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A study of vertical wind profile of the Westerly Jet stream
over Delhi, using radar wind data
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ABSTRACT. Radar wind obervations for the months Decomber to February (winter scason) during three
oonsecutive years (1963-1966) have beon utilised to study the vertical wind profile of the sub-tropical westerly jot
stream over Delhi and the observed features have been discussed. The main finding is that the stronger the sub-
tropioal westerly jot stream, the lower is the altitude of maximum wind.

1. Introduction

1.1. Previous studies of jet streams over Tndia
were mainly based on upper wind data observed
by methods which have thair limitations as com-
pared to the more recent radar technique of
wind measurement, While the pilot balloon
method fails on oceasions of cloudy skies and in
the region of strong winds. the radio theodolite
(METOX type in use at Delli) is not dependahle
to give correct readings when the angles of
elevation of the balloon is very low. In north
India, whenever the westerly jet stream is strong,
the problem of low angle of elevation and the
consequent suppression of wind speed values
at higher levels is serious with the radio theo-
dolite method. The values of wind shears ob-
tained by this method in the region of the jet
stream  will also not be fully representative,
The wind finding radar has an advantage over
the radio direction finding method as it is more
acenrate at low elevation angles. The radar is also
pot free from errors in the observations of halloon
position  (Reiter 1963). However, the errors
involved are much less as compared to the radio
wind finding method.

1.2. A Decca Wind Finding Radar (Type
WK 2) has  been functioning at New Delhi
(Lat. 28°35'N. Long. 7T7°12'E. Ht. 209 m a.nm.s.
1.) for about six years and a preliminary study of
the vertical structure of the westerly jet stream
based on the data from December 1960 to TFeb-
ruary 1961 has been reported by Seshadri (1966).
It was considered advantageous to use the
radar wind observations made during the recent
past when more frequent observations were
available than in earlier years. in order to have
a better understanding of the vertical wind profile

over Delhi during winter. The wind data collee-
ted during the three months. December to Feb-
ruary in the years 1963-64, 1964-65 and 1965-66
(both 00 and 12 GMT) have been utilised ia the
present study.

2. Method of stuly and presentation of data

2.1. During the period under eonsideration 240
observations with winds =60 kt were available.
These were grouped into the following three cate-
gories depending upon the value of the maximum
wind reported in the observation, for facility of
handling the data.

Category 1 : No. of ascents with maximum
wind speed = 150 kt
Category 2 : No. of asecents with maximum

wind speed = 100 and < 150 kt

Category 3 : No. of ascents with maximum
wind speed < 100 kt

Table 1 gives the number of radar ascents
under the three categories during each of these

years together with mean speed and height of
maximam mean wind.

Maximam wind speeds between 100 and 150
knots are more frequent than other spexds over
Delhi during winter. The percentage fraquencies
of the three categories are 17, 49 and 31 per cent
respectively,

2.2. Table 2 shows the mean speed of the
maximum winds along with their heights repor-

ted over Delhi during the three winter seasons
(1963-66).

Maximum wind speeds of 115-120 kt ocenr
over Delhi on about 50 per cent of the number of
days during the three months December to
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TABLE 1
Category Total
—P
1 3 3
Dec 1963—Feb 1964
No of ascents 23 31 19 73
Mean speed (kt) 169 119 88 125
Mean height (km) 10:9 11-7 12-5 117
Dec 1964-—Feb 1965 2
No of ascents 5 23 19 47
Mean speed (kt) 155 128 79 121
Mean height (km) 11-9  12-0 12-7 12-2
Dec 1965 —Feb 1966
No of ascents 14 63 43 120
Mean speed (kt) 155 124 82 120
Mean height (km) 111 11-4 12-5 11-7

February. It may be mentioned here that in the
240 ascents over Delhi, the highest value of the
maximum wind reported was 204 kt at 99 km.

2.3. The mean heights of the level of maxi-
mum wind relating to the three categories of
flights are suggesting a significant relationship
between the maxinum wind speeds and the
heights ot the levels of their occurrence (Tables 1
and 2). Tor Category 1 with maximum wind
speeds exceeding 150 kt the mean height of the
level of maximum wind is seen to be 11:1 kmy
while for Categories 2 and 3 with lower wiad
speeds the mean levels are 116 and 12:6 km
respectively (Table 2). Tt would thus appear
that the stronger the jet stream, the lower
is the altitude of the maximum wind, Tt is well
known that the heights measured by radar are
subject to correction due to the curvature of the
earth when the wind speeds are strong
and the balloons are carried away to considerable
distances from the observation station.  The
correction K is given by K = I*/2R (Reiter 1963),
where | is the horizontal projection of the dis-
tance of the balloon from the radar and R is
earth’s radius of curvature. The correction for
the heights due to the earth’s curvature hava
been caleulated for the three-vear period under
study. These are as follows -—

Category 1 : - 0-248 km
Category 2 : -} 0:176 km
Category 3 - 0-108 km

TABLE 2
Mean spesd and hzight of the maximum wind over Delhi

Category Mean speed Mean height
(kt) (k)
1 163 111
| 124 11-6
3 82 12-6
Three eategories 114 11-9
together

The corrected heights bacome 11-3, 11-8
and 12.7 km for the Catagories 1. 2 and 3 res-
pectively, thus lending support to the exi stance
of relationship between the level of the maxi-
mum  wind and the speed of the maximum wind
pointed out earlier,

2.4. Table 3 gives the frequency of ocourrence
of maximam wind speeds over Delhi in ranges
of 10 kt.

The leval of maximum wind shown in the speed
ranges 60—89, 90—129 and 130—179 kt has
frequency maxima near 13, 12 and 11 km res-
pectively, leading to the inference that the
stronger the jet stream. the lower is its altitude.

2.5. Further, it was econsidered helpful in this
connection to study the westerly jet stream over
a station in the neighbouring countries, which
lies. nearly in the a same latitude as New Delhi.
Bahrain (Lat. 26° 16° N, Long. 50° 37" E, Ht.
2m a.m. s L) was chosen and maximum wind
data (Radar) of the station for the three months,
December to February of 1960-65 have been
collectod from T'he Daily Weather Report, Overseas
Supplement of London Meteorological Office and
utilized for the purpose. These were grouped
into the three Categories, 1, 2 and 3 mentioned in
%1

Table 4 gives the number of rawin ascents
under the three categories. The table shows
that ascents of Category 2 are more common
over Bahrain during winter (as in the case of
Delhi) than ascents of Categories 1 and 3. The
ascents of Category 1 are comparatively very few.
The percentage frequencies of 1, 2 and 3 catego-
ries, are 2:6, 65-3 and 32-1 per cent respectively.

Table 5 gives the mean values of the maximum
winds and their heights over Bahrain, during the
period under study. The mean values of the
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TABLE 3
Frequency of occurrence of max. wind speeds over Delhi
Wind speed (kt)
Heigl L e - e i o [ — ——
r;;i:ll;l r_-lsn - 70 Sl— 90— 100— 110— 120— 130— 140— 1530— I160— 170 — 180— 190— 200—
' (i8] 79 8 99 109 119 129 139 149 139 169 179 180 199 209
17 |
16 } |
15 2 3 1 1
14 2 | 4 4 | 3 3
13 4 g 5 | I O 2 3 2 3
12 2 4 4 6 8 11 12 L 5 4 1 1
11 | 4 3 1 51 6 i1 6 15 4 2
10 2 1 4 5 3 2 (i 1 4 1 3 1
] 2 1 1 2 1 1 1
8 1 1
TABLE 4 TABLE 5
Maximum wind data of Bahrain Mean values of max. winds and their heighis
over Bahrain
Vo. i Total X
Period — i R:lwm i — of tohrm Mean wind Mean height
(Dee-Feb)  Category Category  Category categories (Category gpeed (km)
1 9 3 (kt)
Y ] s o 11-7
1960-61 7 89 o4 160 ! 168 J
1961-62 3 136 39 178 2 119 11-9
1062-03 2 70 80 158 3 86 125
1063-64 8 126 26 160 iPhires abigorios -
1964-65 1 103 52 156 together 109 2
1960-65 21 530 261 812

maximum wind over Bahrain exceeds well over
100 kt.  The percentage frequency of ascents of
Category 2 (653 per cent) and the Table 5 show
that on 66+6 per cent of the number of days, the
wind speeds of about 115-120 kt are observed.

The same relationship exists between the
maximum wind speeds and the heights of the levels
of their occurrence, as in the case of Delhi. In
the case of Category 1 with mean speeds ex-
ceeding 150 kt, the mean heights of the level of
maximum wind is 11-7 km and for Categories 2
and 3 with lower wind speeds, the mean lovels
are 11-9 and 12-5 km  respectively. Thus, giving
support to the finding that the stronger the sub-
tropical westorly jet stream, the lower is the alti-
tude of the maximum wind.

3. Pictorial representation of the vertical wind profiles

3.1. In the initial stages of the study, the data
of the seasons December—February 1963-64 and
1964-65 only were available. Figs. 1. 2 and 3
depict the vertical wind prgﬁles of tha three
categories of ascents over Deflln. The mean profile
is also indicated in the diagrams by means of
dashed thicklines. The mean profile was rh:m\-'n by
picking out valves of wind speeds at 1-km interval
from ground for each of the ascents and evalua-
ting their means which were then connected up
gmoothly. Fig. 4 shows the mean profiles for
the three categories, separately for L]m. f-]'lf'ec
winter seasons {1963-66). The values of wind
speed in this case for the levels between 10-0 to
14-0 km were picked up at half a km interval.
Due to the variance in the levels of maximum
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wind from flight to flight, this proeess of obtaining
a mean profile has actually resulted in the mean

profiles showing peak values which fall short
of the mean values given in Table 2. Fig |

shows that the wind speed values are nearlyv
the same from the surface to about 3 km above.
From 3 kn, the mean profiles for the three cate-
gories branch out till they rejoin at about 16 km.
The beights of the peak values for Categorios 1,
2 and 3 ascents again show difference in the same
way as discussed above.  Another feature notieed
in Figs. 1 to 3 ix that there is steady increase of
wind speed with height in the case of ascents of
Categories 1 and 2 while there are fluctuations in
the changes of wind speeds with, haight for Cate-
gory 3 ascents,

3.2, Fig. b depicts percentage froquencies along
the vertical of the levels of maximum wind for
the 240 ascents taken up for study. It is seen that
the highest percentage frequencies of the lavels of
maximum wind for the three eategories of ascents
occur at about 11, 12 and 13 km respectively,
The curves also indicate that for Uategory 1,
nearly 50 per cent of the ascents have the level
of maxiumum wind at about 11 km while for the
other two eategories. the values of the highest
peicentage frequencies of the level of maximum
wind are about 35 and 20 per cent. The nature

of thess curves clearly show that faster wind
speeds oeeur at lower altitudes.

3.3. In Fig. 6 the vertical wind shears caleulated
for levels between 3-0 and 18-0 km, separately for
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the three categories are shown. The wind shear is
lowest at about 10.5, 11-5 and 12-5-km levels
for the Categories 1, 2 and 3 respectively. Thus
showing that the stronger the jet maximum,
the lowFr i8 its level of occurrence. It may be seen
from Fig. 6 that the highest and lowest values
of wind shear are in the Catagories 1 and 3
regpectively., :

4, Statistical parameters of upper winds and discussion

For the levels 10-0 to 14:0 km a. m.s. L, at
intervals of half a km, statistical parameters of
upper winds have been computed. Table 6
gives the various parameters for the three cate-
gories of ascents separately and for the three

categories together.

-
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TABLE &

Various paramefers of the three categories of ascents over Dethi separacely and for the three ca_egories together

No. of Mean Mian Mean Mean Direction  Standard  Standard
lLevel ahsorya- zonal meridional  scalar Veetor of mean  deviation deviation
tions comp, comp. wind wind veetor of the of the
wined zonal  meridional
t'ilm[l. 4<||IH||.
(km) () (8x) (Sy)
Category 1 > 150 kt
100 42 1323 2-3 1377 132:3 27 270 379
10+5 42 ~137-1 06 1430 1371 271 21-8 42+ 5
-0 42 12360 N2 1434 1360 e 44-6
115 2 12014 2.3 136+ 7 120+ 6 211 42-8
120 S —122-0 43 1254 122.2 24+ 9 37+3
12:5 a8 -123-2 72 274 1237 242 30-3
13:0 R -102-6 05 1065 5 1028 23-4 254
135 3 —06-5 13 999 071 16:6 23-7
1401 KT NN 1+4 EH T Shhef 2003 RO
Category 2 > 100 and < 150 kit
[0 17 =4 G -] 99-1 s 271 185 M- 6
10-5 17 A7-0 — 8 102-9 80 264 17-7 314
110 116 —1ol-6 02 10623 101+8 271 I8-0) 307
11:5 114 102- 4 —) N 1G5 1026 269 171 29-1
12-0 113 —10l-6 0H-2 157 ol+s 268 165 28-7
12-5 112 A8 5 (-2 LS 08+5 269 14:8
130 107 NG5 s 031 807 27 152 2542
13:5 105 —86* 8 e 2 S5 EUTEY 269 161 231
14+ 0 1] —T34 -3 5 79-3 60 268 159 23-4
Category 3 — 100 kit
1404 sl —=30 4 a e 2 U 275 18-3 21+3
-5 sl 570 a0 (] K T vt 295 164 21-4
1= sl ~Gl- 6 n il 5 Gl-s 254 145 I8-4
115 Bt —tis- b0 G54 (IR 274 13-6 18:2
12«00 1 —titi+ | 25 (HIET - 2 273 12-0 194
12:5 sl e 13 -0 tin- i G- 8 271 12-3 15-4
130 sl 4545 -7 678 657 271 13-4 166
13:5 sl -4 4 01 [[TIT fi5e | 20 Y 13-4
140 | THIER " 1851 (1RE] Hln 267 [EEN] 151
Three Caiegories together
100 240 N8 21 92-4 SN:2 72 - 258
15 240 011 1-1 - 2 Wi 271 33-3 3008
110 230 94-2 4t | 98- 7 42 272 315 203
11:56 236 0N 1-4 98- 1 ol ey 29 ()
12:0 233 0ne.7 i O+ 7 271 i 276
12:5 231 9= I -2 27 257 237
13- 224 N 2.3 Nbie 271 314 23-7
13- 5 S04 (R !] s S 195 M5
140 220 Tl 2¢] T ril BB 1871 17

Standard  Sx/'Sy  Steadi-
Viwtor Niss
deviation factor

[per eent)

165 071 W
T8 051 90
His 0 046 HAY
V7.7 AL 05
-8 067 05
8T (e 07
% Ot 091 (1]
259 1-70 w7
2R T 1= 001 a7
S4+9 063 095
3601 0506 05
357 059 O
338 0+ 54 a6
3342 0+ 58 6
2008 057 a7
2004 0G0 06
274 073 a7
27§ 071 0G
281 0+ 86 3]
274 0758 ]
204 =74 HIN
227 075 a6
233 0 66 M
19-9 051 a7
21-3 =51 a7
20000 0= K7 a7
200 096 a7
141 1- 14 a5
154 I-0s 51
A 104 )
-3 1-0] HIH
T 097 HIH
3400 =08 97
a31-2 UL E | 97
28-31 0-95 a7
207 (-u2 T

Note — Sign convention for wind component s
while wind components fom ywe ool -

: Wind components from past and north are designated as pasitive
with e designated as aegatioe. The unit for wind speed is knot
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4.1. The highest values of mean zonal component
and mean vector wind ave at 10-5, 115 and 12:5
lkm and those of mean sealar wind at 10-5. 11-5

and 12-0 km. for the Categories 1, 2 and 3
respectively,  The results confirm that the

stronger the sub-tropical westerly jet stream,
the lower is the altitude of maximum wind.

The westerly jet stream is very steady. The
steadiness factor ix of the order of 95 per cent.
Its speed, however, seems 1o vary from day-to-
day with a stondard vector deviation of the order

& =
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-~ \
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T
= \
5 : e
= ., )
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F 0
T,
80 100 120 0 160
SPEED « KNOTS
Fig. 4

Three winter seasons (1963-1966)
Mean profiles

of about 33 per cent of the mean vector wind and
the ratio of the standard deviation of the zonal
component to that of the meridional component is
of the order of 0.6.

4.2. The sub-tropical westerly jet streamn is
present over northern India in winter at about
12 km. When lml;u‘ air associated with lower
tropopause comes down to the lower latitudes in
winter, the jet-level lowers down to about 10 km
and the maximum wind inereases to higher values
at lower heights. "
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