ISSN : 0974 - 7451 Volume 10 Issue 8

Onotconmental Science
A Dudian ﬁammé

—==  Qurrent Research Peaper

ESAIJ, 10(8), 2015 [269-277]

Modelling aerosol dispersion from Indian subcontinent
into the oceanic region
Apoorva Purohit

Department of Chemical engineering, Panjab Univer sty, Chandigarh, (INDIA)
E-mail : apoorva.pur @gmail.com

ABSTRACT KEYWORDS
After observing the AOD (Aerosol optical depth) patterns measured by Dispersion;
MODI S satellite sensorsin the Arabian seaand Bay of Bengal which decay General circulation model
inradially outward direction fromthe Indian land mass, it was hypothesi zed (GCM);
that the AOD distribution pattern in the Arabian sea and Bay of Bengal at Aerosol optical depth
large time scales could be captured by using an atmospheric dispersion (AOD);
model considering the Indian subcontinent as a source of aerosol particles Autocorrelation function;
which are dispersed nearly equally in al directionsinto the oceanic region. Eddy diffusivity;
In order to validate the hypothesis, a dispersion model with emission, Friction-vel ocity.

advection and deposition was assumed and the broad goal of the current
work was to solve it and estimate the AOD distribution in Arabian sea and
Bay of Bengal. The parameters required for this analysis are: dispersion
diffusivity, average wind direction and magnitude, mass extinction
efficienciesand sourceand sink flux’s altitude variation for different aerosols
(Black Carbon, Organic Carbon, Sea-salt, sulphate, dust). In thiswork, the
average wind direction and magnitude was identified for the entire Indian
subcontinent. The dispersion diffusivity values for eight different Indian
locations were calculated at eight altitude levels. Also the average friction-
velocities were estimated and an attempt was made to find the relation
between dispersion diffusivity and friction-vel ocity. With the estimation of
source and sink variation with altitude and mass extinction efficiencies of
various aerosols, it will be possible to estimate the AOD patterns and vali-
date whether atmospheric dispersion models can capture the aerosol distri-
bution in Arabian sea and Bay of Bengal at large time-scales.
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INTRODUCTION respectively. Theaerosol dispersonismeasured by find-

ing the aerosol optical depth (AOD) whichisamea-

Aerosolsareextremey fineliquid-dropletsor solid  sure of transparency in the atmosphere. AOD can be

particlesthat remain suspendedinair asfog or smoke measured usingthesatellite sensorsand aso usingthe
and affect the climate by scattering or absorbingthe Generd Circulation Modes (GCM)™.

solar radiation, generating acooling or warming effect Atmospheric model sof disperson solvethemath-
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ematical equationswhich predict the concentration of
air pollutants or toxins emitted from sources such as
industrid plants, vehicular traffic or accidenta chemica
releases. Thesemodel saregenerdly used for studying
dispersion at small length and time scales?. However
by observingthe AOD patterns measured by MODIS
satellite sensorsintheArabian seaand Bay of Bengal
which decay inradialy outward directionfromtheIn-
dian land mass?, it was hypothesi zed that the AOD
distribution patternin the oceanicregion a largetime-
sca es could be captured by using asmpleatmospheric
disperson modd considering theentire Indian subcon-
tinent asasource of aerosol particleswhich aredis-
persed nearly equally in dl directionsinto the oceanic
region. Also by observing that the ECHAM5.5 GCM
measurements of AOD over theArabian seaand Bay
of Bengal duringtheperiod from 18 Marchto 10 May
2006 could not capturethe AOD pattern asretrieved
by the M oderate Resol ution Imaging Spectro-Radiom-
eter (MODIS) satdllite sensors, it washypothesized that
if asimpledispersion model could predict the actual
AOD behaviour then it would minimize the use of
computationdly intensve GCMs.

Thus, adispersonmoded with emission, advection
and depogitionwasassumed to capturethe aerosol dis-
persion phenomenon at large time-scales. The broad
goal of the current work wasto solvethisdispersion
model and estimatethe AOD distributionin Arabian
seaand Bay of Bengal region and compareit withthe
predicted AOD distributionsof HAM and MODIS?.,

INPUT DATA

Theinput datafor the current project cons sted of
thedaily values of wind vel ocity components. u-wind
(windveocity inx-direction), v-wind (wind velocity in
y-direction) and w-wind (wind velocity in z-direction)
of thepast 10yrs(2002-11) at varying atitudes. These
vaueswereobtained from NCEP Reandysis(Nationd
Centresfor Environmental Prediction, Earth System
Research Laboratory). Using GrADS (GridAnalysis
and Display System), theIndian subcontinent data (L ati-
tudina extent—6°N to 37°6’N and Longitudinal extent
60°E to 97°25°E) was extracted from the NCEP glo-
bal data. The current project has used the NCEP ve-
locity dataof eight different dtitudelevels. 1000, 925,
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850, 700, 600, 500, 400 and 300 mbar (from sea
level to 9 km altitude).

Atmospheric fluid motion analysis (large time-
scale)

Theamosphericfluid motionanaysiswasdonefor
eight locations, situated at varying geographic and cli-
matic regionsof the Indian subcontinent: Mumbal (west-
ern-coastd plain), Delhi (semi-arid), Gangtok (moun-
tain), Jaisamer (arid), Chennai (eastern-coasta plain),
K olkata(gangetic-plain), Bangd ore (western-ghat) and
Thiruvananthapuram (southern-coastal plain). It was
assumed that the average atmospheric behaviour for
the entire Indian subcontinent could be captured by
averaging the behaviour at theseeight locations.

In order to study the atmospheric fluid motion at
large time-scales, the wind velocity components
were plotted for consecutive years. Figure 1 shows
the u-wind values from January 1, 2002 to Decem-
ber 31, 2007 in Mumbai at 1000 mbar atitudewhich
clearly shows the periodicity of atmospheric fluid
motion at large time-scal es with fluctuations about
amean value. After observing such periodicity for
all eight locations, it was concluded that the atmo-
spheric fluid motion has an average behaviour that
is periodic over yearly time scale. Thisis like ex-
pressing the vel ocity component as:

SR @

Whereu_j isthemeanvelocityand u;' isthefluctuation

about that mean velocity.

Atmosphericdispersion modd to estimateAOD
Aerosol opticd depthisestimated by2:

AOD=2|]aicih ()

where; «; : mass extinction efficiency of i aerosol

¢ : concentration of i™ aerosol; h : path length

through the aerosol layer and summation is
about all aerosols (Black Carbon, Organic Carbon,
dust, seasalt and sulphate).

In order to estimate the concentration of aero-
sols at large time-scales (for calculating AOD), the
following dispersion model with advection, emis-
sion and deposition was considered?:
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Figurel: u-wind velocity (m/s) vs. time (days) from January 1, 2002 to December 31, 2007 in M umbai (1000 mbar altitude).
Observation: Periodicity over yearly timescalewith fluctuationsabout amean value.

oc , d(uc) , a(ve) _ (Fg =Fp)dxdy @
ot ox oy dxdydz
where; c: concentration of aerosol at location (X, Y,
2) and timet; uand v: x and y components of wind
velocity; F_and F_: emission and deposition fluxes
of aerosol

In equation 3, z-direction vel ocity was neglected
asitsvaluesarenegligible comparedtox and y direc-
tionvelocities(asshownin TABLE 1). At largetime-

scalesthewind velocity U; can bewritteninterms of

fluctuations ;" about themean value q (asprovedin

equation 1):

=y @
Similarly,

c=c+c (5)

where E‘=u7j':0

Substituting the above values (equation 4, 5) in
equation 3and using K theory equation (small time-
scales)?:

— '+ ac

uj e =-Kj; o (6)

where; k ;; : eddy diffusivity (small time-scales) in

j™" direction.
With these assumptions equation 3 was simpli-

fied:.
oc —oc —oc 9 ac) o ac
—+tU—+V—=—|K —+—| Kyy—
ot ox oy ox| xxox| oy| Yoy
P (7

where, K_andK w arethedispersion diffusivities (not
eddy diffusivities) inx andy direction asthe current
work was done for large time-scales whereas eddy
diffusivitiescan only beused for small time-scales. So,
K, and Kyyhavebeen cdleddispersondiffusvities(for
largetime-scales).

Themaingoal of thecurrent work isto solveequa
tion 7 (atmospheric dispersion mode!) for Arabian sea
and Bay of Bengd at largetime-scaesin order tovali-
datethe hypothesis.

Estimation of theaveragewind pattern about the
I ndian subcontinent

In order to solve equation 7, ,and - were esti-

mated by finding the averagewind direction and mag-
nitude (past 10 years) for the Indian subcontinent re-
gion (Latitudina extent: 6°N to 37°6’N and Longitudi-
nal extent 60°E to 97°25°E). TABLE 1 summarizes the
average wind magnitude and direction at eight sdlected

adtitudes. Fromthetableit can beseenthat , isnegli-
gible compared to q and v, 0 it was neglected
while finding the average wind direction.
Estimation of dispersion diffusivity
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Autocorrelation function (u velocity) for Chennai at 1000 mbar altitude
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Figure2: Autocorrelation function of u-wind velocity vs. time (days) for Chennai (1000mbar altitude). Thearea under this
curvewascalculated asthedispersion diffusivity in x direction (K ) for Chennai (1000mbar altitude).

In order to solve equation 7, K . and K, were
estimated using thevel ocity autocorrel ation functions
(explained below).

(a) Autocorrdation function

If N observations of avariable (say x) are given,
autocorrd ation function isthe correl ation between one
time seriesand the same series|agged by oneor more
timeunits. Thefirst-order autocorrelation coefficientis
thes mplecorrelation coefficient of thefirst N-1 obser-
vations, x, t=1, 2,...., N-1and the next N-1 observa-
tions, x, t=2, 3,...., N. The correlation function be-
tweenx and x,, , isgiven by

N-1/ — -
t§1 (Xt %t th+1 B Xt+1)
r()=

N-1

Above equation can be generaized to give corre-
|ation between observati ons separated by k time steps:
N—k —
tgl (Xt % th+k Xtk )
rk)=-=
N -k
In the current project the input data was daily
velocities in past 10 years (so N=3650). Thus
autocorrel ation function of avel ocity component (say
u) isgiven by:
3650 _ .
t§1 (Up =Up Uy —Upy) (10)
3650 |

where; u, is the u velocity on t" day; u,,, istheu

®

©)

ra()=

velocity on t+j" day; @ is the mean velocity of

past 10 years on t" day; E is the mean velocity
of past 10 years on t+j™ day.
(b) Relation between autocor relation function and
dispersion diffusivity

Dispersion diffusivity represents the area under
autocorrelation function vs. timeplot@.

t
K xx =t[r)nw{)ru(t—t')dt' (11)

ot
Kyy = t'lr,“w érv(t—t )dt (12)

where, K and K, arethedispersiondiffusivitiesinx
andy directionsandr and r are the u-wind and v-
wind velocity autocorrel ation functionsrespectively.
Using equation 10, theautocorrel ation functions
were plotted for both u-wind and v-wind at the eight
selected locations (at elght altitudes). Figure 2 shows
the autocorrelation function for u-wind in Chennai at
1000mbear altitude. All the autocorrel ation curves so
obtai ned showed acontinuous portionfor asmall inter-
va of timefollowed by noise (asit canbe seeninFig-
ure 2). Using equation 11 and 12, the dispersion
diffusivitieswereestimated by ca culating theareaun-
der theseautocorrelation curves. TABLE 2 and 3rep-
resent theK and K, values obtained for the Indian
locations at varying altitudes. The last column in
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TABLE 1: Averagewind magnitudeand direction (past 10 years) at eight altitudelevelsfor thelndian subcontinen

Altitude Aver age wind magnitude Average wind direction (from the positive x-axis)
(mbar) (M)  umiy Vms W (mms (degree)
1000 111 1.06 -0.46 2.18 -23.41
925 762 3.05 -0.54 2.41 -6.67
850 1457 2.69 0.03 2.11 0.63
700 3012 2.45 0.51 1.33 11.75
600 4206 3.34 -0.18 1.22 -3.08
500 5574 4.83 -0.46 0.37 -5.43
400 7185 7.16 -0.55 -0.28 -4.39
300 9164 10.47 0.25 -0.41 1.36
TABLE2: K_values(m?/s) for eight Indian locationsat varying altitudesand their average
Altitude Mumbai Jaisalmer Gangtok Delhi Kolkata Bangalore Chennai Thiruvanan-  Average
(mbar) thapuram Kyx
1000 5.97 4.66 16.67 12.27 5.42 6.78 9.89 22.19 10.48
925 17.33 10.24 11.39 13.30 10.82 16.71 21.63 49.42 18.85
850 28.21 10.80 13.88 13.77  14.19 38.38 36.46 38.81 24.31
700 38.99 28.61 27.76 16.65  21.17 53.06 47.59 66.28 37.51
600 52.27 47.35 48.37 2416  34.84 68.48 63.62 55.85 49.37
500 80.87 100.34 82.96 66.51  58.12 77.91 77.69 61.42 75.73
400 130.97 213.25 152.08 166.07 103.44 103.25 104.48 73.15 130.84
300 235.59 346.59 246.56  337.52 190.33 152.03 154.74 87.65 218.87

TABLE 2 and 3 represents the average K | and K,
values (of eight locations) which were assumed as
the average dispersion diffusivity valuesfor the en-
tire Indian-subcontinent.

Estimation of relation between dispersion
diffusivity and friction-velocity (at large time-
scales)

An attempt was madeto find rel ationship between
dispersondiffusvity andfriction-velocity & largetime-
sca esastherearewell-known correlationsof friction-
velocity with eddy diffusivity a small time-scaled?.

(&) Friction-velocity u,

Friction-vel ocity isameasure of mechanicd turbu-
lence. It hastypical valuesranging from 0.05m/sin
light windsto about 1m/sin strong winds™. Friction-

veocity, u, igZ:

N
) (13)

1} I2 ] 1
u, =[uw +vw

where v, v and w' : u-wind, v-wind and w-wind

fluctuation from their mean value.

The u, values were obtained by using the past
10 years wind velocity data in equation 13 where
the mean value of awind-velocity component was
assumed as its average value in past 10 years. Fig-
ure 3 showsthefriction velocity valuesfor the cho-
sen locations vs. dtitude. From the figure, it was
observedthat , increaseswiththeincreaseinati-

tude. *
Relation between friction-velocity and dispersion
diffusivity

Atsmal time-scales, eddy diffusivitiesarerelated
tofriction-velocity by [Appendix A]:

K Qsin(lat)

2 = constant

. (14)

where; ' : eddy diffusivity(KXX' and Kyy'); lat :

latitude; |, : friction-velocity; @ : earth’s rotation
*
rate;
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TABLE3: Kyyval ues(m?¥s) for eight Indian locationsat varying altitudesand their average

Altitude Mumbai Jaisalmer Gangtok Delhi Kolkata Bangalore Chennai Thiruvanan-  Average
(mbar) thapuram Ky
1000 5.39 5.95 13.55 351 5.70 2.16 5.62 4.23 5.76
925 10.97 8.35 12.95 411 10.81 4.85 8.72 8.59 8.67
850 10.62 6.92 17.96 6.48 11.76 7.82 9.18 35.89 13.33
700 16.87 10.37 13.73 1350 13.99 14.95 17.01 15.69 14.51
600 26.03 18.25 13.98 2821 21.89 14.87 16.09 10.91 18.78
500 39.89 34.07 2339 42,67 35.66 19.54 18.96 12.53 28.34
400 67.02 76.61 53.51 64.54 63.83 25.75 24.85 12.13 48.53
300 122.76 164.94 16494 133.8 11491 31.29 30.58 18.39 97.70
yearly avg. friction velocity (10 yrs) v/s Altitude
035 v
O
03
0.25 = v ¢ Mumbai
o B2 ¢ Mjaisalmer
im :
(m/s) gqc <delhi
4] thiruvananthapuram
0.1 N kolkata
m bangalore
0.05 T chennai
0 T
0 2000 4000 6000 8000 10000

Altitude (m)
Figure3: Friction-velocity values(m/s) vs. altitude (m) for theeight I ndian locations. Observation: friction-velocity increases

with increasein altitude

In order to verify if the same holds for longer
time scales, was plotted for different Indian loca-
tions at varying altitudes as shown in Figure 4 and
5. Through Figure 4 and 5, it could be seen that no
such relation holds for K and at large time-scales
but the order of magnitude could be estimated as:

K yxQ(sinlat)

2 ~0.08 (15)
Uy
K ny(sin lat)
2 ~0.03 (16)
Uy

RESULTS

Results of the current work are shown in thefol-
lowing TABLES 1to 3 and Figures3to 5:

AppendixA
(a) Relation between friction-velocity and eddy
diffusivity
From(?,
2
. (thFy)
= 17
yy ot (17)

where; Ky, : Eddy diffusivity in y-direction; z :

Mixing-length; L : Monin-Obukhov length; |, - : Fric-

*
tion-velocity; lat : latitude-coordinate; Q : earth’s
rotationrate; t : time

Y3
oy = 1.78u*|:1+ 0.059(T'J]

(18)
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Figure4: KXXQsin(Iat)/u*z(sec) for eight Indian locations at varying altitudes (m). Observation: unlike small time-
scales, KXXQsin(Iat)/u*2 is not constant at large time-scales but the order of magnitude was estimated

as K y@sin(lat)/u, 2 ~0.08
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Figure5: Knysin(Iat)/u*2($c) for eight Indian locations at varying altitudes (m). Observation: unlike small time-

scales, Knysin(Iat)/u*zis not constant at large time-scales but the order of magnitude was estimated as;

. 2
K nyszn(Iat)/ u, ~0.03
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e @
1 25u, -z \["
T = z [1+ 0'001{T)] (20)
From equation 18, 19 and 20:
oy~ u, (21)
1/2
1/2 Z_I
F-T *(u*] (22)
Fromf2,
Ux
% Qsinlat (23)
Therefore, from equation 22 and 23:
. ( 1 J1/2 N
Y (Qsnlat (24)
Substituting abovevauesin equation 17:
K yy'nsin lat
— 5 =congtant (25)
Uy
Similarly it canbeproved that:
K XX'QSin lat
— 5 =condant (26)
Ug

CONCLUSION

Inequation 7 (aerosol dispersion modd), thefol-
lowing quantitieswere estimated for the Indian sub-
continent:

X,y : average wind direction

u» v . averagewind magnitude

Ko K,,: dispersion diffusivities

FUTUREWORK

Thedeposition and emission fluxesF and F_at
different altitudes have to befound in order to com-
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pute . Also the mass extinction efficiency (which de-
pends on effective radius of aerosol particles and
wavelength) of aerosols needs to be found in order
to find the AOD patternsin Arabian seaand Bay of
Bengal.
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