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Abstract 

Here we show the potential for dense fog monitoring using existing measurements from 

wireless communication systems. Communication networks widely deploy commercial 

microwave links across the terrain at ground level. Operating at frequencies of tens of GHz 

they are affected by fog and are, practically, an existing, sensor network, spatially distributed 

world-wide, that can provide crucial information about fog concentration and visibility. 

The goal of this paper is to show the feasibility for fog identification and intensity estimation. 

A method is proposed and is demonstrated by two cases of heavy fog that took place in Israel. 

During these events, fog covered wide areas (tens of kilometers) and caused severe decrease 

in visibility, dropping as low as several tens of meters. Liquid water content and visibility 

values were estimated using measurements from tens of microwave links deployed in the 

observed area for each event. Each of the links provided a single measurement which was 

taken simultaneously across all of the links in the system.  The values were found to be in the 

range of 0.5-0.8 gr/m3 – high concentration values that match the maximum value range 

observed in field measurements carried out for prior studies in different test areas in the 

world. The visibility ranges calculated, between 30 and 70 meters, fit the visibility 

assessments from the specialized measuring equipment operating in the observed area at the 

same time. These results point to the strong potential of the proposed technique. 
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1 Introduction 

 Fog is defined as water droplets suspended in the atmosphere, near the surface of earth that 

reduce visibility to less than 1 km [AMS, 2000]. The impact of fog on human beings and on 

the environment is considerable. Fog harvesting, for instance, can produce fresh water for 

gardening, afforestation and even potable water that may have a significant contribution 

particularly in water scarce regions [Oliver, 2004; Klemm et al., 2012]. Moreover, in forest 

ecosystems, fog takes a cardinal part in the water balance of these natural environments 

[Dawson, 1998; Wrzesinsky and Klemm, 2000]. Information concerning the Liquid Water 

Content (LWC) of fog makes it possible to define the concentration of air pollutants through 

analysis of fog droplet samples [Tago et al., 2006]. An important role fog plays in cleaning 

the atmosphere through the process of particle scavenging and then drop deposition has also 

been shown [Herckes et al., 2007].  On the other hand, smog (a portmanteau of smoke and 

fog) may harm human health, adversely affect plants and damage structures [e.g. Wichmann 

et al., 1989; Dam and Hoang, 2008]. However, the central negative effect attributed to fog, is 

reduced visibility that can lead to heavy financial damages, grave accidents and loss of life 

[Croft et al., 1995; Pagowski et al., 2004, Gultepe et al., 2009]. The total economic impact of 

the presence of fog on aviation, marine and land transportation can reasonably be compared 

to the impact of tornadoes or, in some cases, even those of hurricanes [Gultepe et al, 2007]. 

Furthermore, it has been recently shown that while the number of road accidents due to rain 

has declined considerably, the totals in foggy conditions have not changed significantly 

[Pisano et al., 2008]. 

Existing means of measuring fog provide reliable measurements in most cases, but are 

limited in the spatial range they can cover, in their availability, and by their high 

implementation costs. Predominant techniques for detection of fog and measuring visibility 

include: trained human observers, transmissometers, satellites and instruments that measure 
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the scatter coefficient.  A trained human observer assesses visibility by the appearance or 

occlusion of objects at known distances from the observer's present location. However, this 

assessment is a subjective judgment by a particular observer, one observer's estimation might 

disagree with another's when assessing the same visibility conditions.  One of the most 

common instruments for measuring the light extinction coefficient is the transmissometer 

[WMO, 2008]. Although this device is considered very accurate, its costs are extremely high. 

An additional technique includes instruments measuring the scatter coefficient of light 

[WMO, 2008]. However, this technique only allows for a small sample volume to be 

measured. As a result, the visibility representativeness obtained is poor. Satellites have the 

advantage of providing large spatial coverage. Nevertheless, in some cases, they struggle to 

supply fog detections at ground level. High or middle altitude clouds along the line of sight 

between the ground and the system may obscure ground level fog [e.g. Ellrod, 1995]. It is 

also difficult to differentiate, using this technique, whether the observation reflects actual fog, 

or low stratus clouds, found at higher levels off the surface. Some instruments were designed 

to provide measurements of the fog LWC. While all are spatially limited, commonly used 

tools include the Particle Volume Monitor (PVM), Forward Scattering Spectrometer Probe 

(FSSP) and hot-wire probes [Gerber, 1984;Arends et al., 1992;Emert, 2001; Schwarzenboeck 

et al., 2009].  

At frequencies of tens of GHz, various atmospheric hydrometeors: precipitation, water vapor, 

sleet, mist and fog affect microwave beams, causing perturbations to radio signals [Rec. ITU-

R P.838-2, 2004; Rec. ITU-R P.676-6, 2005; Rec. ITU-R P.840-4, 2009]. Thus, wireless 

communication networks can be considered to be built in environmental monitoring facilities, 

as was first demonstrated for rainfall observations [Messer et al. 2006; Leijnse et al.,2007a]. 

In particular, wireless communication networks seem to have suitable properties and the 

potential to monitor fog with certain potential advantages over existing monitoring tools. 



© 2013 American Geophysical Union. All rights reserved. 

Typically, the Microwave Links (MLs) utilized in these networks are installed at heights of a 

few tens of meters off the surface, they are widely spread across the terrain and provide 

continuous measurements at high temporal and spatial resolution. Finally, the implementation 

costs are minimal since the requested data are standard data collected and logged routinely by 

the communication providers. However, most of the work done in this field of research till 

today was focused on the ability to monitor rainfall [e.g.  Rayitsfeld et al., 2011; Chwala et 

al., 2012; Wang et al., 2012]. The ability to reconstruct the rainfall intensity distribution using 

multiple MLs in a given area has also been described [e.g. Goldshtein et al., 2009; Zinevich 

et al., 2008,2009]. Only a limited amount of research has investigated the potential for 

monitoring other-than-rain phenomena using measurements from MLs. These works include 

for example: estimating the areal evaporation [Leijnse et al.,2007b] and measuring the 

atmospheric water vapor [David et al., 2009, 2011; Chwala et al., 2013]. 

  In this paper we present the potential for monitoring of dense fog based on existing 

Received Signal Level (RSL) measurements from commercial microwave communication 

networks. 

 

2 Method: Fog Identification and Estimation using Measurements from Multiple MLs  

Fog is one of the several atmospheric phenomena that affect MLs, causing an additional 

signal loss to the microwave electromagnetic beams with respect to that created during non-

foggy periods [e.g. Liebe et al., 1989]. Figure 1 presents the theoretical expected attenuation 

per 1 and 5 km respectively created by fog [Rec. ITU-R P.840-4, 2009], as a function of 

typical commercial MLs frequencies. These backhaul systems commonly operate in the 

frequency range between 6 to 40 GHz with bands characteristically at 6, 11, 18, 23, and 38 

GHz (Wells, 2009; Frenzel, 2013). The system described is more sensitive to the effects of 
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fog at the relatively high frequencies. Accordingly, the RSL measurements used in the 

current work were taken from links operating around the frequency of 38 GHz.  The LWC 

within fogs typically ranges between 0.01 to 0.4 gr/m3 [Gultepe et al., 2007].The calculations 

presented in Fig. 1 were made for different LWC values starting at 0.1 gr/m3, and at different 

temperatures (10 and 15 ºC). The maximum values of LWC were taken from field 

measurements (including five minute average values) carried out in the conducting of recent 

comprehensive field campaigns in different places in the world, using specialized equipment 

[Klemm et al., 2005; Herckes et al., 2007; Gultepe et al., 2009; Niu et al., 2010]. The 

horizontal dashed line indicates the typical measurement resolution of a commercial MLs 

(links with a coarser measurement resolution exist, but will not be the focus of this paper). 

We note that for longer links (Fig.1b), the effective sensitivity per km increases, and lighter 

fogs can potentially be detected. 

Two fundamental stages in fog monitoring using measurements from multiple MLs are 

distinguished here: identification of the fog phenomenon, and the estimation of its degree 

using additional standard meteorological instruments (temperature, humidity and rain 

gauges).  

  As our primary aim is to prove the feasibility of our proposed methodology, the technique 

was restricted to situations where other hydrometeors (rainfall, sleet, snow) were nonexistent 

along the propagation path and we centered our research on extreme fog events. 

 

2.1 Fog Identification 

We take a set – 1L ,...., NL  - of MLs spread across the observed region within the same fog 

patch. In a typical cellular backhaul network [e.g. Zinevich et al., 2008], microwave links at 

different lengths and direction exist at an area of a size similar to a dense fog field, e.g. of the 
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order of several km2 [e.g. Pagowski et al., 2004]. The availability of diverse RSL 

measurements enables us to identify the fog induced component with higher statistical 

precision. 

A simplified model describing the attenuation of the i-th microwave signal, γi, can be 

described as follows [Zinevich et al., 2010]: 

[ ] ( )dBNoiseAAAA
qiiviwipifii ++++=γ                         (1) 

Where the index i signifies the attenuation as measured by the i-th ML, let us denote: 

Afi- Fog induced attenuation. 

Api-  Attenuation as a result of other-than-fog precipitation (rain, sleet, snow).  

Awi- Wet antenna attenuation. Because of the high level of humidity during fog, a thin layer 

of water may accumulate on the outside covers of the microwave antenna and may create 

additional attenuation to the received signal, beyond that caused by the fog in the atmospheric 

path. 

Av- Water vapor attenuation 

Noisei- All other random  signal perturbations, e.g., which created as a result of winds that 

may oscillate the antennas ,variations of the atmospheric refractive index , or  temperature 

variations which may affect the analogue circuitry of the microwave units [Leijnse et al., 

2007b; Zinevich et al., 2010]. 

[ ]qi- Each of the attenuation measurements, γi,  is quantized according to the given magnitude 

resolution of each commercial ML.  

In this study we assume that Api=0. This assumption is validated using nearby standard 

measurements of rain gauges and temperature meters. 

In order to estimate the amount of wet antenna attenuation, Aw, and if it did in fact occur, we 



© 2013 American Geophysical Union. All rights reserved. 

make use of measurements over particularly short MLs (preferably of up to a few hundreds of 

meters long) that are located near longer links, since the effect of fog, even a heavy one, as 

well as of water vapor on the signal attenuation at such short ranges is much smaller 

comparing to the attenuation created in longer MLs of several km in lengths [Rec. ITU-R 

P.676-6, 2005; Rec. ITU-R P.840-4., 2009]. This being the case, any additional attenuation, if 

detected, can be directly attributed to the layer of water on the antennas, its value measured, 

and that value can be used to adjust the measurements on the longer links. 

In order to identify the specific attenuation created as a result of the fog itself, we set a 

baseline, zero RSL value separately for each link. Since the density of water vapor in the 

atmosphere affects MLs [Rec. ITU-R P.676-6, 2005; David et al., 2009, 2011] and since 

humidity is particularly high during fog, the zero level can be chosen by selecting the median 

value from RSL measurements taken over a period of several hours, during which the relative 

humidity in the area, as measured by the meteorological stations at the site, is around 90%. 

Alternatively, since the humidity difference between the foggy day and the reference day is 

known, the median RSL from the days adjacent to the event can be chosen (e.g. in cases 

where measurement occurs once daily), and a humidity correction to the baseline is carried 

out using a known physical model [Rec. ITU-R P.676-6, 2005]. By this selection of the base 

line, the water vapor effect, Av, is minimized and is assumed to be zero.  

Thus, fog is identified as being present when the measured RSL value crosses the predefined 

threshold during times of high relative humidity (of ~95% and more), while the additional 

attenuation is observed simultaneously by the numerous MLs spread across the area. 
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2.2 Fog Density Estimation 

After detection of the existence of fog, the average amount of LWC per unit of volume in the 

fog was calculated, from which a rough estimation of the range of visibility was acquired. 

 

2.2.1 Liquid water content calculation 

At the end of stage 2.1 we are left with the following: 

                                   iwifii oiseNAA ~++=γ                   (dB)              (2) 

We note that the effective noise component as defined here, ioiseN~ , includes the contribution 

from system quantization error. 

The relation between the fog induced attenuation, fןA , and the total water content per unit 

volume is given by [Rec. ITU-R P.840-4, 2009]: 

                                                  iifi LLWCA ⋅⋅Φ=                (dB)     (3)  

              

Where iL (km) is link length, iΦ  is a frequency and temperature dependent coefficient 

(known parameters), and LWC  is the liquid water content (g m-3). In this work, we assume 

that all links deployed across the same fog field observe at the same time the same LWC.  

 Given γi measurements from N links operating around the same frequency and over the same 

fog patch , the effective fog induced attenuation, fâ ,  can be extracted from N equations as 

(4) by a least squares or other estimation method ,and provide better accuracy than in the case 

of measurement from a single link: 

                                                  iwifi oiseNALa ~ˆˆ ++⋅=γ    (dB)                       (4) 
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 While:  

                                                        LWCa f ⋅Φ=ˆ
     (dB/km)                         (5) 

Consequently, the LWC within the fog field is derived through the known relation (5).                                           

wÂ  is the estimated wet antenna component, calculated from the intercept of the linear line 

with the y-axis. 

A mathematical model [ITU-R P.840-4, 2009] based on Rayleigh approximation is used for 

the calculation ofΦ , for frequencies of up to 200 GHz (fog drops typically range in size from 

several microns to a few tens of microns [e.g. Herckes et al., 2007; Gultepe et al ., 2009], i.e. 

small with respect to millimeter microwaves): 

12 )]1("[819.0 −+⋅=Φ βεf            (dB/km)/(g/m3)   (6)

  

 With f  being the link frequency (GHz), while: 

         
ε")/ ε'2( +=β           (7) 

The complete expression of the complex dielectric permittivity of water 

ε ( f ) = ε  ( f , T) + iε  ( f , T),  is detailed in literature [Rec. ITU-R P.840-4, 2009].  

2.2.2 Visibility estimation 

Visibility is defined as the greatest distance in a given direction at which it is possible to see 

and identify a prominent black object against the sky at the horizon in the daylight, or the 

greatest distance it could be seen and recognized during night if the general illumination were 

raised to the level of normal daylight [WMO, 2008].  

In order to estimate the visibility (V) we used the following warm- fog visibility 

parameterization [Gultepe et al., 2006] which takes into account the droplet number 
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concentration, ND, in addition to the LWC: 

6473.0)(002.1 −×⋅= DNLWCV        (km)         (8)

  

The formula is suitable for warm fog (T > 0 ºC) conditions.                                                         

ND can be measured directly using specialized equipment.   This value can be estimated given 

the temperature, T, by using the following known relation [Gultepe and Isaac, 2004]: 

                                56.141213.2071.0 2 ++−= TTND   (cm-3)        (9) 

We acquire a rough range of V based on maximum and minimum bounds derived from the 

uncertainty in estimating this parameter. 

 

3 Uncertainty and bounds on the visibility estimate  

 

3.1 Water vapor effect   

Spatio-temporal variations in water vapor concentration (e.g. Fabry, 2006) affect the chosen 

baseline for calculating the fog induced attenuation for each one of the links. Figure 2 

presents the theoretical expected attenuation per 1 km (Fig. 2a) and 5 km (Fig.2b) created by 

different water vapor densities, as a function of the typical commercial MLs frequencies. The 

calculation was made for a temperature of 15 ºC in the humidity range between 25% and 

100% which matches a water vapor concentration of between 3 and 13 gr/m3, respectively, at 

sea level pressure (Rec. ITU-R P.676-6, 2005). A noticeable absorption line can be seen 

around the 22.2 GHz range (Van Vleck, 1947). We chose the 38 GHz band where the 

sensitivity to fog is the highest in the given range (Fig. 1). This choice is also advantageous 

since it is diverted from the absorption line (22.2 GHz) where humidity induced attenuation is 
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dominant (David et al., 2009, 2011; Chwala et al., 2013). 

The effect of water vapor on the baseline RSL chosen can be estimated by the difference 

between the expected attenuation curve under fog conditions (the 100% curve) and the 

humidity state at the time the reference measurements were taken (the 75% curve, 

representing a typical value for the conditions that were measured). This difference, at 38 

GHz, is in the range between 0.05 and 0.3 dB for links of 1 and 5 km lengths, respectively. 

These values are of a lower order of magnitude with respect to the expected attenuation from 

high concentration fog (Fig. 1). Nevertheless, we made a water vapor correction to the chosen 

RSL value according to the difference in the curves calculated for each link, using side 

information from the humidity gauges. 

3.2 Liquid water content 

The dominant source of uncertainty in estimating the LWC is the uncertainty in estimating 

the effective fog induced attenuation, fâ . In order to estimate the error in this value we used 

the error estimation formula for a linear slope [Kenney and Keeping, 1962]: 

( ) ( ) ( )[ ] ( )kmdBna n n
f ∑ ∑

−
−⋅−⋅−=∆

1

1

1

2
i

2
1i LL2ˆˆ γγ    (10) 

Where: 

n – Number of samples 

iγ  – The attenuation measured by the i-th link  

iγ̂ -The attenuation estimated by the linear approximation for the i-th link 

Li  - Length of the i-th link 

L  – Average length of the links 

Based on Eq. (5), uncertainty in estimating attenuation leads to uncertainty in the LWC 
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estimation which is given by [Ku, 1966]: 

 ( )31ˆLWC mgra f
−Φ⋅∆=∆       (11) 

In this study, the uncertainty caused due to temperature variations was neglected while 

deriving Eq. (11). The difference between the temperature measurements of the different 

gauges (with an instrument error of 0.1 ºC) in the observed area was between 1 and 2 ºC at 

the time of the microwave system measurement. This uncertainty creates LWC variations an 

order of magnitude less than the uncertainty created from the effective fog induced 

attenuation using the model [Rec. ITU-R P.840-4, 2009]. 

3.3 Wet antenna 

The estimation of attenuation resulting from a possible wet antenna, Aw, was carried out by 

evaluating the y-intercept of the line (which represents a theoretical distance of 0 between the 

antennas). In order to estimate the error in this value we used the calculation for constant 

term error in a linear approximation [Kenney and Keeping, 1962]: 

 ( ) ( ) ( )[ ] ( )dBLLwA n nn∑ ∑∑
−

−⋅−⋅−=∆
1

1

1

2
i1

2
i

2
1i 2nnLˆ γγ   (12) 

 

3.4 Visibility estimate bounds 

Since LWC is highly correlated to visibility, several empirical models were developed to 

estimate one quantity given the other [e.g. Tomasi and Tampieri, 1976; Pinnick et al., 1978; 

Kunkel, 1984; Klemm et al., 2005; Acker et al., 2010]. Of these, the model developed by 

Kunkel [1984] is commonly used for visibility estimations in many prediction models [e.g. 

Benjamin et al., 2004; Terradellas and Bergot, 2007]. However, environmental conditions 

and the microphysical structure of fog also affect the visibility. Previous studies have shown 

that for a certain, constant, LWC level, visibility can vary [e.g. Klemm et al., 2005]. 
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Specifically, other research has indicated the dependence of visibility on ND.  For example, 

Meyer et al. [1980], show that visibility is a function of ND and varies with fog intensity. 

Thus, taking ND into account will allow visibility estimations with higher precision to be 

obtained.  The warm-fog visibility parameterization developed by Gultepe et al. [2006] 

includes this parameter in addition to the LWC (Eq. (8)). 

We set an upper and lower rough bound for the visibility assessment based on the 

contribution from two factors – the LWC uncertainty derived directly from the link 

measurements, and from an assumed uncertainty which was taken to be 30% for the warm-

fog visibility parameterization. Prior research [Gultepe et al., 2006] has shown that the 

uncertainty estimation for Eq. (8) is about 29%, where the uncertainties in LWC and the 

parameter ND taken into account in creating this estimate were 15% and 30% respectively, 

and under the assumption that in visibility, fractional uncertainty is the sum of the fractional 

uncertainties in LWC and the parameter ND. While this uncertainty shows there is still room 

for improvement, it is nonetheless more accurate than the Kunkel [1984] model, which, 

depending on environmental conditions, over/under-estimated visibility by more than 50% 

[Gultepe et al, 2006]. The formula was derived based on LWC in the range between 0.005 

and 0.5 gr/m3 and for values of ND between 1 and about 400 (cm-3). We note that the 

estimation of ND in this paper was derived from the temperature (Eq. (9)), which may create 

additional disparities in estimating this parameter [Gultepe and Isaac, 2004; Gultepe et al., 

2006] due to dependency on other physical and dynamic factors (e.g., nucleation and 

turbulence, respectively). To reach the visibility range presented here, first, the maximum and 

minimum values of LWC observed by the links were calculated, according to the uncertainty 

values associated with calculating LWC from attenuation measurements (Eq. (11)). Then, the 

visibility range was calculated from these minimum and maximum LWC values using Eq. (8) 

and assuming a 30% uncertainty estimate related to this calculation [Gultepe et al., 2006]. 
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Based on these assumptions, in this paper, we note that the estimated visibility range is a 

measure of an order of magnitude. Adding information about the microphysical structure of 

the fog based, for example, on side information taken by proprietary instruments (e.g. direct 

measurement of ND) will reduce the uncertainty in the visibility estimate, which is a matter 

for future research. 

 

4 Results 

We centered our research on two extreme fog events that took place in Israel. In both cases 

visibility dropped to or below several tens of meters, and the events continued throughout the 

night and the following morning. The thick fog developed to a scale of a few tens of km, 

covered the southern and central coastal plain and lowland regions of Israel as well as parts of 

the Sinai Peninsula in Egypt, as illustrated by the satellite images (Fig. 3a, Fig. 6a). The 

images were produced using CAPSAT- the Clouds-Aerosols-Precipitation Satellite Analysis 

Tool [Lensky and Rosenfeld, 2008] based on infrared measurements from a combination of 3 

of the SEVIRI (spinning enhanced visible and infrared imager) channels (IR3.9, IR10.8 and 

IR12.0). The extremely low visibility conditions during these fog events led to disruption, 

cancellations and delays in the flight schedule for Ben Gurion international airport.  

Our analysis focuses on the central western coastal region (Tel- Aviv city- Ben Gurion airport 

area) where several means for measuring the phenomenon exist. The microwave data used 

was gathered from the tens of commercial MLs operating at around the 38 GHz  frequency 

range  in the area that are located in the vicinity of the specialized measuring equipment. The 

links are installed at elevations between 5 and 90 m Above Sea Level (ASL), on towers that 

range from 5 to 100 meters Above Ground Level (AGL) and span in length from 100 m to 

~3.5 km. Each one of the links provides one measurement per day at a 0.1dB resolution. The 

measurements are taken instantaneously and simultaneously across all of the links in the 
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system at a prescribed time as reported by the cellular providers. During both events, no 

rainfall, sleet or snow were measured in the examined area according to the observations of 

the surface stations.  

 

4.1 Case 1: 9-10 December 2005 

Between the late evening of 9 December 2005 and the morning hours of the next day, a heavy 

fog front passing through central Israel was recorded by different observation techniques 

found in the area. At the surface, a ridge from the west with weak westerlies (and a long fetch 

over the Mediterranean Sea) was accompanied by a deep ridge aloft, which was causing 

significant subsidence. 

Since the microwave system that provided the data used for this research recorded 

measurements around 01:30 we used this time frame as the focal point for our research (all 

hours are in Universal Time Coordinated).  

Figure 3a shows the regional satellite image acquired during the event (01:27). Figure 3b 

indicates the location of the different measuring means in the region as well as the 

deployment of the ML system. According to the measurements of the three regional stations 

in the observed area (Fig. 3b), the Relative Humidity (RH), as measured between 01:00 and 

02:00, ranged between 97%-100%. (with temperature of around +13 °C and wind speed of 

~1-2.5 m/s). 

Visibility assessments were acquired by two human observers located at the Beit Dagan 

station, and at the Ben Gurion airport (Fig. 4a). The Meteorological Optical Range (MOR) 

measurements [WMO, 2008] were taken by the three transmissometers located at the airport 

(Fig. 4b). According to these different observation techniques limited visibility due to fog 

was detected between 22:00 and 07:00 (of 9- 10 December, respectively), dropping to a 
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minimum of 50 m (transmissometers) and 100 m (Ben Gurion observer).  

 

4.1.1 Fog identification and intensity estimation using MLs 

measurements 

We used 88 MLs in the observed region during the event, deployed over 47 different paths, 

covering an area of approximately 5 by 6 km2 (Fig. 3b). Each of the links provided one 

measurement every 24 hours (01:30). We compared attenuation measurements from the 

foggy night to those taken on a humid night without fog (according to the records from the 

different specialized measuring instruments). 

1.  Fog Identification: During the foggy night, on 10 December 2005, an RSL drop was 

recorded by numerous MLs, of different lengths, located in the area (during RH >95% 

conditions).  Figure 5a presents the attenuation measurements from the different MLs, as a 

function of link length.  Figure 5b shows the measurements which were acquired during a 

humid night (15 December) without fog (a RH of ~65%, ~90% and 85% was measured by 

the Tel Aviv coast, central Tel Aviv, and Beit Dagan surface stations around 01:30). The 

additional attenuation measured by the links on the foggy night with respect to the humid 

night is apparent. During the foggy night the Pearson correlation coefficient between 

observed attenuation to link length was found to be  r =0.55 (with P-value< 0.01 [Neter et al., 

1996], based on 88 data points). 

Given the high RH of ~95% and the additional attenuation observed by the multiple MLs, fog 

was identified as being present in the area. 
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2. Estimating liquid water content and visibility 

The estimate of the effective fog induced attenuation-
 fâ , is given by the slope of the 

resulting plot (Fig. 5a). The estimate for the wet antenna component,
 wÂ  , is given by the 

constant term. 

A similar plot was created for the non foggy night, where the slope of the resulting graph 

tends to zero (Fig. 5b).  

Given,
 fâ , the temperature and the MLs frequency we calculated the value for the LWC 

using Eq.  (5). Then, minimum and maximum bounds on the range of visibility were derived 

using Eqs. (8) to (11). The resulting values were 0.7 ± 0.1 gr/m3 and 30 to 70 m, respectively.  

Table 1 lists the results of the ML measurements and the visibility assessments received, 

during the same time period, from the different measurement means. 

The visibility assessments derived from the ML measurements are of a similar order of 

magnitude as the assessments from the specialized measurement equipment. 

 

4.2 Case 2: 15-16 November  2010 

Starting on the evening of 15 November 2010, a heavy fog front began developing and 

expanding along the area of Israel's Mediterranean coast.  At the surface, a Red Sea Trough 

with a central axis was moving eastward, allowing for northwesterly flow from the 

Mediterranean Sea to move into the coastal area. Aloft, a deep ridge was moving eastward. 

Fog conditions continued through the morning hours of 16 November 2010.  

The satellite image shows the wide region affected during this fog event (Fig. 6a), as well as 

the site discussed here, which is detailed in the map (Fig. 6b) adjacent to the image.  
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The microwave system that provided the data used for this research recorded measurements 

at 22:00 and hence we used this time frame as the focal point for our research. 

We focused on the area of Beit Dagan station (Fig. 6b)   in the proximity of MLs where the 

measured humidity was 90% - 97% between 21:30 and 22:30 (with a temperature range of 

18.5 -19 °C and wind speed of ~1 to ~3 m/s). Figure 7a shows the visibility results registered 

by the professional human observers located at Beit Dagan station and Ben Gurion airport. 

The graphs described in Fig. 7b are based on Runway Visual Range (RVR) measurements 

[AMS, 2000] of three transmissometers located at the airport. In addition, MOR 

measurements of a scattermeter found at Beit Dagan which was available during this event, 

are also presented.   

According to all of these observations, between 21:30 and 07:30 of 15-16 November 2010 

severe visibility limitations were observed, decreasing to the order of a few tens of meters 

and less (between 22:00 and 01:00).  

 

4.2.1 Fog identification and intensity estimation using MLs 

measurements 

58 MLs deployed in the observed region over 39 separate paths were used during the event 

(Fig. 6b). The system is spread across an area of approximately 10 x 15 km2, and captures 

one instantaneous measurement from each link every night (at 22:00). We compared the 

measurements taken on the foggy night to those taken during a humid night at the same hour.  

 1. Fog Identification: During the foggy night (15 November), an RSL drop was recorded by 

multiple MLs located in the area (at RH of ~95%).The attenuation measurements from the 

ML network in the area during this night are presented in Fig. 8a. The correlation between 

observed attenuation and link length during the foggy night was r =0.57 (P-value < 0.01, 



© 2013 American Geophysical Union. All rights reserved. 

based on 58 data points). Figure 8b shows the measurements taken on a humid night (10 

November) without fog (RH ~87% around 22:00, according to Beit Dagan station).  

Given the high RH of ~95% and the additional attenuation observed by the multiple MLs fog 

was identified as being present in the area. 

2. Estimating liquid water content and visibility: The LWC value measured, using the same 

procedure described previously, was found to be 0.68 ± 0.15 gr/m3. Accordingly, the range of 

visibility was assessed to be 30 to 70 m. 

Table 2 lists the ML measurements and the different visibility assessments as measured 

around 22:00 by the different measurement means.  

 

5 Discussion 

The physical effects of fog on radiation in the microwave range are well studied [e.g. Liebe et 

al., 1989; Rec. ITU-R P.840-4, 2009; Csurgai-Horváth and Bitó, 2010]. The novelty of the 

work presented here is the concept of using existing commercial microwave infrastructure, as 

a fog detection tool, for measuring LWC and deriving visibility assessments. The challenges 

in fog monitoring using commercial MLs are mostly due to the fact that system 

measurements are optimized for communication quality of service, and not for 

meteorological observations, so factors such as link frequency, temporal resolution or 

quantization of the measurements are given. The opportunities come, on the other hand, from 

the availability of many links. These are widely spread across the terrain at relatively high 

densities and different lengths/heights, observing the atmospheric phenomenon 

simultaneously at various frequencies.  

Our results show that these systems have a potential for fog monitoring, especially in cases of 

heavy fog that creates severe visibility limitations particularly as it drops to the tens of meters 
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range.  

The liquid water content values calculated from the microwave system measurements match 

similar high values measured directly in field studies, particularly when taking into account 

the error range in microwave measurements. Values above 0.5 gr/m3 were observed in 

several recent studies during periods of dense fog [e.g.  Klemm et al., 2005; Herckes et al., 

2007; Gultepe et al., 2009; Niu et al., 2010]. 

The visibility assessments calculated using the proposed method are of the same order of 

magnitude as the values measured directly by the different visibility measuring instruments 

and human observers during the same time period. 

Environmental and technical factors are both sources of error in estimating the fog induced 

attenuation [Leijnse et al., 2007b; Zinevich et al., 2010]. Environmental factors include: 

spatial variation of the fog, variation in the atmospheric refraction index, condensation of 

dew on the antenna radomes and scatterers in proximity to the propagation path (e.g. 

fluttering tree leaves). Technical factors may be ascribed to e.g.  system quantization and 

white  noises, the effect of temperature changes on the analog circuits of the radio. All these 

directly affect the chosen reference baseline for a specific link. Another potential source of 

error is the possibly wetting of the antenna during a fog event.  The wet antenna effect is well 

known as a main source of error when measuring rainfall using a ML [e.g. Leijnse  et al., 

2008; Zinevich et al., 2010; Schleiss et al., 2013]. However, in our case the source of possible 

wettings is different comparing to the case of rainfall since it is resulting from condensation 

of the atmospheric water vapor due to the high RH. Our results suggest that this effect is 

likely to be considerable also in the case of fog monitoring using MLs. We note that the 

wetness on one radio unit might be different from that on a different unit due to differing 

atmospheric conditions, antenna elevations, etc. As a result, this phenomenon might cause 

different attenuation levels from link to link, and add to the uncertainty in the measurements.  
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On the other hand, a positive contribution of this wet antenna component is that it may be 

utilized as an additional fog detection factor. In order to reduce the measurement errors 

resulting from these different factors, we utilized the availability of multiple measurement 

sources, and the diversity of such sources, based on the availability inherent in the nature of 

typical communication systems. Particularly, we were able to derive an estimate for the wet 

antenna attenuation, and reduced the sources of random error. More research is needed 

regarding these issues in future work.  

During this study we used a system that provided one measurement every 24 hour period. 

The measurements were collected from several tens of links in a bounded area of several 

square kilometers. This way of deriving the observed value, may reduce the spatial resolution 

in the specific closed area, but on the other hand, the representativeness of the measurement 

is greater, particularly when compared to those measured by specialized instruments, which 

are located at a single point, and are especially problematic from this point of view [Gultepe 

et al., 2007]. One should note that, commercial systems with higher temporal resolution 

measurement exist e.g. systems that provide measurements every minute, or every 15 minutes 

[e.g. Goldshtein et al., 2009; David et al., 2013]. Additionally, MLs also operate at higher 

frequencies, e.g. around 60 or 80 GHz [e.g. Wells, 2009]. It is therefore expected that using 

higher resolution measurement systems to observe the phenomenon will improve the 

measurements and the ability to track lighter fogs. 

Two fog events were investigated in the current study. Further research is required in order to 

assess the viability of the proposed method in the general case, beyond the events presented 

here. For example, a large number of events in different condition ranges and from different 

geographical regions need to be analyzed, as well as the need for, and dependence on, 

meteorological side information. Measurement precision, and particularly that of the LWC, 

should further be researched and estimated, while comparing to measurements from 
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specialized reference instruments. Adding information about the microphysical 

characteristics of the fog in addition to LWC into the model will also allow for improvements 

in the visibility estimates [Meyer et al., 1980, Gultepe et al., 2006, Niu et al., 2010]. The aim 

of this study is to provide a proof of concept of the described system's potential to monitor 

the phenomenon and these issues are left to future research. 

Beyond the positive benefits of fog, this phenomenon poses a danger, particularly in cases of 

heavy fog that leads to disruptions and accidents in different transportation realms. MLs, 

which form the infrastructure of cellular communication networks, are widely deployed and 

exist in most places around the globe. Use of the proposed method does not require additional 

expenses or installation of special equipment beyond standard meteorological measurements. 

On the other hand, application of the proposed technique can contribute to the better 

understanding of fog related processes, as well as to the development of parameterizations for 

numerical weather prediction models. Furthermore, the potential of the system for monitoring 

the phenomenon and providing real time warning of it is great.  
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Table 1. Comparison of the visibility assessments and microwave measurements with the 

specialized measurement instruments (10 December 2005). The observations listed in the 

table were made over the same time when the ML measurements were taken, where the hour 

/ time period indicated in parentheses in each column is the period during which the 

measurement was taken by each mean (the visibility range based on ML measurements 

indicates the upper and lower bound for the estimate).  Temperature and RH measurements 

were acquired (at 10-minute intervals) by the three ground stations between 01:20 and 

01:40.The Ben Gurion and Beit Dagan observers provided visibility estimates once an hour 

and once every 3 hours, respectively. The MOR measurements are based on 10-minute 

intervals as acquired by each of the three transmissometers. The LWC, wet antenna and fog 

induced attenuation values measured by the MLs, are also listed. 
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Table 2: Comparison of the visibility assessments and microwave measurements with the 

specialized measurement instruments (15 November 2010). The observations listed in the 

table were made over the same time when ML measurements were taken, where the hour / 

time period indicated in parentheses in each column is the period during which the 

measurement was taken by each measuring mean. Temperature and RH measurements were 

acquired by the Beit Dagan ground station between 21:50 and 22:10 (at 10-minute intervals). 

Observers provided visibility estimates once an hour. The MOR measurements were taken by 

the scattermeter at Beit Dagan, in 1 minute intervals. The notation “Med” indicates the 

median value. 
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Figure 1. Transmission loss due to fog. Signal attenuation per 1 km (a) and 5 km (b) created 

by different levels of fog concentration at temperatures of 15 (red) and 10 (blue)  ºC, as a 

function of the ML operating frequency. The dashed line (black) indicates a typical 

measurements resolution of commercial MLs (0.1 dB). Given a certain LWC value, the 

expected attenuation is greater for higher frequencies, at lower temperatures.  
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Figure 2. Transmission loss due to water vapor. The percentages indicate relative humidity. 

The horizontal line (red) indicates the typical magnitude resolution of a commercial 

microwave link, and specifically that of the system used for this research (0.1dB). The 

attenuation values shown are calculated from approximations to the model (Rec. ITU-R 

P.676-6, 2005 . 
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Figure 3. The observed area. (a) The image was taken by Meteosat Second Generation 

(MSG) at 01:27 on 10 December 2005. The wide fog front (tens of km in scale) is indicated 

in the image in white. The square (red) indicates the area we focused on in our research.  (b) 

Map of the MLs and measurement instruments in the observed area. The 88 MLs at the site 

are deployed over 47 physical paths and span an area of 5 x 6 km2. Three transmissometers, 

and a professional human observer are located at Ben Gurion airport (41 m ASL). The three 

meteorological ground stations (5-35 m ASL) are indicated by asterisks. An additional human 

observer is located at the Beit Dagan ground station (35 m ASL). 
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Figure 4. Visibility assessments. The assessments were carried out between the hours of 

15:00 on 9 December, and 12:00 on 10 December, 2005, respectively. (a). Visibility 

assessments as registered by the human observer at the Beit Dagan meteorological station and 

Ben Gurion airport. Assessments were made once every 3 hours by the observer located at 

Beit Dagan and once an hour by the Ben Gurion observer.  Fog was detected between 00:00 

to 06:00- 07:00. (b). MOR measurements taken by three transmissometers located at Ben 

Gurion airport. The instruments are arrayed over three separate 50 m visual paths at an 

elevation of 2.5m AGL (The figure is based on instantaneous measurements at 10 minute 

intervals). According to these instruments, fog was detected starting from around 22:00 till 

07:00 of the following morning. 
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Figure 5: Microwave attenuation measurements. The attenuation measurements, as measured 

by the MLs system on a foggy (10 December) night (a) and during a humid night (15 

December) without fog (b). Every point represents a measurement from a single link, taken 

around 01:30. The linear fit approximations of the measurement sets are listed at the top of 

each panel. The slope of the graph in (a) represents the effective attenuation measured in the 

fog patch (based on 88 microwave samples), where the y-axis intercept represents the 

estimated attenuation as a result of antenna wetness. The slope of the graph generated for the 

non foggy night, as well as the y-intercept tend to zero (based on 68 samples acquired 

according to the availability of RSL data from the system during that night). 
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Figure 6. The observed area. (a). The image was taken by the MSG satellite on 16 November 

2010, 00:34 h. The fog is indicated in white and the study area by the red-square. (b). Map of 

the MLs and measurement instruments in the observed area. The 58 MLs in the area are 

deployed over 39 physical paths and spread across an area of about15 × 10 km. 

Measurements are obtained once every 24 hours at 22:00 (satellite Images which were 

acquired around this hour during the event did not provide clear indication for the fog in the 

region due to middle and high altitude cloud cover that obstructed the satellite line of sight to 

the ground). There are three transmissometers located at Ben Gurion airport (41m ASL) as 

well as a human observer. Another human observer, as well as a scattermeter are located at 

the Beit Dagan ground station (35m ASL). 
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Figure 7. Visibility and RVR measurements. The observations were taken between 

November 15 and November 16, 2010, between 20:00 and 10:00 the following day. (a). 

Visibility assessments as registered by the human observers (at the Ben Gurion and  Beit 

Dagan station). Observations were taken once an hour by each observer (the Beit Dagan 

observer estimates between 22:00 to 01:00 of several meters to 100 m, were plotted as 50 m 

during this time frame). Also depicted are MOR measurements at 1 minute intervals which 

were acquired by a scattermeter located in Beit Dagan. (b). RVR measurements taken by the 

three transmissometers deployed at the airport over three different physical paths (the plot is 

based on instantaneous measurements at 5 minute intervals.).  
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Figure 8. Microwave system measurements. Observations taken on the foggy night, 15 

November 2010 (a), and those taken on the humid night, 10 November 2010 (b). Each point 

represents a measurement from a single link, taken simultaneously at 22:00. The linear fit 

approximations of the measurement sets for each night are listed at the top of each panel.  

 


