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Nocturnal surface inversions in central eastern India
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ABSTRACT. Monitoring of nocturnal surface inversions in the vicinity of Steel Authority of India Lid. Steel
plants at Bhilai. Bokaro, Durgapur and Rourkela in central eastern India, for 40 nights in January, February and
March 1990, indicated that surface inversions developed every night when weather conditions were favourable (clear
skies and light winds). The ceiling height of surface inversions generally increased as the night progressed, with
roughly two-thirds higher than 100 m and a maximum recorded height of 520 m. The maximum recorded surface
inversion strength (temperature difference between the surface and the ceiling) was 8.6C° at Durgapur, 7.4C° at Bhilai
and around 5.5C* at both Bokaro and Rourkela. A reasonable estimate of the strongest surface inversion would be
10C° to 12C" in the lowest 250 m of the atmosphere. The proportion of surface inversions greater than 4C* was 80% at
Durgapur, 55% at Bhilai. 45% at Bokaro and 10% at Rourkela, These differences between locations were caused largely

by varying weather conditions during the monitoring period.

Key words — Nocturnal surface inversions, Inversion occurrence, Inversion height. Inversion strength.

1. Introduction

The dispersion of emissions of air pollutants is
determined by conditions prevailing in the atmosphere
into which the discharge occurs. The two atmospheric
parameters that primarily influence dispersion are the
temperature and wind regimes. A series of atmospheric
soundings was therefore undertaken to measure verti-
cal profiles of temperature, particularly inversion
characteristics, and wind between the ground and
heights up to 1 km, in the vicinity of SAIL (Steel
Authority of India Ltd.) steel plants at Durgapur
(23°34'N, 87°18'E, 100 m), Bokaro (23°38'N, 86°09'E.
220m), Rourkela (22°14'N, 84°53'E, 200m) and Bhilai
(21°11'N, 81°21'E, 300 m). This was part of a World
Bank funded modernisation project which included
environmental management and pollution control. To
monitor worst case conditions the soundings were con-
ducted when inversion occurrence and development
would be expected to be strong and atmospheric dis-
persion would be poor, during the months of January,
February and March.

2. Instrumentation

Vertical soundings of dry bulb & wet bulb tem-
perature and wind speed & direction were recorded
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using a 2A Tethersonde atmospheric profiling system,
manufactured by Atmospheric Instrumentation
Research Inc. This system comprises a balloon, an
attached sensing instrument, a winch, a ground station,
a printer and a cassette recorder. The winch and
ground station can both be operated on either 240-volt
A.C.or 12-volt D.C. power supply. Twelve-volt batteries
were used at all four locations.

The aerodynamically shaped, orange coloured
balloon is about 5 m long and Im in diameter at its
widest point. When filled with helium gas it can lifta
payload of approximately 2 kg. The balloon is tethered
to a winch on the ground by a Kevlar line, which has a
breaking strain of 100 kg. The tether line is 1 km longso
the balloon can attain an elevation of up to 1000 m in
very light winds. In stronger winds the maximum
height is restricted. The balloon is raised by slowly
unwinding line off the winch. Should the line break, a
pressure-sensitive puncturing device, fitted to the
balloon, will cause it to deflate at an altitude above
1 km.

Suspended just beneath the balloon is an instru-
ment which measures temperature, humidity, wind
speed, wind direction and pressure (which can be con-
verted to height) This instrument takes measurements
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TABLE 1

Variation of surface inversion cciling (m) and strength (C®) with time at Durgapur

Time (hours)

Night
1800 2000 2200 2400 0200 0400 0600
1990 Ceiling (m)
Jan 20/21 60 80 190 70 230 290 290
Jan 21/22 40 90 70 70 160 230 240
Jan 22/23 160 80 140 160 260 230 120
Jan 23/24 70 50 100 180 140 80 270
Jan 24/25 70 90 100 160 180 170 150
Jan 25/26 60 100 100 120 160 160 130
Jan 26/27 60 |0 90 140 90 160 320
Jan 27/28 50 90 100 270 310 210 360
Jan 28/29 - — 120 — — — 240
Jan 29/30 —_ —_ 70 100 60 - —_
Average 70 80 110 140 180 190 240
S.D. 17 15 36 62 80 65 86
Maximum 160 100 190 270 310 290 360
Minimum 40 30 70 70 60 80 120
1990 Strength (C°)

Jan 20/21 37 5.0 l6 49 44 4.0 33
Jan 21/22 4.8 54 58 52 5.2 4.8 19
Jan 22/23 49 53 47 24 1.8 27 4.0
Jan 23/24 4.6 4.8 4.0 48 55 6.6 52
Jan 24/25 4.1 6.0 55 49 55 50 17
Jan 25/26 50 5.2 36 37 45 40 4.1
Jan 26/27 4.6 58 59 35 4.6 49 44
Jan 27/28 56 6.7 74 71 6.8 72 78
Jan 28/29 — —_ 69 *32 *16 - g6
Jan 29/30 —_ —_ 4.5 5.0 47 *3.1 L LA
Average 47 55 5.2 4.6 48 49 5.0
SD. 0.6 0.6 1.3 1.3 1.3 14 19
Maximum 5.6 6.7 74 7.1 6.8 7.2 8.6
Minimum 4.1 48 36 24 1.8 2.7 37

* Excluded from analysis as strong wind forced sounding to be terminated before reaching ceiling.

** Excluded from analysis as recorded by airsonde.

every 15 secand transmits FM signals (at403.5 M11z) of
recorded data to the receiving ground station. The
ground station processes the incoming signals and out-
puts the data to a visual display unit, a printer and a
cassette recorder.

Belore the soundings commenced. details of the
operations were supplied to the National Airports
Authority who issued a NOTAM (Notice to Airmen)
warning pilots to avoid [lying in the vicinity. Since the
soundings were conducted at night. flashing red. green
and white lights had to be affixed below the balloon
and laid out in a triangular pattern on the ground. as a
further precaution to aircraft.

To avoid tangling the tether line or puncturing the
balloon. an area clear of trees and power lines was
required [or operating the tethersonde system. Suitable
sites werc selected in cach steel town at distances rang-
ing between 3 km and 10 km from the plants.

3. Data presentation

Plotted in Figs. 1-4 are selected profiles recorded
during the soundings conducted at the steel towns in
January, February and March 1990. Profiles are pre-
sented of measured values of dry bulb temperature. wet
bulb temperature, wind speed and wind direction as
well as calculated values of relative humidity and
potential temperature. Fig. 1 shows a strong. shallow
surface inversion at Durgapur: Fig. 2 illustrates
elevated and surface inversions in the same profile at
Bokaro; Fig. 3 presents an elevated inversion at
Rourkela; and Fig. 4 depicts a deep surface in-
version at Bhilai.

Data on surface inversion ceiling heights and
strengths (temperature difference between the ground
and the inversion ceiling) are presented in Tables 1-4
(onc for cach location) and their frequencies are sum-
mariscd in Table 5. ‘
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TABLE 2
Variation of surface inversion ceiling (m) and strengih (C°) with time at Bokare
| Time (hours)
Night
1800 2000 2200 2400 0200 0400 0600
Ceiling (m)
1990

Feb 677 110 140 320 180 270 300 150

Feb 7/8 70 60 160 160 340 400 300

Feb 8/9 0 100 220 340 520 *410 230

Feb 9/10 60 60 190 170 340 180 260

Feb 11/12 30 150 200 360 240 280 130

Feb 12/13 50 140 240 90 100 130 330

Average 70 110 220 220 300 260 230

S.D. 29 41 55 108 139 106 80

Maximum 110 150 320 360 520 400 330

Minimum 30 60 160 90 100 130 130

Strength (C°)
1990

Feb 6/7 17 4.5 3.1 43 5.4 53 43

Feb 7/8 35 s 1.6 23 3.0 4.0 4.6

Feb 89 4.1 38 4.0 38 5.0 *42 31

Feb 9/10 39 3.6 4.6 39 4.6 42 44

Feb 11/12 1.1 24 20 34 26 29 29

Feb 12/13 1.8 1.6 4.1 47 5.0 55 53

Average 27 33 32 37 43 44 4.1

SD. 13 11 12 08 1.2 11 0.9

Maximum 4.1 45 46 47 54 55 53

Minimum 1.1 1.6 16 23 26 29 29

* Excluded from analysis as sounding terminated before inversion ceiling reached.
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4. Mecasurement program

The aim of the measurement program was to lake
seven soundings a night for ten nights at cach of the
four steel towns. with the target times being 1800 hrs
(1830 hrs at Bhilai). 2000. 2200, 2400. 0200. 0400 and
0600 hrs.

4.1. Durgapur

Soundings commenced at Durgapur. on the lawn of
Tagore House. on the night of 20/21 January 1990 and
continued for ten successive nights until 29/30
January 1990. The measurement program was adhered
to apart from the last two nights. when the annual
flower show being held on the lawn precluded soun-
dings before 2200 hrs. The sounding at 0400 hrs on 29
January was cancelled due to strong winds, This
resulted in a total of 65 soundings. Fig. 7 shows the
tethersonde system and the hangar which was con-
structed at Tagore House for storing the inflated
balloon when it was not being used during the
daytime.

4.2. Bokaro

Soundings at Bokaro began. on the airstrip apron.
on the night of 6/7 February 1990 and concluded on the
night of 19/20 February 1990. The proposed program
was followed for six of the first seven nights (totalling42
soundings). Unseasonal. inclement weather conditions
prevailed thereafter. with strong winds. overcast skies
and rain (which tallied 80-mm at Bokaro in February
1990. the third highest total in 24 years of observations)
limiting the number of soundings to only nine in the
subsequent seven nights. Conditions during the sccond
week were not conducive to the formation of strong sur-
face inversions. so only the first 42 of the 51 soundings
that were recorded are included in the following
analyses.

4.3. Rourkela

Soundings at Rourkela commenced, on the parade
ground of the Fourth Battalion of the Orissa Special
Armed Police on the night of 22/23 February 1990, and
continued for ten successive nights until 3/4 March
1990. The measurement program was adhered to except
when rain, heavily overcast skies and strong winds
prevented soundings being conducted on eleven
occasions, making a total of 59 soundings. Apart from
the [irst. fifth and sixth nights. the prevailing windyand
cloudy conditions were not conducive to the develop-
ment of strong surface inversions. Fig. 8 shows
the tethersonde system on the parade ground with
the power station for Rourkela Steel Plant in the
background.

4.4. Bhilai

Soundings were conducted at Bhilai on the cricket
ground north of the Bhilai Hotel. commencing on the
night of 7/8 March 1990 and concluding on the night of
17/18 March 1990. Soundings were conducted on ten of
these eleven nights. The proposed program was
followed on eight nights. but strong winds, overcast
skies and rain reduced the number of soundings to six.
none and one on the nights of 9/10, 10/11 and 11/12
March respectively. making a total of 63 soundings.
The single sounding on 11/12 March recorded lapse
conditions above the surface and is not included in the
following analysis.

5. Results

An appraisal of results from the soundings
shows :

(i) Surface inversions were recorded in every
sounding at Durgapur. Bokaro (in the first
week) and Bhilai (except as above). and in 45
out of the 59 soundings at Rourkela.

(ii) Surface inversion ceiling heights generally
increased as the effects of cooling at the surface
penctrated to greater elevations during the
course of the night. The trend was less pro-
nounced at Rourkela.

(ifi) Surface inversion ceiling heights varied
from :

40 m to 360 m at Durgapur with approximately
two-thirds exceeding 100 m:

30 m 1o 520 m at Bokaro with more than three-
quarters exceeding 100 m:

20 m to 450 m at Rourkela with almost two-
thirds exceeding 100 m;

30 m to 330 m at Bhilai with more than two-
thirds exceeding 100 m.

(iv) At Durgapur. the strength of the surface inver-
sion generally attained its maximum value at
2000 hrs to 2200 hrs. This attainment of maxi-
mum strength early in the night may have been
caused by the air at the surface becoming
saturated. resulting in the release of latent heat
and a slower rate of cooling at the surface than
athigherlevels. At the other three locations. the
strength of the surface inversion generally
became greater as the night progressed, in-
creasing from an average of :
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Fig. 7. Tethersonde system at Tagore House. Durgapur

Fig. 8. Tethersonde system on parade ground of Orissa Special
Armed Police at Rourkela with power station for steel
plant behind

TABLE 3

Variation of surface inversion ceiling (m) and strength (C°) with time at Rourkela

Time (hours)

2400

1990

Feb 22/23
Feb 23/24
Feb 24/25
Feb 25/26
Feb 26/27
Feb 27/28
Feb 28/Mar 1
Mar 1/2
Mar 2/3
Mar 3/4
Average
SD.
Maximum
Minimum

1990

Feb 22/23
Feb 23/24
Feb 24/25
Feb 25/26
Feb 26/27
Feb 27/28
Feb 28/Mar 1
Mar 1/2
Mar 2/3
Mar 3/4
Average
S.D.
Maximum
Minimum

19
17
46
05

Ceiling (m)

320
90
20

L

140

360
30

i
80
L

360
20

Strength (C®)

39
13
0.7
L
42
49
04
i
04
L
23
20
49
04

i — isothermal,

L — lapse
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2.7C° at 1800 hrs to 44C° at 06400 hrs at
Bokaro:

0.6C° at 1800 hrs to 2.5C° at 0600 hrs at
Rourkela:

19C° at 1800 hrs to 5.1C° at 0600 hrs at
Bhilai.

(v) At Durgapuf. the surface inversion strength
ranged from 1.8C° to 8.6C°, with more than
three-quarters of the inversions exceeding 4C°.
Surface inversion intensities (average tempera-
ture gradient between the surface and the ceil-
ing) were higher at Durgapur than at the other
plants and exceeded 10C°/100 m when the
inversions were shallow early in the evening on
21. 23 and 27 January 1990 (see Fig. 1). At the
other three steel towns. the strength of the sur-
face inversion ranged from :

1.1C° t0 5.5C° at Bokaro with almost hall ol the
inversions exceeding 4C”:

Up to 54C” at Rourkela with approximately
10% of the inversions exceeding 4C”:

0.9C® to 7.4C* at Bhilai with more than hall the
inversions exceeding 4C”,

vi) There was generally good agrecement belween
wind velocities recorded by the tethersonde at
Durgapur and deduced [rom pilot balloon
observations by the India Metcorological
Department at Panagarh Airport. some 20
km southeast.

6. Weather

Table 5 compares results from the four steel towns
and shows considerable differences in their measured
surface inversion regimes. The maximum recorded
surface inversion strength was 8.6C° at Durgapur.
74C” at Bhilai and around 5.5C*® at both Bokaro and
Rourkela. The proportion of inversions greater than
4C” was 80% at Durgapur. 55% at Bhilai, 45% at Bokaro
and 10% at Rourkela. To ascertain if such differcnces
really exist between the four sites or whether they were
caused by varying prevailing weather conditions when
monitoring. reference was made to observations at
meteorological stations near the plants.

A good indicator of the potential strength of noctur-
nal surface inversions is the difference between the
maximum temperature on the previous day and the
minimum temperature overnight — the daily tempcra-
ture excursion. The most proximate stations where
daily temperature excursion data readily available

arc India Meteorological Department stations at
Durgapur. Panagarh (20 km southeast of Durgapur)
and Jharsuguda (100 km southwest of Rourkela). and
stcel plant stations at Bokaro and Bhilai. Unfor-
tunately the minimum thermometer at Panagarh
mallunctioned in February 1989 and remained out of
commission for more than one year so the required
data were not available there. Observations at
Durgapurshowed solittle variation from one day to the
next that they were deemed suspect. Recourse was
therefore made to the India Meteorological Depart-
ment station at Dhanbad (100 km northwest of
Durgapur). Compiled in Appendices I and II are
maximum and minimum temperatures recorded at
Bokaro and Bhilai respectively for 15 months from
January 1989 to March 1990. Data from the India
Meltecorological Department stations at Dhanbad and
Jharsuguda have not been reproduced here.

Fig. 5 is a time series plot comparing the tempera-
ture difference. recorded as the maximum in the verti-
cal profile each night by the tethersonde and observed
between the maximum and minimum temperature at
the proximate meteorological station, for the period of
tcthersonde monitoring from 20 January to 18 March
1990. This figure graphically displays the close corres-
pondence between the maximum surface inversion
strength and the daily temperature excursion. It also
shows that the prevailing weather conditions during
the monitoring program were most conducive to
development of strong surface inversions when soun-
dings were conducted at Durgapur. then progressively
less favourable at Bhilai, Bokaro and Rourkela. This
indicates that the varying inversion regimes observed
at the four steel towns were attributable more to prevail-
ing weather conditions than to inherent site
characteristics.

Fig. 6 is a regression plot of the maximum surface
inversion strength and the daily temperature excursion
(minus ten degrees), which shows that the correlation
between these parameters accounts for more than 60%
of the variance.

The daily temperature excursion data for the
proximate meteorological stations in Appendices I and
Il provide an indication that the monitoring period
encompassed the most suitable weather conditions [or
maximum development of nocturnal surface inver-
sions and enable a coarse prediction of how much
stronger than the measured values extreme surface
inversions might be. In 1989, daily temperature excur-
sions were generally greatest in the months from
January to April, with the maximum value occurring in
April at Dhanbad, in March at Bokaro, and in Feb-
ruary at Jharsuguda and Bhilai. These 1989 maxima
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TABLE 4

Variation of surface inversion ceiling (m) and strength (C?) with time at Bhilai

Time (hours)

Night

1830 2000 2200 2400 02040 (400 0600
Ceiling (m)

1290
Mar 7/8 6l 110 140 80 130 220 330
Mar 8/S 70 70 70 191 110 230 230
Mar 9/10 30 — 170 130 120 RO 90
Mar 11/12 L — — — — —— —
Mar 12/13 S0 70 130 150 140 130 230
Mar 13/14 80 140 140 150 110 150 160
Mar 14/13 50 90 100 140 130 270 320
Mar 15716 [ 70 80 170 130 R0 320
Mar 16/17 o) 80 130 140 110 160 120
Mar 17/18 Al 110 120 110 100 200 240
Average ol 90 120 140 120 190 250
S.D. 14 35 33 » 13 8 hE|
Maximum 80 140 170 190 140 280 330
Minimum 30 70 70 110 100 80 90

Strength (C%)

1990
Mar 7/8 14 32 29 24 iR 1 4.0
Mar 8/9 31 4.1 17 52 42 32 ot
Mar 9/10 09 — 33 N LE 19 20
Mar 11/12 I - — -— — — —
Mar 12/13 17 4.1 A5 47 3.7 49 45
Mar 13/14 14 3 4.8 4.2 6.3 6.0 6.2
Mar 14/15 23 2n 54 53 67 0.l 7.0
Mar 15/16 26 4.7 63 449 L 6.6 74
Mar 16717 23 4.1 1.3 4.0 i3 4.2 4.9
Mar 17/18 18 3.5 1.7 1.7 1.8 4.6 4.8
Average 1.9 3.7 R i 4.4 4.8 5l
S.D. 07 (O.R 1.6 1.3 i 1.4 1.6
Maximum 3. 4.7 Hhi 33 07 0.0 74
Minimum 09 2.0 1.7 1.7 1.8 19 20

. — lapse

were approximately 3C* higher than the maximum
daily temperature excursions occurring during the
sounding program at Durgapur. Rokaro and Bhilai.
while the difference at Rourkela was 6C*®. Fig. 6
indicates that the maximum recorded surface inver-
sion strength was roughly 10C” lower than the daily
femperature excursion. which suggests the maximum
inversion strength might be expeeted 1o be in the
vicinity of 10-12C".

7. Comparison with previous investigations

Previous ohservations  of  surface inversions
in India have heen reported by Sivaramakrishnan
e al (1971). Padmanabhamurty and Mandal (1979
1980y and India Mecteorological Department (1982,
1983). Sivaramakrishnan er al. (1971) analysed daily

mdiosonde  data from 15 stations in the India

Meteorological Department’s network for live ycars
from 1965 to 1969. In the wriangle formed with
Caleutta. Nagpur and Lucknow as apexces. which
encompasses the four steel planis. the occurrence ol
nocturnal surface inversions generally exceeded 90%
in the months from November to March. with hall 1o
three-quarters  of the surface inversions having
ceilings between 200 m and 500 m and approximately
10% exceeding 600 m. The analyses ol Sivarama-
krishnan et al. (1971) were updated by India
Meteorological Department (1982, 1983) in an evalua-
Hon of radiosonde data from 19 stations for the suc-
ceeding  five-year period  from 1970 10 1974
Occurrence frequencies in the latier five years were
lower by up to 2(%. Partition of inversion ceilings
into 100 m intervals indicated that more than halfl
were hetween 200 m and 400 m above ground

level.,
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Radiosondes are designed to provide information
on conditions in the upper atmosphere. They are not
intended to provide detailed data on surface inversions
in the lower atmosphere and their sampling rate lacks
the resolution to precisely determine fine structure.
Between January and March 1977. Padmanabhamurty
and Mandal (1979) conducted low level soundings.
with a sensor attached to a tethered balloon. at
Mathura. 150 km southeast of Delhi. They reported
inversion strengths of up to 9C° at Mathura and 7C°
at Delhi. where some 80% of surface inversions recor-
ded by radiosondes over ten years hetween 1968 and
1977 had ceilings between 100 m and 300 m.

Results from the SAIL soundings are in very good
agreement with findings from these ecarlier investi-
gations.

8. Conclusion

Monitoring for 40 nights in January. Februavy and
March 1990 indicated that surface inversions deve-
loped every night when weather conditions were
favourable (clear skics and light winds). The ceiling
height of surface inversions generally increascd as the

night progressed. with a maximum recorded height of

520 m and roughly two-thirds higher than 100 m. The
maximum recorded surface inversion strength (tem-
perature difference between the surface and the ceil-
ing) was 8.6C° at Durgapur. 74C° at Bhilai and
around 5.5C* at both Bokaro and Rourkela. The pro-
portion of inversions greater than 4C° was 80% at
Durgapur, 55% at Bhilai, 45% at Bokaro and 10% at
Rourkela. These differences hetween locations were
caused largely by varying weather conditions during
the monitoring period.

For modelling atmospheric dispersion under

assumed worst casc  stability  conditions  the

measurements indicate that a reasonable estimate of
the strongest surface inversion would be 10C* to 12C*°
in the lowest 250 m of the atmosphere.
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