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1. Infroduction

Between 1983 and 1991, the Chemustry of High El-
evation Fog (CHEF) experiment was conducted ou three
mountaing i southern Quebec, Canada (Schemenauer
et al. 19955 The CHEF project was linked with the
Mauntain Cloud Chemistry Progect (MCCPY in the Ap-
patachian Mousming of the United States, Measure-
ments were made of Hguid water content (EWC) as well
as standard meteorological parameters (temperature,
pressure, relative hamidity, wind speed. wind direction,
and precipitation’. Fogwater and precipitution sanmples
were collected and analyzed for the concentrations of

various acid sons, The present paper is a continuation

of a project. the earhier stages of which appeared in
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Bridgman et al, {1994), Walmsley et al. (1993, 1996a.b
and Usquizo et al, (1998,

Fog in its simplest definition is a clond with its bas
on the ground. Indeed, the fog events experienced o
Roundtop Mountain are in the most part due to cloud
passing over the mountain. From the reference point ¢
the CHEF site on the mountain, however. the measure
ments are most definitely made in fog.

Acid jon deposition depends principally on the LW(
ion concentrations in fogwater, and efficiency of th
depusition process, Previons studies at two high-ele
vation {almost 1000 m shove mean sea level $MSL
CHEF sites showed that the acid deposition from fo
was al least as imporiant as that from precipitation, |
the present paper, the objective was o predict ar est
miate EWC in bigh-elevation foy, Mare specifically, th
goal was 1o estimate LWC on Roundtop Mountain, Que
bee, from routine meteorclogical measurements ar th
Sherbrooke weather station (see Fig. 1 and Table |
The use of standard weuther data is the first step
extending our predictive capability to areas where, an
time periods when, fogwater data do not exist, In thi
approich. we used two powerful statisticad algorithm
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glassification and regression trees (CARTY (Bretman ot
al, 1984 Steinborg and Colla 1995) and neuro-fugzy
inference systems (NFISY (Chin 1994 Mathworks
998 Both are methods of nonparametric, nonhineay
regression, which are considerably different from tra-
ditioral multiple linear regression schemes.

To apply LW estimates from the method proposed
in e present suwly to caleulaie foz deposiiion in com-
plex terrain, it will be secessary to predict the frequency
of fog cccwrrence af & given altitude with an absolute
accuracy of 10% or better. This I3 because fog fre-
guencies typically fall in the range of 0%-30% for
mountain forests. Any Bigher uncertainty i the fog {re-
guericy would produce little improvement over simply
ealeulating the wet deposition from the precipitation
eomnponent alone. Stullarly, the caloulations will have
ter be done with altitude steps of 100 m to account for
changing forest areas with altitude.

in the remaining part of this infreduciory section, we
describe the CART and NFIS algorithms, as well as a
hybrid scheme that makes use of both slgorithms, Sec-
tions 2 and 3 describe the acquisttion and preparaiion
of cloud detector and LW data used in this study
Sections 4 and 3 cutline preliminary sifempts to estimate
LW, section & presents the Bnal scheme. We sum-
marizo our resuls and present conclusions in section 7.

i, CART

The CART progriam is ideally sutted o the problem
of analvzing a large amount of data consisting of
ohserved value that one wishes {0 be able 1o estimate
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or predict (1e., the predivtand b and & mumber of possit
predicrors. The predictand and predictors may take
continueus viloes or may be classified into ¢ fintte nw
ber of categories. Crput 1s 1t discrete values, A CAF
fit of the data has the form of & decision tree and
plzeewise continuous. It uses o procedure of minimiz
variance at cach “splitfing™ of the data af internal nod
of the tree, During this process, CARY selects the n
evant predictors from what may be a large number
potential ones. A more detailed description of CAl
appears in a recent apphication (Burrows 1997,

An pwportant CART input option s the method
error estimalion. n the present study, we selected
test set method. Tnittally, one vear was chosen as a Jem
ing set and ancther as the 125 set. Later, four vears
data were comibined in ore large dataser and a specifi
percentage of the towl dataser was reserved Tor test
PUFPOSES,

The following is a conceptual description of he
CART operates, from the viewpolnt of the user, CAl
processes the data and attempts to find a gree. consisi
of & number of nodes. that minimizes the predicn
errer. Node 1 of the tree iy the entire dataset. CAJ
builds & ree by spiitiing the data. beginning with no
I, into two new nodes. These nodes may also be sp.
a node that is not spht s referred to as a tersvinal no
{TN). Each split ix accomphished aecording to whet
a predictor or a linear combination of predictors is abo
or below a threshold value, examples of which ¢
shown in section 3. For simplicity in this paper, Hm
combinations of predictors were not permitied. so
splitting was done vsing a single split variable, In e
application, we show the free, & wble giving details
the splitting and nodes, and & able giving the termb
nodes and their corresponding predicted values.

As we had many small observed values of the p
dictand, we intlally tested the logarithmic transforn
tion option in CART {o produce a more even distribui
of values, We then abandoned that approach and e
now replaced it with a methad, 1o be deseribed beic
to elintinate most of the events in which fog was
predicted to occur at the Roundtop observation site.

fiied

b NFES

Uniike CART. NFIS does not eliminae predicte
however, it does provide a continuous-rasponse form
cutput. NFIS uses subtractive clustezing o form clus
centers. Formtation of cluster centers is controfled @
certain extent by the user’s choice of four input para

Roundtep Ri
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eters. The radins of influence conttols the size fin mul-
tidimensional vector space) of each clustor. The sguash
factor controls the degres of overdap of clusters. The
reniaiping two pavameters contrel adnmssion and rejec-
tion of new chuster centers, Fazzy membership of data
poinis in the cluster cenfers is assigned by Gaussian
membership functions, Membership is “Tuzzy” in the
sense that o data point may have membership in more
than one cluster. Hach cluster center is regarded as a
basis for Fuzzy rules, which are formulated as linesr
equations in the predictors. Training data are used fo
deterinine the coefficients of these equations, resulting
it a Hnear least squares estimation pmb}em that takes
the form of a marix eguation: AX = B. A recussive
procedure 15 used to :m?m: Tor X, w 1.1Lh is the sofution
vecior containing the cosfficients of all the Hnear equa-
tions that represent the fuzey rules.

o, CART-NFIS hvbeid method

In practice, we used CART as a preprocessing step
to select the predictors for use by NFIS. Application of
NFIS then provided continuowus output {unlike CARTs
discretely spaced values) based on prediciors thut CART
had foand to be significant. In this marmer. we combined
the strepgths of the two methods. We found that the
hvbrid methad, to be described in more detai] in section
6, gave significantly better resuls than either CART or
NFIS alone.

2, Measurement program

A fog-measuring device, FMD-04R {Advance Eleo-
tromie Sub-Systems, Ine, Keltlehy, Omario, Canada),
was used o measure LWC, The device, hersafter the
FMID, was based on a design described by Gerber
{19845, B cousisted of a planar civenlar photodiods
placed perpendicular 1o and coaxtal with a nasrow col-
limated bearmn of light. The beam liself was capiured by
# light trap. The FMD sensed the Hght scastered out of
the beam direction through a small angular range. In
principle, the scattered flux £ (W) could he refated o
the bean: radiant Hox £ {W) and the lignid water content
Wig m %) by Gerber's relation:

F o= 0008 23IW. it}
In practice, however, the FMD output # (mV) was first
corrected for zero-deift o (mV}y and was then used to
derive W using a calibration curve (M, Wasey 1997,
personal communication)

W= il o~ o) 4 B 2y

where m o= G021 g m 7 mVoi b= (L0029 2 m?, and

- 30100 mV. The value of ¢ was checked wnd re-
gorded daily (in clear-air conditions} by the operator In
the case of small changes, the value was not reset, bt
the data were later corrected by subtracting the zero
vithue, In the case of substantial changes in zero value,
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the FMIY was shut off, the optical path and opt
cleaned, the electronies checked. and the instrument
started. The zero valoe was then noted before new oy
were collecied. This dally protocol, in additdon o

examination of the thne-series plot for the month, ¢
abled small changes from the zero value to be taken
vaid measurements of LWC. As part of the processi)
of the raw data, any remaining zero-drift correction w
doune somewhat subjectively from time-series plots

F. The period over which a given zero correction w
apphied deponded on the jtzdgmtm of the analyst. Ther
fore several values of ¢ could be used hetween mu
tenance and adjustment visits o the measurement sil

The values of ar and b in (21 were deternined fro
a wind-tennel compatison with a2 PMS forward scarn
g spectrometer probe (FSSP), Eguation (2 15 intend:
for use with drops of size 6-10 um and is valid for
my < F e o<l M mV o Ge., 0.072 gt s W o
gm b approatimatelyy. Hourly averazed LW data o
tained from this device were available for vario
lengths of time between April and October in the periy
1988-91.

in addition to the FMD, howrly averaged data we
available for the yeurs 1989-91 from an optical cho
detector (OCD) designed 1o indicate the presance
absence of fog. The QU (model MCD-05: now knov
as the Fog Sentinel, Series DH. Advanced Sensor Tec
notogies, inc., \humion MDDy was based on a prototy:
{ie\elopa d at the Netherlands Energy Research Fou
dation. An infrared signal is transmitted toward a ph
foelectric receiver. In the absence of cloud or fog, o
signal s blocked by a “blocker post™ and is not dateet
at rh:, receiver, When cloud or fog is present, the infran
bear is near-forward scattered around the blocker po:
cnabling the receiver (o detect the signal, At Roundio
the OUD was calibrazed o deteet fog when the LW
exceeded approximately 0.07 g m (M. Wasey 199
persopal communication).

The size distribution of the fog droplets can affe
the response of the FMD and the OCD at values ne
the threshold responses of the instruments. In additio
the absolute value of the LWC messured by the FM
and refiected in the “rumn on’” setting of the OCD
only as good as the calibration of the PMS FSSP agan
which the FMD was compared, At the CHEF site, hon
ever, the OCD signaled the presence of fog vyhcn il
FMI indicated TLWC values of about .07 ¢ m~7, The
are times when the agreement between the instramen,
is poorer than at other times. Since each hontly avera;
is made up of many individual measurements, howews
the instraments should be compatible when consideris
hourly values,

When the CHEF site was below cloud base, and thy
not 1n fog, and precipitation was falling. neither ¢
FMD nor the OCE had a significans response to 1)
precipitation. When the cloud base was below the sa
pling elevation, and the site was in fog, both instrumen
respastded o the fog,
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Data from the Sherbrooke weather station used inthis  was left unchanged. Table 2 summarizes the LW a)
study are available in the Canadian Weather Energy and  F1 data availability and the screening process, It shou
Engineering Data Sets {CWEEDS compiled by the A= be noted that in 1989, the number of LWC records aft
mospheric HEovironment Service in 1993, A number of  processing with the FI data was increased due {o o
the CART predictors used in the estimation of LW resetting of some missing LWC values to zere. In 198
were oblained directly from the CWEEDS files, These  one observed value of LWC exceeded 0.6 gm i th
inchuded solar radiation variables, clond ceiling height.  was considered doubtfl and was removed. Thers we
sky condition, visibility, weather elements, station pres- 10 similar cases in 1991, The PD screening proce
sure, &bt temperature. dewpoint, wind speed, and wind  vielded a net increase of 40 LW records de., fro
direction. Other predictors were denived divectly fram 7317 to 73570 The FD data were available for 3567
the CWEEDS duata and from date. thme, jocation. and  the 7357 records to be processed by CART and NPI
elevation, These mcluded dewpoint depression, refative  Also shown in Table 2 is the date and time of the st
humidity, air density, lfting condensation level (LCL),  of eperations and the "ota] wipmher of honrs of operatic
solar declination, solar alittude and azimuth angles, and  Tor esch of the four S
a dav/night category varlable. A prelinunary estimate An estimate of fog m (;uenm cun be made from Tab
of LWC at the Roundtop observatron site (843 m MSL) 2, which indicates that 4093 hour! by records of FID we
was made by integrabing vpward from the LCL assum- available. (Fhis number is farger than the 3567 pren
ing. as in Walmsley et al, {19%0a) that 38% of the  ously mentioned, as the latier included only those hou
condensed lguid water was refained during the ascent.  for which LWC wag also available. s OF the 4092 how
This estimate was then adjasted bused on g “probability  only 411 {or 10%:5 had fog for the complete hour; ho
of claud” as determined from CWEEDS weather ele-  evern there were an miunwml 430 hours for 119%)
menis, sky condition. cloud ceiling height, and an es- which fog occurred for part of the hour. This gives
timnate of thermal stabiiity, upper estimate of fog occurrence ar 21%: however,
more reascuable approdch wonld be to take half of 8
part-hour data {or 5.5%). This wouid give 4 mure r
alistic estimate of fog occurrence af shout 15%

For conventence, the outpui from the OCD will be  average over the time period used in this study.
referred o as fog detector {FD) data, An examination
of the hourly averaged values of FIX revealed that in . .
only wbout 10% of the cases did the OCD detect fag 4. Preliminary LWC estimates
for part of the hour The rest of the time, i cither de-
rected fog for the whole hour (FD 2 2800) or (in the
majority of the casesy did not detect it at all (FD < As a first step, the LCL was calculated from the rer
200). To simplily the problem. it was decided to elim- perawre T and dewpolnt T, at Shesbrooke. Next, s
inate from further consideration the bourly L W(‘ records  wsed the procedure described in Walmsley er al. (1996
with & mixtore of fog and no fog (200 = FD - 2800).  assuming retention of 38% of the liguid condensate,
Af the same Bme, when FID <0 200, the LW (., was set integrate upward to the height of the Roundtop CHY
to zero, regardless of its recorded value or whether i sife, where a first estimate of the LWC was determine
was originally missing. When FD was missing. the LWC In principle, this is a fairly strnightforward applicari

3. Data preparation

Hi

i, Calcwlation of LW from Sherbrocke data




of several thermodynamic relations. In practice, how-
ever. the caloulation scheme iy somewhat complicated
by the implicit nature of those refations, Figure 2 shows
& comparison between the predicied and observed vale
aes for the 1988 scason. As can be seen, there ig a
tenlency W overedimate the LWC, Furthermore., there
18 a great deal of scaftes, paftswi.niix when the abserved
LW 15 near zero, There ix 8 poor Pearson linear cor
refation coefficient of 0.321,

b, Adjusted LW prediciion

Figure b shows the results of an attewmpt 1o improve
the EWL estimaie using other meteorological data at
Sherbrooke: sky condition, ceiling height, weather el
ements, and ammospheric stebility, The stabifity class
wsed was calculated from the STAR program. The ten-
dency to overpredict has essentially been eliminated and
the correlation coefficient has been improved to 0.479,
bt there i3 s1ill g large amount of seatter.

o Smoothing of data

It was thought that the scutter in Fig. 25 may have
been due 1w the use of hewisly values st Sherbrooke o
predict hoarly LWO at Roundiop, 78 km away. that is,
there may be a lag between the time of the weather
station observations and the fime of the corresponding
LW measurements. Using & three-point smoother on
both the observed and prediceed LWC would possibly
reduce such lag effects, Figure 2 shows the resulis of
this exercise. The correlatton coefficiend is increased to
(.531, and the scatter is reduced slightly, but it is sulf
unaceeptible.

5. Preliminary CART-NFIS applications
G, JURE danuser

inttial CART runs on the 1988 datasei did not show
remarkable brprovement over the resulis of Figs. 2b.e.
Bifficulties became even more apparent when additional
vears of data (1989-91) became available. Attempts
were made fo generate a CART tree from each of the
four years of data in turn and 1o use the resulting al-
gorithe to predict for the remaining three years. None
of the 12 such applications showed much promise.

[t was neticed that most of the CART trees produced
during the above-mentioned tests used the cloud ceiling
height at Sherbrooke as the predictor at the first splitting
of thc data. Accordingly, ir was decided to perform fur-
ther tests with the 1988 data. The dataser was split prioy
to processing by CART acvording to whether or not the
observed ceiling height converted to beight sbove MSL
{OMSE Y way less than 910 m. (A threshold of 910 mb
was sefected by CART in eurly tests op the 1958 data)
The two data subsets that resubied were then proc
by CART 1o determnine appropriate predictors in chh
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case. Those predictors were theu used by NFIS o p
duce the nmput shown in Fig.

In Fig. 3a, the results for the 3&6 hously caleuiatie
when UMSL = 910 m are displayed. The linear ¢
relation coefficient is a respecisbie 0.875. The best
linear regression line Hes close to the perfect-it {1
Hine. lts slope and v intereept are heavily infltenced
the congregation of points pear the v axis \mew* ‘
LW was calculned o be about (.05 ¢ m™*. Four
the highest LWC valuss viraddio the ;}f*ztml fit Hine, 5
gesting that the fit would be remarkably good wer
not for 4 tende ney Lo predict about 0.03 ¢ m® wh
the observed values were less than (1,02 gt T su
mary, Fig. 3a shows that by dmxmmm the cases
high cedu‘ws most of the ne-fog events were effectiv
eliminated, The remaining events, which contain a m
ture of fog and no-fog cases, are seen o he well P
dicted,

f}cu,e 3b shews the results when high ceilis
(CMSL 2= 910 m), mdmhzwmmm;wdullmﬂ(z" , S
tered cloud or clear skies) were observed @t Sherbroa
There wer t‘ 2600 such hours when LWC data were »
available, These cases contain a Tar e numher of o
LVenTs idmzcrcd rear the v axis) and a relaty elv sm
nuniher of fog events, The latter events are mostly ¢
derpredicted, resalting i an overall poor comelation «
efficient of 0.474. The scatter about the best-fit Iy
however is not Jarge except near the v axis where
large number of points are congregated.

Figure 3¢ combines the points from Figs. 3ab. 1
correlation coefficient is 0.782, whick is considered :
ceplable. however, the scatter is still & concern. Ne
ertheless, 1t would seem that prescreening of the &
can lead 1o better predictability of the LW, This ic
will be pursued beiow,

b 1988-G1 daraset

First, however, an initial investigation will be ma
on a dataset constructed from the combined 1988, 193
1990, and 1991 das without prescreening. Figuve 4 1
sents the tree produced by CART using 80% of
198891 data records as a learning set. The dateset w
spht four times, producing five terminal nodes. A ¢
seription of CART's wee-building process appears
section fa; details of the splitting are given in Table
Terminal-node information is in Table 4 and iy diseuss
beiow. Predicior DTDZ was obtained from the obsery
temperature 4t Sherbrooke and the estimated tempe
ture st the Roundtop CHEF site caloulated from t
LOEL-LWC procedure (section 4a), Predictor IDSTIM
derived from the month and dav, The remEining
prediciors are from znctu;mioc*;s,al observations at Sh
brooke. The ceiling height predicior could perssibiy
made mose universal by subtracting the elevation of 1
Roundtop CHEF gife (845 m)

Three of the predictors selected by CART are phy
eally mewningful. Intuitively, the ohserved coili
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height should be a good indicator of the presence or
ahsence of fog ar the Roundtop CHEF site and, if pre-
sent, the amount of LW in the fog. The vertical em-
perature gradient is an budicator of atmospheric stabifity,
which along with ammoespheric pressure, 13 often a good
indicator of weather conditions. The use of Juhan day
iy more obseure: nevertheless, i did cause 353 cases o
be split info subsets of 82 and 471 cases, respectively,
as shown in Tables 3 and 4. Thus, JDSUM was not
simply used to isolate s few owtlying points. One ob-
vious conclusion resulting from an examination of Fig.
4 and Table 3 is that human tervention is very unlikely
o have arrived at CART s choice of predictors, let alone
its thresheld values for those predictors,
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Table 4 lists the average valoes and standard devy
tions at each terminal node, both for the dataset and it
test set {i.e., the randomly selected 208 of the 1958
91 dura that was pot used o derive the tree bt we
reserved for testing purposes). The average values |
the learning set, therefore, are the predictions again
which the corresponding observed test set values shou!
be compared. This comparisan is also shown in Fig.
where it can be seen that the prediction of the avera
value at each node ix very good: however, there I8
farge standard deviation in the test set data at ol nods
except the Towest valued (Node 3 in Table 4}

Figure 6 displave this information in a different fas!
ion: the plotting of all 7357 points from the 1983
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the NFIS plots of Fig. 3,
produced by CART are only available at the five ter

the resuhs

minal nodes, hence the five horizomtal lnes of data
points. The scatier that has persisted thronghout this
project 18 again evident here,

Table 5 presents another representation of the CART
results for LW prediction during 198891, Both the
observed and predicted valnes have been separated into
two bins st 0.04 g w7, an estimate of the LWC thresh-
old above which fog is visible, The binned daia are
presented in the formof 2 2 X 2 u:um.mgel-n_}; table. The
botiomn row of totals shows that low vahies of LWC
were ohserved o 6477 cases, or 88% of the time, where-
as CART predicted low valoes in 8184 cases, or §84%
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of the time. (These 6184 cases represent e sum of th
cases 1 the learning and test sets in Node 3, Table 4.
More stgnificant, how ever, is that the prediction of lov
LWC had an accaracy rate of 0,952 (Le. S$88 cuse
out of 6184). Here, the prediction accuracy or poss
agreement (Stanski es al. 19907 is defined as

A, = i

where £ s the row number {predictions), 7 is the colum
number (observations), n, is the numbar of cases in cel
(7. ). and r. is the o) of the ith row.

Predicting the infrequent event, on the other hand
proved more (‘htin,uit The pradiction scouracy for LW(
004 g mo* was only 389 cases out of 1173, L or (3,408

P (3
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Termizal Nodes

These results are typical for predictions of rare events

{Matthews 1997), demonsirating that an extremely ac-
curate method i3 needed 1o achieve respectable scores.

Also shown in Table 3 is the threat score or critical
success indes {Sianski et al. 1990), defined as

ER P O S TR (I i {4

where ¢, is the total of the fih column. B can be seen
from {4) that 7, ranges from § (pone of the prediciions
of the #h category wers correcty o 1 {all of the pre-
dictions of the {th category were correets This statistic
is sensitive to both missed events and fulse alarms. It
is more representative of acouracy when rare events are
involved than either the probability of detection

POD, = ule,

or the fulse alarm rate, FAR, =
19900,

The total accursey or percent correct (Stanski et al.
19900 appears in the boutome-right box of each of the
three contingency tables. It is computed as the sum of
the diagonal elements divided by the todal number of
cases, N

P } {i}

I — A, {Stansk: ef al,

Percent courect = 51, /N, {6}

where the smnmation convention is in effecf for ex-
ample, {3888 -+ 38:4)/7357.

B should be noted that the threshold of 004 g m
it Table 3 was originally derived somewhat subiectively
from inspection of Figs. 2 and 3. It is apparent that &
large percentage of observed values are ¢lustered below
this valoe. {Table 3 confirms that $8% of the data lies

Mol
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1734
kPa

[PERIEREN

SL

e sirdgikoe

GF APPLIED METEOROLOGGY

at oy below 04 g % The valie of 003 g m™ &
threshold for fog events is also related to the visibil
thresheld specified in both the CHEF and the MY
studies. I these major studies, the specialized fog o
lectors were exposed when the visthility dropped hele
Uk, This is a very lght fog event and corresponds
meastred EWC in the range of 0.04-0.08 g m?, Bek
these LW values, one sees little or no wetting of ve
etation, and the cellection of fogwater samyples by i
Teflon stnnged collectors is nearly impossibie. The
fore, the instrementation was designed to function w
with & dynamic rznge starting at about 0.053 g w5,
the measurements of most importance fall in the ran
of (.05 to about 6.3 g m

The resulis of Table 3 suggest that of an acewr
methed can be derived to predict low LW, then ma
casey conld be eliminated from the dataset, The redue
dataset would contain a much larger percentage of LY

0 R
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LW
Eow)
N
1
3

Ohserved
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for the

w04 g ne Y then the complete dataset, thus giving a
possibility for improved prediction accuracy. This iden
wii be pursned in the following section,

6. Final CART-NF1IS applications
e, Optical cloud detector {OCD) dati

The original FI> data were converted to FD) catepories
or classes according to the following criteriar class O
when FLY <0 200; class T when FI & 2800; ctherwise
¢l 9 {te., “missing’’ )y As mentioned in section 3, ot
of 7357 original records {Table 23, 3367 were classified
as O or 1. These records were processed by CART using
the classification option o predict the absence {class &)
or presence {class 1) of fog at the Roundiop CHEF site.

It was subsequent to the choice of the threshold of
.84 g m in Table 5 that it was decided w0 use the
OCD data 1o identify hours during which fog ocourred

for CART

RN CEE
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i 2 3 4 % & 7
Terminal Neded

0% and 100% of the time. The estimated OCTY detectic
limit of 8.07 g m~ " {see secton 23 therefore COTTESPOH
o approximately FD o= 2800, A value of 0.04 g m
prohably eorresponds to about FID = 2Kk which is 1
threshold indicating no fog throughout the hour T
range between .04 and 0.07 ¢ m~* (FD from 200
280 probably containg cases in which fog occurre
for part of the hour As shown in section 3, only 11¢
of the observations fel} in this range during the gtnd

period.

b CART prediction of fog oceurrence

Figure 7 shows the tree from this CART run {hereaf
referred to as run 13 CART's tree-building process
described in section 1a; detils of the splitting are give
in Table 6. Terminal-node information is i Table 7 an
15 discussed below. Four of the six predictors used a
metecrological variables observed at Sherbrooke. Clou
ceiling height converted to MSL height {CMSL) we
used at nodes 1 oand 3. Wind direction (W2 tempe
ature (T and dewpoint {TD) were the other meteo
logical predictors. Predictor EWCEST is the first est
mate of LWC made for Roundtop {section 4a; Fig. 2a
whereas LWDADI is the refined estimate {section 4
Fig, 2h).

In Table 7, terminal node resalis are presented fron
CART run 1. Beeause this was a classification, rathe
than a regression run, the format is different from Tab)
4. A proportion of the data (20%) was reserved for te:
purposes. Of the eight terminal nodes, five were cla
sified as O {no fogy and the remaining three as 1 (fog

11 of fog occunence, Te
minal nodes ar e sirgeture i show

in Fig

Thresh- Lt a
Newde Llasss oded ity node  node

! 1408 N 1 E:

2 & it i X

3 ; 3 3

ES £ 3

{0104 5 6 5
pEHIRAES I 5 6
Total 4 7 8
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The great majority (919 of the cases in boih the learn-
ing and test sets were observed o fall in class 0. Each
terminal vode may be examined individually for ac-
coracy of the prediction. At terminal node 1, for ex-
ample, 179 cases out of 183 in the learning set, or 989
were predicted correctly 1o fadl in clasy 0, The cone-
sponding results for the test set were 35 out of 36, or
97%. At tenminal node 2, however, only 21} cases out
of 464 in the learning sel. or 43%;, were predicled cor
vectly to fall tn ¢laxs 1. The corresponding accuraey in
the test set was 34 out of 113, or 47%,

As can be seen, the observed cloud ceiling height is
a strong predictorn Unless the total ¢loud amount ex-
ceeds 003, the observed cetling is reported as “unlim-
ited”™” and coded as a large number, When a ceiling i3
present, the value coded gives e height of the cloud
base of the laver af which the sccumulated cloud
amounts (from the lowest laver upward) fizst exceeds
0.3, Hence, the lower the value, the more likely that the
cloud cover at Roundtop exceeds (053 at and below the
reported ceiling height and the more likely thai fog
would have been observed at the Roundtop CHEF site.
An examination of Fig. 7 and Table 6 shows that a value
of CMSL < 1408 m leads to terminal nodes 1 or 2 (te.,
clags O or 1, respectivelyl, depending on the value of
LWCEST! whercas CMSL = 1408 m leads to the other
six terminal nodes {four of which are class O

Our first two guesses of the LW at Roundtop are
usefu! predictors of whether or not fog occurred at the
CHEF site, Figure 7 and Table 6 show that LWCEST
is used to split internsl node 2 insto terminal nodes 1
and 2 {classes O and 1, respectively) at the threshoid
valoe of 04023 gmt, Predictor LWCADT splits internal
node 3; leading o terminal nede 3 {class 0y if EBWCADI
<1 (.004 g otherwise to one of four terminal nodes
{two of which are class 1)

Regarding temperature and dewpoint, the smaller the
difference between them, the lower the LCL and the
more likely that the CHEF site will be in fop. CART,
however, does pot wse them sequentially {see Fig. 7,
so the physical interpretation is somewhat unclean T <

PAPC and TE <0 —1.9%C lead independently w0 s
minal nodes of Cclass 1

Regarding winsd direction. which is used to split
ternal node 4, the mainly easterly sector (WH < 182
feads o werminad node 4 (class 01 however, this des
nation i only reached via ipternal node 3 (e, UM
= 1408 m) and LWCADI & 0.004 ¢ m, so the phy
weal Interpretation is again difficul

Ag shown in Table 7, the largest wumber of cas
arriving af class 1 are those in terminal pode 2, whi
1s reached by OMSL < 1408 m and LWCEST = 0.0
g m, n sammary, therefore, CART s selecton a
use of the sphit variables often makes physical sen
post facto, which is somewhat reassuring. At oth
times, the physical interpretation is somewhat obsow
What is clear, however, is that 1t is very difficult
determine a priovi which vartables are the most baps
tardt predictors and how they shonld be used in the ok
stication tree to minunize prediction variance.

The results from CART run 1 are summartzed in 7
bles Bu and &b, Essentially. these consist of contingen
tables for the leaming and test sets separately (Tat
8a) and combined (Table 8b). Although the fotal ¢
curacy vaiues computed from {(6) appear respecial
{0.881-0.851), they are misleading, as they are don
nated by the farge numbers in the (8, 0) boxes (top b
of each table). More revealing is the Fact that 2280 cas
out of 2299 in the learning set, or (.992, were predict
correctly to Tall in class & (no fog) Almost identic
aocuracy was achieved in the test set and in the cw
biged results (Table 8b). Predictions of c¢lass |, howey
had accaracy rates of anly 0.422-0.440. (Similar resu
are oblained from the more robust threat scores.)y T
resulis clearly demonstrate that the algorithm deriv
from CART run T can be used with a high degree
copfidence to eliminate cases where fog was not ¢
served 1w cecur at Roundiop, The remaining data w
contain o mixture of fog and ao-fog svents that can th
be processed by a subsequent CART application.

o Application of rules from CART step I run 1o
FORR--QF daraser

The prediction rules or algorithm deseribed in Fig
and Table 5 were used to provess the original dats
(N = 7357H As a result, 8022 cases, or R29%, we
predicted o fall in class 0 (no fog). This compares clo:
by to the 2299 cases out of 2834, or 819, in the learni
set of Table 8a and u corresponding %1% in the test
of Table 8a. As mentioned above, these #1122 cases ¢
be set aside with high confidence that they contain cm
in which ne fog was observed. The remaining 13
casey are expected to contain fog and no-fog cases, w
the fog cases representing a larger proportion in §
reduced dataset than they did in the complete datase
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o, CART predicrion of LWC

The reduced dataset (¥ = 1335) way processed by
CART in a run referred 1o hereafter as run 2. Flgure 8
shows the regression tree from this run, CARTs tree-

butlding process is described in section Ia; details of

the sphitting are given in Table 9. Terminal-node infor-
mation is i Teble 10 and is discussed below, Again,
20% of the data (266 cases) was reserved for testing
purposes. A large number of prediciors were emplns ed
for splitting the learning set data (¥ = 1069 N
prediciors nof g&ru\muxh defined are retative hum:dm
(RH), the sine of the solar du, ination (SDECL), the
cosie of IDSUM (CIDSUM). wind speed (WS). the
sine of the selar altitude (SALT), an sstimate of the
average air denstly in the layer between the elevations
of Shertrooke and the Roundtop CHEF site (RHO-
BAR), the cosine of the wind direction relative to the
Sherbrooke-Roundtop direction of 2407 (CWD), and the
Sherbrooke station pressure {PR).

The new predictors mentioned in the previous para-
graph were, in fact, available ut all provious stages of
the CART apphications, CART chose w ignore them
hefore, but found it advantageous to use them in run 2.
{As mentioned briefly in section la, (he basis for
CART s use of an avatlable predictey is the minimsization
of variance between the predicied and observed data in
the learning set)

Table 10 presents the fenminal node information for
both. the learning ser and test sel tests. As before, the
predicted average values derived from the learning set
should be compared with the observed average values
it the test set. The standard deviations must afso be
considered when assessing the usefulness of the pre-
diction. The results of Table 10 are presented graphically
in Fig. 9. As before, the large standard deviations seem
to be a problem. Aversge values ave predicted well &

some of the terminal nodes {eug., 1. 7. 9. 12, 16, amn
18) but poorly at others fe.g.. 2, 3, &, and 133,

The zlgorithm derived from € r\RT run 2 wak apphe
to the entire reduced dataset (Le., the combined fearnin
and fest setsy to produce the comparison between cal
culated and observed LWC in Fig. H). The correlasion
coefiicient is 0.626, suggesting some degree of skill, bu
the scatier is rather large. Nevertheless, the predictor
selected by CART run 2 are potentiaily useful to NFIS
whicl is itself unable 1w eliminate predictors,

Figure H combines the no-fog results from CAR)
nun b owith the CART run 2 results from Fig, 10 The
cotreletion coefficient is 0713, a significant impmu
ment over the results of the one-step CART applicatior
shown in Fig. 6, Likewise, the slope and intercept o
the linear vegression line are improved,

Table 11 shows a contingency table that summarize:
the combined results of CART runs 1 and 2. ¢ The tota
af 6041 cases predicted in the 0-0.04 2 m 7 bin include:
622 zero values from CART run 1. From the reducec
dataset of 1335, therefore, CART run 2 predicled a
addivonal 19 no-fog cases.y Comparison with the result:
of the one-step CART application in Table 5 shows tha
the no-fog and fog prediction accuracies are only slight
ly improved (0.952 0 G965 and 0.498 10 0.510, re.
spectiveiv). The threat score in the no-fog category b
only slightly improved, whereas in the fog category i
mereased from 0,398 to 0.440. Althoogh the i Imprave.
ment in the accuracy of fog prediction (i.e., ahsence o
presence) is modest, there has been a very significan
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improvement in the accuracy of the LW prediction, as
shown in the paragraph above.

¢ NFIS prediction of LWC

Uising the predictors from CART rup 2 and applying
them to the reduced dataset (N = 1335} produced a
pridiction algorithm that was used o cajculate values
of LW, These 1335 values were then combined with
the 6022 values set aside by application of the CART
rt | oalgorithm, all of which bad prodicted valoes of 0
=t The complete pradiction of 7357 cases is com-
pared with the observed values in Fig, 12, The Pearson
tnear correlation coefficient is a respeetable r = 0.810,
a sigaificant tmprovement over the results {r = (0,596)

wal node iformation for LWE (g m7 %) prediction

ik (.00

17 1% k] (R10%  D0E2
1% 4 T 0263 G100
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presented in Fig. 6. The best-fit lnear regression |
has a stope of (LET1 and a v intercept of 0.003, ndicat
& tendency to underpredict, Nevertheless, shout 1)
the 11 highest predicied values lie close tothe 11 ¢
fect-fif Hne,

Tuble 12 presents the contingency table resnlting fr

the three-step {CART-CART-N

FIS) apphication, (
total of 6398 cases predicted i the 0-0.04 g m~
inclides 6022 zero values from CART run i From
reduced dataset of 1335, therefore, NFIS predicied
additional 376 no-fog cases.} The accuracy of the
fog prediction is essentialy unchanged frons the v
step (CART-CART) process, The accaracy of the
prediction, on the other hand., underwent a signific
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improvement from 0310 1o 0664, Furthermore, the
more robust theeat score improved from 0.872 1o (0916
i the no-fog category and from G440 to 0.330 in the
tog category.

7. Swmary and conclusions

The classic problem of accurate prediction of an in-
froguent event was encountered in this project. As
shown in section 3. fog was observed by the GCD at
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the Roundtop CHEF site only about 15% of the tim
amoeng 4093 hourly records in the spring. summer. an
autwng of 198891, {When hours in which fog occurre
for part of the time were eliminated, the fzc{ BeIcy o
complete hours of fog was reduced to 109 \L‘L erthe
fess, a methodology was developed that achieved th
obiective of this paper and yielded scceptable estima
tions of the LW in high- elevation fog on Roundiy
Meountain from routine meteorological meastirements 2
the Sherbrooke weather station,

Table 13 presents & summary of the siatistical mea
sares used (o quantify the skill, The bottom row of Tabh
13 shows that the CART-CART--NFIS method achieve
a correlation coefficient of 0.810 and threat scores o
i }'26 and G.33) for the no-fog and fog events, respee
tively. Al three of these measures of skill are signifi
Lani]s superior to those of earlier methods, even thos
that used CART { Accuracies corresponding to the abov
threat scotes were 0.962 and (.664, respectively.)

Figure 13 summarizes the three-step procedure adopt
ed w sirenmvent the problem of predicting an infrequen
event. CART run 1 was designed o work an the FI
data in & classification mode 1o predict the abseace o

Ciinidy
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presence of fog. Referring to Fig, [3a, note thag in 2878
out of 3367 cases, or 81%: of the time, CART predicted
that fop did not oceur. The accuracy rate of this ne-fog
preciiction was (1992, The accuracy rate of the CART
run 1 fog prediction, on the other hand, was oaty 0,425,
Threat scores for the no-fog and fog predictions were
{872 and 0412, respectiv t:l

The al r’mehm derived from CART rum 1 was applied
to atl the 7337 hourdy records for which LWC was avail-
able feither a8 a measored value or g zero value derived
from the FI¥ measurernent), as shown 1n Fig. 13b. Fog
was ol predicied to ocour m 6022 cases, or 82% of the
time. Those cases were set astde with high conlidence
that they, indeed, were no-fog events, The remaining
1335 cases were processed by CART run 2, which was
designed to predict the actual LW vatues in a regres-
107 mmk The algorithm from this ron, when appiie
to the 1335 cases and compared with observed values,
produced a Pearson linear correlation coefficient of
0.626. Although this result was not spectacular, 1t did
suggest which predictors were significant. As NEIS is
unable w eliminate predictoss, prescreening by CART
o 2 pmvcd very benefieial. NFIS was able to work
efficiently in step 3 of ihis methodology using the pre-
dictors sugpested by CART. Comparison of the LWC
catculated i:s} the CART rup 1 and NFIS algorithms with
the complete st of observed and derived LW yielded
4 correlation coefficient of 0.810. Accuracy rates for no-
fog and fog prediction were 0.962 and (.6064, respec-
tively; corresponding threatr scores were (0916 and
3.534.

Diespite some remaining scatier in the finad result (Fig,

123, the correlation between caleulated and observed
EWC values Is greatly superior to the initial prediction
atfempts made withont the aid of CART or NFIS (Fi ig
2y and even the secondary atiemipts made with CART

Takie 13, Summary
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applications to the complete dataset (Fig. 6). When
“infrequent event” problem was folly appreciated,
idea of sereenming cut the predictions of the “frequ
event” {the nencocurtence of fog in this prox
emerged. It should be srressed that we used the CA
prediction of no fog, not the observations, w perfa
this screening,

We feal confident that the algorithms developed b
are applicable to prediction as the Roundtop CHEF
in the spring. summery, snd fall seasons of vears ours
the 1988491 period for which verification data exist
should be retterated that the FD and LW dada are
needed for appliving the CART and NFIS algorith
although o the data are avetlable, they are useful
verification.

Whal cther measwres could we bave raken o m
our task easier? We could have used, for example,
meteoroiogical classifications of Brook et al. {1993
an additional predicton In effect, this would have b
o means of allowing CART to use a preliminary
matelogical screening of the data: however these is
guarantes that CART would bave found that this g
dictor helped 1o reduce variance. (I should be ne
that precipilation type and intensity were avuilabke
predictors, but CART evidently did not find that ©
helped 1o reduce varfance at any stage of the proc
so it did nest use thens) Apother possibility would b
heen to run back trajectories from Rowndiop o de
mine the source of the air Both of these idess wo
require a considerable effort to tmplement, In the
wo opted to Keep the st of predictors as simple
possibie in the hope that we could develop 2 sche
that would rely only on routinely available dada
hence have a possibility of belng more universally
piicable.

Stilt another source of predictors wonld be objeciiy
anatyzed, gridded apperair data interpolated to
Roundtop (or Sherbrooke weather station) focation,
woukl be a more routine source than either the m
orological classifications or the trajectory analy
kowever, there would sull be some effort involved
merging the upper-air and surface data so that CA
costled process them. Furthermore, there would agabs
no gaarantee that CART would select any of the up
air predictors.

‘The remaining challenges in this projeer will b

of siatist

Methiod
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{a)

e extend the method to apply fo other elovations ©
Roeuadiop and hence snable an estimation of spatial var-
ability following methods outlined in Walmsley et al.
£1990a) and 2) w apply the same or siodlar algorithms
at other sites for which verification data are available
in an effort to improve the universality of the method,
As previousty mentioned, we have tried to minimize the
aneertainty in extending the method o other locations
by not using data specific to Roundiop, excem for the
LW measurements used (o develop the algorithms and
perform the verification: that is, ne Roundiop data are
used as predictors. One of the main problems, however,
would be in finding additional data Tor training and ver-
itication purposes. Apant from CHEE two sonrces that
could be considered are the MOUP and the Great Thun
Fell Experiment {Choularton et al. 1997}

Arknowledgmenty, Thanks 1o Richard Tanabe for ex-
rracting the howly observed LWC and FD daia from
the CHEF datbase, to Mohammed Wasey for infor-
mation about the fog meassuring device, and to D Yi-
Fan Li for Fig. 1. D Peer Summers drew our attention
o the problem of predicting infrequent events high-
Lighted i the New Scieniist article of Matthews (19073,
Prof. Doww Steyn asked two very relevant guestions at
a cotference presentation of this material, which have
served o focus our discussion. Howard Barker com-
pleted a thoroagh review of the manuscript: his helpiul
comments are gratefolly acknowledged., The two re-
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