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ABSTRACT

This study investigates the long-term horizontal and vertical changes of the storm tracks for all the boreal seasons
(Northern Hemisphere) during the period (1979-2014). To perform the analysis, we considered ERA Interim reanalysis
dataset and utilised a cyclone tracking algorithm. During winter, the Atlantic and Pacific storm tracks are stronger and
remain circumpolar. These winter storm tracks extend meridionally from polar region to 30°N, and vertically extend from
the lower troposphere to the lower stratosphere. Characteristically, baroclinic instability is a common mechanism of
generation associated with storm tracks and western disturbances (WDs), which often occur in northern parts of India,
mostly in fall and winter. We found that observed WDs are generated by moist baroclinic instability of westerlies over
Indian longitudes as their characteristics agree well with theoretically and numerically deduced ones. Indeed, these WDs
observed during the boreal fall and winter seasons are ingredients of the storm tracks in the northern hemisphere, with
strengthened relative vorticity at 500 hPa and moving zonally eastward towards the north Indian region triggering extreme
precipitation. Thus, WDs over northern India is of great interest in the fall and winter seasons.
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1. Introduction symmetric baroclinic disturbances only. However,
Blackmon (1976) showed that STs are regions of
storm occurrence that are localized in the observed
atmosphere. Their study reported that the
distribution of the variance of the bandpass filtered
(between 2.5 and 6 days) series was found to be
along the North Atlantic and North Pacific STs in
winter at 500 hPa level. These STs are the regions
that have a high frequency of cyclonic activity (first
noted by Sawyer (1970)).

Winter precipitation is essential for the Kharif &
Rabi crops in India. Thus, it is necessary to
determine the generation mechanism of western
disturbances (WDs), without which a skilful
weather forecast cannot be obtained. A reliable
weather forecast is necessary for agricultural
planning. WDs have close association with Storm
Tracks (STs) and thus examination of changes in
STs helps in understanding WDs.

STs have been the subject of several investigations Hartman (1974) conducted a spectral analysis study
for a long time. These are the local regions where on the vertical variation of observed baroclinic
mid-latitude baroclinic waves develop and decay. waves in the midlatitudes. The study of Hartman
Charney (1947) demonstrated for the first time in a further discovered that the observed characteristics
seminal paper that baroclinic instability is the cause were very similar to the quasi-geostrophic and
of mid and higher latitude weather-producing hydrostatic baroclinic waves studied by many
storms. In a theoretical study, Charney (1947) used researchers, including Charney (1947) a”fj Eady
a zonally averaged zonal wind varying with height, (1949). Hartman (1974) further extended his study
so the ensuing results can be applied to zonally to the extratropical stratosphere at 100 hPa and
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observed that baroclinic waves are damped as
energy propagates into the stratosphere. Although
the temperature increases towards the pole from
lower latitudes in the stratosphere, this damping is
caused by the transport of sensible heat to the north,
thus, the mean available potential energy increases
at the expense of perturbation available potential
energy. Thus, these waves maintain the mean
temperature gradient in the lower stratosphere.

Later, several authors studied STs in both
hemispheres (e.g. Hoskins and Hodges 2002; Wang
et al. 2017; Hoskins and Hodges 2019). However,
most of the work focuses on the Northern
Hemisphere (NH), with much less attention paid to
the Southern Hemisphere (SH). Hoskins and
Hodges (2002; 2019) presented several observed
characteristics at only two vertical levels, namely
250 and 850 hPa. Some of the main characteristics
they found are: 1) much of the STs intensity in
winter is retained in spring, and there is only a
small change in their latitude 2) they also found the
presence of a northern Russian ST at both the levels
and in most of the seasons 3) an extension across
southern Asia near 30° N may be linked to southern
Asia track and possibly related to surface
cyclogenesis, and 4) the lower troposphere
Mediterranean ST is noted in Winter and Spring
with increased activity in Spring and possibly
related to the enhanced baroclinic activity.

WDs are an important synoptic-scale phenomenon
embedded in the subtropical Westerly Jet (SWJ) ,
that travels from West to east during the boreal
winter and spring of NH. These WDs are often
associated with extreme rainfall and sometimes
even snow across the Pakistan and North Indian
regions (e.g., Kotal et al., 2014; Dimri et al. 2015;
Attada et al. 2020; Nischal et al. 2022). These WDs
are formally defined by the India Meteorological
Department (IMD) as “the cyclonic circulation/
trough in the mid and lower tropospheric levels or
as a low-pressure area on the surface, which occurs
in middle latitude westerlies and originates over the
Mediterranean Sea, Caspian Sea and the Black Sea
and move eastwards across north India”. Crucially,
the common factor for WDs and STs is that these
two phenomena are associated with the SWJ at the
upper level in NH. Thus, understanding the
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relationship between these two phenomena will
enable us to gain a better understanding of the
variations in the meridional heat gradient and heat
flux transfer, which is a fundamental feature of
general circulation.

In short WDs are systems of mid latitude origin and
they travel towards India and effect Northern Indian
region. Whereas STs are regions that are highly
favorable for generation of systems in mid latitudes.
WDs can be treated as a continuation of STs as STs
and WDs are linked with sub tropical westerly Jet.
Thus examination of vertical changes in STs can
help in understanding the dynamics of WDs. The
present research focuses on the vertical variation of
STs, primarily across the lower stratosphere, which
is still underexplored. Another new aspect not
previously addressed is the ST associated with WDs
in northern India and its surroundings, particularly
in light of renewed interest in WD as evidenced by
several works (e.g., Dimri et al. 2015; Hunt et al.
2018a, b). The following section 2 provides the
details of the data obtained and the methodology
used. Section 3 elucidates the physical phenomenon
behind STs and WD. Section 4 presents the findings
and discussion, and the final section gives the
summary and conclusion of this study.

2. Data and Methodology

We used mean sea level pressure (MSLP) data from
the ECMWF interim reanalysis (ERA-Interim; Dee
et al. 2011) for the cyclonic tracking algorithm
(based on Hodges 1994, 1995, 1999) of STs for the
period 1979 - 2014. ERA-Interim is produced using
a spectral model with TL255 horizontal resolution
(~80 km) and 60 vertical hybrid levels with the
model top at 0.1 hPa with 1° x 1° spatial resolution.
For Eady growth rate (EGR), NCEP-NCAR
reanalysis daily data (available at (2.5° x 2.5°) of u-
wind, air temperature, and geopotential height at
200 and 850 hPa pressure levels is taken for the
same period. Objective feature techniques have
been widely used to produce diagnostics on the
spatial distribution and frequency of extratropical
cyclones. The tracking algorithm used in this study
is based on using minima of both MSLP and
relative vorticity, as negative (positive) vorticity is
generally associated with cyclonic features in the
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SH (NH). The use of the two fields allows a
contrast to be done between features of different
scales. For the vorticity field, the analysis is
performed at multiple pressure levels (1000, 800,
500, 300 and 100 hPa), which allows to quantify the
vertical structure of the cyclonic features. The
tracking is performed on the sphere to avoid biases
that can be introduced when using projections.
Before tracking is performed, the background field
is removed by setting the coefficients for total
wavenumbers less than or equal to five to zero
(Anderson et al. 2003). In addition, the data are
spectrally filtered using triangular truncation 42
(T42) on a Gaussian grid, as vorticity is a very
noisy field, while T63 is used for MSLP as it is a
generally smoother field. Finally, the tracks are
filtered to retain only the mobile features that last
longer than 48h (eight consecutive time steps) and
travel at least 100 geodesic ( 1000 km). The tracks
are used to compute a wide range of spatial
statistics using the spherical kernel method (Hodges
1996), though here, we focus on the track density,
which is computed by using a single point from
each track that is closest to the estimation point,
given in term of number per season per unit area,
where area is equivalent to a 50 geodesic radius
spherical cap (). The tracks equatorward of 100 N
are excluded in our analysis as our prime focus is
on mid latitude systems. To calculate the EGR,
here, we have converted available air temperature
data into potential temperature. The potential
temperature and geopotential height data have been
used to compute the Brunt-Vaisala frequency
between the two levels (200 minus 850hPa).
Similarly, vertical shear of zonal wind has been
calculated between 200 and 850 hPa pressure
levels. The ratio of calculated vertical shear to
Brunt-Vaisala frequency has been used to compute
the daily time series of Eady Growth Rate(Vallis
2006; Simmonds and Lim 2009) at different grid
points (as per the formula mentioned below).
Eady Growth Rate (maximum)

I ‘M‘)’
or = 0.3098

0z
N

where N— Brunt-Vaisala Frequency/buoyancy
frequency; U(z) is the vertical profile of the
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eastward wind component, and f is the Coriolis
parameter. Finally, the obtained grid wise daily
time series has been used to separate seasonal time
series (DJF, MAM, JJA, SON) and are further
averaged through time for respective seasons.

3. Results and Discussion

The cyclone track density based on the MSLP for
all the four seasons: Winter, Spring, Summer, and
Autumn of NH is illustrated in Figure 1. During
boreal winter, we note two well-known STs in the
Atlantic and Pacific Oceans (Blackmon 1976), with
the Atlantic ST being stronger and extending
meridionally towards the pole and longitudinally
towards the East. In addition, there is an isoline of
track density (TD) covering the entire hemisphere,
except Alaska at the polar latitudes. During the
winter, the centre of TD is observed over eastern
Europe. In the spring, the same features are
observed, but with less TD of the Atlantic ST and a
slight increase in TD over Siberia. The TD of the
Atlantic ST over the northern United States of
America (USA) and Canada increases in the
summer, while the ST over Siberia weakens. ST
over Siberia increased in TD in autumn, and it was
very similar to that in the spring season.

Figure 2 depicts the TD for cyclonic relative
vorticity at 1000 hPa. In winter, TD is very strong
in the western Atlantic region and across eastern
Europe. The eastward and poleward shift is also
seen but somewhat different from that at MSLP
(from Fig. 1). During the spring, similar features are
noted, with a slight drop in TD in the west Atlantic
and East European regions. In summer, the Atlantic
ST did not weaken much, but the Pacific ST was
weaker. In autumn, the TD of STs has increased
again both in the Atlantic and Pacific regions. In
autumn and spring, the TD structure of STs and
their intensity are similar (see Wallace & Hobbs for
a comparison of the transition seasons). Wallace
and Hobbs (2006) also noted that STs are stronger
during the transition seasons than during the boreal
summer.

The TD of cyclonic relative vorticity at 800 hPa in
winter (Fig. 3a), a careful examination reveals that
there are no eastward or westward shifts in the
center of Atlantic or Pacific ST, compared to those
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Figure 1: Track density for negative MSLP (seasonal mean) for boreal seasons for the period (1979-
2014): a) Winter, b) Spring, ¢) Summer and d) Autumn. Units are number density per season per unit
area where unit area is equivalent to 5° radius spherical cap.

in MSLP seen earlier, except that they are weaker at
800 hPa level. What is interesting to note at 800
hPa level is a clear TD contours extending over
northern India in winter from a maximum center
over Middle-East, which shows the WDs moving
from the Mediterranean Sea to the Indian region, as
observed by Hunt et al. (2018a), and these WDs are
not seen in MSLP distribution. Interestingly, they
seem to be generated further upstream over the
Middle East (because higher TD is seen here) and
then move downstream along the westerlies. We
note that these WDs can be traced only at 800 hPa.
In spring also (Fig. 3b), these can be observed, but
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the TD is lower. In our present study of STs, we
have noticed that WDs are indeed continuation of
STs upto Indian region. Additionally, the Pacific ST
is extended westward with two branches over
eastern Russia and China at 800 hPa level up to
90°E, not seen at 1000 hPa level. The northward
branch is stronger. It seems that as these synoptic
systems move southeastward, they intensify further
downstream between 150 ° E and 180°E, at the 800
hPa level. Both in the Atlantic and Pacific ST, the
TD values are weaker in spring at the 800 hPa level.
Figure 3c shows the TDs at the 800 hPa level in
summer. In this season, STs seem to be weakest in
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Figure 2: Track density for positive 1000-hPa relative vorticity for boreal seasons for the period (1979-
2014): a) Winter, b) Spring, ¢) Summer and d) Autumn. Units are number density per season per unit
area where unit area is equivalent to 5° radius spherical cap.

the Atlantic sector, but the Pacific ST in the west is
stronger than in spring. But, in the Russian region,
the TD of ST is weak. The ST depicting the WD is
not seen in the Mediterranean Sea, Caspian Sea and
Black Sea. Thus, WDs seem to be restricted to
winter and spring seasons only. In autumn, Fig. 3d,
both the Atlantic and Pacific STs start intensifying,
with the two maxima in the west and east sectors.
The western Atlantic ST is strongest in winter.

In the winter season at 500 hPa (Fig. 4a), the ST
representing WD is strongest and part of the
circumpolar ST. Although there seems to be a
center of origin in the Middle East region, the ST is
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much stronger further east and extended
furthermore to the east. A careful examination
shows three centers of maximum TD. It is unclear
whether the WD generated over the Middle East
intensified further downstream. The Pacific and
Atlantic STs seem to be more extended.

In spring (Fig. 4b), the ST representing WD seems
to be cut off from the one over the Middle East.
Both the Pacific and Atlantic STs weakened but
continue to be circumpolar. In summer (Fig. 4c),
the ST representing WDs is absent. The ST over the
Atlantic is more intense than in spring and similar
to that in winter in the structure. The Pacific ST is
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Figure 3: Track density for positive 800-hPa relative vorticity for boreal seasons for the period (1979-
2014): a) Winter, b) Spring, ¢) Summer and d) Autumn. Units are number density per season per unit
area where unit area is equivalent to 5° radius spherical cap.

weaker in summer than in winter and spring. In
autumn (Fig. 4d), there is a region of ST
representing WD but much weaker than in winter
and spring. In this season, both Pacific and Atlantic
STs start intensifying, the center around 150°W STs
is stronger than in the other seasons.

Regarding the ST at 300 hPa in winter (Fig. 5a), the
ST representing WD is observed, with a maximum
over the Middle East and extending over the India
region. We note that the intensity of the TD at 300
hPa over the Indian regions is much weaker than at
500 hPa. The STs over the Pacific and Atlantic are
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somewhat weaker than at 500 hPa. In spring (Fig.
5b), the ST of WD is still there but weaker than at
500 hPa. In summer (Fig. 5c), the ST over the
Atlantic intensified, and the strength was similar to
that at 500hPa.The Pacific ST also weakened at 500
hPa in summer. In Autumn (Fig. 5d), the ST
representing WD can be seen further north and
weaker than in other seasons. Both the Pacific and
Atlantic STs are intensified.

Figure 6 depicts STs at 100 hPa level. To our
knowledge, STs at this level are not discussed in
detail so far. In winter, STs are weakest at this
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Figure 4: Track density for positive 500-hPa relative vorticity for boreal seasons for the period (1979-
2014): a) Winter, b) Spring, ¢) Summer and d) Autumn. Units are number density per season per unit
area where unit area is equivalent to 5° radius spherical cap.

level, but they do exist. STs starting over the east
Atlantic and continuing to the east of 90°E can be
seen. Whether this ST represents WD or not should
be verified with further studies of WD. There is a
weak ST over high latitudes to the east of the USA
and continuing to the east of the USA at 30 ° N. In
spring (Fig. 6b), the ST over the Pacific did not
extend to the east of the USA, but the northern
Atlantic ST extended from west to the east of the
USA, compared to that in winter, the intensity is the
same, and the ST is weakest. There is a horse-shoe
shape ST over the northwestern USA. Over India
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and the Middle East, only short regions of STs are
seen. In Summer (Fig. 6c), there is a relatively
(compared to winter and spring) stronger ST over
Russia and extended further east and north up to the
west USA. In the autumn (Fig. 6d), the Pacific ST
is strongest between 30°N and 60°N.

Now, we make some more theoretical comments
regarding the observed features of WD. The origin
of WD is in Arabia, North Africa, and the
Mediterranean, as shown in Hunt et al. (2018a). In
our study though origin of WD in Arabia is not
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Figure 5: Track density for positive 300-hPa relative vorticity for boreal seasons for the period (1979-
2014): a) Winter, b) Spring, ¢) Summer and d) Autumn. Units are number density per season per unit
area where unit area is equivalent to 5° radius spherical cap.

clearly observed from figure 2, it is evident from
about 800 hPa to upper atmospheric levels (from
Figs. 3,4,5; i.e., we observed larger values of TDs
over middle east regions). The wavelength
estimated by them is 2000 km (average of type 3a
and 3b). From results of Hunt et al. (2018a), the
half-wavelength is around 12° longitude and the
wavelength around 2400 km. Comparable to the
value above, Rao and Rao (1971) were the first to
make a theoretical and synoptic study of WD. They
found 7000 km for the most unstable disturbance
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for an adiabatic study. From the synoptic study,
they estimate a wavelength of about 6000 km. For a
two-layer model, Holton (2004, Chapter 6) found
4000 km for a vertical shear of 8 m sec-1 between
750 and 250 hPa levels. However, Staley (1986)
strongly criticized the use of a low vertical
resolution of two levels only. But, for the Eady
(1949) continuous atmosphere, Holton (2014)
found the most unstable wavelength as 5500 km.
These values are much higher than those found by
Hunt et al. (2018a).
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Figure 6: Track density for positive 100-hPa relative vorticity for boreal seasons for the period (1979-
2014): a) Winter, b) Spring, ¢) Summer and d) Autumn. Units are number density per season per unit
area where unit area is equivalent to 5° radius spherical cap.

The seasonal variation in the occurrence of WD is
examined by considering the result of Hunt et al.
(2018a). We found that WD occurs mostly from
January to April, then decreases to a minimum in
July and August. Then, they started increasing
again in December. To investigate the genesis of
WD, we further plotted EGR (Figure 7) for
different seasons, namely DJF (Fig. 7a), MAM
((Fig. 7b), and JJA (Fig. 7c), and SON (Fig. 7d) for
the period 1980-2020. In Fig 7a, we find two
regions with the highest EGR, indicating genesis
regions over the Arabian Peninsula (AP), Iran, and
extending to the western Pacific. In the case of
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MAM, there are three weak EGR regions: northern
Africa, northern AP, and northeastern Iran. Only
weak EGR is observed in JJA north of Iran at 40° N
and over northeastern China. In SON, EGR spans
larger area from the middle of China to the western
Pacific. Thus, the eastern ST over eastern China,
the western pacific, and the ST representing WD
are strongest in the boreal winter months of DJF.
Another feature of interest is that in winter over
northern Africa, ST continues with reasonably high
EGR values increasing downstream over eastern
China and the West Pacific with the highest EGR.
These features of seasonal variation in genesis
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Figure 7: Spatial distribution of seasonal mean Eady growth rate(units in per day) for the period 1980-

2020.

found with EGR, theoretically agree very well with
observational characeristics noted by Hunt et al.
(2018a). The purpose of using EGR (Fig. 7) is to
approximately infer the regions of WDs. EGR
analysis is helpful in providing a qualitative
understanding, but it was not intended to yield
guantitative results.

3.1. Characteristics of Storm Tracks and
Western Disturbances

Some of the characteristics that the present authors
explored here have also been discussed in previous
studies, such as Hoskins and Hodges (2019).
However, they examined STs vertical changes for
only two levels , 250 hPa and 850 hPa. Here our
focus is to expand on the work of Hoskins and
Hodges (2019) by analysing more levels in the
vertical, including the lower stratosphere at 100
hPa, using a cyclone tracking algorithm. Hoskins
and Hodges (2019) noticed a circumpolar ST in the
NH at 250 hPa after observing the separation of
Pacific and Atlantic STs at 850 hPa. Furthermore,
STs are found further north in the boreal summer
than in the winter, and STs at 250 hPa are stronger
during boreal winter. Similarly, we also found these
features in the present study(eg. Figs. 3-6). In the
lower troposphere, even at 1000 hPa, the STs over
the Atlantic and Pacific are separated because of the
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local strong baroclinic instability generation
features such as the Canadian High and Siberian
High generating high northern winds meeting
northernward moving very warm southerly wind on
the eastward of the Gulfstream and Kuroshio warm
currents  (Blackmon  1977).  Hoskins  and
Hodges(2019) mentioned some characteristics of
STs. But there are other characteristics of STs that
can be attributed to WDs that have not been
discussed by prior studies. Here we discuss the
WDs phenomenon in very detail.

This study is unique as it discusses the vertical
variations of ST characteristics in the vertical from
troposphere to the lower stratosphere (100 hPa)
during all boreal seasons, as shown in Table 1.
Thus, a close examination of Tablel allows one to
get a concise idea of these variations. For example,
WDs are not found at mean sea level pressure
(MSLP) or 1000 hPa level and are obviously
generated at higher levels only, but of course, they
are strongest at 500 hPa during winter. A novel
observation we found of STs is that they exist in the
lower stratosphere, albeit weak. There was no
comparison of WD in STs in earlier studies. The
WDs are also generated by the Dbaroclinic
instability, as first found by Rao and Rao (1971)
more than 50 years ago, like the middle and high
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Table 1: The spatial extention (in °)of STs at MSLP, 1000 hPa, 800 hPa, 500 hPa, 300 hPa, 100 hPa.
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latitude extratropical cyclones in STs, which are
seen in other regions in the Atlantic and Pacific.

In an detailed series of articles, Hunt et al.
(2018a,b; 2019a,b) and Dimri et al. (2015) made an
investigation of WDs. Hunt et al. (2018a) show a
maximum number of STs concentrated in the
northwestern parts of India and Pakistan regions,
which are the continuation of STs from the western
Pacific region - Middle East - Northwestern parts of
India and triggering heavy precipitation. This
implies that there is a strong local forcing to raise
the baroclinic instability. So to emphasize the
characteristics of the concentrated ST region of
Pakistan and India a detailed study is required.

As per our knowledge the first theoretical attempt
to explain generation of WDs seemed to be that of
Rao and Rao (1971). Here we extend that simple
study to explain the physical importance of STs and
WDs. The recent observational study by Hunt et al.
(2018a, 2018b, 2019a, 2019b, and 2021) found a
westward tilt with height, which implies a
northward transport of sensible heat (v'T' > 0) as
explained below. They seem to have overlooked
this important implification.

Assume a perturbation in the stream function @

@ = Al(p, t)sinkx + B(p, t)coskx

p indicates pressure.

e , :
E'_i =R, (p.t)sin(kx +8(p));

dp _ —
5. = Reos(kx +6) = v (1)

[0 indicates phase;R indicates Amplitude |

39 _ 00 _ OR

T3 = fap sin(kx + &) + fReos(kx +
d&

5]5,

[@ represents Geopotential]

So,

90 _ p2 2 e 8R
v, = R-fkcos“kx +5ﬂp+Rfﬂp sin(kx +

8)cos(kx + &)

Taking zonal average (Note: overbar indicate zonal
mean and prime indicates perturbation).

vi— since v = Reos(kx + &)

or vT =222 @)

If the trough or ridge tilt westward with height as

observed by the Hunt et al. (2018a) Zi <0,

v'T' = 0 for northward transport of the sensible
heat. Also, for a simple quasi-geostrophic
atmosphere, the energy exchanges can be derived
(see Holton 2014 for more details) as

= C(Po K) ©
= =C(R.R)—CP. K) — @

C(Pz, Pe) indicates conversion from Zonal mean
avialable potential energy(Pz) to eddy available
potential energy(Pe)/perturbation available potential
energy. C(Pe, K) is the rate of conversion between
the available potential energy of the eddy and eddy
kinetic energy and for a specific mass ‘m’it is given

by

C(Pe,K) =— [@'T'dm - (5)
C(P, Pe) = — [ 222%T'dm )
po dp

From equation (6), we note that if there is a
northward transport of sensible heat by WD
(v'T")>0for  vertically increasing subtropical
westerlies i.e. i.e., 0U/0p<0, then C(Pz, Pe) >0. This
means that mean available potential energy gets
converted into perturbation (for WD) perturbation
available potential energy. For warm air rising and
cold air sinking zonally, C(Pe, K) >0. Thus the
energy cycle of WD would be:

Pz ->Pe->K -- (7)

Equation (7) is the typically unstable perturbations
energy cycle found for WD by Rao and Rao (1971).
In the case of WD, Hunt et al. (2018a) found a
westerly tilt with a height that is Pz ->Pe occurs.
But, in their anomaly results, the waves with warm
air rising and cold air sinking are not clear.

The perturbation quasi-geostrophic omega equation
can be derived as(p indicates pressure)
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Where symbols have usual meaning. Then if we
make the following simplification
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Also, for a simple quasi-geostrophic atmosphere

z au dv
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dp dp
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For waves of wavelength for WD ( small scale

waves ), the second term, the beta in the bracket,

can be neglected because L square is small, Then

fp’ U
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op®+Lp*L dp

Ahead of WD >0 and z—u is negative for the
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subtropical jet with strong westerlies and vertical
shear i.e., @ < 0 . Ahead of the trough, there would
be a raising motion, as observed by Hunt et al.
(2018a). This shows that WD has all the typical
characteristics of baroclinically unstable wave
disturbances, as earlier discussed by Rao and Rao
(1971).

3.2 The relation between storm tracks and
western disturbances

In this section, we link the observed storm tracks
and western disturbances with the theoretical
aspects. From Hunt et al. (2018a), one can infer a
downstream increase of the number of WD from
Arabia to the west of India, suggesting a genesis or
the occurrence of instability over much region as
inferred above with EGR. Hunt et al. (2018a) found
a vertical structure of about 2K warm anomaly
centred at 200 hPa, above a 3K cold anomaly
around 500 hPa. This structure is different from that
of a mature mid-latitude baroclinic cyclone, with
warm anomaly through the troposphere, but this
structure of WD found by Hunt et al. (2018a) is
similar to “Medicanes” (Mediterranean Hurricanes,
Emanuel 2005). These Medicanes when move
further East, there is a chance for formation of WD
(Madhura et al. 2015) through interaction with
highly baroclinic westerly Jet. Thus, the observed
WD have a substantially lower tropospheric wet
anomaly co-located with raising motion, as found
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by Hunt et al. (2018a). Further, the observed WD
are associated with rainfall, resulting from the
raising of humid parcels. This indicates that one
should treat these WD as moist baroclinic
disturbances. Hunt et al. (2018a,b) mainly observed
three main characteristics of western disturbances:
1) westward vertical tilt 2) rising motion ahead of
the trough axis and 3) a horizontal wavelength of
about 2000 km. These characterstics neither belong
to small nor large scales. They fall under a
intermediate/or say medium horizontal scale
category. These features can be explained only by
applying the theory of moist baroclinic instability.

In a theoretical study, Bonatti and Rao (1987)
studied the moist baroclinic instability of these
intermediate-scale disturbances. They made a
systematic study of moist baroclinic instability and
found 20 vertical layers are sufficient to reproduce
satisfactorily, the analytical mathematical results of
Mak (1981) and also found that the most unstable
wavelength compatible with several observations is
around 2000 Km. The vertical shear, latitude, and
static stability of the radiosonde sounding used by
them are very similar to the case of WD. Thus, the
intermediate -scale (around 2000 Km) observed by
Hunt et al. (2018b) can be explained as those
resulting from moist baroclinic instability. Dry
baroclinic instability, on the other hand, can only
explain the generation of large-scale disturbances
on the order of 6000 km, as found by Holton
(2014). Bonatti and Rao (1987) in their study
successfully explained this important quantitative
difference by accounting for the liberation of latent
heat of condensation. Their wind and temperature
profiles are also very similar to that of WDs. Thus,
we can conclude that the observed WDs over Indian
longitudes were developed by moist baroclinic
instability of westerlies in with associated rainfall.

5. Summary and Conclusions

In this section, we shall give a brief summary and
conclusions of our study on ST and WD in the
northern hemisphere. In our present paper, we
extend the previous studies that examined ST at two
tropospheric levels only, 250 and 850 hPa (Hoskins
and Hodges, 2019). Here we study ST at MSLP,
1000 hPa,800 hPa, 500hPa, 300hPa, and 100 hPa
levels in all four seasons, winter, spring, summer,
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and autumn. Further, we emphasize the
characteristics of WD, by giving a theoretical
explanation of the structure, namely the vertical
westward tilt with height indicating northward
transport of sensible heat and warm air rising and
cold air sinking indicating the typical energy
conversions of mean available potential energy to
perturbation potential energy and perturbation
available potential energy to perturbation kinetic
energy. This inferred Lorenz energy cycle is similar
to the baroclinically unstable perturbation, agreeing
with the first theoretical and synoptic study of Rao
and Rao (1971).

Another novelty we tried here is to give all
observed characteristics of both ST and WD in a
table. Thus, a careful look of our table gives the
vertical and seasonal variation. Briefly, WD is not
observed in the lower levels of MSLP and 1000
hPa. At 800 hPa, they are found with a strength of
40-50 units over the Mediterranean and moving
downstream along the westerlies. At 500 hPa, they
become stronger with 60-70 units. At 300 hPa,
continuous contours are found from 90 E to 150 E
with 50- 60 units. At 100 hPa, they become weaker
but exist with 10-20 units.

This study mainly focuses on the NH STs during
Summer, Winter, Spring, and Autumn, extending
from the lower troposphere to the lower
stratosphere during the 1979-2014 period. In an
earlier paper, Hoskins and Hodges (2019) have
shown some of the characteristics of ST during
boreal winter. In addition to the tropospheric extent
at MSLP, 1000 hPa, 800 hPa, 500 hPa, and 300
hPa, we observed the TD of STs extending into the
lower stratospheric region at 100 hPa in all the
boreal seasons. At 800 hPa, WD cannot be located
in summer and fall. While, at 500 hPa, WD can be
identified in autumn over the northwest of India
with a maximum of 30- 40 units, extending only
over a small region. At 300 hPa also, WD can be
located in autumn only, over northwest India with
again 30-40 units at100 hPa, WD is found.

We observe that the TD intensity of STs is stronger
during boreal winter at 800 hPa, 500 hPa, 300 hPa,
and 100 hPa. Also, we note that the STs are
meridionally extending from the polar region to
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30°N. Similarly, we note these features of STs in
the spring and fall seasons with a lower TD
intensity value. The crucial aspect of STs observed
across the Middle East and, India & Northeast
neighborhood continental regions at 500 hPa, 300
hPa & 100 hPa during winter is the similar period
of WD occurring to cause extreme precipitation. In
the earlier section, we have clearly discussed that
moist baroclinic instability is the triggering
mechanism and a common physical phenomenon of
STs and WDs.

Thus, we conclude that observed WDs are
generated by moist baroclinic instability of
westerlies over north India because their
characteristics agree well with theoretically/
numerically deduced ones. Our study views WDs
during fall and winter as continuation of STs(which
are baroclinic waves)/lor say a component of
observed STs, which is different from the
conventional perspective of viewing WDs as some
storm moving towards India. This changes the
entire perspective of observation of WD during
boreal winter, causing extreme precipitation over
the Indian region. To understand the impact of
climate drivers on lower stratosphere STs and their
implications, apart from the tropospheric
observations, there is a need for a detailed analysis
for the lower stratospheric STs impacts on tropical
and mid-latitude weather.

In the present investigation through the “theory of
Baroclinic Instability” we made a quantitative
comparison between observed and theoretical
characteristics. To our knowledge, this is the first
time that a careful theoretical study of WD has been
done such that the theoretical/numerical
characteristics of the most unstable wave agree well
with observed features of WD. Model studies were
used/ made to explain the characteristics of WDs
but they didn’t discuss the theoretical nature of
WDs (Hunt et al., 2019a). Thus, our present study is
necessary to fill the gap between observed and
theoretical characteristics of WD’s.

In our present investigation, we could successfully
explain the similarity between the observed and
theoretical models. For any attempt to predict the
origin and development of WD’s and ensuing
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weather, our investigation is inevitable. Once the
guantitative similarity between observed and

theoretical features is achieved, then formal
attempts can be made for prediction through
Numerical Weather Prediction, using these

theoretical models. This will be the next stage.

This exactly is the philosophy of K, U and M
approach  discussed  above. Our  present
investigation is a continuation of the simple
theoretical and observational study made by Rao
and Rao (1971) more than 50 years ago. Here we
could achieve some success in understanding (U)
(i.e., understanding the nature of WD theoretically)
part of K, U and M approach. We emphasize that
this theoretical understanding is crucial to achieve
accurate prediction as stressed by Prof. K. Emanuel
(2020) and Prof. A.D. Gill (1985).
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