precipitation, the 
scattering effects observed from channels higher than 60 GHz 
after saturation are used instead (Petty et al., 2001).  Fig. 1 
illustrates that the slopes of the higher frequency (37 GHz and 
85 GHz) channels are steeper than those of other channels (10 
GHz and 19 GHz) before the saturation of all channels 
(probably less than 0.7 mm hr-1), especially for the horizontal 
polarization of a higher frequency.  Consequently, the horizontal 
polarization of a higher frequency should be more sensitive to 
fog before the saturation of all TMI channels.  This will be fur-
ther verified in Section 5. 

As mentioned, the liquid water content of fog is less than 
that of clouds or rain.  Therefore, satellite passive microwaves 
can be used to detect fog according to the emission effects at 
higher frequencies, which are generally unavailable for rain-
fall estimations. 

III. DATA COLLECTION  

1. TMI Satellite Data 

The TRMM satellite was launched in 1997.  The TMI was a 
passive microwave sensor onboard the TRMM satellite that 
scans the earth conically with a swath of 878 km and an in-
cident angle relative to the ground surface of approximately 
52.8.  The TMI measures the radiation intensity at five fre-
quencies: 10.65, 19.35, 21.3, 37.0, and 85.5 GHz.  The 21.3 
GHz frequency has only vertical polarization, but the other 
four frequencies have dual polarization.  The field of view 
(FOV) of the TMI depends on the frequency.  The data used in 
this study are a Level-1B11 product, which has already un-
dergone radiation correction and geometric positioning.  The 
product has a spatial resolution of 10 km.  For convenience, 
the vertically polarized TBs in the TMI channels are denoted 
as T10V, T19V, T21V, T37V, and T85V; where V represents vertical 
polarization and H represents horizontal polarization. 

2. MTSAT Satellite Data 

The MTSAT 1R (MTSAT-IR) is a geostationary satellite 
that was launched into orbit 35 800 km above the equator at 
the longitude of 140E in 2005.  The MTSAT-1R has five 
channels: one VIS channel, two IR channels, one water vapor 
channel, and one near-IR channel.  The spatial resolution for the 
visible channel is 1 km, whereas it is 4 km for all other channels.  
Both IR and VIS images were used in this study. 

3. Ground Station Observations (Beigan and Magong 
Airports) 

Ground station observations from the Beigan and Magong 
airports during the winters of 2006-2010 were provided by the 
Aviation Weather Center of the Civil Aeronautics Admini- 

http://en.wikipedia.org/wiki/Geostationary
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�: Beigan airport, �: Magong airport  
Fig. 2. MTSAT IR observations at (a) 0500, (b) 0600, (c) 0700, (d) 0800, 

(e) 0900, (f) 1000, (g) 1100, and (h) 1200 UTC on January 16, 
2006.  

 
 

stration and the Meteorological Center of the Republic of 
China Air Force, respectively.  The two airports are located at 
2613’N, 12000’E and 2334’N, 11937’E, respectively.  The 
datasets include temperature, the dew point, wind direction 
and speed, and visibility data.  For this study, only the visibil-
ity data were employed. 

IV. METHODOLOGY 

1. Recognizing Fog 

The first step in processing our data was to differentiate fog 
events from cloudy weather.  This was performed by examining 
both IR and VIS image animations.  As theoretical studies 
have mentioned, the combination of VIS and IR images can be 
used to locate fog areas.  IR images capture the amount of long- 
wave radiation from the cloud surface or ground surface, in-
cluding sea and land surfaces.  In addition, fog generally appears 
close to the land or sea surface.  Thus, in IR images, the TB of 
fog is only slightly different compared with that of the land or 
sea surface. 

�: Beigan airport, �: Magong airport  
Fig. 3.  MTSAT VIS observation at 0800 UTC on January 16, 2006. 

 
 
Fog events were selected by analyzing the TBs from IR 

images, albedo from VIS images, and cloud movement from 
successive satellite images.  Each selected fog event was further 
verified according to visibility reports from airports situated 
within the region.  Fig. 2 provides an example.  Figs. 2(a)-(h) 
illustrate a series of MTSAT-1R IR images from 0500 to 1200 
UTC, and Fig. 3 depicts a VIS image from 0800 UTC on 
January 16, 2006.  As mentioned, fog regions can be distin-
guished from clouds by using satellite image animation, be-
cause clouds move with the winds, whereas the movement of 
fog is minimal for several hours.  The images in Fig. 2 show 
that the clouds located in the waters east of Taiwan evidently 
moved eastward.  By contrast, the fog areas in the Taiwan 
Strait remained stationary for approximately 7 hours.  Another 
key characteristic of fog is that it has a higher albedo than clear 
skies.  Fig. 3 illustrates that the albedo over the Taiwan Strait is 
higher than that in the clear skies near the coastal waters of 
southwest Taiwan. 

By using the series of IR and VIS images displayed in Figs. 
2 and 3, the target region located in the Taiwan Strait was 
verified to satisfy the criteria for fog, indicating that a fog 
event was highly probable.  Further evidence was provided by 
the Beigan airport observations, which showed that the visi-
bility was 400 m at 0800 UTC.  The Beigan airport is located 
in the Taiwan Strait, which is inside the target region. 

2. Selection of Cases 

Because the primary goal of this study was to detect fog 
events over the Taiwan Strait during winter, cases were se-
lected by identifying low visibility observations made by the 
Beigan and Magong airports.  The selected TMI satellite ob-
servations corresponded to the period when the fog reports 
were made. 

3. Research Process 

A flowchart that summarizes our research method is pre-
sented in Fig. 4.  Our proposed fog detection process consisted 
of four steps described as follows: 
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Fig. 4.  Research process flowchart for fog detection. 
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Fig. 5. (a) Clear sky areas (A), fog areas (B), cloud areas (C), and land 
areas (D) in the MTSAT VIS observation at 0800 UTC on 
January 16, 2006, (b) same as (a), but 85 GHz horizontal po-
larization TB image of TMI at 0814 UTC. 

 
 

Step 1: Selecting Fog Cases and Recognizing Fog Areas 

Fig. 5(a) depicts a VIS image from 0800 UTC on January 
16, 2006.  Fig. 5(b) illustrates the TMI 85 GHz horizontal 
polarization TB at 0814 UTC on January 16, 2006, where the 
color bar indicates the TB value.  Clear skies, fog, clouds, and 
land are present within the red square region in Fig. 5 and are 
marked respectively as A, B, C, and D.  Fig. 5(b) shows that 
the land regions had the highest TB, as indicated by the emis-
sivity being the highest in the microwave region.  Contrarily, 
the ocean regions with clear skies had the lowest TB; this was 
indicated by the emissivity being the lowest in the microwave 
region.  The TBs of the clouds and fog were between the 
maximum and minimum TBs, but the TBs of the clouds were 
higher than those of the fog, because of a higher liquid water 
content. 

Fig. 7. MTSAT-1R VIS observations at (a) 0800 UTC on January 16, 
2006; and (b) at 0300 UTC on February 3, 2009. Dashed lines 
show the chosen fog areas.  

 
 

in Fig. 7. 

Step 2: Removing the Land Data and Calculating the TMI TB 
Statistics 

This step involves removing the land data and calculating 
the TMI TB mean value () and standard deviation () of the 
fog areas that were selected in Step 1.  The land data are re-
moved when the TMI observations include land surfaces or 
areas that are within 20 km of land.  The purpose of data de-
letion is to prevent the high emissivity of land surfaces from 
affecting data retrieval over the ocean.  The TB histograms of 
the four channels are illustrated in Fig. 8.  For each channel, 
the distribution was similar to a Gaussian distribution.  After 
the removal of the land data, the red square region in Fig. 7 
mostly consisted of fog and contained only a few sporadic 
areas with clouds or clear skies.  This lack of clouds and clear 
skies explains why there is a scant amount of extreme outliers 
in Fig. 8.  These outliers, which were not within the range (  
2,  - 2), were discarded in this study.  The results, with a 
95% confidence level, are depicted in Fig. 9.  The  and   

Fig. 6 shows a histogram depicting the distribution of the 
microwave data within the red square in Fig. 5.  Fig. 6 has four 
peak values, marked as A, B, C, and D, further illustrating the 
viability of using passive microwave data in detecting fog.  
Conventionally, passive microwave data are used to estimate 
various physical parameters such as the rain rate, sea surface 
temperature, sea surface wind field, and air-sea energy fluxes.  
Fog detection is a novel research topic.  In this study, the chosen 
fog areas encompassed a region from 23.0N to 27.5N and 
117.0E to 122.1E at 0800 UTC on January 16, 2006, and 
from 23.2N to 26.0N and 117.2E to 121.5E at 0300 UTC 
on February 3, 2009.  The corresponding diagrams are depicted  
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Fig. 8.  TB histograms of the four TMI channels within the selected range shown in Fig. 7. 
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Fig. 9.  TB histograms of the four TMI channels for fog. 
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Table 1. Mean and standard deviation values of TB of the 
four TMI channels for fog. 

Channels mean value standard deviation

TB37 V 212.9 K 1.47 

TB37 H 150.3K 2.8 

TB85 V 259.9K 1.94 

TB85 H 226.8K 4.22 

 

 
Table 2.  Four criteria for fog. 

Channels criteria (( - 2) ~ (  2)) 

TB37 V 209.9 K ~ 215.8 K 

TB37 H 144.7 K ~ 155.9 K 

TB85 V 256.0 K ~ 263.8 K 

TB85 H 218.4 K ~ 235.3 K 

 

 
Table 3.  Ten cases of fog. 

Case Date 
Time  

(UTC) 
Orbit 

Number
Airport Visibility 

1 2006/1/31 00:54 46791 Beigan 100 m at 0:00

     0 m at 01:00 

2 2006/1/31 00:54 46791 Magong 1000 m at 0:00

     2800 m at 01:00

3 2006/2/15 22:08 47039 Magong 400 m at 22:00

     400 m at 23:00

4 2007/2/8 09:29 52610 Beigan 700 m at 09:00

     700 m at 10:00

5 2007/2/9 03:40 52622 Beigan 2100 m at 03:00

     600 m at 04:00

6 2007/2/9 08:33 52625 Beigan 900 m at 08:00

     900 m at 09:00

7 2008/1/11 00:38 57857 Beigan 800 m at 0:00

     500 m at 01:00

8 2008/1/11 23:43 57872 Beigan 1800 m at 23:00

     600 m at 24:00

9 2009/2/11 21:34 64058 Beigan 300 m at 21:31

     300 m at 22:00

10 2010/2/23 22:15 69935 Magong 1200 m at 22:00

     400 m at 22:30

 

 
values of TB for fog areas observed from the four channels are 
presented in Table 1. 

Step 3: Establishing the TB Criteria for Fog 

The TB criteria for fog observed from the four channels can 
be established once the average TB values and standard de-
viations of the fog areas are established in Step 2.  The criteria 
of the four channels range from ( - 2) to (  2), and are 
summarized in Table 2. 

Table 4. Ten cases of nonfog (including clear and cloudy 
skies). 

Case Date 
Time 

(UTC)
Orbit  

Number 
Airport Visibility 

11 2006/1/12 09:41 46501 Beigan 5000 m at 09:00

     5000 m at 10:00

12 2006/2/15 22:08 47039 Beigan 1200 m at 22:00

     1200 m at 23:00

13 2007/2/8 09:29 52610 Magong 8000 m at 09:00

     8000 m at 10:00

14 2008/1/11 23:43 57872 Magong 3200 m at 23:00

     4800 m at 24:00

15 2008/1/11 00:38 57857 Magong 4800 m at 00:00

     7000 m at 01:00

16 2009/1/11 06:56 63566 Beigan 10000 m at 06:00

     10000 m at 07:00

17 2009/1/11 06:56 63566 Magong 9999 m at 06:00

     9999 m at 07:00

18 2009/1/26 22:43 63810 Beigan 6000 m at 22:00

     6000 m at 23:00

19 2009/1/26 22:43 63810 Magong 9999 m at 22:00

     9000 m at 23:00

20 2009/2/11 21:34 64058 Magong 2100 m at 21:00

     1200 m at 22:00

 
 

Step 4: Verification with Independent Cases 

After the fog detection criteria are established, they must be 
verified according to independent cases.  The verification was 
based on a quantitative analysis of 20 independent cases that 
had occurred during January and February from 2006 to 2010, 
which comprised 10 fog cases and 10 nonfog cases.  The non-
fog cases included cloudy and clear skies.  Table 3 and Table 4 
respectively list the quantitative results for fog cases and 
nonfog cases.  Four independent weather conditions were used 
for the qualitative analysis.  The first and second conditions 
were fog cases that had occurred respectively on February 8, 
2007, and January 31, 2006.  The third was a clear weather case 
recorded on January 11, 2009, and the fourth condition was a 
cloud case that occurred on January 26, 2009. 

V. RESULTS AND DISCUSSION 

This section describes the qualitative and quantitative va- 
lidation of fog detection.  First, we present a qualitative com- 
parison of the horizontal structures from TMI observations, 
comprising two fog cases and two nonfog cases.  This compari-
son was conducted mainly against IR and VIS observations.  
Because the coverage of the TMI observations in the Taiwan 
Strait is not fixed, each swath within the validation area (Taiwan 
Strait) exhibits a variation of approximately 1000 m in the FOV.  
Therefore, our comparison involved approximately 4000 veri- 
fication cases.  Second, we present quantitative comparisons  
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�: Beigan airport, �: Magong airport  
Fig. 10.  MTSAT IR observations at (a) 0700, (b) 0800, (c) 0900, and (d) 1000 UTC on February 8, 2007. 

 
 

�: Beigan airport, �: Magong airport  
Fig. 11.  MTSAT VIS observations at (a) 0700, (b) 0800, and (c) 0900 UTC on February 8, 2007. 

 
 

against the ground station observations from two airports.  
Currently, this is the only viable means for quantitatively va- 
lidating fog over the Taiwan Strait.  This is because the TRMM 
satellite is no geostationary, and the TMI instrument scans the 
area around Taiwan two or three times per day.  Even when the 
swath of the TMI is in the vicinity of Taiwan, it does not 
necessarily cover the entire Taiwan Strait.  Furthermore, the 
airport must have fog when the swath of the TMI covers the 
Taiwan Strait.  Therefore, it was very difficult to identify cases 
for quantitative validation.  In this study, we selected 20 inde- 
pendent cases during the winter of 2006-2010 for quantitative 
validation. 

1. Qualitative Analysis 

1) Fog Cases 

The first case was a fog condition.  The TMI scan time was 
0929 UTC on February 8, 2007, and the TRMM orbit number 
was 52610.  Figs. 10(a)-(d) depict a series of MTSAT IR ob-
servations from 0700 to 1000 UTC on this day.  There were 

two distinct TBs from the cloud top in the Taiwan Strait during 
this period.  One was from the south and middle parts of the 
Taiwan Strait, and was moving northeastward toward central 
Taiwan (region A).  The other was from the northern Taiwan 
Strait and remained stationary (region B).  Figs. 11(a)-(c) il- 
lustrate a series of MTSAT VIS observations from 0700 to 
0900 UTC on February 8, 2007.  The target in the northern 
Taiwan Strait had a higher albedo than that of a clear sky and 
thus exhibited a smooth appearance in the VIS image.  Con-
versely, the target in the south and middle parts of the Taiwan 
Strait exhibited cloud textures.  The IR and VIS images in  
Figs. 10 and 11 provide information for distinguishing the 
target in the south and middle parts of the Taiwan Strait as 
clouds, and the target in the northern Taiwan Strait as fog. 

The fog detection results are presented in Fig. 12.  Figs 12(a)- 
(c) depict the results obtained when more than one, two, and 
three fog criteria were met, respectively; Fig. 12(d) depicts the 
outcome when all four fog criteria were satisfied.  The circles 
in Fig. 12 depict the foggy areas and represent the FOV of the 
TMI.  Analysis of the fog criteria in Fig. 12 suggests that a  
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(a) Meet more than one criterion (b) Meet more than two criteria

(c) Meet more than three criteria (d) Meet four criteria  
Fig. 12. Case verification at 0929 UTC on February 8, 2007.  The figures meet more than (a) one, (b) two, (c) three criteria, and (d) all four criteria.  

Dashed line delineates the edge of swath, and the purple circles indicate the FOV of TMI. 

 
 

�: Beigan airport, �: Magong airport  
Fig. 13. MTSAT IR observations at (a) 2300 UTC on January 30, 2006; 

and (b) 0000, (c) 0100, and (d) 0200 UTC on January 31, 2006. 

 

 
significant sea fog area was located north of the Taiwan Strait, 
which is consistent with the satellite observations.  Final ve- 
rification was conducted using visibility reports that covered 
the particular regions. 

Figs. 12(a)-(c) indicate that sea fog existed within 20 km of 
the Beigan airport.  The sea fog area grew smaller near the 
Beigan airport when all four fog criteria were met, as illustrated 
in Fig. 12(d).  In addition, Fig. 12(a) shows that no sea fog area 
existed near the Magong airport, as indicated by only one fog 
criterion being satisfied.  The ground truth observations from 
the isolated islands in the Taiwan Strait were applied to verify  

 
Fig. 14.  MTSAT VIS observation at 0100 UTC on January 31, 2006. 

 
 

the derived results.  The ground station observations from the 
Beigan airport showed that the visibility was only 700 m, and 
the Magong airport reported an 8000 m visibility at that time.  
This information provides an example of accurate detection.  
The circles in Fig. 12 represent the fog areas.  Conversely, the 
absence of circles indicates that the visibility should have been 
more than 1000 m. 

The second case was also a fog condition.  The TMI scan 
time was 0054 UTC on January 31, 2006, and the TRMM orbit 
number was 46791.  Figs. 13 (a)-(d) depict a series of MTSAT 
IR observations from 2300 UTC January 30, 2006, to 0200 
UTC on January 31, 2006.  The target in the Taiwan Strait was 
not moving, except in the region from 25N to 27N and 121E 
to 123E (hereafter Region A).  The cloud height of Region A 
was higher than that in the Taiwan Strait.  Fig. 14 displays the  
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(a) Meet more than one criterion (b) Meet more than two criteria

(c) Meet more than three criteria (d) Meet four criteria  
Fig. 15. Case verification at 0054 UTC on January 31, 2006.  The figures meet more than (a) one, (b) two, (c) three criteria, and (d) all four criteria.  

Dashed line delineates the edge of swath, long dashed line represents the Taiwan Strait center line, and purple circles indicate the FOV of TMI. 

 
 

VIS observation at 0100 UTC.  The distribution of a high 
albedo is located to the east of the Taiwan Strait center line and 
Region A.  The target in the east of the Taiwan Strait center 
line appears smooth in the VIS observation, whereas cloud 
textures are evident at the target in Region A.  Figs. 13 and 14 
provide a detailed analysis of the satellite observations, where 
the target in the east of the Taiwan Strait center line is likely to 
be fog, and Region A contains low clouds. 

Figs. 15(a)-(c) depict the results obtained when more than 
one, two, and three criteria met, respectively; Fig. 15(d) de-
picts the outcome when all four fog criteria were satisfied.  Fig. 
15(a) illustrates that Region A and most of the Taiwan Strait 
were covered by sea fog.  The green dashed line in Fig. 15 in- 
dicates the Taiwan Strait center line.  The sea fog areas to the 
west of the Taiwan Strait center line and Region A gradually 
disappeared, as illustrated in Figs. 15(b)-(d).  In Fig. 15, there 
is no circle within 20 km of the isolated islands such as that on 
which the Magong airport is located.  This is because the high 
emissivity from land affected the TBs, thereby requiring data 
that covered areas within 20 km of land to be removed. 

Although there was no ground observation for verifying 
whether clouds or fog was present in Region A, the VIS image 
illustrates that the target in the Taiwan Strait was smoother 
than that in Region A.  In addition, the target in Region A had a 
textured appearance.  Furthermore, the IR image indicates that 
the height of the target in the Taiwan Strait was lower than that 
in Region A.  On the basis of these data, it can be inferred that 
the target in Region A was a cloud, and that the target in the 
Taiwan Strait was fog.  The VIS observation indicated that the 
high albedo distribution in Fig. 14 was similar to the fog area 
distribution in Fig. 15. 

 
Fig. 16. (a) IR and (b) VIS observations at 0700 UTC on January 11, 

2009. 

 
 
The ground station observations from the Beigan airport 

indicated that the visibility reached 100 and 0 m, respectively, 
at 0000 and 0100 UTC on January 31, 2006.  The observations 
from the Magong airport indicated that the visibility was only 
600 and 1000 m, respectively, at 2330 and 2400 UTC on 
January 30, 2006, but 2800 m at 0100 UTC on January 31, 2006.  
We conclude that fog was initially present, but gradually dis-
sipated with time.  The main implication from this case is that 
fulfillment of at least one fog criterion indicates either low 
clouds or fog, as depicted in Fig. 15(a).  However, fulfillment 
of two or more fog criteria indicates that fog existed, as shown 
in Figs. 15(b)-(d).  These results indicate that passive microwave 
data can be used not only to detect sea fog but also to distin-
guish low clouds from fog. 

2) Nonfog Cases: Clear and Cloudy Skies 

The third case was a clear sky condition.  The TMI scan time 
was 0656 UTC on January 11, 2009, and the TRMM orbit num- 
ber was 63566.  On that day, as depicted in Figs. 16(a) and (b),  
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Meet more than one criterion  
Fig. 17. Case verification at 0656 UTC on January 11, 2009.  The figure 

meets more than one criterion.  Dashed line indicates the edge of 
swath. 

 
 

�: Beigan airport, �: Magong airport  
Fig. 18. (a) IR and (b) VIS observations at 2300 UTC on January 26, 

2009. 

 
 

the IR and VIS observations at 0700 UTC indicated some low 
clouds in the Taiwan Strait and higher clouds over the coastal 
waters north of Taiwan, while the rest of the Taiwan Strait had 
clear skies. 

Fig. 17 depicts the outcome obtained when more than one 
fog criterion was met.  With no indication of any sea fog in the 
Taiwan Strait, the same result occurred when more fog criteria 
were met.  This is consistent with satellite observations, which 
indicated no fog.  Evidently, our fog detection method can also 
be used for clear skies.  The ground station observations from 
both the Beigan and Magong airports indicated that the visi-
bility exceeded 9999 m during that time. 

The final case was a cloudy condition.  The TMI scan time 
was 2243 UTC on January 26, 2009, and the TRMM orbit 
number was 63810.  The results from the IR and VIS obser-
vations performed at 2300 UTC on the same day are presented 
in Figs. 18(a) and (b).  There were two or more levels of non-
homogeneous clouds in the East China Sea and northern 
Taiwan Strait.  In addition, low clouds or fog were evident in 
the southern Taiwan Strait and regions near the Magong air-
port. 

(a) Meet more than one criterion

(b) Meet more than two criteria  
Fig. 19. Case verification at 2243 UTC on January 26, 2009.  The figures 

meet more than (a) one and (b) two criteria.  Dashed line indi-
cates the edge of swath, and circle represents the FOV of TMI. 

 
 
Fig. 19(a) depicts the results obtained when more than one 

fog criterion was met, and Fig 19(b) shows the results obtained 
when more than two criteria were met.  Fig. 19(a) indicates that 
there were only two fog points in the Taiwan Strait, whereas Fig. 
19(b) indicates that there were no points.  Specifically, neither 
Fig. 19(a) nor Fig. 19(b) shows fog areas near the Magong 
airport.  Thus, the visibility at the Magong airport should have 
been higher than 1000 m at that time, even though the corre-
sponding satellite observations indicated that there were low 
clouds or fog over the airport. 

The actual observations from Magong airport indicated that 
the visibility was 9999 and 9000 m at 2200 and 2300 UTC, 
respectively.  These visibility values were significantly higher 
than the values defined for fog by the WMO.  Thus, it was in- 
ferred that low clouds were near the Magong airport instead of 
fog.  Conclusive proof is thus provided that the method pro-
posed in this study is more applicable in detecting fog than are 
satellite observations. 

2. Quantitative Analysis 

Table 3 summarizes the information on the 10 fog cases, 
and the fog detection efficiency is provided in Fig. 20.  The ho- 
rizontal axis shows the number of fog criteria that were met,  
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Fig. 20. Fog detection evaluation for fog cases with different criteria; 

dashed line represents the best fit for all points. 
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Fig. 21. Fog detection evaluation for nonfog cases with different criteria; 

dashed line represents the best fit for all points. 

 
 

and the vertical axis indicates the hit number for the 10 fog cases.  
As illustrated in the graph, nine cases were estimated correctly 
when more than one criterion was met.  As the required criteria 
number was increased, the hit number decreased.  The hit 
number tended to decrease as the number of fog criteria that 
were met increased.  This is indicated by the dashed line.  
Furthermore, Table 4 presents the information for the 10 nonfog 
cases, which involved cloudy and clear-sky conditions.  Fig. 21 
shows the nonfog detection accuracy.  In contrast to the ten-
dency depicted in Fig. 20, the hit number tended to increase as 
the number of fog criteria that were met increased. 

It seemed reasonable that when the criteria limitation is in- 
creased (decreased), the hit number decreases (increased) in 
fog (nonfog) case detection.  To facilitate applying the method 
to various weather conditions rather than predefined environ-
ments (fog or nonfog), Fig. 22 was plotted to define the op-
timal number of criteria for detecting fog.  The black bar in the 
histogram represents a correct estimate, and the white bar re- 
presents a false positive.  The greater the number of correct 
estimates is, the fewer the false alarms.  Experiments demon-
strated that the fog estimates were the most accurate when two 
or three fog criteria were met .  In total, the accuracy of fog de- 
tection reached 75%. 

In addition, the TB difference between fog and clear con-
ditions was found to reach up to approximately 40 K and 60 K 
at the 37 GHz and 85 GHz horizontal polarizations.  Theoretical  
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Fig. 22.  Evaluation of the hits and false alarms with different criteria. 

 

 
research has indicated that the slopes of the 37 GHz and 85 GHz 
horizontal polarizations are steeper than those of other chan-
nels before saturation.  Therefore, the TB differences between 
fog and clear conditions at 37 GHz and 85 GHz horizontal 
polarizations, respectively, are the most drastic.  In addition, the 
85 GHz horizontal polarization TB is the most sensitive to fog. 

VI. CONCLUSION AND FUTURE WORK 

This study developed a new evaluation framework for fog de- 
tection by using passive microwave data.  Several conclusions 
were drawn from the results: 

 
(1) Microwave data can be used to detect fog over oceans 

during either the daytime or nighttime.  By contrast, IR and 
VIS channels have more observation-time limitations. 

(2) The accuracy of fog detection reached 75%. 
(3) The 85 GHz horizontal polarization is the most sensitive 

to fog.  The four fog criteria of the four channels are listed in 
Table 2. 

 
According to the in-depth analysis, it can be concluded that 

passive microwave data have strong potential for detecting fog. 
This study had several limitations.  First, because the estab-

lished criteria were tailored to conditions in the Taiwan Strait, 
the current fog detection mechanism can be applied only to the 
Taiwan Strait.  Second, the time resolution of the TMI is not as 
high as that of a synchronous satellite, and the swath of the 
TMI is not fixed.  Consequently, the passive microwave data 
cannot monitor the same area in a timely manner.  Third, many 
atmospheric parameters can affect the microwave observa-
tions of the TMI, such as wind speed and sea surface tem-
perature.  The criteria for fog detection around the Taiwan 
Strait and the East China Sea were established according to 
winter conditions.  Thus, the criteria are deemed the most 
suitable for the winter.  Finally, when clouds are present above 
the fog layer, the method is less effective. 

Our findings highlight the need to develop a clearer under-
standing of this new research topic.  Some crucial directions for 
future research are listed as follows: 
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(1) More fog cases will be added to our database to improve 
the fog detection accuracy. 

(2) Gultepe et al. (2009) demonstrated that liquid water content 
rises with an increasing droplet number concentration.  
When these two values increase, the visibility value de-
creases.  Evidently, the liquid water content and droplet 
number concentration are critical elements for the visibility 
value and formation of fog.  The purpose of considering 
the liquid water content and droplet number concentration 
is to obtain more accurate results. 

(3) More channels will be used to identify the most suitable 
channels for fog detection. 

 
In the future, different areas and seasons can be studied, and 

the criteria should be revised to account for more atmospheric 
parameters. 
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