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medium. This could be a possible explanation for in-
crease in calcium, magnesium, phosphate, etc. in the
medium, after 7 days. This conclusion is also supported
by an increase in the peak intensities of effluent X-ray
spectra of days 9 and 11 (Figure 6).

Thus X-ray diffraction study, in addition to corroborat-

ing the results obtained by conventional methods, gives
more specific information. It is a fast and more efficient
method of monitoring the systematics of biomass—
effluent interactions.
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The Indian component of the Intensive Field Phase of
Indian Ocean Experiment conducted onboard Oceanic
Research Vessel Sagar Kanya during its SK-141 cruise
provided valuable meteorological data over the data-
sparse region of tropical Indian Ocean and Central
Arabian Sea (CAS). The upper air meteorological data
obtained from balloon-borne GLASS sonde launches
during the campaign are analysed for studying the
thermodynamic structure of the Marine Atmospheric
Boundary Layer over the CAS. Analysis of profiles of
the thermodynamic variables revealed a double mixed
layer structure over the region of CAS. We have made
an attempt here to provide a possible explanation of
the double mixed layer.

THE Indian Ocean Experiment (INDOEX), a major inter-
national and multi-disciplinary field experiment, had seve-
ral objectives focused towards the studies of aerosols,
radiation and transport of pollutants over the western tropi-
cal Indian Ocean region'”. The Indian component of the
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INDOEX observations was conducted onboard Oceanic
Research Vessel (ORV) Sagar Kanya in four consecutive
years 19961999, with different cruise paths covering a
broad oceanic region of the western tropical Indian Ocean
during the Northern Hemispheric Winter Monsoon period’.
The present study is focused on the meteorological data
collected over the Central Arabian Sea (CAS) during the
Intensive Field Phase of INDOEX (INDOEX, IFP-99).
Figure 1 shows the cruise track of INDOEX, IFP-99 cam-
paign. The approximate position of the ship on various
Julian days is marked on the cruise track. The altitude pro-
files of thermodynamic parameters along track-DEFA
show a double mixed layer structure with shallow mixed
layer heights. The main objective of this paper is to explain
the double mixed layer structure observed over the CAS
region. To understand the plausible causes for the forma-
tion of such an atypical structure and its associated dyna-
mics, we present the analysis of the vertical structure of
the Marine Atmospheric Boundary layer (MABL) and the
air—sea interaction parameters as a function of Julian day
over the CAS, where such a structure is seen.

During the IFP-99 campaign, MABL experiments were
carried out by mounting various meteorological sensors
on a 7-m long retractable boom close to the ship bow at
an altitude of about 10-m above the sea surface. Further
details on the data acquisition system, various sensors
used in the study and their accuracies are described else-
where® . Surface layer meteorological data collected from
these sensors are used for the estimation of air—sea inter-
action parameters using the revised bulk alg01rithrn3’7
based on the bulk algorithm suggested by Smith’. Apart
from the surface measurements taken onboard ship, bal-
loon-borne GLASS (GPS Loran Atmospheric Sounding
System) sondes were launched from the ship to measure

Region of Study - Central Arabian Sea M gy -

the pressure, temperature, humidity and wind®. GLASS
sonde launches provide time series of pressure, tempera-
ture, humidity and wind in the vertical up to an altitude of
20 to 25 km at the rate of approximately 1 Hz. After elimi-
nating obviously bad data points, all the profiles are
interpolated at an interval of 50 m each in the vertical
and we believe that such an interpolation will preserve
the vertical thermodynamic profiles of the individual
sounding to a good extent. Individual values of observed
meteorological parameters from the raw data that differed
by more than two standard deviations from the mean were
considered as spikes and therefore eliminated from the
respective data. Since our aim is to study the characteri-
stic features of the MABL, we have confined our analysis
of all the profiles to an altitude of 5000 m. After inter-
polating the raw data into 50-m level each in the vertical,
the observed values of temperature (T), humidity (RH)
and pressure (P) are used for the computation of thermo-
dynamic parameters such as specific humidity (g), poten-
tial temperature (0), virtual potential temperature (6v),
equivalent potential temperature (Og), saturation equiva-
lent potential temperature (Bgg) and parcel saturation pres-
sure difference (Pspp, defined as the difference between
ambient pressure and saturation level pressure)®'*'*.

The profiles of meteorological and thermodynamic para-
meters (wind speed (WS), relative humidity (RH), wind
direction (WD), zonal and meridional wind components
(# and v), virtual potential temperature (6v/), specific humi-
dity (g), equivalent potential temperature (0g), saturation
equivalent potential temperature (Ogs) and parcel satu-
ration pressure difference (Pspp)) over the CAS (14.59°N;
61.15°E) observed on 2 March 1999 (1228 GMT) are shown
in Figure 2. Analysis of altitude profiles of 0y and g is
found in the literature for the identification of the top of
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Cruise track of INDOEX, IFP-99 conducted onboard ORV Sagar Kanya. (Julian day numbers are marked
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convective mixed layer®” . In general, the tendency of

0y and g profiles is to be constant within the mixed layer
due to the turbulent-mixing mechanism. Above the mixed
layer, Oy and ¢ profiles show a sharp gradient. Therefore,
the convective mixed layer heights, in general, are consi-
dered at the height, where the first significant gradient in
profiles of 8y and g is seen™. In the present analysis, we
have identified the depth of the mixed layer by noting the
height at which this significant inversion in 6y and g pro-
files is evident. Also, within the mixed layer, the gradients
of By should not exceed 2 K/km (ref. 22). Profiles of
thermodynamic parameters show the double mixed layer
structure (Figure 2). Profiles of WS, RH, WD, u and v
show a large gradient in the magnitudes at a particular
altitude of about 500 m. Wind speed is seen to increase in
the lower layers (typically <500 m) with height; how-
ever, such an increase is not seen above 500 m (Figure 2 a).
Above 500 m, a sudden drop in wind speed is apparent. As
we go higher in altitudes, wind speed does not show any
large variation, but remain constant (~ 6 ms ') up to an
altitude of about 4500 m. Profiles of RH show higher
values in the lower region (< 500 m). At an altitude of about
500 m, a sudden drop in RH (from 90% to 20%) is obser-
ved. Profiles of WD show two distinct regions, one with
easterly winds (WD =~ 90°, below 3000 m) and the other
with westerly winds (WD =~ 270°, between 3000 m and
4500 m). Such a wind pattern suggests the existence of an
anticyclone over the CAS. Profiles of u and v wind com-
ponent also confirm such a circulation (Figure 2 d, e).

Figure 2 f~j shows the profiles of thermodynamic para-
meters (v, ¢, O, Ogs and Pspp). From these profiles, two
distinct mixed layers are seen (one from surface to an
altitude of about 400 m and the other from 900 m to
2700 m). In these layers, Oy, ¢ and O remain constant,
whereas Opg decreases with altitude and Pgpp increases
with altitude.

For a complete understanding of the underlying physics
of the double mixed layer structure, we show in Figure 3 a
typical daytime convective boundary layer profiles of 6y
and g corresponding to 1400 LT along cruise track-DEFA.
Profiles of g are biased by 300 gkg™' to enable simul-
taneous display of g along with 6y profiles. The top of
the mixed layer, lifting condensation level (LCL) and trade
wind inversion, inferred from these profiles are shown in
Figure 3 b. In this variation of trade wind inversion, mixed
layer height and LCL are shown against the respective
Julian days. Also shown in the figure is the calendar date
corresponding to the Julian day for an easier interpreta-
tion. The trade wind inversion, which acts as an interface
between the mixed layer and the free atmosphere, is mar-
ked by a maximum of Ogg and a corresponding minimum
in Pgpp and Of (ref. 24). Profiles of Oy and ¢ along cruise
track-DEFA show interesting features over the CAS, with
double mixed layer structure prevailing over the western
sector of the track. Because of turbulent mixing, the alti-
tude profiles of 6y and ¢ show almost constant values in
the mixed layer extending from the surface to the base of
the stable layer, where there is a sharp gradient in the
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magnitudes of By and g (Figure 3 a). Above this inver-
sion layer, the magnitudes of 6y and g remain almost
constant up to an altitude of about 3 km. This thick layer
with constant 6y and g values is designated as the second
mixed layer. Profiles of g observed along track-DEFA
show that the magnitudes of g in the second mixed layer
is considerably lower than those of the first mixed layer—
extending from the surface to the base of stable layer
(approximately at about 600 m). Hence, it can be inferred
from the specific humidity profiles that the second mixed
layer consists of relatively dry air mass when compared
to the first mixed layer. It also confirms that the first and
second mixed layers have different air masses and that
they are not linked directly. Such a double mixed layer
structure is quite apparent in all the profiles of 6y and ¢
observed between Julian days 60 and 65 (1-6 March 1999;
Figure 3 a). However, the structure is seen to gradually
disappear during the rest of the days (7-11 March 1999)
while the ship was moving towards the western coastline
of the Indian subcontinent. The mixed layer height varia-
tion along track-DEFA lies within a range of 300 m to
800 m with an average value of about 560 m (Figure 3 b).
The altitude of LCL, often considered as the height of the
cloud base, is also shown in Figure 3 5. The LCL alti-
tudes along track-DEFA over the CAS region varied

a v

01 Mar 02 Mar 03 05 Mar

between 250 m and 1050 m with an average value of
about 680 m. It is apparent from Figure 3 b that in most
of the cases, the LCL is higher than that of the height of the
mixed layer. On certain occasions, the mixed layer heights
are greater than those of the LCL, thereby implying satura-
tion in the upper portion of the mixed layer. If LCL is
more than the height of the mixed layer, then there is a
possibility of the decoupling of the mixed layer with the
clouds. The altitude of trade wind inversion over the CAS
region along the cruise track varied within a range of
2500-3800 m.

On the basis of the estimated thermodynamic para-
meters from GLASS sonde launches, we now attempt a
conserved variable analysis (CVA) of a subset of the esti-
mated parameters g and g, which is useful for diagnostic
studies on boundary layer processes and the thermo-
dynamic structure of MABL. Figure 4 b shows an idealized
CVA plot between 0 and ¢ that depicts the mixing line
and effect of precipitation and radiative cooling on air
parcel saturation point. The movement of an air-parcel
and its associated thermodynamic processes can be stu-
died from the CVA. During a radiative process the magni-
tudes of g will not change, but radiative cooling moves
points to lower O at constant g. The CBL mixing line
shows intense mixing of the lower atmospheric constituents
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within the mixed layer. During the process of precipi-
tation within the MABL, the air-parcel is moved from the
subcloud layer to the lower g, at constant 0. Figure 4 a
shows the CVA plots between 0g and g for the typical
daytime convective boundary layer profiles correspond-
ing to 1400 LT along the cruise track-DEFA over the
CAS region. In the figure, g-axis is reversed so that a
sounding plotted superficially resembles a more familiar
(6 — P) plot. Figure 4 a shows CVA plots between Og
and g for 11 consecutive Julian days (from Julian day 60
to 70, i.e. 1-11 March 1999). The CVA plots during 1-6
March 1999 show a peculiar double mixing line structure
with a small g reversal at lower altitudes (about 550 m),
almost similar to that at higher altitudes of trade wind
inversion (about 3000 m). However, such a double mixing
line structure is not prominent in the rest of the profiles
during 7-11 March 1999.

The wind speed and wind direction profiles along the
cruise track-DEFA over CAS region are shown in Figure 5.
Wind speed profiles for 7 March and 11 March are not
available owing to instrumentation problem, so also the
wind direction profile for 11 March. Figure 5a and b
suggests an anti-cyclonic circulation over the CAS region
with the existence of two different wind direction regi-
mes below the trade wind inversion. On closer observation,
the wind direction structure over the CAS region revealed
the existence of westerly (or north-westerly) winds at lower
altitudes (< 500 m) and easterly (or south-easterly) winds

03 Mar 04 Mar ar

prevailing at higher altitudes (between 500 m and 3000 m).
In almost all the profiles, a sudden change in the wind
direction coincides with large wind shears. Sudden changes
in the wind direction at different altitudes observed in the
profiles confirm that the air mass existing at different
altitudes is a result of horizontal advection of different
boundary layers. The mixed layer extending from the sea
surface to an altitude where the sharp gradients in thermo-
dynamic parameters are imminent is driven by surface
layer fluxes. Due to strong turbulent mixing, the profiles
of the thermodynamic parameters such as 0y and ¢ tend
to be constant within the mixed layer. The second mixed
layer (between ~ 550 m and ~ 3000 m) with constant Oy
and g, can be attributed to processes that are responsible
for changes in the saturation parameters. Perhaps the
processes of radiative warming/cooling or evaporation of
descending air parcel within the second mixed layer can
be one of the causes of the existence of such double mixing
line structure.

Figure 6 shows the behaviour of air—sea interaction
parameters along track-DEFA. In this figure is shown the
spatio-temporal variation of (a) sea surface temperature
(SST) and air temperature (AT), (b) relative humidity (RH)
and pressure (PRES), (c¢) wind speed (WS) and wind direc-
tion (WD) and (d) sensible heat flux (SHF) and latent heat
flux (LHF). As described earlier, the double mixed layer
structure observed over the CAS is prominent during
Julian days 6065, and as the ship approaches the western

0

01 Mar 02 Mar 05 M; 06 Mar 07 Mar 08 Mar 00 Mar 10 Mar
11 M
@ (1231°N,60.4°) (1458°N,6052°) (1450°N,B421°E) (14.50°N, 67.57°E) (15.00°N, 71.28°E) (12.37°N, 7328°E) (10.25°N, 7442°F) (13.38°N, 7301°E) (13.30°N,7220°E) (17.20°N, 88.31°E) (16.47°N, 771’.07"9

w

Vool AN

L

\IREA\

\

R RN \

\
\

q(g-kg")

NEERGAT ARV

NoE NN RN

15 \ \ \
\ Ay \ \ \ \ \ \
20 ; - ;
320 340 360 320 340 360 320 340 360 320 340 360 320 340 360 320 340 360 320 340 360 320 340 360 320 340 360 320 340 360 320 340 360
0, (K)
b
of
- CBL Radiation
3’ S5F TopX—* ©»
=< Q ]
o ) 23
~ 10} 2 H
, 2\| 8
1 15}
\'%
200 . .
320 340 360
0, (K) ---->

Figure 4.

a, Conserved variable analysis plots between 8 and g for the typical daytime convective boundary layer profiles corresponding to 1400

LT along the cruise track-DEFA over the CAS. b, Schematic representation of CVA showing various thermodynamic processes within the MABL,
such as radiative cooling, CBL mixing, precipitation and the respective behaviour of 8¢ and ¢.

1338

CURRENT SCIENCE, VOL. 85, NO. 9, 10 NOVEMBER 2003



RESEARCH COMMUNICATIONS

Mar 02 Mar 03 Mar 04 Mar 05 Mar 08 Mar 07 Mar 08 Mar 09 Mar 10
Mar 11 Mar
a (1231°N, 6044°E)  (14.50°N, 60.52°E) (14.59°N, 64.21°E) (145¢°N, 67.57°E) (15.00°N, 71.28°E) (12.37°N, 73.28°E) (10.25°N, 74.42°E) (13.38°N, 73.01°E) (13.30°N, 72.20°E) (17.20°N, 68.31°E) (16.47°N, 70.07°E)
s000f.! T

i [ anlk 5 1

A - ) 1 bl e
E 3000 < { o N
i \ )
2 2000 / &/ $1 ( {
= N
z { S ~ J ; '
1000 » \ / { AN i
Fatil 1™ Yo Loy
[ £ L. 0] = S H S i
481216200 4 81216200 4 81216200 4 8 1216200 4 8 1216200 4 8121620 0 4 81216200 4 8 1216200 4 8 1216200 4 8 1216200 4 8121620
Wind Speed (ms™)
b
5000L...
iR Y N \ / l
g Iy JES ‘ ) ¢/ 3
£ 3000 A Pt 5 { h-}
§
s s 1 2 /
2 2000 ( ¢
= { o
< <
1000 J (L2 :
T —
3 ; : ; ; 3
def L Saux 1IE1 00 e L==z‘ ‘% <R }“_ ¥
90 180270360 0 90 180270360 0 90 180270360 0 90 180270360 0 90 180270360 0 90 180270360 0 90 180270360 0 90 180270360 O 90 180270360 0 90 180270360 0 90 180270360

Wind Direction (°)

Figure 5. Wind speed (a) and wind direction () profiles corresponding to 1400 LT along cruise track-DEFA over the CAS region during 1-11
March 1999.

coast (after Julian day 65), such a structure disappears. Foze Mz werd wars  Mers  Nerio M2
Now we shall analyse the spatio-temporal variation of the aul [_—'I—?F_—liﬂ a 1
above parameters in the vicinity of two conditions, when

the double mixed layer structure is prominent and when it

5
disappears. The magnitudes of SST exceed AT over most E 3
7

32

> >
(Do) LV

A
NP “
of the track; higher temperatures are seen towards the sl N Yo "\/‘\\\— 2
Indian western coast (Figure 6 ). On comparison with )’Q_;/R A/“’ o e
the existence of the double mixed layer structure, we I v ' ‘
notice that as SST and AT start increasing near the west- 100 —rH PRES b 1015
ern coast (after Julian day 64-65), the double mixed layer of . L =
structure disappears. The spatio-temporal variation of RH g wl )(7\%"‘1 : “‘II”"“'C‘\; . ',,f‘\\ o O
and PRES is shown in Figure 6 b, where it is evident that z NEDN AN LT 3
the RH values varied within a range of 70-90%. Except " or \/ ’ _‘O‘( g oos =
for the first two Julian days (i.e. 60-62), the RH values |
were always less than 80% for days 62-70, a small diurnal 12l ; c |0
. . . .. [—ws ----- wD | .

component is evident in the RH variations along the i \‘\.' ./\/\ ;o -
track. A variation between 1005 and 1015 mb is evident A . ;"‘\‘ o E . ,'.\/f\ =
from the figure. During Julian days 60-66, a decreasing £ N N L N B Y w 2
trend in surface pressure is observed. Though not very well (é) o i 'J,\.U :.,' N \/V (O 0 =
identified, a diurnal component in surface pressure can be I's:’ u 'fl y/\
seen from the pressure variations along this part of the of ' ’
cruise track. It is to be noted that the western sector of sof P —TT d a0
the cruise track (near point ‘D’ in Figure 1) shows large  wof ; nalv o

E VA AT 200 T
surface pressure values compared to the eastern sector 2 af . hoALL \N{\'. 2
close to the Indian subcontinent. Figure 6 ¢ shows the L) SRR Y NG S '.‘ S\ \/\ 00 3,
spatio-temporal variation of surface wind speed along the N | A I\/.;' v <
cruise track over the CAS region. From this figure, it can o 0
be seen that, except for the Julian day 67, the surface e e & s e % e & e e 70 7
winds were, in general, below & ms™. In particular, dur- Julian Day Number

ing Julian days 64—66, winds were below 4 ms™. Dis- . . .

. . Figure 6. Spatio-temporal variation of: @, sea surface temperature (SST)
appearance of the double mixed layer structure (Julian and air temperature (AT); b, relative humidity and pressure; ¢, wind
day 65 onwards) coincides with a gradual increase in  speed (WS) and wind direction; sensible heat flux and latent heat flux.
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wind speed, as the ship came in the proximity of the
western coast. Figure 6 ¢ also shows the spatio-temporal
variation of WD. An irregular behaviour in the variations
in WD values is evident from the figure. Still, for most of
the time, westerly winds (WD in the range 180°-360°)
are seen. Spatio-temporal variations of air-sea interface
fluxes of heat and moisture are shown in Figures 6 d.
Estimates of SHF magnitudes varied within a range of
about 0 Wm™ to 35 Wm~, with an average of about
17 Wm™? (Figure 6d). LHF estimates over the CAS
region show a variation within a range between 30 Wm >
and 275 Wm*, with an average value of about 145 Wm .
As seen in the variation of SST, AT and WS, the esti-
mates of air—sea interface fluxes also show an increasing
trend after Julian day 65. Probably the disappearance of
the double mixed layer structure near the western coast
(during Julian day 66-70) has a direct bearing on the
increased air—sea interaction parameters after Julian day 65.

Similar studies conducted over the Atlantic Ocean dur-
ing the Barbados Oceanographic and Meteorological Ex-
periment (BOMEX) also revealed multiple mixed layer
structure”®. Betts and Albrecht® have explained this to be
the result of precipitation—evaporation processes. Similar
observation of the double mixed layer structure has also
been reported over the CAS during INDOEX, IFP-99 con-
ducted onboard the research vessel Ronald H. Brown™
and Bay of Bengal during the Bay Of Bengal Monsoon
Experiment (BOBMEX)>, where the investigators have
speculated the differential advection of boundary layers
to be a possibility””. We are not able to explain the mecha-
nism responsible for the formation of a double mixed layer;
however, we observe that this double mixed layer struc-
ture is dissipated as the coastline is approached. Perhaps
the mesoscale circulations that develop along coastlines,
for example, the internal boundary layers, could be the
reason.

With the existing database, it was not possible to pro-
vide a distinct snapshot of the double mixed layer struc-
ture completely, as the data collected onboard ORV
Sagar Kanya provided a spatio-temporal variation when
the ship was in continuous movement. In future, one has
to make a meticulous plan of the cruise tracks exclu-
sively to study the double mixed layer formation and its
dynamics. Only then will a coherent picture emerge of
this interesting feature that has been observed over the
CAS. Further studies will be required to understand the
mechanism for the formation of such a double mixed
layer.
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