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Abstract. Atmospheric gravity waves, which are a mani- 1 Introduction

festation of the fluctuations in buoyancy of the air parcels,

are well known for their direct influence on concentration Atmospheric gravity waves are essential parts of the dynam-
of atmospheric trace gases and aerosols, and also on oscill&s of the atmosphere on all meteorological scales (Nappo,
tions of meteorological variables such as temperature, wind2002), and their presence in a stably stratified environment
speed, visibility and so on. The present paper reports quasieould be an important feature of many mountainous/hilly re-
periodic oscillations in the lidar backscatter signal strengthgions (e.g., Ross and Vosper, 2003). They are manifested as
due to aerosol fluctuations in the nocturnal boundary layeroscillations of air parcels by the lifting force of buoyancy and
studied with a high space-time resolution polarimetric micro the restoring force of gravity; and disturbances to this type of
pulse lidar and concurrent meteorological parameters over halanced state result in the excitation of atmospheric gravity
tropical station in India. The results of the spectral analy-waves with a variety of spatial and temporal scales (Fritts and
sis of the data, archived on some typical clear-sky conditionsAlexander, 2003; Geller et al., 2006). Since these waves oc-
during winter months of 2008 and 2009, exhibit a prominentcur at all altitudes in the atmosphere, they are important for
periodicity of 20-40 min in lidar-observed aerosol variabil- several reasons: they can transport energy and momentum
ity and show close association with those observed in thérom one region of the atmosphere to another; they can ini-
near-surface temperature and wind at 5% statistical signifitiate and modulate convection and subsequent hydrological
cance. Moreover, the lidar aerosol backscatter signal strengthrocesses (e.g., Mapes, 1993); they disturb the smooth, bal-
variations at different altitudes, which have been generatednced state through wave breaking and associated generation
from the height-time series of the one-minute interval pro-of turbulence and help in the mixing of chemical species.
files at 2.4 m vertical resolution, indicate vertical propagation It is worthwhile to note that small-scale gravity waves are
of these waves, exchanging energy between lower and highex key element in defining the large-scale circulation, the ther-
height levels. Such oscillations are favoured by the stable atmal and chemical constituent distributions, and the variabil-
mospheric background condition and peculiar topography ofity of the atmosphere from the troposphere to the lower ther-
the experimental site. Accurate representation of these buoymosphere (Geller et al., 2006). These Internal Gravity Waves
ancy waves is essential in predicting the sporadic fluctuationglGWs) can have any frequency between zero and a max-

of weather in the tropics. imum value which is equal to the local Brunt-Vaisala fre-
quency —Ng (Gill, 1982). Earlier studies (e.g. Duynkerke,

Keywords. Atmospheric composition and structure 1991) have shown that gravity waves cause quasi-periodic

(Aerosols and particles) oscillation of meteorological variables such as temperature,

wind speed, visibility and so on. Roach (1976) reported os-
cillations in wind speed with a period of 10-15 min which
are associated with gravity waves. Devara et al. (1994)
had undertaken a study regarding the associationship of me-
teorological parameters on aerosol concentrations on long-
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to atmospheric instabilities have a direct bearing on the dropespecially during winter. The winter nights are character-
size distribution of drizzle, fog (Nilsson, 1996; Nilsson and ized by elevated inversion layers, which are produced due to
Bigg, 1996), liquid water content and downward radiative strong radiational cooling at the ground level and associated
flux (Welch et al., 1986). relative heating at upper levels (Devara et al., 1998; Tiwari

The influence of gravity waves on atmospheric con-et al., 2003). Thus the atmosphere will be more stable dur-
stituents such as aerosols is also a key point of attention as theg the winter months. The surface temperature in the ex-
variability in the latter component is directly responsible for perimental location ranges from 20 to 35 during day-time
the radiative effects and indirectly accountable for cloud mi-and from 5 to 22C during night-time in the winter times.
crophysical processes (Jayaraman et al., 1998; IPCC, 200T;he corresponding temperatures in the pre-monsoon are 23—
Menon et al., 2002; Vinoj et al., 2004; Tripathi et al., 2005; 44°C and 22—28C, whereas in the monsoon time, it is 20—
Niranjan et al., 2007; Pandithurai et al., 2008). Tropo- 28°C and 15-22C, respectively (source: unpublished data
spheric aerosols are quite variable in their production androm Automated Weather Station at [ITM, for a period of last
residence time. To account for their effects on weather andour years). Anthropogenic intervention (like construction
climate, it is essential that their unevenness be predictablactivities, industrial development, increased traffic etc.) on
to the extent possible. Though the temporal variability of the environment has increased the pollution level of the city
aerosols is highly non-linear, their predictable characteristicgluring recent years (Dani et al., 2010). Since Pune is located
can be achieved provided it is associated with well knownin a hilly/mountainous terrain, it is reasonable to believe that
causative as well as periodic processes. The stably stratthe adjoining hillocks and thermal processes favour initiation
fied atmospheric boundary layer was of particular interest forand/or propagation of atmospheric instabilities which have
this study, since IGWs are favoured under this condition andclose link to the variabilities of atmospheric constituents and
hence enhance mixing (Chimonas, 2002; Cuxart et al., 2006)neteorological parameters.

Indications of the existence of passage of wave events within

the stable ABL are found in sodar records; Rao et al. (2004)

observed several solitary-like wave events in the central are@ Experiment and data
of Rome, Italy, with depths ranging up to 500 m.

Since the loading of suspended particulates in the lowerThe experiment was conducted using an autonomous Dual
troposphere is directly linked with the visibility, formation Polarization Micro Pulse Lidar (Foretech Model-DPMPL
of fog and pollution aspects, it is worthwhile to examine the 0.3%) which acquires vertical profiles of aerosol backscatter
periodic nature of their fluctuations. In this perspective, thesignal at high spatial and temporal resolutions in real-time
vertical profile data of aerosols with good spatial and tem-mode upto stratospheric altitudes. This monostatic uni-axial
poral resolutions would aid in exploring the oscillations in- System is being operated at 532 nm wavelength with a diode-
herent in a tropical atmosphere with stable stratification. InPumped solid-state (DPSS) neodymium-yttrium-aluminum-
this paper, we examine the characteristic oscillations of tro-garnet (Nd:YAG) as the laser source. The laser output is eye-
pospheric aerosol backscatter signal from a polarized lidasafe achieved via a low-energy, high repetition rate Nd:YAG

and that of surface weather parameters from an automatel@ser with an expanded beam. The system can be operated
weather station. either in parallel polarization or in alternate parallel and per-

pendicular polarization mode of the transmitted laser radi-

ation. The receiver part consists of a compact Schmidt-
2 Experimental site and synoptic background Cassegrain telescope, with a high-speed detection and data

acquisition and processing system. The transmitter-receiver
The experiment was conducted at the Indian Institute ofalignment is achieved by means of an “octopus”, which is a
Tropical Meteorology (IITM) in Pune [182 N, 7351 E, custom-made, high performance, microcontroller-based re-
559 m above mean sea level (a.m.s.l.)], a semi-arid tropicaimote terminal unit that essentially controls the x- and y- axes
urban site in the west-central India. The experimental site isof a mirror to align the laser beam with the receiver. A com-
surrounded to its three sides by hillocks of about 150 m aboveplete description of the system capabilities, working princi-
ground, embedded in a valley-like station and it is on theple, and data acquisition and analysis can be found in the
leeward side of the Western Ghats of India. The city experi-work of Devara et al. (2008).
ences distinct seasons namely the winter (December, January The data used in the present investigation are aerosol
and February), pre-monsoon (March, April and May), sum-backscatter profiles for every one minute interval at 2.4 m
mer monsoon (June, July, August and September) and postertical resolution from DPMPL, and the concurrent surface
monsoon (October and November) seasons. The winds aemperature and wind obtained from a collocated automated
easterly/northeasterly during winter and pre-monsoon, andveather station (AWS). Observational period is the winter
westerly/southwesterly during the summer monsoon (Rajmonths (January and February) of 2008 and 2009. Night-
and Deshpande, 2008). The thermal structure of the atmotime experiment of DPMPL was conducted during 14 per-
sphere is drastically different during day and night hours,fectly clear-sky nights, 11 of which spreading in 2008 and
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the rest 3 nights falling in 2009. These days were identi-power with decreasing frequency). These spectra are used to
fied based on near-similar clear-sky and atmospheric condiestablish aull hypothesigor the significance of a peak in the
tions. The use of still more number of observational days ispower spectrum (Torrence and Compo, 1998). It is assumed
restricted either by the presence of low level clouds, presencéhat the time series has a mean power spectrum by theoretical
of moonlight, different meteorological conditions or lack of considerations, and if a peak in the spectral power is signif-
supporting data. The time span of observation is early mornicantly above this background spectrum, then it can be as-
ing, i.e., from 03:30 to 06:49h in 2008, and from 00:00 to sumed to be a true feature with a certain percent confidence.
03:19h in 2009; thus the number of clear-sky profiles for In the present program, the background red noise spectrum is
each day is restricted to 200 corresponding to 200 min of op-estimated based on the fitting of a first order autoregressive
eration. The local time (h) is 05:30 h ahead of UTC. (AR1) process, being characteristic for many climatic pro-
cesses. Hasselmann (1976) demonstrated that a first-order
autoregressive (AR1) process is sufficient to explain the red-
noise signature. Accordingly, the AR1 model is often used

. . . . . . s null hypothesis to assess whether or not the variabilit
The signal received by the lidar at each altitude is descrlbecfl yp y

. . .~ tecorded in a time series is consistent with a stochastic ori-
in terms of the range square corrected signal (RCS), which '%in of this type (Schulza and Mudelsee, 2002). A peak in
defined as: ’

the spectrum of a time series can be tested for its signifi-
RCS=[P (»,2) — Po(A,2)] x 22 1) cance against this red-noise background spectrum from an

AR1 process. In the current package, red noise critical val-
whereP(1,z) and Py(%, z) denote the power of the backscat- ues are estimated by 15 simulation runs of the AR1 process
tered light and the background signal from an altitude ofwith same lag 1 autocorrelation as the input variable (Gilman
z, respectively. As a preliminary step, the backgroundet al., 1963).
noise — as well as range square — corrected backscatter sig-
nal (RCS) at multi levels, and the contemporaneous sur-
face temperature and wind speed were subjected to spe& Results and discussion
tral analysis for finding the prominent periodicities. Be-
fore subjecting to the core analysis, the trend of the datalhe height-time-intensity (HTI) plots of the aerosol
was removed by a least square linear fit to the observedbackscatter signal strength for four selected days (out of the
data. Eliminating the trend of the data set will make surel4 days under consideration), viz., 17 January and 14 Febru-
that any possible natural variability has been got rid of.ary in 2008, and 24 February and 25 February in 2009 are,
The program used for the spectral analysis was obtainedespectively, shown plotted in Fig. 1a—d. The time evolu-
from the website -http://www.geology.um.maine.edu/user/ tion of aerosol backscatter with height for these four days
Dan.Dixon/Matlab%20Scripts/spctrm,which is originally  is representative of that for all the 14 experimental days and
given in the site of the Department of Earth Sciences, Uni-therefore the plots for other days are not shown herein. The
versity of Maine, Orono. A brief discussion of the theory and bottom part of each of Fig. 1, which corresponds to a high
formulation of the analysis is given in the next section. intensity of backscatter photons, depicts the time evolution

The present harmonic program helps in identifying varia- of the lower part of nocturnal boundary layer. The white

tions of power within a time series. By decomposing a timesolid lines in Fig. 1a—d show the time evolution of the sur-
series into frequency domain, it is possible to determine theface temperature for the corresponding days. The intensity
dominant modes of variability. Assume that one has a timeof backscatter signal decreases with height in each of the
series,x,, with equal time spacingt andn =0, 1,..N — 1. days and there are fluctuations of aerosol backscatter inten-
Now the time series that contain non-stationary power atsity at different epochs of time. Thus the lidar signal strength
many different frequencies are transformed with proper si-for all of these days shows considerable oscillations with the
nusoidal functions. After obtaining the spectral power for progress of time. On an average, the surface temperature
each periodicity, significance test is made to each level to seduring the experimental period ranged between 20€13
whether the power is due to a real harmonic component oifhe decreasing trend is obvious for the surface temperature
due to a spike in the data. In order to determine significancgmarked as white solid lines in Fig. 1a—d) for all the days and
levels for the spectra, one first needs to choose an approprit is monotonically decreasing. The interesting feature seen
ate background spectrum (Torrence and Compo, 1998). It isn the lidar backscatter variations is that it is, by and large, in
then assumed that different realizations of the atmospheri@iccordance with the temperature fluctuations.
process will be randomly distributed about this mean or ex- In order to examine the role of wind in the process of
pected background, and the actual spectrum can be comparegrosol loading and distribution, the time evolution of cor-
against this random distribution. For many geophysical phetesponding wind speed at the surface during the entire ex-
nomena, an appropriate background spectrum is either whitperimental period for the above four days have been shown
noise (with a flat Fourier spectrum) or red noise (increasingplotted in Fig. 2a—b, in addition to the relative humidity (RH)

4 Methodology
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Fig. 1. Height-time-intensity plot of range-square corrected aerosol backscatter sig@dl bnJanuary 2008B) 14 February 2008C) 24
February 2009, an(D) 25 February 2009. The white solid line imposed on all the plots is the time-evolution of corresponding day’s surface
temperature.

for the respective days (Fig. 2c—d). In general, it is noted tha{SBL) has been identified where the vertical potential tem-
there is oscillatory/intermittent behaviour in the wind speedperature gradient noticeably decreases (Ford et al., 2008).
with low values towards the ending hours compared to theUnlike the daytime mixed layer which has a well defined top,
beginning of the experiment. Additionally, it should be no- the SBL has a poorly-defined top that smoothly blends into
ticed that the wind was calm and it never exceeded 2tns the residual layer above (Devara et al., 2009). Moreover, at
at any occasion on any of the days. Even though the RHhe SBL top, the mean virtual potential temperature tends to
showed a lot of fluctuations, the trend was slightly on the in-be nearly constant and the turbulence intensity is a small frac-
creasing side on most of the days and is just the opposite ttion of its surface value (Stull, 1988). The profile of mean
that of temperature evolution. potential temperature and virtual potential temperature has
In the present Study1 we have concentrated our ana|ybeen given in Flg 3. From these prOf”eS, the average stable
sis mainly within the nocturnal boundary layer, especially layer height is estimated to be about 560 m. The identified
within the stable layer. For this purpose, we estimatedSBL top could be verified again from the lidar backscatter

the average stable boundary layer height with the help ofata (figure not shown). Accordingly, the stable layer height
potential temperature profile. Since there is a lack ofWwas estimated from the normalized concentration gradients

in-situ temperature profile and other meteorological data Of aerosol backscatter profiles by the method discussed in
those parameters were obtained for the experimental lothe work of Sasano et al. (1982). The SBL heights identi-
cation from the operational Year of Tropical Convection fied by both the methods agree reasonably well within the
(YOTC) data available in the website of European Centre€xpected level of uncertainty in both the methods. Figure 4
for Medium-Range Weather Forecasts (ECMWF). The res-Portrays typical height-wise variations in instantaneous fluc-
olution of this data set is T799 L25 (25 km horizontal grids tuations of range-corrected lidar backscatter at discrete alti-
and 25 vertical levels spanning from 1000hPa to 1hPa)tudes on 14 February 2008 (Fig. 4a) and 24 February 2009
This high spatial-resolution operational data is available from(Fig. 4b) which were subjected to spectral analysis. More-
the URL: http:/data-portal.ecmwf.int/data/d/yatel/class= ~ OVer, the trend in the fluctuations of lidar signal at each alti-
od/levtype=pl/type=an/The top of the stable boundary layer tude is marked by blue dotted lines. As described earlier, the

Ann. Geophys., 29, 45865 2011 www.ann-geophys.net/29/455/2011/


http://data-portal.ecmwf.int/data/d/yotc_od/class=od/levtype=pl/type=an/
http://data-portal.ecmwf.int/data/d/yotc_od/class=od/levtype=pl/type=an/

M. G. Manoj and P. C. S. Devara: Quasi-periodic oscillations of aerosol backscatter profiles

Wind speed (ms™)

Relative Humidity (%)

459

2.0 T rad Tl Tl elNsss ra Ly 3 2.0
— ws-170108 — ws-240209
(A) ..... ws-140208| ~ (B) """ ws-250209
1.5 - 1t 1.5
E
o
@
210
(1]
-
1.E
| S 0s;

L | T T T T T T T T ¥ T T
I e e I NI
FSTEF FFHFIFHIFTIS SIS EFEE FHHS SN I U G
60
(C) BT (D) —— RH-240209
b ' e —wl e RH-250209
T ——RH-170108 | =
w0 RH-140208 | >
52 ]
=l
72 g
I 48
68 { 2
5 44
64 | ©
10
GU T T T T T T T T T T T T T T T T T T T T T T T T T T
L I I S I N SRR SN SO D PP P P H PP E
FFFFIFFHFIIHFISFEFS S S F FF QY U R I S
Time (Hrs)

Fig. 2. The time variation of surface wind speed inn: (A) 17 January and 14 February 200B) 24 February and 25 February 2009.
(C) and(D) are, respectively, fofA) and(B) but for surface relative humidity (%).
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Fig. 3. Vertical profile composite of mean potential temperature (K) and virtual potential temperature (K) for all the experimental days in

2008 and 2009.

decrease in strength of backscatter with height is noticeablsequently the atmospheric burden of aerosols in higher height
in these figures also. Due to the prevailing stable condition)evels could be drastically reduced and the resultant concen-
in general, there exists much less turbulence or convectivération at lower altitudes can enhance due to gravitational set-
thermals in the lower stable layers in the winter nights. Sub-tling. This aspect is robustly evident from Fig. 4.
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Fig. 4. Time-dependent evolution in fluctuations of lidar backscatter at discrete altitud@3 &4 February 2008 an@) 24 February 2009.
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2008

Figure 5 shows the spectral power for the surface level
temperature, wind and RH on all days in 2008. This has been

5 1
1315 achieved by obtaining the spectral power for each meteoro-
0] logical parameter for different days of the particular year and
10_1’; averaging the spectral powers to get a composite picture for
10_2% ——RH the same parameter for the specified year. The red dotted
107 1 . ' _ _ _ _ _ line in each panel represents the 95% statistical level of con-
%\ 0 20 40 60 80 100 120 140 fidence. If the spectral power of any periodicity is above this
1024 level, it is statistically significant at 5% level. From this fig-
g 10" ure, it is clear that periodicities ranging from 20 to 40 min
g 1005 have high spectral power above the level of confidence. At
10" ] _ this point, it is worthwhile to note that a five-point moving
*310.215 Wind speed average has been performed in order to eliminate any spike
L ] . : . . ; . in the original data set and thereby smooth it out before sub-
o 0 20 40 60 80 100 120 140 jecting to spectral analysis. The composite power spectrum
10" for aerosol backscatter at discrete height levels of 50, 100,
10’3 200, 300, 400 and 500 m for the year (2008) is shown plot-
10°4 ted in Fig. 6 in the clockwise direction from the bottom left.
10" 4 Temperature The different altitude levels under consideration lie within
107 4 the height of nocturnal stable boundary layer. A characteris-
0 20 40 60 80 100 120 140 tic feature of the statically stable layer is that it tends to sup-

press turbulence, while the developing nocturnal jet enhances
wind shears that tend to generate turbulence. As a result, tur-

. . len metim rs in relatively short bur h n
Fig. 5. Composite spectral power for the surface temperature (bot-bu ence sometimes occurs elatively short bursts that ca

tom), surface wind speed (middle) and relative humidity (top) for cause mixing in _the S.BL (St_ull, 1988)' As a result, there
all the experimental days in 2008, could be fluctuations in the lidar signal as has been shown

in Fig. 1. This feature is again supported by earlier studies
(Mahrt et al., 1998) which affirm that within the nocturnal

Period (minutes)
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Fig. 6. Composite spectral power for aerosol backscatter signal at 50 m, 100 m, 200m, 300 m, 400 m and 500 m, for all the experimental
days in 2008.

boundary layer, turbulence is observed to be intermittent withicity of around 20-40 min observed in the temperature- and
episodes of vigorous mixing delineated by quiescent periodswind-oscillations (see Fig. 5) is also observed in the power
the vigorous episodes contain waves and related dynamispectra of aerosol backscatter signal strength at all vertical
features (Hogstrom, 1990) and overturning breaking wavedevels.

(Hodges, 1967). Consequently, the presence of periodic fluc- |n a similar manner as discussed in the previous section,
tuations can be expected even in the SBL. What peculiaritthe composite spectral power for the surface temperature,
seems to be interesting in Fig. 6 is the highest spectral powefind and RH for all the days in 2009 is given in Fig. 7.
centered around the periodicities 20—40 min in all the aboveHere also, in surface meteorological parameters, periodicity
altitudes. It should be noted that the power of this domi- centered around 20-40 min is the prominent one. Regard_
nant mode is slightly varying with height. There are very jng the oscillations of lidar return signals in 2009, the power
short-scale periodicities observed but they are not significantspectra (Fig. 8) show a common periodicity of 20—40 min
From the above explanations based on Figs. 5 and 6, it imfor each discrete height level. There is no significant short-
plies that the processes responsible for the variations in mescale periodicities observed in these events. Combined with
teorological parameters may also be responsible for the kinghe previous example of 2008, it can be argued that surface
of oscillations of atmospheric components such as aerosolsneteorological parameters, especially temperature and wind
This observation leads to rEinforCing the pOStUlation that thespeed, have crucial role in moduia’[ing the nocturnal bound-
role of surface temperature and wind Speed onthetime eVOanry |ayer (especia”y SBL) inducing quasi_periodic fluctua-
tion of boundary layer is to be taken well into account while tions of different atmospheric constituents. The periodicity
examining the various processes in the boundary layer. Thigpserved in the meteorological parameters also may have in-
is reasonably supported by the fact that the dominant periodfiuence on the vertical distribution of aerosols. During winter
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2009 Another interesting feature to be noted is the commonality
in the dominant periodicity, eventhough the data under anal-
ysis is spread into two different timings for the two years.
It is, therefore, reasonable to believe that this type of oscil-

. lation is inherent almost during the entire nocturnal regime
10_2 —RH in the winter atmosphere over this experimental site. In the
810 : : : ——— literature, several papers demonstrate that gravity waves of
o 0 20 40 60 80 100 120 140 periodicities ranging from shorter to longer scales can co-
5 10° 4 exist in the atmosphere. Subba Reddy et al. (2005) have re-
% 101; ported the gravity wave activity by analyzing the wind com-
Q- 40°4 ponents in the troposphere and lower stratosphere using the
S0 _ MST radar at another tropical station Gadanki (station with
D102 Wind speed almost similar type of topography), and found gravity wave
& — T . of periodicities of 54, 42, 38, 32, 30, 26, 25, 21, 13 min
0 20 40 60 80 100 120 140 etc. during the winter months. By employing the same MST
1021; Radar, Dhaka et al. (2001) have also reported gravity waves
10" of 10-50 min periodicity, but for summer months of 1995 and
10° 4 1996. Since a stratified fluid has the ability to support and
10" 4 propagate wave motion; and since the atmosphere is stably
E Temperature " . . .
10?24 stratified on most of the occasions, it favours the existence of
] T T 1 gravity waves (Nappo, 2002). Quasi-periodic oscillations of

0 20 40 . 60 . 80 100 120 140 10-20 min were observed in net flux of long-wave radiation,
Period (minutes) surface temperature and wind during a typical winter day by
a study conducted by Roach (1976) and an explanation for
the same has been given based on the effect of atmospheric
gravity wave activity. Quasi-periodic oscillations with a pe-
riod of about 40 min are observed in visibility, temperature,
nights, due to stably stratified nature of the atmosphere angyater vapour, wind speed and long wave radiation at a sta-
also due to temperature inversions, there is a high probabilityion cabauw (5158 N, 4°56 E) having a variety of topo-
of aerosol layer formation at lower levels. This aerosol |ayergraphica| features and situated south-west of De Bilt, in the
can interact with atmospheric humidity content and can grownetherlands (Duynkerke, 1991). An interpretation of the os-
under favourable conditions. This would lead to haze layergjjiations is given in terms of gravity waves, which are rather
formation and may affect the visibility at lower altitudes (Ti- typical under very stable conditions. In model simulations,
wari et al., 2003). Hence, a common periodicity in wind \ne|ch et al. (1986) found fluctuations in liquid water content,
and temperature could alter the spatio-temporal distributioqemperature, radiative fluxes and wind speed; and the time
of suspended particulates. scale of the fluctuations varied from 30 min to 120 min. High

It is worthwhile to notice that, in both of the examples resolution measurements from radars, lidars, numeric mod-
given above, the periodicity of around 20—-40 min is frequentelling and theoretical studies have reported that short-period
to the meteorological parameters as well as aerosol verticagravity waves (of periodicity<1 h) exist in the atmosphere
distributions. This leads to the postulation that one commondue to various generation mechanisms (Ratnam et al., 2008,
trigger is accountable for the quasi-periodic oscillations of and references therein). In all these studies, it is emphasized
all the concerned parameters during the entire span of théhat orography is pointed out to be one of the responsible fac-
experiment. Also, the same periodicity at discrete verticaltors for the generation of internal gravity waves (Debashis et
level suggests that the wave could be propagating upwara@l., 2009). Hence, in the present study, the periodic undu-
and exchanging energy between the lower and higher heighations of the meteorological parameters and aerosol return
levels thus producing the subsequent responses at differesignals can be ascribed to the possible modulation by atmo-
altitudes. This type of vertical propagation and amplifica- spheric gravity waves of the same observed periodicity. This
tion/damping of waves have been reported in earlier studiefias a direct bearing on the comprehensive understanding of
(for e.g., Kniffka et al., 2009). Stull (1988) gives a theoreti- the variabilities of atmospheric constituents and subsequent
cal background for the presence of gravity waves in the stablgrediction perspectives of a variety of weather processes.
boundary layer. Sachdev and Satya Narayanan (1982) have
pointed out that small wave perturbations amplify and may
eventually break when the wind shear becomes large enough
to overcome the stabilizing influence of the density stratifi-
cation.

Fig. 7. Same as Fig. 5 but for all the experimental days in 2009.
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Fig. 8. Same as Fig. 6 but for all the experimental days in 2009.

6 Conclusions samples and hence might slightly affect the results, partic-
ularly the reliability and accuracy of the wave periodicities

Overnight experimental data of aerosol backscatter signaPPServed in the investigation. As the lidar and other concur-
strength from an autonomous micro pulse lidar and con-entancillary observations are being continued/augmented at

current surface meteorological parameters were subjected 1S 10cation, more data sets for longer period will be exam-
spectral analysis to explore the dominant mode of variabil-N€d in the near future to substantiate the same. The present
ity inherent in them, on 14 clear-sky nights in the backdropresults have substantial implications in the diagnostic under-

of a stable atmosphere. The urban boundary layer ur]de§tanding.and further gttempts in the prediction perspectives
current investigation possesses certain characteristic frequef@f versatile atmospheric phenomena like fluctuations in trop-

cies. The common periodicity observed is 20-40 min in theical weather.

meteorological fields. The same frequency domains CauseﬂcknowledgementsThe program for spectral analysis was ob-
by wave-like structures are subsequently seen in the quastained from the website of the Department of Earth Sciences, Uni-
periodic oscillations of aerosol distributions in the vertical. versity of Maine, Orono (URLhttp://www.geology.um.maine.edu/

It is further clear that surface temperature and wind coulduser/DanDixon/Matlab%20Scripts/spctrm)mand the authors ac-
play a crucial role in the aerosol distribution within the noc- knowledge them sincerely. We thank the authorities of ECMWF
turnal boundary layer. The modulation of the variations in YOTC Project for supplying the data for some of our analysis. The
meteorological parameters and in turn in the wavy nature o]authors are highly grateful to the “Aerosol and Cloud Physics Labo-

ratory for Weather and Climate Studies”. Thanks are also due to Di-

aerosol signals is ascribed to be due to the presence of YeFéctor, IITM for encouragement and infrastructural facilities. One

tically propagating atrnOSphFj'”C .grawty yvaves which is evi- of the authors (MGM) sincerely acknowledges the research fellow-
dent from the present investigation. This type of waves cangpip from the Council of Scientific and Industrial Research (CSIR),

carry the momentum and energy vertically thereby exchangGovernment of India. We thank two anonymous reviewers whose
ing them at different altitudes. It is, however, worth mention- comments on an earlier version of the paper led to substantial im-
ing that the present analysis is based on a limited number ofrovement of the paper.
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