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High resolution Doppler wind lidar measurements made during the period 01 April 2012 to 31 March
2014 over Pune (18°32′N, 73°51′E, 559 m Above Mean Sea Level), India have been used to study Noc-
turnal Low Level Jet (NLLJ) occurrence and its characteristics. Vertical profiles of horizontal wind in the
altitude range from 100 m to 3000 m (at every 50 m interval) and averaged over 5 min have been used to
study time–height variations during local nighttime. On several occasions during nighttime the wind
profiles showed a narrow region of strong wind speed below 1000 m altitude from surface, suggesting
the presence of the low level jet. Analysis of the data indicates that NLLJ occurs more frequently (�66%)
during pre-monsoon season (March–May) and on only 14% of the nocturnal period during SW monsoon
season (June-September). Mean jet core heights during pre-monsoon, monsoon, post-monsoon (Octo-
ber–November), and winter (December–February) seasons are found to be 687 m, 691 m, 593 m, and
586 m respectively. Seasonal mean jet core speeds during pre-monsoon and monsoon are higher than
those during winter. There are some occasions during monsoon season when hourly mean jet speeds
during nighttime are as high as 15–20 ms�1. Horizontal wind directions in the NLLJ during different
seasons are consistent with the seasonal mean flow over the tropical Indian region. Most frequently
occurring jet core height is in the height range 600–700 m with almost 65% of the cases having jet core
heightso700 m and maximum frequency of occurrence of jet speed is in the range 9–11 ms�1. Large
east–west temperature gradients, inertial oscillations, stability in the lower atmosphere seem to be some
of the factors that play significant role in the formation and sustenance of NLLJ over the location during
different seasons.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Low level jet (LLJ) is an important lower atmospheric phe-
nomenon which is observed frequently in horizontal wind profiles
in various regions of the world. Many in literature (e.g., Li and
Chen, 1998) describe a LLJ as any low level wind maximum while
some (Bonner, 1968) define it on the basis of shear and threshold
wind maximum values. It is now recognized that this LLJ plays a
crucial role in moisture transport and associated storm develop-
ment (Frisch et al., 1992). At nighttime under clear-sky conditions
and weak synoptic winds, a wind maximum close to the ground
(few hundred meters above the surface) exists, which is often
referred to as nocturnal low level jet (NLLJ). It disappears as day
time progresses because of the enhanced vertical mixing, gener-
ated by surface warming. LLJ has an important role in generation
aj).
1, India.
of shear which often acts as a source of generation of turbulence in
the nighttime boundary layer (Mahrt et al., 1979; Lenschow et al.,
1988; Smedman et al., 1993; Mahrt, 1999; Mahrt and Vickeres
(2002); Banta et al., 2002; 2003). According to Andreas et al.
(2000) NLLJ can be broadly defined as a maximum in the wind
speed profile that is at least 2 ms�1 faster than wind speeds above
and below the maxima. Further, this wind speed maximum should
be below 1500 m altitude.

Several theories have been proposed to explain the mechanism
behind the NLLJ formation. Blackadar (1957) proposed that low
level jet occurs as a result of inertial oscillation. After sunset, stable
stratification begins to develop, turbulence dies out in the layer
and the upper part of daytime mixed layer becomes decoupled
from the surface in the layer where frictional force will be negli-
gible. Coriolis force will induce an oscillation in wind vector
around the geostrophic wind producing a supergeostrophic wind
during the night hours. Using a two layer bulk model, Thorpe and
Guymer (1977) quantified the inertial oscillation hypothesis. Using
this model, Andreas et al. (2000) explained the properties of LLJ
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forming over the Antarctic Weddel Sea. Some other studies men-
tioned that the presence and properties of LLJ mainly depend on
the geographic location and terrain characteristics. Holton (1967)
showed that differential heating and cooling of the terrain is im-
portant in the formation of LLJ. Barrier jet, which forms as a result
of geostrophic adjustment when stable air is advected against an
elongated topographic ridge (Parish, 1983), is another example of
LLJ. Yet another interesting example of LLJ is that observed over
the coastal regions, which usually forms due to large land–sea
temperature gradients (Zemba and Friehe, 1987). Beardsley et al.
(1987) reported that the series of coastal points and capes along
the California coast lead to significant acceleration of the flows in
the lower atmosphere. Influence of local terrain on wind profile
was discussed by Winant et al. (1988). Katabatic flows can also
cause LLJ (King and Turner, 1997). Some of the LLJ formations are
the result of secondary circulation associated with an upper tro-
pospheric jet as suggested by Uccellini and Johnson (1979) and
Brill et al. (1985).

Many studies were focused on the climatological characteristics
of NLLJ. Bonner (1968) showed that boundary layer jets are more
frequent over the Great Plains, USA. A detailed study of NLLJ over
north-central Oklahoma was provided by Whiteman et al. (1997).
Song et al. (2005) used an extensive data set over Kansas, USA and
found that the jet frequency is 63% of the nocturnal period. By
using a combination of wind profilers and model, Zhong et al.
(1996) have described the warm season NLLJ features over the mid
Atlantic states in USA. NLLJ features over Ottawa, Southeastern
Canada were studied by Mathieu et al. (2005). Karipot et al. (2009)
investigated the characteristic features of NLLJ and its influence on
the CO2 fluxes over North Florida area. Baas et al. (2008) studied
the climatological features of NLLJ over Cabauw, the Netherlands
and showed that moderate geostrophic forcing and high radiative
cooling are the favorable condition for the NLLJ occurrence.

Studies of NLLJ characteristics over the Indian monsoon region
are few. By using Sodar data and ARW model results, Prabha et al.
(2011) described the NLLJ formation on the leeward side of Wes-
tern Ghats in the southern peninsular India. They pointed out that
NLLJ exists during the pre-monsoon time (March–May) and is
typically located around a height range of 600–800 m. The im-
portance of thermal wind processes in the formation of NLLJ is also
discussed in this paper. By using Sodar observations over Pune,
India, Murthy et al. (2013) have analyzed the characteristic fea-
tures of NLLJ during the monsoon months (June–September) and
have mentioned that the existence of NLLJ over this region is due
to its interaction with the Monsoon Low Level Jet (MLLJ) which is
typically located at around 1500–2500 m. Recently, Ruchith et al.
(2014a) from Doppler wind lidar measurements during Indian
monsoon season pointed out that the NLLJ evolves into the day-
time MLLJ by moving from lower altitudes to above 1500 m and
Ruchith et al. (2014b) discussed the role of surface and boundary
layer processes in such temporal evolution. However, a detailed
analysis of NLLJ like its occurrence frequency, seasonal features
and relationship with meteorological conditions over the tropical
Indian region is not available. This paper investigates the char-
acteristic features of NLLJ occurring over Pune (18°32′N, 73°51′E,
559 m Above Mean Sea Level), India using high resolution Doppler
wind lidar measurements. Attempt is also made here to discuss
certain meteorological factors that possibly influence the NLLJ
formation and sustenance during nighttime and its seasonal
variability.
2. Data and methodology

Some morphological features of NLLJ observed using a Doppler
wind lidar operated at Pune, India are presented here and
explained on the basis of surface/lower atmospheric processes.
Pune is a typical continental tropical Indian station located about
200 km inland to the east of the Arabian Sea coast and on the lee
side of the Western Ghats (mountain ranges). This station is under
the influence of westerly/south westerly winds during the south-
west monsoon months (June–September) and during the other
months, especially in winter (December–February) surface level
winds are predominantly easterly/south easterly. South westerly
winds blowing from the marine region (Arabian Sea) during
monsoon season have a strong westerly component over the In-
dian continental region and they bring in moisture laden air
masses/clouds which results in rainfall over land. Hot summer
conditions with stronger surface winds prevail during pre-mon-
soon season (March–May) over the region. The post-monsoon
season (October–November) is of shorter duration when there is a
transition from wet/humid monsoon conditions to dry, relatively
colder and calm winter conditions. Thus surface temperatures,
atmospheric conditions including winds at the surface as well as
in the troposphere vary systematically from one season to the
other and hence reflect on the seasonal variability of most of the
lower atmospheric phenomena through physical and dynamical
processes.

Altitude profiles of horizontal and vertical winds were obtained
using a Doppler wind lidar (model WindCube-200, Leosphere,
France). Such wind lidars have been used in recent times for
studying the LLJ-boundary layer interaction (Banta et al., 2003;
Wang et al., 2006). WindCube-200 put into operation at Pune is
capable of retrieving the 3D components of the wind (east–west,
north–south, vertical) in the lower troposphere (from 100 m to
around 6000 m above surface level) at every 50 m height interval.
The measurement hypothesis of this lidar is that, it uses aerosols
as ‘tracers’, basically assuming that the movement of aerosols is
along with the wind. The moving aerosols induce a Doppler shift
of frequency which is used to compute the radial velocity of wind.
The lidar operates in near-IR wavelength (1.54 mm), and its pulse
energy is 100 mJ, scanning cone angle is �15°, giving speed and
direction accuracy of 0.5 ms�1 and 1.5° respectively. A prism in the
transmitter optics deflects the laser beam into the atmosphere at
an angle of 15° from the vertical. The prism holds still while the
lidar sends a stream of pulses (typically 36,000) in a given direc-
tion, recording the backscatter in a number of range gates (fixed
time delays) triggered by the end of each pulse. Having sent the
set number of pulses, the prism rotates to the next azimuth angle
to be scanned, each separated by 90°. A full rotation of 360° takes
about 50 s and measurements are made in the four cardinal di-
rections starting from North. During the rotation and before the
next stream of pulses can be sent, the recorded data are processed.
The system is first aligned in the geographical north–south di-
rection. At each direction step (i.e., north, east, south, west), the
WindCube-200 combines the four most recent radial speeds re-
corded at each height to compute the three wind components (u-
zonal, v-meridional, w-vertical wind velocities). The zonal and
meridional wind components are then used to compute online the
horizontal wind speed and direction at all heights. Some more
details of the WindCube-200 system and an intercomparison of
wind profiles obtained simultaneously with co-located wind lidar
and GPS radiosonde are provided recently by Ruchith et al.
(2014c). This study showed rms deviation of 1.0–1.6 ms�1 in wind
speed and 20°–45° in wind direction. The bias and spread in both
wind speed and direction have been computed and discussed in
the above paper. The inter-comparison of wind profiles obtained
by the two independent techniques is very good under conditions
of low to moderate wind speeds but showed slight deviation when
wind speeds are large mainly due the drift of the radiosonde
balloon away from the lidar location. Several earlier studies also
showed that winds in the lower atmosphere derived from similar
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Doppler wind lidars have good agreement with the wind data
obtained simultaneously from other standard wind measuring
techniques (e.g., Friedrich et al., 2012; Matthew et al., 2012).

High resolution wind measurements made over Pune during
the two year period from 1 April 2012 to 31 March 2014 have been
used in this study. Horizontal wind (speed and direction) profiles
averaged (online) over 5-min intervals in the altitude range from
100 m to 3000 m (59 altitudes at 50 m height interval), above
surface during local nighttime, have been used for the current
analysis. During nighttime, as the concentration of light scatterers
(usually aerosols) is relatively less, data with significant signal-to-
noise ratio on a continuous basis is available below 3000 m only.
Moreover as the feature being studied (nocturnal low level jet)
occurs invariably below 1500 m, data in the altitude range 100 m
to 3000 m seems adequate for this study. The nocturnal period
considered for the analysis is between 2200 and 0600 h IST
(UTCþ05.30). Thus the lidar data comprising of over 62,500 ver-
tical profiles each of wind speed and direction obtained on about
687 nights during the above two year period have been considered
here for analysis and discussion.

To define the term ‘Low Level Jet’, an objective criterion has
been adopted by the authors. Any peak/maximum in the hor-
izontal wind speed vertical profile below 1200 m is taken as a LLJ if
the wind speed both above and below the height of this wind
maximum is lesser by 1 ms�1 in the nearest 200 m height range.
This criterion is different from that used by and Andreas et al.
(2000) and also different from Bonner (1968) and Whiteman et al.
(1997), who used wind shear criteria in addition to wind speed
criteria. The main reason for the choice of the criteria adopted here
is that it ensures non-elimination many low level jets. For the
purpose of retrieving NLLJ characteristics, hourly averaged profiles
of horizontal wind are computed from the 5 min interval online
recorded data. Firstly LLJ during nighttime satisfying the above
criteria are identified in all the hourly averaged profiles in the
2-year data. From these nocturnal profiles showing the presence of
NLLJ, its characteristics such as jet speed (wind speed at the peak,
ms�1), jet core height (height above surface level at which this
peak occurs, m) and wind direction (degrees) in horizontal wind at
the peak are picked up for further study.

To explain the physical mechanism behind the LLJ formation,
the gridded data sets of ERA (ECMWF Re-Analysis) and MERRA
(Modern Era Retrospective-Analysis for Research and Applications)
for the above 2 year period have been used in the study. Multi-
level air temperature data were taken from ERA-interim data set at
0.75°�0.75° resolution (http://apps.ecmwf.int/datasets/). ERA-in-
terim provides data four times daily (at 0000 UTC, 0600 UTC, 1200
UTC, and 1800 UTC). Surface temperature and total cloud fraction
data were taken from the MERRA-reanalysis, NASA site (http://
gmao.gsfc.nasa.gov/research/merra/intro. php), which gives hourly
data at 1°�1° resolution. In order to study the relationship of
turbulence in the surface layers with NLLJ, Turbulence Intensity
(TI) parameter is calculated from the 5-min average wind lidar
data by using the following formulae:

TI V/V meanσ=

where sV represents the standard deviation of the horizontal wind
speed, and Vmean designates the mean horizontal wind speed.

Monthly and seasonal mean jet core height, jet speed and di-
rection for the 2 year period from 1 April 2012 to 31 March 2014
are computed. Further, monthly and seasonal frequency distribu-
tions of these parameters are also obtained from the above data.
Thus the results on features of NLLJ occurring over the tropical
Indian station are presented and discussed in the following
Section.
3. Results and discussion

Vertical profiles of horizontal wind speed obtained at 5 min
interval from the Doppler wind lidar during nighttime (2200 to
0600 h Local Time) in the altitude range from 100 m to 3000 m,
are taken and time–height contour plots are prepared to visualize
the occurrence and vertical structure of the nocturnal low level jet.
Fig. 1a–c shows the time–height variation of horizontal winds
during typical pre-monsoon (01 May 2012), post-monsoon (22
October 2012) and winter (05 December 2012) conditions. It can
be seen that in all the three cases, there exists a well defined
narrow region of strong wind speeds between 100 m and 1000 m
altitude. On 01 May significant wind information is available only
upto 2100 m altitude (Fig. 1a). The NLLJ core region is narrow and
lies centered around 550 m above surface right from local mid-
night hours (0000 h) with wind speeds 410 ms�1. Wind speeds
increase in the post-midnight hours, with core speeds reaching as
high as 12–13 ms�1. On 22 October the jet core is relatively
broader and also lies centered at slightly upper height (around
700–800 m). The post-midnight jet speeds on this day exceed
16 ms�1. Further it can be seen that wind information is available
up to 2500 m throughout the nighttime. Winter nights over the
Pune region are generally characterized by clear skies and stable
lower atmospheric conditions. Also the atmosphere in the layers
close to surface consists of less aerosol (dust) concentrations. This
is the reason that on 05 December 2012 (Fig. 1c) significant wind
data is available up to only 1600 m during nighttime. The NLLJ core
is at very low level (�500 m above surface). Jet core is strong in
the hours immediately after midnight with jet speeds exceeding
13 ms�1.

To show the typical vertical structure of horizontal wind ob-
tained with the above wind lidar, hourly averaged wind profiles
during nighttime (2200–0600 h LT) on 28 September 2012 are
shown plotted in Fig. 2 in the height range 100 m and 3000 m.
Though the maximum nocturnal wind speeds in the hourly aver-
aged profiles on this day do not seem to exceed 9 ms�1, the in-
stantaneous or 5-min interval profiles show higher magnitude at
times. All the vertical profiles here show a distinct peak/maximum
between 500 m and 1000 m above surface level which is being
referred to as the nocturnal low level jet in the study. Also this low
level wind maximum is present throughout the nighttime on this
day, as is the case on most of the days whenever NLLJ was present
in the two year period. The NLLJ on this day is relatively narrower
in width with higher jet speeds occurring in the post-midnight
hours.

Thus LLJ during nighttime satisfying the above mentioned cri-
teria are identified in all the available hourly averaged profiles
during the 2-year period. It is observed that over this station, NLLJ
occurs more frequently during pre-monsoon season (�66% of the
nocturnal period) and moderately during winter (52%) and post-
monsoon (49%) seasons. On the other hand, jets are present on
only 14% of the nocturnal periods during the wet monsoon season.
Studying the characteristics of NLLJ over North Florida area in USA
using sodar measurements, Karipot et al. (2009) observed that jets
are present overall in 62% of the nocturnal period, more frequently
(70%) during colder months of November–February and lesser
(�47%) in warmer months of June–August. Thus LLJ are present
overall in �42% of the nocturnal period, mainly because of the
very low frequency of occurrence of NLLJ during monsoon season.
From such nocturnal wind profiles showing the presence of the jet,
the NLLJ characteristics namely, the jet core height and jet speed
are retrieved to study the seasonal mean variations and frequency
of occurrence. Also the wind direction at the jet core height level is
noted down in each case.
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Fig. 1. (a) Time–height variation of lidar-derived horizontal winds during nighttime on a typical pre-monsoon day (01 May 2012). (b) Time–height variation of lidar-derived
horizontal winds during nighttime on a typical post-monsoon day (22 October 2012). (c) Time–height variation of lidar-derived horizontal winds during nighttime on a
typical winter day (05 December 2012).
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3.1. Seasonal variation of jet CORE height and jet speed

As most of the lower atmospheric phenomena in the Indian
monsoon region show a significant seasonal variation, seasonal
means of jet core height, jet speed and wind direction at the jet
core level are obtained for the four seasons along with the stan-
dard deviations, which are shown in Table 1. Mean jet core height
values are higher during pre-monsoon (687 m) and monsoon
months (691 m) than those during post-monsoon (593 m) and
winter (586 m) months by almost 100 m. Thus NLLJ seems to be at
its lowest height during winter over the Pune station. However,
the variability in jet core height is relatively higher during winter
months (Coefficient of Variability �38%) and is least in pre-
monsoon months (C.V. �28%). Mean jet core speeds are stronger
by 2–3 ms�1 during pre-monsoon and monsoon months com-
pared to those during winter. Horizontal wind direction at the jet
core level is predominantly westerly/north westerly in pre-mon-
soon, westerly/south westerly in monsoon and broadly south
easterly during post-monsoon and winter. Wind rose patterns of
horizontal winds at jet core level only during days of occurrence of
NLLJ in the 2-year period for the four seasons are shown in Fig. 3. It
shows that the horizontal wind directions in the jet core are
consistent with the seasonal variations in the large-scale wind
pattern in lower atmosphere in the Indian tropical region. It is also
seen that there are few occasions during the monsoon season
when the hourly average jet core speeds during nighttime are as
high as 15–20 ms�1. Another observation from wind direction at
jet core height (Table 1) is that during post-monsoon months it is
highly variable (C.V. �70%). The main reason could be that this
short two-month period is a transition phase for conditions in the
large-scale wind field from highly dynamic SW monsoon condi-
tions to a more stable and calmer winter conditions. Wind direc-
tion during the SW monsoon season inside the NLLJ core is con-
sistently south westerly showing least variability (C.V. �28%).
Monthly averages of jet core height, jet speed and wind direction
have also been evaluated from the 2-year data and shown in Ta-
ble 2. Thus on a monthly mean scale, lowest jet core height
(563 m) is observed during the winter month of December and
maximum jet core height (736 m) is observed during August. Si-
milarly monthly mean jet core speed is least (6.9 ms�1) during the
month of January and maximum speed (12.6 ms�1) is observed
during the month of August. Both jet core height and jet speed on
a monthly mean scale show a smooth annual oscillation consistent
with the broad scale seasonality of atmospheric thermal and wind
field variations associated with the tropical continental environ-
ment. But the day to day variations in these parameters could be
due to small-scale local factors. Jet core height as well as jet core
width do not show any systematic temporal variation within a
particular night. However, analysis shows that jet core width also
exhibits seasonal variation, with relatively narrow jet core during
winter and pre-monsoon seasons and broader jet core during
monsoon season.

3.2. Percentage frequency of occurrence

All the retrieved hourly values of jet core height and jet core



0

500

1000

1500

2000

2500

3000

2 3 4 5 6 7 8 9

2200 Hrs

0

500

1000

1500

2000

2500

3000

2 3 4 5 6 7 8 9

2300 Hrs

0

500

1000

1500

2000

2500

3000

2 3 4 5 6 7 8 9

0000 HRs

0

500

1000

1500

2000

2500

3000

2 3 4 5 6 7 8 9

0100 Hrs

0

500

1000

1500

2000

2500

3000

2 3 4 5 6 7 8 9

0200 Hrs

0

500

1000

1500

2000

2500

3000

2 3 4 5 6 7 8 9

0300 HRS

0

500

1000

1500

2000

2500

3000

2 3 4 5 6 7 8 9

0400 HRS

0

500

1000

1500

2000

2500

3000

2 3 4 5 6 7 8 9

0500 HRs

0

500

1000

1500

2000

2500

3000

2 3 4 5 6 7 8 9

28 September 2012

Horizontal wind speed (m/s)

H
ei

gh
t (

m
)

0600 HRs

Fig. 2. Hourly averaged lidar-derived horizontal wind profiles during nighttime on 28 September 2012.

Table 1
Seasonal mean and standard deviation of jet core height, jet speed and wind di-
rection in the NLLJ core for two year period from 1 April 2012 to 31 March 2014.

Season Jet core height (m) Jet speed (ms�1) Jet direction (deg)

Mean Std.
deviation

Mean Std.
deviation

Mean Std.
deviation

Pre-monsoon 687.0 190.4 9.6 2.2 283 88
Monsoon 690.8 197.2 9.9 3.3 248 70
Post-monsoon 593.4 202.7 7.9 3.0 144 100
Winter 585.6 221.4 7.3 2.7 168 94
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speed during nighttime in the two year observation period (01
April 2012–31 March 2014) are taken and percentage frequency of
occurrence of these parameters (frequency distribution) in differ-
ent class intervals is evaluated. Fig. 4a shows the frequency dis-
tribution of jet core height in 100 m class interval from 300 m to
1200 m above surface level. A normal distribution is seen but
slightly skewed towards lower height side. Maximum frequency of
occurrence of jet core height (�21%) is in the height range 600–
700 m over Pune region. Nearly 12% of the time, jet core heights
are as low as 300–400 m above surface. Frequency of occurrence
falls off rapidly on the higher jet core height side. Above 900 m the
frequency of occurrence is r5%. Another interesting observation
is that 65% of the cases have NLLJ heights below 700 m altitude.
Similarly, Fig. 4b shows the frequency distribution of jet speed in
class intervals of 2 ms�1 starting from 5 ms�1. Maximum fre-
quency of occurrence of jet speed (�28%) is in the speed range 9–
11 ms�1. But jet speeds in the range 7–9 ms�1 also have nearly the
same percentage frequency of occurrence. About 8% of the cases
show jet speeds in excess of 13 ms�1.

Both jet core height and jet speed data obtained from hourly
averaged wind profiles is categorized into the four major seasons
and frequency distributions are obtained separately. Jet core
heights are divided into three broad class intervals, namely
o600 m, 600–900 m and 4900 m. Fig. 5a shows the frequency
distribution of jet core height in these three class intervals during
monsoon, post-monsoon, winter and pre-monsoon seasons. It is
observed that frequency of occurrence of jet core heights is max-
imum (57–59%) in the mid height band (600–900 m) during
monsoon and pre-monsoon seasons. Also during these two sea-
sons, jet core heights 4900 m have percentage frequency of



Fig. 3. Horizontal wind speed and direction at jet core height for four major seasons during the period 01 April 2012–31 March 2014.

Table 2
Monthly mean jet core height, jet speed and wind direction at the NLLJ peak.

Month Jet core height (m) Jet speed (ms�1) Jet direction (deg)

Mean Std.
deviation

Mean Std.
deviation

Mean Std.
deviation

January 578.1 207.0 6.9 2.6 169 86.6
February 618.3 248.0 7.1 2.6 198 107.5
March 622.9 200.8 8.4 2.6 217 118.7
April 696.1 198.9 9.4 2.1 286 88.3
May 697.5 177.8 10.2 2.0 300 66.9
June 725.9 175.1 10.5 3.0 260 36.7
July 671.7 188.2 10.9 4.0 253 49.4
August 735.5 172.0 12.6 2.9 270 10.9
September 639.2 220.5 8.3 2.9 225 101.7
October 627.4 214.7 8.3 3.1 151 105.6
November 566.3 190.2 7.5 2.9 140 96.3
December 563.3 210.1 7.8 2.8 138 76.2
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occurrence of nearly 13%. During post-monsoon and winter sea-
sons 51–58% of the cases have jet core heights o600 m and less
than 10% of the cases have jet core heights 4900 m. Fig. 5b shows
the frequency distribution of NLLJ speed during the four seasons.
Jet speeds are classified into three broad ranges, 5–10 ms�1, 10–
15 ms�1 and 415 ms�1. During monsoon and pre-monsoon
seasons, jet speeds in the range 10–15 ms�1 have higher percen-
tage frequency of occurrence (�42%) compared to that in other
two seasons. About 9% of the cases have jet speeds in excess of
15 ms�1 only during monsoon season. Jet speeds in the range 5–
10 ms�1 have the highest frequency of occurrence during all the
four seasons (48–76%).

3.3. Possible mechanisms for formation of NLLJ

Several forcing mechanisms have been proposed for the for-
mation of NLLJ over the Great Plains (Wu and Sethu, 1998) and
Rocky Mountains (Zaitao Pan and Arritt, 2003) including inertial
oscillation, baroclinicity over sloping terrain, thermal gradient
because of the sloping terrain and the horizontal synoptic pressure
gradient. Uccellini (1980) mentioned that terrain effects can in-
crease the magnitude of the low level jet. One of the important
mechanisms for formation of NLLJ over continental region could
be the one related to horizontal temperature gradient between the
valley and slopes. This can be explained by the thermal wind re-
lation (Holton, 1967), where the horizontal temperature gradient
is related to the meridional wind component. For this purpose, the
gridded ERA-interim multilevel air temperature data for the per-
iod 01 April 2012–31 March 2014 is considered here. Two grid
points 74 °E (slope) and 79 °E (valley) in the east–west (zonal)
direction around the Pune latitude were selected. Temperatures at
925 hPa level at four timings, 0000 UTC, 0600 UTC, 1200 UTC, 1800
UTC at the two points are taken and the east–west temperature
gradient (T74–T79) on a daily basis is computed. Fig. 6 shows the
monthly averaged horizontal temperature gradient at the four
different timings. It is seen that at 1800 UTC (2330 h LT) and 0000
UTC (0530 h LT), which fall in the local nighttime, the temperature
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gradient is almost always negative in all the months, implying that
temperatures are higher at the eastern point (i.e., a west–east
gradient). Also this negative gradient starts increasing in magni-
tude from March onwards and reaches a maximum (�10 °C) by
the pre-monsoon month of May. Thus the west–east temperature
gradients during pre-monsoon season are higher in magnitude
compared to those during other three seasons. Such a large tem-
perature gradient can explain the existence of NLLJ during the pre-
monsoon season over the Pune location. From thermal wind re-
lation, temperature gradient in the zonal direction will increase
the meridional component shear. This increase in meridional shear
adds a northerly component to the mean flow, which leads to the
formation of nocturnal LLJ which will be northwesterly in direc-
tion during pre-monsoon. Direction analysis of the NLLJ core
(Fig. 3, Tables 1 and 2) also confirms that during pre-monsoon
months predominantly northwesterly winds prevail over the
station.
Another mechanism that is thought to be leading to the for-
mation of NLLJ is inertial oscillation. This has been reported to be
the main mechanism for the jet formation in many part of the
world like Great Plains of USA (e.g., Blackadar, 1957). In order to
examine whether this mechanism has any role in the formation of
NLLJ over the Indian tropical region, wind hodograph analysis was
carried out for data on few typical days. Analysis of two year wind
lidar data discussed above (Fig. 4a) showed that percentage fre-
quency of occurrence of jet core height is significant in the altitude
range 300–900 m with highest occurrence frequency being in the
range 600–700 m. Also jet core height occurrence is found to be
relatively higher (410%) in the 300–700 m altitude region.
Therefore hodograph analysis has been attempted for the wind
data at 300 m, 500 m and 700 m altitudes. Hourly averaged mer-
idional and zonal winds from Doppler wind lidar observations at
these three heights on 1 May 2012, 22 October 2012 and 5 De-
cember 2012, typically representative of pre-monsoon, post-
monsoon and winter seasons are considered here. A clockwise
turning of wind vector at the jet height during the night is gen-
erally suggested as evidence of the presence of inertial oscillation
(Whiteman et al., 1997; Karipot et al., 2008). Not much observa-
tional evidence exists in literature for the possible formation of
NLLJ through inertial oscillation. Fig. 7a shows the hodograph
analysis for the 1 May 2012 wind data at three height levels se-
parately. Local time labels are indicated at three hour intervals and
00:00 indicates local midnight. Anti-clockwise rotation of the
wind vector is observed at the level of 300 m which seems to be
very atypical. At other two height levels, there is no clear turning
of the wind vector with time. This implies that inertial oscillation
may not be a significant factor for the formation of jet during the
pre-monsoon season. Hodograph analysis for 22 October 2012
representative of post-monsoon season is shown in Fig. 7b. It is
seen that at all the three height levels, wind shows a clear clock-
wise rotation with time, which gives a clue that inertial oscillation
may be having a role in the jet formation during this season. Si-
milarly the analysis of 5 December 2012 wind data (Fig. 7c) also
shows the clockwise turning in 300 m and 500 m height level
winds, suggesting the role of inertial oscillation. However, at
700 m level on this day a systematic rotation of wind vector is
absent. Mention is made here that during December the average
jet core height is around 560 m over this station.

The inertial period corresponding to the Pune latitude is 37.7 h.
In order to check the presence of inertial periodicity in winds over
Pune, spectral analysis of horizontal wind data was carried out for
4 cases. Each case comprises of continuous data (time-series data),
at the same three heights as above (i.e., 300 m, 500 m, and 700 m),
for a period of 5 days during each season. Hourly averaged hor-
izontal wind data from lidar has been used for this analysis. The
data periods selected are 1–7 May 2012, 3–8 June 2012, 3–8 Oc-
tober 2012 and 4–13 January 2013, which represent the four sea-
sons pre-monsoon, monsoon, post-monsoon and winter respec-
tively. The time-series data is subjected to spectral analysis by FFT
method. The amplitude spectra at the three heights for the four
cases are shown plotted in Fig. 8. All the cases show the pre-
dominant diurnal periodicity (24 h) and also a hint of semi-diurnal
oscillation (12 h). Further, most of the amplitude spectra show
broad or multiple peaks in the periodicity range 30–50 h. In the
pre-monsoon case (1–7 May 2012), no significant peak was seen
around 38 h (inertial periodicity) at any of the three height levels.
Post-monsoon (3–8 October 2012) and winter (4–13 January 2013)
cases show a peak with a periodicity of about 43 h in addition to
the diurnal oscillation in all the three height levels. This suggests
that in winter and post-monsoon seasons inertial oscillation may
have a role in NLLJ formation. However, the observed periodicity is
broad and slightly longer than the theoretically given value of
�38 h.
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To examine surface level stability conditions during nighttime
over the observational location, hourly surface temperature and
total cloud fraction data for the Pune latitude/longitude grid po-
sition have been taken from the MERRA-reanalysis data sets for
the same 2-year period (01 April 2012–31 March 2014). The data is
once again grouped into the above mentioned four seasons. Per-
centage frequency of occurrence of surface temperatures in four
6 K wide temperature intervals (282–287 K, 288–293 K, 294–
299 K, and 300–305 K) is evaluated for the four seasons and is
shown in Fig. 9 (left panel). It is observed that during pre-mon-
soon and monsoon seasons 85–95% of the time nighttime surface
temperatures are in the range 294–299 K. Whereas, during post-
monsoon and winter seasons 45–62% of nighttime temperatures
are in the lower range of 288–293 K. Further, more than 20% of the
time surface temperatures during winter are below 288 K over this
location. Similarly, frequency of occurrence of total cloud fraction
in four intervals (0.0–0.25, 0.25–0.5, 0.5–0.75, and 0.75–1.0) over
the location during the four seasons is shown in Fig. 9 (right pa-
nel). More than 80% of the time, night skies have higher cloud
fraction (0.75–1.0) during monsoon months. Cloud fraction is less
during winter indicating that nighttime skies are mostly clear
during winter. Thus these observations indicate that during winter
months and also to some extent during post-monsoon months the
nighttime sky conditions facilitate more terrestrial long-wave ra-
diation to escape freely from earth’s surface, resulting in cooler
surface and atmospheric layers close to surface. So the nocturnal
boundary layer (NBL) tends to be more stable during these two
seasons. In order to analyze the influence of turbulence in the
surface and related atmospheric layers, hourly layer-averaged
turbulence intensity (TI) values are estimated from wind lidar
observations of horizontal wind. Layer averaging is done between
100 m and 400 m in the vertical. Seasonal mean temporal varia-
tions of TI are evaluated and shown plotted in Fig. 10. Here the
data is taken from late evening hours (from 2000 h LT) to see the
transition in turbulence characteristics from daytime to nighttime
conditions. It is seen that during winter season, TI values are very
low throughout nighttime and even in the later evening hours.
During pre-monsoon TI value is high in the late evening hour
which decreases rapidly by mid-night. Monsoon and post-mon-
soon months show relatively high TI values during nighttime, in-
dicating existence of moderate turbulence in the surface layers.
Thus during winter there seems to be less turbulence in the
nighttime surface layers. Also because of more surface cooling,
turbulence in the NBL ceases and the layer becomes more stable
leading to formation of a stable boundary layer (SBL) in nocturnal
winter. The SBL is reported to have a major influence in the for-
mation of NLLJ (Blackadar, 1957; Bonner, 1968) as the air flow
immediately above the SBL will accelerate to form the NLLJ.
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4. Conclusion

Nocturnal low level jet (NLLJ) occurrence and its characteristics,
such as jet speed (wind speed at the peak in altitude profile of
horizontal wind), jet core height (height above surface at which
this peak occurs) and wind direction of horizontal wind at the
peak, over a tropical Indian station (Pune) obtained from high
resolution Doppler wind lidar during two year period (01 April
2012–31 March 2014) have been presented and discussed in the
paper. Time–height variations of horizontal wind during nighttime
on several days showed the presence of a narrow region of strong
wind speeds (peak) between the surface and 1000 m altitude,
which is identified as the low level jet. Observations show that this
NLLJ occurs more frequently (66%) during pre-monsoon season
and on only 14% of the nocturnal period during SW monsoon
season. Mean jet core height values are higher during pre-mon-
soon (687 m) and monsoon months (691 m) than those during
post-monsoon (593 m) and winter (586 m) months. Variability in
jet core height is relatively higher during winter months. Further,
seasonal average jet core speeds are higher during monsoon
(9.9 ms�1) and pre-monsoon (9.6 ms�1) compared to those in
post-monsoon (7.9 ms�1) and winter (7.3 ms�1). This may be due
to the strong large-scale southwesterly monsoon flow, where one
would expect jet speeds to be higher during monsoon season. On



Fig. 8. Amplitude spectra of horizontal wind at three heights (300 m, 500 m, 700 m) during the periods 01–07 May 2012, 03–08 June 2012, 03–08 October 2012, and 04–13
January 2013.
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some occasions during the monsoon season, hourly mean jet
speeds during nighttime are as high as 15–20 ms�1. Horizontal
wind directions in the NLLJ during different seasons are consistent
with the large-scale seasonal wind patterns (mean flow) over the
tropical Indian region. Most frequently occurring jet core height
over the Pune station is in the range 600–700 m and almost 65% of
the cases have jet core heights below 700 m. Similarly, maximum
frequency of occurrence of jet speeds is in the range 9–11 ms�1.
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Observed large west–east (zonal) temperature gradient at 925 hPa
level may explain the occurrence of NLLJ during pre-monsoon
season over Pune. Wind hodograph analysis shows that during
pre-monsoon and to some extent during winter, nocturnal winds
show a clockwise rotation with time, suggesting the role of inertial
oscillations in NLLJ formation. Stable lower atmospheric condi-
tions, weak turbulence and cloud free skies in nocturnal winters
could play significant role in the formation and sustenance of NLLJ
during winter season at this location.
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