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Effect of atmospheric relative humidity on aerosol size distribution
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fA method of accounting for the effect of variation in relative humidity on aerosol size distributionobt~ed from a low-pressure impactor (lPI) experiment is proposed. The size distribution of atmos
pheric aerosols under the prevailing relative hunUditiesestimated by this method is compared with that
obtained using a bistatic CW tidar. These results are used to study the effect of relative humidity on
aerosol size distributions. At higher altitudes in the mixing region, increaSe in relative humidity causes a
decrease' in aerosol size index. The seasonal variation of aerosol number density near the surface is

lound to a",,,, laidy well whh the =Dal variation 01 the mOOngregion aem",' optkal depth. j1>?. _~
1 Introduction

tAtmospheric aerosols, produced as a result of
various natural and anthropogenic processes on
the earth's surface, are essentially polydisperse
having sizes ranging from (me thousandth of a
micrometre to a few tens of micrometres', 'Within

this size range, the number of particles having a
particular size varies with the particle size. De
pending on the nature of this vaJiation, different
analytical functions are used to represent the aero
sol size distributionsl-3, A clear knowledge of the
nature of this size distribution at any location is
very important not only to characterize the atmos
pheric aerosol system over that location, but also
to study the radiative properties4 of the atoms
pheric region in which these aerosols are distribut
ed. In addition, the chemical composition and size
distribution of aerosols in the biosphere signifi
cantly influence the life on this planet. While soot,
sulphureous and nitrogenous compounds, etc. are
the important constituents of anthropogenic aero
sols, the natural aerosols are constituted by wind
blown dust (silica), sea-spray (sea-salt), and vegeta
tive-originated pollens, seeds, etc. Even though the
aerosols thus generated by different mechanisms
get mixed and transported from place to place by
the winds, their properties at a particular location
primarily depend upon the relative strengths of

these mechanisms1 For example, while a coastal lo
cation like Thiruvananthapuram is manily domi
nated by sea-spray particles, an urban location will
be dominated by anthropogenic particles. While
aerosols of continental origin (silica and vegeta-

tive) are seen over the deep inland, arid regions
are dominated by desert aerosols. aased on this
the aerosols in the biosphere can be broadly clas
sified as3 urban, rural, maritime, oceanic, contin
ental, etc.

Even though atmospheric aerosols are generally
hygroscopic, the soot contained in the anthropog
enic aerosols has very little affinity for water. The
water affinity of aerosols vary with the aerosol
type (or composition). When relative humidity
(RH) increases, depending on the water affinity
more atmospheric water vapour condenses on the
particles. This process not only makes the parti
cles to grow in size but also changes their compo
sition and effective refractive index. Thus, .changes i
in the atmospheric humidity can significantly alter
the radiative characteristics of these aerosols,

There have been a number of studies on the

changes in aerosol properties as a function of rela
tive humidity5-1O, of which the most comprehensive
one is the work of HanellO who established an em
pirical relationship for the growth of aerosoi parti
cle as a function of relative humidity, The amount
of this growth for a given humidity change de
pends on the water activity of the aerosol type.

2 Relevance of the present study
Study of the size distribution of atmospheric

aerosols includes a variety of techniques involving
both direct samplingU'13 as well as remote sens
ing14,15 methods. At the coastal station Thiruvan
anthapuram (8.SsoN, 77°E), we have carried out
investigations on aerosol size distributions employ-
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ing both these techniques; the preliminary results
of our investigations were presented in an earlier
communication 16. In obtaining the size distribution
from direct particle sampler, it is usually assumed
that the aerosols are homogeneous in density
throughout the size range of interest. A prior
knowledge of this density is required for the esti
mation of the Stokes diameter. This is taken as 2.5

g cm - 3, which is generally true for dry maritime
and continental aerosolsI7,18. As atmospheric rela
tive humidity increases, more and more water va
pour condenses on aerosol particles, resulting in a
decrease of the effective particle density. This dec
rease of particle density with increase in RH
should be accounted appropriately in obtaining
the aerosol size distribution from the low-pressure
impactor (LPI) experiment. In addition, the collec
tion substrates are desiccated before weighing to
eliminate the effect of direct condensation of at

mospheric water vapour on these substrates. In
this process the particles collected on these sub
strates also will lose some of their water content.

Thus, even though the particles are collected ac
cording to their sizes prevailing in the atmosphere,
on desiccation they change their size and composi
tion according to the relative humidity condition
prevailing inside the desiccator. These effects are
also to be accounted in obtaining the size distribu
tion of aerosols. In this communication we report
the results of these studies along with the effect of
atmospheric relative humidity on the observed size
distribution obtained using the LPI and bistatic
CW lidar experiments.

assumed which is to be ascertained by a compli
mentary supporting experiment.

The LPI (Andersen LPI model 20-900) is used
as the complimentary experiment (of CWL) for
studying the mixing region aerosol size distribu
tion. It consists of 14 collection stages with 6 size
ranges below 1.0 I'm. Each stage of the LPI has a
number of small perforations (nozzles) below
which the collection substrate is suitably arranged.
Air containing aerosols are forced through these
nozzles and allowed to impinge on this substrate,
where particles above a certain size (determined
by the cut-point of that stage) will be collected
with 50% efficiency and all sizes below this size
will be passed without collection. The size of these
nozzles (jets) determining the speed of the air for
a constant suction rate decreases in subsequent
stages from dimensions of several millimetres at
the initial stages to tenths of millimetres at the fi
nal stage. When a number of such stages are prop
erly cascaded, each stage collects particles having
sizes ranging between its cut-point and that of its
previous stage, The jet diameter (Dj) and jet veloc
ity (Vj) for the recommended operating condition
of the LPI (critical orifice pressure of 114 torr) as
provided by the manufacturer for each of the im
pactor stages are presented in Table 1 along with
the respective Stokes numbers (Sj)' The mass of
particles collected in each size range is obtained
by subtracting the tare mass of each substrate
from its final mass. This is used for estimating the
mass distribution of the sampled aerosol particles.
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Table I-Values of the jet diameter (Dj), jet velocity (V,),

Stokes parameter (S,) and th~ aerodynamic cut-points of dif
ferent LPI stages

Vi Sj
cm/s

3 Experimental set up and method of obtaining
aerosol size distributions
Two experiments, viz. a bistatic CW lidar

(CWL) and a low-pressure impactor are used to
study the size distribution of atmospheric aerosols.
The CWL system consists of a laser transmitter
(wavelength, 514.5 nm) and a transmission-type
receiving telescope separated by a fixed distance
of 380 m in the same horizontal plane. The laser
beam is transmitted along a slant path and the an
gularly scattered intensity from a fixed altitude ( 
190 m) is measured for different scattering angles
by suitably orienting the transmitter and receiver
beam directions. From this measurement of the
angular distribution of scattered intensity, the size
index of aerosol distribution (assuming the basic
form to be of modified power law1'i type) is ob
tained20. As this experiment is essentially a remote
sensing type, the sense~ particl~s do not lose their
identity. The basic form of the sIze distribution is
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is the viscosity of air (P) at the atmospheric tem
perature T (K), P the particle density (g cm - 3),

and C the Cunningham slip correction factor for a
particle having diameter D p and is given by

4 Estimation of the LPI cut-points
The cut-points of different impactor stages are

estimated from the respective values of Dj, Vj and
Sj using the relation21

is the mean free path, P the atmospheric pressure
(atm), M the mean molecular weight of air (28.9),
and Rg the gas constant (8.31 x 107).

In Eq. (1), Dp represents the aerodynamic cut
point (particle diameter) Da of each stage if the
particle density p is assumed to be 1.0 g cm-3.
The aerodynamic diameter is defined as the di
ameter of a unit density sphere with the same
terminal settling velocity as the particle. If the ac
tual particle density is used for p in Eq. (1), the
resultant Dp is referred to as the Stokes cut-point
(D J, defined as the diameter of the sphere with
same density as the particle which would behave
in the impactor in the same way as the particle
(i.e. the diameter of a sphere of the same density
as the particle with the same terminal settling ve
locity) of that stage. Thus the Stokes diameter,
which is closer to the physical diameter (assuming
spherical), can be calculated if the actual density
of the aerosol particle is known.

In Eq. (1) for calculation of D p' the slip correc
tion factor, C, appearing in the denominator is al
so a function of Dp as given by Eq. (3). Then Eqs
(1) and (3) are to be solved through iteration. To
start with, C is taken as unity and Dp is estimated
using Eq. (1). This is used to estimate the actual
value of C using Eq. (3) which again is substituted

Dp = (9 J.lSj Di)112pCV J

where

#=(63+0.40 T)x 1O-h

C = 1 + 1.257 (~~)

where

82.057 fA T

L~ 0.499 PM JSR, T'llM

· .. (1)

· .. (2)

· .. (3)

· .. (4)

back in Eq. (1) to re-estimate D p. This iteration
process of estimating Dp, by repeatedly correcting
the value of C, is continued till the values of Dp
obtained at the end of two successive iteration,
converge within 0.001%. As the first eight stages
(0 to 7) of the LPI are operated at the atmospher
ic pressure itself, the valqe P in Eq. (4) for these
stages is 1 atm. For the remaining six-low pressure
stages (~ to 4-) the value of P is 0.15 atm, which
corresponds to the standard critical orifice pres
sure of 114 torr. The aerodynamic cut-points ob
tained using this procedure (Table 1) are in agree
ment with the values reported by the manufactur
er1h•

The LPI collects particles from the atmosphere
by continuous suction of ambient air. The system
is operated during the daytime from 0900 to 1630
hrs 1ST for about 6 days to collect measurable
aerosol samples. The atmospheric relative humid
ity generally remains steady during this period
(within ± 5%). But this will not be true from one
sample to the other because of the seasonal varia
tion in atmospheric relative humidity. During the
monsoon months the atmospheric relative humid
ity will be (80-90%) higher than that during the
winter (50-60%) months of December to Febru
ary. The particles are graded and collected ac
cording to their sizes under prevailing relative hu
midities. After collection, the substrates are un
loaded from the LPI and desiccated for - 24 h.
The relative humidity inside the desiccator will be
- 45% which is lower than the prevailing atmos
pheric value at any time. The weighing also is per
formed in a low relative humidity environment
(which is almost the same as that in the desiccator
environment). As the particle size decreases with
decrease in relative humiditylO, the upper and low
er size limits of the particles collected in each sub
strate will be less than that during the collection
(determined by the impactor cut-points). Thus on
desiccation the mean size as well as the size inter
val of particles in each collection substrate dec
reases from its actual value during the collection.
In order to obtain the true size distribution, the
desiccated particles should either'be transferred to
the actual atmospheric relative humidity condition
before weighing, or the change in particle size and
composition due to desiccation should be account
ed appropriately.

5 Effect of relative humidity on aerosol size and
density
As the relative humidity increases, aerosol par

ticles grow in size due to condensation of water
vapour from the atmosphere. This change in parti-
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c1e size with relative humidity can be estimated
hased on the semi-empirical models developed by
Hanel10 for different aerosol types. According to
this model, the change in the particle size is relat
ed to the relative humidity through the relation [ m(w)]

1+-
mo

PR=PO

1 + m(w) (po)mo p",

... (8)

... (9)

... (10)

or

Thus, knowing the water activity of the aerosol
particles, the effective density and mass of the par
ticle at any relative humidity can be estimated
from its dry density and dry mass using Egs (8)
and (9). Conversely, the dry mass of the particle
can be estimated from the humid mass m R know
ing a W' Eg. (9) can also be written in terms of the
particle radii and dry density as

The above relationship obtained for single aerosol
particle is true for a group of n homogeneous par
ticles having same mean radius and water activity.

6 Estimation of aerosol size distribution from LPI
and correction for relative humidity
The method of collection of aerosol samples us

ing the LPI is detailed in our earlier publication 16.

The LPI is operated during the daytime on 6-8
days in a month with rain free-fair weather condi
tions prevailing to collect measurable aerosol sam
ples. In the monsoon season, the LPI is operated
during the break-monsoon period. The mass of
aerosol~ particles collected in each LPI stage (dmJ
is obtained from the tare and final masses of the
respective stage substrate, and corresponds to a
relative humidity of 45% prevailed in the desicca
tor environment. The dry density of these particles
is taken as 2.5 g em - 3 which is applicable for a
marine station Ix like Thiruvananthapuram. The
average relative humidity during the sampling is
obtained from the hourly values of RH in that pe
riod.

Figure 1 shows a plot of the mass of aerosol
particles collected (d mJ in different LPI stages (1
to I..j) for each sampling cycle versus the mean

in which m(w)/ mo is a function of water activity
· .. (5) a W' The mass of aerosol particle at a relative hu

midity R, denoted by m R, can be written as

mR=mO+m(w)

· .. (6)

· .. (7)

rR=ro[l+ m(w)]1!3
Po -

"'0

[ 2 a V", ]a",=Rexp - R", TrR

where ro is the dry particle radius, Po the particle
(dry) density relative to water, mo the dry particle
mass, m(w) the mass of -condensed water (on the
aerosol particle) which is a function of the relative
humidity R, and r R the particle radius at the rela
tive humidity R. The amount of condensed water
m(w) depends on the water activity (aw) of the
aerosol particle which is given by

where a is the surface tension on the wet particle
surface, V", the specific volume of water, and R",
the specific ga~ constant for water. The value of
2 a Vw /(R", T) at 300 K is - 0.00105 11m. HanellO

has tabulated m(w)/ mo versus aw for various
types of natural aerosols. However, even with this
data on the relative mass of condensed water for

use in Eg. (5), it is not possible to combine Egs
(5) and (6) into an exact analytical expression giv
ing aerosol radius, r, as an explicit function of rel
ative humidity because rR is also a function of aw•

To avoid limitation of approximation starting with
a", = R on the right hand side of Eg. (5), Egs (5)
and (6) are used alternatively in an iterative man
ner until they converge. Starting with r = ro in Eg.
(6) also leads to the same result. Thus using Eqs
(5) and (6) the value of r R for any relative humid
ity can be estimated for a given value of the parti
cle size at a given relative humidity condition.
Once the wet aerosol particle size is estimated
from Egs (5) and (6), the effective density PRof
the particle at a relative humidity R is simply the
volume weighted average of the densities of dry
aerosol (Po) and water (Pw). This can be written as

This can also be written in terms of the mass ratio
of condensed water and dry particle mass as 10

T 'I ,
1" "' "1 'i"',"I" I' I'
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Fig. I-Plots of the aerosol mass collected in different LPI stages versus the mean aerodynamic radius.

aerodynamic radius (ra). As the '0' stage has no
upper limit and the backup stage 'LF" has no low
er limit, these stages are excluded from this plot as
well as for further analyses (except for the cumula
tive percentages). Total mass of particles collected
(Ms, in mg) in all these stages (aerosol mass load
ing) is shown in the respective frames of Fig. 1.
Vertical lines in these figures show the error in
dms due to the uncertainity (± 5 ,ug) in weighing
the substrates. As the mass loading varies by an

order of magnitude from sample to sample, ex
panded scales are used to represent dms for
months in which the mass loading is small. Those
months for which the mass loading is large and
hence compressed scales are used, the error bars
are too small to be displayed. Due to this reason
error bars are not displayed for the curves corre
sponding to November 1991 and December 1991.
Separate scales are used for the set of figures in
each row (of Fig. 1) and the panels in the same
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row for which there is a change in scale (of dms)'
are indicated by a break on the X-axis. The scale
for r a is logarithmic and is same for all the panels.
The shape of the curve varies significantly from
month to month. The mass loading is generally
small during 1992 compared to the other three ye
ars. It is quite large in April 1991 and in March
1993. As will be seen later, increased mass load
ing in April 1991 is not due to an increase in aer
osol number but owing to the low value of the
prevailing relative humidity, the particles were
more denser (compared to July 1991) in this
month. But the increased mass loading in March
1993 is reflected in the aerosol number density al
so.

From the mass of aerosol particles collected in
each stage, the cumulative percentage mass for
aerosols more than a particular size is estimatedlo.
The mass median aerodynamic radius (rcum) for
which the cumulative percentage is - 50% (includ
ing stages '0' and 'LF' is given in Fig. 1 along with
the respective plot of dms. Larger values of rcum

indicate dominance of larger-size particles or de
crease in small-size particles. The large rcum values
observed in the months of November and Decem
ber 1991 are due to excessive mass-loading in the
aerodynamic size range 5-7 fl m during these
months.

Figure 2 shows the mass median distribution
obtained by dividing dm,(r,,) with the logarithm of
the aerodynamic size range of the respective stage
[dm, (ra )/ d log r"l versus the aerodynamic particle
size (r.). It should be noted from Table 1 that the
value of d logr, is not the same for all the LPI
stages and decreases with decrease in r ". The ver
tical lines showing the error bars due to the uncer
tainty in d nl, (r,,) are more distinct when the
Y-axis scale is large. These distributions generally
show a maximum between 0.1 and 1 flm (not ob
served in November 1991) and a minimum around
2 fl m. A secondary enhancement in d ms (r a ) /

d logr, is observed for larger size particles around
10 flm.

Using the three available information on the
characteristics of the aerosol particles, viz. the dry
density, mass of aerosols in different size ranges
(d m,l and the aerodynamic cut-points of each
stage, and the relative humidity dependence of
various parameters given above, it is possible to
obtain the size distribution of aerosols under the
prevailing relative humidity R. This essentially in
volves an iterative procedure connecting the aer
odynamic diameter, effective density, the Stokes

diameter and mass of particles collected in each of
the LPI stages (d m,); the details of which are given
below.

To start with, the aerodynamic cut-points of
each LPI stage is estimated using the appropriate
values of Dj' Vj and Sj (given in Table 1) employ
ing Eq. (1) keeping p= 1 g cm-3. The lower and
upper aerodynamic size limits of particles collect
ed on pifferent substrates (at RH = R) are respect
ively the aerodynamic cut-points of the particular
stage and that of its previous stage. From these the
respective lower and upper size limits of the parti
cles in each substrate at the dry condition
(RH = 0) and at the desiccated condition
(RH=45) are estimated using Eqs (5) and (6).
Hanel's tableslO connecting m(w)/111o and aw ap
plicable for marine aerosols are used for this pur
pose. The mean diameters corresponding to the
three relative humidities (0, 45 and R) are estimat
ed by averaging the respective lower and upper
size limits of each stage substrate. Half of these di
ameters give the corresponding radii. As a first
approximation these aerodynamic radii are taken
as the physical radii of particles at RH = 0,
RH=45 and RH=R (say ro, rs and rR respect
ively) and using Eq (7) the effective particle den
sities are computed for RH = 45 and RH = R (say
P sand P R respectively) with Po = 2.5 g cm - 3. The
upper and lower Stokes radii limits and hence the
mean Stokes radius (rR) of each LPI stage is calcu
lated by substituting p = P R in Eq. (1) for RH = R.
This is used to re-estimate the mean radius of par
ticles in this LPI stage for the dry condition (r 0)

and desiccated condition (r,) using Eqs (5) and (6).
This is repeated for different LPI stages to give a
set of second order values for ro, rs and rR- These
Stokes radii which are more closer to the physical
radii of the particles in the respective stages are
used to re-estimate the effective densities, p s and
PR using Eq. (7). The resulting new values of Ps

and P R are again used to estimate a set of third
order values of ro, rs and r R' This process is con
tinued until the corresponding values for P s and·
P R (and hence for r, and rR) on two successive
iterations converge within 0.1%. Usually 5 to 6
iterations were found to be necessary to achieve
the desired convergence.

The dry aerosol mass (dnlo) at RH=O and the
humid aerosol mass (d nl R) corresponding to
RH = R can be estimated from the measured mass
(dm,) using Eq. (9), knowing the water activity of
the aerosol particles (aw) corresponding to sizes rs

and r R and Hanel's (ref. 10) tables connecting
m(w)/ mo with aw• These quantities can also be

--~.

11- I l'l I
1;111 .1 I
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Fig. 2-Plots of mass median distribution (logarithmic) of aerosol sampleil·""e'Nis "the mean aerOdynamic par
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at the end of iteration process) denoted by d r0' d r,
and dr R-respectively.

The number-size distribution of aerosols at the
prevailing humidity (R) is thus obtained from dmR
asl6

estimated using Eq. (10) by substituting the known
values of Po, p" Pw, ro, rs and rR' In our esti
mates, we have employed Eq. (10) for the compu
tation of dmo and dms. The mass distribution of
aerosols at the three relative humidities (RH =0,
RH = 45 and RH = R) are obtained by dividing the
respective masses by the corresponding Stokes ra
dii intervals (the difference between the upper and
lower Stokes radii limits of particles in each LPI
stage at the respective relative humidities obtained

3 dmR(rR)

4 Jfr~ PR drR
... (11)
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where dnR(rR) is the number of aerosol particles
in the radius range r R and r R + d r R at the prevail
ing relative humidity R.

Similarly the number-size distribution corre
sponding to dryas well as desiccated conditions
for these aerosols can also be obtained from the

respective mass distributions. For dry condition

3 dm()(r())

4]f r~ Po dr()
'" (12)

particles collected in each LPI stage at RH = 45%
in a sampling process (on July 1991) as reference,
its variation with RH estimated using the above
relationships is presented in Fig. 4. The stage for
which each curve corresponds is marked along the
respective curve. The mass loadings in stages 7
and L1 were almost the same and hence in Fig. 4
curves corresponding to these two stages overlap.
Figures 3 and 4 clearly depict the effect of desic
cation on particle size and particle mass.

Fig. 3-(a) Variation of the LPI cut-points (lower Stokes radius
limits) with relative humidity (RH); (b) variation of particle
density (p) with relative humidity for a dry density of 2.5 g

cm-.1.
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7 Discussion of the results

The above procedure was adopted to estimate
the number-size distribution of aerosol samples
collected in different months during the period
1990-93. A typical plot of the size distribution ob
tained for August 1990 is presented in Fig. 5 for

... (13)
dn,(rJ

dr,

In Eqs (12) and (13), d no(ro) represents the num
ber of aerosol particles in the radius range r 0 and
r 0 + d r 0 for the dry condition, which becomes
dn,(r,) in the radius range r, and r, + dr, for the
desiccated condition.

To delineate the effect of relative humidity, the
variation of the lower Stokes radius limit of parti-
cles collected at 95% relative humidity with de-
crease in RH is shown in Fig. 3(a) along with the ~
corresponding variation in particle density (p R) t-
with RH [Fig. 3(b)] for a value of Po= 2.5 g cm-3 •.3
in the dry condition. In obtaining these radius li- ~
mits for each RH in Fig. 3(a), the variation of par- ~
ticle density with RH represented by Fig. 3(b) is ~
taken into account. The upper Stokes radius limit ~
of any stage is the same as the lower Stokes radius ~
limit of the previous stage. As the sampling is
made at 95% relative humidity, the limiting radius
corresponding to RH = 95% represents the respec
tive Stokes cut-point of that stage estimated using
Eq. (1) with the appropriate value of p ( = 1.15 g
cm - 3) at this relative humidity. The subsequent
size limits represented by each curve for lower va-
lues of RH show the decrease in the size of these
collected particles in a particular LPI stage with
decrease in RH, obtained using the Hanel's rel
ations, Eqs (5) and (6). Table 2 shows the typical ""
values of the mean particle radii and radius inter- I ~ 2.0
vals for stages 1 to L5 corresponding to the size c:
limits shown in Fig. 3(a) for the two extreme cases :t 1.51/1

of relative humidities RH = 0 and RH = 95%. As ~
the variation of particle size with humidity is small C 1.0
for RH < 50% [seen from Fig. 3(a)], the values of 0
these two parameters corresponding to RH = 45%
will be close to (but slightly greater than) the
corresponding values at RH = O. The decrease in
mean radius and radius interval with decrease in

RH is evident from this table. Taking the mass of

and for desiccated condition

Ij I f I ,
'I" "' "I 'I ""1"1' 'I' 'I I'
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dry, desiccated and ambient relative humidity con
ditions respectively. The prevailing mean atmos
pheric relative humidity during the sampling peri
od was 89 ± 5%. The general form of curve is the,
same for the three RH conditions. The lower and
upper size limits of the distribution increase with
increase in RH. The values of size indices ob
tained for RH =0, RH =45 and RH = 89, consid
ering the full size range in each case, are 4.04, 4.04, 4.0
respectively. There is a small decrease in the value
of the size index (though not significant consider
ing the error bars) at the actual atmospheric con-

Table 2-Mean Stokes radii and radius intervals for dry
(RH = 0) and humid (RH = 95%) conditions corresponding to

the size limits shown in Fig. 3(a)

LPI stage RH = 0% RH = 95%

MeanRadiusMeanRadius
Stokes

intervalStokesinterval
radius

radius#m
#m

#m#m

I
5.752.6913.356.25

2

3.81.228.822.82

3

2.671.056.182.43

4

1.750.784.051.83

5

1.020.6842.351.58

6

0.550.2571.250.60

7

0.350.1330.810.306

L1

0.240.0950.540.183

U
0.150.0800.340.128

L3

0.0840.0550.190.064

lA
0.0420.0280.0890.017

L5

0.0240.0070.0480.016
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Fig. 4- Typical variation of the mass of particles collected in
different LPI stages with relative humidity (RH) taking the
mass of desiccated samples (at RH = 45%) collected on July-

1991 as reference.

16

10

-- 12
Ie 10
::1
..

~ •
10

Dry
Condition
RH=O%

10

Desiccated
Condition
RH=45%

10 0.1

Prevailing
Relative humidity
RH=89°/.

10

Fig. 5-Aerosol size distributions under dry. desiccated and ambient relative humidity.conditions for the samples collected in August
1990.



184 INDIAN J RADIO & SPACE PHYS, JUNE 1994

dition when correction for RH variation is incor

porated. Even though the above explained correc
tions do not change in general the size index signifi
cantly, there is a change in the size range of the
distribution and the mode radius. When the dis

tribution is not a perfect power law type or the
size index varies with change in the particle radius,
there will be a noticeable effect in the obtained
size index considering a fixed size range of parti-

des. However, the size distribution obtained by in
corporating the above said corrections for RH
variation is more accurate compared to our earlier

reports 16.

Figure 6 shows the number-size distributions of
near surface aerosols in different months during

the period 1990-93 obtained using the LPI. The
nature of the distribution is generally of power law
type except for one or two small undulations. ..,
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Fig. ()- The number-size distrihutions of aerosols ohtained in different months during the period 1990-93 us
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These undulations can be attributed to the super
position of a log-normal distribution over the gen
eral power law type distribution or a combination
of one or more log-normal distributions having
different mode radii. All these distributions can be

well approximated to a gross power law type for
simplicity, and size index of these distributions can
be obtained by least square fitting of a power law
function to the values of d nR (rR) / d rR' The values
of size indices for different months obtained by
this procedure are depicted in Table 3 along with
the values of rR at which the modes appear in Fig.
6. The near-surface aerosol number density corre
sponding to each of these sampling is obtained by
integrating the corresponding number-size distrib
ution appropriately normalized 16 to unit volume of
air. The mean surface relative humidity during
each of the above samplings is obtained by aver
aging the hourly values of the measured surface
relative humidity during this period. These values
of the mean surface relative humidity and surface
aerosol number density corresponding to each
month are also presented in Table 3. There is a
significant deviation in the estimated surface aero
sol number density from our earlier report which
can mostly be attributed to the variation in the
particle density incorporated in our present analy
sis. The value of p, the particle density, used in
our earlier estimates was 2.5 g cm-3, which corre
sponds to dry conditions, and with the presently
added corrections it decreases to 1.24 g cm - 3 at
RH = 90%. The effect of increase in mass (ms to
mR) is almost neutralized by the corresponding in-

crease in dr, and thus the change in the surface
aerosol number density from earlier report is al
most inversely proportional to the change in parti
cle density. The seasonal variation of surface aero
sol number density shows a distinct minimum dur
ing the March-April months and a maximum dur
ing the monsoon and winter months. This is in
general agreement with the seasonal variation of
mixing region aerosol optical depth (0 to 1.1 km)
observed at this location employing the CWL ex
periment22. Khemani et aLl3 from their impactor
measurements at Pune also reported a similar fea
ture on the seasonal variation of aerosol mass

loading. The surface aerosol number density was
unusually large during March 1993 and low dur
ing September 1992.

In most of the months two mode radii appear in
the aerosol size distribution. The small particle
mode is generally observed around 02 /lm and
the large particle mode around 3-6 p.m. In our
earlier report this large particle mode was observ
able only in certain months (March 1991, Novem
ber 1991, and March 1992), but it became more
clear in other months also because of the appro
priate corrections for the particle density incorpo
rated in the present analysis. The small particle
mode drifts towards the larger size during the win
ter months. In September 1992 and October 1992
two small particle modes (0.2 p.m and 0.7 /lm) ap
peared in the size distribution. The value of this
mode radius is minimum ( - 0.1 /lm) in March for
all the three years, whereas in April 1991 this
mode is not observed at all. In April 1991 the size

1.87

0.47

1.57

0.67

0.59

1.11

1.45

2.67

0.38

0.29

0.10

0.57

2.83
0.66

0.74

Surface aerosol

number density
x10Scm-J

89±5

65±4

74±7

67±4

66±7

88±7

65±4

67±6

60± 10

65±5

83±2

79±7

76±~74±~
69±4

3.0

3.0

3.9

4.5

6.5

3.0

5.7

5.7

4.0

2.5

2.6

2

5.9

6.0

1

0.3

0.6

0.6

0.1

0.7

0.6

0.8

0.1

0.2

0.3,0.7

0.2,0.5
0.1

0.1

0.2

4.00±0.07

4.22±0.20

3.80±0.08

4.09±0.24

3.95±0.04

3.79±0.05

3.78±0.10

3.80±0.19

3.89 ±0.10

4.00±0.08

3.70±0.12

4.43±0.11

3.94±0.05

3.96±0.06

3.96±0.06

Month

August 1990
November 1990

February 1991
March 1991

April 1991

July 1991
November 1991

December 1991

March 1992

April 1992

September 1992
October 1992

March 1993

April 1993

May 1993

Table 3-Values of mean aerosol size index (v), mode radius, mean surface relative humidity, and surface aerosol number dens- .
ity obtained from the LPI measurements

Size index (v) Mode radius,.um Surface relative
humidity

%
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distribution was very close to a power law. These
results can be compared with the columnar size
distribution (CSD) obtained over this station em
ploying a solar radiometer24• The CSD indicated
the presence of two modes25, one around 0.1-0.3
,urn and the other around 0.9 ,urn. The first mode
( - 0.2 ,urn) in CSD matches favourably with the
small particle mode observed in the LPI distribu
tion. The mode 2 around 0.9 ,urn observed in
CSD mainly during the winter months matches
fairly well with the small particle mode around 0.7
,u m observed in the LPI distribution during this
period. Thus, in general, the value of the mode ra
dius observed in CSD matches very well with the
small particle mode observed in the LPI derived
size spectrum. These features also agree fairly well
with the observations of Petterson et aU6 in a ma

rine boundary layer employing similar technique.
The large particle mode around 3-6 ,urn observed
in the LPI distribution is not seen in CSD which

may either be due to the reduced sensitivity of
particles above 2 ,urn radius on the spectral region
in which the solar radiometer is operated or due
to the fact that the particles contributing to this
mode may be confined to a region very close to
the earth's surface and thus do not contribute to
the observed CSD.

~ It will be interesting to compare the aerosol size
distribution obtained in the present investigation
(using LPI) with the 'Navy aerosol model' present
ed by Gathman27 using the data from a number of
aerosol measurements by different investigators in
marine environments. The 'Navy aerosol model'
gives the number-size distribution of aerosol parti
cles close to the surface in the radius range 0.01
,urn to 10 ,urn. This size distribution essentially is
log-normal type having three modes at 0.03 ,urn,

0.24 ,urn and 2 ,urn respectively (at RH = 80%).
The mode around 0.03 ,u m is attributed to the
background aerosol, which is related to the air
mass characteristics. Among the other two modes
caused by particles of marine origin, the smaller
size particles with mode radius - 0.24 ,urn are at
tributed to those produced by the prevailing high
wind conditions. These particles, once introduced
into the atmosphere, exhibit a relatively long resid
ence time (related to wind speed history). On the
other hand the larger particles with mode radius
- 2 ,u m are related to the current wind speeds
which are locally generated and seen close to the
region where they are produced. Now comparing
the size distribution of near surface aerosols ob

tained using the LPI, in the present investigation,
the two mode radii - 0.2 ,urn and 3 ,urn compare
favourably with the two larger size modes of 'Navy

aerosol model' caused by particles of marine orig

in.)The small particle mode -0.03 ,urn (of Navy
model) is not observed in the LPI distributions
mainly because of the limitation in lower size limit
of the measuring system (the lower size limit of
the LPI distribution is - 0.04 ,urn). Considering
the size range 0.04 ,urn to 10 ,urn which is the
sensitive range of LPI, the gross form the 'Navy
aerosol model' also can be approximated to a
power law type. Thus the size distribution of near
surface aerosols obtained using the LPI compares
favourably with the 'Navy aerosol model' in the
overlapping size region and the two mode radii
observed in this distribution can be attributed to

particles of marine origin.
The values of aerosol size index (v) obtained

from the LPI experiment in the present investiga
tion are nearly the same as those reported earlier'6
(considering the error bars) and generally lie in the
range 3.7-4.4. They do not show any systematic
variation with season. They also do not show any
dependence on surface relative humidity. These
values of v match fairly well with the values re
ported by different workersI7,28,29 for continental
and tropospheric aerosols at lower altitudes by di
rect sampling technique.

The values of size index v of the aerosol dis
tribution at an altitude of - 190 m above the sur

face obtained using the CWL experiment on dif
ferent days during the period 1985 to 1993 are
presented in Table 4 along with the surface rela
tive humidity at the time of lidar observation. The

Table 4- Values of size index obtained from CWL experiment
along with the respective relative humidities

Date Size index (v) Relative humidity
%

21 Mar. 1985 4,571

10 Apr. 1985

4,574

9 Aug, 1985

5,0

2 Sep, 1985

4,577

9 Sep. 1985

4.577
4 Oct. 1989

3.590
9 Nov. 1989

4.5-5.071
23 Nov. 1989

4.5-5.070
16 Jan. 1990

4.5-5.069
14 Feb. 1990

4.574

16 Aug. 1990

3.5-4.093
11 Oct. 1990

4.086
14 Nov. 1990

4.569

23 Apr.1992

4.074
21 Oct. 1992

3.589
19 Mar. 1993

3.5-4.080

21 Apr. 1993

3.584

20 May 1993

4.5-5.070

\,
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size index generally lies in the range 3.5 to 5.0,
which is almost the same as that observed for near
surface aerosols employing the LPI. These results
from the LPI experiment supports the involved as
sumption of a gross power law type distribution
for the mixing region aerosols in estimating the
size index from CWL. It also indicates that the

size distribution remains almost the same through
out the mixing region which extends over an alti
tude of - 300 m above the surface at this loca
tion. The values of v shown in Table 3 arrived
from the CWL experiment shows a decreasing
tendency for large values of RH.

Tables 3 and 4 can be used to compare the re
sults obtained from the two aerosol experiments
(LPI and CWL). Though the values of size index
obtained from these two experiments are quite
comparable and lie almost in the same range con
sidering the error bars, the values in Table 3 do
not show any significant dependence on RH
whereas those in Table 4 are generally low for
higher values of RH. Low value of v is indicative
of the dominance of larger size particles. The dif
ference in the behaviour of the dependence of v
on RH seen from the two experiments is worth
examining.

Increase in atmospheric relative humidity makes
the aerosol particles to grow in size. As atmos
pheric aseosols can be considered to be a homo
geneous mixture, all the particles will grow with
increase in RH in tM same fashion. This shifts the
particle spectrum as a whole from a given size
range to an appropriate larger one. If only this
process is active and the size distribution in the
entire range follows a simple power law (with
same v throughout), there will not be any change
in the size index with changes in RH. Hanel6 stud
ied the effect of increasing relative humidity on
aerosol size distribution and found that the shape
of the distribution does not vary significantly until
the relative humidity exceeds 95%. At larger rela
tive humidities he observed a broadening of the
size distribution which comes from the greater in
crease (in size) of the larger size particles due to
their smaller curvature correction. This causes a
small decrease in aerosol size index from 4.1 (at
RH=O to 75%) to 3.77 (at RH=95%), which is
much smaller than that observed from the CWL

experiment. Controlled experiments by Takamura
et al.30 also indicated that the volume spectra of
aerosols do not change significantly with increase
in relative humidity for RH <85%. For values of
RH close to 90% and above they observed an in
creased growth of larger size particles (> 0.5 ,urn).
In the LPl measurements, the ambient relative hu-

midity varies by ± 5% (r.m.s.) during the course of
the experiment which will smooth out such small
variations in v with RH. The observed poor de
pendence or v on RH in the LPI derived size dis
tributions is in accordance with this. But, if the
aerosol size distribution in the entire radius range
O.OI-to ,urn, instead of following a simple power
law with constant v, follows a distribution having a
varying size index (v being a function of r) and we
observe only a portion of this size spectrum
covering a fixed size range, as atmospheric relative
humidity increases the portion of the size spec
trum originally inside the fixed size range will
move out and the portion which was lying outside
(in the lower size region) will enter into the fixed
size range. Conversely, as relative humidity dec
reases, the portion inside the fixed size range will
move out to the lower size region, and the portion
of the spectrum which was originally outside (in
the larger size region) will move into the fixed size
range. In such cases, the size index (v) derived
from the portion of the size spectrum viewed
through this fixed range will change with relative
humidity. A similar situation is encountered in the
case of the CWL experiment. The lidar is operat
ed in the laser wavelength of 514.5 nm. The size
range of particles contributing significantly to
back scattering in this wavelength is about 0.05 ,u m
to 2 ,u m (Ref. 31), which will also be true for the
angular scattering case used in the present investi
gation (variation in this range with scattering angle32
will be rather small for the angles considered in
the present study). As the contribution of particles
above and below this size range to scattering is
small, the size index obtained from CWL will
mainly be contributed by the aerosol particles in
this region of the size spectrum. When relative hu
midity increases, particles from the lower size
range which were'· not sensitive earlier will enter
into the lidar sensitive range and the particles
which were contributing earlier to CWL scattered
signals will go out of the lidar sensitivity size
range. If the size index is not the same for entire
size spectrum of aerosols, thus contributing for
scattering at different values of RH, the changes in
RH will cause a corresponding change in the lidar
derived aerosol size index. To explain the ob
served variation in Table 4, size index should
show a rather smooth increase with increase in

particle size near the lidar sensitive size range of
0.05 to 2,um.

In the above we have discussed different possi
ble reasons for the variation of the aerosol size in

dex with RH. Now, examining the results present
ed in Tables 3 and 4 in the light of these possible
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mechanisms, it can be stated that the size index of
the aerosol distribution obtained using the LPI
does not show any significant dependence on RH,
probably due to the fact that it represents the av
erage distribution for ~ 6 days during which RH va
ries by ± 5%, causing a smoothening in size index
variation with RH. But the size index aloft ob

tained from the CWL experiment' is a spot mea
surement. The decrease in size index with increase
in RH observed in this measurement is more than

that expected from the differential growth rate of
larger size particles as given by Hanel's theory 10.

Then, the most probable reason which can ac
count for this variation is an increase of the size

index with the particle radius in the lidar sensitive
size regime.

8 Conclusions

The present study brings out the fact that in ob
taining the size distribution and number density
using a LPI, the change in relative humidity during
the course of the experiment should be accounted
appropriately. It also brings out the following fea
tures of the aerosol size distribution in the atmos

pheric mixing region at a tropical coastal station:
(i) The general form of the aerosol size distribu

tion near the surface as well as aloft ( - 190 m) in
the mixing region can be represented by a power
law with size index in the range 3.5-5.0.

(ii) Size index of the aerosol distribution near
the surface obtained using LPI does not show any
dependence on relative humidity, probably due to
the fact that it represents an average value for a
period of - 6 days. But the size index aloft ob
tained using CWL showed a decrease with in
crease in RH, which can mostly be attributed to a
change in size index with aerosol size rather than
to an increased growth rate of larger size particles.

(iii) In addition to the general power law behav
iour, aerosol size distribution near the surface
shows the presence of two modes. These modes
match fairly well with those in the 'Navy aerosol
model' presented by Gathman27 for a coastal envi
ronment. The particles responsible for these
modes are mostly of oceanic origin.

(iv) The seasonal variation of number density of
aerosols near the surface is similar to that of the

mixing region aerosol optical depth.
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