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Abstract. Spatial and temporal variability of the Marine At- 1 Introduction
mospheric Boundary Layer (MABL) height for the Indian
Ocean Experiment (INDOEX) study period are examined us{NDian Ocean EXperiment (INDOEX) is an international
ing the data collected through Cross-chained LORAN (Long-field campaign research programme aimed at understanding
Range Aid to Navigation) Atmospheric Sounding Systemthe interaction between aerosols and radiation, the transport
(CLASS) launchings during the Northern Hemispheric win- and dispersion of trace species and pollutants of continental
ter monsoon period. This paper reports the results of therigin over the Indian Ocean during the north-east Asian win-
analyses of the data collected during the pre-INDOEX (1997)ter monsoon period (Ramanathan et al., 1995; Mitra, 1999).
and the INDOEX-First Field Phase (FFP; 1998) in the lati- In order to understand the above mechanisms, additional in-
tude range 14N to 20° S over the Arabian Sea and the Indian formation, like atmospheric boundary layer depth and the
Ocean. Mixed layer heights are derived from thermodynamicheight of the monsoonal inversion, with particular emphasis
profiles and they indicated the variability of heights rang- on diurnal variability and variation from the Indian coast up
ing from 400 m to 1100 m during daytime depending uponto the Inter Tropical Convergence Zone (ITCZ) are required.
the location. Mixed layer heights over the Indian Ocean For air pollution studies the mixing height is an important pa-
are slightly higher during the INDOEX-FFP than the pre- rameter because it defines the height to which pollutants re-
INDOEX due to anomalous conditions prevailing during the leased near the ground are vertically mixed by (dry-) convec-
INDOEX-FFP. The trade wind inversion height varied from tive or mechanical turbulence, typically within one hour or
2.3km to 4.5km during the pre-INDOEX and from 0.4km |ess (Beyrich et al., 1996). In the frame of the INDOEX, ex-
to 2.5km during the INDOEX-FFP. Elevated plumes of pol- tensive dynamical and thermodynamical measurements were
luted air (lofted aerosol plumes) above the marine bound-made over the Arabian Sea and Indian Ocean during the win-
ary layer are observed from thermodynamic profiles of theter (dry) season (Ramana et al., 2004).
lower troposphere during the INDOEX-FFP. These elevated |n an effort to understand the structure and characteris-
plumes are examined using 5-day back trajectory analysigics of the Marine Atmospheric Boundary Layer (MABL)
and show that one group of air mass travelled a long waygyer the equatorial pacific region and Atlantic Ocean, exten-
from Saudi Arabia and Iran/Iraq through India before reach-sjye field experiments were conducted which include: Barba-
ing the location of measurement, while the other air massjog Oceanographic Meteorological Experiment (BOMEX)
originates from India and the Bay of Bengal. (Holland and Rasmusson, 1973; Dunckel et al., 1974),
Atlantic Tradewind Experiment (ATEX) (Augstein et al.,
Key words. Meteorology and atmospheric dynamics (trop- 1973, 1974), Global Atmospheric research program Atlantic
ical meteorology, general circulation, ocean-atmosphere inTropical Experiment (GATE) (Augstein, 1978; Houze and
teraction, convective processes) — Atmospheric compositioBetts, 1981), Air Mass Transformation Experiment (AM-
and structure (aerosols and particles, pollution-urban arid reTEX) (Mitsuta, 1977-1979; Kondo, 1975), Joint Air-Sea
gional) — Oceanography physical (air-sea interactions) Interaction (JASIN) (Nicholls, 1985; Shaw and Businger,
1985), Heat Exchange over Sea (HEXOS) (Katsaros et
al.,, 1987; Smith et al., 1992), Tropical Ocean Global At-
mosphere (TOGA) (Young et al., 1992; Halpern, 1996),
TOGA and Coupled Ocean Atmospheric Response Experi-
Correspondence td?. K. Kunhikrishnan ment (TOGA-COARE) (Webster and Lukus, 1992; Fairall et
(pk_kunhikrishnan@vssc.org) al., 1996). MABL studies during the Northern Hemisphere
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Fig. 1. Map showing the cruise tracks of the pre-INDOEX and INDOEX-FFP. Filled circles along the cruise tracks represent the soundings,
which are used in Figs. 2,3, 6 and 7.

winter season over the Arabian Sea and the Indian are n®2 Data
many. It is in this context that the data collected during the

INDOEX attains prime scientific significance. The present study is based on tropospheric soundings made
from the ship platform of ORV-SagarKanya during the pre-
During the Northern Hemispheric winter the meridional INDOEX (27 December 1996-31 January 1997) in the
circulation over the Arabian Sea and the Indian Ocean idatitude range 15N to 14 S and the INDOEX-FFP (18
often idealized as an equatorward flow capped by the trad€&ebruary 1998-31 March 1998) in the latitude rangeN5
wind inversion that weakens and increases in height equatoto 20° S. Figure 1 shows the map of pre-INDOEX and
ward. Inter Tropical Convergence Zone (ITCZ) is known to INDOEX-FFP cruise tracks. During the pre-INDOEX cruise
be associated with deep convection, where subsidence givedbe Cross-chained LORAN (Long-Range Aid to Navigation)
way to mean upward motion, called the “disturbed condi- Atmospheric Sounding System (CLASS) along with Global
tion”. In contrast, during the “undisturbed conditions” clouds Positioning Systems (GPS) made available by National Cen-
are generally trapped beneath the subsidence inversion getre for Atmospheric Research (NCAR) were used for profil-
erated by the subtropical highs. Consequently, the tropicalng pressure ), temperature®), relative humidity R H),
Indian Ocean is a region of transition between the undis-dew-point temperaturefl}), wind speed ¥ S) and wind di-
turbed trade wind subsidence and the disturbed convectiveection (W D) from the ship along the entire cruise track.
region of the ITCZ. This is only an average picture, however,Launchings were made every day at 06:00 and 14:00 IST (all
because this region is basically void of data; the transition betimings are in Indian Standard Time, IST=UTC+5.30h). A
tween undisturbed and disturbed conditions has not yet beetotal of 46 ascents were successfully undertaken during the
as well documented over the Indian Ocean as it has been ipre-INDOEX with vertical height resolution of 30 to 40 m,
the Atlantic and the Pacific Oceans. up to a height of 17 to 20 km. Similarly, during the INDOEX-
FFP cruise, the CLASS was used for profiling without GPS,
A series of INDOEX cruises in 1996, 1997, and 1998 werehence, onlyl’, RH, Ty, and P could be measured. A to-
conducted during winter months of December to March be-tal of 47 sonde ascents were executed during the INDOEX-
fore the main phase in 1999 (Mitra, 1999). In this paper, FFP from 4.8 N onwards at 06:00 and 14:00 IST every day
data collected during the pre-INDOEX (winter 1997) and and they too attained 17 to 20 km altitudes. The uncertain-
the INDOEX-First Field Phase (FFP; winter 1998) are in- ties in the temperature and pressure measurements a 0.5
vestigated. The primary focus of this study is to investigateand 1.0 mb, respectively. The uncertainties of the humidity
the thermodynamic structure of the MABL under horizon- measurements are 1% near the surface and 10-15% between
tal variability of the Sea Surface Temperature (SST) and air/—15 km altitudes.
masses due to meridional advection during the pre-INDOEX Potential temperatured), virtual potential temperature
and the INDOEX-FFP through ship-borne in-situ measure-(9,), mixing ratio ), saturated mixing ratiag), equivalent
ments. potential temperaturef) and saturated equivalent potential
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Fig. 2. Altitude profiles of potential temperatur@)( virtual potential temperature), equivalent potential temperature.), saturated
equivalent potential temperatur@,{) and mixing ratio §) during the on ward track of pre-INDOEX.

temperaturef;) are calculated fronT', T; andRH. 6, is tropical Indian Ocean and the Arabian Sea. We confined our
conserved for both dry and moist adiabatic processes in thanalysis of all the profiles from the surface to an altitude of
absence of precipitation (Betts, 1973), and therefore is arbkm. We also paid attention to the inversion layers (stable
excellent tracer of the air motion. Different layers and the layers) because of their crucial role in controlling the verti-
presence of stable layers are identified and their heights areal and horizontal transport of aerosols and trace gases in the
measured from the profiles within the boundary layer, basedower atmosphere.

on the relative invariance @, 9, 6,, 6.; andg. In the sub-

sequent sections, the observed features of the MABL during®-1  Pre-INDOEX

the pre-INDOEX and the INDOEX-FFP are given. , ,
The vertical profiles of9, 9,, 6., 6,; and g at 1001 N

74°53 E over the Arabian Sea during 14:00 IST up to 5km
3 Thermodynamic structure altitude are shown in Fig. 2a. The profiles&fo,, 6, and

g above the ocean surface show a shallow layer through
The present study is an attempt towards attaining a better unahich the vertical gradients are nearly zero up to 500 m
derstanding of the vertical structure of the MABL over the and are following a dry adiabatic lapse rate. These are the
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Fig. 3. Altitude profiles of potential temperatur@)( virtual potential temperature(), equivalent potential temperature.), saturated
equivalent potential temperatur® ) and mixing ratio §) during the return track of pre-INDOEX.

characteristics of a mixed layer and we denote this layer ass separating the mixed layer and the conditionally unstable
mixed layer. This layer has more moisture than the layerdayer, is named as a transition layer. The decreasg in
above (evident frong profile). Above the 500 m altitudes an rapid across the transition layer, which separates the condi-
inversion layer of around 75 m width is seen in these profiles tionally unstable layer air from the surface mixed layer.
The vertical gradients af andf, became positive above the
inversion layer up to around 2.2 km, with lapse rates lying The conditionally unstable layer is capped by an inversion
between the moist and dry adiabatic values, whereas, on aJayer, which is called a trade wind inversion layer; where
erageg, is decreasing with height in this regiod®(,/9Z <0), 0y, 6,5 are increasing ang andé, have a greater decrease
indicating a convective instability region with respect to satu- With height than in the layers below. The trade wind inver-
rated parcel displacements, is also decreasing with height sion top, which acts as an interface between MABL and the
(96, /8Z <0) above the transition layer up to 2.2 km indicat- free atmosphere, is marked by a maximundgfand a cor-
ing the conditionally unstable atmosphere. We denoted thigesponding minimum i, (Betts and Albrecht, 1987). In
region as an conditionally unstable layer and whose loweideneral,f, attains a minimum value at the level of separa-
boundary is the inversion level. The inversion layer, which tion between moist and dry air. The altitude of the min-
imum and maximum, respectively, corresponds to the base
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Fig. 4. Latitudinal variation of Mixed Layer (ML) height, Transition Layer (TL) height, Cloud layer (CL) and Trade Wind inversion (TW)
heights during pre-INDOEX. The continuous and dotted lines joined with the dot symbol represent the TL height and ML height, respectively.
The continuous and dotted lines joined with the cross symbol represent the TW height, and CL height respectively.

and top of the trade wind inversion. Tlg attains a mini-  ciated with high moisture content (evident framprofile)
mum andy,; attains a maximum at 2.5 km, which is the top in the mixed layer, as well as a weak transition layer, mostly
of the trade inversion. The thermal changes are also acconreloudy skies (the difference betwegnando,, is decreased),
panied by sharp changes in humidity in the vicinity of the all of which could have enabled the increase in the height
stable layers¢ profile). On average, the mixing ratio be- of the conditionally unstable layer, due to which the trade
came almost negligible at an altitude of about 2.5 km. Thewind inversion height is forced to greater altitudes of around
0. andé,, profiles are used to estimate the conditionally un- 3.5km. Here we observed the clouds, (from manual obser-
stable and trade wind inversion heights becaysg andg vations; alsq; profile shows high moisture content) due to
are not conserved variables. The typical four-layer thermalhich we renamed the conditionally unstable layer as a cloud
structure, shown in Fig. 2a, namely mixed layer, transitionallayer.

layer, conditionally unstable layer and trade wind inversion
layer, are characteristically observed up to about (near) th%
equator during the onward track of the pre-INDOEX.

The vertical profiles o, 0,, 6., 6,; andg at 10003 S
857 E over the Indian Ocean, near the ITCZ region dur-
ing 14:00 IST up to 5 km altitude are shown in Fig. 2c. The

Further downstream (southward), profiles9ob,, 6, 6. mixed layer has a dry adiabatic temperature profile with no
andg at 0547 S 7825 E during 14:00 IST up to 5km al- measurable inversion at the top. Through the cloud layer
titude are shown in Fig. 2b. Here, a well-mixed layer existsis following a moist adiabatic lapse rate, whileis approxi-
in first 500 m above the ocean is surface, capped with a weaknately constant right from the surface up to a higher height.
transition layer. Through the conditionally unstable lager  Here, 6, profile is approaching the profile 6f, clearly in-
is increasing according to nearly moist adiabatic ascent whileicating the existence of saturated layer. The absence of a
6. andé,; are approximately constant (indicates moist adia-capping inversion over the mixed layer (surfage-345 K)
batic layer) up to 3.3km. Here several factors can be in-could have led to the development of clouds with significant
voked, like the relatively strong convective activity (mixed vertical extent. Also, the ITCZ is known to be associated
layer6,=340K and surfacé,>345K) at the surface asso- with strong surface convergence with thick clouds, whose
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top reaches tropopause. The ITCZ was located at around Mixed Layer (ML) height, Transition Layer (TL) height,
7° S to 10 S during the onward track of the pre-INDOEX Cloud Layer (CL) height and Trade Wind inversion (TW)
(Ramana et al., 2004). Trade wind inversion is not seen irheights are derived from all the pre-INDOEX profiles. The
these profiles due to the large extent of cloud layer associmaximum uncertainties in these heights at@0 m, at most.
ated with low-level convergence zone. It is difficult to define Latitudinal variations of ML, TL, CL and TW heights for on-
the boundary layer top either theoretically or from measure-ward and return tracks of pre-INDOEX are shown in Figs. 4a,
ments when deep clouds are present (Stull, 1988; Garratt), c and d. Over the ITCZ, the profiles do not show sharp gra-
1992). dients above the mixed layer and therefore an accurate height
Figures 3a, b and ¢ show the daytime (14:00 IST) pro-Of the top of trade wind inversion could not be found. On
files Of@, 91“ 03; Gex andq during the return journey of the aVerage, the trade wind inversion he|ght is decreased from
pre-INDOEX at 1207 S 742 E, 0115 S 7421 E and the disturbed region (near the ITCZ) to the undisturbed re-
12°18 N 74° E, respectively. Return track profiles are fol- gion (away from the ITCZ). Low-level clouds are observed
lowing the same pattern as observed in the onward trackin the disturbed (near the ITCZ region) region due to which
In general, surfacé, values varied from 330K at 24 to the mixed layer heights are found to be low in the disturbed
349K at 12 S (near the ITCZ region). It is reported titat ~ @rea when compared to the undisturbed area. The cloud base
values greater than 345 K are conducive for deep convectiolf taken as the top of the mixed layer in the disturbed area
in the tropics (Betts and R|dgway, 1989)’ wl,ds found to (Stu", 1988, Garratt, 1992) USing all the CLASS profiles
be larger than this critical value near the ITCZ. obtained during the cruise, contour plotgpfandg over the
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entire latitude range are obtained and are shown in Figs. 5&ayer, the profiles indicate the existence of a large vertical
and b respectively. The colour scale®pK) andg (g.kg™1) extent of clouds. The typical trade wind type of sinking
are shown beside the plots. The relatively la#génear sur-  is not observed in these profiles. The surfégealso in-

face red colour) close to the surface indicates the strength odicates the deep convection, whose values are greater than
the convection activity. The boundary between red and bluahe critical value for deep convection. We are attributing
(from surface red colour to blue colour) is the trade wind this deep convection between the equator antiSL& an
inversion layer top. The thick red area (high value®9f  anomalous event. Webster et al. (1999) reported the exis-
in Fig. 5a points out the strength of the convection. Thetence of an anomalous event during this period over the In-
trade wind boundary layer height is increasing towards thedian Ocean (a warm sea surface temperature anomaly de-
ITCZ. The ITCZ was located at around 3 to 10 S during  veloped in the western Indian Ocean; with a maximum of
the onward track of the pre-INDOEX, whereas it was situ- >+42.0°C in February 1998). Ramana et al. (2004) reported
ated south of 10S during the return track (Ramana et al., high sea surface temperatures and higher sear-air tempera-
2004). The height of the inversion and its thermodynamicture difference (2 to &) during the INDOEX-FFP period
properties seem to depend on the balance between the meéman the pre-INDOEX sea surface temperatures and sea-air

atmospheric sinking and the turbulent mixing. temperature differences (1 t6Q). This region was convec-
tively active during the study period due to higher sea surface
3.2 INDOEX-FFP temperatures. This deep convection could have affected the

marine boundary layer structure in this region.
Figure 6 shows the vertical profiles 6f 6, 0., 6. andqg
measured at 14:00 IST at different latitudes over the Indian Figure 7 shows the vertical profiles 6f 6,, 6., 6.5 and
Ocean during the onward track of the INDOEX-FFP up to ¢ measured at 14:00 IST at different latitudes up to 5km
5km altitude in the south of the equator. All these profiles altitude during the return track of the INDOEX-FFP. The
(exceptt,s) show a shallow layer above the ocean’s surfacelTCZ is located around XG5 during the return track of the
through which the vertical gradients are zero. Above thisSINDOEX-FFP (Ramana et al., 2004). Profiles show the
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Fig. 9. Contour plots of(a) equivalent potential temperature afij mixing ratio over the entire latitude range during INDOEX-FFP. The
boundary between red and blue is the trade wind inversion layer.

existence of the trade wind inversion (in Figs. 7b and c) ex-the presence of the highly vertical extent of clouds from the
cept in the vicinity of the ITCZ (in Fig. 7a). Yu and Rie- surface to 10km altitude. In general, mixed layer heights
necker (1999) reported the resumption of a climatologicalover the Indian Ocean are found to be slightly higher dur-
state in March 1998 over the equatorial Indian Ocean regioning the INDOEX-FFP compared to the pre-INDOEX; which
The trade wind inversion top is located at a lower altitude could be due to the higher sea surface temperatures that pre-
(~500 m) in Fig. 7c, indicating the subsidence activity reach-vailed during the INDOEX-FFP (Ramana et al., 2004). The
ing almost right up to the mixed layer top. Except in the re- trade wind inversion heights over the Arabian Sea are found
gions of large-scale low-level convergence, subsidence preto be higher in the pre-INDOEX than the INDOEX-FFP. The
vails in the atmosphere and the subsidence tends to decrea§d ASS launchings were made only from 4% onwards
the mixed layer depth by 300 to 400 m per day (Betts andduring the onward track of the INDOEX-FFP. Using all the
Ridgway, 1989). The surface fluxes, on the other hand, tendLASS profiles obtained during the INDOEX-FFP cruise,
to push the mixed layer upward, and the balance betweerontour plots ob, andg are obtained and shown in Figs. 9a
these two opposing processes decides the actual height of thend b respectively. The colour scalegpf(K) andg (g.kg™1)
mixed layer. Therefore, a very strong subsidence must havare also in the plots. These plots are clearly indicating the
prevailed to push down the trade wind inversion top to almosttrade wind inversion decrease towards NH (from disturbed
close to the surface. Strikingly in this profile a thin layer of area to undisturbed area) and are merging with the mixed
warm and high humidity layer at 2.5 km height is seen. Thislayer. Contour plots of equivalent potential temperature are
thin layer is examined using back trajectory analysis, to un-clearly indicating the strong convective activity over the In-
derstand the plausible source regions and is discussed in tldian Ocean during the onward as well as during the return
following section. tracks. Mixing ratios close to the surface (in the mixed layer)
ML, TL, CL and TW heights are derived from all the are slightly higher during the INDOEX-FFP than that in the
INDOEX-FFP profiles. Latitudinal variation of ML, TL, Pre- INDOEX cruise period.
CL and TW heights during onward and return tracks of the To highlight the progressive development of the thin layer
INDOEX-FFP are shown in Figs. 8a, b, ¢ and d. We find at 2.5 km (which is seen in Fig. 7c¢) with latitude during the
it difficult to locate the trade wind inversion height between return track of the INDOEX-FFP theé, and RH with alti-
the equator and B during the onward track, because of tude are shown in Fig. 10. It can be seen from the figure that
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ary layer at Hulule (41N, 73.3E), using six-wavelength
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S0 25 S0 75 100 S0 25 50 75 100 aerosol LIDAR. Aerosol vertical extinction coefficients de-
f 24 March 1998 25 March 1998 rived by LIDAR profiles showed an increase in the aerosol
. A 05.45°N 68.59°E . . .. . . .

- 4r 15301ST 4ir 1530 IST extinction coefficient inside this observed layer (Ansmann et
< 4L - 3k al., 2000; Muller et al., 2000; 2001a; 2001b).
Q . . « . .
2 r To identify origins of the aerosols in the land plume,
5 i T we have performed back trajectory analysis using the

1h 1+ NOAA Hybrid Single-Particle Lagrangian Integrated Trajec-

N @ N " tory (HYSPLIT, Version 4) model (Draxler and Rolph, 2003;

300 320 340 360 300 320 340 360 Rolph, 2003). Five-day back trajectories at 2.5 km above the

025 s 75 100 O 25 s 75 100 sea level are estimated and are shown in Fig. 11 for those

LY T T T 26 Markh 1908 © T ] T 26 Mafeh 1998 thin layer events that we encountered. The back trajecto-
07.56°N 68.59°E 08.49°N 69.00°E| . . . . . . .

4 0830 IST 41 15301ST ries describe the history of air parcels back in time, which
§ sl i influenced the aerosol characteristics (hence, thermal char-
g < H < acteristics) at the location of measurements. Figure 11 in-
'f; e 2r dicates the air mass that travelled all the way to the mea-

L L surement location. Some of the air parcels came from Saudi

I | . | @ Arabia and Iran/Iraq through India, and other from India and
%o 320 340 360 %0 320 340 360 Bay of Bengal. Moorthy and Saha (2000) reported high
QO3 s s GO s s aerosol optical depths_durmg the_ return track when compared

[ 27 Mareh 1908 28 March 1995 to the onward track (Fig. 3 in their paper). Jayaraman (1999)

4l 1223°N 68.15°F 4l 14.26°N 68.47°8 and Jayaraman et al. (2001) also reported high aerosol opti-
£ cal depths over the Arabian Sea. These plumes could have

- 3 3 . . .
g caused the increase in aerosol optical depths over the Ara-
E 2 2+ bian Sea, which suggests long-range transport of continental
< Nr N aerosols over the Arabian Sea.
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Equi. Potential Temp., K Equi. Potential Temp., K 4 Discussions and conclusions

Fig. 10. Altitude profiles of equivalent potential temperatugg)( 1 hoUgh a considerable amount of work has gone into study-
and relative humidity R ) showing the progressive development iNg the structure and characteristics of MABL over the Pa-
of a layer with 2.5 km with latitude. cific Ocean and the Atlantic Ocean, the Indian Ocean re-
mained one of the least explored regions. The Indian Ocean
Experiment (INDOEX) was the first field experiment of its
the thin layer developed from° to 14° N. The constant kind over the Indian Ocean. The INDOEX expedition was
temperature an& H layers in Fig. 10c are characteristics of carried out in the four successive phases during the 1996 to
the existence of land plumes in this region. Krishnamurti et1999 Northern Hemisphere winter monsoon seasons, respec-
al. (1998) suggested that the thickness of the elevated lantively. The present paper describes the results obtained from
plume transported over the ocean might be controlled by théhe pre-INDOEX and the INDOEX-FFP campaigns, which
diurnal variability of the atmospheric boundary layer above were carried out during winter 1997 and winter 1998, re-
the land and the height of the trade wind inversion layer. Seapectively. The study has dealt with descriptive aspects of the
and land breezes are coastal phenomena that further modpatial and temporal variations of the boundary layer over the
ulate the depth of the continental and marine atmospheriérabian Sea and the Indian Ocean. The primary data used for
boundary layers (and hence the transport of aerosols). In adstudying the vertical structure of MABL came from CLASS
dition, the heterogeneous surface (the Western Ghats) alongrofiles, collected on board a ship during the pre- INDOEX
the west coast of India could also influence the structure ofand the INDOEX-FFP.
the land plumes. The depth of the quite variable mixed layer The CLASS profiles have shown four layer structures over
could be due to the complex nature of the land-sea breeze irthe Arabian Sea and the Indian Ocean, except in the vicin-
teractions with the offshore flow. Figure 10a shows the mul-ity of the ITCZ. The mixed layer height ranged from 400 to
tiple layers (at~3 km altitude) with different thermal char- 900 m during the pre-INDOEX and 500 to 1100 m during the
acteristics. South of°N, the land plume takes the form of a INDOEX-FFP, as a function of time and space. The depth
faint elevated layer. Light Detection and Ranging (LIDAR) of the mixed layer over the Arabian Sea (in the vicinity of
systems have been used during the INDOEX campaigns téand) is observed to be quite variable, and could be due to the
derive the aerosol vertical extinction coefficients. Ansmanncomplex nature of the land-sea breeze interactions with the
et al. (2000) reported the existence of an aerosol layer wittoffshore flow. The trade wind inversion is located-& 5 km
high humidity (at 2.5 km altitude) above the marine bound- over the Arabian Sea and it varied from 2.5 to 4.5 km over the



M. V. Ramana et al.: Thermodynamic structure of the Marine Atmospheric Boundary Layer 2689
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Fig. 11. Five-day back trajectory analysis for the thin layer cases which are shown in Fig. 10. The numbers that are shown at the end of the
trajectories indicate the height from where the trajectories are originated.
(Courtesy of NOAA Air Resource Laboratory; http://www.arl.noaa.gov/ready/hysplit4.html)

Indian Ocean during the pre-INDOEX. Trade wind inversion ers near 2 km altitude, extending all the way to the equator in
heights over the Arabian Sea are found to be Ie¥@.6 km) the eastern Pacific and the Atlantic Oceans.

during the INDOX-FFP due to strong subsidence. The most The land plume is formed by air mass modification and
likely factors responsible for the spatiotemporal variability its structure is apparent in thermal profiles (presented in this
of the MABL are the proximity of land and the ITCZ. Two paper) and in aerosol measurement (shown in Ansmann et
prominent features, which characterize the thermodynamial., 2000). These land plumes could have a lateral extent
structure of the trade wind boundary layer, are the trade wincf several hundred of kilometres, depending on its trajec-
inversion and the transition layers, as noticed in the thertory and distance from the coast. According to back trajec-
modynamic profiles over the undisturbed area (away fromtory analyses, the air masses composing the elevated plume
the ITCZ). The trade wind inversion and the transition layerwere coming from Saudi Arabia and Iran/Irag through In-
show considerable variation in the undisturbed area. The india and others from India and the Bay of Bengal. The air
version was very strong over the Arabian Sea (with very drymass originated from the land, as the winds were predomi-
air aloft) and was progressively weaker toward the equatornantly north-easterly, creating an elevated plume that could
In the disturbed area (near the ITCZ), the stable layers ar¢otentially transport anthropogenic aerosols and gases over
weakened. This weakening of stable layers might be causethe open ocean, as hypothesized in Lelieveld et al. (2001).
by the upward energy transport due to active cumulus conThe presence of such an aerosol plume over the Arabian Sea
vection. In this disturbed area, the mixed layer is found to beand the Indian Ocean could have a significant impact on ra-
somewhat lower than that in the undisturbed area due to theiative forcing (Jayaraman et al., 1998), and its analysis can
existence of low level clouds (near the ITCZ region). lead to a better understanding of the role of anthropogenic

. - . . aerosols on Indian monsoon and global climate (Ramanathan
Hastenrath (1991) identified the inversion located at theand Ramana, 2003).

top of the cloud layer in the undisturbed area over the trop-

ics, typically at an altitude of 2.5km, as the trade wind in-
version and he reported that this inversion is strong and mos{i\lenOWl?dgememSThe authors - gratefully a.‘c.knomedge the

. . ) L OAA Air Resources Laboratory for the provision of the HYS-
persistent during the Northern Hgmlspherlc winter. ,‘]Oh_nSOqDLIT transport and dispersion model (http://www.arl.noaa.gov/
et al. (1993) have showed the evidence on trade wind inverieaqy/hysplita.html) used in this publication. We greatly acknowl-
sion heights over the western Pacific warm pool using thesgge NCAR for launching CLASS balloons during the experiment.
TOGA-COARE sounding data, which was found to be hor- we thank anonymous reviewers for their comments on an earlier
izontally uniform at 800 mb2%2 km) level. Firestone and draft, which helped in improving the paper.
Albrecht (1986), Kloesel and Albrecht (1989), and Schubert  Topical Editor O. Boucher thanks a referee for his help in eval-
et al. (1995) have also reported similar trade wind stable lay-uating this paper.
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