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Summary

As a significant phenomenon in meteorology, fog has attracted more and more con-
cern from the scientific community, because of its impacts on visibility in air- and road-
transportation. E.g., at airports, the frequency of aircrafts taking off and landing has to
be reduced during heavy fogs, because in conditions of low visibility the pilots need to
have more space between the aircrafts during landing and taxying. In this context, many
approaches have been proposed to detect fog with various types of instruments. Among
the active remote sensing instruments, radars are well suited for continuous fog obser-
vations, and they can satisfy the need for high spatial resolution and sensitivity. Com-
pared to traditional centimeter-wave radars, millimeter-wave radars are more sensitive
to minute fog droplets, whereas the gaseous attenuation from oxygen and water vapor
is still very small. The trade-off is that the attenuation from fog droplets at millimeter
waves is much larger than at centimeter waves. In this thesis, we study the observa-
tion of fog with millimeter-wave radars and investigate the feasibility of developing an
advanced fog-visibility radar.

The scattering and extinction properties of fog form the basis for fog-related issues.
The dominant backscattering and absorption are related to the characteristic parame-
ters of fog, reflectivity Z , visibility V i s, and attenuation La . In chapter 2, the backscat-
tering and absorption characteristics of fog are investigated over a large range of radar
frequencies, temperatures, and droplet sizes. Mie and Rayleigh scattering regimes are
also compared in the study of the backscattering and absorption characteristics of fog.
Fog DSD (drop size distribution) is a significant intermediate variable to connect all the
characteristics parameters of fog, because Z , V i s, and La are related to the 6th, 2nd, and
3rd moments of DSD.

In this work, fog observation data are provided by the Cabauw Experimental Site for
Atmospheric Research (CESAR), which is a large, internationally operated, meteorologi-
cal and remote sensing site with a unique set of sensors, covering nearly every important
aspect of atmospheric processes. On this site we have been able to acquire simultaneous
datasets of DSD, optical visibility at various heights, temperatures and winds at various
heights, millimeter-wave radar reflections as a function of height. The instruments in
use are described in chapter 3. It is the first time that complete fog cycles (onset and dis-
sipation) have been systematically measured in the Netherlands. Meanwhile, it is also
the first time that a millimeter-wave radar has been operated for fog measurements in a
so-called “fog mode”.

Our longer term aim is remote visibility estimation by radar(s) in fog. This is a new
and challenging area, for which we see important applications in transport, e.g. airports,
major roads. To achieve this, in chapter 4 we compare various visibility estimator mod-
els. In the end, in chapter 5 we develop a new visibility estimator model V i s = f (Z ,La)
where V i s can be deduced from radar signal only, i.e. reflectivity Z and attenuation La .
Our new model V i s = f (Z ,La) results in a higher accuracy of V i s estimates than the
other V i s estimator models, when tested on a large group of simulated DSD datasets.
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The robust performance of the model is also tested with simultaneous V i s, Z , and DSD
measurements from the previously described instruments at CESAR.

Based on our new model V i s = f (Z ,La), in chapter 6 we investigate the feasibility of
developing an advanced fog-visibility radar. The operational parameters of the radar are
determined with a large group of simulated Z and La datasets at a range of frequencies
in a scope of V i s levels. The datasets have covered various fog types and evolutionary
stages of fog. Moreover, dual-wavelength technique is introduced to provide V i s esti-
mates from Z measurements. In this technique, the Z measurement errors, the temper-
ature errors, and the presence of Mie scattering drizzle and ice particles would lead to
errors in the La estimates which then propagate to errors in the V i s estimates based on
the model V i s = f (Z ,La). Therefore, an error analysis on V i s estimates in terms of the
model V i s = f (Z ,La) is made in order to determine the optimum radar frequency pair
for fog measurements.



Samenvatting

Mist is een belangrijk meteorologisch verschijnsel dat steeds meer aandacht krijgt van
wetenschappers vanwege de invloed op zicht in de luchtvaart en het wegverkeer. Op
luchthavens bijvoorbeeld, wordt de frequentie van vertrek en aankomst van vliegtuigen
verlaagd wanneer er dichte mist is. Onder zulke omstandigheden is het noodzakelijk om
de afstand tussen vliegtuigen die landen of taxiën te vergroten.

In deze context zijn vele methoden voorgesteld voor de detectie van mist met uit-
eenlopende instrumenten. Binnen de categorie van instrumenten voor actieve remote
sensing zijn radars zeer geschikt voor continue observatie van mist en ze bieden hoge
ruimtelijke resolutie en gevoeligheid. Vergeleken met traditionele radars die opereren
bij een golflengte van centimeters, zijn de systemen die opereren bij een millimeter golf-
lengte meer gevoelig voor kleine mistdruppels, terwijl de signaalafzwakking door gassen
als zuurstof en waterdamp nog altijd klein is. De afweging die moet worden gemaakt
komt voort uit het feit dat de afzwakking door mistdruppels voor millimetergolven aan-
zienlijk groter is dan voor centimetergolven. In dit proefschrift bestuderen we de detec-
tie van mist met behulp van radars opererend op millimeter golflengtes en onderzoeken
we de haalbaarheid van het ontwikkelen van een geavanceerde mist-zicht-radar.

De verstrooings en extinctie eigenschappen van mist vormen de basis van mist-
gerelateerde problematiek. De dominante terugwaardse verstrooing en absorptie zijn
gerelateerd aan de karakteristieke parameters van mist, reflectiviteit Z , zicht V i s en
afzwakking La . In hoodstuk 2 worden de terugwaardse verstrooings- en absorptie-
eigenschappen van mist onderzocht voor een groot domein van radar frequenties, tem-
peraturen en druppelgroottes. Ook worden Mie en Rayleigh verstrooingsregimes verge-
leken in de studie naar de terugwaardse verstooings- en absorptie-eigenschappen van
mist. DSD (druppelgrootte verdeling) van mist is een belangrijke tussentijdse variabele
die alle karakteristieke parameters van mist verbindt omdat Z , V i s, en La gerelateerd
zijn aan de 6e , 2e en 3e momenten van DSD.

In dit werk worden mistobservaties geleverd door de Cabauw Experimental Site for
Atmospheric Research (CESAR), een groot, internationaal opererend samenwerkings-
verband voor meteorologie en remote sensing met een unieke verzameling sensoren
voor met detecteren van vrijwel ieder belangrijk aspect van atmosferische processen.
Op deze locatie hebben we gelijktijdige datasets kunnen verkrijgen van DSD, optisch
zicht op verschillende hoogtes, temperatuur en wind op verschillende hoogtes, milli-
meter golflengte radarreflecties als funtie van de hoogte. De gebruikte instrumenten
zijn beschreven in hoofdstuk 3. Voor het eerst is in Nederland een complete mistcy-
clus (ontstaan en oplossen) systematisch gemeten. Bovendien is het de eerste keer dat
een millimeter golflengte radar voor mistmetingen is ingezet in de zogenaamde “mist-
modus”.

Onze langetermijndoelstelling is het met behulp van radar(s) kunnen schatten van
zicht bij mist. Dit is een nieuw en uitdagend terrein waarvoor we belangrijke toepas-
singen zien in het transport, zoals op luchthavens en hoofdwegen. Om dit te berei-
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ken, vergelijken we in hoofdstuk 4 verschillende modellen om zicht te schatten. Uit-
eindelijk ontwikkelen we in hoofstuk 5 een nieuw model voor het schatten van mist
V i s = f (Z ,La) waar V i s kan worden afgeleid van alleen het radarsignaal, met andere
woorden van de reflectiviteit Z en afzwakking La . One nieuwe model V i s = f (Z ,La)
levert een hogere nauwkeurigheid van V i s schattingen dan andere modellen bij toepas-
sing op een grote groep van gesimuleerde DSD datasets. De robuustheid van het model
is eveneens getest met simultane V i s, Z , en DSD metingen van de eerder beschreven
instrumenten op CESAR.

In hoofdstuk 6 onderzoeken we de haalbaaheid van het ontwikkelen van een gea-
vanceerde mist-zicht radar gebaseerd op ons nieuwe model V i s = f (Z ,La). De operati-
onele parameters van de radar zijn bepaald met een grote groep gesimuleerde Z en La

datasets voor een domein van frequenties in een bereik van V i s niveaus. De datasets
omvatten uiteenlopende misttypes en ontwikkelingsfases van mist. Bovendien is een
duale-golflengtetechniek geintroduceerd om La schattingen te leveren op basis van Z
metingen. Hierbij leiden de meetfouten in Z , de fouten in temperatuur en de aanwezig-
heid van Mie-verstrooiende miezer- en ijsdeeltjes tot fouten in La schattingen die vervol-
gens resulteren in fouten in de V i s schattingen op basis van het model V i s = f (Z ,La).
Om die redden is een foutenschatting gemaakt voor V i s schattingen in termen van het
model V i s = f (Z ,La) zodat het optimale radarfrequentiepaar voor mist metingen kon
worden bepaald.
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List of symbols

cm centimeter
dB decibel
dBZ decible of reflectivity
dB/km decibel per kilometer
km kilometer
m meter
mm millimeter
µm micrometer
◦ degree
◦C degree centigrade

D droplet diameter
r droplet radius
T temperature
f frequency
λ wavelength
Pt transmit power
Pr received power
Pn noise power of radar
Gt transmit antenna gain
Gr received antenna gain
V range resolution volume
θ azimuth beamwidth
φ elevation beamwidth
∆R range resolution
c speed of light
R distance/ rainfall rate
τ pulse width
B bandwidth
N F noise figure
Ncoh number of coherent averages
Nnon−coh number of non-coherent averages
βe xt extinction coefficient
Rmax maximum detection range of radar
σ radar cross section
σa absorption cross section
σb backscattering cross section
σe extinction cross section
σs scattering cross section
Qa absorption efficiency
Qb backscattering efficiency
Qe extinction efficiency
Qs scattering efficiency
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ε complex permittivity
ε′ real part of complex permittivity
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m complex refractive index
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ε threshold of contrast with human eyes in defining visibility
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Z radar reflectivity factor
η volumetric reflectivity
ka attenuation coefficient
kB Boltzman’s constant
la dimensionless attenuation factor
La attenuation factor of fog droplets
Lg attenuation factor of gases
ls dimensionless radar system loss
Ls radar system loss in dB
∆DW R errors in dual-wavelength ratio
∆Z errors in reflectivity measurements
∆LW C errors in LW C estimates
∆La errors in La estimates
∆V i s errors in V i s estimates
W (V i s) weight function describing the degree of importance of various V i s levels at highways or airports





1
Introduction

1.1. Motivation
In recent years, great efforts have been put into fog detection by various types of in-
struments, in order to reduce the losses caused by fog (Gultepe et al., 2007). With the
development of radar technology, millimeter-wave radars have been developed for fog
observations. However nowadays, the widely-used millimeter-waves radars are lack of
sensitivity to fog due to the small sizes of fog droplets. Based on the fog observations
from existing millimeter-wave radar systems, we investigate the feasibility of designing
an advanced fog radar which can reach a high sensitivity to fog in a relatively long dis-
tance.

Furthermore, the fog radar is required to provide visibility information. To this end,
we develop a visibility estimator model whereby all available information from radar
signals only, i.e. reflectivity and attenuation can be used to deduce visibility.

1.2. Research background
Nowadays, fog and its related questions have attracted more and more concern by the
society, because of its effects on the daily life of human beings. The worst one is the
reduced visibility caused by fog. According to statistics, in Canada the total economic
loss associated with the impact of reduced visibility on public transportation can be as
large as that of storms, or even hurricanes (Gultepe et al., 2009). Because of the highly
variability of fog in time and space scales, it is difficult to accurately forecast/nowcast
fog, which is still a big obstacle for weather forecasters. Meanwhile, fog is a complex
process which involves the interactions among microphysics, chemistry, thermodynam-
ics, radiative cooling, turbulence and surface conditions (Roach et al., 1976; Brown and
Roach, 1976). Therefore, fog has always been the concern of meteorologists and phys-
ical scientist. Furthermore, fog is always mixed with other polluting particles released
by industries and biofuels to form smog, which is harmful to human’s health. Biologists
and environmentalists are devoted to investigating the causes of smog and reducing its
occurrence, especially in industrial cities (Wilkins et al., 1954; Pandis et al., 1990).

Among all the effects associated with fog, the most notable one is the restricted vis-
ibility in land transportation, marine operations and low-level aviation. Particularly at
airports, the frequency of aircrafts taking off and landing has to be reduced during heavy
fogs, because in conditions of low visibility the pilots need to have more space between
the aircrafts during landing and taxying. The standard instrumentation for fog detection
at airports used to decide about the landing frequency are runway visual range (RVR) in-
struments installed at 2 m above the runway and ceilometers (Hazen et al., 2002; Werner
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et al., 2005). Both types of instruments are not able to provide information about the ver-
tical distribution of fog. The RVRs only provide information at 2-m level and the ceilome-
ters hardly work at all during the fog. Due to this limited information about the spatial
distribution of fog, the maximum frequency of landings decided by the airport meteo-
rologists (flight category) often does not agree to the visibility experienced by the pilots,
which causes too low through put or dangerous landings. A better knowledge of the spa-
tial distribution of fog may also help to make a short term prediction of fog which would
be very helpful for reducing the flying loops while waiting for the allowance for landing.

Active remote sensing instruments provide great potential of fog detection. Many
approaches for ground fog detection using weather satellite data have been proposed
Stephens et al. (2002); Bendix et al. (2005); Ingmann et al. (2006); Cermak and Bendix
(2011). Moreover, the satellite data are often integrated with fog models and surface ob-
servations to retrieve fog micro- and macro-physical properties (Wright and Thomas,
1998; Ellrod, 2002; Hutchison et al., 2006; Gultepe and Milbrandt, 2007; Paul Herzegh,
2006; Cermak et al., 2006; Ellrod and Gultepe, 2007). However, the satellite observations
can only provide the information of fog horizontal coverage. There is large uncertainty
in this detection technique due to the lack of information on the vertical structures of fog
layers (Schreiner et al., 1993). It is also difficult to discriminate between ground fog and
elevated fog, though several theoretical schemes have been proposed (Bendix, 1995; Cer-
mak, 2006). Another option is to utilize optical remote sensing instruments such as lidar,
ceilometer etc. These instruments can function properly when visible extinction is not
very large. The problem is that the optical signals cannot penetrate through heavy fogs
due to the large attenuation (Collis, 1966; Nowak et al., 2008). In this context, radars are
well suited for continuous fog observations, and they can satisfy the need for high spa-
tial resolution and sensitivity (Battan, 1973). Compared to traditional centimeter-wave
radars, millimeter-wave radars are more sensitive to minute fog droplets (Kollias et al.,
2007), whereas the gaseous attenuation from oxygen and water vapor is still very small
(Liebe, 1985, 1989). However, the attenuation from fog droplets at millimeter waves is
much larger than at centimeter waves. The trade-off is that the large attenuation from
fog droplets would, to some extent, offsets the advantage of millimeter-wave radars in
acquiring high sensitivity to fog droplets (Platt, 1970; Mead et al., 1989; Li et al., 2014b).

Centimeter-wave radars are often used to observe rain and storms. For instance, the
3-cm-wavelength IDRA drizzle radar, which is designed by TU Delft and is now mounted
on top of the CESAR (Cabauw Experimental Site for Atmospheric Research, the Nether-
lands) tower, aims for the detailed observation of the spatial and temporal distribution
of rainfall and drizzle (Ventura, 2009). The WSR-88D Doppler radar, in use with the
U.S. National Weather Service, is principally used for storm warnings (Heiss et al., 1990).
Meanwhile, many millimeter-wave radars have been developed for cloud observations
and research. The use of 35 GHz radars for cloud observations started in 1980s (Hobbs
et al., 1985; Pasqualucci, 1984; Pasqualucci et al., 1983; Kropfli et al., 1995). These radars
with Doppler and polarization capabilities were used to investigate cloud microphysical
properties and cloud dynamics. Then it was followed by the use of 94 and 95 GHz radars
in cloud studies (Lhermitte, 1987; Pazmany et al., 1994; Clothiaux et al., 1995; Babb et al.,
1999; Meywerk et al., 2002). Radar sensitivity to thin clouds was improved by the use of
higher frequency radars. The dual-wavelength (3 cm and 8 mm, 8 mm and 3 mm) radar
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measurements were used to better retrieve the microphysics in rain and clouds (Eccles
and Mueller, 1971; NAKAMURA and INOMATA, 1992; Gosset and Sauvageot, 1992; Sekel-
sky and McIntosh, 1996; Vivekanandan et al., 1999a). Moreover, radars were combined
with in situ sensors dedicated to acquire more information about the rain and clouds
(Frisch et al., 1995; Meneghini et al., 1997; Frisch and Feingold, 1998; Frisch et al., 2000;
Löhnert et al., 2001; Krasnov and Russchenberg, 2002; Nash et al., 2005; O’Connor et al.,
2005). More recently, millimeter-wave radars have been used in fog observations. A 1.4
mm wavelength incoherent radar has been developed for remote sensing of fog. Prelim-
inary reflectivity measurements of fog were obtained at ranges between 36 and 1900 m,
and these were the first measurements made at such a 1.4 mm wavelength (Mead et al.,
1989). A scanning Ka-band cloud radar (MIRA-36) was operated at Munich airport for
fog measurements during the fog season 2011/2012 in the frame of iPort project (Rohn
et al., 2010). The ParisFog field campaign launched at SIRTA observatory (20 km South of
Paris, France) documented an ensemble of radiative and dynamic processes in fog with
a suite of state-of-the-art active and passive remote sensing instruments (Elias et al.,
2009; Haeffelin et al., 2010; Burnet et al., 2012; Dupont et al., 2012; Hammer et al., 2014).
A 95 GHz FMCW cloud radar was also used in the campaign for fog observations. The
implementation of FMCW technology is now an efficient and reliable solution thanks
to its high performance and drastic cost reduction. Moreover, a 95 GHz cloud profiling
FMCW Doppler radar named FALCON-I was designed by Chiba University and was used
to observe thin clouds at high altitudes (Takano et al., 2008; Toshiaki et al., 2012). This
radar has a high sensitivity of -32 dBZ at 5 km distance and a high resolution of Doppler
measurements. Because of its high performance, it is expected to observe fog with this
radar. Furthermore, a fog field campaign was also lanched at CESAR during the fog sea-
son (October 1, 2011 - March 31, 2012). A 35 GHz cloud radar at CESAR has been used
in a so-called “fog mode” for the first time in the campaign (Boers et al., 2013; Li et al.,
2014a).

Visibility (V i s) is a significant parameter to describe the fog intensity. Many ap-
proaches have been used to determine V i s from simultaneously observed microphysi-
cal parameters. Derived from an ample set of data, an inverse proportionality between
V i s and liquid water content (LW C ) in fog was proposed, and the proportionality coef-
ficients assumed different values for various fog types and evolutionary stages of fog (El-
dridge, 1971; Tomasi and Tampieri, 1976; Chylek, 1978). V i s is also a function of droplet
number concentration N (Meyer et al., 1980; Gultepe et al., 2006b). It was found that
V i s and N pertain to the power-law relation, and the coefficients differ for various fogs.
A new V i s parameterization scheme in a forecast model suggested that including LW C
and N simultaneously could improve V i s estimates up to 50% (Gultepe et al., 2006a,b).
Moreover, radar reflectivity (Z ) of return echoes from fog can also describe the fog inten-
sity. Based on the measured drop size distributions (DSD), various power-law relations
were found between Z and LW C because of the various shapes of droplet spectra (At-
las, 1954; Sauvageot and Omar, 1987; Fox and Illingworth, 1997; Khain et al., 2008). The
Z −LW C relations in natural fogs were also simulated with Radiative Transfer Calcula-
tions assuming a prognostic modified Gamma-shaped DSD (Maier et al., 2012).

Although V i s and Z are often used to represent the fog intensity, they were hardly
linked to each other in literature. To determine V i s from Z measurements was first men-
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tioned in 1953 where V i s and Z were linked in terms of the median volume diameter and
two coefficients which are nearly independent of the variations in droplet spectra (Atlas
and Bartnoff, 1953). Later, an empirical relationship was proposed between V i s and Z
based on the measured DSD data from the FRAM project (Gultepe et al., 2006b). Boers
et al. (2013) proposed modeled V i s − Z relations in a radiation fog layer whereby the
evolution of fog layer was modeled with a droplet activation model which used aerosol
size distributions as input, and V i s, Z were calculated from the modeled DSD using Mie
scattering theory. However, there is still uncertainty of the number of aerosols that can
be activated into fog droplets, and there is no explicit relationship describing the acti-
vation process. In the iPort project, an empirical V i s − Z relation was also found from
the fog measurements at Munich airport by a scanning Ka-band cloud radar and optical
sensors, and a method was developed to determine V i s from the radar and ceilometer
data (Bauer-Pfunstein et al., 2013).

Attenuation is an important parameter to describe the amount of energy that is lost
in fog. In general, the attenuation is equivalent to the extinction, which is the sum of
scattering and absorption by fog droplets. Attenuation factor (La : dB/km) is often used
to describe the attenuated reflectivity per range of kilometer. The attenuation factor La

of rain is found to be related to the rainfall rate R by power-law for a wide range of rain-
fall rates and rain types (Waldteufel, 1973; Atlas and Ulbrich, 1974, 1977). At wavelengths
near 1 cm, the La −R relations are nearly linear and are relatively independent of the
DSD (Doviak and Zrnic, 2014). Therefore, the attenuation factor La of rain can be de-
duced from the rainfall rate R measured with rain gauges along the propagation path.
In addition, various empirical power-law Z −R relations have been found from actual
DSD measurements (Austin, 1987; Chandrasekar and Bringi, 1987; Rosenfeld et al., 1993;
Vieux and Bedient, 1998). By combing the local La−R and Z −R relations, various La−Z
relations can be derived. In this way, the attenuation factor La of rain can be deduced
from the Z measurements from radars based on the La − Z relations. Many La calcula-
tion models of clouds and fogs have been proposed in literature (Platt, 1970; Chen, 1975;
Falcone Jr et al., 1979; Stewart and Essenwanger, 1982; Altshuler, 1984; Liebe et al., 1989;
Zhao and Wu, 2000; Mao et al., 2004; Recommendation, 2009; Awan et al., 2009). How-
ever, there were rarely La − Z relations with fog. Assuming a homogeneous fog layer,
La can be calculated by comparing the reflectivity from the same object with a known
RCS at two different ranges along the propagation path in fog. More recently, La was
supposed to be retrieved by the dual-wavelength or multi-wavelength technique. Since
the attenuation of centimeter-wavelength radars in fog is very small which can often
be neglected, we can compare the reflectivity from fog of centimeter-wavelength radars
and millimeter-wavelength radars to compute the attenuation (Eccles and Mueller, 1971;
Vivekanandan et al., 1999b; Perez and Zawadski, 2003; Ellis and Vivekanandan, 2010,
2011). Since reflectivity is measured with a limited accuracy, it is expected that the to-
tal attenuation should be larger than the accuracy of reflectivity measurements (Eccles
and Mueller, 1971). Besides, the antenna beamwidths would need to match between the
centimeter-wavelength radars and the millimeter-wavelength radars to minimize errors,
meaning that the centimeter-wavelength antennas would need to be excessively large.
Alternatively, La was proposed to be deduced from LW C based on the linear relation be-
tween them in Rayleigh scattering regime, and LW C was retrieved from the differential
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attenuation between two millimeter-wave radars (e.g. Ka- and W-band) (Hogan et al.,
2005). The likely errors in the LW C retrieval come from the reflectivity measurement er-
rors, the temperature errors, the Mie scattering drizzle droplets, and the presence of ice
particles (Hogan et al., 2005).

1.3. Research hypothesis
As mentioned above, V i s and Z are the key characteristic parameters to describe the fog
intensity. It is common sense that heavy fogs have low V i s values and high Z values, and
light fogs are just the opposite. Therefore, it is hypothesized that inverse V i s−Z relations
with fog can be established so that V i s can be deduced from Z measurements. Referring
to the V i s −LW C , V i s −N , Z −LW C relations, various power-law V i s −Z relations can
also be found from actual DSD measurements, and the coefficients differ with the vari-
ous shapes of droplet spectra. Referring to the simulated Z −LW C relations in natural
fogs with Radiative Transfer Calculations, V i s −Z relations can also be simulated based
on an assumed Gamma-shaped DSD. The Gamma-based V i s −Z relation is dependent
on the shape and scale parameters of Gamma distribution in natural fogs. Boers et al.
(2013) modeled the V i s − Z relations in a radiation fog layer using a droplet activation
model where the fog DSD was calculated as a function of aerosol spectra measured with
a SMPS (Scanning Mobility Particle Sizer). Based on the modeled V i s − Z relations, the
radar backscatter signals from the radiation fog were converted to visibility. Figure 1.1
illustrates an example of the time-height cross section of V i s converted from Z mea-
surements by means of the modeled V i s−Z relations for a radiation fog event at CESAR
on March 23, 2011.

Based on the V i s−Z relations, we can investigate the feasibility of developing a novel
radar-based visibility estimator that can be used in traffic management.

Furthermore, it has been found that the accuracy of V i s estimates can be improved
up to 50% while adding N into the V i s−LW C relations (Gultepe et al., 2006b). Therefore,
it is hypothesized that the accuracy of V i s estimates from Z measurements could also be
improved by adding other basic integrated quantities such as N , LW C into the V i s − Z
relations. This hypothesis has to be tested on a large group of fog DSD datasets. On
one hand, the DSD datasets can be simulated from the parameter sets of an assumed
Gamma-shaped fog DSD in literature. On the other hand, we have the fog DSD measured
with a FSSP (Forward Scattering Spectrometer Probe) at CESAR during a comprehensive
fog observation campaign in the season November 2011 - March 2012. Moreover, this
hypothesis has to be tested on actual V i s and Z measurements, which were measured
with in situ visibility sensors and a 35 GHz cloud radar at CESAR.

During the fog campaign at CESAR, a 35 GHz cloud radar was operated in a so-called
“fog mode” to measure the fog. The “fog mode” is similar to the horizontal mode, where
the radar beam is fixed and pointing horizontally in a given direction. In this mode,
the radar beam can adequately propagate in the fog and probe the fog in detail. Our
model/observation study has shown that the cloud radar at CESAR has the highest sen-
sitivity of -55 dBZ during the onset of fog. Normally, the range of fog reflectivity is be-
tween -60 - -25 dBZ. Therefore, starting with the analysis of observation data from the
cloud radar at CESAR, we can investigate the feasibility of designing an advanced fog
radar which can reach a high sensitivity to fog in a relatively long distance.
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Figure 1.1: Time-height cross section of V i s converted from Z measurements by means of the modeled V i s−Z
relations for a radiation fog event at CESAR on March 23, 2011.

1.4. Research questions and methods
In this work, our longer term aim is to develop an advanced fog-visibility radar for reli-
able remote visibility estimation. This is a new and challenging area, for which we see
important applications in transport, e.g. at airports, major roads. The main challenge
question is:

How to remotely estimate visibility by radar(s) in fog and how to develop a fog radar
that can achieve higher accuracy of visibility estimates?

To address the main issue, several specific research questions have to be considered.

1. How to determine an optimum radar frequency for fog measurements?

Millimeter-wave radars are superior to centimeter-wave radars because the radar
backscatter signals from fog increase with increasing frequency f . However, the



1.4. Research questions and methods

1

7

radar extinction signals from fog also increase with increasing frequency f . This
means that it is not always advantageous to use very high frequencies to do fog
measurements. We have to deal with the trade-off between the radar backscatter
and extinction signals from fog with different frequencies.

To address this question, we can investigate the backscatter and extinction proper-
ties of fog over a large range of frequencies between 1 GHz - 1 THz, temperatures
and fog droplet sizes by means of Mie and Rayleigh scattering calculation. The
effects of frequency, temperature, and droplet size on the radar backscatter and
extinction signals can be examined. Millimeter-wave radars at very high frequen-
cies such as 140 GHz, 220 GHz should also be considered, though they are more
costly and technically more complicated to be realized.

2. How to estimate V i s from Z measurements with higher accuracy?

We aim to estimate V i s from Z measurements by means of the V i s − Z relation.
However, it is difficult to derive a universal relation between V i s and Z because
both variables are the functions of droplet spectra, and various fog types and evo-
lutionary stages of fog pertain to different shapes of droplet spectra. Normally,
we derive the empirical V i s − Z relations in two ways. One is to use the fog DSD
data. In our work, the fog DSD was either simulated from the parameter sets of
an assumed Gamma-shaped fog DSD in literature, or measured with a FSSP at CE-
SAR. Both V i s and Z can be calculated from the DSD using Mie scattering theory.
The other is to use the direct V i s and Z measurement data. In our work, V i s was
measured with the in situ visibility sensors (e.g. Biral SWS-100 sensors) and Z was
measured with a 35 GHz cloud radar at CESAR.

In order to improve the accuracy of V i s estimates further, we can include other
DSD-based quantities in the V i s − Z relation. LW C is a key parameter which can
be linked to either V i s or Z . To reduce the number of instruments in use, we can
replace LW C with the attenuation measurements La of radar. The attenuation is
related to the 3rd moment of DSD and is proportional to LW C at a given radar
frequency (Chylek, 1978). The V i s − Z − La relation can be compared with the
V i s − Z relation, where V i s, Z , and La are all calculated from the DSD. Of course
a more realistic approach is to test the V i s−Z −La relation with the measurement
data from the in situ visibility sensors and the cloud radar at CESAR. Unfortunately
we do not have as many radar measurements (which were invoked manually) as
we have DSD and V i s measurements, which are continuous, automatic measure-
ments. Furthermore, we currently lack reliable La measurements in our datasets,
which we can only substitute by DSD-derived values.

3. How to develop an advanced fog-visibility radar?

We can start with the performance analysis of the 35 GHz cloud radar at CESAR,
though the radar was operated in the “fog mode” for only a couple of days and
not many radar measurements were obtained. Given the operational parameters
of the radar in the “fog mode”, the sensitivity calculation can be done. In order to
detect fog, the minimum received power from fog by the radar should be higher
than the noise power of the radar. The maximum detection range of the radar in
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fog can be determined at a threshold of SNR (Signal to Noise Ratio) is equal to 0
dB. In order to improve the sensitivity of the radar further, what we can think is to
increase the radar frequency, transmit power, and pulse width. The effects of these
factors on the sensitivity of the radar can be examined.

Furthermore, FMCW (Frequency Modulated Continuous Wave) technology can be
an efficient and reliable solution to reduce the transmit power (Williams, 2000).
However, the transmitter has to be well isolated with the receiver for the FMCW
radar systems, in order to prevent the transmit signals leaking into the receiver sig-
nal processor. There are always two separate antennas which are used for transmit
and receive for the FMCW radar systems (Tamatsu and Kumon, 2005). The trans-
mit power of FMCW radar systems can be compared with that of pulse-Doppler
radars while maintaining the other performance parameters are the same. Alter-
natively, we could use the pulse compression with a solid-state transmitter, espe-
cially at long ranges (Farnett and Stevens, 1990). For example, we can use short
pulses between ranges 0 - 1 km, and use long pulses between ranges 1 - 3 km with
the pulse compression technology, which helps to achieve high range resolution
at long ranges. However, more transmit power is required while using the pulse
compression technology.

With the specific fog-visibility radar, all available information from radar signals
only, i.e. reflectivity and attenuation can be converted to visibility by means of
the V i s − Z −La relation. La cannot be simply retrieved from the radar measure-
ments. Several methods can be adopted to retrieve La by radar(s). In case we use
a single-frequency radar, La can be calculated by comparing the reflectivity from
the same object with a known RCS at two different ranges along the propagation
path in fog. Alternatively, La can be retrieved by the dual-wavelength technique.
We can use either an non-attenuated wavelength combined with an attenuated
wavelength, e.g. centimeter wavelength and millimeter wavelength, or two atten-
uated wavelengths. Considering the restriction on the antenna sizes, we are more
inclined to use two millimeter wavelengths. As the attenuation is proportional to
the LW C in fog at a given radar wavelength, we can first retrieve the LW C from the
differential attenuation between the two millimeter wavelengths, and then derive
the attenuation from the LW C . In this technique, the reflectivity measurement er-
rors, the temperature errors, and the presence of Mie scattering drizzle droplets
and ice particles can lead to errors in the LW C retrieval. The errors in the LW C
will propagate to errors in the La estimates, which then propagate to errors in the
V i s estimates based on the V i s −Z −La relation. An error analysis on the V i s es-
timates has to be done in order to determine the optimum radar frequency pair
for fog measurements. We can calculate the errors in the V i s estimates for various
radar frequency pairs, and the optimum radar frequency pair will achieve the least
errors. This step is very important and instructive for the design of an advanced
fog-visibility radar with the dual-wavelength technology.
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1.5. Research limitations
The robust performance of the V i s − Z −La relation cannot be only validated with the
DSD data, but be also validated with the measurement data from the in situ visibil-
ity sensors and the 35 GHz cloud radar at CESAR. The radar was operated in the “fog
mode” for only a couple of days and we do not have as many radar measurements as we
have DSD and V i s measurements. We can only use the limited radar measurements in
the V i s − Z −La relation. Furthermore, we also lack reliable La measurements in our
datasets, which we can only substitute by DSD-derived values.

In our datasets, the fog DSD was either simulated from the parameter sets of an as-
sumed Gamma-shaped fog DSD in literature, or measured with a FSSP at CESAR. No
matter the simulated DSD or the actually measured DSD, neither of them provided the
fog droplet spectra at different heights. In fact, the fog DSD varies greatly with height.
Therefore, the DSD-derived V i s − Z −La relations can only represent the status of the
fog at the height of measured DSD.

During the onset of fog, most aerosols suspended in the air can be activated into
fog droplets, leaving few dry and wet aerosols mixed with the fog droplets (Neiburger
and Wurtele, 1949; Bott, 1991; Yuskiewicz et al., 1998). The non-activated aerosols may
also contribute to the visibility reduction (White and Roberts, 1977; Diederen et al., 1985;
Cheng and Tsai, 2000), but they cannot be detected by the FSSP due to their smaller sizes.
At CESAR, a SMPS (Scanning Mobility Particle Sizer) was installed to measure the aerosol
spectra in a range of 0.0025 - 1 µm in diameter. This consumption can be tested with the
SMPS measurements.

1.6. Outline of the thesis
This chapter briefly reviewed the background of our work, and addressed the research
questions and methods. The main challenge question in our work was divided into three
specific research questions. The outline of this thesis is illustrated in Figure 1.2.

Chapter 2 gives an overview of fog, defining fog on the visibility and introducing four
commonly occurring fog types and their dominant mechanisms. As the basis for explor-
ing fog-related questions, the scattering and extinction properties of fog are investigated
over a large range of frequency, temperature and droplet sizes. The effects of these fac-
tors on the fog properties are examined. Radar reflectivity, visibility, and attenuation
factor are correlated to the radar backscattering and absorption of fog. These key pa-
rameters of fog are defined and formulated in Rayleigh scattering regime.

Chapter 3 introduces the fog measurement site in the Netherlands. A comprehen-
sive fog observation campaign was carried out at CESAR during the fog season Novem-
ber 2011 - March 2012, and a great many in situ and remote sensing instruments were
actively used in the fog measurements, including a 35 GHz cloud radar operated in a
so-called “fog mode”. The “fog mode” is described in detail. Based on the operational
parameters of the radar in the “fog mode”, the sensitivity calculation is done, in order to
test the detection capability of the radar in fog conditions.

Chapter 4 sums up various empirical V i s and Z parameterizations in terms of the
liquid water content LW C , droplet number concentration N , mean radius rm , effective
radius re or their combinations. To test the accuracy of the V i s and Z parameterizations,
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the parameterized V i s, Z are compared with the DSD-derived V i s, Z and the measured
V i s, Z with the in situ visibility sensors and the 35 GHz cloud radar. Various V i s − Z
and V i s − Z −N relations are derived by combing the various V i s and Z parameteriza-
tions. The derived V i s −Z and V i s −Z −N relations are also compared with the V i s, Z
measurements. Furthermore, we derive a Gamma-based V i s − Z relation based on an
assumed Gamma-shaped DSD and an exponential V i s−Z relation using the regression
analysis to the V i s, Z measurement data.

Chapter 5 proposes a new visibility estimator model V i s = f (Z ,La), where V i s can
be deduced from radar signals only, e.g. reflectivity Z and attenuation La . Considering
that both V i s and Z can be parameterized in terms of LW C , and LW C is proportional
to La at a given radar frequency, an exponential V i s − Z −La model V i s = C ·La

a · Z b is
derived by including the La in the exponential model V i s = a ·Z b . The exponential V i s−
Z −La model is compared with the Gamma-based V i s − Z model and the exponential
V i s − Z model in the aspect of achieving high accuracy of V i s estimates. Three types
of datasets are used to validate the robust performance of the exponential V i s − Z −La

model. First it is tested on a large group of simulated DSD datasets for various fog types
and evolutionary stages of fog. Next, the exponential V i s − Z − La model is validated
with the measured DSD with a FSSP at CESAR. Last, a more realistic approach is used to
validate the model with the V i s, Z measurement data from the in situ visibility sensors
and the cloud radar at CESAR. As we lack reliable La measurements in our datasets, we
can only use DSD-derived La in the model.

Chapter 6 investigates the feasibility of developing an advanced fog-visibility radar.
Starting with the performance analysis of the 35 GHz cloud radar at CESAR, we examine
the effects of frequency, transmit power, and pulse width on the sensitivity of the radar.
Based on the simulated DSD datasets for various fog types and evolutionary stages of
fog, we calculate Z , La in a large range of frequency for various V i s levels. The op-
erational parameters of a pulse-Doppler radar and a FMCW radar are respectively de-
fined, and the transmit power Pt are calculated in a large range of frequency. The op-
timum frequency for each V i s level is chosen with the minimum Pt . To retrieve La by
radar(s), dual-wavelength technique is introduced to provide La estimates, where LW C
is retrieved from the differential attenuation between the dual-wavelength radars, and
La is estimated from LW C based on the linear relationship between them in Rayleigh
scattering regime. An error analysis on V i s estimates in terms of the V i s−Z −La model
is made in order to determine the optimum radar frequency pair for fog measurements.

Chapter 7 gives the conclusions and recommendations for future work.
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Figure 1.2: Outline of the thesis





2
Fog and its characteristics

2.1. Introduction
Fog is a crucial phenomenon in meteorology for its impacts on the reduction of visibil-
ity (Pruppacher et al., 1998). Short visible range can restrict land transportation, ma-
rine operations and low-level aviation (Bissonnette, 1992; Gazzi et al., 2001). Each year,
the financial and human losses aroused by fog can be comparable to the losses from
other catastrophic weather events, such as tornadoes, or even hurricanes (Gultepe et al.,
2014). As a consequence, fog forecasting/nowcasting has been always the concern by
most weather forecasters (Bergot and Guedalia, 1994; Guedalia and Bergot, 1994; Croft
et al., 1997; Wright and Thomas, 1998; Zhou and Du, 2010). So far, many fog forecast-
ing/nowcasting methods have been proposed (Pasini and Potestà, 1995; Reddy et al.,
1995; Wantuch, 2001; Pasini et al., 2001; Hansen, 2007; Ruangjun and Exell, 2008; Clark
et al., 2008; Haywood et al., 2008; Chmielecki and Raftery, 2011). The accurate forecast-
ing/nowcasting of fog will facilitate the local authorities to make timely policies, reduc-
ing the losses from fog to the least (Leipper, 1995; Gultepe, 2008).

However, fog is the end result of complex interplay involving microphysical, thermo-
dynamical, and dynamical processes (Duynkerke, 1991; Niu et al., 2010). To accurately
forecast/nowcast fog often requires a better knowledge of the fog processes and its char-
acteristics. The observation and modeling of the microphysical behaviors in fog will help
us to understand better the fog processes (Brown, 1980; Bott et al., 1990; Bott and Traut-
mann, 2002; Gultepe and Milbrandt, 2007).

This chapter gives an overview of fog and its characteristics. It is structured as fol-
lows: in Section 2 the definition and classification of fog is discussed in detail; Section 3
describes the scattering and extinction properties of fog; Section 4 is the conclusion of
this chapter.

2.2. Definition and classification of fog
2.2.1. Definition
Fog is an assemble of small liquid water droplets suspended near the earth’s surface
(Amelin, 1967; Zdunkowski and Nielsen, 1969; Zdunkowski and Barr, 1972; Pinnick et al.,
1978; Brown, 1980; Hudson, 1980; Musson-Genon, 1987; Duynkerke, 1991). Meteorology
definition of fog is based on visibility only. Visibility is defined as the greatest distance at
which a black object can be seen and recognized against a white background (Seinfeld
and Pandis, 2012). By international definition, fog occurs when the visibility is reduced
to less than 1 km. If the visibility is reduced further to less than 200 m, then it is called
dense fog. Very dense fog occurs when the visibility is less than 50 m. The only difference
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between mist and fog is the visibility. Mist is distinguished from fog with the visibility be-
tween 1-5 km (Went, 1955). Haze is different from the fog and mist, and the restriction of
visibility is arouse by dry aerosols which are from complex chemical compositions (Sun
et al., 2006).

2.2.2. Classification of fog
Fog can be classified in terms of various standards. According to the status of fog, it
can be divided into three main types at different temperatures: liquid fog at T >−10◦C,
mixed phase fog at −10◦C > T > −30◦C, and ice fog at T < −30◦C (Petterssen and Pet-
terssen, 1956). It should be noted that the division criteria are not always strict and they
can vary in different conditions. Mixed phase fog may also occur at T =−5◦C while the
temperature is sharply decreased during the night and plenty of water vapor is accumu-
lated by the ice nuclei.

Defined by the weather conditions for the fog formation, fog can be divided into four
main types: radiation fog, frontal fog, advection fog, and other fogs (Willett, 1928; Byers,
1959). Radiation fog includes ground fog, high inversion fog, advection-radiation fog,
upslope fog, and mountain-valley fog. Frontal fog, formed together with precipitation,
can be further divided into three subcategories: prefrontal, postfrontal and frontal pas-
sage fogs. Advection fog, termed as mixing fog, can be divided into sea fog, tropical air
fog, land and sea-breeze fog, and steam fog. Other fogs include ice fog and snow fog
which occur at very low temperatures. Considering the physical processes responsible
for the fog formation and the circumstances under which the fog would probably occur,
we mainly discuss several dominant fog types.

Radiation fog is formed by the nocturnal cooling of the surface boundary layer to
a temperature at which its content of water vapor condenses (Taylor, 1917; Roach et al.,
1976; Brown and Roach, 1976; Gerber, 1981). Normally, the formation of radiation fog re-
quires three basic conditions, excessive aerosols near the ground, high relative humidity,
and light winds (Pilié et al., 1975; Findlater, 1985). The radiation fog tends to form in the
late night or the early morning, and lasts for a short duration (Turton and Brown, 1987;
Fitzjarrald and Lala, 1989). The initial formation of radiation fog acts like a competition
for the water vapor between the accumulation through radiative cooling and the driving-
away by turbulence (Lala et al., 1975; Roach, 1976). Furthermore, the turbulence plays
a complex role in the radiation fog formation (Bergot and Guedalia, 1994; Guedalia and
Bergot, 1994; Roach, 1995). Light turbulence can be conductive to the fog formation,
since it drives saturated air movements which can stimulate the activation of aerosols
and the condensation growth of fog droplets. However, intense turbulence may be de-
structive to the fog formation due to the intense vertical mixing and quick drying-out of
water vapor (Duynkerke, 1999). It was also found that the turbulence inhibited radia-
tion fog formation but promoted fog development after its formation (Zhou and Ferrier,
2008). The complexity of turbulence adds the difficulty in forecasting/nowcasting the
radiation fog.

Advection fog is formed by the advection of a warm moist air mass over a colder un-
derlying surface. It can be divided into several subcategories according to the surface
properties, which may be cold ground, snow cover, water, or ice (Byers, 1959). The for-
mation of advection fog involves the dynamic and adiabatic processes of boundary layer
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which require the advection of moisture and temperature, and the cooling of warm air
mass continues until the dew point is reached (Pilié et al., 1979; Telford and Chai, 1993).
Unlike radiation fog, advection fog can form and advect into a region at any time of the
day with impelling air movements. Hence the turbulence also plays a very important
role in the formation and development of advection fog (Lewis et al., 2003, 2004).

Evaporation fog is associated with advection and mixing, which forms by a cold air
mass with a low vapor pressure lying over a relatively warm body of water (Saunders,
1964; Økland and Gotaas, 1995; Gultepe et al., 2003). The water evaporates into the cold
air, and the overlying layer of air becomes saturated and then condenses into fog. Evap-
oration fog often forms over lakes and rivers, and it can occur at any time of the year.

Stratus-lowering fog is a significant fog type which results from the cloud base low-
ering down to the ground. It has been observed that the stratus-lowering fog is the
most frequently occurring fog type in the Netherlands. The stratus-lowering process
that leads to the formation of fog is caused by complex mechanisms (Peak and Tag, 1989;
Duynkerke and Hignett, 1993; Tag and Peak, 1996). Radiative cooling at cloud top and
large-scale subsidence are the primary mechanisms for the lowering of clouds (Oliver
et al., 1978; Koračin et al., 2001; Dupont et al., 2012). Besides, entrainment is also an
important factor that drives the stratus lowering to fog (Telford et al., 1984).

According to the life cycle of fog, fog can be divided into formation, mature, and
dissipation stages (Pilié et al., 1975; Bott, 1991; Maier et al., 2013). In each stage, fog
evolves with different dominant mechanisms. In the formation stage, most dry aerosols
in saturated air are activated into wet aerosols and then condensed into fog droplets;
in the mature stage, small fog droplets form into bigger ones due to the condensation
growth, and the activation process still continues; in the dissipation stage, aerosols end
up forming into fog droplets and the existing droplets are bound to evaporate due to the
increasing air temperature and wind speed (Meyer et al., 1986; Noone et al., 1992; Elias
et al., 2008; Stolaki et al., 2015).

2.3. Scattering and extinction properties of fog
2.3.1. Spectral models for the complex permittivity of water
Generally, fog is regarded as to be formed of liquid water. Hence it is necessary to cal-
culate the complex permittivity of water in various conditions in order to determine the
scattering and extinction properties of fog (Ray, 1972; Liebe and Hufford, 1989; Liebe,
1989). The spectral models for the complex permittivity of water are established over a
large range of frequencies and temperatures.

The relative dielectric constant of water is referred to as complex permittivity, which
is defined by:

ε= ε′+ iε′′ (2.1)

where ε′ and ε′′ are the real and loss parts of complex permittivity, and i =p−1.
Both the real and loss parts are dependent on the frequency f and temperature T ,

which can be described by the well-known Debye model (Eisenberg et al., 1969; Hasted,
1973). When f is below 100 GHz, the single Debye model proved to be adequate to de-
scribe ε( f ,T ). While extending the f range beyond 100 GHz up to 1 THz, the double
Debye model has been verified as a correct description of ε( f ,T ) (Liebe et al., 1991).
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(a)

(b)

Figure 2.1: Spectral models for the complex permittivity of water in different frequency ranges f < 100 GHz (a)
and 100 GHz < f < 1 THz (b) at various temperatures from −20◦C to 40◦C, where the solid lines represent the
real parts of complex permittivity of water, and the dashed lines represent the loss parts.
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Figure 2.1 shows the spectral models for the complex permittivity of water in different
frequency ranges f < 100 GHz and 100 GHz < f < 1 THz at various temperatures from
−20◦C to 40◦C.

2.3.2. Mie & Rayleigh scattering of fog
When a radar wave propagates into fog, the electromagnetic energy starts to transfer
in a certain way (Hulst and Van De Hulst, 1957). All the energy in the process can be di-
vided into backscattering, absorption, scattering and extinction parts (Mishchenko et al.,
2002). Backscattering is the part that is reflected back in the direction from which the
wave originates. When the travelling wave is intercepted, a certain amount of the energy
will be absorbed by the fog, which leads to a heating energy, and that is the absorption.
Scattering is the part that scatters in all directions, and backscattering is only one part of
it. Extinction is the total energy that is lost through the process. According to the energy
conservation theorem, the extinction is the sum of the scattering and absorption. How-
ever, for the lossy dielectric water, the scattering is a very small proportion of the lost
energy, and most of the energy is absorbed by the fog and transferred into heat. There-
fore, in most cases the absorption can be approximated as the extinction.

Typically, the degree to which the fog can scatter or absorb the energy is described
by its cross section σ. The cross section is an effective area, used to indicate the amount
of energy interacting with the fog. Assuming an incident wave with a power density Si

is intercepted by the fog, the energy is scattered isotropically and received by a receiver
with a power density Sr in the direction described by the azimuth and elevation angle θ
and φ with respect to the original wave. In this way, the cross section σ can be defined
as (Skolnik, 1962):

σ(θ,φ) = 4πR2 Sr (θ,φ)

Si
(2.2)

where R is the distance between the fog and the receiver. It should be noted that in most
cases the scattering is not isotropic, the forward scattering can dominate the backscat-
tering when the fog droplets are much smaller than the wavelength and vice versa.

Accordingly, there are backscattering cross section σb , scattering cross section σs ,
absorption cross section σa , and extinction cross section σe . All the cross sections can
be formulated through Mie theory as (Bohren and Huffman, 2008; Mätzler, 2002):

σb = λ2

4π

∣∣∑∞
n=1(2n +1)(−1)n(an −bn)

∣∣2
(2.3)

σs = λ2

2π

∑∞
n=1(2n +1)(|an |2 +|bn |2) (2.4)

σe = λ2

2π

∑∞
n=1(2n +1)Re(an +bn) (2.5)

σa =σe −σs (2.6)

where the index n is from 1 to ∞, but the infinite series occurring in Mie formulas can
be truncated at a maximum nmax = x+4x1/3+2 (Bohren and Huffman, 2008), x = 2πr /λ
is termed as size parameter, r is the droplet radius, λ is the wavelength; the Mie scat-
tering coefficients an , bn , used to describe the amplitudes of the scattered field, are the
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functions of x and complex refractive index, representing the magnetic and electric mul-
tipoles of order n respectively.

Furthermore, the cross sectionσ can be normalised to the particle cross section πr 2,
and that is defined as efficiency factor Q = σ/πr 2. The efficiencies are expressed as
(Hulst and Van De Hulst, 1957):

Qb = 1

x2

∣∣∑∞
n=1(2n +1)(−1)n(an −bn)

∣∣2
(2.7)

Qs = 2

x2

∑∞
n=1(2n +1)(|an |2 +|bn |2) (2.8)

Qe = 2

x2

∑∞
n=1(2n +1)Re(an +bn) (2.9)

Qa =Qe −Qs (2.10)

Since the fog droplets are very small compared to the wavelength, Rayleigh scattering
regime can be considered to calculate the cross sections in an easier way. In the Rayleigh
approximation, only the lowest order contributions in x are considered, and the cross
sections can be simplified as (Hulst and Van De Hulst, 1957):

σb = π5

λ4 |K |2D6 = 64π5

λ4 |K |2r 6 (2.11)

σs = 2

3

π2

λ4 |K |2D6 = 128

3

π2

λ4 |K |2r 6 (2.12)

σa = π2

λ
Im(−K )D3 = 8π2

λ
Im(−K )r 3 (2.13)

where D is the droplet diameter; r is the droplet radius; K is the parameter related to
the complex refractive index, which is given by K = (m2 −1)/(m2 +2), m is the complex
refractive index m =p

ε= n− iκ, n is the refractive index, κ is the absorption coefficient.
Like m, K is also dependent on the frequency and temperature.

Accordingly, the efficiencies can be simplified as (Hulst and Van De Hulst, 1957):

Qb = 4x4|k|2 (2.14)

Qs = 8

3
x4|K |2 (2.15)

Qa = 4xIm(−K ) (2.16)

It is important to determine the backscattering and extinction energy from fog since
they are related to the amount of energy that can be received by the receiver (most are
radars) and attenuated by the fog. As regards the fog, the scattering is only a very small
part of the extinction compared to the absorption and thus the absorption can be ap-
proximated as the extinction.

Therefore, the backscattering and absorption characteristics of fog are investigated
over a large range of frequencies and temperatures using Mie and Rayleigh scattering
formulas respectively.
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(a) (b)

(c) (d)

Figure 2.2: The backscattering and absorption cross sections σb , σa of a single fog droplet with r = 25 µm in
different frequency ranges f < 100 GHz and 100 GHz < f < 1 THz at temperatures from −20◦C to 40◦C using
Mie and Rayleigh scattering formulas respectively. (a), (b) show the backscattering cross sections σb in the
frequency range f < 100 GHz and 100 GHz < f < 1 THz at temperatures from −20◦C to 40◦C, and (c), (d) show
the absorption cross sectionsσa in the frequency range f < 100 GHz and 100 GHz < f < 1 THz at temperatures
from −20◦C to 40◦C. The solid lines in (a), (b), (c), (d) represent the simulation results formulated with the Mie
scattering, and the asterisks are formulated with the Rayleigh scattering.

Fog can be regarded as spherical water droplets with the sizes no more than 25 µm in
radius (Eldridge, 1961). Since K is dependent on the frequency f , the single and double
Debye models have to be used respectively in order to calculate the complex refractive
index in a large range of frequencies. The backscattering and absorption cross sections
σb , σa of a single fog droplet with r = 25 µm are simulated in different frequency ranges
f < 100 GHz and 100 GHz < f < 1 THz at temperatures from −20◦C to 40◦C using Mie
and Rayleigh scattering formulas respectively, which is shown in Figure 2.2, where the
solid lines and asterisks represent the simulation results formulated with the Mie and
Rayleigh scattering respectively.

It can be seen from Figure 2.2 that the frequency f and temperature T have differ-
ent influences on the backscattering and absorption cross sections σb , σa . σb and σa



2

20 2. Fog and its characteristics

increase with increasing f in both frequency ranges f < 100 GHz and 100 GHz < f < 1
THz. Meanwhile, σb also increases with increasing T , but σa decreases with increasing
T when T > 0◦C.

In the frequency range f < 100 GHz, as shown in Figure 2.2(a) and (c), the σb , σa

which are formulated with Mie scattering completely coincide with those formulated
with Rayleigh scattering, which indicates that in the frequency range f < 100 GHz, the
Rayleigh scattering can fully replace the Mie scattering to calculate the σb , σa of a single
fog droplet with the size no more than 50 µm in diameter. However, in the higher fre-
quency range 100 GHz < f < 1 THz, which is shown in Figure 2.2(b) and (d), there are
small differences between the Mie and Rayleigh scattering formulated σb , σa , and the
differences tend to enlarge with increasing f . In the frequency range 100 GHz < f < 1
THz, the Rayleigh scattering formulatedσb are slightly larger than those formulated with
the Mie scattering, but the Rayleigh scattering formulatedσa turn to be smaller than the
Mie scattering formulated σa .

Furthermore, the increase rates of σb , σa also vary with f and T . As shown in Fig-
ure 2.2(a) and (b), the increase rate of σb increases with increasing f in both frequency
ranges f < 100 GHz and 100 GHz < f < 1 THz. The increase rate of σa also increases
with increasing f in the frequency range f < 100 GHz, but decreases with increasing f
in the frequency range 100 GHz < f < 1 THz, which is shown in Figure 2.2(c) and (d).
Meanwhile, T also affects the increase rate of σa . When T is below 0◦C, the increase rate
of σa decreases with increasing f in both frequency ranges, which is shown in Figure
2.2(c) that the increase rates of σa at T =−20◦C and T =−10◦C decrease with increasing
f . In the frequency range 100 GHz < f < 1 THz, the increase rate of σa decreases even
worse at T < 0◦C, which is shown in Figure 2.2(d).

Next, the backscattering and absorption characteristics of fog droplets with a certain
range of sizes are discussed. Since fog droplets are no more than 25 µm in radius, we di-
vide the size range to r = 1,5,10,15,20,25 µm. The backscattering and absorption cross
sections σb , σa of fog droplets with the size range are simulated in different frequency
ranges f < 100 GHz and 100 GHz < f < 1 THz at T = 10◦C using Mie and Rayleigh scat-
tering formulas respectively, which is shown in Figure 2.3, where the solid lines and as-
terisks represent the simulation results formulated with the Mie and Rayleigh scattering
respectively.

It can be seen from Figure 2.3 that σb and σa increase with increasing r in both fre-
quency ranges f < 100 GHz and 100 GHz < f < 1 THz. The small differences between
the Mie and Rayleigh scattering formulated σb , σa still exist in the frequency range 100
GHz < f < 1 THz and enlarge with increasing f , which is shown in Figure 2.3(b) and (d).
The variations of the increase rates ofσb ,σa with increasing f maintain the same trends
as shown in Figure 2.2.

In Figure 2.3, the backscattering and absorption cross sections σb , σa are simulated
at a positive temperature T = 10◦C. In order to see the influences of T on σb , σa , they
are simulated at a negative temperature T =−10◦C, which is shown in Figure 2.4.

It is shown in Figure 2.4 that σb decreases but σa increases with decreasing T . The
negative temperature T =−10◦C also leads to the decrease of the increase rate ofσa with
increasing f , but does not affect the increase rate of σb . The reason is that both σb and
σa are related to K , which depends on the frequency f and temperature T . Furthermore,
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(a) (b)

(c) (d)

Figure 2.3: The backscattering and absorption cross sections σb , σa of fog droplets with a certain range of
sizes r = 1,5,10,15,20,25 µm in different frequency ranges f < 100 GHz and 100 GHz < f < 1 THz at T = 10◦C
using Mie and Rayleigh scattering formulas respectively. (a), (b) show the backscattering cross sectionsσb with
r = 1,5,10,15,20,25 µm in the frequency range f < 100 GHz and 100 GHz < f < 1 THz at T = 10◦C, and (c), (d)
show the absorption cross sections σa with r = 1,5,10,15,20,25 µm in the frequency range f < 100 GHz and
100 GHz < f < 1 THz at T = 10◦C. The solid lines in (a), (b), (c), (d) represent the simulation results formulated
with the Mie scattering, and the asterisks are formulated with the Rayleigh scattering.

σb depends on the amplitude of K , and σa depends on the imaginary part of K . Com-
pared to the amplitude of K , the imaginary part of K is more affected by the temperature
T .

All in all, we have simulated the backscattering and absorption cross sections σb , σa

of a single fog droplet with various sizes in a large frequency range 1 GHz < f < 1000 GHz
at temperatures from −20◦C to 40◦C. σb , σa form the basis for computing the reflection
and attenuation from fog, which we would use as the input of our proposed model in the
following chapters. Meanwhile, the backscattering and absorption characteristics of fog
are investigated at very high frequencies because the fog droplets are so small that we
would consider using very high frequency radars to measure the fog.
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(a) (b)

(c) (d)

Figure 2.4: The backscattering and absorption cross sectionsσb ,σa of fog droplets with a certain range of sizes
r = 1,5,10,15,20,25 µm in different frequency ranges f < 100 GHz and 100 GHz < f < 1 THz at T = −10◦C
using Mie and Rayleigh scattering formulas respectively. (a), (b) show the backscattering cross sections σb
with r = 1,5,10,15,20,25 µm in the frequency range f < 100 GHz and 100 GHz < f < 1 THz at T =−10◦C, and
(c), (d) show the absorption cross sections σa with r = 1,5,10,15,20,25 µm in the frequency range f < 100
GHz and 100 GHz < f < 1 THz at T =−10◦C. The solid lines in (a), (b), (c), (d) represent the simulation results
formulated with the Mie scattering, and the asterisks are formulated with the Rayleigh scattering.

2.3.3. Characteristic parameters of fog
Following above, the values of the backscattering and absorption cross sections σb , σa

can be described by a series of characteristic parameters related to fog which can be
measured by the in-situ and remote sensing instruments. When a radar is utilized to
measure fog, radar reflectivity factor is often used to describe the amount of energy re-
flected by the fog droplets and received by the radar receiver (Sauvageot, 1992). The
radar reflectivity factor is meteorologically a more meaningful way of expressing the
radar reflectivity and is often just referred to as radar reflectivity. Therefore, radar re-
flectivity factor is defined as a measure of the amount of energy reflected by particulates
in the atmosphere (Probert-Jones, 1962). In Rayleigh approximation, the backscattering
cross section σb of a single fog droplet is approximated as in Eq. (2.11). The total vol-
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umetric backscattering cross section is a combination of all the fog droplets within the
volume. To sum up all the droplets in both sides of Eq. (2.11),

N∑
i=1

σbi =
π5

λ4 |K |2
N∑

i=1
D6

i (2.17)

where η=
N∑

i=1
σbi is the volumetric reflectivity; Z =

N∑
i=1

D6
i is the reflectivity factor.

The radar reflectivity can be expressed in the form of integration,

Z =
∫ ∞

0
n(D)D6dD ×10−12 = 64

∫ ∞

0
n(r )r 6dr ×10−12 (2.18)

where D is the droplet diameter in µm; r is the droplet radius in µm; n(D), n(r ) are
the drop size distribution (DSD) in units of µm−1 · cm−3, which indicates the number
concentration of droplets per unit volume and per unit of diameter/radius increment;
Z is the radar reflectivity in mm6/m3, and it is often expressed on a logarithmic scale in
units of dB Z .

Moreover, visibility is a simple and direct parameter to describe the fog intensity,
since it is intuitive that heavy fogs often have low visibility and light fogs have high vis-
ibility. Academically, visibility is defined as the greatest distance at which a black ob-
ject can be seen and recognized against a white background (Seinfeld and Pandis, 2012),
which is expressed as:

V i s = −lnε

βext
×10−3 (2.19)

βext =
∫ ∞

0
Qext n(r )πr 2dr ×10−6 (2.20)

where V i s is the visibility in km; ε is the threshold of contrast with human eyes and
normally sets to 0.05; βext is the extinction coefficient in m−1; Qext is the extinction
efficiency. In practice, the visual range is often evaluated at λ = 0.55 µm which is the
wavelength of green light, where the human eyes have maximum sensitivity.

Qext is a complex function of r , λ and refractive index m as in Eq. (2.9). The general
behavior of Qext as a function of r at λ= 0.55 µm is shown in Figure 2.5.

It is shown in Figure 2.5 that for sufficiently large values of r , Qext oscillates around
its asymptotic value Qext = 2. Considering the continuous sizes of fog droplets between
1-25 µm in radius, the weighted value of Qext can be approximated as 2, which is the
case for fog droplets. In this way, taking Qext as 2 is convenient for the calculation of V i s
(Pinnick et al., 1979).

Additionally, attenuation is an important parameter to describe the amount of en-
ergy that is lost in the fog (Vasseur and Gibbins, 1996). The attenuation is equivalent to
the extinction, which is the sum of scattering and absorption by the fog droplets. Atten-
uation factor is the two-way integral of the attenuation coefficient over distance, which
is formulated as (Doviak and Zrnic, 2014):

la = exp(2 ·
∫ R

0
kadR) (2.21)
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Figure 2.5: Qext as a function of r with λ= 0.55 µm.

where la is the dimensionless attenuation factor; ka is the attenuation coefficient in m−1;
R is the distance in m.

The attenuation coefficient ka is the combination of the extinction cross section σe

for all the droplets in unit volume, which is expressed as:

ka =
∫ ∞

0
n(r )σe (r )dr ×106 (2.22)

whereσe =σa +σs is the extinction cross section in m2; n(r ) is the drop size distribution
in µm−1 · cm−3; ka is in m−1.

Since the scattering cross section σs is proportional to the sixth power of the droplet
diameter as in Eq. (2.12), it is smaller than the absorption cross sectionσa as in Eq. (2.13)
for very small fog droplets. Therefore, the attenuation coefficient can be approximated
as:

ka =
∫ ∞

0
n(r )σa(r )dr (2.23)

In Rayleigh approximation, ka can be further simplified by substituting Eq. (2.13)
into Eq. (2.23),

ka = 8π2

λ
Im(−k)

∫ ∞

0
n(r )r 3dr ×10−12 (2.24)

where λ is the radar wavelength in m.
Besides, the liquid water content LW C is a measure of the mass of water in fog in a

specified amount of dry air. LW C varies greatly with different fog types and evolutionary
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stages of fog (Houghton and Radford, 1938; Gerber, 1984). It is formulated as:

LW C = 4π

3
ρw

∫ ∞

0
n(r )r 3dr ×10−12 (2.25)

where LW C is in g ·m−3; ρw = 106 g ·m−3 is the density of water.
By combining Eq. (2.24) and Eq. (2.25), ka can be expressed in terms of LW C as:

ka = 6π ·LW C

ρwλ
Im(−K ) (2.26)

where ka is in m−1; LW C is in g ·m−3; λ is in m.
Substituting Eq. (2.26) into Eq. (2.21), and taking logarithm in both sides, we can

express the ka in units of dB/km as:

La = 2 ·0.4343 · 6π ·LW C

λ
Im(−K ) (2.27)

where La is the attenuation factor in dB/km; λ is the radar wavelength in cm; LW C is
the liquid water content in g ·m−3; the value 2 denotes the two-way integral of attenua-
tion. It can be seen from Eq. (2.27) that La in dB/km is proportional to the LW C , which
illuminates a way of estimating La from the LW C . Besides, La is also dependent on the
factors that are related to K , such as the frequency f and temperature T .

The attenuation factor of fog droplets La is also simulated in different frequency
ranges f < 100 GHz and 100 GHz < f < 1 THz at temperatures from −20◦C to 40◦C,
which is shown in Figure 2.6. The fog LW C is assumed as 0.02 g ·m−3, which is usually
smaller than the LW C in clouds and rains.

It is shown in Figure 2.6 that the La increases with increasing f and decreasing T in
both frequency ranges f < 100 GHz and 100 GHz < f < 1 THz. In the frequency range 100
GHz < f < 1 THz, the increase rate of La decreases with increasing f . When T is below
0◦C, the increase rate of La decreases with increasing f in both frequency ranges. It can
be found that the increase rate of La with increasing f has the same variations with the
increase rate of σa in the same range of frequencies and temperatures.

Besides the attenuation induced by fog droplets, the gaseous attenuation from oxy-
gen and water vapor also has to be considered. A simplified algorithm is used for approx-
imate estimation of gaseous attenuation in the frequency range 1-350 GHz for a limited
range of meteorological conditions and a limited variety of geometrical configurations
(Gibbins, 1986; Geneva, 1995). Figure 2.7 shows the total attenuation factor of gases Lg

in the frequency range 1-350 GHz at temperatures from −20◦C to 40◦C, where the water
vapor density is assumed as 7.5 g ·m−3. It can be seen from Figure 2.7 that the Lg reaches
maximum values at f = 60,183,325 GHz relative to the adjacent frequencies, indicating
that the gaseous attenuation can be quite large near these frequencies. Therefore, the
use of radars should avoid these frequencies for atmospheric measurements. Just like as
La , the Lg also increases with decreasing T , and roughly increases with increasing f if
eliminating the 3 strong frequency absorption bands.

The radar reflectivity Z , visibility V i s, and attenuation factor of fog droplets La are
all functions of the moments of DSD. DSD is an important parameter which specifies the
numbers and sizes of droplets in each sampling volume (Best, 1951; Baronti and Elzweig,
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(a)

(b)

Figure 2.6: The attenuation factor of fog droplets La in different frequency ranges f < 100 GHz (a) and 100 GHz
< f < 1 THz (b) at temperatures from −20◦C to 40◦C, where the fog LW C is assumed as 0.02 g ·m−3.

1973; Mallow, 1975). Given the DSD, the characteristic parameters of fog can be deter-



2.3. Scattering and extinction properties of fog

2

27

Figure 2.7: The attenuation factor of gases Lg in the frequency range 1−350 GHz at temperatures from −20◦C

to 40◦C, where the water vapor density is assumed as 7.5 g ·m−3.

mined. However, it is difficult to generalize the fog DSD due to the spatial and temporal
variations. For different types and life cycle stages of fog, the DSD is also different (Best,
1951; Eldridge, 1961; Baronti and Elzweig, 1973; Mallow, 1975). Many DSD measurement
and retrieval techniques have been proposed (Eldridge, 1957; Silverman et al., 1964; Gar-
land, 1971; Kunkel, 1971; Cerni, 1983; Brenguier et al., 1998; Miles et al., 2000; Brandes
et al., 2004a,b). Based on statistical analysis, the Gamma distribution is often used to
represent the fog DSD (Clark, 1974; Tampieri and Tomasi, 1976; Miles et al., 2000), which
is defined by:

n(r ) = N

Rv
n ·Γ(v)

· r v−1 ·e−
r

Rn ,r ≥ 0 (2.28)

where N is the total number concentration in cm−3; Γ(v) is the Gamma function; v and
Rn are the shape and scale parameters of the Gamma distribution.

The basic integrated quantities such as number concentration N , mean and effective
radius rm , re , standard deviation of radius about the mean radius σ, and liquid water
content LW C can also be determined if the DSD is known.

N =
∫ ∞

0
n(r )dr (2.29)

rm =
∫ ∞

0 n(r )r dr∫ ∞
0 n(r )dr

(2.30)

re =
∫ ∞

0 n(r )r 3dr∫ ∞
0 n(r )r 2dr

(2.31)



2

28 2. Fog and its characteristics

Figure 2.8: The DSD of a radiation fog observed at Cabauw, in the Netherlands on December 21-22, 2011. The
Gamma distribution is fit to the fog DSD with the least squares errors.

σ=
(∫ ∞

0 n(r ) · (r − rm)2dr

N

)1/2

(2.32)

LW C = 4π

3
ρw

∫ ∞

0
n(r )r 3dr ×10−12 (2.33)

where n(r ) is the drop size distribution in µm−1 · cm−3; N is the number concentration
in cm−3; rm , re are the mean and effective radius in µm; σ is the standard deviation of
radius in µm; LW C is the liquid water content in g ·m−3.

Figure 2.8 shows the DSD of a radiation fog which was observed at CESAR on De-
cember 21-22, 2011. CESAR is a large observatory site for atmospheric research in the
Netherlands, and it has carried out many research activities in atmospheric observa-
tion. The radiation fog was formed in the night before, and disappeared in the next early
morning. It lasted for nearly 7 hours. During the fog episode the visibility was reduced
to less than 100 m at a minimum.

The least squares method is used to fit the Gamma distribution to the DSD of the
radiation fog. It can be seen from Figure 2.8 that the DSD of the radiation fog can be
well represented by the Gamma distribution in the first several channels of the DSD. The
maximum number concentration is reached at r = 3.25 µm, which is termed as peak
radius, and there are hardly fog droplets with the sizes larger than 7 µm in radius.

2.4. Conclusion
This chapter mainly introduced the fog and its characteristics. Fog is meteorologically
defined on the visibility only. Normally, fog occurs when visibility is reduced to less than
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1 km. Dense fog and very dense fog are defined as visibility reduced to less than 200
m and 50 m. Mist is distinguished from fog with visibility between 1-5 km. In terms of
the various weather conditions for fog formation, fog can be divided into different types,
and each fog type has different dominant mechanisms in the life cycle stage. In this
chapter, we mainly introduced the commonly occurring fog types such as the radiation
fog, advection fog, evaporation fog, and stratus-lowering fog. The stratus-lowering fog
is the most frequently occurring type in the Netherlands, which has been observed and
documented at CESAR.

The scattering and extinction properties of fog are the basis for exploring fog-related
questions. According to the energy conservation theorem, the scattering can be divided
into backscattering and diffuse scattering, and absorption is a large part of the extinc-
tion. The backscattering cross section σb , scattering cross section σs , absorption cross
section σa , and extinction cross section σe were then defined to describe each part of
the energy interacting with the fog. Among the characteristic parameters of fog, radar
reflectivity Z is correlated to the backscattering, and visibility V i s, attenuation La are
correlated to the extinction. The extinction can be approximated as the absorption from
fog droplets because the scattering is too small compared to the absorption. Therefore,
the backscattering and absorption characteristics of fog were investigated over a large
range of frequency, temperature and droplet sizes. The simulation results showed that
the backscattering is positively correlated with the frequency, temperature and droplet
sizes, while the absorption is positively correlated with the frequency and droplet sizes,
but is negatively correlated with the temperature. Meanwhile, the frequency and tem-
perature also influence the increase rates of σb , σa with increasing frequency. The in-
crease rates of σb , σa increase with increasing frequency in the lower frequency range
f < 100 GHz, while in the higher frequency range 100 GHz < f < 1 THz, the increase
rate of σb still increases with increasing frequency but the increase rate of σa turns to
decrease with increasing frequency. The increase rate of σa is also affected by the tem-
perature. When the temperature is below 0◦C, the increase rate of σa will decrease with
increasing frequency in both frequency ranges.

Mie and Rayleigh scattering were compared for the calculation of σb , σa over a large
range of frequency, temperature and droplet sizes. It is found that for the fog droplets
with the sizes no more than 25 µm in radius, the differences between the Mie and
Rayleigh scattering formulatedσb ,σa are very small in the frequency range f < 300 GHz.
Therefore, the Rayleigh scattering can often replace the Mie scattering for the simple cal-
culation of the radar backscattering and absorption of the fog.

Three characteristic parameters of fog were then defined and formulated in Rayleigh
approximation. Radar reflectivity Z and visibility V i s, attenuation factor La are respec-
tively correlated to the radar backscattering and absorption of the fog. DSD is a signifi-
cant parameter that connects all the characteristic parameters. Once the DSD is deter-
mined, Z , V i s and La can be calculated. Most statistical analysis employs the Gamma
distribution as the fog DSD. The DSD of a radiation fog at CESAR was shown and repre-
sented by the Gamma distribution.





3
Fog measurements at CESAR in the

Netherlands

3.1. Introduction
CESAR is the Cabauw Experimental Site for Atmospheric Research which is affiliated
with the Royal Netherlands Meteorological Institute (KNMI) (Russchenberg et al., 2002).
The CESAR observatory is located in the western part of the Netherlands (51.97◦N ,
4.93◦E) in a rural spacious grassland. At this site a large number of instruments are op-
erated to study the atmosphere and its interaction with the earth. A large scope of re-
search work has been carried out at CESAR which includes the monitoring of long term
tendencies in atmospheric changes, the weather and climate modeling, the validation
of space-borne retrievals, and the development and implementation of new measure-
ment techniques (Russchenberg et al., 2005). Meanwhile, a great many universities and
research institutes have been attracted to proceed with research activities at CESAR and
have built up long-term cooperative relationships with CESAR. Generally speaking, there
are three sets of instruments at CESAR deployed for the integrated profiling of atmo-
sphere. They are tower-based in situ, ground-based in situ, and ground-based remote
sensing instruments. A synergy of the instruments can measure a wide range of ther-
modynamical, microphysical, and radiation parameters of the atmosphere (Driedonks
et al., 1978; Van Ulden and Wieringa, 1996,?).

A 213-m tower at CESAR is installed with in situ sensors at the 2-, 10-, 20-, 40-, 80-,
140-, and 200-m levels which measure the temperature, humidity, wind speed and di-
rection at these levels. The accuracies of temperature and humidity measurements are
0.1◦C and 1%. Meanwhile, the BSRN (Baseline Surface Radiation Network) at CESAR
supplies the radiative quantities between the atmosphere and the earth. The other active
instruments employed in the fog campaign include a FSSP (Forward Scattering Spec-
trometer Probe), a SMPS (Scanning Mobility Particle Sizer), a Vaisala FD12P probe, Biral
SWS-100 sensors, a cloud radar at 35 GHz, a ceilometer CT75, and a multi-wavelength
microwave radiometer (Monna and Van der Vliet, 1987). We are aimed to utilize the
synergy of the instruments to measure fog in conjunction, in order to obtain more in-
formation about the fog. The observed parameters with the relevant instruments will be
illustrated in the following section.

A comprehensive fog observation campaign was carried out at CESAR in the season
November 2011 - March 2012. It is the first time that complete fog cycles (formation and
dissipation) have been systematically measured in the Netherlands. During the fog cam-
paign, a great many in situ and remote sensing instruments were actively used to mea-
sure the thermodynamical and microphysical parameters of fog, and the microphysical
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Figure 3.1: The FSSP mounted at 60-m level of the CESAR tower.

processes of fog can be better understood from the analysis on the observed parameters.
In the season 2011 - 2012 there were 35 fog cases observed at CESAR, of which 23

cases are classified as stratus-lowering fog, 10 cases as radiation fog, 1 case as advection
fog, and 1 case is unknown. It was a pity that there was only one fog case occurred on
February 17-18, 2012 where all the instruments at CESAR were simultaneously working
for the measurements. Almost two thirds of the fog cases are developed from low clouds.
The reason could be humid subtropical oceanic air associated with warm sector or oth-
erwise with relatively stable high pressure/ridging situations was striking over a cooler
surface, a situation that is similar to the occurrence of sea fog.

This chapter introduces the measurement site in the Netherlands and addresses the
instruments for fog measurements. It is structured as follows: Section 2 describes the
measurement setup during the fog campaign at CESAR in the Netherlands; in Section
3, the meteorological radar equation is deduced with considering the atmospheric at-
tenuation, and the sensitivity of the 35 GHz cloud radar at CESAR is evaluated in fog
conditions; Section 4 is the conclusion of this chapter.

3.2. Measurement setup at CESAR
3.2.1. Fog DSD and FSSP
Fog DSD was measured by a FSSP which was installed at 60-m level of the CESAR tower.
The FSSP belongs to the class of OPC (Optical Particle Counter) instruments which de-
termine the sizes and numbers of particles by measuring the intensity of light that each
particle scatters when passing through a light beam (Dye and Baumgardner, 1984). The
range of particles measured by the FSSP at CESAR is between 3 - 46.5 µm in diameter,
and the size range is divided into 30 size bins with each 1.5 µm. Figure 3.1 shows the
FSSP mounted at 60-m level of the CESAR tower.

In addition, a SMPS was installed in the basement of the CESAR research facility to
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(a) (b)

Figure 3.2: The 213-m CESAR tower (a) and the Biral SWS-100 sensors (b) mounted on the tower.

measure the dry aerosol spectra (Boers et al., 2013). There was an aerosol inlet mounted
at 60-m level of the CESAR tower taking in the aerosols at this level which were piped
down to the SMPS. The range of particles measured by the SMPS is between 0.0025 - 1
µm in diameter.

3.2.2. Fog visibility and Biral SWS-100 sensors
Fog visibility was measured by Biral SWS-100 sensors which were installed at the 2-, 10-,
20-, 40-, 80-, 140-, and 200-m levels of the CESAR tower. The forward scatter measure-
ment principle and unique design of the SWS-100 ensure the visibility measurements
are accurate and reliable in all weather conditions and will not be influenced by the local
light sources (Li et al., 2015). The visibility resolution of the SWS-100 is 10 m and the
accuracy is 10% at the maximum. Meanwhile, the ground visibility has been measured
at the AWS (Automated Weather Station) of CESAR with a Vaisala FD12P probe. Figure
3.2 shows the 213-m CESAR tower and the Biral SWS-100 sensors mounted on the tower.

3.2.3. Fog reflectivity and cloud radar at 35 GHZ
Fog reflectivity was measured by a 35 GHz cloud radar at CESAR. The cloud radar is a
typical pulse Doppler radar which measured the fog in a so-called “fog mode”. Since
the cloud radar normally operates in zenith mode, it would yield no information about
the fog, because the first range gate of the cloud radar is still higher than the top of fog,
which in the Netherlands is normally lower than 200 m (Duynkerke, 1999). In order to
detect the fog, a light-weight aluminum reflector was placed above the antenna of the
radar, by which the radar beam is mirrored from vertical direction to 3.5◦ elevation. In
this way, the radar beam can adequately propagate in the fog so that the microphysical
structures of fog can be observed in detail. The “fog mode” was only operated when the
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Figure 3.3: The 35 GHz cloud radar at CESAR is being prepared for the “fog mode”.

fog conditions were deemed promising in the daily forecast, and the reflector was turned
back to its normal position after fog dissipated. In the “fog mode”, the minimum vertical
height that the radar can detect is 250·si n(3.5◦−0.34◦/2)+5 = 19.5 m, where 250 m is the
minimum detection range of the radar, 0.34◦ is the 3-dB beam width, 5 m is the height of
the antenna.

However, there are disadvantages in this mode of operation. One is that the radar sig-
nals will be contaminated by the ground clutter due to the antenna side lobes. The radar
echoes of fog are too weak to be distinguished from the ground reflections. Therefore,
the radar data are further processed by the Doppler technique to eliminate the ground
clutter. Normally, the radar data in the first two range gates are preferred not to be used.
Another disadvantage is that the radar range gate data are not well collocated with the
other in situ data in time and space. The radar measurements are taken over a certain
area, which does not fully coincide with the visibility or DSD measurement inlets. The
optimum measurement data are those that were taken at close levels in the same time
slots if all the source data are to be used in conjunction.

Figure 3.3 shows the 35 GHz cloud radar being prepared to operate in the “fog mode”,
and Figure 3.4 shows the layout of radar measurements during fog episodes.

In addition, a ceilometer CT75 was used to measure the backscatter profiles of fog
and to retrieve the heights of fog base. The ceilometer can detect up to three fog bases
every 30 seconds. Besides, a 14 channel microwave radiometer (HATPRO) was used to
measure the sky brightness temperature in the water vapor band (20-30 GHz) and the
oxygen band (50-60 GHz), from which the column integrated liquid water (LWP) and the
column integrated water vapor (IWV) of fog can be retrieved.

3.3. Sensitivity evaluation of the 35 GHz cloud radar for fog
measurements

In order to detect fog with the 35 GHz cloud radar, it is important to evaluate the radar
sensitivity in fog conditions (Smith, 1986). Table 3.1 lists the operational parameters of
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Figure 3.4: The layout of radar measurements during fog episodes.

the 35 GHz cloud radar in the “fog mode”.
The radar equation for a point target is expressed as (Skolnik, 1970):

Pr = Pt Gt Grλ
2σ

(4π)3R4 (3.1)

where Pr is received power; Pt is transmitted power; Gt is transmitted antenna gain; Gr

is received antenna gain; λ is the radar wavelength; σ is the radar cross section of the
point target; R is the distance between the radar and the target.

Fog column is regarded as a volume filled with plenty of water droplets. To account
for this, the radar cross section in Eq. (3.1) should be replaced with the sum of the radar
cross sections of all the distributed particles in the resolution volume.

σ=
N∑

i=1
σi (3.2)

where the sum is taken over all N particles in the resolution volume.
The range resolution volume V is given by (Skolnik, 1970):

V =πRθ

2

Rφ

2
∆R (3.3)

where θ and φ are the azimuth and elevation beamwidths; R is the distance between
the resolution volume and the radar; ∆R = cτ/2 is the range resolution, c is the speed of
light, τ is the pulse width.

In fact, not all of the transmitted power is contained in the 3-dB beamwidths, and
real radar antennas do not have such nicely behaved beam patterns. To account for the
power distribution in the mainlobe of antenna beams generated by the circular parabolic
reflectors used with most meteorological radars, Probert-Jones assumed a Gaussian
shape for the beam pattern, and the range resolution volume is corrected with a reduc-
tion factor as (Farina, 1992):

V = πR2θφcτ

8
· 1

2ln2
(3.4)

where 2ln2 is the correction for the Gaussian-shaped beam.
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Table 3.1: The operational parameters of the 35 GHz cloud radar in the “fog mode”

Radar Frequency 35 GHz
Transmit Power 200 W (maximun)
Antenna Gain 52 dBi± 1 dB

3-dB Beamwidth 0.34◦

Pulse Width 600 ns
Noise Figure 6.3 dB

Minimum Range 250 m
Maximum Range 3353 m

Radar Beam Elevation 3.5◦

Antenna Height 5 m

The radar cross sections in the range resolution volume can be written as the sum of
the individual radar cross sections in unit volume,

σ= ∑
uni t vol ume

σi ·V (3.5)

where η= ∑
ui nt vol ume

σi is the radar reflectivity in unit volume.

Therefore, the radar equation for the beam-filling meteorological targets can be ex-
pressed as:

Pr =
Pt G2λ2θφcτ

∑
ui nt vol ume

σi

1024ln2 ·π2R2 (3.6)

where Gt is assumed as equivalent to Gr .
Since fog droplets are too small compared to the radar wavelength, the Rayleigh ap-

proximation can be apply as:

σi =
π5|K |2D6

i

λ4 (3.7)

where Di is the diameter of the ith fog droplet; K = (m2 −1)/(m2 +2), m is the complex
refractive index. Normally, |K |2 is approximated as 0.93 for the liquid water and 0.197 for
the ice at centimeter wavelengths and temperatures between 0◦C and 20◦C.

Substitute Eq. (3.7) into Eq. (3.6), the radar equation is written as:

Pr =
π3Pt G2θcτ|K |2 ∑

ui nt volume
D6

i

1024ln2 ·λ2R2 (3.8)

Radar reflectivity factor is the sum of 6th moment of the diameter over all the droplets
in a unit volume, which is expressed as:

Z =
N∑

i=1
D6

i (3.9)
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Substitute Eq. (3.9) into Eq. (3.1), and include the radar system loss ls in the radar
equation,

Pr = π3Pt G2θφcτ|K |2Z

1024ln2 ·λ2R2ls
(3.10)

It should be noted that the atmospheric losses have to be considered for millimeter-
wave radars. Compared to the attenuation by fog droplets, the gaseous attenuation
would be very small which is often neglected in the radar equation. In Rayleigh ap-
proximation, the attenuation by fog droplets la is a linear function of the distance, radar
wavelength and liquid water content of fog, which is expressed in linear units as:

la = e2R· 6π·LW C
ρwλ

Im(−K ) (3.11)

where λ is the radar wavelength in m; LW C is the liquid water content in g ·m−3; ρw =
106 g ·m−3 is the density of water; K is related to the complex refractive index; the value
2 denotes the two-way attenuation.

To distinguish the radar- and meteorological targets-dependent parameters, the
radar equation can be simplified as:

Pr = C |K |2Z

R2 ·e2R· 6π·LW C
ρwλ

Im(−K )
(3.12)

where C = π3Pt G2θφcτ
1024ln2λ2ls

is the intrinsic radar constant; Z is the radar reflectivity which

depends on the DSD under Rayleigh approximation.
The noise power of radar Pn is given by:

Pn = kB T B (3.13)

where kB is Boltzman’s constant, 1.38×10−23 W /(H z ·K ); T is the receiver noise temper-
ature in K ; B is the receiver noise bandwidth in H z. For a pulse radar, the receiver filter
is always matched to the pulse width as B ≈ 1/τ, where τ is the pulse width.

Signal to Noise Ratio (SNR or S/N) is the standard measure of a radar’s ability to de-
tect a given target at a given range from the radar, which is defined as the ratio of the
received power to the noise power.

The SNR for distributed meteorological targets is expressed as:

SN R = Pr

Pn
= C

′
τ2|K |2Z

R2 ·e2R· 6π·LW C
ρwλ

Im(−K ) ·kB T
(3.14)

where C
′ = π3Pt G2θφc

1024ln2λ2ls
is the radar constant excluding τ. It can be seen from Eq. (3.14)

that the matter of improving the SNR is to increase the τ. The dependence of SNR on τ2

for distributed targets is different from the point target with the linear dependence on τ

(2E/N0 = 2Ptτ/N0) (Skolnik, 1970).
Coherent and non-coherent integration techniques are used in the post signal pro-

cessing to improve the SNR. Typically, the SNR will be improved by a factor of Ncoh ·
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Figure 3.5: Evaluation of the radar sensitivity in fog conditions: the maximum detection range of the radar
Rmax versus the corresponding radar reflectivity Z , where the blue and red lines represent the results of sen-
sitivity calculation for the single and multiple pulse detection respectively.

√
Nnon−coh , where Ncoh and Nnon−coh are the number of coherent and non-coherent

averages respectively (Richards, 2005). The SNR for multiple pulse detection is:

SN R
′ = SN R ·Ncoh ·

√
Nnon−coh (3.15)

where SNR is for single pulse detection in Eq. (3.14).
With the operational parameters provided in Table 3.1, the sensitivity of the 35 GHZ

cloud radar is evaluated in fog conditions. In the sensitivity calculation, the radar system
loss is set as 7 dB ; the fog LW C is assumed as 0.025 g ·m−3 for all the attenuation correc-
tion, which is the average LW C derived from the DSD data at CESAR and it corresponds
to a reflectivity value Z = −46.3 dB Z ; K is calculated based on the single Debye model
at f = 35 GHz and T = 5◦C. For the multiple pulse integration, Ncoh = 128 points FFT
is used in the coherent spectral analysis, Nnon−coh = 18 is the number of non-coherent
averaged spectra.

The maximum detection range of the radar Rmax is determined at SNR = 0 dB where
the received power of the radar is just equal to the noise power. Figure 3.5 shows the
Rmax versus the corresponding radar reflectivity Z , where the blue and red lines rep-
resent the results of sensitivity calculation for the single and multiple pulse detection
respectively.

It can be seen from Figure 3.5 that the SNR is largely improved by over 27 dB with
the multiple pulse detection. At maximum range R = 3.353 km, the radar can measure
the fog with a reflectivity as low as -37 dB Z . Normally, the fog reflectivity will not exceed
-25 dB Z even with visibility less than 100 m, and will not be lower than -60 dB Z with
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visibility close to 1 km, which will be shown with the fog cases at CESAR in the following
chapters. In turn, the fog with a reflectivity lower than -37 dB Z would not be detectable
by the radar beyond the maximum range R = 3.353 km. Therefore, the radar sensitivity
needs to be further improved in order to guarantee that most fogs can be detected by the
35 GHz cloud radar at required maximum range.

3.4. Conclusion
This chapter first introduced the fog measurement site in the Netherlands. CESAR has
been playing an important role in executing a large scope of research activities in the at-
mosphere. A fog field campaign was carried out in the season 2011 - 2012, and a number
of in situ and remote sensing instruments were actively used in the fog measurements.
It is the first time that the 35 GHz cloud radar at CESAR has been used for fog measure-
ments in the Netherlands, though the radar was operated in the “fog mode” for only a
couple of days. There were 35 fog cases measured at CESAR, but not all the instruments
were simultaneously working on the same days, which has increased the difficulties in
probing the fog with limited instruments.

Next, the active in situ and remote sensing instruments deployed in the fog campaign
were introduced, especially the 35 GHz cloud radar operated in the “fog mode”. A reflec-
tor was put above the antenna of the radar, by which the radar beam is deflected from
vertical direction to 3.5◦ elevation. In this way, the radar beam can sufficiently propagate
in the fog and probe the fog in detail.

In order to test the detection capability of the radar in fog conditions, the radar
sensitivity was evaluated. The maximum detection range of the radar was calculated
against the radar reflectivity based on the “fog mode” parameters. The results of sensi-
tivity calculation show that the “fog mode” radar can measure the fog at maximum range
R = 3.353 km with the corresponding reflectivity as low as -37 dB Z . However, the radar
sensitivity still needs to be further improved with considering the fact that the fog may
have even lower reflectivity at required maximum range.





4
Vis, Z parameterization models

4.1. Introduction
Visibility (V i s) and radar reflectivity (Z ) are the key parameters to describe the fog in-
tensity. It is typical that dense fogs have low visibility and high reflectivity, and vice versa
for light fogs. At CESAR, V i s is measured by the tower-based in situ visibility sensors at
2-, 10-, 20-, 40-, 80-, 140-, and 200-m levels. The V i s at ground has been measured at
the AWS (Automated Weather Station) of CESAR since 2007. The Z of water clouds is
measured by the vertical pointing cloud radar at 35 GHz, and the vertical velocities and
spectral width are also obtained in full Doppler mode. During the fog measurements at
CESAR, the radar beam was mirrored by a reflector from vertical direction to 3.5◦ eleva-
tion so that the lower fog layers can be detected by the radar. The fog intensity can be
reflected by the Z values, which will not exceed -25 dB Z with visibility less than 100 m,
and will not be lower than -60 dB Z with visibility close to 1 km (Hamazu et al., 2003).
The terminal velocities of fog droplets are too small to be detected by the radar and they
often flow with the winds.

Since V i s and Z are related to the 2nd and 6th moments of DSD, they can be param-
eterized in terms of other basic integrated quantities such as the number concentration
N , the mean and effective radius rm , re , and the liquid water content LW C . In this way,
V i s and Z can be retrieved from N , rm , re , LW C or their combinations. In literature,
there are a number of empirical V i s and Z parameterizations which are based on lim-
ited measurements. The empirical parameterized V i s and Z can be compared with the
measured and DSD-derived V i s and Z . On one hand, the accuracies of the V i s, Z pa-
rameterizations can be testified from the comparisons (Zhang et al., 2014). On the other
hand, the correct operation of the instruments such as the in situ visibility sensors, cloud
radar, and FSSP can be verified.

V i s and Z can also be linked via the combinations of various V i s, Z parameteri-
zations. However, the modeling of V i s − Z relations are each based on limited, rather
homogeneous measurement conditions, but between them various fog types and evo-
lutionary stages vary. To account for this, the V i s −Z relation can be modeled based on
an assumed DSD. Since the Gamma distribution is often used to represent the fog DSD,
we can derive a Gamma-based V i s − Z relation. The Gamma-based V i s − Z relation
depends on the shape and scale parameters of the Gamma distribution.

In order to compare the various empirical V i s, Z parameterizations and the various
V i s−Z relations, the dataset of one fog case from CESAR is used and this is the only one
fog case where all the instruments including the in situ visibility sensors, 35 GHz cloud
radar, and FSSP were simultaneously working on that day.
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This chapter applies the various V i s, Z parameterizations and V i s−Z models to the
dataset of one fog case from CESAR. It is structured as follows: Section 4.2 sums up the
various empirical V i s, Z parameterizations, and compares them based on the fog case
data from CESAR; Section 4.3 follows up with the various V i s−Z relations resulting from
the combinations of empirical V i s, Z parameterizations, and a Gamma-based V i s − Z
relation is modeled based on an assumed Gamma-shaped DSD. The various V i s − Z
relations are also applied to the fog case data from CESAR; Section 4.4 is the conclusion
of this chapter.

4.2. Empirical Vis, Z parameterization models
4.2.1. Empirical Vis parameterizations
Since V i s is usually connected with the extinction (Nebuloni, 2005), the relation be-
tween LW C and the extinction of fog needs to be first considered. Then the derived
relation can be formally converted into the form of V i s −LW C using Koschmieder’s vis-
ibility law (Koschmieder, 1925).

Eldridge (1966) suggested an empirical relation of the form as:

βext = aLW C b (4.1)

where βext is extinction coefficient in km−1; LW C is in g · m−3. The constants a, b
are supposed to be determined from the experimental measurements of extinction and
LW C .

Eldridge (1966) derived the best-fit parameter values a = 163, b = 0.65 for “stable and
evolving” fogs based on the fog DSD measurements with droplet size ranging from 0.6
- 16 µm diameter. Later, they modified the relation with a = 91, b = 0.65 by extending
the upper limit of the fog DSD measurements (Eldridge, 1971). Pinnick et al. (1979) col-
lected fog DSD data at different heights of fog using a PMS-CSAS (Particle Measurement
Systems-Classical Scattering Aerosol Spectrometer) mounted on a tethered balloon and
arrived at values a = 145, b = 0.63. Tomasi and Tampieri (1976), using modified gamma
size distribution models derived from empirical size spectra of fog droplets, arrived at
the similar relation for two types of fog with different a, b values, where a = 65, b = 2/3
for “wet and warm” fogs, and a = 115, b = 2/3 for “dry and cold” fogs.

Considering all of the relationships were derived from either incomplete distribu-
tions or limited datasets, Kunkel (1984) re-examined the βext −LW C relation using over
1400 fog droplet spectra measurements from 11 fog cases measured with the AFGL’s
Weather Test Facility (WTF) at Otis Air National Guard Base, Massachusetts. Taking all
the data at 5-m and 30-m levels from each case and correlating them, a meanβext −LW C
relation was derived as:

βext = 144.7LW C 0.88 (4.2)

where βext is extinction coefficient in km−1; LW C is in g ·m−3. Kunkel’s βext − LW C
relation in Eq. (4.2) has been applied in many fog microphysical parameterizations for
numerical weather prediction (NWP) models (Gultepe et al., 2006b).

Various empirical V i s−LW C relations can be derived from the βext −LW C relations
using Koschmieder’s visibility law. In such a way, Gultepe et al. (2006b) arrived at a V i s−
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LW C relation which results from Kunkel’s βext −LW C relation,

V i s = 0.027LW C−0.88 (4.3)

where V i s is in km; LW C is in g ·m−3. Kunkel & Gultepe’s V i s −LW C relation is com-
monly used for V i s parameterization in many operational forecast models.

Early studies also suggested that V i s is indirectly related to droplet number concen-
tration N . Meyer et al. (1980) showed that V i s is a function of N and it varies with fog
intensity, which is given by:

V i s = aN b (4.4)

where V i s is in km; N is in cm−3. a = 120, b =−0.77 for light fogs, and a = 80, b =−1.1
for heavy fogs. Light fogs were defined as V i s less than 1 km, and dense fogs were defined
as V i s between 1 - 5 km.

Gultepe et al. (2006b) derived a similar relation with a = 44.989, b = −1.1592 using
the DSD measurements. The variations in a, b indicate that V i s is not a function of N
only, and more parameters should be involved to improve the accuracy of V i s parame-
terization.

The early studies on LW C −N relations showed that there is usually a large variabil-
ity on N for a given LW C (Gultepe et al., 1996; Gultepe and Isaac, 2004). Gultepe et al.
(2006b) also found that N can vary from a few droplets per volume to several hundred for
a fixed LW C , which suggests that V i s should be a function of both LW C and N . In fact,
increasing LW C or N will lead to the decrease of V i s. Using the fog DSD measurements
from the FSSP during the RACE (Radiation and Aerosol Cloud Experiment) project, Gul-
tepe et al. (2006b) derived a best-fit V i s −LW C −N relation,

V i s = 1.002

(LW C ·N )0.6473 (4.5)

where V i s is in km; LW C is in g ·m−3; N is in cm−3. The V i s parameterization in Eq. (4.5)
has been proved to improve the V i s accuracy up to 50% in forecast models.

Moreover, effective radius re is a weighted mean of the size distribution of droplets,
which is defined as the ratio of the 3r d to the 2nd moment of DSD.

re =
∫ ∞

0 n(r )r 3dr∫ ∞
0 n(r )r 2dr

(4.6)

By definition, LW C and V i s are related to the 3rd and 2nd moments of DSD, and
therefore the numerator and denominator in Eq. (4.6) can be replaced with LW C and
V i s respectively. In this way, a theoretical V i s −LW C − re relation can be deduced as:

V i s = −2ln(0.05) · re

3 ·LW C
·10−3 (4.7)

where V i s is in km; LW C is in g ·m−3; re is in µm.
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4.2.2. Empirical Z parameterizations
Since Z and LW C are functions of the 6th and 3rd moments of DSD, in principle, it is
possible to link Z to LW C , and to derive Z from LW C . Early studies derived Z −LW C
relations from DSD measurements, though droplet spectra are usually incomplete or
limited. Atlas (1954) proposed a Z −LW C relation in clouds in the form of

Z = aLW C b (4.8)

where a = 0.048, b = 2. Z is in mm6/m3; LW C is in g ·m−3.
Later on, Sauvageot and Omar (1987) found a similar relation in cumulus and stra-

tocumulus clouds with a = 0.03, b = 1.31 based on the DSD measurements from air-
borne particle probes. Their Z − LW C relation is only valid up to a reflectivity of -15
dB Z , above which drizzle will be present and may dominate the radar reflectivity. Fox
and Illingworth (1997) derived a similar relation in stratocumulus clouds with a = 0.012,
b = 1.16 based on the DSD measurements, which was not fully represented by the
Gamma distribution in consideration of the coexistence of drizzle in clouds.

The different values of a, b are due to the variations of droplet spectra. It is not easy
to establish a unique relationship between Z and LW C , since the DSD cannot be accu-
rately parameterized without additional information about the specific regimes within
the clouds/fogs. Different fog types or evolutionary stages of fog would have different
relationships between Z and LW C .

However, the Z −LW C relation can still be simulated with an assumed DSD. Maier
et al. (2012) deduced a Z −LW C relation in natural fogs assuming a prognostic modified
Gamma distribution, which is given by:

Z = 3

4πρw

Γ(α+7
γ )

Γ(α+4
γ )

b− 3
r ×106 ·LW C (4.9)

where Z is in mm6/m3; LW C is in g ·m−3; ρw = 106 g ·m−3 is the water density. The
modified Gamma distribution is parameterized as n(r ) = arαexp(−br γ), a is an integer
and the intercept of the distribution, α, b, γ are the parameters controlling the shape
and slope of the distribution. This Z −LW C relation strongly depends on the DSD which
is hardly known for natural fog types. Furthermore, the sensitivity of the influence of
DSD parameters on the Z − LW C relation has to be considered for different fog types
and evolutionary stages of fog.

In analogy with the V i s parameterization, Z should not be a function of LW C only.
Using the DSD measurements of a marine fog event during the FRAM project, Gultepe
et al. (2009) derived an empirical Z −LW C − re relation as:

Z =−176.7314 · (LW C · r 2
e )−0.026344 +135.6197 (4.10)

where Z is in dB Z ; LW C is in g ·m−3; re is in µm.

4.2.3. Comparison of various Vis, Z parameterizations
In this part, various V i s and Z parameterizations are compared based on the dataset of
one fog case that was collected by the in situ and remote sensing instruments synergy at
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CESAR. The fog event occurred during February 17-18, 2012 which originated from low
stratus clouds consistently lowering to the ground. Visibility first reduced below 1 km
at 22:20:00 UTC 17-02-2012 until 03:43:00 UTC 18-02-2012 when the clouds lifted and
visibility increased to 1 km. All the instruments including the 35 GHz cloud radar, in situ
visibility sensors, and FSSP were simultaneously operated for fog measurements during
this period.

Figure 4.1 plots the temporal evolution of V i s during fog episodes on February 17-
18, 2012. V i s was measured by the tower-based in situ visibility sensors at 2-, 10-, 20-,
40-, 80-, 140-, and 200-m levels. Fog DSD was measured by the FSSP mounted at 60-m
level of the CESAR tower. In order to reduce the sampling deviations at different levels,
the V i s measured by the 40-m visibility sensor is compared with the DSD-derived V i s
at 60 m, and they coincide well during fog episodes, which is shown in Figure 4.1. The
red line represents the V i s measured by the 40-m visibility sensor, and the blue line
represents the V i s derived from the DSD measurements of the FSSP. Their fairly good
match indicates that the in situ visibility sensor and the FSSP were operated well and
that the fog droplets are small enough to be considered in the Rayleigh region. However,
we can also see that the measured V i s (red line) began to increase faster than the DSD-
derived V i s (blue line) at 02:07:00 UTC 02-18-2012, which is due to the fact that the
lifting clouds first passed through the visibility sensor at 40 m and then passed through
the 60-m level FSSP in the dissipation stage of fog.

Meanwhile, the empirical V i s parameterizations in terms of LW C , N are also plotted
in Figure 4.1 based on the same measurement data, where LW C , N are derived from
the DSD. It can be seen from Figure 4.1 that Gultepe’s V i s parameterization in Eq. (4.5),
which is represented by the green line, fits better to the V i s measurements than Kunkel
& Gultepe’s V i s parameterization in Eq. (4.3) represented by the black line. In theory,
V i s and LW C are related to the 2nd and 3rd moments of DSD, and N is the total droplet
concentration in unit volume. Therefore, involving N in the V i s parameterization can
increase the accuracy of V i s estimate, which is shown by Gultepe’s V i s parameterization
in Figure 4.1.

Analogically, the temporal evolution of Z during fog episodes on February 17-18,
2012 is plotted in Figure 4.2. In order to derive V i s − Z relation from the measurement
data, we have to use the V i s and Z measured at close height. Therefore, the Z in the
8th range gate (about 40 m in height) measured by the 35 GHz cloud radar is compared
with the DSD-derived Z at 60 m, and they coincide well during fog episodes. The red line
represents the measured Z in the vicinity of 40 m level, and the blue line represents the
DSD-derived Z . Their fairly good match indicates that the radar was calibrated properly
for the fog measurements. As fog droplets have a very small backscatter cross section,
sometimes they might not be detected by the radar, and some of them are “lost” due
to the cloud-masking processing of the radar, so the measured Z are not continuous as
shown by the red line in Figure 4.2. Due to the limitation of radar sensitivity, the mea-
sured Z can only get to as low as about -48 dB Z which is higher than most of the DSD-
derived Z . In addition, FSSP can only measure the fog droplets over the size range from 3
- 46.5 µm in diameter, however the fact is there are many fog droplets distributed below
3 µm that cannot be measured but might play an important role in the V i s reduction
and Z increase (Elias et al., 2009). This results in the phenomenon that the DSD-derived
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Figure 4.1: Temporal evolution of V i s during fog episodes on February 17-18, 2012. The measured V i s
at 40 m (red) coincides well with the DSD-derived V i s at 60 m (blue). Gultepe’s V i s parameterization
V i s = 1.002/(LW C · N )0.6473 (green) fits better to the V i s measurements than Kunkel & Gultepe’s V i s =
0.027LW C−0.88 (black).

V i s is always higher than the measured V i s while the DSD-derived Z is lower than the
measured Z , which is shown in Figure 4.1 and Figure 4.2.

The empirical Z parameterizations in terms of LW C , re are also plotted in Figure
4.2 based on the same measurement data, where LW C , re are derived from the DSD. It
can be seen from Figure 4.2 that Atlas’s Z parameterization in Eq. (4.8) with a = 0.048,
b = 2 and Gultepe’s Z parameterization in Eq. (4.10), which are represented by the green
and cyan line, fit better to the Z measurements than Sauvageot & Omar’s and Fox &
Illingworth’s Z parameterizations which are represented by the black and magenta line.
In theory, Z and LW C are related to the 6th and 3rd moments of DSD, and therefore
the second power of LW C would better parametrize the Z , which conforms to Atlas’s Z
parameterization. Furthermore, involving re in the Z parameterization can increase the
accuracy of Z estimate, which is shown by Gultepe’s Z parameterization in Figure 4.2.

4.3. Modeling of Vis-Z relation
Various empirical V i s−Z relations can be derived by combining the V i s−LW C relations
with the Z −LW C relations above. Kunkel & Gultepe’s V i s −LW C relation is combined
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Figure 4.2: Temporal evolution of Z during fog episodes on February 17-18, 2012. The measured Z in
the 8th range gate (red) coincides well with the DSD-derived Z at 60 m (blue). Atlas’s Z parameterization
Z = 0.048LW C 2 (green) and Gultepe’s Z parameterization Z = −176.7314 · (LW C · r 2

e )−0.026344 + 135.6197
(cyan) fit better to the Z measurements than Sauvageot & Omar’s Z = 0.03LW C 1.31 and Fox & Illingworth’s
Z = 0.012LW C 1.16 (magenta). It should be noted that some of the measured Z are “lost” due to the cloud-
masking processing of the radar, so the measured Z are not continuous as shown by the red line.

with Atlas’s, Sauvageot & Omar’s, Fox & Illingworth’s Z −LW C relations respectively, re-
moving LW C in each combination,

V i s = 0.0071Z−0.44 (4.11)

V i s = 0.0026Z−0.6718 (4.12)

V i s = 9.423 ·10−4Z−0.7586 (4.13)

where V i s is in km; Z is in mm6/m3.
Various empirical V i s − Z − N relations are derived by combining Gultepe’s V i s −

LW C −N relation with Atlas’s, Sauvageot & Omar’s, Fox & Illingworth’s Z −LW C relations
respectively, and removing LW C in each combination,

V i s = 0.375

Z 0.3265N 0.6473 (4.14)

V i s = 0.1772

Z 0.4941N 0.6473 (4.15)
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Table 4.1: Derivation of various Vis-Z and Vis-Z-N relations by combining Vis-LWC and Vis-LWC-N relations
(top row) with Z-LWC relations respectively (left column)

Z

V i s V i s = 0.027LW C−0.88

(Kunkel & Gultepe)
V i s = 1.002

(LW C ·N )0.6473

(Gultepe)

Z = 0.048LW C 2

(Atlas)
V i s = 0.0071Z−0.44

(magenta solid line)
V i s = 0.375

Z 0.32365N 0.6473

(magenta dash line)

Z = 0.03LW C 1.31

(Sauvageot & Omar)
V i s = 0.0026Z−0.6718

(cyan solid line)
V i s = 0.1772

Z 0.4941N 0.6473

(cyan dash line)

Z = 0.012LW C 1.16

(Fox & Illingworth)
V i s = 9.423 ·10−4Z−0.7586

(green solid line)
V i s = 0.0849

Z 0.558N 0.6473

(green dash line)

V i s = 0.0849

Z 0.558N 0.6473 (4.16)

where V i s is in km; Z is in mm6/m3; N is in cm−3.
The empirical V i s − Z and V i s − Z −N relations above are applied to the measure-

ment data during the fog event on February 17-18, 2012, which is show in Figure 4.3. It
should be noted that the Z in the V i s−Z and V i s−Z −N relations have a large range of
linear values, which is therefore expressed in units of dB Z in figures for compactness. In
Figure 4.3, the red dots denote V i s measured by the 40-m visibility sensor versus Z mea-
sured by the radar, and the blue dots denote V i s versus Z both derived from the mea-
sured DSD. The magenta, cyan, green solid lines represent the derived empirical V i s−Z
relations in Eq. (4.11) - Eq. (4.13), and the magenta, cyan, green dash lines represent the
derived empirical relations in Eq. (4.14) - Eq. (4.16) with a constant N = 200 ·cm−3 which
is the average number concentration during the fog period acquired from the FSSP. It
can be seen from Figure 4.3 that the magenta dash line, representing the combination
of Gultepe’s V i s and Atlas’s Z parameterizations, achieves the best fitting results to the
measurement data, because Gultepe’s V i s and Atlas’s Z parameterizations have closer
approximation to the V i s and Z measurements than the others’ as shown in Figure 4.1
and Figure 4.2. The various empirical V i s − Z and V i s − Z −N relations in Eq. (4.11) -
Eq. (4.16) are listed in Table 4.1.

However, the modeling of V i s−Z and V i s−Z −N relations above are each based on
limited, rather homogeneous measurement conditions, but between them various fog
types and evolutionary stages vary. To account for this, the V i s−Z relation can be mod-
eled based on an assumed DSD, since V i s and Z are related to the 2nd and 6th moments
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Figure 4.3: Comparison of various V i s − Z and V i s − Z −N relations based on the measurement data during
the fog event on February 17-18, 2012. The red dots denote V i s measured by the 40-m visibility sensor versus
Z measured by the radar, and the blue dots denote V i s versus Z both derived from the measured DSD. The
magenta, cyan, green solid lines represent the empirical V i s−Z relations in Eq. (4.11) - Eq. (4.13) by combining
Kunkel & Gultepe’s V i s−LW C relation with Atlas’s, Sauvageot & Omar’s, Fox & Illingworth’s Z −LW C relations
respectively, and the magenta, cyan, green dash lines represent the empirical V i s−Z−N relations in Eq. (4.14) -
Eq. (4.16) by combining Gultepe’s V i s −LW C −N relation with Atlas’s, Sauvageot & Omar’s, Fox & Illingworth’s
Z −LW C relations respectively with a constant N = 200 cm−3. The black dash line represents the Gamma-
based V i s − Z model V i s · Z = −64lnε/2π ·R4

n ·Γ(v +6)/Γ(v +2) ·10−9 best-fitting to the measurements with
the best-fit parameter values v = 2, Rn = 0.8, and the black solid line represents the exponential V i s−Z model
best-fitting to the measurements with the best-fit parameter values a = 0.0015, b =−0.5157.

of DSD. The Gamma distribution is often used to represent the fog DSD as (Tampieri and
Tomasi, 1976):

n(r ) = N

Rv
n ·Γ(v)

· r v−1 ·e
−

r

Rn ,r ≥ 0 (4.17)

where N is the total number concentration; Γ(v) is the Gamma function; v and Rn are
the shape and scale parameters of the Gamma distribution.

Substituting Eq. (4.17) into the V i s, Z definition formulas and combining, a Gamma-
based V i s −Z relation can be modeled as:

V i s ·Z = −64lnε

2π
·R4

n · Γ(v +6)

Γ(v +2)
·10−9 (4.18)

where ε is the threshold of contrast with human eyes and normally sets to 0.05; V i s is
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Figure 4.4: The estimated from the Gamma-based V i s − Z model (black dots) and the exponential V i s − Z
model (blue dots) are plotted against the V i s measurements during the fog event on February 17-18, 2012,
where the measured V i s, Z and the DSD-derived V i s, Z are simultaneously used in both models.

in km; Z is in mm6/m3. As shown in Eq. (4.18), the Gamma-based V i s − Z model is
dependent on the shape and scale parameters of the Gamma distribution v and Rn .

The Gamma-based V i s − Z model is also applied to the measurement data during
the fog event on February 17-18, 2012. Using the least squares method, the best-fit pa-
rameter values in Eq. (4.18) can be estimated as v = 2, Rn = 0.8, which is plotted as the
black dash line in Figure 4.3. It is shown that the Gamma-based V i s − Z model fits not
well with the measurements due to the limitation of the Gamma distribution.

An exponential V i s−Z model can be deduced by using the regression analysis to the
measurement data, which is shown as the black solid line in Figure 4.3,

V i s = a ·Z b (4.19)

where V i s is in km; Z is in mm6/m3. a = 0.0015, b =−0.5157 are the best-fit parameter
values which are estimated from the measurement data during the fog event on February
17-18, 2012.

It is shown in Figure 4.3 that the exponential V i s − Z model as in Eq. (4.19) with
a = 0.0015, b = −0.5157 fits better to the measurements than the other models for the
fog event on February 17-18, 2012, though a, b will vary for different fog events.
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The empirical V i s − Z −N relation in Eq. (4.14) is derived by combining individual
and limited measurements which were taken in different conditions, so we only compare
the Gamma-based V i s − Z model and the exponential V i s − Z model in terms of the
estimated accuracy of V i s. In Figure 4.4 the V i s estimated from these two models are
plotted against the V i s measurements during the fog event on February 17-18, 2012,
where the measured V i s, Z and the DSD-derived V i s, Z are simultaneously used in
both models. The V i s estimates are based on available Z measurements. It is shown
in Figure 4.4 that the V i s estimated from the exponential V i s − Z model is much closer
to the V i s measurements than that estimated from the Gamma-based V i s − Z model,
which indicates that the exponential V i s − Z model results in a higher accuracy of V i s
estimate than the Gamma-based V i s −Z model.

It can be seen from Figure 4.4 that although the exponential V i s−Z model can better
estimate V i s from Z measurements than the Gamma-based V i s−Z model, the estimate
errors are still large because of the instability of the model using single parameter for
estimation. By referring to the V i s and Z parameterizations in terms of N , rm , re , LW C
or their combinations, the estimated accuracy of V i s in the V i s −Z models should also
be improved with more microphysical parameters such as N or LW C adding into the
current models. Based on this, we are able to develop a new V i s estimate model and it
will compare with the Gamma-based V i s−Z model and the exponential V i s−Z model
based on various types of datasets, which will be elaborated in the following chapter.

4.4. Conclusion
This chapter indicated V i s and Z as the key parameters to describe the fog intensity.
Various empirical V i s, Z parameterizations in terms of N , rm , re , LW C or their com-
binations were first summed up, then the parameterized V i s, Z were compared with
the measured and DSD-derived V i s, Z based on the dataset of a stratus-lowering fog
case from CESAR. This is the only one fog case where all the instruments including the
in situ visibility sensors, 35 GHz cloud radar, and FSSP were simultaneously working on
that day. Although there is inevitable spatial variability between the in situ visibility sen-
sors and FSSP, the V i s measured by the 40-m visibility sensor agreed fairly well with the
DSD-derived V i s at 60 m, which indicates the correct operation of the instruments and
the applicability of Rayleigh scattering regime for the fog droplets. Identically, the good
agreement of the Z in the 8th range gate (40 m in height) measured by the 35 GHz cloud
radar with the DSD-derived Z at 60 m indicates that the radar was calibrated well for
the fog measurements. Meanwhile, it has been verified that Gultepe’s V i s −LW C − N
relation results in a higher accuracy of V i s estimate than Kunkel & Gultepe’s V i s −LW C
relation which parametrized V i s in terms of LW C only, and Atlas’s Z −LW C relation and
Gultepe’s Z −LW C − re relation result in better Z estimates.

Various V i s − Z and V i s − Z −N relations can be derived by combining the various
V i s and Z parameterizations. The derived V i s−Z and V i s−Z−N relations were applied
to the same dataset as in the V i s and Z parameterizations. Meanwhile, a Gamma-based
V i s − Z model was derived based on an assumed Gamma-shaped DSD. An exponential
V i s−Z model was deduced by using the regression analysis to the dataset. All the V i s−
Z models were plotted in the same figure, and it has been shown that the exponential
V i s−Z model V i s = a ·Z b with the best-fit parameter values a = 0.0015, b =−0.5157 fits
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better to the measurements than the other models for the fog event on February 17-18,
2012. It should be noted that a, b will vary for different fog events.

In the end, we pointed out that a new V i s estimate model can be developed with
more microphysical parameters such as N or LW C adding into the current exponential
V i s−Z model. The new V i s estimate model will compare with the Gamma-based V i s−
Z model and the exponential V i s − Z model based on various types of datasets, which
will be discussed in detail in the following chapter.



5
A novel radar-based visibility estimator

5.1. Introduction
As indicated in chapter 4, the exponential V i s − Z model V i s = a · Z b can result in a
higher accuracy of V i s estimate than the other models, though a, b are not uniform for
various fog cases. However, the estimate errors are still large because of the instability
of the exponential V i s − Z model using only Z for V i s estimate. By referring to the
V i s and Z parameterizations in terms of N , re , LW C or their combinations, Gultepe’s
V i s −LW C − N relation can derive better V i s estimates than the V i s −LW C relation,
and Gultepe’s Z −LW C − re relation can derive better Z estimates than the simple Z −
LW C relation. Therefore, the estimated accuracy of V i s can be improved by adding more
microphysical parameters such as N , LW C or re into the exponential V i s − Z model.
Meanwhile, it should be noted that the complexity of the model will be also increased
with more parameters involved.

Since both V i s and Z can be parameterized in terms of LW C , a further development
of the exponential V i s − Z can be investigated with the inclusion of LW C . As LW C is
proportional to the attenuation factor of radar La at a given frequency, it can be substi-
tuted by the La in the new V i s estimator model. In this way, the new V i s−Z −La model
can estimate V i s from radar reflection and attenuation only.

In order to test the robust performance of the new V i s−Z −La model, various types
of datasets are used. The datasets are partly from literature and partly from CESAR.
Meanwhile, the new V i s − Z −La model is compared with the Gamma-based V i s − Z
model and the exponential V i s −Z model based on the datasets. The goodness of fit for
the three models are summarized.

This chapter introduces a new V i s estimator model and validates it with various
types of datasets. It is structured as follows: Section 5.2 describes the new estimator
model V i s = f (Z ,La); Section 5.3 validates the high accuracy of V i s estimate in the
model with simulated DSD in literature and measured DSD from CESAR; Section 5.4
validates the model with measured V i s, Z and DSD from the in situ visibility sensor, 35
GHz cloud radar, and FSSP at CESAR; Section 5.5 is the conclusion of this chapter.

5.2. A robust Vis estimator model
Both V i s and Z can be derived from LW C in terms of the various V i s −LW C and Z −
LW C relations, but either V i s or Z is not only a function of LW C , which has been shown
in Figure 4.1 and Figure 4.2. Clearly, a more precise V i s estimator model needs more
terms, not only LW C or only Z , but a combination. Therefore, a further development of
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the exponential V i s −Z model is investigated with the inclusion of LW C ,

V i s = c ·LW C a ·Z b (5.1)

where V i s is in km; Z is in mm6/m3; LW C is in g ·m−3.
The attenuation factor of radar La is related to the 3rd moment of DSD and in

Rayleigh scattering regime it is proportional to the LW C at a given radar frequency,
which is expressed as (Doviak and Zrnic, 2014):

La = 2 ·0.4343 · 6π ·LW C

λ
Im(−K ) (5.2)

where La is the attenuation factor in dB/km; λ is the radar wavelength in cm; K is the
parameter related to the complex index of refraction; the value 2 denotes the two-way
attenuation.

The LW C in Eq. (5.1) can be replaced with the La . This introduces a radar measure-
ment parameter directly into the microphysical V i s relation.

V i s =C ·La
a ·Z b (5.3)

where La = d · LW C in dB/km is denoted as the attenuation factor in unit resolution

volume of radar, d = 2 ·0.4343 · 6π

λ
Im(−K ) is a constant at a given radar wavelength λ,

C = c/d a ; V i s is in km; Z is in mm6/m3.

5.3. Model validation with simulated DSD and measured
DSD at CESAR

5.3.1. Generation of simulated DSD
In order to test the robust performance of the exponential V i s − Z − La model, a
large group of DSD datasets for various fog types and evolutionary stages of fog are
used. Tomasi and Tampieri (1976) have summarized the parameter sets of modified
Gamma size distribution of fog droplets for different types and various evolutionary
stages of fog. Based on a general form of the modified Gamma size distribution n(r ) =
arαexp

[
−α
γ

(
r

rc

)γ]
, 0 ≤ r < ∞, all the a, α, γ, rc values are listed for 4 main fog types

(radiation fog, evaporation fog, advection fog, arctic marine advection fog) and 4 evo-
lutionary stages of fog (ground fog, formation stage, mature fog, dissipation fog). rc is
the mode radius indicating the radius of maximum frequency. The three parameters α,
γ and rc fully determine the shape of the distribution, and a is the total concentration of
droplets per unit volume. Given the parameter sets, the DSD datasets can be simulated
in this way:

1. For each type of fog and each stage of fog, visibility is set in a couple of levels: 10,
20, 50, 100, 200, 500 and 1000 m;

2. Using the given parameter sets, for each visibility level the number concentration
can be calculated within each size bin of an assumed size range (0.5 - 49.5 µm in
radii with each size bin 1 µm for the simulation);

3. V i s, Z , La can be calculated from the simulated DSD datasets.
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Table 5.1: Goodness of fit for the Gamma-based V i s −Z mode, the exponential V i s −Z model, and the expo-
nential V i s −Z −La model based on the simulated DSD datasets

(SSE: Sum of Squares due to Error, denotes the total deviations of the estimated values from the

measured values; R-Square, is the ratio of the sum of squares of the regression (SSR) and the total

sum of squares (SST), which measures how successful the fit is in explaining the variation of the

data; Adjusted R-Square, is the R-Square adjusted based on the residual degrees of freedom; RMSE:

Root Mean Squared Error, is an estimate of the standard deviation of the random component in

the data.)

Model

Goodness of fit
SSE R-Square

Adjusted
R-Square

RMSE

Gamma-based
Vis-Z model

29.13 0.2927 0.2993 0.3875

Exponential
Vis-Z model

14.93 0.3374 0.3334 0.2774

Exponential
Vis-Z-La model

0.2842 0.9968 0.9968 0.03837

5.3.2. Model validation with simulated DSD
Thereupon we can compare the Gamma-based V i s −Z model, the exponential V i s −Z
model and the exponential V i s − Z −La model based on the simulated DSD datasets.
Using the least squares method, the best-fit parameter values in the three models can be
estimated. For the Gamma-based V i s − Z model V i s · Z = −64lnε

2π ·R4
n · Γ(v+6)

Γ(v+2) ·10−9, the

values are: v = 2, Rn = 1.1; for the exponential V i s−Z model V i s = a ·Z b , the values are:
a = 0.0078, b = −0.4956; and for the exponential V i s − Z −La model V i s = C ·La

a · Z b ,
the values are: a = −1.366, b = 0.3695, C = 0.1826. Table 6.1 lists the goodness of fit
for the three models, where SSE is the Sum of Squares due to Error, which denotes the
total deviations of the estimated values from the measured values; R-Square is the ratio
of the sum of squares of the regression (SSR) and the total sum of squares (SST), which
measures how successful the fit is in explaining the variation of the data; Adjusted R-
Square is the R-Square adjusted based on the residual degrees of freedom; RMSE is the
Root Mean Squared Error, which is an estimate of the standard deviation of the random
component in the data. The goodness-of-fit statistics are illustrated in Appendix B.

Figure 5.1 shows the comparison between the DSD-derived V i s and the V i s esti-
mated from the Gamma-based V i s − Z model, the exponential V i s − Z model, and the
exponential V i s − Z − La model based on the simulated DSD datasets, where V i s, Z ,
La in the three models are all calculated from the simulated DSD. It is shown in Figure
5.1 that the V i s estimated from the exponential V i s − Z −La model is much closer to
the DSD-derived V i s than those estimated from the other two models. Meanwhile, in
Table 5.1 the SSE and RMSE of the exponential V i s − Z −La model are far smaller than
those of the other two models, indicating that the exponential V i s −Z −La model has a
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Figure 5.1: Comparison between the DSD-derived V i s and the V i s estimated from the Gamma-based V i s−Z
model (black circles), the exponential V i s −Z model (blue asterisks), and the exponential V i s −Z −La model
(red dots) based on the simulated DSD datasets, where V i s, Z , La in the three models are all calculated from
the simulated DSD.

smaller random error component, and it will arrive at a higher accuracy of estimate. The
R-Square and Adjusted R-Square of the exponential V i s−Z −La model are very close to
1, much larger than those of the other two models, indicating that a greater proportion
of the variance can be accounted for by the exponential V i s − Z −La model. Based on
these results, we can conclude that the exponential V i s−Z −La model can estimate V i s
from DSD-derived Z , La with a much higher accuracy than the Gamma-based V i s − Z
model and the exponential V i s −Z model.

5.3.3. Model validation with measured DSD at CESAR
In addition, the exponential V i s − Z − La model can be also validated with the DSD
datasets that were collected by the FSSP at CESAR. In the fog field campaign carried out
at CESAR during December 2011 – March 2012, we selected 7 typical fog events includ-
ing 5 stratus-lowering fog events and 2 radiation fog events. The fog observation periods
(FOP) and the visibility range of the 7 fog events are listed in Table 5.2.

In Figure 5.2, the DSD-derived V i s is compared with the measured V i s at 40/80-m
level during the fog observation periods of the 7 typical fog events at CESAR. Fog DSD
was measured at 60-m level by the FSSP, and V i s was measured at 2-, 10-, 20-, 40-, 80-,
140-, and 200-m levels by the in situ visibility sensors. Therefore, we compare the mea-
sured V i s in the vicinity of 60 m with the DSD-derived V i s, and use the measured V i s at
40- or 80-m level which is much closer to the DSD-derived V i s. It is shown that the
DSD-derived V i s coincides well with the measured V i s at 40/80 m level in each fog
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Table 5.3: Goodness of fit for the Gamma-based V i s −Z mode, the exponential V i s −Z model, and the expo-
nential V i s −Z −La model based on the measured DSD datasets of the 7 typical fog events at CESAR

(SSE: Sum of Squares Due to Error, denotes the total deviations of the estimated values from the

measured values; R-Square, is the ratio of the sum of squares of the regression (SSR) and the total

sum of squares (SST), which measures how successful the fit is in explaining the variation of the

data; Adjusted R-Square, is the R-Square adjusted based on the residual degrees of freedom; RMSE:

Root Mean Squared Error, is an estimate of the standard deviation of the random component in

the data.)

Model

Goodness of fit
SSE R-Square

Adjusted
R-Square

RMSE

Gamma-based
Vis-Z model

138.1 0.1942 0.1947 0.2301

Exponential
Vis-Z model

72.48 0.3731 0.3729 0.1667

Exponential
Vis-Z-La model

2.193 0.9847 0.9847 0.029

event, except during some divergent periods such as in the fog event during 2012.02.23
- 2012.02.24, the DSD-derived V i s is much higher than the measured V i s at 40 m in al-
most two hours. As we have indicated before, only the DSD datasets that derive the V i s
close to the measured V i s are used, so the divergent periods are filtered. In the 7 fog
events there are total 2611 DSD data with 1-min time resolution that are used to validate
the models.

V i s, Z , La are calculated from the 2611 measured DSD data with 1-min time reso-
lution. Using the least squares method, the best-fit parameter values for the Gamma-
based V i s −Z model, the exponential V i s −Z model, and the exponential V i s −Z −La

model can be estimated as: v = 2, Rn = 0.7 (Gamma-based V i s − Z model); a = 0.04,
b =−0.2028 (exponential V i s − Z model); a =−1.099, b = 0.1726, C = 0.0621 (exponen-
tial V i s−Z −La model). The goodness of fit for the three models based on the measured
DSD datasets of the 7 typical fog events at CESAR are listed in Table 5.3.

It is shown in Table 5.3 that for the measured DSD datasets of the 7 typical fog events
at CESAR, the exponential V i s − Z − La model achieves the lowest values of SSE and
RMSE, and the highest values of R-Square and Adjusted R-Square, compared to the other
two models. Meanwhile, the DSD-derived V i s is also compared with the V i s estimated
from the Gamma-based V i s − Z model, the exponential V i s − Z model, and the expo-
nential V i s − Z − La model, which is shown in Figure 5.3. It can be seen from Figure
5.3 that the V i s estimated from the exponential V i s − Z −La model almost coincides
with the DSD-derived V i s, which indicates the robust performance of the exponential
V i s −Z −La model for large variations in actual DSD datasets.
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(a) (b)

(c) (d)

(e) (f)

5.4. Model validation with measured Vis, Z and DSD at CE-
SAR

5.4.1. Model validation with measured Vis and DSD-derived Z, La
The investigation of the least square errors has validated the robustness of the expo-
nential V i s − Z −La model over a wide range of fog conditions with the simulated DSD
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(g)

Figure 5.2: Comparison between the DSD-derived V i s and the measured V i s at 40/80-m level during the fog
observation periods of the 7 typical fog events at CESAR.

Figure 5.3: Comparison between the DSD-derived V i s and the V i s estimated from the Gamma-based V i s−Z
model (black dots), the exponential V i s − Z model (blue dots), and the exponential V i s − Z −La model (red
dots) based on the measured DSD datasets of the 7 typical fog events at CESAR, where V i s, Z , La in the three
models are all calculated from the measured DSD.

datasets and the measured DSD datasets at CESAR. In the model comparisons however,
V i s, Z and La were calculated from the DSD. Of course a more realistic approach is to
validate the model with the measurement data from the in situ visibility sensors and
the cloud radar at CESAR. Unfortunately we do not have as many radar measurements
(which were invoked manually) as we have V i s and DSD measurements, which are con-
tinuous, automatic measurements. Furthermore, we currently lack reliable La measure-
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Figure 5.4: Comparison between the measured V i s from the in situ visibility sensors and the V i s estimated
from the exponential V i s−Z −La model based on the measurement data of the 7 typical fog events at CESAR,
where the measured V i s and the DSD-derived Z , La are used in the exponential V i s −Z −La model.

ments in our datasets, which we can only substitute by DSD-derived values.
In this work, we first substitute the DSD-derived V i s by actual measured V i s from

the in situ visibility sensors and test the relation:

V i sm =C ·La
aDSD

·Z b
DSD (5.4)

where V i sm is the measured visibility from the in situ visibility sensors in km; LaDSD is
the DSD-derived attenuation factor in dB/km; ZDSD is the DSD-derived radar reflectiv-
ity in mm6/m3.

In the 7 typical fog events at CESAR, there are also 2611 V i sm data with 1-min time
resolution which have a one-to-one correspondence with the measured DSD data. First
we use this dataset to tune a, b and C in Eq. (5.4). Next, the right hand side of Eq. (5.4),
which results in V i sest values can be plotted against the V i sest values.

In Figure 5.4, the measured V i s from the in situ visibility sensors is compared with
the V i s estimated from the exponential model based on the measurement data of the
7 typical fog events at CESAR, where the measured V i s and the DSD-derived Z , La are
used in the exponential V i s − Z −La model. The best-fit parameter values in Eq. (5.4)
are estimated by the least squares method as a = −0.6784, b = −0.01231, C = 0.0372.
However, in Figure 5.4 the deviations of the estimated V i s from the measured V i s are
larger than those of the estimated V i s from the DSD-derived V i s in Figure 5.3. This
could have been expected and is thought to be the result of fog field variations in time
and space. The DSD sampling is a 1-min time average at a certain spot, whereas the
visibility measurements are taken over a certain area, which do not fully coincide with
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Table 5.4: Goodness of fit with the 5 mins, 10 mins, 15 mins time-averaging applied to the measurement data
of the 7 typical fog events at CESAR

(SSE: Sum of Squares Due to Error, denotes the total deviations of the estimated values from the

measured values; R-Square, is the ratio of the sum of squares of the regression (SSR) and the total

sum of squares (SST), which measures how successful the fit is in explaining the variation of the

data; Adjusted R-Square, is the R-Square adjusted based on the residual degrees of freedom; RMSE:

Root Mean Squared Error, is an estimate of the standard deviation of the random component in

the data.)

Data

Goodness of fit
SSE R-Square

Adjusted
R-Square

RMSE

Original (2611 data) 90.31 0.5205 0.5201 0.1861

5 mins (525 data) 13.08 0.6232 0.6217 0.1583

10 mins (265 data) 6.177 0.6469 0.6442 0.1535

15 mins (177 data) 4.015 0.6421 0.6380 0.1519

the DSD measurement inlet. In order to reduce the deviation, time averaging can be
applied to the original data with 1-min time resolution. The measured V i s and the DSD-
derived Z , La data are simultaneously time-averaged with 5 mins, 10 mins and 15 mins.

Figure 5.5 shows the 5 min, 10 mins and 15 mins time-averaging applied to the mea-
surement data of the 7 typical fog events at CESAR, where the measured V i s and the
DSD-derived Z , La are used in the exponential V i s −Z −La model.

(a)
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(b)

(c)

Figure 5.5: 5 mins, 10 mins and 15 mins time averaging are applied to the measurement data of the 7 typical fog
events at CESAR, where the measured V i s and the DSD-derived Z , La are used in the exponential V i s−Z −La
model.

It can be seen from Figure 5.5 that the deviations of the estimated V i s from the
measured V i s become smaller with increasing averaging time. This observation sup-
ports the idea that the immediate measurements from various sensors may deviate from
each other, because they are taken from different time/space segments. The best-fit
parameter values in the exponential V i s − Z − La model for the three circumstances
are a = −0.7764, b = 0.001944, C = 0.0335 (5 mins average); a = −0.8097, b = 0.00613,
C = 0.0322 (10 mins average); a = −0.8226, b = 0.009376, C = 0.0324 (15 mins average).
Table 5.4 shows the goodness of fit with the 5 mins, 10 mins and 15 mins time-averaging
applied to the measurement data of the 7 typical fog events at CESAR.

It is shown in Table 5.4 that the 10 mins time-averaging data attain the highest degree
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of goodness of fit with the largest values of R-Square and Adjusted R-Square, and the
smallest values of SSE and RMSE, though the 5 mins and 15 mins time-averaging data
also show improved goodness of fit than the original data. The results show the reliability
of the exponential V i s−Z −La with the actual visibility measurements, and indicate that
the goodness of fit in the exponential V i s−Z −La model can be improved with the time-
averaging method by reducing the deviations from different time/space samplings.

5.4.2. Model validation with measured Vis, Z and DSD-derived La
Next, we substitute the DSD-derived Z in Eq. (5.4) by the measured Z from the cloud
radar, which is expressed as:

V i sm =C ·La
aDSD

·Z b
m (5.5)

where V i sm is the measured visibility from the in situ visibility sensor in km; LaDSD is the
DSD-derived attenuation factor in dB/km; Zm is the measured radar reflectivity from
the cloud radar in mm6/m3. At this stage only the La is derived from the DSD. As indi-
cated we do not have La measurements available in our datasets.

Among the 7 typical fog events at CESAR, there is only one that has acquired simul-
taneous V i s, Z and DSD measurements. It occurred on February 17-18, 2012. We have
depicted this fog event in Chapter 4. It is formed from low stratus clouds in a weather
situation of stationary front over the Netherlands in a developing west circulation. This
fog event lasted for almost five and a half hours with visibility stays below 1 km.

Figure 5.6: Comparison between the measured V i s from the in situ visibility sensors and the V i s estimated
from the exponential V i s − Z −La model based on the measurement data during the fog event on February
17-18, 2012, where the measured V i s, Z and the DSD-derived La are used in the exponential V i s − Z −La
model.

In Figure 5.6, the measured V i s from the in situ visibility sensor is compared with
the V i s estimated from the exponential V i s −Z −La model based on the measurement
data during the fog event on February 17-18, 2012, where the measured V i s, Z and the
DSD-derived La are used in the exponential V i s − Z − La model. It has been shown
in Chapter 4 that the measured V i s, Z from the in situ visibility sensors and the cloud
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radar coincide well with the DSD-derived values during the fog episode, so the estimated
V i s from the exponential V i s − Z − La model based on the measured V i s, Z and the
DSD-derived La can be very close to the measured V i s. The best-fit parameter values
are estimated by the least squares method as a = −0.2189, b = −0.2029, C = 0.0172. If
we continue to apply the time-averaging method to the data, the goodness of fit will be
largely improved. There are total of 313 Z measurement data with 1-min time resolution
during the fog episode, but 134 of them are “lost” due to the cloud-masking processing
of the radar, leaving only 179 valid Z measurement data we can use. We apply a 5 mins
time-averaging to the 179 valid data, or else they are not sufficient to validate the mode
if 10 mins or 15 mins time-averaging are taken.

Figure 5.7: 5 mins time-averaging is applied to the measurement data during the fog event on February 17-18,
2012, where the measured V i s, Z and the DSD-derived La are used in the exponential V i s −Z −La model.

Figure 5.7 shows the 5 mins time-averaging applied to the measurement data during
the fog event on February 17-18, 2012, where the measured V i s, Z and the DSD-derived
La are used in the exponential V i s−Z−La model. The best-fit parameter values for the 5
mins time-average data are estimated as a =−0.3138, b =−0.1894, C = 0.0154. Table 5.5
shows the goodness of fit with the 5 mins time-averaging applied to the measurement
data during the fog event on February 17-18, 2012.

It is shown in Figure 5.7 that the estimated V i s gets closer to the measured V i s after
applying the 5 mins time-averaging to the original data. It is expected that the goodness
of fit would be further improved by applying the 10 min or 15 mins time-averaging if
there are sufficient data in the datasets. In Table 5.5, R-Square is increased from 0.4154
to 0.7198, Adjusted R-Square is increased from 0.4088 to 0.7029, and SSE and RMSE are
almost decreased by half, which indicates that the time-averaging method can efficiently
improve the estimated accuracy of V i s in the exponential V i s−Z−La model by reducing
the deviations from different time/space samplings. The results show that the exponen-
tial V i s −Z −La is also applicable to the simultaneous measured V i s and Z .
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Table 5.5: Goodness of fit with the 5 mins time-averaging applied to the measurement data during the fog
event on February 17-18, 2012

(SSE: Sum of Squares Due to Error, denotes the total deviations of the estimated values from the

measured values; R-Square, is the ratio of the sum of squares of the regression (SSR) and the total

sum of squares (SST), which measures how successful the fit is in explaining the variation of the

data; Adjusted R-Square, is the R-Square adjusted based on the residual degrees of freedom; RMSE:

Root Mean Squared Error, is an estimate of the standard deviation of the random component in

the data.)

Data

Goodness of fit
SSE R-Square

Adjusted
R-Square

RMSE

Original (179 data) 1.463 0.4154 0.4088 0.09116

5 mins (36 data) 0.08052 0.7198 0.7029 0.0494

5.5. Conclusion
In this chapter we put forward a new visibility estimator model V i s = f (Z ,La), where
V i s can be deduced from radar signals only, i.e. reflectivity Z and attenuation La . An ex-
ponential V i s−Z−La model V i s =C ·La

a ·Z b was derived by adding La into the exponen-
tial V i s − Z model V i s = a · Z b , considering that both V i s and Z can be parameterized
in terms of LW C , and LW C is proportional to La at a given radar frequency.

The exponential V i s − Z −La model resulted in a higher estimated accuracy of V i s
than the Gamma-based V i s−Z model and the exponential V i s−Z model, when tested
on a large group of simulated DSD datasets. The simulated DSD datasets were generated
from the parameter sets of modified Gamma size distribution of fog droplets for various
fog types and evolutionary stages of fog given by Tomasi and Tampieri. Next, the expo-
nential V i s−Z −La model was also validated with the DSD datasets that were measured
by the FSSP at CESAR.

In addition, a more realistic approach was used to validate the model with the mea-
surement data from the in situ visibility sensors and the cloud radar at CESAR. As we
lacked reliable La measurements in our datasets, we can only use DSD-derived La in
the model. We first substituted the DSD-derived V i s by actual measured V i s, and then
substituted the DSD-derived Z by the measured Z , to test the exponential V i s − Z −La

model. The measured V i s was compared with the estimated V i s from the exponential
V i s−Z −La model, and the results showed that the deviations of the estimated V i s from
the measured V i s are larger than those of the estimated V i s from the DSD-derived V i s,
which results from the spatial variability of instrumentation (radar, visibility sensors,
FSSP) and the different sampling volumes. The measurement errors from the instru-
ments could also enlarge the deviations of the estimated V i s from the measured V i s. In
order to reduce the deviations, time-averaging method was applied to the original data
with 1-min time resolution. The results showed that the goodness of fit was improved.
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Finally, it can be observed that the regression parameters in the exponential V i s −
Z −La model slightly differ from dataset to dataset. There is no generic set of parameters
a, b, C . One important reason is due to the limited accuracy of sensors and lack of cal-
ibration. Moreover, the parameters may also change for different fog types and stages.
Therefore, we must conclude that our exponential V i s − Z − La model, although it is
superior to other models, it still has to be tuned to the specific conditions.





6
Towards the design of an advanced

fog-visibility radar

6.1. Introduction
In the previous chapter we introduced a new V i s estimator model, where V i s can be de-
duced from radar signals only, i.e. reflectivity Z and attenuation La . The robust perfor-
mance of the model has been validated on simulation data in literature and on measure-
ment data from CESAR. Based on the proposed V i s − Z −La model, we are enlightened
to develop an advanced fog-visibility radar which can provide V i s estimates from simul-
taneous Z and La measurements. In the previous datasets, we do not have many Z mea-
surements due to the limitation of radar sensitivity. Furthermore, reliable La measure-
ments are lacking because it is difficult to measure La with a single-wavelength radar due
to the heterogeneity of fog. To this end, we have started the investigation on the design of
multi-wavelength radar instrument with which a high sensitivity to fog can be reached in
a relatively long distance (Jankiraman, 2007; Anderson, 2008). Meanwhile, La can be es-
timated from LW C which is retrieved from the multi-wavelength radar measurements.
Many approaches have been proposed to retrieve the LW C by dual-wavelength radar
(Martner et al., 1993; Vivekanandan et al., 2001; Gaussiat et al., 2003; Hogan et al., 2005).
This type of fog radar can acquire continuous, reliable Z and La measurements, which
we can use to deduce V i s based on the V i s−Z −La model. However, errors in the multi-
wavelength Z measurements will lead to errors in the La estimates, and both errors in
the Z and La will lead to errors in the V i s estimates. An Error analysis on V i s estimates
is very important for making the choice of radar frequency combinations for fog mea-
surements.

Besides the requirements on Z and La measurements, many other meteorological
and operational requirements have to be considered for the design of an advanced fog-
visibility radar, such as the operational modes, the spatial and temporal resolution, the
adverse effects of ground-reflections on the signal quality caused by the antenna side-
lobes, and the radar physical dimensions etc.

The performance of the specified fog radar can be testified on the simulated datasets
for various fog types and evolutionary stages of fog. This chapter is structured as fol-
lows: Section 6.2 puts forward the meteorological and operational requirements for an
advanced fog-visibility radar; Section 6.3 describes the dual-wavelength technique for
La estimates; Section 6.4 analyzes the error estimates in V i s which result from errors
in Z measurements and La retrieval, and the most optimum radar frequency combina-
tion can be determined from the least errors in V i s; Section 6.5 is the conclusion of this
chapter.
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6.2. Operational requirements for an advanced fog-
visibility radar

6.2.1. Radar sensitivity improvement for fog measurements
For pulse radar, the noise equivalent radar reflectivity Zne versus the maximum detec-
tion range Rmax is expressed as:

Zne =
R2

max · la ·kB T0BF

C · |K |2 ·Ncoh ·Nnon−coh
(6.1)

where C = π3Pt G2θφcτ

1024ln2λ2ls
is the intrinsic radar constant, Pt is the transmit power, G is

the antenna gain, θ and φ are the azimuth and elevation beamwidths, τ is the pulse
width, λ is the radar wavelength, ls is the radar system loss; la is the atmospheric loss;
Pn = kB T0BF is the noise power of radar, kB = 1.38× 10−23 W /(H z ·K ) is Boltzman’s
constant, T0 is the system temperature (usually 290 K), B is the receiver noise bandwidth
in H z, F is the noise factor expressed as a dimensionless ratio; Ncoh and Nnon−coh are
the number of coherent and non-coherent averages respectively.

The receiver filter is assumed matched to the pulse width as B ≈ 1/τ, which we can
substitute in Eq. (6.1),

Z = R2
max · la ·kB T0F

C ′ · |K |2 ·τ2 ·Ncoh ·Nnon−coh
(6.2)

where C
′ = π3Pt G2θφc

1024ln2λ2ls
is the radar constant excluding τ. It can be seen from Eq. (6.2)

that in order to improve the radar sensitivity, we can increase τ and radar constant C
′
.

The radar constant C
′

can be increased by increasing transmit power Pt , radar frequency
f , and the product of antenna gain and beamwidths G2θφ.

Taking the 35 GHz cloud radar at CESAR for example. Figure 6.1 shows the V i s versus
Z measurements at CESAR during the fog event on February 17-18, 2012. The V i s was
measured by the 40-m visibility sensor and was also calculated from the DSD. The Z was
measured by the 35 GHz cloud radar and was calculated from the DSD. In order to reduce
the sampling deviations between the V i s and Z measurements resulting from the spatial
variability of the 40-m visibility sensor and the cloud radar, we used Z measurements in
the 8th range gate of radar, which corresponds to 39.5 m level. Considering the height of
antenna and the 3-dB beamwidth, the 39.5 m vertical height corresponds to the range
R = (39.9− 5)/sin(3.5◦ − 0.34◦/2) ≈ 600 m, where 5 m is the height of antenna, 0.34◦ is
the 3-dB beamwidth. It can be seen from Figure 6.1 that the Z measurements in the 8th

range gate of radar can only get to as low as -48 dB Z which is higher than most DSD-
derived Z . That is, the 35 GHz cloud radar at CESAR can only measure the fog with Z
as low as -48 dB Z at 600 m distance. However, in the sensitivity calculation in Chapter
3, at 600 m distance the radar can theoretically measure the fog with Z as low as -52.5
dB Z , which is about 5 dB lower than the actual Z measurements could achieve. The
reason is that the transmit power cannot always reach up to its maximum value 200 W,
and the noise figure was worse due to problems with LNA. In the sensitivity calculation,
the radar can theoretically measure the fog with Z =−38.4 at 3 km distance.
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Figure 6.1: V i s versus Z measurements at CESAR during the fog event on February 17-18, 2012. The red dots
denote the measured V i s with the 40-m visibility sensor versus the measured Z with the 35 GHz cloud radar,
and the blue dots denote V i s versus Z both derived from the measured DSD.

The “fog mode” operational parameters of the 35 GHz cloud radar at CESAR are listed
in Table 3.1. First we examine the effect of radar frequency f on the sensitivity. We have
increased f = 35 GHz to f = 94, 140, 220 GHz respectively. Correspondingly, we assume
that the noise figure is increased from N F = 6.3 dB to N F = 8, 10, 12 dB, and the radar
system loss is increased from Ls = 7 dB to Ls = 9, 11, 13 dB. The radar sensitivity with
f = 35, 94, 140, 220 GHz is shown in Figure 6.2. It can be seen from Figure 6.2 that at the
same Rmax , the radar achieves the lowest Z values at f = 94 GHz, and it can measure
the fog with Z = −42 dBZ at 3 km distance. There is about 4 dB improvement of radar
sensitivity while increasing f = 35 GHz to f = 94 GHz. The sensitivity is also improved
at f = 140, 220 GHz, but not better than that at f = 94 GHz. The reason is that the
attenuation induced by fog droplets also increases with increasing f , and it would offset
the improvement of radar sensitivity brought by increasing f to some extent. The Z that
the radar can measure at 3 km distance with f = 35, 94, 140, 220 GHz are listed in Table
6.1.

Next, we examine the effect of transmit power Pt on the sensitivity. Leaving the other
parameters in Eq. (6.2) unchanged, we have increased maximum Pt = 200 W to Pt = 400,
600, 800 W respectively, which is shown in Figure 6.3. It can be seen from Figure 6.3
that at the same Rmax , the radar achieves the lowest Z values at Pt = 800 W, and it can
measure the fog with Z = −44.5 at 3 km distance. There is about 6 dB improvement of
radar sensitivity while only increasing maximum Pt = 200 W to Pt = 800 W. However, Pt

cannot be infinitely large due to the limitation of transmitter design. Table 6.2 lists the Z
that the radar can measure at 3 km distance with Pt = 200, 400, 600, 800 W.
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Figure 6.2: The maximum detection range of radar Rmax versus the corresponding radar reflectivity Z with
f = 35, 94, 140, 220 GHz.

Table 6.1: The Z that the radar can measure at 3 km distance with f = 35, 94, 140, 220 GHz

Rmax (km)

f (GHz)
35 94 140 220

3 km -38.4 dBZ -42.0 dBZ -40.7 dBZ -39.4 dBZ

Table 6.2: The Z that the radar can measure at 3 km distance with f = 35, 94, 140, 220 GHz

Rmax (km)

Pt (W)
200 400 600 800

3 km -38.4 dBZ -41.5 dBZ -43.2 dBZ -44.5 dBZ

Last, we examine the effect of pulse width τ on the sensitivity. Leaving the other pa-
rameters in Eq. (6.2) unchanged, we have increased τ= 600 ns to τ= 800, 1200, 1500 ns
respectively, which is shown in Figure 6.4. It can be seen from Figure 6.4 that at the same
Rmax , the radar achieves the lowest Z values at τ = 1500 ns, and it can measure the fog
with Z =−46.4 dB Z at 3 km distance. There is about 8 dB improvement of radar sensi-
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Figure 6.3: The maximum detection range of radar Rmax versus the corresponding radar reflectivity Z with
Pt = 200, 400, 600, 800 W.

Table 6.3: The Z that the radar can measure at 3 km distance with τ= 600, 800, 1200, 1500 ns

Rmax (km)

τ(ns)
600 800 1200 1500

3 km -38.4 dBZ -40.9 dBZ -44.5 dBZ -46.4 dBZ

tivity while only increasing τ= 600 ns to τ= 1500 ns. However, large τwould lead to poor
range resolution, and τ= 1500 ns results in a range resolution ∆R = 225 m. Considering
that fog layers are normally thin and highly variable in space, we have to adjust the range
resolution to be less than or equal to 100 m, which corresponds to a maximum τ = 666
ns. Table 6.3 lists the Z that the radar can measure at 3 km distance with τ = 600, 800,
1200, 1500 ns.

Considering all the impacting factors above on the radar sensitivity, we choose f =
94 GHz, N F = 8 dB, Ls = 9 dB, Pt = 800 W, τ = 600 ns as an optimum parameter set,
and the other parameters in Eq. (6.2) remain unchanged. In Figure 6.5, the improved
sensitivity with the optimum parameter set is compared with the original sensitivity of
the 35 GHz cloud radar at CESAR on fog measurements. It can be seen from Figure 6.5
that the radar can measure the fog with Z as low as -48 dBZ at 3 km distance with the
improved sensitivity, and the original Z can only get to -38.4 dBZ at 3 km distance.
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Figure 6.4: The maximum detection range of radar Rmax versus the corresponding radar reflectivity Z with
τ= 600, 800, 1200, 1500 ns.

Figure 6.5: Comparison of the improved sensitivity with f = 94 GHz, N F = 6.3 dB, Ls = 7 dB, Pt = 800 W,
τ= 600 ns with the original sensitivity of the 35 GHz cloud radar at CESAR with f = 35 GHz, N F = 8 dB, Ls = 9
dB, Pt = 200 W, τ= 600 ns.
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6.2.2. Operational parameters of an advanced fog-visibility radar
The optimum operational parameters of fog radar will vary with different fog types and
evolutionary stages of fog. Therefore, we would take into account the intensity scales
of various fogs towards the design of an advanced fog-visibility radar. In the previous
chapter, we have simulated a large group of DSD datasets for various fog types and evo-
lutionary stages of fog on the basis of the parameter sets of modified Gamma size dis-
tribution of fog droplets given by (Tomasi and Tampieri, 1976). The DSD datasets are
generated for each type of fog and each stage of fog in a scope of visibility levels (0.01,
0.02, 0.05, 0.1, 0.2, 0.5, 1 km). In order to determine the optimum radar frequency for
fog measurements, we have calculated the Z and La at f = 3, 10, 35, 94, 140, 220 GHz
from the simulated DSD. As the assumed size range of fog droplets is between 0.5 - 49.5
µm in radius, we have to examine if the Rayleigh approximation is still applicable in the
calculation of Z and La at higher radar frequencies such as f = 140, 220 GHz. Figure
6.6(a) and (b) show the calculated Z , La in Mie scattering versus the calculated Z , La in
Rayleigh scattering at f = 220 GHz based on the simulated DSD. Figure 6.7(a) and (b)
plot the difference of Z , La between Mie and Rayleigh scattering for all the simulated
DSD samples. It can be found from Figure 6.7(a) and (b) that the maximum difference
values in Z and La are 0.004 dB and 3 dB/km, which indicates that Rayleigh scattering
can fully replace Mie scattering in the calculation of Z and La . So, for all considered
frequencies in this study, Rayleigh scattering will be assumed.

In Rayleigh scattering, Z is only dependent on the fog DSD, while La is not only de-
pendent on the fog DSD, but is also directly proportional to the radar frequency f . Table
6.4 lists the calculated Z and two-way La in dB for each type of fog and each stage of fog
at f = 3, 10, 35, 94, 140, 220 GHz in a scope of V i s levels (0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1
km) based on the simulated DSD. The six La values in each column correspond to f = 3,
10, 35, 94, 140, 220 GHz respectively.

It can be seen from Table 6.4 that for each type of fog and each stage of fog, Z de-
creases with increasing V i s, but is independent of f at each V i s level. La also decreases
with increasing V i s, but increases with increasing f at each V i s level. Therefore, the
choice of operational parameters of an advanced fog-visibility radar largely depends on
the Z and La values for various fog types and evolutionary stages of fog.

Besides the attenuation induced by fog droplets, the gaseous attenuation from oxy-
gen and water vapor also has to be taken into account. A simplified algorithm is used for
approximate estimation of gaseous attenuation in the frequency range 1 - 350 GHz for
a limited range of meteorological conditions and a limited variety of geometrical con-
figurations (Geneva, 1995). Table 6.5 lists the approximate attenuation from oxygen and
water vapor at f = 3, 10, 35, 94, 140, 220 GHz, where the water vapor density is assumed
as 7.5 g ·m−5.

It can be seen from Table 6.5 that the gaseous attenuation increases with increasing
f , and it can arrive at large values at high f , though it is still small compared to the
attenuation from fog droplets at the same f . To determine the operational parameters
of the fog radar, we have to use the sum of attenuation from fog droplets and gases.

In order to satisfy the requirements on radar sensitivity, the ground fog with the low-
est Z values among the various fogs needs to be considered in priority. The lowest Z in
the ground fog is -46.3 dBZ at V i s = 1 km, which is shown in Table 6.4. Therefore, only
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(a)

(b)

Figure 6.6: The calculated Z , La in Mie scattering versus the calculated Z , La in Rayleigh scattering at f = 220
GHz based on the simulated DSD.

if the radar sensitivity can reach up to -46.3 dBZ at required distance, the other fogs can
also be measured by the radar. It should be noted that the operational parameters of the
radar are all to be determined based on the simulated datasets for various fog types and
evolutionary stages of fog. In accordance with our requirements, the maximum detec-
tion range of the radar is 3 km. That is, the radar is required to be able to measure the
ground fog with Z =−46.3 dBZ at 3 km distance. Furthermore, as fog layers are normally
thin and highly variable in space, the horizontal resolution of the radar shall be less than
or equal to 100 m. Hence, we assume 4 range resolution values ∆R = 12.5, 25, 50, 100 m.
The frequency is assumed as f = 3, 10, 35, 94, 140, 220 GHz respectively. Correspond-
ingly, the noise figure is assumed as N F = 1, 3, 5, 8, 10, 12 dB at these frequencies, and
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(a)

(b)

Figure 6.7: The difference of Z , La between Mie and Rayleigh scattering for all the simulated DSD samples.

the radar system loss is assumed as Ls = 5, 5, 7, 9, 11, 13 dB. The operational parameters
of a pulse-Doppler radar are listed in Table 6.6. To achieve the minimum detectable re-
flectivity at 3 km distance, the transmit power Pt is calculated at f = 3, 10, 35, 94, 140, 220
GHz respectively, and minimum Pt will be chosen at an optimum f for each V i s level.
Meanwhile, 256 points FFT is used in the coherent spectral analysis which will further
improve the radar sensitivity by 10 · log10(256) = 24 dB.

Table 6.7 lists the required minimum Pt of the pulse-Doppler radar at an optimum
f for each V i s level of the ground fog, in order to achieve the minimum detectable re-
flectivity at 3 km distance. It can be seen from Table 6.7 that there are two optimum
candidate f at various V i s levels for the pulse-Doppler radar. f = 94 GHz is much more
suited for higher V i s levels than f = 35 GHz. The reason is that at lower V i s levels the at-
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Table 6.5: The approximate attenuation from oxygen and water vapor at f = 3, 10, 35, 94, 140, 220 GHz, where
the water vapor density is assumed as 7.5 g ·m−3

f(km)

Lg(dB/km)
Oxygen Water vapor Total loss

3 0.0154 0.0011 0.0165
10 0.0175 0.0144 0.0319
35 0.0691 0.1685 0.2376
94 0.0583 0.9270 0.9853

140 0.0344 2.2405 2.2749
220 0.0277 6.0962 6.1239

Table 6.6: The operational parameters of a pulse-Doppler radar

Radar Frequency 3, 10, 35, 94, 140, 220 GHz
Range Resolution 12.5, 25, 50, 100 m

Noise Figure 1, 3, 5, 8, 10, 12 dB
Radar System Loss 5, 5, 7, 9, 11, 13 dB

Antenna Gain 57 dBi
3-dB Beamwidth 0.4◦

Radar Beam Elevation 3.5◦

Table 6.7: The minimum Pt (W ) of the pulse-Doppler radar at an optimum f for each V i s level of the ground
fog

Vis (km)
∆R (m) 12.5 25 50 100 Optimum f

(GHz)Pt (W )
0.01 228 57 14 4 35
0.02 274 69 17 4 35
0.05 499 125 31 8 35
0.1 900 225 56 14 35
0.2 1711 428 107 27 35
0.5 4088 1022 256 64 94
1 7812 1953 488 122 94

tenuation of f = 94 GHz is much larger than that of f = 35 GHz. Moreover, the minimum
Pt increases with increasing V i s levels at a given range resolution. The reason is that Z
decreases with increasing V i s, and much higher Pt is required in order to reach lower Z
in Eq. (6.2). Furthermore, the minimum Pt increases with increasing range resolution.

Implementation of FMCW (Frequency Modulated Continuous Wave) technology can
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Table 6.8: The operational parameters of a FMCW radar

Radar Frequency 3, 10, 35, 94, 140, 220 GHz
Range Resolution 12.5, 25, 50, 100 m

Noise Figure 1, 3, 5, 8, 10, 12 dB
Radar System Loss 5, 5, 7, 9, 11, 13 dB

Antenna Gain 57 dBi
3-dB Beamwidth 0.4◦

Radar Beam Elevation 3.5◦

Sweep Time 80 µs

reduce the transmit power Pt . It is an efficient and reliable solution thanks to its high
performance and drastic cost reduction. Table 6.8 lists the operational parameters of
a FMCW radar, which continuously transmits and receives signals at a sweep time Ts .
Unlike the pulse radar, the FMCW radar does not require as high Pt as the pulse radar
to reach the same sensitivity because of its long and continuous sweep time. Table 6.9
lists the minimum Pt of the FMCW radar at an optimum f for each V i s level of the
ground fog. It can be seen from Table 6.9 that the transmit power Pt is largely reduced
by the FMCW technology. However, it has to be guaranteed that the transmitter is well
isolated with the receiver for the FMCW radar systems, in order to prevent the transmit-
ting signals entering into the receiver signal processor. In general, there are two separate
antennas which are used for transmit and receive for the FMCW radar systems. Alter-
natively, we could use the pulse compression with a solid-state transmitter, especially
at long ranges. For instance, we can use short pulses between ranges 0 - 1 km, and use
long pulses between ranges 1 -3 km with the pulse compression technology, which helps
to achieve high range resolution at long ranges. However, more transmit power will be
required while introducing the pulse compression technology.

It can be seen from Table 6.9 that there are also two optimum candidate f at various
V i s levels for the FMCW radar. f = 94 GHz is much more suited for higher V i s levels
than f = 35 GHz. Therefore, it is difficult to choose a single optimum f for fog mea-
surements due to the highly variable V i s in time and space. Furthermore, there is large
difficulty in measuring La with a single frequency radar due to the heterogeneity of fog.
To this end, we will investigate the feasibility of multi-wavelength radar technology for
fog measurements. On one hand, the multi-wavelength technology can reach high sen-
sitivity to fog in a relatively long distance. On the other hand, La can be retrieved from
multi-wavelength Z measurements, and the Z , La measurements can be used to deduce
V i s based on the V i s−Z −La model. This part of work will be discussed in the following.

Moreover, many other meteorological and operational requirements have to be con-
sidered for the design of fog radar. The radar shall be capable of operating in two modes.
One is horizontal mode, where the radar beam is fixed at a low elevation and pointing
nearly horizontally in a given direction. In this way, the radar beam can sufficiently pen-
etrate into the fog and probe the fog in detail. The other is scanning mode, where the
radar scans the fog layers to obtain a three-dimensional profile.
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Table 6.9: The minimum Pt of the FMCW radar at an optimum f for each V i s level of the ground fog

Vis (km)
∆R (m) 12.5 25 50 100 Optimum f

(GHz)Pt (W )
0.01 0.24 0.12 0.06 0.03 35
0.02 0.29 0.14 0.07 0.04 35
0.05 0.52 0.26 0.13 0.07 35
0.1 0.94 0.47 0.23 0.12 35
0.2 1.78 0.89 0.45 0.22 35
0.5 4.26 2.13 1.06 0.53 94
1 8.14 4.07 2.03 1.02 94

In horizontal mode, the time resolution shall be 5 sec or less. Again, fog evolution is
rapid as it is the result of subtle interplay between meteorology and surface conditions.
Also, the time scale of turbulence is T = L/v , where L is the length scale of fog which
could be less than 10 m, v is the horizontal velocity scale which approximates 1 - 2 m/s.
Therefore T = 5 sec typically, and the time resolution should be better than that.

In scanning mode, the radar shall be capable of rapid scanning so that a three dimen-
sional volume can be observed in less than 5 minutes. For certain applications it will be
necessary to reconstruct a three-dimensional V i s−Z profile. Due to the rapid variations
in the fog layers, it is estimated that the validity/credibility of a three-dimensional V i s
profile is rapidly reduced after 5 - 10 minutes.

The radar shall be operational in horizontal mode without adverse effect of ground-
reflections on the signal quality caused by side lobes. The modified cloud radar data
contain a number of serious data problems, such as horizontal striping etc. They are
due to the radar configuration which was not originally optimized for horizontal opera-
tions. As significant data volumes are to be collected from the horizontal regions, ground
contamination should be avoided as much as possible.

The radar shall be operable in the horizontal mode without adverse effects on human
health. This requirement means that a normal radar safety calculation is to be performed
on the final design parameters so that the implemented radar can satisfy all health re-
quirements.

6.3. Dual-wavelength technique for La estimates
Normally, in Rayleigh scattering regime we can estimate La from LW C based on the lin-
ear relationship between them as in Eq. (2.27). The LW C can be retrieved from the differ-
ential attenuation between dual radar frequencies. In consideration of the attenuation
from fog droplets and gases, the reflectivity measured at frequency f and range R can be
given as (Hogan et al., 2005):

Z f = Z0 −2
∫ R

0
(α f + lα f ·LW C )dR −10log10

[
0.93

|K f (T )|2
]

(6.3)
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Figure 6.8: The layout of dual-wavelength radar measurements of a fog layer between ranges R1 and R2.

where Z0 is the un-attenuated reflectivity at centimeter wavelengths in dB Z ; α f is
the one-way attenuation factor of atmospheric gases (predominantly water vapor) in
dB/km; lα f is the one-way attenuation factor of fog droplets, which is expressed as

lα f = 0.4343·6π·Im(−K )/λ in dB/km ·(g /m3)−1, K = (m2−1)/(m2+2), m is the complex
refractive index, λ is the radar wavelength in cm. The last term on the right-hand side
accounts for the fact that the dielectric factor of liquid water |K |2 decreases with increas-
ing f , and therefore at millimeter wavelengths it is less than its centimeter wavelength
value of 0.93. Besides, K is also dependent on temperature T .

Figure 6.8 shows the layout of dual-wavelength radar measurements of a fog layer
between ranges R1 and R2. R1 is the range from radar to the bottom of fog layer, R2 is the
range from radar to the top of fog layer. The dual-wavelength ratio (DWR) in logarithmic
units is defined as:

DW R = Z f1 −Z f2 (6.4)

where Z f1 , Z f2 denote the measured reflectivity in dB at frequency f1, f2 in the same
range. DWR is in dB. Assuming f2 is higher than f1, the reflectivity would suffer more
attenuation at f2 than at f1. Therefore, in practice the measured reflectivity Z f1 is higher
than Z f2 , though Z is independent of f by definition.

Given the definition of DWR, DW R1, DW R2 denote the dual-wavelength ratio at
range R1, R2, which are expressed as:

DW R1 = Z f1(R1) −Z f2(R1) (6.5)

DW R2 = Z f1(R2) −Z f2(R2) (6.6)

Substitute Eq. (6.3) into Eq. (6.5), Eq. (6.6) respectively,

DW R1 = 2
∫ R1

0

[
(α f2 −α f1 )+ (la f2

− la f1
) ·LW C

]
dR+10log10(|K f1 (T1)|2/|K f2 (T1)|2) (6.7)
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DW R2 = 2
∫ R2

0

[
(α f2 −α f1 )+ (la f2

− la f1
) ·LW C

]
dR+10log10(|K f1 (T2)|2/|K f2 (T2)|2) (6.8)

where T1, T2 denote the temperature at range R1, R2.
Combine Eq. (6.7) and Eq. (6.8), the differential dual-wavelength ratio∆DW R can be

expressed as:

∆DW R = 2(R2 −R1) ·
[

(α f2 −α f1 )+ (la f2
− la f1

) ·LW C
]
+φ (6.9)

where∆DW R = DW R2−DW R1 is in dB;φ= 10log10

[|K f1 (T2)|2|K f2 (T1)|2/|K f1 (T1)|2|K f2 (T2)|2]
is a small adjustment factor which is dependent of the dual frequencies f1, f2 and the
two temperature T1, T2 at range R1, R2.

Therefore, LW C can be deduced from ∆DW R in Eq. (6.9),

LW C = 1

la f2
− la f1

·
[
∆DW R −φ
2(R2 −R1)

− (α f2 −α f1 )

]
(6.10)

where LW C represents the mean liquid water content in the fog layer between ranges R1

and R2. The attenuation factors la and α f are assumed constant over the range of the
fog layer. la , α f and the adjustment factor φ are all dependent on the frequency f and
temperature T .

Based on the linear relationship between La and LW C as in Eq. (2.27), the two-way
attenuation La in dB/km can be deduced from the estimated LW C as:

La = 2 ·0.4343 · 6π

λ
Im(−K ) ·LW C

= 2 ·0.4343 · 6π

λ
Im(−K ) · 1

la f2
− la f1

·
[
∆DW R −φ
2(R2 −R1)

− (α f2 −α f1 )

] (6.11)

It can be seen from Eq. (6.10) that errors in reflectivity measurements ∆Z f1 , ∆Z f2

may lead to errors in the LW C estimates, which has been discussed in (Hogan et al.,
2005). The errors in the LW C would propagate to errors in the La , which then propagate
to errors in the V i s estimates. An error analysis on V i s estimates is very important for
the determination of optimum radar frequency pair for fog measurements. It is also
instructive for the design of fog radar with dual-wavelength technique.

6.4. Error analysis on Vis estimates in the Vis-Z-La model
Assuming errors in reflectivity measurements Z f1 and Z f2 to be independent, the error
in each dual-wavelength ratio ∆DW R can be estimated by the law of error propagation,

∆DW R = (∆Z 2
f1
+∆Z 2

f2
)1/2 (6.12)

where ∆Z f1 , ∆Z f2 are the errors in reflectivity measurements at frequency f1, f2.
The attenuation factors la f1

, la f2
, α f1 , α f2 and the adjustment factor φ in Eq. (6.10)

are constant under given dual frequencies f1, f2 and given temperatures T1, T2. Hence,
using Eq. (6.10), errors in LW C estimates resulting from the ∆Z f1 and ∆Z f2 can be re-
trieved as:

∆LW C =
(∆Z 2

f1
+∆Z 2

f2
)1/2

p
2(la f2

− la f1
)(R2 −R1)

(6.13)
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Table 6.10: The one-way differential attenuation factor ∆la f for each frequency pair

f(GHz) 35+3 35+10 35+94 35+140 35+220

∆la f

(dB/km · (g /m3)−1)
0.8940 0.8221 3.5258 6.2468 10.5264

Table 6.11: ∆La f at the basic frequency f = 35 GHz

f (GHz) 35+3 35+10 35+94 35+140 35+220

∆La f

(dB/km)
0.0336 0.0365 0.0085 0.0048 0.0029

Because of the linear relationship between La and LW C in Rayleigh scattering
regime, errors in La at frequency f1, f2 are respectively estimated as:

∆La f1
= 2 ·0.4343 · 6π

λ f1

· Im(−K f1 ) ·
(∆Z 2

f1
+∆Z 2

f2
)1/2

p
2(la f2

− la f1
)(R2 −R1)

(6.14)

∆La f2
= 2 ·0.4343 · 6π

λ f2

· Im(−K f2 ) ·
(∆Z 2

f1
+∆Z 2

f2
)1/2

p
2(la f2

− la f1
)(R2 −R1)

(6.15)

It can be seen from Eq. (6.14), Eq. (6.15) that the errors ∆La depend on the errors
in reflectivity measurements ∆Z f1 , ∆Z f2 , the dual frequencies f1, f2, and the one-way
differential attenuation factor of fog droplets between the dual frequencies.

Considering our V i s estimate model V i s =C ·La
a ·Z b , errors in V i s estimates would

come from the errors in Z measurements and La retrievals. As Z and La have the same
variation trend in the fog evolution, the errors in V i s estimates are given by:

∆V i s =C · (La −∆La)a · (Z −∆Z )b ,C · (La +∆La)a · (Z +∆Z )b
max

−C · (La −∆La)a · (Z −∆Z )b ,C · (La +∆La)a · (Z +∆Z )b
mi n

(6.16)

where ∆Z , ∆La are the errors in Z measurements and La retrievals.
The errors in V i s estimates will be investigated on the simulated datasets for various

fog types and evolutionary stages of fog at f = 3, 10, 35, 94, 140, 220 GHz in a scope of
V i s levels (0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1 km). ∆V i s calculated from each frequency pair
are compared, and the least ∆V i s values correspond to the optimum frequency pair for
various fogs.

First we take f = 35 GHz as the basic frequency, and test which of the possible fre-
quency pairs 35 + 3 GHz, 35 + 10 GHz, 35 + 94 GHz, 35 + 140 GHz, 35 +220 GHz can
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Table 6.12: The ∆V i s of radiation fog for each frequency pair at each V i s level

f (GHz)

Vis (km)
0.01 0.02 0.05 0.1 0.2 0.5 1

35 + 3 0.0002 0.0008 0.0051 0.0218 0.0941 0.7684 70.8258
35 + 10 0.0002 0.0009 0.0056 0.0238 0.1034 0.8981 -
35 + 94 0 0.0001 0.0010 0.0049 0.0217 0.1393 0.6208

35 + 140 0 0 0.0004 0.0025 0.0116 0.0760 0.3281
35 + 220 0.0001 0.0001 0.0001 0.0012 0.0063 0.0434 0.1885

achieve the least ∆V i s values for various fogs. Since the one-way attenuation factor la f

is only dependent on the frequency f , the one-way differential attenuation factor la f for
each frequency pair can be calculated. The results are listed in Table 6.10.

Assuming ∆Z f1 =∆Z f2 = 0.05 dB, R2 −R1 = 3 km, ∆La f at the basic frequency f = 35
GHz can be calculated by use of Eq. (6.14) or Eq. (6.15). The results are listed in Table
6.11.

In our V i s estimate model V i s =C ·La
a ·Z b , V i s, Z , La can be calculated from the sim-

ulated DSD, and a, b, C are estimated based on the least squares method as a =−1.366,
b = 0.3695, C = 0.1826. Since ∆Z and ∆La are also known, ∆V i s can be calculated by
use of Eq. (6.16). In this way, ∆V i s are calculated on each frequency pair for various fogs
in a scope of V i s levels. Taking the radiation fog in our simulated datasets for an ex-
ample, the Z of radiation fog decreases with increasing V i s, but is independent of f by
definition at each V i s level. The La of radiation fog also decreases with increasing V i s,
but increases with increasing f at each V i s level. The ∆V i s of radiation fog for each
frequency pair at each V i s level can be calculated. The results are listed in Table 6.12.
Moreover, the error bars of each V i s level are plotted for each frequency pair. They are
shown in Figure 6.9(a) - (e).

It can be seen from Table 6.12 that for each frequency pair the ∆V i s increases with
increasing V i s, and the least ∆V i s values are achieved by different frequency pairs at
various V i s levels. The ∆V i s for the frequency pair 35 + 10 GHz at V i s = 1 km cannot be
estimated because the ∆La is beyond the attenuation La at the basic frequency f = 35
GHz. For the radar design, we have to determine an optimum frequency pair which can
achieve relatively small ∆V i s values at all the V i s levels. To this end, we have defined
a weight function describing the degree of importance of the various V i s levels at high-
ways or airports. The weight function is defined as:

Wi (V i si ) = exp(−V i si ) (6.17)

where V i si denotes the various levels 0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1 km. It can be seen
from Eq. (6.17) that the degree of importance of the various V i s levels decreases with
increasing V i s levels. That is, lower V i s levels are given much more concern than higher
V i s levels in air and land transportation.

By choosing the least values of the sum of ∆V i s ·W (V i s) over various V i s levels for
the 5 frequency pairs, the optimum frequency pair can then be determined. If we take
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(a)

(b)

(c)
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(d)

(e)

Figure 6.9: The error bars of each V i s level for each frequency pair 35 + 3 GHz (a), 35 + 10 GHz (b), 35 + 94 GHz
(c), 35 + 140 GHz (d), 35 + 220 GHz (e).

into account all the V i s levels, the sum of ∆V i s ·W (V i s) over the V i s levels from 0.01 -
1 km for each frequency pair is calculated, which are listed in Table 6.13.

It can be seen from Table 6.13 that considering all the V i s levels from 0.01 - 1 km, the
priority of frequency pairs is 35 + 220 GHz, 35 + 140 GHz, 35 + 94 GHz, 35 + 3 GHz, 35 +
10 GHz. The frequency pair 35 + 220 GHz achieves the least∆V i s ·W (V i s) value, though
it is very close to the second least value achieved by the frequency pair 35 + 140 GHz.

Furthermore, if we only take into account the V i s levels below 0.05 km, the sum of
∆V i s ·W (V i s) over V i s = 0.01 km and V i s = 0.02 km for each frequency pair are listed
in Table 6.14.

It can be seen from Table 6.14 that only considering the V i s levels V i s = 0.01 km and
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Table 6.13: The sum of ∆V i s ·W (V i s) over the V i s levels from 0.01 - 1 km for each frequency pair

f (GHz) 35+3 35+10 35+94 35+140 35+220

∆V i s ·W (V i s) 0.5686 0.6573 0.1077 0.0582 0.0327

Table 6.14: The sum of ∆V i s ·W (V i s) over V i s = 0.01 km and V i s = 0.02 km for each frequency pair

f (GHz) 35+3 35+10 35+94 35+140 35+220

∆V i s ·W (V i s) 0.0009 0.001 0.0001 0.00006 0.00013

V i s = 0.02 km, the priority of frequency pairs is 35 + 140 GHz, 35 + 94 GHz, 35 + 220
GHz, 35 + 3 GHz, 35 + 10 GHz. The frequency pair 35 + 140 GHz achieves the least ∆V i s ·
W (V i s) value, and it is nearly half of the second least value achieved by the frequency
pair 35 + 94 GHz.

All above are the error analysis on V i s estimates for the radiation fog in our simu-
lated datasets. So far, we have done similar analysis on the other fog types and evolu-
tionary stages of fog in Table 6.4, and have arrived the same conclusion. Taking into
account all the V i s levels from 0.01 - 1 km, the frequency pairs 35 + 220 GHz and 35 +
140 GHz achieve the first and second least ∆V i s ·W (V i s) values, which are very close
to each other. If only taking into account the V i s levels below 0.05 km, the frequency
pair 35 + 140 GHz achieves the least∆V i s ·W (V i s) value. Furthermore, it would be more
costly and technically more complicated to realize a 220 GHz radar than a 140 GHz radar.
Moreover, the antenna beamwidths have to match between the dual frequency radars to
minimize errors, which means that a 35 GHz antenna would be about 6 times larger than
a 220 GHz antenna. Considering all the items, the frequency pair 35 + 140 GHz is the op-
timum frequency pair for fog measurements while taking 35 GHz as the basic frequency.

Given the operational parameters of a pulse-Doppler radar and a FMCW radar as
listed in Table 6.6 and 6.8, the required minimum transmit power Pt for the optimum
frequency pair 35 + 140 GHz can be calculated in order to reach the sensitivity of Z =
−46.3 dBZ at 3 km distance. As the required minimum Pt increases with increasing V i s
levels at a given range resolution, Pt should be determined at the highest V i s level V i s =
1 km for all the 4 range resolution values. Table 6.15 lists the required minimum Pt (W)
of the pulse-Doppler radar at V i s = 1 km for the optimum frequency pair 35 + 140 GHz.

It can be seen from Table 6.15 that the required minimum Pt at f = 140 GHz is about
three times higher than at f = 35 GHz for each range resolution. For each frequency, the
required minimum Pt increases with increasing range resolution.

Similarly, the required minimum Pt (W) of the FMCW radar at V i s = 1 km for the op-
timum frequency pair 35 + 140 GHz are listed in Table 6.16. We can see that the required
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Table 6.15: The required minimum Pt (W) of the pulse-Doppler radar at V i s = 1 km for the optimum frequency
pair 35 + 140 GHz

f (GHz)

∆R (m)
12.5 25 50 100

35 8311 2078 520 130

140 24761 6190 1548 387

Table 6.16: The required minimum Pt (W) of the FMCW radar at V i s = 1 km for the optimum frequency pair
35 + 140 GHz

f (GHz)

∆R (m)
12.5 25 50 100

35 8.66 4.33 2.16 1.08

140 25.8 12.9 6.45 3.22

Table 6.17: The one-way differential attenuation factor ∆la f for each frequency pair

f (GHz) 94+3 94+10 94+35 94+140 94+220

∆la f

(dB/km · (g /m3)−1)
4.4198 4.3479 3.5258 2.7210 7.0006

minimum Pt of the FMCW radar is largely reduced. Therefore, we would use the FMCW
radar for fog measurements because of its high performance and drastic cost reduction.

Next we take f = 94 GHz as the basic frequency, and test the frequency pairs 94 + 3
GHz, 94 + 10 GHz, 94 + 35 GHz, 94 + 140 GHz, 94 + 220 GHz. The one-way differential
attenuation factor ∆la f for each frequency pair is listed in Table 6.17.

Assuming ∆Z f1 =∆Z f2 = 0.05 dB, R2 −R1 = 3 km, ∆la f at the basic frequency f = 94
GHz can be calculated by use of Eq. (6.14) or Eq. (6.15). The results are listed in Table
6.18.

In our V i s estimate model V i s = C · La
a · Z b , the La values at the basic frequency

f = 94 GHz is different from the La value at the basic frequency f = 35 GHz. Therefore,
a, b, C are re-estimated based on the least squares method as a = −1.366, b = 0.3695,
C = 1.4622. ∆V i s are calculated by use of Eq. (6.16) on each frequency pair for various
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Table 6.18: ∆La f at the basic frequency f = 94 GHz

f (GHz) 94+3 94+10 94+35 94+140 94+220

∆La f

(dB/km)
0.0334 0.0339 0.0419 0.0542 0.0211

Table 6.19: The ∆V i s of radiation fog for each frequency pair at each V i s level

f (GHz)

Vis (km)
0.01 0.02 0.05 0.1 0.2 0.5 1

94 + 3 0 0 0.0007 0.0038 0.0170 0.1096 0.4792
94 + 10 0 0 0.0008 0.0038 0.0173 0.1115 0.4881
94 + 35 0 0.0001 0.0010 0.0049 0.0217 0.1393 0.6210

94 + 140 0 0.0002 0.0014 0.0066 0.0286 0.1840 0.8553
94 + 220 0 0 0.0003 0.0021 0.0102 0.0673 0.2905

Table 6.20: The sum of ∆V i s ·W (V i s) over the V i s levels from 0.01 - 1 km for each frequency pair

f (GHz) 94+3 94+10 94+35 94+140 94+220

∆V i s ·W (V i s) 0.2608 0.2656 0.3362 0.4572 0.1583

Table 6.21: The sum of ∆V i s ·W (V i s) over V i s = 0.01 km and V i s = 0.02 km for each frequency pair

f (GHz) 94+3 94+10 94+35 94+140 94+220

∆V i s ·W (V i s) 0.0008 0.0008 0.0011 0.0015 0.0004

fogs in a scope of V i s levels. Again, taking the radiation fog in our simulated datasets for
example, the ∆V i s for each frequency pair at each V i s level are calculated. The results
are listed in Table 6.19. The error bars of each V i s level are plotted for each frequency
pair. They are shown in Figure 6.10(a) - (e).

If we take into account all the V i s levels, the sum of∆V i s ·W (V i s) over the V i s levels
from 0.01 - 1 km for each frequency pair is calculated. The results are listed in Table 6.20.

It can be seen from Table 6.20 that considering all the V i s levels from 0.01 - 1 km, the
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(a)

(b)

(c)
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(d)

(e)

Figure 6.10: The error bars of each V i s level for each frequency pair 94 + 3 GHz (a), 94 + 10 GHz (b), 94 + 35
GHz (c), 94 + 140 GHz (d), 94 + 220 GHz (e).

priority of frequency pairs is 94 + 220 GHz, 93 + 3 GHz, 94 + 10 GHz, 94 + 35 GHz, 94 + 140
GHz. The frequency pair 94 + 220 GHz achieves the least ∆V i s ·W (V i s) value. Besides,
the frequency pairs 93 + 3 GHz and 94 + 10 GHz achieve very close ∆V i s ·W (V i s) value.

Furthermore, if we only take into account the V i s levels below 0.05 km, the sum of
∆V i s ·W (V i s) over V i s = 0.01 km and V i s = 0.02 km for each frequency pair are listed
in Table 6.21.

The priority of frequency pairs stays the same while considering only the V i s lev-
els below 0.05 km. Moreover, we have done similar analysis on the other fog types and
evolutionary stages of fog, and have arrived the same conclusion. Therefore, we can
conclude that the optimum frequency pair is 94 + 220 GHz for fog measurements while
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Table 6.22: The required minimum Pt (W) of the pulse-Doppler radar at V i s = 1 km for the optimum frequency
pair 94 + 220 GHz

f (GHz)

∆R (m)
12.5 25 50 100

94 7812 1953 488 122

220 440995 110249 27562 6891

Table 6.23: The required minimum Pt (W) of the FMCW radar at V i s = 1 km for the optimum frequency pair
94 + 220 GHz

f (GHz)

∆R (m)
12.5 25 50 100

94 8.14 4.07 2.03 1.02

220 459.37 229.69 114.84 57.42

taking 94 GHz as the basic frequency.

The required minimum transmit power Pt for the frequency pair 94 + 220 GHz can
also be calculated in order to reach the sensitivity of Z = −46.3 dBZ at 3 km distance.
Table 6.22 and 6.23 lists the required minimum Pt (W) of the pulse-Doppler radar and
the FMCW radar at V i s = 1 km for the optimum frequency pair 94 + 220 GHz.

It can be seen from Table 6.22 and 6.23 that the required minimum Pt at f = 94 GHz is
very close to the Pt at f = 35 GHz, but the required minimum Pt at f = 220 GHz is much
larger than the Pt at f = 140 GHz. From this point of view, the frequency pair 35 + 140
GHz is much better than 94 + 220 GHz for the use of fog measurements. Furthermore,
it would be less costly and less technically complicated to realize low frequency radars
than high frequency radars.

6.5. Conclusion
This chapter has investigated the feasibility of designing an advanced fog-visibility radar.
On one hand, the fog radar is required to be able to reach a high sensitivity to fog in a
relatively long distance. On the other hand, dual-wavelength technique was introduced
into the radar system to retrieve La from dual-wavelength Z measurements. In this way,
V i s can be deduced from the simultaneous Z and La measurements based on our V i s
estimate model V i s =C ·La

a ·Z b .

The sensitivity of the 35 GHz cloud radar at CESAR was evaluated in fog conditions.
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In the sensitivity calculation, the radar can only measure the fog with Z = −38.4 dBZ
at 3 km distance. The radar sensitivity can be improved by increasing the frequency f ,
transmit power Pt , and pulse width τ. Using an optimum parameter set with f = 94 GHz,
N F = 8 dB, Ls = 9 dB, Pt = 800 W, τ= 600 ns, the radar can measure the fog with Z as low
as -48 dBZ at 3 km distance with the improved sensitivity.

Based on the simulated DSD datasets for various fog types and evolutionary stages
of fog, we calculated Z and La at f = 3, 10, 35, 94, 140, 220 GHz in a scope of V i s levels
(0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1 km). Among the various fogs, ground fog has the lowest Z
values. Therefore, the ground fog has to be considered in priority in order to satisfy the
requirements on radar sensitivity. The lowest Z in the ground fog is -46.3 dBZ at V i s = 1
km, so the radar is required to be able to measure the ground fog with Z =−46.3 dBZ at 3
km distance, which is the assumed maximum detection range of the radar. Besides, the
gaseous attenuation from oxygen and water vapor has to be taken into account while
determining the operational parameters of the radar. As fog layers are normally thin
and highly variable in space, the horizontal resolution of the radar shall be less than or
equal to 100 m. Hence, we set 4 range resolution values ∆R = 12.5, 25, 50, 100 m. The
operational parameters of a pulse-Doppler radar and a FMCW radar were respectively
defined, and the transmit power Pt were calculated at f = 3, 10, 35, 94, 140, 220 GHz.
The minimum Pt was chosen at an optimum f for each V i s level. However, the opti-
mum frequency f is not unique at various V i s levels. It is difficult to choose a single
optimum f for fog measurements due to the highly variable V i s in time and space. Fur-
thermore, there is large difficulty in measuring La with a single frequency radar due to
the heterogeneity of fog. Therefore, we investigated the feasibility of dual-wavelength
radar technology for fog measurements.

Many other meteorological and operational requirements have to be considered for
the design of fog radar, such as the operational modes, the spatial and temporal reso-
lution, the adverse effects of ground-reflections on the signal quality caused by the an-
tenna side-lobes, and the radar physical dimensions etc.

Dual-wavelength technique was introduced to provide La estimates, where LW C was
retrieved from the differential attenuation between the dual frequencies, and La can be
estimated from LW C based on the linear relationship between them in Rayleigh scat-
tering regime. However, errors in reflectivity measurements may lead to errors in LW C
estimates. The errors in LW C propagate to errors in La , and then propagate to errors in
V i s estimates. Therefore, an error analysis on V i s estimates is very important for the
determination of optimum radar frequency pair for fog measurements.

The errors∆V i s in V i s estimates were investigated on the simulated datasets for var-
ious fog types and evolutionary stages of fog at f = 3, 10, 35, 94, 140, 220 GHz in a scope
of V i s levels (0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1 km). calculated from each frequency pair
were compared, and the least ∆V i s values correspond to the optimum frequency pair
for various fogs. Besides, we defined a weight function W (V i s) = exp(−V i s) describing
the degree of the importance of the various V i s levels in public transportation. First tak-
ing f = 35 GHz as the basic frequency, frequency pair 35 + 140 GHz achieved almost the
least∆V i s ·W (V i s) value while considering all the V i s levels or only the V i s levels below
0.05 km. Taking f = 94 GHz as the basic frequency, frequency pair 94 + 220 GHz achieved
the least ∆V i s ·W (V i s) value while considering all the V i s levels or only the V i s levels



6

96 6. Towards the design of an advanced fog-visibility radar

below 0.05 km. In general, the frequency pair 35 + 140 GHz is less costly and technically
less complicated than 94 + 220 GHz in the radar design. Furthermore, the frequency pair
94 + 220 GHz suffers more attenuation in fog, and it would require more transmit power
in order to reach the same sensitivity as 35 + 140 GHz. Based on the error analysis on V i s
estimates in the model V i s = C ·La

a · Z b , we would suggest the frequency pair 35 + 140
GHz as the optimum frequency pair for fog measurements.



7
Conclusions and future work

7.1. Conclusions
In this thesis a series of fog-related issues have been discussed. In general, fog can be re-
garded as an assemble of small liquid water droplets which are much smaller than those
in clouds and rains. This results in very small backscatter and extinction cross sections of
fog droplets, increasing the difficulty of fog detection with measuring instruments. The
comprehensive elaboration on backscattering and extinction properties of fog formed
the basis for looking into the feasibility of detecting fog with radars and optical sensors.
The fog measuring instruments were deployed at CESAR in the season November 2011
- March 2012 to observe and record complete fog cycles (formation and dissipation) in
the Netherlands. The measurement data, in joint with simulation data in literature, were
used to testify our proposed estimate model. In comparison with the Gamma-based
V i s −Z model and exponential V i s −Z model, the exponential V i s −Z −La model im-
proved the estimated accuracy of V i s. Furthermore, the exponential V i s−Z −La model
used radar measurements only, i.e. reflectivity (Z ) and attenuation (La) to deduce visi-
bility (V i s).

Due to the heterogeneity of fog, it is difficult to measure La with a single-frequency
radar. Therefore, we put forward the use of dual-wavelength technique to retrieve La

from radar measurements. The dual-wavelength technique was investigated on the sim-
ulated datasets for various fog types and evolutionary stages of fog. The error analysis
on V i s estimate in the V i s−Z −La model was discussed in order to determine the opti-
mum frequency pair for fog measurements. It is instructive for the design of an advanced
fog-visibility radar.

We now go through the thesis in detail and highlight the main useful results in each
chapter.

• In Chapter 2 we mainly introduced the fog and its characteristics. Fog was divided
into different types according to the various weather conditions during the onset
of fog. It was noted that stratus-lowering fog is the most frequently occurring type
in the Netherlands, which has been observed and documented at CESAR.

The backscattering and absorption characteristics of fog were investigated over a
large range of frequency, temperature and droplet sizes. The simulation results
showed that the backscattering is positively correlated with the frequency, tem-
perature and droplet sizes, while the absorption is positively correlated with the
frequency and droplet sizes, but is negatively correlated with the temperature.
Meanwhile, the frequency and temperature also influence the increase rates ofσb ,
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σa with increasing frequency. The increase rates ofσb ,σa increase with increasing
frequency in the lower frequency range f < 100 GHz, while in the higher frequency
range 100 GHz < f < 1 THz, the increase rate of σb still increases with increasing
frequency but the increase rate of σa turns to decrease with increasing frequency.
The increase rate of σa is also affected by the temperature. When the temperature
is below −20◦C, the increase rate of σa will decrease with increasing frequency in
both frequency ranges.

Radar reflectivity Z , visibility V i s, and attenuation La are the key parameters to
describe the fog intensity. They were defined and formulated in Rayleigh approx-
imation. Furthermore, the Gamma distribution is often used to represent the fog
DSD. Once the DSD is given, Z , V i s and La can be calculated from the DSD.

• In chapter 3 we introduced the fog measurement site - CESAR, which is located in
the western part of the Netherlands. A comprehensive fog observation campaign
was carried out in the season November 2011 - 2012, and a number of in situ and
remote sensing instruments were operated for fog measurements. A 35 GHz cloud
radar has been used in the so-called “fog mode” for the first time during the cam-
paign. A light-weight aluminum reflector was place above the antenna of the radar,
by which the radar beam is mirrored from vertical direction to 3.5◦ elevation. In
this way, the radar beam can sufficiently propagate in the fog and probe the fog in
detail.

The sensitivity of the 35 GHz cloud radar was evaluated in fog conditions. The
maximum detection range of the radar was calculated against the corresponding
radar reflectivity. The results of sensitivity calculation showed that the radar in
the “fog mode” can measure the fog at maximum range Rmax = 3.353 km with the
corresponding reflectivity -37 dBZ. However, the radar sensitivity still needs to be
further improved, considering the fact that the fog may have even lower reflectiv-
ity.

• In chapter 4 various empirical V i s and Z parameterizations in terms of N , rm , re ,
LW C or their combinations were summed up. The parameterized V i s, Z were
compared with the measured V i s, Z and the DSD-derived V i s, Z based on the
dataset of a stratus-lowering fog event at CESAR. It is the only fog case that all the
previously described instruments were simultaneously operated for fog measure-
ments. The fairly good agreement between the measured V i s, Z and the DSD-
derived V i s, Z indicates that the visibility sensor and the radar were calibrated
properly and that the fog droplets are small enough to be considered in Rayleigh
scattering region.

Various V i s −Z and V i s −Z −N relations were derived by combining the various
V i s and Z parameterizations. Furthermore, a Gamma-based V i s − Z model was
derived based on an assumed Gamma-shaped DSD. An exponential V i s−Z model
was deduced by using the regression analysis to the V i s, Z measurement data. All
the V i s − Z models were applied to the same previously described dataset. The
results showed that the exponential V i s −Z model fits better to the measurement
data than the other models for the fog event on February 17-18, 2012.
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In the end, we pointed out that the estimated accuracy of V i s can be improved
with more microphysical parameters such as N or LW C adding into the exponen-
tial V i s −Z model.

• In chapter 5 we put forward a new V i s estimator model V i s = f (Z ,La) where V i s
can be deduced from radar signals only, i.e. reflectivity Z and attenuation La . An
exponential V i s − Z − La model was derived by adding La into the exponential
V i s−Z model, considering that both V i s and Z can be parameterized in terms of
LW C , and LW C is proportional to La at a given radar frequency.

The exponential V i s − Z − La model resulted in a higher estimated accuracy of
V i s than the Gamma-based V i s − Z model and the exponential V i s − Z model,
when tested on a large group of simulated DSD datasets, which were generated
from the parameter sets of modified Gamma size distribution of fog droplets for
various fog types and evolutionary stages of fog given by Tomasi and Tampieri.
The exponential V i s−Z model was also validated with the DSD datasets that were
collected by the FSSP at CESAR.

Furthermore, the exponential V i s−Z −La model was validated with the measure-
ment data from the in situ visibility sensors and the cloud radar at CESAR. The
DSD-derived V i s was substituted by actual measured V i s, and then the DSD-
derived V i s, Z were simultaneously substituted by the measured V i s, Z . As La

cannot be accurately retrieved from single radar measurements, we can only use
DSD-derived La in the exponential V i s − Z −La model. The results showed that
the deviations of the estimated V i s from the measured V i s are much larger than
those of the estimated V i s from the DSD-derived V i s. The reason is the spatial
variability of the described instruments and the different sampling volumes. In
order to reduce the deviations, time-averaging was applied to the original data,
and the results showed that the goodness of fit was improved.

• In chapter 6 we investigated the feasibility of designing an advanced fog-visibility
radar based on our V i s estimator model. The radar is required to be able to reach
a high sensitivity to fog in a relatively long distance. Meanwhile, dual-wavelength
technique was introduced to retrieve La from dual-wavelength Z measurements.

The sensitivity of the 35 GHz cloud radar was tried to be improved by increasing
frequency f , transmit power Pt , and pulse width τ. On the basis of the simulated
DSD datasets for various fog types and evolutionary stages of fog, we calculated Z
and La at f = 3, 10, 35, 94, 140, 220 GHz in a scope of V i s levels (0.01, 0.02, 0.05,
0.1, 0.2, 0.5, 1 km). Among the various fogs, ground fog has the lowest Z values.
Therefore, a series of operational parameters were determined with the ground fog
for a pulse-Doppler radar and a FMCW radar. The results showed that implemen-
tation of FMCW technology can reduce the transmit power Pt , though the lower
Pt of FMCW radar systems may lead to reduced range compared to pulsed radars.

Dual-wavelength technique was introduced to provide La estimates. LW C was
first retrieved from the differential attenuation between the dual frequency radars,
and then La was estimated from LW C based on the linear relationship between
them in Rayleigh scattering regime. However, errors in reflectivity measurements
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may lead to errors in LW C retrieval, which would propagate to errors in La , and
then propagate to errors in V i s estimates. An error analysis on V i s estimates is
very important for the determination of optimum radar frequency pair for fog
measurements.

The errors in V i s estimates were investigated on the simulated datasets for various
fog types and evolutionary stages of fog at f = 3, 10, 35, 94, 140, 220 GHz in a scope
of V i s levels (0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1 km). The optimum radar frequency
pair would achieve the least ∆V i s values. We used 35 GHz, 94 GHz as the basic
frequency respectively, and found that the frequency pair 35 + 140 GHz, 94 + 220
GHz achieved the least ∆V i s values while considering all the V i s values or only
the V i s levels below 0.05 km. Furthermore, the frequency pair 35 + 140 GHz is
preferably adopted in the radar design and would suffer less attenuation in fog.

Moreover, other meteorological and operational requirements were put forward,
such as the operational modes, the spatial and temporal resolution, the adverse ef-
fects of ground-reflections on the signal quality caused by the antenna side-lobes,
and the radar physical dimensions etc.

7.2. Recommendations and future work
A more realistic approach is to validate our V i s estimator model V i s = f (Z ,La) with
the measurement data from the in situ visibility sensors and the cloud radar at CESAR.
Unfortunately the radar was operated in the “fog mode” for only a couple of days, we do
not have as many radar measurements (which were invoked manually) as we have V i s
and DSD measurements, which are continuous, automatic measurements. In the future
work, we need to acquire more Z measurements to validate our model.

One of the prevailing peculiarities of fog is patchiness, so it is always difficult to esti-
mate La from the single-frequency Z measurements. We currently lack reliable La mea-
surements in our datasets, which we can only substitute by DSD-derived values. In this
thesis we proposed using dual-wavelength technique to estimate La . Based on the sim-
ulated datasets for various fog types and evolutionary stages of fog, we suggested an
optimum radar frequency pair for general fog measurements. This technique should be
verified by actual measurements from such a dual-wavelength radar in the future work.

In our V i s estimator model V i s = f (Z ,La), La was indicated as the attenuation from
fog droplets, which we calculated from the DSD in this work. Besides, the gaseous atten-
uation from oxygen and water vapor Lg also exerts influence on V i s and Z , though it is
very small compared to La . We should consider the impact of Lg on the sensitivity of the
model.

Dry and wet aerosols in the air may also contribute to the decrease of V i s and the
increase of Z . A SMPS (Scanning Mobility Particle Sizer) instrument was deployed at
CESAR to measure dry and wet aerosol spectra in a range of 0.0025 - 1 µm diameter. We
can look into the role of aerosols in affecting V i s and Z based on the measurement data.

As mentioned above, the specific fog radar should be capable of operating in hor-
izontal mode and in scanning mode simultaneously that the radar can not only suffi-
ciently penetrate into the fog, but also scan the fog layers in volume.

Throughout our work, our longer term goal is to develop a radar-based fog sensor for



7.2. Recommendations and future work

7

101

highway and airport applications. This sensor, should be able to provide remote visibility
information from radar signals. Remote visibility means the visibility at locations away
from our position. This is a huge advantage over current optical visibility sensors, which
by definition can only measure visibility on their own location. To measure remote vis-
ibility by optical sensors, would be hampered a lot by attenuation of the measurement
signals. By contrast, the radar signals can propagate in the fog with less attenuation.
Although we did not have the opportunity to build such a radar system, our simulated
datasets predict good performance.





Appendix A: Generation of simulated
DSD

In section 5.3.2, our V i s estimator model V i s = f (Z ,La) is validated with a large group
of simulated DSD datasets which has covered various fog types and evolutionary stages
of fog. The simulated DSD are generated from a series of parameter sets of modified
Gamma size distribution of fog droplets for various fogs. In this appendix, we describe
the concrete procedures of generating the simulated DSD.

The modified Gamma size distribution has the general form

n(r ) = arαexp

[
−α
γ

(
r

rc

)γ]
,0 ≤ r <∞ (A.1)

where n(r ) is the number concentration of droplets per unit volume per unit radius in
µm; a is the number concentration of droplets per unit volume; rc is the mode radius
which indicates the radius of maximum frequency;α, γ and rc fully determine the shape
of the distribution.

Tomasi and Tampieri (1976) has listed the a, α, γ and rc values for 4 main fog types
(radiation fog, evaporation fog, advection fog, and arctic marine advection fog) and 4
evolutionary stages of fog (ground fog, formation stage, mature fog, and dissipation fog).
Various fog drop size distributions can produce the same V i s values, hence V i s needs
to be divided into a couple of levels. We set 7 V i s levels in previously defined fog condi-
tions, 10, 20, 50, 100, 200, 500, and 1000 m.

Next, we simultaneously use the following three conditions to calculate the profile of
the modified Gamma-based DSD for each fog type at the 7 V i s levels.

• The size range of fog droplets is assumed from 0.5 - 49.5 µm in radius with each
size bin 1 µm.

• Assuming N is the total number concentration in the whole size range, the real
profile of the modified Gamma-shaped DSD is obtained by multiplying n(r ) in Eq.
(A.1) by N .

• Each V i s is calculated with the use of V i s calculation formulas as in Eq. (2.19) -
(2.20).

7 drop size distributions in the assumed range can be obtained for each fog type
which correspond to the 7 V i s levels.
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Appendix B: Goodness-of-fit statistics

In chapter 5, we compare our V i s estimator model with the other two models in terms of
the goodness-of-fit statistics. The goodness-of-fit indicators for parametric modes are:

• The Sum of Squares due to Error (SSE)

• R-Square

• Adjusted R-Square

• Root Mean Squared Error (RMSE)

In this appendix, we give the definitions of these goodness-of-fit statistics.

Sum of Square due to Error

This statistics denotes the total deviation of the estimated values from the measured
values.

SSE =
n∑

i=1
wi (xi − x̂i )2 (B.1)

where wi is the weight coefficient; xi denotes the measured values; x̂i denotes the esti-
mated values.

The closer to 0 the SSE value is, the smaller random error component that the model
has, and the better the model will be for estimation.

R-Square

This statistic denotes the degree of the fit in explaining the variation of the data. It
is defined as the ratio of the sum of squares of the regression (SSR) and the total sum of
squares (SST).

SSR and SST are respectively defined as:

SSR =
n∑

i=1
wi (x̂i −x)2 (B.2)

SST =
n∑

i=1
wi (xi −x)2 (B.3)

where xu denotes the mean values. SST is the sum of SSR and SSE.
R-Square is expressed as:

R−Square = SSR

SST
= 1− SSE

SST
(B.4)
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The closer to 1 the R-Square value is, the greater proportion of variance is accounted
for by the model.

Adjusted R-Square

This statistic is the R-Square adjusted based on the residual degrees of freedom. The
residual degrees of freedom is defined as the difference value between the number of
measured values m and the number of fitted coefficients n estimated from the measured
values.

v = m −n (B.5)

where v is the residual degrees of freedom.
The adjusted R-Square statistic is expressed as:

adjustedR−Square = 1− SSE(n−1)

SST(v)
(B.6)

The close to 1 the adjusted R-Square value is, the better fit the model takes on.
Negative values can occur when the model contains terms that do not contribute to the
estimates.

Root Mean Squared Error (RMSE)

This statistic denotes the standard error of the regression. It is an estimate of the
standard deviation of the random component in the data.

RMSE is expressed as:

RMSE =
p

MSE (B.7)

MSE is the mean square error,

MSE = SSE

v
(B.8)

Just as with SSE, the closer to 1 the RMSE value is, the better the model will be for
estimation.



Appendix C: Commonly used fog drop
size distributions

Fog drop size distribution (DSD) is often represented with Gamma or Log-normal
distribution. Once the fog DSD is given, the characteristic parameters related to fog can
be determined.

Gamma distribution

The general formula for the probability density function of the Gamma distribution
is

n(r ) = N

Rv
n ·Γ(v)

· r v−1 ·e−
r

Rn ,r ≥ 0 (C.1)

where n is the number concentration of droplets per unit volume per unit radius in
mum; N is the total number concentration per unit volume in cm−3; v and Rn are the
shape and scale parameters of the Gamma distribution; Γ(v) is the Gamma function
which has the formula

Γ(v) =
∫ ∞

0
t v−1e−t d t (C.2)

The characteristic parameters of fog can be expressed in the forms of Rn and v ,

rm = Rn · v (C.3)

re = Rn · (v +2) (C.4)

σ= (v ·R2
n)1/2 (C.5)

LW C = 4π

3
ρw ·N ·R3

n · (v +2)(v +1)v (C.6)

V i s = −lnε

2πN ·R2
n · (v +1)v

(C.7)

Z = 64 ·N ·R6
n · Γ(v +6)

Γ(v)
(C.8)

V i s ·Z = −64lnε

2π
·R4

n · Γ(v +6)

Γ(v +2)
(C.9)

Log-normal distribution
The general formula for the probability density function of the Log-normal distribution
is

n(r ) = Np
2πσlog r

exp

(−ln(r /Rn,log)2

2σ2
log

)
,r ≥ 0 (C.10)

where σlog is the logarithmic width of the distribution; Rn,log is the median radius.
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Just as with the Gamma distribution, the characteristic parameters of fog can be ex-
pressed as

rm = Rn ·exp

(
1

2
σ2

log

)
(C.11)

re = Rn ·exp

(
5

2
σ2

log

)
(C.12)

σ=
[

R2
n,loge

σ2
log

(
exp(σ2

log)−1
)]1/2

(C.13)

LW C = 4π

3
ρw ·N ·R3

n ·exp

(
9

2
σ2

log

)
(C.14)

V i s = −lnε

2πN ·R2
n,log ·exp

(
2σ2

log

) (C.15)

Z = 64 ·N ·R6
n,log ·exp

(
18σ2

log

)
(C.16)

V i s ·Z = −64lnε

2π
·R4

n ·exp
(
16σ2

log

)
(C.17)
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