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ABSTRACT

Air pollutants are dispersed throughout avery thin layer of the atmosphere called the boundary layer (BL),
and concentrations would be influenced by the thickness of the BL. A monostatic, biaxial, vertically-
pointing Mie Scattering 532 nm Nd: YAG lidar was used to observe the development of the daytimeBL over
Metro Manilain May 1999. The data profileswere background-subtracted, energy-normalized, and range-
corrected; 20,000 profiles (30-32 minute period files) were arranged in arraysin time sequential order. A
MatL ab program with color enhancement capability was developed to display the range-time indicator
(RTI) imagetovisuaizetheBL.

The convective BL height developed with ageneral pattern; it increased gradually in the early morning,
rapidly from mid-morning until noontime, then slowly reaching its maximum height in the early afternoon.
(The maximum height reached by the BL from 1-4 May 1999 was 1635 m). BL height is maintained or
lowered very slowly from mid-afternoon until sunset.

The BL grew higher when the surface temperature and solar radiation received was greater. Fair-weather
active cloudsinhibited the growth of the BL. When the relative humidity was higher, the base of the fair-
weather cloud field waslower; therefore, the mean BL height wasal so lower. Prolonged seabreeze modified
the convective BL by creating amuch lower BL than when there was no sea breeze.

Around 75% of the total suspended particulates (TSP) in Metro Manila comes from traffic emissions.
Traffic volume over most part of Metro Manilaincluding the main thoroughfares near thelidar site, peaks
at around 09:00 L ocal Standard Time (L ST) and between 17:00—18:00 L ST, dlthough traffic volumeislower
than at 09:00 L ST. The traffic volume reduces to 80% from its morning peak at around noontime. The
morning peak of the pollution concentration occurred earlier than that of the traffic. This could be dueto
thefact that the BL before 09:00 L ST was much lower than after it. The pollution concentration on May 1
and 2 was reduced to less than 50% from its morning peak, areduction much less than expected based on
thetraffic volume. This could be ascribed to the much higher BL around noontime. The May 2 pollution
profile did not have a peak corresponding to the afternoon traffic volume peak because at that time the
mean BL height was till very high. The May 3 and 4 pollution profileswere different from the two previous
days, with values much greater around noontime. Pollution during those times was concentrated in amuch
lower layer due to the sea breeze effect.
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INTRODUCTION

Air pollutants are dispersed and transported throughout
avery thin layer of the atmosphere called the boundary
layer (BL), a generally turbulent region whose
characteristics are directly influenced by the ground
(Stull, 1988). Turbulence in the BL is primarily
convectively driven during calm sunny days and
mechanically driven at night or even during windy
overcast days (Panofsky, 1985; Benkley & Schulman,
1979). The boundary layer driven by convection, hence
called aconvective boundary layer (CBL), growsfrom
sunrise and stays until around sunset. The nocturnal or
stable boundary layer (SBL) growsfrom around sunset
through the night until around 08:00 LST (Local
Standard Time) the next day when it is eroded by the
young CBL. See Fig. 1.

Pollutants emitted at the surface are carried aloft by
convective thermals due to turbulence in the CBL
(Ferrare et al., 1991). Above the CBL isaninversion
or stable layer that prevents the further movement of
thermals upward. Momentum causes a thermal to
overshoot the inversion base, reaching the warmer
region called the free atmosphere (FA). The negatively
buoyant thermal decel erates and eventually sinks back
down into the CBL, which is mostly intact, trapping
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Fig. 1. The boundary layer in high-pressure regions over
land consists of three mgjor parts. a very turbulent
convective boundary layer, a less turbulent residual layer,
and a stable (nocturnal) boundary layer (Stull, 1988).
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any pollutant and moisturewithinit (Stull, 1988). Thus,
the stable layer acts as a barrier to the transfer of
pollutantsfrom the CBL to the FA (Beyrich & Gryning,
1998). FA air is therefore much cleaner than the
aerosol laden CBL.

During the overshoot into the inversion, parcels of
warm, usually drier FA air are entrained into the CBL,
contributing to theincrease of the CBL thickness. This
region is called the entrainment zone (EZ), (Fig. 2).
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Fig. 2. The entrainment zone and the mean CBL height z
(Stull, 1988).

A lidar, working in the same principle asradar, detects
the suspended air particulates and determines
clearly the extent of the CBL from adistinct drop in
thereturn lidar signal strength at theinterface between
the CBL and the FA.

Sometimes convective or fair-weather clouds, can be
found at the top portion of thermals. The bases of the
clouds of neighboring thermalsare usually at different
levels because of the variability of moisture contents
between thermals. The top of the CBL in afield of
cloud-topped thermalsisalittle higher than the lowest
cloud base.

During prolonged sea breeze, pollutants are trapped
within a much thinner BL. This is caused by the
modification of the CBL by the much lower marine
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BL advected from offshore to onshore by changesin
the roughness or temperature over land.

Metro Manila is under an air shed where pollutant
concentrations are regularly over the standard values
set by the World Health Organization (WHO) and the
Philippine guidelines. Il effects of air pollutants on
human health make the study of air pollutant transport
and dispersion indispensable. One of the basic
parameters that need to be observed is the diurnal
variation of the BL height. No observation of the BL
over Metro Manila(or over any part of the Philippines)
has been recorded previously.

This paper presentsthe results of the CBL observation
on1-4May 1999 over Metro Manilausing alidar and
meteorological instruments.

METHODOLOGY
Data acquisition

TheMie Scattering lidar system used in thisstudy was
situated on top (15 m agl) of the Climate Studies
Building of the Manila Observatory (MO), Ateneo de
ManilaUniversity, Quezon City. The MO lidar system
was, at that time, monostatic, vertically pointing with
biaxial configuration (Fig. 3). The axes of the laser

beam and the receiver, a 28 cm-diameter Schmidt
Cassegraine Telescope, were separated by 30 cm. The
laser source was an Nd-YAG laser that provided 532
nm light pulses at arepetition rate of 20 Hz. The laser
pulses were sent vertically to the atmosphere via
dielectric mirrors after being expanded threetimesand
collimated. The backscattered signal was received by
the telescope and directed to a photomultiplier tube
(PMT) viaa 3-mm diameter iris, a collimating lens, a
10% transmitting neutral density filter, and 532 nm
bandpassfilter all positioned al ong the telescope optic
axis.

Theelectrica output of the PMT wasamplified 15times
by ahigh bandwidth operational amplifier beforeit was
fed into a CompuScope CS1012 oscilloscope PC card.
This card digitized the signal waveforms every laser
pulse at a sampling rate of 20 MHz (single channel).
Thismeansthat datapointsin onelidar dataprofileare
7.5 m apart. The data received was averaged to 1-
second ensemble. The energy per pulse was measured
by an Analog Module laser energy monitor and
recorded to a PC through the DT300 data acquisition
board. A LabVIEW control and data-handling program
alowed the automated data acquisition from around
04:30 LST to 19:00 L ST daily. A real time display of
every averaged lidar profile saved unto the computer’s
hard disk was displayed on the monitor. With this, the
alignment of the lidar system was closely monitored.
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Fig. 3. Schematic diagram of the Manila Observatory lidar
system.

Fig. 4. Lidar site is represented by the big dot inside Metro
Manila. (Map courtesy of Dr. E. Ramos of the Philippine
Institute of Volcanology and Seismology (Phivolcs).)



The lidar site is situated near large bodies of water
(Fig. 4). Around 14 km on its western side is Manila
Bay, and around 14 km on its southeastern side is the
Laguna de Bay. Metro Manila is characterized by
nearly flat terrain. To characterize the meteorology of
the area, surface meteorological measurements were
obtained from four meteorological stations. Threewere
situated near the lidar site — (a) the Environmental
Management Bureau (EMB) air quality monitoring van,
|located 50 m NE of thelidar site, which measured solar
radiation, surface temperature, relative humidity, and
wind speed; (b) the University of the Philippines —
National Center for Transport Studies (UP NCTS)
Horibaair quality monitoring van, 50 m NW of the MO
lidar, which measured surface wind velocity; (c) the
Philippine Atmospheric, Geophysical, and Astronomical
Services Administration (PAGASA) monitoring van,
situated 600 m NW of the lidar site, which measured
surface temperature and wind vel ocity. Thefourth one,
(d) the PAGA SA monitoring site at the Science Garden,
situated 4 km NE of thelidar site, recorded wind vel ocity
and cloud cover. Theodolite balloons were released
every 1.5 hoursfrom 6:00 LST until 18:00 LST 600 m
NW of the lidar site to determine the vertical wind
velocity profile. At this same site, two to three
radiosondes were launched daily to determine the
vertical profiles of temperature and humidity. Cloud
cover was recorded every 15 minutes at the lidar site.
The surface temperature used in the analysis of the
CBL growth was the average of the temperature
measurements obtained by the EMB and PAGASA
monitoring vans. There were very slight variations
between the two readings. The wind speed was the
average of the wind speeds from the EMB and UP-
NCTS vans. Although the two monitoring vans were
very near each other, their wind speed measurements
had dlight variations.

Lidar dataprocessing and analysis

Thelidar data processing, done after theintensivelidar
observation period, took several steps. Ten successive
files of 100 profiles each were concatenated to have
1000 profilesinabigger filewith filename bearing the
date and the n" set of 1000 profiles. A MatLab
program was developed to automatically correct each
lidar profileand arrangethemin an array. Thecorrection
done were subtraction of background signal, energy
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normalization to correct variation of laser output
between laser shots, and range correction for the 1/R?
fall-off of laser energy. The background signal was
taken to bethe average value of thelast 40 datapoints.
At the range from where the data was taken (above
4.5 km), particulate matter was considered absent.

Two 1000-profile arrays were further joined to have a
bigger array of 2000 profiles. This corresponds to a
sampling time of about 32 minutes. Taking the average
wind speed during the observation period of about 3
ms?, assuming that the convective thermals were
advected across the laser beam path with this speed,
then asampling time of 32 min correspondsto sampling
the CBL along ahorizontal distance of about 5.7 km, a
long enough rangeto obtain agood average of the CBL
height.

A MatLab program was used to display the time
sequence of the 30-minute data (2000 data profiles) in
animagedisplay called the Range-Time Indicator (RTI)
map/image (Piironen & Eloranta, 1995) as shown in
Fig. 5. Therange of intensity was chosen such that the
corresponding color scal e could display the contrast of
the CBL, FA, and theclouds. In Fig. 5, the dark region
from 375 m and bel ow correspondsto the height bel ow
the full overlap (FOL) of the lidar where it could not
detect any scatterers. The lighter regions above the
FOL region correspond tothe BL and clouds. Thewhite
regions above 1.5 km in Figs. 5¢ and 5d were cloud
patches. Note that Figs. 5a and 5b are RTIs of the
same file only, the color enhancement in Fig. 5b was
chosen in such a way as to delineate the cloud tops
(much lighter portions) from the CBL. Figs. 5¢c and 5d
are also RTIs of the samefile. Note that in Fig. 5d the
cloud tops of the thermals (much lighter portions) are
made more visible than in Fig. 5¢c. The convective
cloudsin Fig. 4b were forced clouds, in which the top
portion of the cloud patches could still be seen, while
the convective clouds in Fig. 4d were active clouds.
Their top portionswere no longer detectable and could
be much higher than EZ. The dark region above the
convective clouds and BL wasthe FA that was devoid
of scatterers.

The normalized covariance of each 30-minute or so

array was cal culated and superimposed on the RTI map
in order to have an immediate comparison between

31
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pointstaken over the 2000 or
so lidar profiles was the
mean CBL height (Fig. 6c).
With the manual or visual
method, the height where
there was 50% CBL air
above and 50% FA air below
was taken as the mean CBL
top. Theharizonta lineinFig.
6¢ showsthislevel. This50-
50 level wasthe definition of
907 Deardorff (1983) of themean
CBL top adopted by Boers
& Eloranta(1986), Ferrareet

0.1 02 03

Relative Intensity

al. (1991), Piironen &

May 1, 1999
Normalized Covariance

Relative Intensity

Altitude (km)
Altitude (km)

847 901 847

(¢) Local Time: 0847-0916 (d)

May 1, 1999
Normalized Covariance

Local Time: 0847-0916

Eloranta (1995). Note that
the 50-50 level and the peak
of the covariance profile are
at the same altitude.

If clouds were present along
thebeam’spath asin Fig. 6a,
the covarianceprofilehad its
maximum at the cloud level,
usually making the
covariance below it very
901 small. In this case, only the
data points below the cloud
signals were considered in

Relative Intensity

the recalculation of the

Fig. 5. (a) Processed data for 08:51-09:51 LST on May 1, 1999; (b) The same period as
(a) but delineated clouds (red areas) by adjusting the color enhancement scale; (c)
Similar to (a) for 08:47-09:16 LST on May 3, 1999; (d) Similar to (b) for the same period

as (c).

the manual and the automatic methods of determining
the mean CBL height.

Themean CBL height or the base of theinversion layer
was estimated using 3 methods, depending on the
amount and type of convective cloud cover. If there
wereno cloudsalong thelidar beam'’s path, either above
or at the CBL top, the automatic and manual methods
described by Hooper & Eloranta (1986), and Piironen
& Eloranta (1995) were adopted. In the automatic
method, the lowest-altitudelocal maximum peak of the

covariance. If there is a
significant peak in the
recalculated covariance
profile, that level was taken
as the height of the mean
CBL as shown in Figs. 6a
and 6b. The lowest maximum peak of the covariance
profile was taken to be the mean CBL top (horizontal
linein Fig. 6b). The bottom-up approach (or choosing
the lowest significant peak of the covariance profile)
was used to eliminate errors due to strong aerosol
variability caused by aerosol layers above the CBL
(Piironen & Eloranta, 1995) asin Fig. 6b. The second
covariance peak in Fig. 6b pointed by the vertical arrow
was due to the variability in the aerosols above the
CBL and was not caused by the advection of the dome-
shaped tops of the thermals. It is clear from thefigure
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Fig. 6. (a) In the presence of clouds, normalized covariance (Ncov) profile at CBL becomes insignificant; (b)
Cloud signals eliminated and Ncov recalculated to reveal Ncov profile at CBL; (c) Ncov profile peaks at CBL
mean top if there is no cloud signal; (d) Ncov profile peaks at cloud signal, CBL mean top is at 50-50 level below
the Ncov peak; (e) CBL mean top evaluated manually and automatically.
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that the thermal tops are way below the second
covariance peak. In caseswherethe covariance profile
had multiple peaks (Fig. 6€), the CBL mean top was
evaluated manually by visual inspection of the 50-50
level (horizontal linein Fig. 6€) and the result compared
with the covariance profile. The covariance peak
nearest the 50-50 level was considered as the mean
CBL top.

The automatic method could not be used when at |east
one thermal was cloud-topped since the covariance
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Fig. 7. Relative frequency of occurence of various LCL and
mean CBL height z in a convective cloud field (Stull, 1988).
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Fig. 8. Scatter plot for the manual and automatic methods
of determining the mean CBL height.

profile had its maximum at the cloud level, which was
more often different from the 50-50 level as shownin
Fig. 6d. If the convective cloud cover wasforced cloud
and cover was less than 10%, the manual method was
used. The 50-50 level in Fig. 6d is shown by the
horizontd line.

If the convective cloud cover was more than 10%, the
relationship of the inversion base (or the mean CBL
top) and thelifting condensation level (LCL) zone near
the base of the convective cloud as defined by Stull
(1988) was used. Here, themean CBL height isaround
6% higher than the base of the LCL zone as shownin
Fig. 7 (Stull, 1988). The LCL zone was determined
from the base of the clouds in the convective cloud
field. Because of the subjectivity in evaluating the mean
CBL height using the manual and the L CL zone-based
methods, RTI images were reevaluated for the mean
CBL height at least four times, with succeeding
evaluations separated by around one month. Results
from one-time evaluation were not very different (up
to around 30 m difference) from the previous estimate
of the mean CBL height. In cases where both the
manual and the automatic methods could be employed
to evaluate the mean CBL height, the two methods
were both used and the results compared. It wasfound
that the mean CBL height resulting from the two
methods agreed very well (Fig. 8).

RESULTSAND DISCUSSIONS

The mean CBL height for the four observation days,
1-4 May 1999 is presented in Fig. 9. There were no
measurements at |east one hour around noontime. With
the sun directly overhead, the photomultiplier tube
(PMT) was saturated and no useful datacould betaken.
Thesolidlinesin Figs. 9a-d denotethe mean CBL height
for the day. The dashed line in Fig. 9a represents the
average height of the part of the CBL without cloud
top. This showsthat the presence of clouds affectsthe
development of the CBL, which in this case made the
mean CBL height lower. The height of the convective
cloud, onthe other hand is affected by relative humidity.
The higher the relative humidity, the lower isthe base
of the convective cloud, and hence, thelower the mean
CBL height. The dashed linesin Figs. 9c and d represent
the height of the mixed layer dueto seabreeze (Fig. 9)
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Fig. 9. Time history of the mean CBL height per day for 1-4 May 1999.

and the solid lines, the mean height of the modified
CBL.

It can be observed from the different graphs shown in
Fig. 9that the CBL growth, though different each day,
has similarities. In general, the CBL growth can be
divided into four stages:

(a) Slow CBL growth, which wasevident from sunrise
until around 08:00 L ST;

(b) Rapid CBL growth recorded from around 08:00
L ST tomid-morning;

(c) CBL of nearly constant height which occurred
between mid-morning and mid-afternoon;

(d) Decay of turbulence, which happened around mid-
afternoon until sundown. Here, either the mean CBL
height remained the same or decreased a little. In
events of prolonged sea breeze a lower mixed layer
devel oped which remained low until sundown.

There may be spatial variations of the CBL heights,
but differences may not be very significant if the land
cover ismoreor lessuniform over theareaasin Metro

The determination of themean CBL heightisacrucial
element in understanding the intensity and transport of
pollution in the Metropolis. Around 75% of the air
pollutionin Metro Manilacomefrom traffic emissions
(Valeroso et al., 1992; Teodoro, 1998). Traffic volume
over most part of Metro Manila especially in main
thoroughfares near the lidar site, are seen to peak at
around 09:00 L ST and asmaller peak between 17:00-
18:00 L ST, corresponding to the morning and afternoon
peak hours. The traffic volume reduces by 20% at
around noontime.

Themorning peak of the pollution concentration (Fig.
10) occured earlier than that of the traffic. This could
be due to the fact that the CBL before 09:00 LST was
much lower than after it. Pollution was concentrated
in amuch lower CBL. The reduction of the pollution
concentration on May 1 & 2 was more than twice its
morning peak, much higher than expected based on
the traffic volume. This could be ascribed to the much
higher CBL around noontime. The May 2 pollution
profile did not have a peak corresponding to the
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Fig. 10. Diurnal variation of CO concentration on 1-4 May
1999 measured at the lidar site by the UP-NCTS air quality
monitoring van.

afternoon peak hour because at that time the mean
CBL height was still very high. The May 3 and 4
pollution profileswere different from the two previous
days, with values much greater around noontime.
Pollution during thosetimeswas concentrated inamuch
lower mixed layer generated by the sea breeze. Figure
11 compares the effect of the much lower mixed layer
due to sea breeze on pollution concentration. On May
1 (Fig. 11a), the pollution concentration dropped very
significantly at around noontime as a result of the
reduction of pollution emission (decreased traffic
volume) and the high CBL around that time. On May 3

(Fig. 11b), although there was areduction in pollution
emission, the pollution concentration was much higher
at around noontime. Thiswas because of the very low
mixed layer due to sea breeze. The very high peak of
pollution concentration at 1600 LST on May 3
corresponds to avery low mixed layer that devel oped
at that time. The pollution concentration peak on May
3 occurred earlier than on May 4 (Fig. 10) since the
sea breeze was felt at the lidar site much earlier on
that day than on May 4. The disproportionate high
pollution concentration inthe events of seabreeze could
a so be due partly to the advection of a much polluted
air to the lidar site by the sea breeze.
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