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Abstract. Given suitable condidons of air emperature and
humidity, the density of a fog and its microphysical
properties depend mainly on the availability of cloud
condensadon nuclei {CCN) and their nature. Fogs become
particularly dense near certain indusmial plants becanse of
high concentration of hygroscopic combuston partcles in
the air. Their role in dense fog formation is estimated by
comparing the local climates and CCN concentrations at
two similar sites, the first being more subject to air
pollution and dense fogs than the second. .Orthogonal
regression is applied to three meteorological vadiables {air
temperature, relative humidity, wind spesd) and CCN
concentration. As we compare very close variables,
bootstrap provides precise confidence intervals independent
of Gaussian assumptions, Two sites are compared : they are
located in the Meuse valley (Belgium) at a distance of zbout
15 km. We found that the local climate of the polluted site
is not orly colder and wetter bue also richer in CCN that the
conwol site. These results suggest inieracdons of natural
and anthropogesnic causes in dense fog formadon at
industrial site. This methed is useful in various domains of
geophysics when correlated dme series have t© be
compared,

1. Introduction

Fogs and acrosols are intmartely associated. The role of
hygroscopic aerosol partcles in fog formation has long
been swudied. The main resuit is that the fog formaton,
fogwater chemical compositdon and fog duraden are
saongly correlated with the ambient air quality (Mungsr et
al. 1990, Hudson et 1991). It is well known that
topography has an effect on air quality, especially in case of
ground inversion.

In the Meuse valley (Belglum) the fog auvisances are
numesrous. We shall mendon the notorious case of the firse
wesk in December 1930 when numerous deaths have been
comrelated with a blocking anticyclone (Jaumoue, 1931).
Today, fog causes serious road accidents.

To reduce accident risks we can forecast fog formation
(Boreux and Guiot, 1992) but also act on the smoke
emissions, all the more as thev play a role in fog formation,

Beez and Tailfer are two sites having a "V shaped
valley” bur the first, industrial by nature, only is fraquenty
subject to dense fogs (Boreux, 1988). Tailfer, very closs to
Besz, can be considersd as a conmol site. In order w
distinguish berween nawral and anthropogenic causes of
dense fogs it is necessary to compare the local climazes of
both sites. In the case thers is no systematic and significant
differences betwesn the two local climates, the frequent
dense fog occurrences at Beez can likely be connectad with
human acdvides. In the opposite case, addifonal
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investigatons on the cloud condensaton nuclei, ie. CCN,
concentraton are absolutely necsssary for decision-maidng.
It has been pointed out by a simple method (and it is
confirmed in this paper) that the indusmial size is tcher in
CCN concenwation than the conmol site (Borewx and
Serpelay, 1990). The difference should be due 10 the
indusmies producing magnesian Hmestone, lime and
naphthalene. This explanadon is in agreement with many
invesdgadons which have shown that the physico-chemical
propertes of aerosol particles have a direet influence on the
life cycle of radiation fogs (Twowey, 1968; Bom, 1991).

The local climates comparison as that of the local charge
in CCN are based on the dme series pairwise comparisons
of selected physical parameters measured during a
sufficiently long monitoring  pedod. The orthogonal
regression is the most appropriate method when the two
variables 0 be compared have 2 svmmemic roie. The
confidence intervals for each regression parameter (ie.
intercept, slope and correlation coefficient) are computed
by bootsaap (Efron, 1979; 1981). The main difficulty stems
from autocorrelations which reduce e number of degrees
of freedom to much less than the number of observations.

This close dime sedes comparison technique should
provide a valuable assistancs in many domains of
geophysics when time series obszrvadons arz to be
compared.

2, Dara

In the Meuse valley (Belgiver) we have comparsd the
local climates of BEEZ (50°28'N, 4°36'E. 80 m) and
TAILFER {50724'N, 4°52E, 80 m}. The neighborhood of
Beez, induswial by namre, is ofiza submitted to very
localized dense fogs while Taiifer is not. Both sites have
been equipped with an automadc meteorclogical station
which supplies every 30 minuties e values of thres
meteorologic variables: screen air termperamre, air fumidiry
and wind speed averaged over this period. The monitoring
pericd was the first five months in 1883 (Table 1),

Table 1. Metecrological and microphysical variables
studied at Beez and Tailfer betwesn Jenuary and Mav 1988,

Variable Symbol | Unity Sizs

air temperature AT | e 4344
relative humidity WS ! % | 4543
wind spead WS =i | 3603
CCNconcengation] N | -3 | 226

To lay emphasis on the role of B22z human acdvites in
fog formaten and duradon, we used a thermal diffusion
chamber (TDC). In a TDC & steady swmre flux of water
vapor is mainwined berween two we: horizontal surfaces
having different temperatures (Fig.1). The chamber being
filled with sampled air, water vagor diffuses from the warm
surface with temperature Ty, toward the cold surfzce with
temperature T, At each level in the chamber, the vapor
pressure is larger than the samradon pressure, ie. 2
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supersaturaton S is created. The maximem supersaturation
Sm occurming nearly midway between the two surfaces can

be estmated as a funcdon of the temperature difference AT
=Tw- T (Goizetal, 1991):

SmEAT2/25 (1)

where Spy, is given in percent. By illuminating the chamber
at a level where S, occurs, the droplets being in the light

beam may be photographed 1o determine the concentrarion
of CCN having 2 critical supersamration S; less then or

equal ©© Sp; . This critcal supersaturadon is related to

critical radius of the developping droplet, the lowest size
from which the droplet can grow bigger. The lower is the
critical supersaruration of & partcle, the greater is its crideal
radivs and the higher is the probability for its panicipadon
in droplet formation.

As it was first proposed by Twomey
supersaturation specira follow a power law of type

N=¢Sk )

(1939),

whers N is the total number concenration of CCN active at
2 value of supersaturation S, while ¢ and k are constant
determined by solving the logarithm-wansform of Eq. (2)
for each expzriment.

A important fazt is that the thermal diffusion charmbers
activare all partdcles having a radius larger than a cridcal
radius comresponding to the supersaturadon created into the
TDC.

We carried out 54 comparadve experiments betwesn
Beez and Tailfer including 226 measurements of
supsrsaturations S ranging from 0.1 % 10 1.8 %. The 226
values of ¢ and k obtainzd by solving Eq. (2) characterize
the local zerosol of both siies. We found that, at the 90 %
level, k is not significantly differsnt for both sites (with a
value about 0.60) while ¢ is 3250 cm3 1o 3360 cm™3 ar
Tailfer (the contol site) against 3630 cm-3 t0 3760 em3 at
Bezz (the induswial site). In other words, it is confirmad
that a systematic incrzase of CCN concenwadon of order of
magnitude 102 cm3 appears in the poluied site.

3. Methodology

let us consider two time-series to be compared. Alr
temperature (Fig, 2} does not seem clearly differant in both
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Fig.1, Principle of a thermal diffusion chamber (from Gétz
et al, 1991, pp 94). The gradient temperatmire berween the
upper and the lower plates induces a supersamraton which
is maximum half-way up. All partcles having 2 critical
supersaruradon lower are activated.
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Fig. 2. Scauerplot of the wemperature at Tailfer in function
of the temperature at Beez.

sites while CCN concenmadon is (Fig. 3). Of courss it is
necessary to give 2 precise and rigorous sensz o this
statement. Because there is no causal relationship bétwesn
the dme series, i.¢. the variables play 2 symmemic role, the
appropriate 1echnique for analysis is orthogonal regression
which minimizes the sum of the residual deviatons
products (Dagnélis, 1973).

Let X and Y represent the respective time series, the
gengral equaton is then wristes sither

T=a+bX or X=bl(v-n (3)
whare ¥ represents the estimate of Y given X and X the
esumare from Y.

For a given set of observedons (i = 1,...n) the quantity Q to
bs minimized is defined as

Q=1x;- b i(y;- )i Ivg -2 - byl (4
Using the residuals defined asu: = v - & = y; - 2 - by; , Eq.
(%) becomes:

n
Q=ibl"l T3 (5)
i=1
and the corresponding nomeal equadons can be writien as
n a n
Sui=0and 27 +25 Sux=0 O]
i=] i=1 i=1

The orthogonal regression line is easily derived from these
we larter

Y= (§y/80 (X-m)+9 (7

where Sy , 7, Sy and x eare, respecdvely, the standard
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rig. 3, Scanerplot of CCN concentrations medsured at
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deviation and the mean value of Y and X while the sign in
Eq. (7} is given by that of their correlation coefficient r.

Both variables will be considered as not significantly
different if the swaight line given by Eq. (7) has a slope
close to 43" and an intercept close to zero while the
correlation coefficient r tends two 1. The bootstrap technique
gives us the possibility to compute a robust confidence
interval for each parameter estimated without partcular
assumptions on the residuals distribudon (Efron, 1979;
1981). It has been successfully applied in paleoclimatology
by Guict (1990) and Tili and Guict (1990) and in fog
forecasting by Bereux and Guiot {1992).

The ides of the bootsmap method is to resample the

original observaiions in a suitable way to consmuct pseudo

data sets from which the esumations are performed. The
variability of the esdmates from one pseudo data set to
another is the key for therr reliability evalvadon. The
resampling is done by random drawing with replacement. A
pseudo data set contains as many observadons as the
original one and consequendy some observatons arg
preseny several dmes and othérs are not.

For each pseudo daa set we calibrate an orthogonal
regression which gives us a pardcular value for each
parameter in Eq.(3): hence for the k th pseudo dara set we
have ay , b and 1 where 1<k<K. The K regressions (ie.
the K slopes, intercepts and correlations) are summarized
by their mean values and standard deviauons. The range
{mean value - 2*stndard deviaton, mean value +
Z=standard deviaton] provides a $5%-confidence interval if
we assume that these K calculated paramesiers have a
Gaussian diswibution (the example in Fig. 4 shows that this
assumpdon is reascaazble). To avoid the normality
assumption, we prefer to use the 2.5, 30 and 975
percentiles which provide the parameters with their
confidence interval.

4. Methodological discussion

Each observation of the data set must have the same
probability of selecdon by random drawing. This
probabilitv is given by the inverse of the number of
observations (L.e. 1/N). Because of large autocorreladons
due to the samphncr dme swp (half an hour), each
observadion is over-represented : even when observadon xg

is not taken, its correladon with x;-1, X1, X(22... makes it

to be indirecty present in the pseudo dataset. These high
autocerrelatons make underesumaie the bootsTap errors.

A soluton to avoid these biases is to resample the daw at
larger time intervals before beginning further calculatons.
Fig. 3 presents the vartatons of the bootstrap errors on the
intercept (a) as a funcdon of wewmperanire autocomreladons at
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Fig. 5. Reladonship betwesn the aurocorrelation at various
lags {from 0.5 hour to 13 hours) for the Beez and Tailfer air
emperatures  and  the  bootswapping ermror for  the
temperature intercept.

Beez and Tailfer. In this figure temperamre have been
resampled each half hour, each hour and so on undl i5
hours. The autocorrelation decreases from 0.99 o 0.12 (for
an half day) and increases thereafter until 0.42. In the
mexttime, the bootstrap error increases from 0.013 to
0.064. There is then a clear reladonship berween both
stadstics, The maximum error is found cut for an half-day
resampling, and berween 6 and 15 hours, the error is close
to (.06, We select a resampling value of 12 hours which
maximizes the error and which is representative of the daily
cycle,

Another parameter © be determined is the number of
replications K. Fig. 6 shows the value of the imtercept
cumulated from 1 to 500 replicadons. It appears that the
intercept v_nes from 0.11 to 0.52 and, when averaged,
tends to 0.33. The swubilization around this vaive is reached
afier about 100 replications. We adopt this value for K.

The histogram of the 500 values computed for the
temperature intercept is displaved in Fig.4. Ir shows that we
may approximate the disoibudon with a Gaussiag law of
mean equal to 0.35 “C and standard deviaton equal w 0.06
*C. The confidence interval a[ the 93%-level (i.e. mean « 2
* siandard deviation) is [0.22, 0. 46} which means that the
temperature at Beez is 0.35 "C significantly higher than in
Taiifer. Nevertheless to avoid normality assumptions, we
prefer to use confidence intervals defined by the 2.5 and
97.5 percentles of K replicadens and the cenmal value
defined by the 30 th percendle: [0.21, .33, 0.45], which is
hers very close to the values providsd by the mean and
standard deviadon.

5. Results

As already mentioned, three metecrological variables are
comsiderad to compare the local climate of Beez and
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Tailfer: air temperature, relative humidity and wind speed.
Table 2 gives the 2.5, 30 and 97.5 percendles of the
intercept (a), the slope (b) and the squared corrzladon (rg)
establisned on 100 replications (a2 value proven w0 be
sufficient in Fig.6).

Tabls 2. The 2.5, 50 and 97.5 percenties of the intercept

(2), slope (b) and squared correlation (r+) calculated by
bootwsrap (100 replications) orthogenal regression betwesan
Beez and Tailfer. The variables are defined in Table 1.

{vanable la b P2

AT 1022 032 046 1097 098 1.00 1095 0.98 0.99
RH 1-3.83 -4.26 -1.91 1099 1.02 1.4 !0.9: 0.95 0.97
ws§ 1043 048 033 1114 127 147 0.1 021 0.37
IN f.30 130 27¢ 10.76 082 050 0.7 C.80 Q.87

It appears that two metsorolosical vasables, air
temperature and relative humidity, ars very cormrzlated from

site 10 site (r?> 0.95) and that the s} are of wo orthogonal
regression lines is not significantly differsnt fom one (at
the 95%-level). On the other hand, the intzrcepts are
significantdy  different from zero. which implies 2
svsizmatic bias, independent on the valuszs themssives. In
other words. the indusmial site (i.e. Beez) is significantly
Izss hot (- 0.3 °C) and merz moist (= 45) then the control
site (ie. Tailfer).

As expected, wind spesds are not very stongly
correlated bsrwesn the two sites. This corzlation 1s
neverthelzss significant at the 93%-level as the 2.5th
parcentle (0.11) is markedly greater than 0. In conmast with
the two other variables, the slope is significantly higher
than 1, meaning thar the wind speed at the conzol sitz has a
greater variability than at induswmial site. The intercept of
0.48 m/s confirms that usuaily the wind speed is slighdy
swongsr at Tailfar than Beez.

The tzmperature, humidity and wind speed condidons
are more favorable to fog formadon in the induswial site.
Tais effect is likely emphasizaed by the higher concenmrarion
of CCN. Indeed Table 2 shows a significan: siope of 0.84
and 2 negiigible intercept. While at high concenmaton of
CCN (N > 2000 cm-3) the indusmial site has 2 significantly
larger amount of CCN (20 %), at lower concenrzrions there
is mo significant difference. Therefore it must be
emphasized that the measurements errors are larger when
the thermal diffusion chamber operaes with lower
supersaturaton and thersfore we cannot distinguish bath
sites at lower concentrations,

6. Concluding remarks

The Sambre river runs from the induswial basin of
Charieroi into the Meuse nver at Namur. After the
confluence the river surface temperaturs increasss by about
0.7°C (Boreux, 1988). The polluted siwe, Besz. is sitnated
downsweam of Namur where the valley is odented NNE-
WSW, while the control site, Tailfer, is locatzd upstrearn,
where the valley is orlented N-5. Conseguently, the south
riverside of the industrdal site does not store much hear,
which explains the sysemadcally lower air emperarure at
Beez (-0.3°C). If we add ths difference of 0.7°C found for
the water temperature, the evaporation which is
proportional to the difference betwesn water and air
remperaturss (here 1°C) is swonger at the poliued site than
at the conwol site. This is confirmed by the systematic bias
found for the humidity (4.3% less in Tailfer than in Besz).
As the poliuted site also has higher capaciry for CCN
actvaied in a thermal diffusion chamber, ie. this site
coniains more smaller particles than the conwol sie, we
assume that these particles are emitied by the factories
chimmneys. To relate the presence of these partcles (100

smal} to act as CCN in the atmosphere where the
supersaturations are always less than 0.1 %) to the dense
fog formation, we can express an hypothesis: the very small
paritcles act as CCN inside the chimnzys where semperature
gradients exist, Le. with sufficient supersawrations. With
egard to wind speed, it is difficult to conclude because the
correlation betwesn both sites is rather poor. Nevertheless
we can conciude that the contrel sitz, less rich in CCN by
nature, is also slightly more windv.

Addiional investgations with isothermal haze chamber,
which Operatss with very low supersawrations, would be
useful to separate natural and anthropogenic sourcss.
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