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Characteristics of aerosols in the Atmospheric Boundary Layer (ABL) obtained from a bistatic
CW lidar at Trivandrum for the last one decade are used to investigate the role of ABL micro-
meteorological processes in controlling the altitude distribution and size spectrum. The altitude
structure of number density shows three distinct zones depending on the prevailing boundary layer
feature; viz, the well-mixed region, entertainment region and upper mixing region. In the lower
altitudes vertical mixing is very strong (the well-mixed region) the upper limit of which is defined as
aerosol-mixing height, is closely associated with the low level inversion. The aerosol mixing height
generally lies in the range 150 to 400 m showing a strong dependence on the vertical eddy mixing
processes in ABL. Above this altitude, the number density decreases almost exponentially with
increase in altitude with a scale height of 0.5–1.5 km. The aerosol mixing height is closely associated
with the height of the Thermal Internal Boundary Layer (TIBL). Sea-spray aerosols generated as a
result of the interaction of surface wind with sea surface forms an important component of mixing
region aerosols at this location. This component shows a non-linear dependence on wind speed. On
an average, depending on the season, the mixing region contributes about 10–30% of the columnar
aerosol optical depth (AOD) at 0.5 µm wavelength. A long term increasing trend (∼ 2.8% per year)
is observed in mixing region AOD from 1989 to 1997. A study on the development of the aerosols in
the nocturnal mixing region shows that the convectively driven daytime altitude structure continues
to persist for about 4–5 hrs. after the sunset and thereafter the altitude structure is governed by
vertical structure of horizontal wind. Stratified aerosol layers associated with stratified turbulence
is very common during the late night hours.

1. Introduction

Atmospheric Boundary Layer (ABL) is an impor-
tant source region for tropospheric aerosols. The
physical and chemical properties as well as the
number density of these aerosols play a significant
role in tropospheric chemistry and regional scale
radiative forcing. Characteristics of ABL aerosols
strongly depend on the source characteristics and
prevailing micro-meteorological processes in this
region. Being a coastal station, the experiment site
encounters a systematic diurnal change in the ABL
circulation pattern. During the day the prevailing

surface wind is sea-breeze (sea-breeze circulation,
SBC), which onsets around 0930IST in the morn-
ing. The SBC becomes strong around 1430IST
and then weakens. Soon after the sunset the SBC
becomes very weak and the wind direction slowly
reverses to become a seaward flow around 2000IST.
While the wind speed during SBC can increase up
to ∼ 10–12 m/s, the land breeze (LBC) in general is
weak and is in the range 1–3 m/s. During the mon-
soon season, even though the synoptic scale winds
overrides this SBC-LBC pattern, on almost all the
days the surface level circulation pattern depicts
this characteristic feature. The onset time of SBC
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and LBC shows variation with season (Prakash et
al 1993). During the day the sea spray aerosols
produced as a result of the interaction of surface
wind with water body forms an important source
of ABL aerosols. These oceanic aerosols advecting
over the continent mixes with the prevailing conti-
nental background aerosol system.

At tropics the solar insulation is quite high and
shows significant seasonal variability. Soon after
the sunrise, the land gets heated up very fast.
The prevailing surface wind is land breeze. As
the land-sea temperature contrast increases (land
becomes warmer), above a threshold level, the sea
breeze onsets. Some times this wind reversal is
rather smooth, where as on certain occasions the
SBC onsets with a frontal activity (Krishnamoor-
thy et al 1993). In the morning hours as the
surface temperature increases, the vertical convec-
tion also increases. Convective eddies rising from
the surface reaches up to ∼1 km. These eddies
play a significant role in the vertical transport of
aerosols from the surface to higher altitudes in
ABL. With the onset of SBC, cool air from the
oceanic environment advects over the land modify-
ing the prevailing temperature structure over the
coast leading to the formation of a thermally mod-
ified internal boundary layer (TIBL), the height
of which is around 200 m (Kunhikrishnan 1990;
Kunhikrishnan et al 1990). Onset of TIBL signif-
icantly impedes the penetration of eddies above
this altitude and the strong ABL mixing gets con-
fined to the region below. These convective eddies
play a significant role in the vertical transport of
aerosols and thus governing the altitude distribu-
tion of atmospheric aerosols and pollutants in this
region. The micro-meteorological features of ABL
significantly influence the production and disper-
sion of aerosols in a coastal site. Study of the
characteristics of aerosols in ABL at Trivandrum
(8.5◦N, 77◦E) a low industrialised tropical coastal
station is important in this context. The experi-
ment site is a plane terrain about 10 km north of
Trivandrum city located ∼500 m from the coast-
line which lies along 325–145◦ azimuth. System-
atic studies on the characteristics of aerosols in
ABL have been carried out at Trivandrum since
1985 some of the results are already published
(Parameswaran et al 1995; 1997a; 1997b; 1998). A
comprehensive report of these characteristics and
the association with boundary layer processes is
presented in this article using a significantly long
period data spanning a period of one decade.

2. Altitude structure of aerosol number
density

The bistatic lidar system and method of estimat-
ing the aerosol number density (N) are described

by Parameswaran et al (1984). The system is oper-
ated in the early night hours when a near neu-
tral condition prevails in ABL. In estimating the
altitude profile of aerosol number density the size
distribution and refractive index of ABL aerosols
are to be assumed. The aerosol size distribution is
assumed to modified power law type (McClatchey
et al 1972) with an average size index of 4.5 and
the effective aerosol refractive index is assumed
to be 1.45. In principle the size distribution and
refractive index can change with relative humidity
(RH) even if one assumes that the aerosol composi-
tion does not vary significantly from day to day or
from season to season. Using the data from angu-
lar scatter measurements from a fixed altitude of
190 m conducted on different days under different
RH conditions it is observed that (Parameswaran
and Vijayakumar 1994a) the size index can vary
from 3.7 to 4.7. Parameswaran (1996) using the
data for a few days spread over four years observed
a decrease in size index (ν) with increase in RH (%)
following a relation of the form, ν = 4.6−0.052 (RH
−70). As the hygroscopic growth of atmospheric
aerosols is not significant for RH less than 70% the
size index remains fairly constant for RH< 70%.
However, the above relationship is not an explicit
one because the changes in ν need not be only due
to the changes in RH, considering the data-spread
of four years. Even with the above relationship, for
70<RH<80 the value of ν lies between 4.1 and 4.6.
In the present study a fixed value for the size index
is used which can be in error by ±0.2 (which is
quite small compared to other uncertainties such
as system content, aerosol scintillation, refractive
index change etc.) provided RH is less than 80%.
It may be noted in this context that the altitude
profiles of N obtained using CW lidar generally
confine to this condition (RH ≤ 80%).

Even though the sea spray production decreases
in the late evening and early night hours (the wind
reversal period) because of the relaxation times of
ABL (Delage 1974), particles, which are already
airborne take significant time to settle down or get
redistributed. Thus the altitude profiles observed
in the early night hours are closely associated with
ABL, processes in the afternoon hours (when the
convective activity is high).

Though the individual profiles of N obtained on
different days show large variability, the monthly
mean or seasonal mean profiles are rather smooth
and depict certain systematic features (Para-
meswaran and Vijayakumar 1994b). Examining
this aspect using the data for the period 1989–
1994 it was found (Parameswaran et al 1995) that
seasonal mean profiles of N are rather smooth. In
the present analysis the entire data for the period
1989 to 1997 are employed and the seasonal mean
profiles obtained by averaging the individual daily
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Figure 1. Mean profiles of aerosol number density in the
atmospheric mixing region at Trivandrum for different sea-
sons.

profiles in different seasons during this period viz.;
Summer (March–May), Monsoon-I (June–August),
Monsoon-II (September–November) and Winter
(December–February), are presented in figure 1. In
this figure S, M1, M2 and W respectively mark
the mean profiles for each of these seasons. In gen-
eral, these profiles compare favourably with those
obtained by averaging the data during the period
1989–94 (Parameswaran et al 1998) indicating that
the pattern repeats for the later years also. The
march of profile with season is quite evident from
this figure. The summer profile is rather smooth
with a peak around 400 m followed by a steady
decrease above. The peak around 400 m is rather
broad and the rate of decrease above is small. At
this location the surface temperature is maximum
(Rekha 2001) during summer months of March–
May. The ABL convective activity will also be high.
Significant amount of aerosols from the surface
are transported to higher altitudes, which causes
a reduction in N at lower altitudes (as can be
seen from figure 1 that N at lower altitudes are
relatively low in summer compared to those in
the other seasons) and increase at higher altitudes
especially between 500–1000 m compared to other
seasons.

During the S-W monsoon period increased
washout by monsoon rains reduces the amplitude
of the peak ∼ 400 m. This continues and during
the second half of monsoon the peak around 400 m
is quite insignificant and the N profile is more or
less exponential. With the withdrawal of monsoon
from the continent in winter, the rainfall becomes
scanty. Though the surface temperatures are low
in these winter months, the land is generally dry.
Owing to a dry underlying surface the convective

Figure 2. Seasonal variation of mean aerosol scale height
(Ha).

activity in ABL increases (though will not be as
high as in summer). Associated with this the peak
in N around 400 m starts building up. Thus, from
this figure it can be seen that the peak in N around
400 m is closely linked with convective activity in
ABL.

Another interesting feature observed in the
N profiles during the monsoon period is the
increase aerosol concentration below ∼100m. After
a decrease from 400 m to 100 m, N shows an
increase with decrease in altitude. The monsoon
period is associated with strong westerlies (turn-
ing to north-westerly over the Kerala coast with
advancing monsoon) from the Arabian Sea over
to the main land. The sea will be generally rough
and strongly agitated throughout this period. Agi-
tation of sea surface produces abundant sea-spray
aerosols. But the land is generally wet and because
of the weak convective activity prevailing in ABL
during this season, these aerosols remain confined
to lower latitudes (unlike the summer period).
However, as will be seen later, the vertical mixing
during this period is dominated by mechanical tur-
bulence generated by vertical shear of horizontal
wind. But as mechanical turbulence is rather dis-
continuous and not as strong a mechanism for ver-
tical transport as the convective turbulence verti-
cal dispersal of aerosol during the monsoon period
is weak. This causes trapping of aerosols produced
from sea-spray in lower altitudes. This phenom-
enon is seen in both the monsoon seasons M1 and
M2. As the surface wind speeds (Parameswaran
et al 1998) associated with the second half of the
monsoon season, M2, are relatively low (the sea-
spray production also will be less) the increase in
N below 100 m is small during this period.

From figure 1 it can be seen that above ∼ 400 m
the aerosol concentration decreases monotonically
with increase in altitude. This decrease in N with
altitude is more or less exponential. In analogy to
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Figure 3(a). Altitude profiles of temperature (T ), potential temperature (θ) temperature gradient (dT/dh), wind speed
(U) and wind direction (φ) on 18th March 1993 ∼1720 IST, 19th March 1993 1057 IST and 19th March 1993 1450 IST, for
three typical of ABL conditions obtained from tethersonde soundings.
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Figure 3(b). Altitude profiles of aerosol number density
during the early night hours on 18th and 19th March 1993.

altitude variation of molecular number density in
the atmosphere and scale height this decrease in
N can also be expressed as a function of altitude
with a scale height parameter Ha. Monthly mean
profiles of N in different months during the period
1989–97 have been examined in this context and
the aerosol scale heights are estimated by the least
square method. It is observed that the aerosols
scale height generally is in the range 0.5 to 1.5 km.
Figure 2 shows the mean values Ha in different
months for the period 1989–97, vertical bars repre-
senting the standard error. This figure shows that
Ha, in general, is low during May and December
and high during summer and S-W monsoon (M1)
periods. Low values of Ha are indicative of sharper
altitude gradient in N and hence weak vertical mix-
ing. From figure 2 it can be seen that during sum-
mer and the S-W monsoon period vertical mixing
extends to higher altitudes.

3. Turbulent diffusion and aerosol mixing
height

Atmospheric boundary layer is the region where
vertical transport of surface fluxes like heat, mois-
ture etc. is quite significant. This is accomplished
by eddy transport. Eddies generated as a result of
surface heating are transported vertically up until
the rising air parcel encounters a region having
equal ambient density. These eddies are efficient
carriers of heat and momentum from the surface
to higher altitude in the ABL. In addition to this,
these rising air parcels (called convective eddies)
also carry aerosol particles from the surface to
higher altitudes. The altitude region where eddy
transport is significant is referred to as the well-
mixed region.

Altitude structure of aerosol number density in
the ABL depends on the characteristics of ABL,
which can be understood from the altitude profiles
of temperature (T ) or wind speed (U). It would be
sometimes more useful to use the potential tem-
perature (θ) defined as θ = T (1000/P )R/Cp, where
P is the atmospheric pressure in mb, R is the uni-
versal gas constant and Cp the specific heat at
constant pressure for dry air. The altitude pro-
files of temperature gradient and θ provide infor-
mation of the prevailing stability condition in this
region. Figure 3(a) shows the altitude structure of
T, θ, dT/dh, U , and wind direction φ under three
different ABL conditions obtained using a slow
raise balloon on 18th and 19th March 1993. Figure
3(b) shows the altitude profiles of N obtained from
CW lidar on these two days during the early night
hours. The first frame in figure 3(a) shows the alti-
tude profiles of boundary layer parameters during
the early night hours of 18th March 1993 when a
near neutral condition prevails in ABL. The sec-
ond frame in figure 3(a) shows the altitude profiles
in the convective boundary layer before the onset
of SBC (and formation of TIBL). ABL height is
around 300 m as seen from the altitude profile of
θ (Parameswaran et al 1997b). The third frame
in figure 3(a) shows the altitude structure of ABL
parameters in the afternoon hours (fully developed
convective boundary layer with TIBL) where the
ABL height decreases to ∼200 m. The altitude pro-
files of N in figure 3(b) show that the peak in N
appears around 300 m, which is the altitude of the
prevailing daytime ABL. For the present case the
region up to ∼300 m is the well-mixed region and
the aerosol mixing height is ∼300 m. More details
on the estimation of aerosol mixing height and the
seasonal variation will be discussed in subsequent
sections.

Vertical transport of convective eddies can be
traced using sodar (Kunhikrishnan 1990). The con-
vective eddies constitute air parcels whose densities
are lower than the density of surrounding medium.
These eddies are good scatters for acoustic waves.
Acoustic energy scattered by these irregularities
is used for tracing the altitude extent of eddy
transport in sodar. These convective eddies are
referred to as thermals (or plumes) and the altitude
extent up to which the sodar signals are observed
is referred to as the thermal plume height which is
a measure of the altitude extent of the well-mixed
region.

Figure 4 shows photographs of sodar facsimile
for four days in different months during the year
1990, showing the thermal plume structure. Figure
5 shows the altitude profiles of N obtained using
lidar in the early night hours on these days. In
figure 4 Y -axis shows the altitude (in m) and X-
axis the time in IST. Intensity of trace is propor-
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Figure 4. Sodar facsimile showing the thermal plumes on four different days in the year 1990.
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Figure 5. Altitude profiles of aerosol number density on
four different days in 1990, for which the daytime thermal
plume structures are presented in figure 4.

tional to received acoustic power. From figure 4 it
can be seen that soon after the sunrise thermals
start building up fast and become strong. The alti-
tude extent of the plume is ∼180 m on 17th Janu-
ary 1994 which decreases to ∼100 m during noon,
after the onset of TIBL, and again increases in the
evening hours. These plumes become weak in the
evening hours. The same feature is observed for
19th March 1990 also where the plume heights are
generally larger, extending up to ∼180 m in the
morning and afternoon hours. In April (19th April,
1990) plume heights extend only up to 120 m and
the dip around noon is not well pronounced. On
21st November 1990 the plume heights extend to
higher altitudes exceeding 180 m. From the above
it can be seen that soon after the onset of a breeze
and the subsequent formation of TIBL the ther-
mals are suppressed (because of low level inver-
sion) and the plume height decreases slightly. The
TIBL becomes strong in the afternoon hour (when
sea breeze is maximum) ∼1430 IST the height of
TIBL is (and plume height) lower than that in the
morning hours. Towards evening, TIBL becomes
weak and so is the case for plume intensity. But
the vertical extend slightly increases. Soon after
the sunset, the land cools down very fast and eddy
production ceases quickly and the thermal plumes
disappear fast.

It would be worth in this context to examine
the altitude profile of aerosol number density on
these days shown in figure 5 and their associa-
tion with boundary layer features. The aerosol con-

centration in the lower altitude is highest for the
profiles on 17th January 1990 and it decreases in
March–April (19.03.1990 and 19.04.1990 profiles)
and again increases in November (27.11.1990). In
addition to this change in N , the profile for 17th
January 1990 shows a prominent peak ∼200 m. A
profile for 19th March 1990 shows two peaks one
prominent peak ∼200 m (which is seen for 19th
April 1990 also) and a broad peak ∼400 m. The
profile for 21st November 1990 shows a prominent
peak ∼300 m. It may also be seen from figure 5
that the vertical gradient in N is a maximum just
below the peak. Within the internal boundary layer
(region below the peak) the gradient is small and N
do not show any decreasing trend. Above the peak
the aerosol concentration decreases monotonically
with increase in altitude. These peaks in N com-
pare favourably with the thermal plume heights on
the respective days, shown in figure 4 but for being
slightly higher. Sasano et al (1982) have examined
the altitude profile N in the mixing region along
with low level radiosonde observation and found
that the peak in N (called as the top aerosol layer)
forms just above the mixed layer. They attributed
this to a relatively stable condition prevailing just
above the inversion height. From figures 4 and 5
also it can be seen that the peak in (or the aerosol
layer) forms just above the internal boundary layer.

It can be seen from the above that in the lower
altitudes the atmosphere is fairly well mixed and
the peak in N appears just above the altitude
of temperature inversion. The region below the
aerosol peak is significantly dominated by eddy
mixing which is referred to as the well-mixed
region. The height up to which aerosols remain
fairly well mixed is referred to the aerosol mixing
height. Even though this mixing height compares
favourably with the height of temperature inver-
sion (or the plume height) they are not exactly the
same (Coulter 1979) The solar plume height (hp)
will be a lower estimate because of the fact that
at higher altitude the convective eddies are rather
weak (low refractive index contrast) thereby reduc-
ing the backscattered acoustic power. These sodar
signals from higher altitudes will not be strong
enough to be registered by the recorder. But as
far as aerosols are concerned the mixing height
estimated will be larger than the inversion height
because some of the eddies will be strong enough
to penetrate the inversion and deposit the aerosols
above.

4. Mixing region and aerosol mixing
height

Coulter (1979) defined the mixing height as the
height where the temperature lapse rate first
becomes sub-adiabatic. The mixing height from
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Figure 6. Altitude profiles of normalized concentration gradient (Ncg) on 17.01.90, 19.07.90, 19.04.90 and 21.11.90, for
which the profiles of N are presented in figure 5.

aerosol profiles is defined as the height where
there is a sudden decrease in particle concentra-
tion. However, the mixing heights from tempera-
ture profile and aerosol number density need not
be the same. Sasano et al (1982) used normalised
concentration gradient (Ncg) defined as Ncg =
(δN/δh)/N ; a parameter to determine the aerosol
mixing height. As this parameter normalized to
ambient aerosol number density (N) the uncer-
tainty in the absolute value of N due to the uncer-
tainty in the lidar calibration constant etc. will not
affect the Ncg profile. The mixing height is iden-
tified from the altitude profile of Ncg as the alti-
tude above which it continues to remain negative.
This method of obtaining the mixing height (hm)
has widely been used to study the evolution of day-
time mixed layer (Devara et al 1993, 1998; Para-
meswaran et al 1997a). Based on the profiles of N
at Trivandrum, Parameswaran et al. (1997a) have
described the method of estimating hm and also
pointed out that the value of Ncg will be highest at
a lower altitude below hm, defined as hT which usu-

ally match with the altitude of TIBL at this station
(Rajeev and Parameswaran 1995; Parameswaran
et al 1997b). Figure 6 shows the altitude profile of
Ncg obtained for the aerosol number density pro-
file shown in figure 5. On some days the altitude
of hm and hT can coincide. The altitudes of hT

and hm as defined above are marked in this fig-
ure. Values of hT for 17-1-90, 19-3-90, 19-4-90 and
21-11-90 are respectively 170, 150, 100 and 180 m
respectively and those of hm are 255, 290, 180 and
290 m respectively. It can be seen that the alti-
tude of hT matches fairly well with the height of
TIBL (or plume height) observed in the afternoon
period (figure 3) with the condition that the plume
height will be an under estimate of TIBL. Follow-
ing the definition of Sasano et al (1982) the altitude
region below hm is referred to as the well-mixed
region. The region from hm to ∼700 m where N
shows a sharp decrease with increase in altitude
is referred to as the entrainment region (through
which aerosols in the well mixed region intrudes
into the upper region). Above the entrainment
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Figure 7. The mean profile of aerosol number density in
the mixing region obtained by averaging all the daily profiles
during the period 1989–1997.

region the aerosol concentration decreases rather
slowly with increase in altitude. Thus the influence
of ABL micrometeorological features influences the
aerosol concentration up to an altitude of ∼1 km,
and above this altitude this effect is rather small.
Figure 7 shows a mean profile of N obtained by
averaging the entire daily profiles during the period
1989–97. This averaging however smooths out all
(day to day, seasonal, inter annual etc.) tempo-
ral variation and presents a typical model profile
for altitudes below 1.5 km. Examining this profile
based on the above-described features, the aerosol
mixing height is ∼400 m and the region below this
is the well-mixed region. The altitude region from
400 m to 600 m is the entrainment region and the
region above 600 m is the upper region. In this
context, it would be worth examining the struc-
ture of “mixing region” as far as aerosols are con-
cerned. As in the case of ABL, the upper limit of
the mixing region cannot be sharply defined and
varies with the definition adopted (for the case of
boundary layer, the upper limit is defined at a dif-
ferent context depending on the topic of interest as
low level inversion, elevated inversion, trade wind
inversion etc.) Strictly speaking, the term mixing
region can be used to refer the altitude region up to
the trade wind inversion level (Kaimal and Finni-
gan 1994; SenGupta and Radhika Ramachandran
1998), though we are limiting the upper level of

mixing region to ∼1.1 km in the present case partly
also because of the fact that only a limited number
of N profiles (<∼ 40%) will extend beyond 1.2 km.
One can also define the mixing region in terms of
aerosol scale height, as the region below the height
where the concentration falls by e−1, which can go
up to 1.5 km. Thus for the present study the region
up to ∼1.1 km is referred to broadly as the “mixing
region” which has the structures like well mixed
region, entrainment region and top mixing region.

5. Seasonal variation of aerosol mixing
height and its association with

convective activity and wind shear

Aerosol mixing height (hm) shows significant
day-to-day variability depending on the prevail-
ing meteorological conditions, in the atmospheric
boundary layer. It shows a strong dependence on
convective activity in ABL. (The thermal plume
height, hp, is a good representative index for
the strength of ABL convective activity). Another
important factor governing the vertical mixing in
ABL is the mechanical mixing induced by wind
shear. Exton et al (1985) have examined this aspect
based on data obtained at the coastal site South
Uist (56.4◦N) and observed that the aerosol mix-
ing height is governed by the stronger of the two
mixing processes. The association of hm on con-
vective and mechanical mixings in ABL has been
examined using the data obtained at Trivandrum.

Mixing heights have been obtained from the alti-
tude profiles of N for different days by examin-
ing the altitude profile of Ncg as described above.
They generally lie in the range 150 to 400 m.
Monthly mean values of hm thus obtained for dif-
ferent months for the year 1990 are presented in
figure 8(a). Figure 8(b) shows the month-to-month
variation of average hp as reported by Kunhikr-
ishnan et al (1990) obtained from sodar facsim-
ile. From figure 8(a) and 8(b) it can be seen that
hm is maximum during the dry month of March
and November as well as during the S-W monsoon
period (June–July). The maxima in hm during the
dry months correspond fairly with the maximum
in hp (figure 8b) indicating that these peaks are
caused by increased convective activity in ABL.
But during the monsoon period, the land is wet and
convective activity is low. Because of this hp also is
low. The monsoon peak in hm cannot be attributed
to convective activity. But as reported by Rao
(1976) the wind shear is quite high during the S-W
monsoon period. These strong wind shears can gen-
erate mechanical turbulences leading to increased
vertical mixing. To examine this aspect the mean
wind shears at 60 m level is estimated for different
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Figure 8. Month-to-month variation of aerosol mixing
height (hm) in the year 1990 along with the sodar plume
height hp, wind shear averaged for 1989–92, mixing height
averaged for 1989–97 and ventilation coefficient (V t).

months using the wind data recorded at the exper-
imental site (Parameswaran et al 1997a). The aver-
age wind shear in different months for the period
1989–92 is presented in figure 8(c), which shows
a prominent peak during the June–July months.
This corresponds fairly well with the peak in hm

during the S-W monsoon period. It should be
remembered in this context that the mechanical
mixing is discontinuous in altitude and hence is not
an efficient carrier for aerosols. Thus, even though
the height of the well-mixed region (or the mixing
height) increases during the S-W monsoon period
due to increased mechanical mixing, the vertical
transport of aerosols through this mechanism is not
very effective. This aspect is borne out by the low
values of Ncg observed (Parameswaran et al 1997a)
near hm. Hence, during this period the aerosol pro-
duced near the surface mostly remains confined to
altitudes below 100 m (the maximum limit of hp

during this period) even though hm as defined from
Ncg increases to 250 m or more. Seasonal pattern of
hm shown in figure 8(a) repeats from year to year
the average value of which is presented in figure
8(d). It would be worth in this context to exam-
ine the internal boundary layer height estimated

from frequency weighted power spectra of horizon-
tal wind, 6 km inland from the present coastal site
(Sunil 1997), which varies in the range 250–450 m
depending on the season. This compares favourably
with the value of hm estimated from lidar profiles
of N using the above method and is higher than
hp obtained from sodar.

Dispersion of pollutants in the atmosphere is
governed by the mixing height. Larger values of
hm generally provide more volume of atmosphere
for the dispersion of pollutants, which effectively
reduces the concentration (stagnation) of pollu-
tants near the surface. Dispersion of pollutants is
also influenced by wind speed. Large wind speeds
can disperse the pollutants faster thereby reduc-
ing the concentration. The atmospheric ventilation
coefficient, which is defined as the product of hm

and the mean wind speed in the mixing region, is
used to assess the pollution potential at a place
(Devara and Raj 1993; Devara et al 1998). The
atmospheric ventilation coefficient (Vt) estimated
from hm and mean wind speed around 60 m (taken
as representative for mean in mixing region) is pre-
sented in figure 8(e). This shows a sharp peak dur-
ing the S-W monsoon period and low in May and
October. The peak during the summer month is
rather small. Conversely at an inland station like
Pune (Devara and Raj 1993) the ventilation coeffi-
cient is low during the winter and monsoon periods
and high during summer. Low value of this para-
meter indicates a less efficient dispersion of pol-
lutants. Thus, the pollution potential at Trivan-
drum is quite high in May and October where as
at Pune the pollution potential is high during the
winter months (Devara and Raj 1993). Compared
to Pune, in general, the pollution potential is high
at the coastal station Trivandrum in the absence
of other removal mechanisms like wet removal and
washout. The onset of TIBL during the day signifi-
cantly suppresses the vertical eddy transport there
by reducing the mixing height, which is one of the
main reasons to this increased pollution potential
in the coastal region.

6. Wind speed dependence

Figure 9 shows a typical plot of the aerosol num-
ber density at eight different altitudes in ABL
with surface wind speed obtained from the data
obtained during the period 1989–94. The aerosol
number density at each altitude during this period
are grouped in wind speed intervals of 1 m/s and
averaged. The vertical bars represent the standard
error. This figure indicates that aerosol number
density in the atmospheric mixing region follows
a non-linear dependence on wind speed (SBC). In
analogy to earlier works (Exton et al 1985) this



Aerosols in coastal boundary layer 257

Figure 9. Variation of aerosol number density at different altitudes in ABL with surface wind speed.

variation can be represented by an exponential
function N = N0e

bu, where U is the surface wind
speed. The value of b is ∼0.1 S/m. In this relation-
ship the rate of change in N with respect to U is
proportional to N itself. Such an analytical form
for N is true when the prevailing aerosol number
is redistributed by wind speed, similar to the case
of hydrostatic equation representing pressure vari-
ation in atmosphere under the influence of gravity.
But in practice the wind contribution is that com-
ponent generated from water surface because of
wind pressure which depends on its speed. This is
added to the prevailing background aerosol system.
The source strength of wind-contributed compo-

nent is negligible for U < 3 m/s (Monahan et al
1983). The wind contribution to N is also a non-
linear function of U . Thus a power law is more
appropriate for representing this non-linear varia-
tion in which case N can be represented as N =
Nb + cUd where Nb is the background compo-
nent (which is independent of U) and cUd is the
real time wind contributed component. The wind
dependent component of N decreases with decrease
in wind speed and becomes zero as U → 0. The alti-
tude structure of Nb, c and d are discussed in detail
by Vijayakumar et al (1998). The values of d is
∼2.94 in the well-mixed region and increases to 3.5
above this region. As described above the vertical
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Figure 10. Month-to-month variation of Nb at different alti-
tudes.

mixing in the mixing region strongly depends on
the prevailing dynamics of ABL, the seasonal pat-
tern of Nb should be different at different altitudes.
Figure 10 shows the month-to-month variation of
Nb at different altitudes averaged for the period of
analysis. In general, the seasonal variation of Nb

shows two maximum one during the winter and the
other during the S-W monsoon period. In the lower
altitudes, h < 100 m, the monsoon peak is quite
prominent. Around 100–200 m, both these peaks
are comparable and at altitudes above 400 m, the
winter peak dominates. On examining the associ-
ated physical processes it can be seen that during
the winter months sea breeze is low and the land is
dry. The production of continental aerosols will be
significant during the period. During S-W monsoon
period land is wet and wind speed is high. So the
contribution from sea-spray aerosols will be dom-
inant. Thus, the winter peak can be identified as
due to the increase in the background continen-
tal aerosols transported to higher altitudes in the
mixing region due to increased vertical mixing pre-
vailing in the dry months, which becomes increas-
ingly prominent at higher altitudes. The monsoon
peak in N is due to aged oceanic aerosols related
to general increase in the average wind speed level,
mainly confined to the lower altitudes because of
the fact that the vertical transport by convection

Figure 11. Month-to-month variation of columnar aerosol
content (Na), columnar content of wind contributed compo-
nent (Nw) and columnar content of the background compo-
nent (Nb).

is less effective during this period. The prominence
of this peak decreases with the increase in altitude.

To examine the relative importance of back-
ground and wind contributed components in mix-
ing region aerosol content, the columnar content
of Nb and Nw(= cUd) are evaluated up to 1 km
for different days and the monthly mean values are
presented in figure 11. This figure shows that the
wind contribution is insignificant during the win-
ter month and maximum during the S-W monsoon
month of June–August. During this period about
30% of aerosol content in the first 1 km region is
contributed by sea spray aerosols. The background
component is low during this period. During the
winter months this component is high.

7. Seasonal and long term trends

The altitude profile of N shows systematic vari-
ation with season depending on the prevailing
source-sink characteristics and active distribution
mechanisms. In addition, the increase in anthro-
pogenic activity increases the aerosol loadings in
the atmosphere, which modifies the characteris-
tics of the natural aerosol system. Systematic data
spanning for a period of ten years have been used
to study the seasonal and long-term trends in the
altitude structure and columnar loadings. Monthly
mean profiles of N are used for this purpose.

Figure 12 shows the contour plot of N at dif-
ferent altitudes for the period 1989 to 1997. The
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Figure 12. A contour plot of aerosol number densities at different altitudes for the period 1989–97 obtained from monthly
mean profiles of N .

X-axis shows the Julian month starting from Jan-
uary 1989. The mixing height can be seen in this
figure as the height close to the surface where N is
maximum and shows a steady decrease above. The
seasonal and inter annual variation in aerosol con-
centration at different altitude regions are clearly
observable in this figure during the period 1989–
94. In the rest of the period the seasonal pattern
is not very clear because of data gaps during the
period 1995–97. In addition to this seasonal and
inter annual variation a significant increasing trend
can also be observed from 1989 to 1997 which is
quite prominent at lower altitudes. The aerosol
concentration in the well-mixed region also shows
an increasing trend.

Aerosol number density in the lower altitudes is
significantly governed by the characteristics of local
sources and sinks and strength of vertical eddy
transport. Even though the vertical transport of
aerosols from the surface to higher altitudes is sig-
nificant in the entire troposphere (Parameswaran
et al 1993), at higher altitudes (say, above the
trade wind inversion level of ∼2 km) the horizontal
transport is quite significant. In this altitude region

the aerosol characteristics are also influenced by
synoptic scale circulation (aerosols from nearby
regions will also influence the local aerosols charac-
teristics). Vertical dispersion of aerosols by eddies,
which is very strong in the well-mixed region, does
not remain confined to lower altitudes. Depend-
ing on the strength of these eddies some aerosols
are injected above the mixing height. Once they
are injected above the well-mixed region, this can
be lifted up through the weaker eddies prevail-
ing in this region. However, the strength of these
eddies decreases with increase in altitude. From
the altitude profiles of N (figure 1) and seasonal
variation of Nb at different altitudes (figure 11) it
can be seen that the features observed in lower
altitudes extend up to ∼1 km. A cross correlation
analysis of aerosol concentration at different alti-
tude regions with that in the lowest 200 km has
shown that the correlation decreases with increase
in altitude and is ∼0.6 around 1 km. From these
factors based on features cited in section 4 for
the following analysis of seasonal and long-term
trends the altitude region 0–1.1 km is taken as the
mixing region (which is characterised by season-
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ally varying well-mixed, entrainment and upper
region.)

In order to examine the seasonal and long-term
trends in aerosol loading and compare with other
measurements it will be worth examining the vari-
ation in aerosol optical depth. The mixing region
aerosol optical depth (τm) at the lidar wavelength
of 0.5145µm is estimated from the monthly mean
profiles of N by integrating it up to 1.1 km and mul-
tiplying with the effective extinction cross section
(3.04×10−4cm2) applicable for a mean aerosol size
index (4.5) and aerosol refractive index 1.45 (Para-
meswaran et al 1998). The columnar aerosol opti-
cal depth τc (Krishnamoorthy et al 1991) at 0.5µm
wavelength obtained from the solar radiometer is
used along with this data to study the influence of
mixing region aerosols on the observed columnar
optical depth.

Figure 13 shows the month-to-month variation
of τm and τc averaged for the period 1989 to 1997
along with the difference between τc and τm and the
ratio τm/τc representing respectively the seasonal
variation of aerosol optical depth above the mixing
region and relative contribution of mixing region to
columnar optical depth respectively. As the present
analysis deals with the background aerosol system
the volcanically disturbed period (due to the erup-
tion of Mt. Pinatubo in 1991) June 1991 to June
1993 is excluded for τc (and hence for τc − τm and
τm/τc also). The seasonal variation of τm shows a
sharp peak in February followed by a broad peak
during the S-W monsoon period. The former peak
can be attributed to increased aerosol loading from
the continent and the latter to increase contribu-
tion of sea-spray aerosols. As seen from figure 11
the wind contribution to mixing region aerosol con-
centration is significant from April to September.
The columnar aerosol optical depth shows a maxi-
mum during summer (March–April) and minimum
during the S-W monsoon period. The increase in
τc during summer can be attributed to increase
loading in troposphere (as seen from figure 13c)
either by increased vertical transport (figure 1) or
due to in situ production through Gas to Parti-
cle Conversion (GPC) process. The efficiency of
GPC increases with increase in temperature, which
is the case for summer season at tropics. Figure
13(c) shows two prominent peaks one in summer
and the other in winter. The contribution of mixing
region to columnar aerosol optical depth is maxi-
mum (30%) in February and July. The vertical dis-
persion is generally weak in these months and a
significant amount of aerosols remain confirmed to
lower altitudes. In summer the vertical mixing is
very strong which reduces the contribution of τm

to the columnar optical depth to 10%.
During the monsoon period wet removal is very

strong in troposphere. Sea-spray aerosols produced

Figure 13. Month to month variations of aerosol optical
depth at 0.5 µm wavelengths (a), that in the mixing region
up to 1.1 km, τm, (b), in the entire column of atmosphere,
τc, (c), for the region above 1.1 km and (d) contribution of
mixing region to columnar optical depth (e).

during this period are confined to the lower alti-
tudes. This increases the relative contribution of τm

to τc. In October aerosol production near the sur-
face is low. But there is an increase in τc (from that
during the monsoon period), which would have
been contributed by advecting aerosols aloft, gov-
erned by synoptic scale atmosphere features.

In addition to this seasonal variation, τm and τc

show a small increasing trend from 1989 to 1997
(Parameswaran et al 1998). In order to examine
this aspect the seasonal and annual variations in τm

and τc at τm−τc are suppressed by taking a running
mean for 13 months. These values of (τm)13, (τc)13
and (τc − τm)13 are presented in figure 14. The
scatter plot represents the respective running mean
value for the centred month of the running mean
window. To quantify the trend a regression line
is established for each of the above scatter plots.
This regression line is also presented in figure 14.
The slope of this line provides the linear gradi-
ent from the reference value in 1989. The rate of
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Figure 14. Long term trends in τm, τc and τc−τm at 0.5 µm
wavelength for the period 1989–1997.

increase is ∼2.8% per year for τm, ∼ 4% for per
year from τc and ∼ 7% for (τc−τm). The increasing
trend is more for τc and is significantly contributed
by the increase in aerosol loading in the upper
troposphere. This analysis thus indicates that the
observed increasing trend in τc is not a locally con-
firmed feature but more synoptic in nature.

It would be worth in this context to examine the
trends in aerosol loading observed at different loca-
tions over the Indian continent. Using a systematic
long-term measurement of aerosol number density
profile in ABL using a CW lidar Devara et al (1997)
reported a similar increasing trend in the colum-
nar aerosol content from 1986–1996. A perusal of
columnar aerosol optical depth (τc) data at Trivan-
drum, Mysore and Visakhapatnam for the period
1989–1999 (Krishnamoorthy et al 1999), the three
IGBP (Indian Geosphere Biosphere Program) Net-
work stations where a long term data base is avail-
able, also shows a similar increasing trend with
differing magnitudes. From this it is evident that
the increasing trend in aerosol loading observed at
Trivandrum is not an isolated feature and forms a
part of the overall increase in aerosol loading over
the entire continent. A study on the spectral behav-
iour of these trends at Trivandrum reveals that
the increasing trend in τc is more pronounced for
shorter wavelengths (≤ 0.6µm). Figure 15 shows a
plot of 13-month running mean of monthly mean
of τc at three different wavelengths 0.4, 0.6, 0.8
and 1.02µm (other than 0.5µm which is presented
in figure 14) depicting this feature. This suggests

Figure 15. Long term trends in columnar aerosol optical
depth at four wavelengths 0.4, 0.6, 0.8 and 1.02 µm obtained
from solar radiometer.

that the increasing trend in aerosol loading is
more pronounced for smaller size particles, (pos-
sibly the sub micron ones) which are mostly of
anthropogenic origin. At the higher wavelengths
(0.8µm to 1.02µm) τc shows a small decreasing
trend from 1989 to 1997. This study thus reveals
that there is a general preferred increasing trend
for the sub micron aerosol loading over the Indian
continent due to anthropogenic impact for the last
one decade.

This result has important implications in the
context of the recent Indian Ocean Experiment
(INDOEX) which was aimed at the advection of
continental aerosols in the pristine oceanic environ-
ment during the winter season when the prevailing
wind over the continent is north easterly (Para-
meswaran et al 2001). These observations indicated
that the Indian subcontinent is one of the major
sources of aerosols (Rajeev et al 2000) advecting
over the Indian Ocean. The increasing trend in
aerosol loading during the last one decade over the
continent as observed above is quite significant.
This indicates an increasing trend for the aerosol
flux over the oceanic environment from the adja-
cent continent. Atmospheric aerosols play a signif-
icant role in the radiation balance (Charlson et al
1992) of the earth atmospheric system leading to a
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negative forcing (decrease in solar energy reaches
the surface) provided the particles are of the non-
absorbing type. This situation becomes more com-
plex when absorbing type aerosols are present,
depending on the case whether they are internally
or externally mixed. Accordingly the single scatter
albedo and scattering phase function gets modified.
A significant component of the observed increase
in aerosol loading is in troposphere, which can play
a major role (Coakley et al 1983; Schwartz 1996)
in the regional scale radiative forcing. This in turn
can influence the climate system on a regional scale
and could also alter the monsoon rain pattern over
the continent (Lal et al 1995).

8. Contribution of well-mixed region

A significant component of mixing region aerosol
is contained in the well-mixed region. The alti-
tude extent of this region is governed by hm, which
depends on vertical eddy transport in ABL. The
aerosol concentration in this region also depends
on the source strength. Hence, the aerosol con-
tent (or the aerosol optical depth) in the well-
mixed region will depend upon both these fac-
tors. It will be interesting in this context to exam-
ine the contribution of this region to the mixing
region aerosol optical depth. The aerosol optical
depth in the well-mixed region (τs) is estimated
as above by integrating the N profile up to hm,
for that month, and multiplying it with the effec-
tive aerosol extinction cross-section. Monthly mean
profiles of N and hm (Rekha 2001) for different
months in the period of analysis are used for this
purpose. Figure 16(a) shows the month-to-month
variation of average τs, obtained by averaging the
individual τs values in the same month for differ-
ent years during the period 1989–97. Vertical bars
in figure 16 represent the standard errors. Mini-
mum value of τs is encountered in April, May and
October months. The monsoon peak is very broad.
Figure 16(b) shows the ratio τs/τm, representing
the contribution of well-mixed region to mixing
region aerosol optical depth. Contribution of τs to
τc can be obtained by multiplying τm/τc (in fig-
ure 13d) with τs/τm. This ratio (τs/τm) varies in
the range 0.22 to 0.4 with a sharp minimum in
February and May and a broad maximum during
the period June to October. This pattern strongly
suggests the important contribution of sea-spray
to τm. Figure 16(c) shows the 13-month running
mean of τs for the period 1989–97. No discernable
trend in τs is observable as in the case of τm and
τc. But a well pronounced decadal variation with
a minimum in 1993–94 period is observable. This
pattern matches fairly well with the long-term pat-
tern of monthly total rainfall and average wind

Figure 16. Month-to-month variation of columnar aerosol
optical depth in the well-mixed region, τs, (a), contribution
of well-mixed region to mixing region aerosol optical depth
(b), and variation of (τs)13 during the period 1989-97 (c).

speed (SBC) at 1430 IST (Rekha 2001) on this site.
Both these parameters show a minimum around
1993–94, which also brings out the close association
between wind speed and rainfall pattern at this
location. This study thus brings out the fact that
the aerosol optical depth in the well-mixed region is
significantly governed by local source strength and
no long-term increasing trend is observable, may
be due to the dominance of the decadal variation.

9. Development of nocturnal mixing
region

The convectively driven daytime mixing region
aerosol number density profile continues to persist
for a few hours after the sunset and can change
its features later according to the prevailing wind
profile. The development of nocturnal structures
in N profile has been studied in detail using the
altitude profiles obtained at regular intervals of
1 hr throughout the night (Parameswaran et al
1997b). More details regarding the evolution of
nocturnal ABL aerosol number density profile, pre-
midnight and post-midnight contrast and possible
association with the spatial extent of daytime sea
breeze cell etc are explained in detail elsewhere
(Parameswaran et al 1997b). Only a summary of
the important features observed in the nocturnal
aerosol number density profile is presented in this
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Figure 17. Aerosol stratification associated with wind shears in the nocturnal mixing region on 19th September 1999;
altitude profiles of N at different times during the night (a), and altitude profiles of wind speed and direction obtained
using a pilot balloon (b).

context. The general shape of the altitude profile
observed in the early night hours continue to per-
sist up to ∼2300 IST i.e ∼4-5 hrs. after the sun-
set. A correlation analysis of wind speed at differ-
ent times of the day with N at ∼2000 IST also
revealed (Parameswaran and Vijayakumar 1994b)
that correlation is maximum with wind speed 5 hrs
before the lidar observation time. This is because
of the fact that even though the generation of
eddies ceases soon after the sunset, eddies gener-
ated in the afternoon hours continues to persist
in the atmosphere for a few hours even after the
sunset (Delage 1974; Benkley and Schulman 1979).
The altitude structure of N observed in the early
night hours thus is the remnant of the altitude
structure that existed during the afternoon period.

Figure 17 shows a sequence of the altitude pro-
file of N along with U for 19th September 1990
to depict the temporal development of nocturnal
structure in N . Altitude profiles of U and φ are
obtained by tracking the pilot balloons launched
during lidar observations. In the late night hours
the altitude distribution is mainly governed by the
altitude structure of U . The first three profiles in
the early night hours are almost similar and not
significantly influenced by the wind profile. The
post-midnight profiles of N show aerosol stratifi-
cations, which are much above the standard error
associated with N (typical errors are illustrated
by horizontal bars in the first profile). Altitudes of
these stratified layers match fairly well with the low
wind shear regions (peaks in U profile) marked by
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arrows in figure 17. A detailed study (Rajeev and
Parameswaran 1995) of N and atmospheric stabil-
ity has shown that aerosol stratification associated
with stratified turbulence is fairly common during
the late night hours (Parameswaran et al 1997b).
Accretion of aerosols occurs in a stable region sand-
wiched between two unstable (turbulent) regions
and depletion of aerosols occurs in a turbulent zone
embedded in the stable region. The stratification
of aerosols at regions where the wind shear is small
is evident from figure 17.

10. Summary

Systematic studies of the characteristics of aerosols
in the atmospheric mixing region at the tropical
coastal station Trivandrum has brought out the fol-
lowing features
• Altitude structure of aerosol number density in

ABL shows a fairly well-mixed region below
∼400 m. At the top of this region a capped
aerosol layer is observed. This upper altitude
limit of the well-mixed region is termed as the
aerosol mixing height, which is linked fairly well
with the altitude of TIBL.

• Above the mixing height where the aerosol con-
centration decreases rather slowly with increase
in altitude is the entrainment region.

• The altitude variation above aerosol mixing
height can be fairly well represented by an expo-
nentially decreasing function of altitude. The
scale height parameter representing this decrease
is in the range 500-1500 m.

• The aerosol mixing height generally lies in the
range 150-400 m and shows systematic seasonal
variation with three maxima; one each during
the dry months of March and November and the
third during the S-W monsoon period. While the
increased mixing height during the dry months
can be explained on the basis of increased con-
vective activity in ABL, the increase in aerosol
mixing height during the S-W monsoon period
can be attributed to increase in mechanical mix-
ing caused by wind shears.

• The seasonal variation of mixing region aerosol
optical depth show two maxima, one in Feb-
ruary and the other during the S-W monsoon
period. This pattern is different from the sea-
sonal pattern observed in columnar optical depth
(maximum during April–May and minimum dur-
ing the S-W monsoon). The monsoon peak is rel-
atively strong below 100 m and the winter peak
becomes prominent at higher altitudes in the
mixing region

• Aerosol number density (or equivalently the
extinction) shows a non-linear dependence on
sea-breeze strength (U). It can either be rep-
resented by a relation N = N0 exp (bU) with

0.06 < b < 0.14 or N = Nb + C Ud with
d∼2.94 below hm and 3.45 above hm, Nb repre-
senting the sea-breeze independent background
component. Seasonal variation of Nb shows two
maxima, one during the winter months and the
other during the S-W monsoon. The former peak
is weak in lower altitude and increases with
increase in altitude. The latter peak is more sig-
nificant at lower altitudes and decreases with
increase in altitude.

• Contribution of mixing region to columnar
aerosol optical depth shows variation with sea-
son. This contribution is high during winter and
S-W monsoon months and minimum in summer
and autumnal months. This can be explained on
the basis of the seasonal changes in the strength
of vertical transport in the ABL.

• The AOD data during the period 1989–97 shows
an increasing trend from 1989 to 1997 both in
the mixing region and aloft. The rate of increase
is more pronounced at higher altitudes.

• Convectively dominated daytime altitude struc-
ture of aerosols in ABL continues to persist for
4–5 hrs after the sunset. During the late night
hours the altitude distribution is significantly
governed by the prevailing wind profile.

• Accretion of aerosols occurs in stable regions
sandwiched between two turbulent regions and
depletion of aerosols occurs in turbulent pockets
in an otherwise stable region.
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