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I took leave from all through March editorial. I 
never expected that I would be writing May issue’s 
editorial, as official term of my editorship continues 
only till 31st March (this editorial has been written in 
February). Since final edited versions of papers need 
to be published on time to make the contributors 
happy and as the incoming editor officially takes 
charge only from 1st April, to avoid delay in releasing 
the May issue I have completed basic structuring of 
the issue before end of February and continued pre 
publication procedures. After sending the galley proofs 
of all the articles for correction by respective authors 
I proceeded to US on 15th March to spend 3 months 
with my son, daughter and couple of my friends. The 
responsibility of sending the corrected galley proofs 
to publisher, after correcting any errors was entrusted 
to Dr. A.S.S.S.R.S. Prasad, Org. Secretary of IGU, 
who is well versed with such procedures. Due to the 
concerted efforts of many well wishers of JIGU the 
May issue was released on time. The next issue in 
July will be processed and published by the new editor 
Dr. O.P. Pandey. I wish him success in enhancing the 
quality of the journal. 

For this issue I selected a topic that is relevant to 
motivate talented female earth scientists.

Gender bias in Earth science research

In one of the most detailed breakdowns yet 
of gender bias in scholarly publishing, the American 
Geophysical Union (AGU) in Washington DC has 
found that its female members submit fewer papers, 
and are asked to be peer reviewers less frequently, 
than men. The effect holds across all age ranges, 
from scientists in their twenties to those in their 
seventies (P.S: I have noticed similar effect even 
in India. Random statistical evaluation of JIGU 
publications shows prevalence of similar trend). 

The AGU began the study at the request of Marcia 
McNutt, the former editor-in-chief of Science who is 
now president of the US National Academy of Sciences 

in Washington DC. Lerback and Hanson of AGU 
examined information from 97,431 people, cross-
referencing their e-mail addresses with the editorial 
databases of the 19 AGU journals that existed at the 
time. About 29% of the society’s members are women. 
Between 2012 and 2015, women who published in 
AGU journals as first authors had submitted about 
1.8 papers each, compared with 2.1 papers for men 
in the corresponding situation. And women served 
as peer-reviewers just 18% of the time. The gender 
differences persisted across age groups, with the 
greatest discrepancy for the youngest scientists, in 
their twenties. When asked for the names of possible 
peer reviewers, female first authors suggested female 
reviewers 20% of the time, whereas male first 
authors suggested women 15% of the time. Women 
also declined invitations to serve as peer reviewers at 
higher rates than men, completing an average of 3.65 
reviews each, compared with 4.34 for men. Scientists 
who miss out on the chance to participate in peer 
review are also missing opportunities to develop 
their reputation and professional skills, says Hanson. 
“Reviewing is a way to impress people,” he notes. Dan 
Lovegrove, a geology publisher for Amsterdam-based 
publishing group Elsevier, stated  that although 30% 
of contributions to Elsevier’s Earth and planetary 
science journals come from women, only 13% of its 
journal editors are female. He says that the company 
has launched a pilot project to encourage gender 
equality in recruitment for its editorial boards. 
(Source:Nature doi:10.1038/nature.2016.20708).

I have selected the topic cited above for this issue’s 
editorial after reading an excellent article by Dr. 
Kusala Rajendran, a renowned Seismologist working 
as Professor at IISc, Bengaluru. She has mentioned 
in an essay recalling the events, influences, and 
challenges that have shaped her professional life  
that the India of her childhood did not encourage 
girls to reach their full potential. She recalls how 
Indian society of her childhood (and perhaps even 
now) has remained profoundly patriarchal. With 
a strong resolve to do well in academics she joined 
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Roorkee University to pursue her post graduate 
studies in Geophysics. She recalls that out of nine 
students admitted that year, she was the only woman 
in the batch of 1976. There had been no women in 
the two senior years either. She recalls that she often 
found herself feeling lonely and isolated as a result, 
especially during field trips. After completing her 
education she jointed as a junior scientist at CESS 
(Trivandrum) and got married to C.P. Rajendran. 
Subsequently she went on a study leave to the US, 
where she did her PhD under the supervision of 
Prof. Pradreep Talwani, at the University of South 
Carolina. After she returned to India 1993, she along 
with her husband, carried out significant studies in 
Latur, Kutch, and the Himalaya. Their papers have 
received considerable attention and are well cited and 
as a  geologist-seismologist duo, they have achieved 
a degree of recognition. Despite the recognition, 
she recalls how she often found herself feeling 
professionally isolated, which motivated her decision 
to move to IISC where she helped to establish the 
centre for Earth sciences.

Some points in her recollections are thought provoking 
and deserves attention and discussion. For example,  
she notes that limited female representation at top 
positions in Indian science establishments could 
well be a factor that inhibits rightful representation 
and recognition for deserving female candidates. 
Although she finds the national science academies 
in India relatively better in this regard, she remains 
unconvinced that individuals are being judged solely 
on intellectual merit. She also makes an interesting 
observation on the conflicts that women of her 
generation, who are inextricably bound to the cultural 
and social values face in their professional life. Thus, 
one has to remain subservient in the family sphere, 
where as  higher-level administrative or leadership 
positions demand leadership. Many other women in 
command-driven and male-dominated professions 
seem to share this view point. A unique challenge she 
has faced as an earthquake scientist is participating 
in field work at remote locations, which in her 
case was made possible through the collaborative 
research with her husband.  Her recollections touch 
on the  experiences of a few female scientists whose 

professional ambitions could not be fully achieved 
due to such constraints. (Source: An Indian 
Geophysicist Reflects–Kusala Rajendran). Our 
grateful thanks are due to Dr. Hortense Marcelin, 
Managing Editor, Inference: International Review 
of Science (Quarterly Email Newsletter) Paris, 
France, for permitting us to publish the bio-sketch 
of Kusala Rajendran in JIGU. (For more details visit 

www.inference-review.com).

Prof. Kusala Rajendran tells the story of her journey 
as a Geophysicist that started in the mid-70s. Sure, 
it was an uncommon choice of study for a girl at that 
time. Societies and establishments have changed 
since then. There seems to be some improvement 
in the recent times as evidenced by equal number of 
girls compared to boys at the Post graduate level in 
the Geophysics department of Andhra University, 
Visakhapatnam and good number of research fellows 
in the research institutes like CSIR-NGRI. Let us 
hope for a much improved status for young women 
researchers. But whether there are equal opportunities 
for both genders, whether the women can fearlessly 
move about and do field work in remote areas and 
whether their families would treat it as normal for a 
woman professional to be travelling to distant areas 
are issues that would remain as deterrents at least in 
the path of some female researchers. For significant 
improvement in the quality of our research pursuits, 
it is extremely essential for us to eradicate the 
gender bias and encourage women scientists to be 
self sufficient in every respect. Rajendran’s story 
asserts every woman that they are no less in their 
talents and that they too can do it. Such an assertion 
is supported by significant works carried out by 
many female scientists. As I was concluding this 
subsection of my editorial I came across a write up 
(Physics Today, 1 January, 2018, PP 46-52) on 1834 
mathematician Mary Somerville. She published “On 
the Connexion of the Physical Sciences”, a work that 
was instrumental in the making of modern physics 
as a discipline. Apart from receiving rare appreciation 
from her male contemporaries “Connexion” also 
posed key questions ….Could women excel at 
science? Were the scientific writings of a woman 
inherently different from those of a man? Cambridge 



philosopher William Whewell in his review of 
“Connexion” believed that in the rare circumstance 
when a woman wrote from deep knowledge, she 
could do so not with a concern for grubby industrial 
utility but with lucid metaphysical clarity. Female 
authorship offered the possibility of direct insight 
into the laws of nature. Somerville wrote because she 
believed in the importance of what she had to say 
and in her significance as a symbol of self education, 
liberalism, and woman’s rights. She realized that the 
most powerful way of communicating her message 
was through the story of her own life. Dr. Kusala 
Rajendran probably believed similarly and brought 
out her Bio-Sketch. It is clear from the details given 
above that gender bias existed since time immemorial, 

but, a female scientist of either 19th century or 21st 
century could excel if there is a profound resolve to 
excel against many odds. I do hope that our young 
female earth scientists will follow in the footsteps of 
Dr. Kusala Rajendran and break all the barriers that 
inhibit their growth as excellent scientists.

In this Issue: 

In this issue there are 12 research articles and one 
Technical note, apart from the editorial.

I profoundly thank the Editorial team and IGU 
management for achieving a significant level of 
quality to JIGU. 

                                             P.R.Reddy
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ABSTRACT
We developed a methodology to study the depth and aerial extent of aquifers in the Dhotra-Jahangir area of 
Washim District, Maharashtra to yield better results with more reliability. The area was selected as a model 
to solve existing groundwater problems due to the droughts of 2013 and 2016 in Maharashtra. 
The 2-D interpretation of the data helped to delineate the groundwater horizons, their thickness and 
orientation for identifying dug-cum-borehole sites. The higher values of real and imaginary component in 
the VLF-EM profile indicate a low resistive zone which can be attributed to weathered or fractured basalt. 
The Dug well at the suggested site revealed the static water level at 3.8 m during April 2013. Thus, the 
integration of resistivity and VLF-EM methods proved to be effective in locating the sources of groundwater 
with a yield of about 9500 lph which successfully addressed the problem for drinking and cultivation 
purposes during the entire year. 

Key words: Deccan Basalts, Dhotra Maharashtra, Gradient Resistivity Profiling, VLF-EM method, Vertical 
Electrical Sounding..

INTRODUCTION

The Deccan Lavas are mostly alkali basalts with many 
irregular flows dipping in different directions (Agashe and 
Gupte, 1971). They also represent variable morphology, 
structure and texture depicting thick extensive flows 
of compact basalt, flows of amygdaloidal basalts and 
thin irregular flows of vesicular basalts (Karmakar, 
1978; Adyalkar and Mani, 1971). The lateral extent of 
individual flows is of the order of 20 to 160 km (Bean et 
al., 1986; Choubey, 1973). The Deccan Trap region which 
comprises of the continental flood basalt with a variety of 
compositions and many trace elements (Mahoney, 1988) 
offers a challenge to Earth Scientists to understand the 
occurrence of groundwater. 

The occurrence of groundwater in this region though 
is not scanty; the source finding becomes challenging 
as the source is unevenly distributed and controlled by 
faults, fractures, joints etc., and the weathered layer 
(Singhal, 1997; Deolankar, 1980; Dhokarikar, 1991; 
Ghosh et al., 2006; Limaye, 2010). Hence, the areas with 
extensive agriculture activity faced acute scarcity due to 
the unscientific source finding.

In Maharashtra, the Groundwater Surveys and 
Development Agency (GSDA, 1974; 2001; 2008; 2010) 
under the Water Supply and Sanitation Department is 
the primary agency involved in solving the drinking 
water and irrigation problems in rural and urban areas. 
The initial study in such areas includes study of aerial 
photos, geo-hydrological data and existing bore well data. 

Integrated geophysical studies have proved to be effective 
in delineating the prospective aquifer zones in the Deccan 
Basalt region (Deshpande and Sen Gupta, 1956; Bose and 
Ramakrishna, 1978; Nishat Ahmad, 2001; Shettigara and 
Adams, 1989; Kulkarni et al., 2004). 

A rectangular area of length 600 m and width 180 
m in Gat No. 29 (Figure 1) was chosen to conduct the 
geophysical surveys for the present study in the basaltic 
rock terrain within the Tapi Basin. Hydro-geological study 
of the area revealed that majority of the region is dry and 
not suitable for groundwater extraction. The only sources 
of groundwater in this area are one dug well (6 m deep) 
and one bore well (120 m deep) which were reported to 
be dry during all seasons affecting drinking and irrigation 
requirements.

To address the above issue, detailed geo-hydrological 
and geophysical surveys comprising Resistivity and VLF-
EM surveys were conducted in the study area to suggest 
new sources for drilling based on the interpreted results. 
The present study clearly demonstrates the efficacy of 
integration of different methods in delineating pockets of 
groundwater potential in the basaltic terrain which could 
be adopted in similar virgin areas to address the scarcity 
of water for drinking and irrigation purposes. 

STUDY AREA

The Study area, Gat No. 29 (Figure 1) is located due 
northwest at about 2.5 km distance of Dhotra-Jahangir 
village settlement (Govtan), Taluka Karanja, District 
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Washim, Maharashtra, India. The area falls in the SE 
quadrant of Survey of India Toposheet No 55 H (1:250,000 
scale) and the elevation is 336 m above mean sea level 
(MSL).

The study area falling under the Tapi Basin and 
designated as Watershed PTU-2 is covered by a normal 
to undulating topography with a gentle slope towards the 
southern part of the area. The streams flow from northeast 
to southwest direction. The drainage pattern is dendritic 
to sub-dendritic and all streams are seasonal (Figure 1). 
The area receives a rainfall of about 702 mm. during the 
southwest monsoon.

Geological and geo-hydrological study

The geo-hydrological surveys comprise of the observations 
of the well sections of 6 dug wells and 8 bore wells in the 
area. The Deccan Traps formed due to fissure type volcanic 
eruption activity during upper cretaceous to lower Eocene 
periods encompass the entire area under investigation. 
The delineated aquifers are mostly situated in weathered, 
vesicular, or fractured basalt underlain by compact basalt. 
The dug wells with depths ranging from about 6 to 7 m go 
dry during the summer months starting from March while 
the bore wells with depths between 60 and 150 m show 
a reduced yield. Three different layers viz., top soil cover 
between 1 to 1.5m depth, a middle layer from 1.5 to 5.5 
m followed by compact massive basalt were observed from 
the dug well sections. 

Geophysical study 

Geo-electrical profiling and sounding were earlier carried 
out to decipher both lateral and depth variations of 

resistivity covered by different geological formations 
(Telford et al., 1976; Yadav and Singh, 2007). The Very 
Low Frequency (VLF) electromagnetic method (Paterson and 
Ronka, 1971) has been proved to be a fast and easy tool 
for locating fractures in hard rock terrain for groundwater 
exploration (McNeill, J.D., 1991; Sharma, and Baranwal, 
2005; Sundararajan et al., 2007).   

VLF-EM and Electrical resistivity data were acquired 
along 9 traverses (Figure 2). The VLF-EM survey was 
conducted using ABEM-VLF Wadi equipment and the 
resistivity profiling was conducted with a McOHM 
Resistivity meter. The real and imaginary components 
were obtained using the VLF Wadi equipment along the 
profiles. The McOHM resistivity meter is a digital stacking 
instrument with the transmitter and receiver completely 
housed in a case and is controlled by an 8-bit CPU. The 
maximum output of the transmitter is 400 V peak to peak 
and 200 mA from an inbuilt battery or external 12V battery 
through a pressure boosting circuit.

The profile lengths range from 500 to 600 m. The 
observation interval is 10 m and the profile interval 
is 20 m. Further, based on the VLF-EM and Gradient 
Resistivity Profiling (GRP) surveys, which were conducted 
along nine parallel profiles, Vertical Electrical Resistivity 
Sounding (VES) were conducted at locations as shown in 
Figure 2. The results along the profiles 9010W, 9050W 
and 9090W show the utility of the geophysical surveys 
in successfully differentiating between the groundwater 
bearing zones and dry zones.

Analysis of VLF-EM and Electrical Gradient Profiles

The VLF-EM data was interpreted using RAMAG software 
of ABEM and the current density cross-sections were 

Figure 1. Location, Lineament and Drainage Pattern map of Gat No.29 Dhotra-Jahangir Village, Maharashtra 



Efficacy of Integrated Geophysical Techniques in Delineating Groundwater  
Potential Zones in the Deccan Basalt Region of Maharashtra

259

interpreted. The analysis of three profiles that were 
interpreted for the delineation of the aquifer zones in the 
area are discussed in this section. 

The profile P 9010W is 600 m in length and the existing 
dry bore well is situated at 440 m along this profile (Figure 
2). The VLF-EM in-phase and quadrature components 
(Figure 3a) clearly demarcate the areas of weathered and 
fractured basalts depicted by high and low values. 

The low values of the in-phase and quadrature 
components at 60 and 460 m observation points along this 
profile (Figure 3a) indicate the formation to be moderately 
weathered as lower current density values correspond to 
higher resistivity. The current density cross-section (Figure 
3b) is computed using Karous and Hjelt filter (Karous and 
Hjelt, 1983) from the in-phase component (Figure 3a) 
of the VLF-EM data. The higher current density values 
at 500 m observation point indicate a low resistive zone 
which can be attributed to a weathered or fractured basalt 
and more likely possibility of the presence of an aquifer 
zone in the area. Conductive zones at 70, 450 and 490 m 
distances of the profile P 9010W with a dip from northeast 
to southwest are observed from the pseudo depth section 
(Figure 3b) and are interpreted as weathered to fractured 
basalt. These were also observed in well section with a 
thickness of about 4 to 6 m (GSDA, 2010). The resistivity 
of weathered to fractured basalt in the area is about 10 to 
15 ohm m (GSDA, 2010). The conductive zones observed 
from 0 to 50 m along profile P 9010W are a part of the 
weathered to fractured basalt formations discussed earlier.
The GRP data along the P 9010W profile (Figure 4) reveals 
a low resistivity anomaly between 440-450 m and 500-520 
m of the profile indicating the formation to be moderately 
weathered basalt, which coincides with the conductive 
zones observed in the VLF pseudo depth section at 450 and 
490 m. At distances beyond 500 m, the current density 

concentration (Figure 3b) shows a high value of 10-15%. 
Also, the negative peak of in-phase does not correspond 
to a positive peak in the quadrature component or vice-
versa, which is considered as a characteristic behaviour for 
the detection of conductive bodies in the VLF-EM method 
(Paterson and Ronka, 1971) as is observed at a distance 
beyond 520 m (Figure 3a) hence not considered for further 
investigation.

The profile P 9050W (Figure 2) traverses the existing 
dry dug well at 140 m observation point. A low current 
density concentration observed between 100 to 140 m 
along the profile P 9050W (Figure 5b) indicates a high 
resistivity zone. This phenomenon is also observed from 
the GRP data (Figure 6). As inferred from VES 2 (Table 2) 
the resistivity of this formation is approximately 100 ohm 
m with a thickness of about 10 to 14 m, which is massive 
basalt and is oriented in a northwest to southeast direction.

The profile P 9090W (Figure 2) traverses along the 
existing and yielding dug well at 230 m observation 
point. High current density anomalies are observed at 
70 and 230 m along this profile (Figure 7b) indicating 
weaker zones, which could be weathered, vesicular and/or 
fractured basalt coinciding with low resistivity zone at this 
location in GRP data (Figure 8). The GRP data (Figure 8) 
shows lows at 70, 230, 450 and 500 m.  At 70, 450 and 
500 m, the VLF data did not indicate higher in-phase or 
quadrature components (Figure 7a) or high current density 
anomalies corresponding to that at 230 m (Figure 7b). 
Also, the quadrature component is clearly marked with 
an out-of-phase behaviour with respect to the in-phase 
VLF component (Figure 7a).  Hence, for these reasons, a 
sounding (VES3) was conducted at 230 m distance (Table 
2) which revealed a low resistivity layer of about 30 ohm 
m with a thickness of about 10-15 m implying  it to be 
a weak zone corresponding  to weathered, vesicular to 

Figure 2. Profile Layout for VLF-EM and Resistivity Profiling surveys (not to scale)
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Figure 3. VLF-EM Profile 9010W (a) Real and Imaginary components (b) Pseudo-depth section.

Figure 5. VLF-EM Profile 9050W (a) Real and Imaginary components (b) Pseudo-depth section.

Figure 4. Gradient Resistivity Profile along P 9010W.
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Figure 6. Gradient Resistivity Profile along P 9050W.

Figure 8. Gradient Resistivity Profile along P 9090W.

Figure 7. VLF-EM Profile 9090W (a) Real and Imaginary components (b) Pseudo-depth section
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and 3 were carried out on the profile P 9010W at 440 m 
(near an existing dry bore well), profile P 9050W at 140 
m (near an existing dry dug well) and profile 9090W at 
230 m observation point respectively (Figure 2). Encouraged 
by a 53 meter thick low resistive layer of 60 ohm m 
corresponding to the fractured basalt, a new dug-cum-bore 
well upto 60 m was suggested at the third location. The 
interpretation of the VES curves is shown in Table 2.

It can be observed from Table 2 that along VES1 and 
VES2 the weathered/fractured basalt formations show a 
resistivity of about 45 ohm m at depths of about 2-10 
m, while at VES3 the weathered vesicular basalt of 30-40 

fractured basalt, oriented from northwest to southeast 
direction (Figure 7b). 

RESULTS AND ANALYSIS

Based on the earlier studies (GSDA, 2010) and comparison 
of resistivity of different layers with well sections the 
following resistivity ranges are assumed for different 
formations.

Figure 9 shows the three Schlumberger Vertical 
Electrical Resistivity (VES) soundings carried out with 
maximum current electrode separation of 140 m. VES1, 2 

Figure 9. VES on profiles 9010W at 440 m, 9050W at 140 m and 9090W at 230 m observation points.

Table 2. Interpreted Results of VES along profiles 9010W, 9050W and 9090W. 

Layer 
No

Interpreted geological 
formation

VES 1 
P 9010W 440 m

VES 2
P 9050W 140 m

VES 3
P 9090W 230 m

Resistivity
ohm m

Depth
m

Resistivity
ohm m

Depth
m

Resistivity
ohm m

Depth
m

1 Top soil cover 8 1.2 10 1.5 23 2

2 Weathered Basalt 45 2.5 45 3 32 10

3 Weathered/Massive basalt 96 8.5 96 9 40 14.5

4 Compact massive basalt 145 37 145 21.5 90 23

5 Fractured basalt 73 54.5 93 39 60 53

6 Compact massive basalt 122 122 120

Table 1. Resistivity ranges for different formations based on well sections and earlier studies (GSDA, 2010)

Type of Formation Range of Resistivity

Top soil cover 10-20 ohm m

Weathered basalt 30-45 ohm m

Weathered to Massive basalt 40- 90 ohm m

Compact massive basalt 90-130 ohm m

Fractured basalt 60-90 ohm m

Compact massive basalt > 130 ohm m
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ohm m was observed between 10 to 25 m depth. This can 
also be observed at 230 m distance in the VLF-EM pseudo 
depth section with the weathered basalt corresponding to 
a current density of 20-25%  as dipping towards southeast 
(Figure 7b). Further, the bore well along near VES1 drilled up 
to 60 m in a vertical direction went dry as it did not pierce 
through the length of the aquifer due to its dipping nature. 
Based on this interpretation, a dug-well upto a depth of 14 
m with a 6 m diameter and further a well bore to a depth 
of 46 m with a 160 mm diameter was recommended to 
exploit the total aquifer zones corresponding to the deeper 
horizons to cater to the needs of drinking and irrigation. 
The static water level during the summer month of April 
2014 was observed to be 3.8 m at this location, which 
was very encouraging. Thus, the integration of VLF-EM 
and VES surveys has resulted in successful delineation of 
aquifer zones in the complex hydrogeological trap terrain.

CONCLUSIONS

Groundwater problems associated with the complex geology 
of the Deccan Basalt region can be resolved by integrating 
different geophysical approaches. The overlapping ranges 
of resistivity values of weathered basalt, vesicular basalt 
and fractured basalt even in closer proximities  and their 
dipping nature in the subsurface lead to confusion in 
recommending well sites in trap terrain. The VLF-EM 
method in combination with the resistivity gradient 
profiling technique can help to resolve this issue and locate 
the aquifer zones. Never the less identifying of the direction 
of weathered or fractured zones is vital for groundwater 
exploitation in such a region. The failure of dug well or 
bore wells should not be attributed to non-availability of 
groundwater in the region, but drilling the bore wells in 
the direction of the weathered and fractured layers is also 
necessary. This methodology can be successfully applied in 
similar hard rock basaltic regions to address the existing 
drought situation to some extent.
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ABSTRACT
Local site amplification is greatly influenced by the top 30 m soil column. Rayleigh waves in top soil, 
acquired by Multi-channel Analysis of Surface Wave (MASW) technique, are helpful in local site amplification 
studies. In this paper, the acquired data in Kumaon Himalayas are processed for noise elimination and 
signal enhancement and also for the estimation of shear wave velocity by using “Seisimager” software. 
We estimated 2D shear wave velocity (Vs30) down to 30 m depth in Kumaon region. Average Vs30 is found 
to be in the range of 120 - 712 ms-1 and average predominant frequency in the range of 1.01 - 5.94 Hz. 
Estimated average shear wave velocity is used for site classification, which can be used for geotechnical 
characterization of shallow subsurface formations. 

Key words: Shear wave velocity, Predominant frequency, MASW, Kumaon Himalayas 

INTRODUCTION

The earthquake ground motions are affected by the source 
processes, propagation of seismic waves in the medium, 
and the site characteristics. The study of effects of local 
site conditions is one of the most vital areas of earthquake 
engineering. For site classification, Vs30, shear wave velocity 
down to 30 m depth, is a key parameter that characterizes 
earthquake strong ground motion. The strong ground 
motion plays an important role in evaluation of seismic 
hazards in a region. Since 30 m is a typical depth of 
borings and detailed site characterization in engineering site 
investigation, most of the site-effect studies in earthquake 
ground motions are based on the properties in the upper 
30 m (Anderson et al., 1996).  

The Vs30 estimate is used to suggest the possible 
amplification and de-amplification of sites (Dobry et al., 
2000). National Earthquake Hazards Reduction Program 
(NEHRP) provides guidelines for grouping sites into 
different classes (Borcherdt, 1994; Shafiee et al., 2005; Wen 
et al., 2008). The current NEHRP approach categorizes soils 
into A, B, C, D, E and F based on Vs30 profile, thickness 
and liquefaction potential (Thitimakorn et al., 2012). The 
present paper presents a study for estimating the Vs30 in 
Kumaon region. MASW method is used to acquire the field 
data and “Seisimager” software is used for processing and 
interpretation. 

Seismotectonics of the Region

The Kumaon Himalayas lie in the state of Uttarakhand, 
India and shares its border with Nepal. It falls in the 
seismic zone V, as per the Seismic Zoning map of India 

(BIS, 2002). Himalayan fold thrust movement causes high 
seismic activity in this region. Robust wraps and recurrence 
of many former faults and thrusts during Quaternary are 
evident in this region. It falls between the Eurasian plate 
and Indo-Australian plate, where the stress is constantly 
getting accumulated giving indications of a potential major 
earthquake (M>8). Considering the historical earthquakes 
across these two plates, Kumaon Himalayas are in the 
central seismic gap. Hence, the shallow subsurface imaging 
is important for this region. 

The location map of this area of study is shown 
in Figure 1. It also shows location of the broad band 
stations. Seven stations are tabulated as per the generalised 
stratigraphy and lithology in Table 1 (Valdiya, 1980).

METHODOLOGY AND DATA

MASW is a non-invasive, non-destructive, and continuous 
profiling method which efficiently deals with many 
difficulties related to earthquake engineering. It is widely 
used for the micro-zonation and site studies. This seismic 
method is generally utilized for geotechnical characterization 
of shallow subsurface formations (Park et al., 1999; Xia et 
al., 1999; Miller et al., 1999). MASW studies have been 
carried out by several Indian scientists across various parts 
of India including Jabalpur, Delhi, Ahmedabad and Bangalore 
(Seshunarayana et al., 2004; Satyam and Rao, 2010; 
Anbazhagan and Sitharam, 2006; Trivedi et al., 2009). 
Ariffin et al., (2015) have shown that a combination of 
active and passive MASW method gives improved results. 

In this study, data has been acquired using McSEIS-SX 
24 channel digital engineering seismograph with 4.5 Hz 
geophone array. Geophones are arranged vertically in a 
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horizontal ground spread. The receiver spacing represents 
the shortest generated wavelength, which determines 
the minimum depth to be used in the investigation. In 
contrast, the spread length of the receiver represents the 
longest wavelength, which determines the maximum 
depth to be used in the investigation (Ariffin et al., 2015).  
During the acquisition, equal geophone and source spacing 
is considered. The 4.5 Hz geophones are coupled to the 
seismograph through fixing cables. Seismic waves are 
generated using mechanical source (hammer 11 kg) and 
data is recorded in a multi-channel seismograph recorder. 

The information of the fundamental mode of Rayleigh 
waves is used for the generation of dispersion curves by 
picking the highest energy portion in spectrum to draw 
curve, which represents the relationship between Rayleigh 
wave phase velocity and frequency. Raw data for every 
position is recorded and protected in the apparatus. The raw 
waveform data obtained has been analysed and processed 
by the software “Seisimager”. Average Vs30 is estimated 
using generated 2D shear wave velocity models for all the 
stations. A schematic layout for data acquisition is shown 
in Figure 2.

Figure 1. The present area of study belongs to the Kumaon and Garhwal Himalayas, India. MBT = Main Boundary Thrust, 
MCT = Main Central Thrust, and NAT = North Almora Thrust. Red circles show the location of the stations. Source of the 
tectonics and geology of the region is as per GSI (2000).

Figure 2. Schematic layout used for data acquisition with McSEIS-SX.
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MASW method is applied at various stations in 
the tough and rocky Kumaon Himalayas, India. The 
conventional CMP rolling method with 0.01 msec sampling 
interval has been used. The number of hammering stacks is 
three and the recording length is 800 msec. 24 geophones 
were active during the entire survey. Data acquisition 
parameters of the seven stations are given in Table 2. 
Geophone spacing varies from 1m to 3m depending on the 
availability of flat terrain at various stations. Since the said 

geographical region is highly rugged and rocky, therefore, 
it is very tough to find a large flat area for the survey. 
And hence, the survey is conducted on the playgrounds of 
schools in various localities. This gives an idea about the 
velocity profile of below mentioned schools. 

The creation of dispersion curve is one of the most 
critical steps for attaining correct shear wave velocity 
model. 1D shear wave velocity models are calculated using 
the dispersion curves by using the Least Square Method 

Table 1: Generalised stratigraphy with lithology and age of the locations in Kumaon Himalayas.

Station name Formation Lithology Stratigraphy units Age

Chaukori Askot Crystalline
Granite Gneiss, Quartzite, 

mica-schist and amphibolite
Askot Crystalline Mesoproterozoic

Kameri Devi Berinag Quartzite Jaunsar Group Neo-Proterozoic

Tejam Deoban Quartzite, Dolomite Tejam Group
Middle Riphean-
Upper Riphean

Thal Mandhali
Slate, Phyllite and Limestone, 

Dolomite
Tejam Group

Upper Riphean-
Early Vendian

Didihat Askot Crystalline
Granite Gneiss, Quartzite, 

mica-schist and amphibolite
Askot Crystalline Mesoproterozoic

Berinag Berinag Quartzite Jaunsar Group Neo-Proterozoic

Bhageshwar Berinag Quartzite Jaunsar Group Neo-proterozoic

Table 2. Name, Code and acquisition parameters of the stations

Station name Latitude
(in degree)

Longitude
 (in degree)

Station code Geophone 
spacing (m)

Source spacing 
(m)

Spread length 
(m)

Chaukori 29.52N 80.19E CHK 2.5 2.5 60
Kameri Devi 29.84N 79.96E KMD 2.5 2.5 60

Tejam 29.95N 80.12E TEJ 1 1 24
Thal 29.82N 80.14E THA 2 2 48

Didihat 29.80N 80.25E DID 3 3 72
Berinag 29.77N 80.05E BRI 2.5 2.5 60

Bageshwar 29.83N 79.77E BAG 2.5 2.5 60

Figure 3. Flowchart depicting the processing steps.
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(LSM). As a result, 2D Vs30 map is constructed. 2D shear 
wave velocity map is generated using kriging algorithm 
of interpolation. Flowchart showing the steps of data 
processing is given in Figure 3 and Figure 5. The raw 
seismic waveform data is shown in Figure 4. 

Common Mid-Point (CMP) gathers and corresponding 
dispersion curves with initial and final 1D shear wave 

velocity models at source spacing 0 m, 6 m, 12 m, 18 m, 
24 m, 30 m, 36 m, 42 m, 48 m, 54 m, 60 m, 66 m and 72 
m are generated for Didihat. The spread length of Didihat 
is 72 m. This detailed procedure is followed for each station 
during processing. An example is shown in Figure 6 for 
source spacing 30 m at Didihat station. Following equation 
is used to estimate average value of Vs30.

Figure 4.  Multi-channel Records (shot gather) in Kumaon Himalayas.

Figure 5. General processing steps used for MASW technique at Didihat Station.
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(Eq. 1)

Where, hi is the thickness of the ith soil layer in metres; vi 
is the shear wave velocity for the ith layer in ms-1, and n is 
the no. of layers above 30 m. 

The predominant frequency is defined as frequency 
corresponding to the highest value in amplitude spectrum 
of soil column. It can also be estimated by the following 
equation:

  
(Eq. 2)

Where, Fp is the predominant frequency of the soil column 
in Hz, Vs30 is shear wave velocity of the soil column in 
ms-1 and h is the thickness of the soil column i.e. 30 m. 
The average Vs30 and predominant frequency of 30 m soil 
column along with the Root Mean Square Error (RMSE) 
at various stations in Kumaon Himalayas is tabulated in 
Table 3. 

The RMSE is calculated using following equation

  
(Eq. 3)

Where N is the total number of data points and di
T and di

M 
are phase velocity of theoretical and measured dispersion 
curve, respectively. With the successive iterations, the 
RMSE for shear wave velocity model decreases as shown 
in Table 3. The RMSE is plotted against the number of 
iterations for all the stations - depicting the accuracy of the 
Shear wave velocity profiles generated as shown in Figure 7. 

RESULTS AND DISCUSSION

The dispersion curves are extracted by keeping 4.50 Hz as 
minimum frequency. After processing the dispersion curves, 
the variation of phase velocity with respect to frequency 
is calculated. For Didihat, based on phase velocity data 

Figure 6. CMP gathers and corresponding Dispersion curve with initial and 2D Shear Wave Velocity Model at Source =30m 
for Didihat.
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obtained in frequency domain, the frequency range is 
within 14.6 - 37.8 Hz with phase velocity in 200-700 ms-1 
range. Similarly, the frequency range for Berinag, Tejam, 
Bageshwar, Kameri Devi, Thal and Chaukori varies from  
25.62 - 39.04 Hz, 15.20 - 29.60 Hz, 7.32 - 39.04 Hz, 
10.98 - 35.38 Hz, 8.54 - 39.04 Hz and 15.80 - 39.04 Hz  
and phase velocity varies from  307 - 772 ms-1, 45 - 155 
ms-1, 278 - 441 ms-1, 157 -  476 ms-1, 446 - 576 ms-1 and 
121 - 631 ms-1, respectively. 

The results including dispersion curves, 1D velocity 
models and 2D velocity model are shown for the seven 
stations in Kumaon Himalayas from Figure 8 to Figure 
14. It is observed that geological setting and lithology 

of the area play a major role on predominant frequency. 
Estimated predominant frequencies, derived using equation 
2, vary from 3.92 - 4.05 Hz for the granitic and gneissic 
rocks, 3.17 - 5.94 Hz for the quartzite rocks, 1.01 Hz for 
quartzite along with dolomite rocks and 4.37 Hz for the 
slates, phyllites along with limestones and dolomite.

High-rise buildings typically have low natural frequency 
as compared to small buildings. Kumaon region is mostly 
populated with small to medium buildings. It is observed 
that Predominant Frequency in this region varies from 1.01 
to 5.94 Hz indicating a wide range of damaging pattern to 
various structures in the region. Estimated Predominant 
Frequency is 1.01 Hz at Tejam, which corresponds to 

Figure 7. Root Mean Square Error (RMSE) plot against number of iterations at the stations in Kumaon Himalayas.

Table 3. Average Predominant Frequency (PF) of soil column estimated after inversion at various locations in Kumaon Himalayas 

Station name
RMSE Average VS30 m Average PF

Initial model error Final model error

Velocity (m/s) RMSE (%) Velocity (m/s) RMSE (%) 

Chaukori 99.40 29.00 20.70 2.30 470 3.92

Kameri Devi 42.90 18.40 4.30 1.02 380 3.17

Tejam 27.80 35.80 5.02 7.20 121 1.01

Thal 40.30 6.80 5.40 0.90 524 4.37

Didihat 58.40 18.30 3.60 0.74 486 4.05

Berinag 86.90 15.45 13.75 1.70 712 5.94

Bhageshwar 33.00 7.20 4.60 1.18 409 3.41
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Figure 8. The results obtained at Didihat station (a) dispersion curve obtained from processed record, (b) 1D Shear Wave Velocity 
Model inverted using trends in (a), and (c) 2D Shear Wave Velocity Model.
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Figure 9. The results obtained at Berinag station (a) dispersion curve obtained from processed record, (b) 1D Shear Wave Velocity 
Model inverted using trends in (a), and (c) 2D Shear Wave Velocity Model.



Site characterisation using Multi-channel Analysis of Surface Waves  
at various locations in Kumaon Himalayas, India

273

Figure 10. The results obtained at Chaukori station (a) dispersion curve obtained from processed record, (b) 1D Shear Wave 
Velocity Model inverted using trends in (a), and (c) 2D Shear Wave Velocity Model.
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Proterozoic crystalline formations containing quartzite 
and dolomitic limestones with bands and intercalations 
of limestones. The estimated Predominant Frequency is 
5.94 Hz at Berinag, which corresponds to quartzite rocks. 
The higher estimated Predominant Frequency at various 
locations is hazardous to small buildings.

Chaukori village is located in Berinag tehsil of 
Pithoragarh district of Uttarakhand. It is 86 Km away 
from district Pithoragarh at an elevation of ± 2010 m. 

Stratigraphically, it falls in Askot Crystalline. The Askot 
Crystalline consists of granite and gneisses. Based on the 
phase velocity data obtained in frequency domain; the 
estimated frequency range is within 15.80 - 39.04 Hz and 
the range of phase velocity is 121-631 ms-1. The average 
shear wave velocity of Chaukori is 470 ms-1, hence it can 
be classified as class C i.e. very hard soil and soft rock 
category. Its estimated average predominant frequency  
is 4 Hz.

Figure 11. The results obtained at Kameri Devi station (a) dispersion curve obtained from processed record, (b) 1D Shear Wave 
Velocity Model inverted using trends in (a), and (c) 2D Shear Wave Velocity Model. 

Figure 12. The results obtained at Bhageshwar station (a) dispersion curve obtained from processed record, (b) 1D Shear Wave 
Velocity Model inverted using trends in (a), and (c) 2D Shear Wave Velocity Model.
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Granite and gneisses are moderately suited for high 
rise structures such as dams and multi-storey buildings 
and the site is more appropriate for low height buildings 
e.g. schools, primary health centers etc. 

Kamedidevi is famous for the temple of goddess 
Shakti, situated in Bhageshwar district of Uttarakhand. 
Stratigraphically, it forms the part of Berinag Formation of 
Jaunsar Group having quartzite as lithological unit. Based 
on the phase velocity data obtained in frequency domain; 
the estimated frequency range is within 11.0 - 35.0 Hz 
and the range of phase velocity is 157 - 476 ms -1. The 
average shear wave velocity of Kamedidevi is 380 ms-1, 
hence it can be classified as class C i.e. very hard soil 
and soft rock category. Its estimated average predominant 
frequency is 3 Hz.

Quartzite type of rocks was profiled in this study and 
significant differences were found in near-surface velocity. 
This explains part of the measured differences in site 
amplification. The rock sites are located in average shear 
wave velocity of 380 ms-1, which are quite significant for 
low rise buildings rather than high rise buildings.

Tejam village is located in Munsiari tehsil, 74 km away 
from district Pithoragarh. Stratigraphically it forms the part 
of Deoban Formation of Tejam Group having quartzite 
and dolomite as lithological units. Based on the phase 

velocity data obtained in frequency domain; the estimated 
frequency range is within 15.0 – 29.5 Hz and the range of 
phase velocity is 45 - 155 ms-1. The average shear wave 
velocity of Tejam is 121 ms-1, hence it can be classified 
as class E i.e. soft clay category. Its estimated average 
predominant frequency is 1 Hz. The results reveal that the 
quartzite inter-bedded with dolomite is not good for high 
rise structures and multi-storey buildings, however the site 
is more suited for low rise buildings e.g. weirs, barrages etc.

Thal village lies in Pithoragarh district of Uttarakhand 
at an elevation of 784 m above mean sea level. It is located 
245 km from the state capital Dehradun. It belongs to 
Mandhali Formation of Tejam Group. The rocks exposed 
are slate, phyllite, limestone and dolomite. Based on the 
phase velocity data obtained in frequency domain; the 
estimated frequency range is within 8.5 - 39.0 Hz and the 
range of phase velocity is 446 – 576 ms-1. The average shear 
wave velocity of Thal is 524 ms-1 hence it can be classified 
as class C i.e. very hard soil and soft rock category. Its 
estimated average predominant frequency is 4 Hz.

Didihat is a busy township in Pithoragarh and is 
situated at the hill top plains of Digtarh-Bhadigad with 
Charamgad River flowing below the town. Stratigraphically 
it falls in Askot Crystalline. The Askot Crystalline is mainly 
composed of granite and gneisses with some traces of mica-

Figure 13. The results obtained at Tejam station (a) dispersion curve obtained from processed record, (b) 1D Shear Wave Velocity 
Model inverted using trends in (a), and (c) 2D Shear Wave Velocity Model.
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Figure 14. The results obtained at Thal station (a) dispersion curve obtained from processed record, (b) 1D Shear Wave Velocity 
Model inverted from trends in (a), and (c) 2D Shear Wave Velocity Model. 
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schist and amphibolite. It is located at an elevation of 1725 
m. Based on the phase velocity data obtained in frequency 
domain; the estimated frequency range is within 14.5 - 38.0 
Hz and the range of phase velocity is 200-700 ms-1. The 
average shear wave velocity of Didihat is 486 ms-1, hence it 
can be classified as class C i.e. very hard soil and soft rock 
category. Its estimated average predominant frequency is 
4 Hz.The results reveal that the lithology like granite and 
gneisses with some traces of mica-schist and amphibolite is 
not good for high rise structures and multi-storey buildings 
without proper strengthening of material, however the site 
is more suited for low rise buildings e.g. weirs, barrages etc.

Berinag is situated 160 km from Nainital in Pithoragarh 
district, Uttarakhand. It gets its name from temple situated 
at the top of Berinag hill. It is located at an elevation of 
1860 m from mean sea level. Stratigraphically it falls in 
Berinag Formation of Jaunsar Group. The rock exposed is 
mostly quartzite of Neo-Proterozoic age. Based on the phase 
velocity data obtained in frequency domain; the estimated 
frequency range is within 26 - 39 Hz and the range of phase 
velocity is 307 – 772 ms-1. The average shear wave velocity 
of Berinag is 712 ms-1, hence it can be classified as class 
C i.e. very hard soil and soft rock category. Its estimated 
average predominant frequency is 6.0 Hz.

This type of lithology mostly having quartzite is 
suitable for the construction of high rise structures such as 
dams and buildings, however the site is perfectly suitable 
for moderately to low height buildings e.g. schools, primary 
health centers etc. 

Bhageshwar is well known for its scenic beauty, 
glaciers, rivers and temples. It is located on the confluence 
of Sarju and Gomati rivers. It is having rocks of Berinag 
Formation of Jaunsar Group. Quartzite of Neo Proterozoic 
age is exposed in this area. Based on the phase velocity data 
obtained in frequency domain; the estimated frequency 
range is within 7.0 - 39.0 Hz and phase velocity is within 
the range of 278 -441 ms-1. 

The average shear wave velocity of Bhageshwar is 409 
ms-1, hence it can be classified as class C i.e. very hard soil 
and soft rock category. Its estimated average predominant 
frequency is 3.0 Hz. This type of lithology mostly having 
quartzite is averagely suited for construction of high rise 
structures such as dams and buildings, however the site 
is perfectly suited for moderately to low rise buildings e.g. 
schools, primary health centers etc. 

According to the site classification by NEHRP, the 
stations lie in C and E classes as shown in Table 4. 
Bageshwar, Chaukori, Thal, Berinag, Kameri Devi and 
Didihat lie in class C with hard to very hard soil category. 
Tejam with shear wave velocity 120 ms-1 is categorised 
under class E of soft clay category.

CONCLUSION

MASW technique is a non-destructive method to measure 
shear wave velocity and is useful to measure shear wave 
velocity in an urban region. This technique gives a 2D 
shear wave velocity model with depth, which can easily 
be interpreted. This seismic experiment has given an 
important information about the velocity model of the 
various localities in Kumaon Himalayas. Attained 1D 
and 2D velocity models help in the soil classification in 
terms of Predominant Frequencies, average shear wave 
velocities and depth of various layered units. Shear wave 
velocity increases with depth due to greater degree of 
compaction and central crystalline formation present in 
the region. Soil classification is carried out on the basis 
of the results obtained in terms of average shear wave 
velocity; showing the importance of study in geotechnical 
engineering studies. Such analysis could be done for other 
sites of the Himalayas as well, to obtain the better image 
of the subsurface structure. Velocity information is also 
important for simulation of earthquake strong ground 
motions.

Table 4. NEHRP site classes (BSSC, 2003)

Site 
classification Description Average shear wave velocity 

up to 30 m (Vs30)

A Very hard rocks >1500

B Rocks 760 < Vs30 < 1500

C Very hard soil and soft rock 360 < Vs30 < 760
Or N > 50, Su >100 Kpa

D Hard soil (sands, clays and gravels) 180 < Vs30 < 360 or 50 > N 
> 15,100 > Su > 50 Kpa

E Soft clay of thickness about H in site profiles Vs30 < 180 or H > 3m(PI > 
20), w > 40%, Su < 25 Kpa

F Soils requiring site – specific evaluations

H: Thickness; Su: Undrained Shear Strength; N: Standard Penetration Test Blow Count PI: Plasticity Index; w: Water Content
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ABSTRACT
Seismic velocities (Vp and Vs) of the subsurface play a vital role in designing the engineering parameters for 
major civil engineering structures. A case history is presented from the charnockite province in east coast 
of India near Mahabalipuram, Tamilnadu. As a part of the feasibility study Crosshole seismic and Multi 
Channel Analysis of Surface waves (MASW) surveys were conducted near a heavy engineering construction 
site. Vp and Vs are determined up to 55 m depth with an interval of 1.5 m. Dynamic elastic constants, 
average shear wave velocity, predominant frequency and amplification of the area were calculated. Velocity 
data reveals that soil cover composition varies with depth, namely, highly weathered, moderately weathered 
and fresh Charnockite occur successively from top to bottom in the subsurface. Dynamic elastic constants, 
average shear wave velocity, predominant frequency, and amplification are estimated. 

Key words: Vp and Vs, crosshole seismics, MASW and Charnockites 

INTRODUCTION

Estimation of elastic moduli and seismic velocities in 
hard rock terrain is essential to analyze the foundation 
vibrations, earthquake resistance and geotechnical problems 
at heavy civil engineering structure sites. Usually, these 
constants are calculated with the help of engineering 
methods (Cone Penetration test, Soil Penetration test 
etc.), geophysical methods (Seismic downhole, Seismic 
uphole, Seismic Refraction, Crosshole Seismics, etc.) 
and laboratory methods (ultrasonic Pulse Transmission). 
Compared to engineering and laboratory methods, the 
geophysical techniques have been proved to be more 
reliable, non-destructive and cost- effective (Hassani et al., 
1997; Turesson, 2006).Laboratory methods have certain 
limitations (core samples are free from the overburden 
stress, and core samples are too small as compared to 
relative rock heterogeneity) to determine the seismic 
velocities and elastic moduli of rock mass (Swain, 1962). 
The cross-hole seismic technique provides good results 
compared to laboratory methods in certain cases (Young, 
1961). Estimation of seismic velocities using Crosshole 
method yielded best results at heavy engineering structure 
sites (Dobecki, 1979). This technique/ method also provide 
attenuation properties of the rock mass, which play a key 
role in determining the quality of the rock (Balakrishna 
et al., 1981). In view of the above, Crosshole seismic 
technique was employed at Mahabalipuram, Tamilnadu 
(Figure 1) to estimate the in situ seismic velocities and 
elastic moduli of the Charnockite basement and estimating 
the weathering profile of the subsurface. This study was 
carried out in one set of boreholes, which includes one- 

shot hole (BH-S) and two receiver holes (BH-R1 & BH-
R2). The P & S wave velocities are calculated up to 55 m 
depth with an interval of 1.5 m. The laboratory estimated 
density values are used to calculate the elastic moduli (Rao 
et al., 2006). The MASW test (Park et al., 1999; Miller et 
al., 1999 Seshunarayan et al., 2008; Seshunarayan et al., 
2008; Satish Kumar et al., 2010) was also conducted to 
know the shear wave velocities of top layers at places where 
cross-hole technique was not possible to conduct due to 
the  presence of borehole casing. In this paper, P&S wave 
velocities, Dynamic elastic constants, average shear wave 
velocity, predominant frequency, and amplification of the 
area were calculated. 

GEOLOGICAL SETTING

The study area is located in Eastern Dharwar Craton 
and consists of Tonalite-Trondhjemite-Granodiorite 
(TTG) gneisses, Charnockites, schist belts and younger 
granites (Rogers, 1986). The present study area is 
characterized by Charnockite rocks containing quartz, 
feldspar, hypersthenes, garnet, and mica (Holland, 
1990). The Charnockite rock samples collected from the 
excavated portions indicates, they are inter- layered and 
contain garnet, biotite, muscovite, pyrites and phlogopite 
mica. Three different shades of Charnockites are seen 
in this area such as blue, gray and black, and they are 
particularly medium grained (Elango et al., 2004).The 
Charnockite rocks exposed in the area are fresh with 
slight weathering. Although altered materials are also seen 
mostly along the fractures, it is mainly due to weathering 
and leaching (Figure 1).  

J. Ind. Geophys. Union ( May 2018 )
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The lithological information obtained from the drill logs 
named BH-S, BH-R1 and BH-R2 correspond to alluvium, 
moderately weathered Charnockite and fresh Charnockite 
occurs successively from top to bottom (Figure 4).

METHODOLOGY

Cross- hole seismic survey was conducted across three 
boreholes BH-S, BH-R1 & BH-R2. Each borehole has 
an inner diameter of three inches and three meters of 
horizontal separation between two holes. Due to collapsing 
nature of the upper sandy alluvium layer, these boreholes 
have been iron cased up to the depth of 16.5 m. Explosives 
with “seismic” detonator have been lowered in to TBH-S 
borehole and detonated for generation of elastic waves. 
Shooting was conducted from the depth of 55.5 m to 
16.5 m with an interval of 1.5 m in BH-S. 10 Hz three 
component geophones for generation of P, SV, and SH 
waves are used as receivers in other two boreholes (BH-
R1 & BH-R2). Seismic data have been acquired using 
a 24 channel engineering Seismograph (Strata View, 
manufactured by Geometrics Inc, USA). In this survey, 
seismic energy is generated at the desired depth of one 
borehole and the time for that energy to travel to another 
borehole through the subsurface layer is measured at the 
same depth level. From the borehole spacing and travel 
time, the velocity of the seismic wave (P & S) is computed 
(Woods, 1978; Woods, 1994; Seshunarayana et al., 2001; 
Seshunarayana et al., 2005; Crice, 2002; ASTM, 2000). 

Inline geometry technique has been adopted to eliminate 
the errors caused by the inherent delay associated with 
the electrical detonator, (Butler et al., 1981). Moving the 
source and the receivers to different depths, the travel time 
of the wave between the source and receivers are recorded 
(Seshunarayana et al., 2001). To calculate the elastic 
properties, laboratory mean density value of 2.722 gm/cc 
is taken as reference (Rao et al., 2006). Elastic constants 
are calculated from the velocity data of Crosshole seismic 
survey using standard relations (Timoshenko and Goodier, 
1970; Sharma 1986, Crice, 2002). 

The shear wave (S-wave) velocity section was obtained 
by modeling the Multichannel Analysis of Surface 
Waves (MASW) data (Park et al., 1999; Miller et al., 
1999). Rayleigh wave data (rich in ground-roll) has been 
recorded using an engineering Seismograph (Strata View, 
manufactured by Geometrics Inc, USA) and 24 low-
frequency vertical geophones with a natural frequency 
of 4.5 Hz, placed at 1 m interval. Acoustic energy was 
generated using a 10-kg sledgehammer hit on a metal plate. 
The 5 m near offset was chosen depending upon the site 
condition (Xu and Butt, 2006). The acquired surface wave 
data was processed using the Standard procedures by the 
Surfseis software. Each set of Rayleigh wave data (shot 
gather) was transformed from time domain to frequency 
domain to generate dispersion curves (frequency vs. phase 
velocity), which have been further transformed into S-wave 
velocity-depth profile through an inversion process. Each 
set of velocity-depth profiles was arranged in sequential 

Figure 1. shows (a) Location of the study area, b) Regional Geological map of the study area (after Rao et al., 2006), c) Location 
of three borehole, MASW profile, and excavated area.
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order from the first shot station to form a 2-D shear wave 
velocity field. The depth-velocity results of the MASW 
are commonly found to be in good agreement with the 
borehole velocity measurements (Xia et al., 2002). Probing 
depth of the MASW investigation, in this study is 15 m, 
which is dependent on the energy source parameters (e.g., 
frequency) and the mechanical properties of subsurface 
materials. P- wave velocity of 15 m column was obtained 
by the standard relation of Vp and Vs.

       Shear wave velocity is known to be an important 
parameter to access the dynamic properties of the site. The 
National Earthquake Hazard Reduction Program (NEHRP) 
provision (BSSC, 1994) and new 1997 uniform building 
code classify the sites depending on the average shear wave 
velocity of the site (example: Velocity column up to 30 m) 
(Dobry et al., 2000; Kanli et al., 2006). The classification 
of sites based on harmonic mean shear wave velocity is 
given by Federal Emergency Management Agency, (FEMA, 
1997).This classification is applicable in determining the 
seismic coefficients for earthquake resistant structure 
design. Average shear wave velocity of the site using MASW 
test was calculated as fallows.

Where,
i is a layer between 1 to n 
di is a thickness of a layer 
Vsi is an S-wave velocity in m/s of a layer

The average shear wave velocity up to top 30 m of the area 
computed using MASW and crosshole data is 410 m/s.

Amplification and Predominant Frequency 

Local amplification of the ground is often controlled by 
the soft surface layer which leads to trapping of seismic 
energy due to the impedance contrast between the soft 
surface soils and the underlying bedrock. The soil properties 
and thicknesses of surface layers play a key role in 
influencing the ground motion. The amplification depends 
on the resonance between the frequency content of the 
earthquake waves and the natural period(s) of the ground 
layers. The predominant frequency and amplification are 
proportional to the layer thickness and impedance contrast, 
respectively. Shima (1978) found that the analytically 
calculated amplification factor is linearly related to the 
ratio of shear wave velocity of the surface layer to that 
of bedrock. The period of vibration corresponding to the 
fundamental frequency is called characteristic site period. 
The value indicates a period of vibration at which the most 
significant amplification would occur. Borcherdt, et al., 
(1991) proposed relation between the average shear wave 
velocity of surficial layers and the relative amplification as 
given in equation.

AHSA = 700/VS 
30

AHSA is the average horizontal spectral amplification, 
VS 30 is the average shear wave velocity (m/s) over a depth 
of 30m.

Figure 2. Shows the plot of calculated P & S wave velocities of the subsurface  concerning  depth. (m/s: meter/second).
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The calculated horizontal spectral amplification of 
the site is 1.7.

The fundamental site period (Ts) corresponds to the 
first mode of vibration of the soil deposit. It is one of the 
parameters for seismic microzonation. It is governed by the 
thickness and the shear wave velocity of the soil layer and is 
calculated by using the expression given by Kramer (1996). 
The period of vibration corresponding to the fundamental 
frequency is called the characteristic site period. We have 
estimated the frequencies at which the seismic waves are 
expected to resonate in the soil column of 30 m depth. 

The predominant frequencies at which the seismic 
waves are expected to resonate in the soil column of 30 
m depth are computed by using the frequency-shear wave 
velocity relationships (Kandpal et al., 2009; Trupti et al., 
2013). To estimate the frequencies at which the seismic 
waves are expected to resonate in the soil column of 30 
m depth, the simple relationship between the shear wave 
velocity (β) of the sediment column (30 m), is                                                       
                             f = β/4H 
Where, β is the average shear wave velocity, 
            H is the thickness of the sediments.
The estimated predominant frequency of the area is 3.42 Hz.

RESULTS 

The velocity model prepared based on the field studies 
is shown in Figure 2. P-wave and corresponding S-wave 

velocities of the formation are calculated by using 
interval times of the two receivers and distance between 
the boreholes. The calculated P- wave velocity (Vp) is 
in the range of 3660 m/s to 4750 m/s, and the S wave 
velocities (Vs) vary in the range of 2000m/s to 2600m/s. 
The calculated elastic constants such as σ =0.16-0.29, 
E =28.02GPa-42.8GPa, G =10.89GPa-18.4GPa and k 
=20.28GPa-24.81GPa of the Charnockites are shown in 
Figure 3. Vp and Vs velocity in alluvium, are estimated. 
From the surface and bore hole studies it is inferred  that the 
alluvial soils are upto depth of about 16 m and moderately 
weathered Charnockite are up to about 20 m depth. Beyond 
20 m depth it is fresh Charnockite rock (Figure 2) from 
MASW data (Figure 4). It is interpreted from Figure 2. 
Moderately weathered Charnockite is characterized by 2000 
to 3600 m/sec P-wave velocities and fresh charnockite range 
between ~3660 -4750 m/sec. The thickness of this layer 
is 1.5m. Fresh Charnockite present from 21 m to 55.5 m 
depth has Vp and Vs velocities of ~4000 m/sec to 4750 
m/sec and ~2270 m/sec to 2600 m/sec, respectively. Minor 
fractures or deviations in the borehole are characterized by 
low velocities (both Vp & Vs) within the higher velocities 
as shown in Figure 2. A 50-m-long (N-S oriented) shear 
wave velocity section of the study area is shown in Figure 
5. It is inferred from this section, that the soil cover and 
weathering cap of varying consolidation are characterized 
by S-wave velocities of approximately ~160-240 m/s, and 
~240-350 m/s, respectively. The soil cover and highly 

Figure 3. Shows the plot of calculated elastic moduli ((GPa: Giga Pascal)).
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Figure 4. shows the observed lithology from core log data and Interpreted lithology from MASW and Crosshole survey. (BH-S: 
Source Borehole, BH-R1: Receiver Borehole one, BH-R2: Receiver Borehole two).

weathered Charnockite occur successively from top to 
bottom. The thickness of soil cover varies from surface to 
7 m depth, and the highly weathered cap is present from 

7 m to 15 m. The average shear wave velocity of site up to 
30 m is 410 m/sec, whereas amplification and predominant 
frequency of the area are 1.7 and 3.42 Hz, respectively.
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CONCLUSION

It is observed from Crosshole seismic and MASW studies 
that the present study area occupied by alluvium up 
to the depth of 15 m is underlain by a weathered and 
hard Charnockitic rocks. Dynamic elastic constants, 
average shear wave velocity, predominant frequency, and 
amplification are estimated through field studies.
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ABSTRACT
Shear wave (VS) and P-wave (VP) velocities were estimated for the evaluation of the sub-surface structure 
along four profiles at CSIR-SERC Campus in Chennai city to aid in the structural design for a proposed 
high rise building. These velocities are essential parameters for determining the dynamic properties of soil 
in the shallow subsurface. Dynamic properties, thickness of soil, depth to basement and the associated 
in-homogeneities such as fractures, joints, voids and shear zones, play a very important role in design and 
construction of civil structures. Multichannel analysis of surface waves (MASW) and refraction methods 
were used for the estimation of VS and VP respectively to decipher the subsurface structure in detail. From 
the Seismic velocity-depth sections, the near surface distribution of rocks, soils and their physical properties 
were determined to characterize the site conditions. The results indicate a three layered structure with 
P-wave velocities of 400-500 m/s, 2700-3100 m/s and 5300-5500 m/s and S-wave velocities of >200 m/s, 
200 to 300 m/s and >400 m/s  up to a depth of 30 m. The obtained results are well correlating with the 
available borehole lithological data. These results are helpful in civil engineering applications in estimation 
of elastic properties, depth to bedrock and useful in planning of high rise structures.

 Key words: Shear wave velocity, P wave velocity, bedrock, MASW and Structures.

INTRODUCTION

Several geophysical methods have been suggested for shallow 
near-surface characterization and in-situ measurement of 
P- and S- wave velocities using different configurations, 
processing techniques and inversion algorithms. The 
frequently used techniques are seismic refraction, spectral 
analysis of surface waves (SASW) and multichannel 
analysis of surface waves (MASW). MASW is a non-
destructive and economical geophysical method, mostly 
used in geotechnical engineering for the measurement 
of shear wave velocity, evaluation of dynamic properties, 
subsurface structure and related studies. (Park et al., 
1998,1999; Xia et al., 1999, 2000, 2002; Miller et al., 
1999; Kanli et al., 2006).

Damage due to seismic waves depends on local ground 
conditions/soil type and its thickness apart from the type of 
constructions. The soft deposits (clay and sands along the 
coast and rivers) generally amplify ground motion thereby 
increasing the damage during an earthquake. Hence, the 
geotechnical characteristics of (VP and VS of soils, rocks 
and pavement) shallow material and its impact on seismic 
wave propagation are of great importance in groundwater, 
geo technical engineering, seismic hazard assessment 
and microzonation studies. The most challenging part of 
these investigations is to collect the data needed with the 
minimum expenditure and time (Oyedele et al., 2012).

The primary objective of this study is the identification 
of bedrock depth, which is the solid rock that lies below 

loose material, such as sand, top soil, gravel, or clay. It 
is very much essential to identify the bedrock depth, in 
order to estimate the impact of local site conditions in the 
event of an earthquake. In general, the soil cover over the 
bedrock may attenuate or amplify the earthquake motion 
depending upon geotechnical characteristics, their depth 
and composition of the soil. Usually the younger soft soil 
tends to amplify the ground motion as compared to the 
older, more competent soils or bedrock. The P wave Seismic 
refraction method is used to decipher the structure of the 
underlying bedrock. In refraction, seismic wave velocity is 
computed based on the first arrival times. These velocities 
can assist in the interpretation of geological layers as well as 
estimation of bed rock. Seismic refraction is a quantitative 
technique to determine the bedrock depth and lithological 
characteristics. MASW is very effective in delineation of 
subsurface features, any stratigraphic changes as well as 
the top rock and the associated features. In the present 
study, seismic refraction and MASW methods are used 
for the identification of bedrock depth and characterize 
the subsurface.

GEOLOGY OF THE AREA

The study area falls between 12° 59’ 12.12’’N to 12° 59’ 
13.37’’N latitude and 80° 14’ 44.24’’N to 80° 14’ 46.18’’N 
longitude along the SE coast of India and in the NE corner 
of Tamil Nadu. The sea coast is flat and comprises of sandy 
structures for about one kilometre from the shore. Many 

J. Ind. Geophys. Union ( May 2018 )
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parts of the city in the east and southern regions comprise 
of shallow bedrock (which is crystalline in nature) while 
some other areas towards west and north have Gondwana 
deposits below the alluvium (Ballukraya and Ravi, 1994). 
Most of the area is covered by Pleistocene/Recent alluvium, 
which has been deposited by the two rivers in the area, 
Coovum and Adyar. The alluvium mostly comprises of clay, 
sand, sandy clay and boulder/gravel zones occasionally. In 
general, sand is found along the river banks and coasts. 
The southern part of the study area has occurrences of 
Igneous / metamorphic rocks. The eastern and northern 
parts of the study area have marine sediments comprising 
of clay-silt sands and charnockites. The western part of the 
area is seen to be having alluvium and sedimentary rocks, 
along with a thin layer of laterite at some locations. Small 
boulders and rounded pebbles are seen at several locations 
at different depths. Thus, in general, It is observed that, 
the eastern side of the coastal zone is predominantly sandy, 
while the north western side is predominantly clayey in 
nature (Boominathan et al., 2008).

DATA ACQUISITION AND PROCESSING

Seismic refraction survey and MASW tests were conducted 
along four profiles. Two profiles (No-1 & 2) were laid 
in “E-W” another two profiles (No-3 & 4) were laid in  
“S-N” direction. The data was acquired using 24-channel 
seismograph with the following acquisition parameters: 

For refraction survey, number 4.5 Hz geophones; 24; 
Geophone interval: 5m; spread length:115m; number of 
shots:5 (all in line shots, 2 far offset shots at 30m on either 
side, 2 near offset shots at 5m on either side and 1 shot at 
the middle of the spread): Sampling interval: 0.25m sec; 
Record length: 0.5sec.

The data processing involves picking the first arrival 
times from the time traces recorded from all shot points. 
From these arrival times the Time-Distance Curve is 
generated for each profile. The Time-Term inversion 
method, a standard inversion iterative method is a linear 
Least-Squares approach to determine the best discrete-
layer solution to the data set (Bath, 1978). The time term 
inversion technique is applied to the travel time to estimate 
the velocities of different layers and the corresponding 
depths of the layers. It is a simple travel-time inversion 
enveloped by Scheidegger and Willmore (1957) and has 
been used widely for seismic refraction studies in the 
1960–70s (Willmore and Bancroft, 1960; Berry and West, 
1966; Meru, 1966; Yoshii and Asano, 1972). 

MASW data was processing using “SurSeis software 
package” (Kanas Geological Society Make). The data has 
been subjected to following standard processing steps: (i) 
conversion of the field (SEG-2) data of Kansas Geological 
Society data format (ii) removal of bad traces through 

muting procedure (iii) generation of dispersive curve from 
filtered data (iv) extraction of dispersive curve (vii) Inversion 
of each dispersion curve for 1D shear wave velocity and 
finally staking of each 1D shear wave velocity curves for 
2D shear wave velocity with depth. 

RESULTS

The obtained P- and S- wave velocities with depth of four 
profiles are presented in Figure 1 to 4. P- and S- wave velocity 
depth sections of profile 1 in E-W direction shown in Figure 
1. The P-wave velocity depth section of profile 1 shows 
the three (Figure 1a) different velocity layers. The average 
thickness of first layer is 3 m with a velocity of 500 m/s, 
the second layer is spreading between 3 m to 11 m with a 
velocity of 2700 m/s and the third layer velocity is 5400 m/s. 
It is also inferred from that the shear wave velocity depth 
section (Figure 1b), that the thickness of top layer is around 
3 m with a velocity of < 200 m/s, depth to the second layer 
is 3 m with a velocity of 200 m/s to 500 m/s and depth to 
the third layer is 12 m with a velocity of >500 m/s.

It is observed from the P- and S- wave velocity depth 
sections of profile 1, top soil is present up to a depth of 
3 m below that weathered charnockite is presented up 
to the depth of 12 m. Moderately weathered charnockite 
is extended up to the depth of 30 m. Further, fractured/
moderately the weathered charnockite is also seen (Figure 
1b) from the shear wave velocity section.

Figure 2 shows the P- and S- wave velocity depth 
sections of profile 2 in E-W direction. The P-wave velocity 
depth section of profile 2 is also showing the three layers 
(Figure 2a). The average thickness of first layer is around 4 
m with a velocity of 500 m/s, the second layer is between 
4 m to 12 m with a velocity of 3100 m/s and the third 
layer velocity is 5500 m/s. It is also inferred from the 
shear wave velocity depth section (Figure 2b), that the 
thickness of top layer is around 5 m with a velocity of < 
200 m/s, depth to the second layer is 5 m  and extending 
up to the depth of 20 m with a velocity of 200 m/s to 
500 m/s and third layer is extended up the depth of 30 
m with a velocity of >500 m/s, which may be moderately 
weathered charnockite.

It is observed from the P- and S- wave velocity depth 
sections of profile 2, top soil is observed up to the depth 
of 4 m below that weathered charnockite is seen up to the 
depth of 20 m. It is observed from the shear wave velocity 
section moderately/fractured weathered charnockite is 
present in some parts up to the depth of 30 m.

It is inferred from the E-W profiles that the top 
soil, weathered charnockite and fractured/moderately 
charnockite extended up to the depth of 30 m sequentially. 
Further fractured/moderately weathered charnockite is seen 
in some part of the profiles.  



G.S. Srinivas et al. 

288

Figure 3 shows the P- and S- wave velocity depth 
sections of profile 3 in N-S direction. The P-wave velocity 
depth section of profile 2 is also showing the three layers 
(Figure 3a). The average thickness of first layer is around 
3 m with a velocity of 400 m/s, the second layer is seen 
between 4 m to 11 m with a velocity of 2800 m/s and is  
third layer velocity is 5500 m/s. It is also inferred from the 
shear wave velocity depth section (Figure 3b), the average 

thickness of top layer is around 3 m with a velocity of < 
200 m/s, depth to the second layer is 3 m and extending 
up to the depth of 18 m with a velocity of 200 m/s to 500 
m/s and third layer is extended up the depth of 30 m with 
a velocity of >500 m/s.

It is observed from the P- and S- wave velocity depth 
sections of profile 3, top soil is present at up to the depth 
of 3 m below that weathered charnockite is presented 

Figure 2. shows a) P-wave velocity depth section of profile 2, b) Shear wave velocity depth section of profile 2.

Figure 1. shows a) P-wave velocity depth section of profile 1, b) Shear wave velocity depth section of profile 1.
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Figure 3. shows a) P-wave velocity depth section of profile 3, b) Shear wave velocity depth section of profile 3.

up to the depth of 18 m. The depth to the fractured/
moderately weathered charnockite is 18 m. Further, a 
patch of fractured/moderately weathered charnockite is 
seen in the central portion of the profile at a depth of 5 
m (Figure 3b). 

Figure 4 shows the P- and S- wave velocity depth 
sections of profile 4 in N-S direction. The P-wave velocity 
depth section of profile 4 shows the three layers (Figure 

4a). The average thickness of first layer is around 3 m with 
a velocity of 500 m/s, the second layer is present between  
4 m to 12 m with a velocity of 3000 m/s and depth to the 
bottom most layer is around 12 m with a velocity of 5300 
m/s. It is also inferred from the shear wave velocity depth 
section (Figure 4b), the average thickness of top layer is 
around 3 m with a velocity of < 200 m/s, depth to the 
second layer is 5 m and extending up to the depth of  

Figure 4. shows a) P-wave velocity depth section of profile 4, b) Shear wave velocity depth section of profile 4.
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15 m with a velocity of 200 m/s to 500 m/s and third 
layer with a velocity of >500 m/s.

It is seen from the P- and S- wave velocity depth 
sections of profile 4, top soil is presented at up to the 
depth of 5 m below that weathered charnockite is presented 
up to the depth of 15 m. The depth to the fractured/
moderately weathered charnockite is 15 m. Further, a patch 
of fractured/moderately weathered charnockite is seen in 
the central portion of the profile at a depth of 5 m and 
extended up the depth of 30 m (Figure 4b). 

It is inferred from the N-S profiles of the study area, 
top soil, weathered charnockite and fractured/moderately 
weathered charnockite extended up to the depth of 30 m 
sequentially. Further weathered charnockite is presented in 
central part of the profiles in shallow levels. 

The interpreted rock strata from the present analysis 
are correlated with the nearby borehole information 
(GMCL, 2013) and it is observed from the borehole sections 
that soil with clay is present up to the depth of 9 m, where 
as highly weathered to slightly weathered Charnockitic rock 
is present up to the depth of 15 m. The interpreted depth 
strata from the present analysis are well correlated with the 
borehole results and provided the depth information up to 
the depth of 30 m in terms of  P- and S- wave velocities 
for site evaluation for construction of high rise building at 
SERC complex. 

CONCLUSIONS

The MASW and Seismic refraction studies at CSIR-SERC 
complex in Chennai city clearly shows the presence of 
top soil, weathered charnockite, and fresh charnockite 
sequentially up to the depth of 30 m.

P-wave velocities of 400-500 m/s, 2700-3100 m/s 
and 5300-5500 m/s are estimated for top soil, weathered 
charnockite, and fresh charnockite respectively using 
refraction technique. 

S-wave velocities of >200 m/s, 200 to 300 m/s and 
>400 m/s are estimated for top soil, weathered charnockite, 
and fresh charnockite respectively using MASW technique. 

Seismic velocities are obtained in the two mutually 
perpendicular directions with limited borehole information 
are provided the optimum coverage economically to 
understand the soils and basement characteristics. These 
results are helpful in civil engineering applications in 
estimation of elastic properties, depth to bedrock and 
planning of high rise structures in the study area.
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ABSTRACT
Over abstraction of groundwater when compared to less amount of rainfall recharge throughout India is mainly 
due to increasing demands for irrigated agriculture causing severe groundwater depletion. Such an alarming 
situation is increasing unabated in spite of massive water harvesting measures that are implemented through 
watershed development programs (WDP).  In order to improve the artificial percolation efficiency some new 
developmental programs are being implemented through managed aquifer recharge (MAR) (mainly percolation 
tanks and check dams). Keeping in view the well known Water Development Programs limitations due to 
the increasing number of recharging structures and huge cost involved in their construction, it has become 
necessary and important to evaluate and understand the MAR performance for sustainable management 
of groundwater resources.  The present study examines the percolation efficiency of typical Karnampettai 
percolation tank  located in Tamilnadu, South India using an integrated approach combining geophysical, 
hydrogeological and geotracer (radiotracer: tritium and chemical tracers: rhodamine B, bromide) investigations. 
The results indicated that percolation from the tank is 28 to 35 mm/day with an average percolation rate 
of 32 mm/day.  The percolation rate is reduced progressively with a gradual decline of water level in the 
percolation tank.  The average natural recharge (rainfed and irrigation fields) in the study area is 30 mm 
(8% of the rainfall). The study indicated that 65% of the total rainfall is lost due to soil moisture deficiency 
caused by evaporation and evapotranspiration. The study also reveals that the groundwater flow velocity 
near to the percolation pond is 2 m/day with effective groundwater recharge zone of 275 m.

Key words:  Percolation tank, tracers, MAR, WDP, Karnampettai.

INTRODUCTION

The significant development of Indian irrigated agriculture 
after independence has helped to generate sufficient 
agriculture and horticulture output and improved food 
security, which supported the economic growth of the 
country (Tripathi and Prasad, 2009; NRAA, 2011).  
However, this food security has seriously hampered the 
sustainability of water resources (Massuel et  al., 2014; 
Batchelor et  al., 2003; Shah, 2012). Compared to river 
basins, coastal corridor and soft rock zones the situation is 
considerably precarious in the crystalline hard rock aquifer 
regions of India.  In the hard rock areas, weathered and 
fractured zones play a major role in groundwater recharge 
and production/storage that supports the agriculture 
development (World Bank, 2010).  In these regions 
groundwater is being exploited through large diameter open 
wells and shallow bore wells by tapping weathered zone 
aquifers and semi confined /fractured aquifers (Pavelic, 
2012; Surinaidu et al., 2013a; CGWB, 2014). 

The combined effect of overexploitation of groundwater 
mainly for irrigated agriculture and recurring low order of 
rainfall recharge has resulted in lowering and decline of 
water table over the years in India (CGWB, 2014).Since 
three decades progressively the open wells have gone dry 

in early summer season itself and shallow bore wells up to 
60 m depth have shown reduction in yield or drying out.  
Watershed development programs are being implemented 
through Managed Aquifer Recharge (MAR) Programmes to 
increase the artificial recharge by the government of India 
as a flagship program to boost the irrigated agriculture and 
there by to improve the livelihoods of the rural farming and 
other societal and economically back ward communities. 
Percolation tanks or ponds are the most common artificial 
recharge structures for augmenting the groundwater 
recharge/reserves in the western and in major part of the 
southern peninsular India covered by hard rocks, where the 
average annual rainfall is less than 700 mm and having 
high potential evaporation of 1500-2000 mm/year (CGWB, 
2014; NRAA, 2011). 

The percolation tanks generally have a storage capacity 
of 0.15 to 0.6 million cubic meters with command area 
extending to a maximum distance of 2-3 km from the tank 
(World Bank, 2010).  The infiltration capacity of tank bed 
area, storativity of the weathered zone and utilization of 
groundwater in the command area of the tank governs the 
efficiency of a percolation tank. The impact of percolation 
tank depends on the efficiency of its percolation through 
its bed, its lateral movement and augmentation of the 
groundwater in the command area in improving the yield 
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of open/ shallow bore wells. The efficiency of percolation 
tank reduces with time due to settling of silt and forming 
a crust during the ponding period and increase in thickness 
of silt load over the years.  

Limited published literature is available on water 
accounting (Muralidharan et al., 2005; Rolland et al., 
2005; Sharda et al. 2006; Sukhija et al., 1997; Sayana et 
al., 2010; Abraham and Mohan, 2015). These studies in 
general have not focused on hydrodynamics (Massuel et al., 
2014).  On the other hand various researchers pointed the 
lack of knowledge and data for proper evaluation of artificial 
recharge structures (Dillon et al., 2009; Glendenning et 
al., 2012).Existing evaluations of large programmes show 
limited local impact on groundwater recharge (Kerr et 
al., 2002). However, focused studies taken up by some 
researchers have shown that mega structures have led 
to over-exploration of surface and groundwater water  
and degeneration of river basin dynamics; at places even 
irreversible damage to river basins (Sakthivadivel, 2007; 
Glendenning et al., 2012).  

In such a scenario, the present study has been taken 
up to systematically evaluate the impact of percolation 
efficiency on groundwater recharge.  In the present study, we 
have carried out integrated hydro-geological investigations 
that combine Electrical Resistivity Tomography (ERT), 
chemical tracer experiments, groundwater level and 
tank water level monitoring to evaluate the impact of 
Karnampettai percolation tank on groundwater recharge in 
Kodangipalayam village, Coimbatore district, Tamil Nadu, 
South India.   

STUDY AREA AND HYDROGEOLOGY 

The present study focused on Karnampettai percolation 
tank located in the Kodangipalayam village, Palladam 
taluk, Coimbatore district, South India (Figure 1). The 
area falls under semiarid region with an average annual 
rainfall of 650 mm (Indian Meteorological Department). 
This includes southwest monsoon from the period of 
June to September (26 %), northeast monsoon during the 
period of October to January (60 %) and summer showers 
from February to May (14 %). The tank is elongated in 
shape; water-spread area of the tank is around 0.9 ha with 
a storage capacity of 0.1 million cubic meters (Figure 1). 
The maximum water level in percolation tank is about 2 
m height and above it water escapes through waste weir 
and flows through a stream in the command area. The 
catchment area for the tank is about 1.5 km2.  

The study area is underlain by Charnockite formations 
of Archaean age, covered by reddish brown soils and thin 
alluvium.  Groundwater for agriculture in the area is mainly 
exploited by open wells excavated up to the maximum 
depth of 15 m. Thick weathered zone with vertical and 
horizontal fractures are observed in the open well sections. 
The thickness of weathered zone varies from 5-15 m.

DATA COLLECTION AND METHODOLOGY 

Hydrological Data

Rainfall and evaporation is monitored by installing an 
automated weather station (AWS), which measures 
rainfall, relative humidity, solar radiation, air temperature 
and evaporation in the study area (Figure 1).  Detailed 
topographic survey of the percolation tank is carried out 
with grid intervals of 5m x 5m, to infer the volume of 
water being stored. It can be calculated from the standing 
water level.  The observation bore wells in the study area 
are drilled up to a maximum depth of 60 m for static water 
level monitoring. The lithologs of these bore wells have 
indicated presence of a thick weathered zone and occurrence 
of the potential fractured zone within the depth of 40 m. 
The standing water level in the percolation tank is measured 
once in a week. The observation bore wells (O series wells) 
are monitored at regular interval of time (weekly and 
bimonthly) for static water level measurements in order to 
know the influence of percolation tank structure.  The open 
wells (K series wells) are subjected to pumping for irrigation 
on a regular basis.  All the wells are connected to common 
datum plane with respect to temporary benchmark. The total 
storage in the percolation tank is calculated by multiplying 
water spread area and water level height in the percolation 
pond.  Percolation rate from the pond is calculated using 
evaporation rate, rainfall and pond water level decline at two 
time intervals (refer table 2 and figure 5a). 

The undisturbed shallow zone soil samples up to 
the depth of 5 cm (top soil zone) are collected from the 
experimental sites (8 numbers) using hand auger to find 
out saturated permeability coefficient (K). The samples 
collected in rings are loaded in the laboratory permeameter, 
where the samples are saturated in the container of the 
permeameter. The ring samples are placed in the ring 
holder to gradually saturate them, using the adjustable level 
regulator.  Constant head method is used for estimating 
saturated permeability coefficient.  The detailed procedure 
is well explained by Todd, 1980. 

Darcy ’s law is used to calculate the K-factor, 
when applying the constant head method to determine 
permeability.  
Darcy’s law states:
V = K * I * A * t
Whereas;
V = volume of water flowing through the sample (cm3)
K = permeability coefficient or K factor (cm/d)
I = permeability rise gradient or (h/L)
L = length of the soil sample (cm)
A = cross section surface of the sample (cm2)
t = time dimension day
The permeability coefficient is calculated as; K= (V.L) / (A.t.h)
 h = water level difference inside and outside ring holder 
or sample cylinder (cm)
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Electrical Resistivity Tomography

Multi electrode resistivity tomography (ERT) surveys 
have been carried out at 8 locations (E series in figure 
1) to obtain subsurface lithological information of tank 
storage area and also in the command area of percolation 
tank using ABEM multi electrode resistivity imaging 
system. The multi-core cable is connected to an electronic 
switching and transmitter unit, which is connected to a 
laptop computer. The data acquisition is fully automatic 
and sequence of measurements depends on electrode array 
used for the study.  In the present study area, Wenner 
electrode configuration has been used to acquire the 
subsurface resistivity data.  The length of the profile was 
selected depending on vacant space availability in the area. 
The measured apparent resistivity is converted in to true 
resistivity using RES2D.INV inversion program in order to 
produce the 2D resistivity cross-section image. The data 
inversion was carried out with the least squares inversion 
method (Dahlin, 1996). The ERT technique is used by 
many researchers for aquifer mapping, to map saline water 
zones, for groundwater surface water interactions and other 
environmental impact assessment studies (Surinaidu et al., 
2012, 2013b; Chandra et al., 2011; Zarroca et al., 2011).

Tracer Studies 

Borehole tracer experiments in hydrogeological studies 
provide information on hydraulic connectivity, velocity 

and direction of groundwater flow. The tracers can be used 
via single and multiple well methods. In the single well 
method, the velocity of groundwater flow is ascertained 
from dilution characteristics of the same test bore hole. In 
the multiple well methods, the time taken by the ground 
water to cover a certain distance is taken in to consideration 
and hence the distance velocity (point to point velocity) is 
determined (Drost et al., 1974).  Injected tritium tracer 
studies can be used to estimate the natural recharge caused 
by rainfall and bore hole tracer studies is used to measure 
the groundwater velocity and to determine the hydraulic 
connectivity within the aquifer zone. Tritium injection 
technique is successfully employed for rainfall-recharge 
measurements (Munnich, 1968; Rangarajan et al., 2009, 
2014; Wu et al., 2016) and borehole tracer technique (Pitrak 
et al., 2007; Lin et al., 2013; Wang et al., 2008) is used for 
groundwater velocity measurements and also to estimate 
the hydraulic continuity. 

In the present study both single hole and multiple well 
tracer methods are used. In addition, groundwater electrical 
conductivity is also measured, making use of tracer method 
to see the maximum zone of influence of a percolation tank 
on recharge. Tritium and chemical tracer studies have been 
carried out in the study area for the estimation of natural 
recharge caused by rainfall, to measure the groundwater 
velocity and also to determine the hydraulic connectivity 
of percolation tank. 

In the study area, tritium tracer was injected at 9 
sites before onset of the northeast monsoon of 2005. The 

Figure 1. Location of observation wells, ERT, tracer injection and automated weather (AWS) station in the study area.  Note: K 
Series- Open wells and O Series - Bore wells, hp-hand pump, T-Tritium injection sites.
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sites selected are fallow non-agricultural land, rain fed 
agricultural fields and supplemental irrigated fields near the 
observation bore holes. The tracer has been injected at the 
depth of 60 cm below ground level.  Vertical soil samples 
were collected in 20 cm section up to maximum depth of 2 
m using recovery pipes in the month of January 2005 after 
the completion of northeast monsoon. The collected depth 
wise samples were analyzed in the laboratory for moisture 
content, tracer concentration and grain size analysis. 

The recharge value for each site is calculated first by 
determining the center of gravity of the tritium versus depth 
profile and the moisture content of the displaced zone. The 
displacement of the tracer from the depth of injection is 
the distance between injection depth and center of gravity 
or peak of the tritium concentration in the profile. The 
recharge is calculated by;

Re = M x D   
where,    
Re = recharge in mm
M = moisture content of the displaced zone in 1 sq.mm.
D = displacement of tracer from the depth of injection

Re is the height of an imaginary water column over 
1 sq.mm in the soil profile between the depth of injection 
and peak in tritium activity. As per the piston flow model, 
this amount is finally added to the groundwater as recharge. 
Assuming this ‘Re’ is due to rainfall ‘R’ during time ‘t’ 
(period between dates of injection and soil core collection).
The percentage of rainfall R contributing to the recharge 
is given as,

Re (%) = 100 x D x M/R
In order to study the dynamic/induced movement 

and direction of percolated water movement from the 
tank, Bromide as chemical tracer and Rhodamine-B as dye 
tracer have been used.  Bromide in the form of potassium 
bromide (KBr) has been injected at 45 m depth of a bore 
well (O9 in Figure 1) present at a distance of about 60 
m from the embankment of the percolation tank.  7000 
grams of Analar Grade potassium bromide, dissolved in 
40 liters of the same bore well water, is transferred to the 
well within a period of 3 minutes and thoroughly mixed 
using mechanical device.  Tracer has been injected on 
19th December 2004, when the tank was half filled to 
its capacity with 3 feet of water column. The constraints 
faced are that the observation wells are located at far off 
distance from the tank and not in ideal location for tracer 
experiments.  

20 grams of Rhodamine-B is dissolved in 5 liters of 
water and injected at 60 cm depth below the tank bed 
level at 55 locations (50 mm cm diameter slim holes) in 
a grid pattern over an area of 50 m x 50 m on 22.1.2005 
(Figure 1). To achieve thorough mixing of tracer, normal 
water is added at all the 55 locations twice for 3 days. Water 
samples have been collected from tank and observation 
bore wells at weekly/ bimonthly interval of time. The 

samples are stored in double capped polythene bottles 
and labeled. The samples have been analyzed in the 
laboratory for conductivity, Rhodamine-B and bromide 
concentrations. Bromide concentration in the samples 
has been measured using titration/specific ion electrode 
methods. Rhodamine concentration in water samples has 
been analyzed using portable Fluorimeter (Skougstad et al., 
1979). The groundwater/seepage velocity (V) is estimated 
by dividing distance between injection well and observation 
wells with time (d/t). 

RESULTS AND DISCUSSION 

Hydrological Investigations 

The total annual rainfall during 2004 and 2005 are 750 
mm and 811 mm, respectively. They are excess than the 
average annual rainfall of 650 mm.  The average annual 
potential evaporation computed as 1634 mm is twice the 
amount of annual rainfall. The pattern of rainfall shows 
bimodal distribution with significant summer showers of 
greater than 20% (Figure 2a). The pattern of rainfall shows 
that the seasonal precipitation occurs in pulses with large 
gaps between the events during the southwest monsoon and 
small gaps during the northeast monsoon season. Rainfall 
during the southwest monsoon is significantly less than 
the northeast monsoon. Several medium intensity rainfall 
events (20-40 mm/day) and few high intensity events (> 
40 mm/day) have occurred during study period (Figure 2a).  
The monthly rainfall during the study (2004-2005) period 
is varying from 8 mm in February, 2005 to 204 mm in 
October, 2004 (Figure 2b).  

The observed average evaporation during the study 
period from the year 2004 to 2005 is 13 mm in 2004 and 
32 mm in 2005, with minimum evaporation (1.63 mm/
day) in July 2004 and maximum of 7.61 mm/day in April 
2004 (Figure 2b).  The observed relation between rainfall 
pattern and water level height in the tank from January 
2004 to December 2005 indicates that a single day rainfall 
events exceeding greater than 100 mm or group of events 
ranging from 20-40 mm per day can only generate runoff 
and fill the storage structure.  

Geophysical Investigations  

In order to calibrate the resistivity imaging results with 
a known lithological control, a site near O5 observation 
well and a dried dug well is selected (E1 in Figure 3) with 
electrode spacing of 2 m following Wenner method (E1 in 
Figure 3). The lithology of observation well is not available 
at the time of survey during June 2004.  However, the cross 
section of dried dug well part is mapped.  The topsoil is less 
than 30 cm followed by highly weathered granites (pink) 
extending to a depth of 3.5 m followed by semi-weathered 
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formation up to the bottom well having a depth of 7 m.  
Since, the aim of present investigation is to know about 
the sub-surface formation forming the phreatic aquifer, 
which will be benefited from the percolation tank recharge, 
the adopted imaging electrode spacing of 2 m with 42 
electrodes covering a profile line of 80 m length facilitated 
to get subsurface information of 12 m.  

The resistivity image at this place has clearly indicated 
that the thickness of weathered zone increases towards 
the west away from the percolation tank.  Based on the 

geo-electrical nature of sub-surface at the investigated site, 
the subsurface can be broadly classified into two layers. 
The first layer with resistivity range of 40-100 Ohm.m 
representing the weathered zone followed by basement 
forming the second layer with resistivity range of 400 
to more than 600 Ohm.m having a transition zone of 
semi-weathered zone.   The depth to basement inferred 
from the image is about 7-8 m which is coinciding with 
the observation made in the dried dug well.  However, 
the shape of the high resistive layer is having inclination 

Figure 2. Daily rainfall (mm) (2a) and monthly rainfall vs. evaporation (2b) during the study period.  

Figure 3. Vertical Electrical Resistivity tomographic cross sections carried out in the tank bed area.
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towards western part of the profile alignment.  The image 
analysis indicates that the groundwater movement from 
the percolation tank towards this direction in phreatic 
zone might be restricted by the presence of basement rise.  
However, the movement of groundwater through fractures 
within the basement must be taking place, which is 
evidenced by water table response of the well O5 located 
nearby the investigated site (refer Figure 4).

Electrical resistivity tomography survey (E2) is 
conducted with a length of 80 m and 2 m electrode 
spacing at a distance of 40 m from the weir and along 
the length of the tank in NW-SE direction. It revealed 
sub-surface information to a depth of 12 m (E2a in Figure 
3 and refer figure 1 for location).   Based on the vertical 
distribution of resistivity ranges, the sub-surface under 
the profile line can be grouped into a three geo-electrical 
layered shallow sub surface structure. The top layer with 
a thickness of 2 m is more or less uniform in nature. 
It is represented by a resistivity that ranges from 20-40 
Ohm-m, probably representing the conductive topsoil and 
highly weathered formation.  However, these conductive 
formations are not of continuous nature and they are 
separated by some moderate resistive formation (resistivity 
around 100 Ohm-m) exhibiting probably the variation 
in degree of weathering and variable soil thickness with 
variable moisture content. The second geo-electric layer 
with a resistivity range 150-300 Ohm-m represents the 

semi-weathered formation extending to a depth of 7m. 
The basement that follows the semi-weathered zone forms 
the third geo-electric layer having resistivity more than 
300 Ohm-m.  

In order to critically understand the composition 
and structure of sub-surface to a depth of 3 meters along 
the study profile line, the collected data (E2a) has been 
subjected to splicing analysis.  The resultant resistivity 
cross section (E2b) of shallow zone under the ponding area 
to a depth of 3 m indicated the first geo-electric layer with 
resistivity range of 24 to 40 Ohm-m represents the soil and 
highly weathered part extending to the depth of 1.98 m or 
2 m (E2b in Figure 3). However, the low order of resistivity 
in the NW part indicates that the area must be having 
high silted condition compared to the SE part. In the field 
it is observed that the NW part nearer to weir side is the 
deepest part of the tank having high silt accumulation.  

A second profile (E3)  is laid perpendicular to the 
direction to E2 keeping the center same with 40 m total 
length and 1 m electrode spacing following the Wenner 
configuration (E3 in Figure 4). The image obtained in the 
perpendicular direction also shows a similar geo-electric 
layered structure in the sub-surface.  The first geo-electric 
layer with resistivity range of 20–30 Ohm-m indicates a 
maximum thickness of 2 m on the SW part, coinciding 
with the depression part seen as a stream channel inside 
the tank.  In the central part, the weathering thickness is 

Figure  4. Vertical Electrical Resistivity tomographic cross sections in the study area 
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moderate and exposures of highly jointed rocks are seen. 
This is being reflected in the image with a resistivity range 
of 50-90 Ohm-m.  The second geo-electric layer following 
the first layer that extends to a depth of 4 m is of semi-
weathered formation with resistivity range of 100 – 250 
Ohm-m.  The third geo-electric layer with resistivity more 
than 250 Ohm-m is the basement that extends to a depth 
beyond 4 m. The perpendicular directional investigation 
confirms that the tank is almost having a uniform and 
stratified formation of which the first geo-electric layer of 
2 m thickness is the beneficiary zone of ponding. 

The resistivity imaging (E4) is carried out in the 
downstream of the percolation tank and near to the hand 
pump well (E4 in Figure 4) clearly depicted a three geo-
electric layered sequence of which the first layer extending 
to a depth of 5 m is of highly conductive nature towards 
the percolation tank direction (east) when compared to 
the western side.  However, the image results indicate that 
the thickness of the first geo-electric layer is of uniform 
thickness with varying degree of weathering and saturation.  
The second geo-electric layer following the weathered 
zone represented by resistivity range of 170-400 Ohm-m 
is considered to be of semi-weathered nature extends to a 
depth of 10m.  The last or bottommost geo-electric layer 
with more than 1000 Ohm-m is considered to be the 
basement.  The order of resistivity range more than 2000 
Ohm-m reaching a value of 6000 Ohm-m shows that the 
basement at this site is more compact.  The water level 
monitoring at O9 observation well near to the investigated 
site has shown a fluctuation of 4 m (pre- & post-monsoon) 
within depth section between 2 m to 6 m below ground 
level. This indicates that the saturated condition varies 
within the first geo-electric layer with time.  The collated 
inference brings out that the shallow zone is influenced 
by the percolation tank. This inference is supported by 
the water level response over various functional stages of 
percolation tank.

ERT6 is carried out inside the coconut garden on the 
extreme northern side of the study area (E6 in Figure 4).  A 
dug well in the garden is being used for irrigating the coconut 
fields, once in ten days as reported by the farmer.  The image 
obtained at this site clearly showed that the top layer is very 
thin and the maximum thickness is about 2 m only followed 
by thick semi-weathered formation extending to a depth of 
10 m followed by basement.  However, the resistivity range 
of the basement (250-500 Ohm-m) denote that the rock is 
not highly compact. It could probably indicate highly jointed 
basement having saturation in fractures/joints.

Percolation Tank Influence on Groundwater 
Recharge Dynamics 

The observed relation between storage and standing water 
column in the tank shows exponential pattern (Figure 5a).  

The percolation tank water storage was 10217.25 m3 at 2.4 
m standing water level and 0.9 ha water spread area (Table 
1). The minimum water storage 82.50 m 3 is observed with 
0.3 m standing water level and 0.05 ha water spread area 
during the study period.  The percolation rate reduces with 
the progressive decline of water level in the tank (Figure 5b) 
over the time.  The rate of peculation in the post-monsoon 
started with 46.8 mm/day and reduced to 15.1 mm/day 
during pre-monsoon season. The starting percolation rate 
is 42.3 mm/day and reduced to 21.8 mm/day (Table 2). The 
average percolation rate during 2004 and 2005 is 28 mm/
day and 35 mm/day respectively.  The percolation rate is 
very low when the water spread occupies small portion in 
the tank near to the bund, due to presence of 20-40 cm silt 
deposition (< 20 micron size particles) at this place. The 
estimation shows that about 92 % of the stored water (2 
m head of water) percolated through the tank bed within 
a period of 30-40 days (Figure 5b and Table 2).  

Table 1. Water column depth, storage capacity and area of 
Karanampettai Po.

Depth (m) Capacity (m3) WSA (ha)

0.30 82.50 0.05
0.60 424.50 0.17
0.90 1097.25 0.27
1.20 2111.25 0.40
1.50 3519.00 0.53
1.80 5350.50 0.68
2.10 7609.50 0.81
2.40 10217.25 0.90

The ERT study indicates that the sub-surface formation 
is more or less uniformly stratified except for some minor 
variations at shallow depths.  The infiltration rate obtained 
from the tank water balance equation reflects that a steady 
state rate of 26 mm/day (Table 2) could be taking place in 
the first geo-electrical layer of 2 m thickness.  However, 
assuming an effective porosity of 20% (obtained from 
the tritium tracer studies in terms of volume moisture 
percentage, refer section 4.2) for this layer and the total 
area of 0.96 hectares (tank area), the water that could be 
accommodated within the first geo-electrical layer of 2 m 
thickness works out to be 3840 cubic meters or 76% of 
total storage of 5015 cubic meters collected in the tank 
during the monsoon months (November and December) 
of 2004. The remaining 24% of volume may be subjected 
to evaporation and deep percolation. The volume of water 
thus stored in the first geo-electric layer contributes to 
deeper percolation in the second geo-electric layer during 
the ponding period at very low rate, as the semi-weathered  
formations has poor permeability. The inference of less 
benefit in terms of groundwater augmentation is reflected 
in low order of water level rise of 0.67 m during this period 
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in well O9 nearby the percolation tank in the downstream.  
The present analysis indicates that the development of 
water column height of 1.75 m in the percolation tank 
may not be adequate to induce more recharge to the 
groundwater.  The maximum storage height of (weir level) 
1.95 may also be inadequate to achieve a maximum benefit 
in augmenting the groundwater over the area. 

In general improved groundwater levels (rise in water 
levels) under the influence of any recharge source can 
be observed in the downstream. But, in the study area 
significant water level rise  is observed in the upstream 
wells located (northwest) at 275 m and 218 m from the 
tank (O3 and O4) due to induced hydraulic gradient and 

preferential groundwater flow towards these wells resulted 
from regular pumping in nearby wells (figure 6b and 
refer figure 1 for location).  The water table build up was 
significant in the observation bore wells located around the 
tank during 2004 northeast monsoon, low during summer 
and insignificant during southwest monsoon. The average 
water level rise observed in downstream area wells due to 
2004 northeast monsoon is 8.5 m compared to 4.4 m in 
the upstream area wells (Table 3).  

The rainfall events during the month of November 
2004 caused storage of water in the percolation tank during 
the monitoring period. The O5 well has shown a rise in 
water table of 5.41 m.  The dug well to a depth of 7 m being 

Figure 5. Water level height versus volume relationship in the percolation pond (a) and Time versus percolation rare of water (b).

Table 2.  Estimated groundwater percolation from the percolation pond during the study period.

Date
Storage

(m3)
(A)

Water 
column 

(m)
(B)

Water loss (mm)
(C=Storage 

difference between 
two time intervals)

Rainfall 
(mm)
(D)

Evaporation 
(mm)

(F)

Percolation 
(mm)

(C+D-F)

Percolation 
(m3/day)

Percolation
(mm/day)

26.11.04 5015 1.75
30.11.04 3786 1.55 200 0 12.8 187.2 1150 46.8
2.12.04 3348 1.47 80 0 6.4 73.6 402 36.8
3.12.04 3192 1.44 30 0 3.2 26.8 139 26.8
6.12.04 2748 1.35 90 0 9.6 80.4 397 26.8

10.12.04 2215 1.23 120 0 12.8 107.2 476 26.8
17.12.04 1435 1.02 210 0 22.4 187.6 697 26.8
27.12.04 641 0.72 300 0 32 268 709 26.8
30.12.04 488 0.64 80 0 9.6 70.4 135 23.4
3.01.05 373 0.57 70 0 9.6 60.4 99 15.1

Total 4204 28 Average
12.04.05 6597 1.97
4.05.05 1248 0.96 1001 0 70.4 930.6 4973 42.3
11.05.05 641 0.72 240 37.3 22.4 254.9 645 36.4
19.05.05 216 0.45 270 0 25.6 244.4 385 30.5
25.05.05 66 0.27 180 0 19.2 160.8 134 26.8
1.6.05 17 0.15 120 55.2 22.4 152.8 62 21.8
Total 6199 35 Average
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capacity level during the month of April-May, 2004 has 
not shown any influencing signature in the hydrograph. 
However, the wells in the downstream of percolation tank 
have shown the response due to ponding in terms of rise 
in groundwater level. The second cycling filling stage of the 
year has shown a rise in water level of the order of 7 m.   
The response of water level rise is from 15-10-04 onwards 
which is nearly 30 days earlier to the tank inflow and the 
rise reached the maximum on 3-12-04 within 21 days of 
maximum ponding. The hydrographs of the wells in the 

in a dried condition throughout the observation period and 
borehole showing a rise in water level of the order of 5-6 
m clearly indicates the movement of groundwater from 
recharge area through fractured zone within the basement.  
This is supported by a meager rise of 0.67 m in O9 well, 
which is just below the weir part of percolation tank. The 
hydrograph of O2 observation well was plotted for the 
calendar year of 2004 to study the influence of percolation 
tank towards the northern part of the area. It is surprising 
to note that the first cyclic filling in the tank to maximum 

Figure 6. Percolation pond water level (a), upstream observation well water level (b) and     downstream observation wells water 
level (c).

Figure 7. Groundwater contours in m amsl and arrows indicate groundwater flow direction (a), groundwater conductivity contours 
in micro Siemens/cm (b) in 08/12/2004.
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water recharge and subsequently the percolated water 
from the tank forced the groundwater flow forward causing 
immediate water level rise in wells.

The water table (m amsl) contour map (Figure 7a) 
shows groundwater flow caused by percolation of water 
from the tank is towards northwest, west and southwest 

second cyclic filing depicts an immediate response of water 
table rise in wells with the impoundment of water in the 
tank (Figure 6a and Figure 6b).  

The reason for groundwater flow dynamics noticed 
in the present study may be due to the aquifer zone in 
the ponding area is fully saturated with earlier ponding 

Figure 8. Tritium moisture profiles at selected rainfed and irrigated sites.

Figure 9. Brodmide concentration in observation wells.
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a distance of about 275 m from the tank in northwestern 
side.  Whereas, in the southwestern side the influence is 
up to a distance of about 165 m from the tank and beyond 
which little influence is noticed.

Geo-Tracers and Recharge Estimation 

The mean natural recharge computed from five rainfed 
sites in the study area is 18 mm for the rainfall of 374 
mm and it is equivalent to 5 % of the rainfall (Table 4 and 
refer figure 1 for locations).  Natural recharge estimated at 
3 supplemental irrigation sites as 53 mm for the rainfall of 
374 mm plus unknown quantity of irrigation input.  All the 
profiles indicate clear single peak occurring within depths 

in the downstream side of the tank. The gradient is 
significant along west and northwest directions compared 
to southwest direction (Figure 7a). The zone of influence 
area of percolation pond or tank can be inferred from 
spatial and temporal water level variations and conductivity 
(Muralidharan and Nair, 1998).  Normally the conductivity 
of runoff water collected in the tank will be much lower 
than the natural conductivity levels of groundwater in 
the downstream area. When the low conductivity water 
in the tank travels and mixes with groundwater of the 
downstream area, it is expected to lower the conductivity 
values of water in the zone of influence. Figure 7b, shows 
the conductivity values of well water in the study area.  
The map indicated that the influence of recharge is up to 

Figure 10. Rhodamine concentration in observation wells.

Table 3. Groundwater level rise in downstream and upstream during the study period.

Wells
NE monsoon

(2004)
Summer shower

(2005)
Downstream side ( NW part)

O1 13.3 4.09
O2 7.31 0.76
O5 6.85 1.75
O6 6.44 2.09

Average 8.5 2.2
Upstream side

O3 4.18 0.18
O4 4.64 0.63

Average 4.4 0.4
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of 70-100 cm below ground level, this is just below the 
tracer injected depth of 60 cm bgl indicating low order of 
natural recharge (Figure 8).  Grain size analysis of the soil 
samples shows that at most of the sites, the shallow soil 
zone is coarse textured, having more than 60 % of sand 
component.  In spite of this, the natural recharge measured 
shows lower order of magnitude. This shows that most of 
the low intensity rainfall events (20-30 mm/day), which 
constitutes about 65 % of the rainfall of 374 mm, might 
have gone in contributing to lessen soil moisture deficit / 
evapotranspiration losses within the root zone of 60 cm and 
not contributed to deep percolation.  The results show that 
higher silt having low permeability and low recharge in the 
area, for example the tank bed has 73% silt+clay having 
very low permeability and artificially irrigated area having 
low silt+clay(17%) having higher permeability (Table. 4).  
Table 4 also indicated percentage of silt has direct impact 
on recharge flux. 

Bromide tracer was injected in O9 well (on 19.12.2004) 
and water samples of injection and observation wells 
were analyzed for bromide concentration to determine 
the dilution rate of tracer in injection well and arrival 
of tracer signal in observation wells. Figure 9 shows 
variation in bromide concentration of injection well (O9) 
and nearest observation well (O8) in the downstream side 
from 1.10.2004 to 30.11.2005.  The initial concentration 
of bromide in the labeled water is calculated as 5000 mg/l.  
The initial bromide concentration of 5000 mg/l in the 
bore well water on the date of injection on 19.12.2004 
reduced to background level (pre injection well) of 1-2 
mg/l on 27.12.2004 (i.e. within 8 days).  It indicates high 
dilution rate of bromide in the injection well due to faster 
movement of groundwater to the downstream side near 
to the bund.  Such a hydraulic movement of 100 cm of 
water in the percolation tank, at the time of injection could 

be due to the steep hydraulic gradient seen in the water 
table contour due to pumping in the command area.  The 
filtration velocity could not be calculated based on tracer 
dilution as the labeled water in the well has attained 
background concentration within a period of 8 days. The 
nearest observation bore well (O8) located at a distance of 
165 m from O9 shows arrival of tracer signal after 80 days 
of tracer injection. The water table contour maps show 
distinct ground water movement towards this well (refer 
figure 7a).  Based on distance and arrival time of tracer 
signal, the velocity of groundwater flow in the central 
part of downstream area is calculated as 2 m/day.   No 
significant concentration of bromide was observed in any 
of the other observation wells above the background level 
during the sampling period.  This may be due to location 
of observation wells at far off distances from the injection 
well and / or due to dilution of tracer in the saturated zone 
beyond the detection level. 

Rhodamine-B (dye tracer) was injected in the tank area 
on 22.1.2005, when the tank water was just receded.  The 
tank received water once again in the month of April 2005 
due to high intensity rainfall event occurred on 7.4.2005.  
Figure 10 shows Rhodamine-B concentration in the nearest 
observation wells (hp and O8) during the sampling period.  
The observation well (hp) located at a distance of 60 m 
from the bund of the tank has shown arrival of tracer 
signal pulses with maximum pulse measured on 12.4.2005. 
A high intensity rainfall event of 150 mm, occurred on 
7.4.2005 has filled the tank to its full capacity.  The 
observation well (O8) located at a distance of 165 m from 
the bund of the tank has shown first arrival of tracer signal 
on 1.7.2005.  The experimental data indicates that the tank 
water is hydraulically connected with wells located in the 
central part of the downstream area. It is also reflected in 
the water table contour map, which shows predominant 

Table 4. Location of the tracer injection and sample collection sites, recharge estimates and permeability measurements of 
soil samples.

S.No Description Displacement 
(cm)

Average 
volume 

moisture (%)

Recharge flux 
evaluated 

(mm)

Permeability
(cm/d)

Silt + clay

T1 Red soil (loamy), grass land, no cultivation 11.74 20.52 24.1 373 24
T2 Red soil (loamy), ploughed, Jowar field 9.25 13.62 12.6 5.1 51

T3 Brown loamy soil, weekly water spreading 
land 10.29 22.35 23 452 14

T4 Soil thickness 40-50 cm, silty layer (tank 
bed) 9 73

T5 Hard red soil, cultivated, clay rich 
artificially irrigated 57.39 9.51 54.6 419 17

T6 Fallow rainfed land, hard red soil 13.64 11.21 15.3 150 31
T7 Red soil, fallow, rainfed, grass land 12.04 10.88 13.1 170 31
T8 Red soil, ploughed land, cultivated 29.14 16.74 48.8
T9 Red soil, ploughed land, cultivated 30.8 18.24 56.2 97 40

Note: Tracer injection: 13.9.2005; Sample collection: 04 - 05.01.2006; Depth of tracer injection: 60 cm; Depth of Permeability test is: 50 cm
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groundwater flow is towards central part of the downstream 
area in addition to northwestern part (refer figure 7). No 
significant rhodamine-B concentration was observed in 
any of the other observation wells in the downstream area. 
This is because the wells are located at far off distances 
(> 200 m) from the tank that may indicate out of range 
of percolation tank influence.

CONCLUSIONS

The integrated approach of combining hydrological, 
hydrogeophysical and geo-tracer studies in the study area 
revealed clear positive impact of the percolation tank on the 
groundwater recharge augmentation in the command area. 
The most of the moderate intensity precipitation events 
(20-40 mm/day) that constitute 65% of the total rainfall 
has been lost in lessening the soil moisture deficit caused 
by evaporation and evapotranspiration. Only single high 
intensity daily rainfall events of > 100 mm/day or several 
moderate intensity daily rainfall events (20-60 mm/day) 
separated by small gaps of non-rainy days can generate 
runoff and cause storage in the tank with substantial 
groundwater percolation from the tank. The geophysical 
investigations, permeability and grain size analysis inferred 
that tank bed having more silt on the top may be causing 
low rate of percolation. Whereas on the other side high 
weathering thickness has contributed to more recharge 
away from the tank bed area within the tank.  The average 
percolation rate from the tank is estimated as 32 mm/day 
that ranges from 47 mm/day to 15 mm/day. The percolated 
water from the percolation tank contributes very small 
quantity of percolated water to groundwater recharge, when 
water column is very low in the tank.  Once the tank water 
level is above the bed level, the percolation rate is likely 
to be driven by the hydraulic gradient of the aquifer due 
to the hydraulic connection in the area. The observations 
also indicated that the pumping of groundwater could 
significantly influence the hydraulic gradient and thus 
contribute to the control of the artificial recharge from the 
tank.  The natural recharge caused by rainfall in the rain 
fed agricultural fields of the command area of the tank is 
18 mm (5 % of the rainfall) and in irrigation fields is 53 
mm (14 % of the rainfall). The velocity of groundwater 
flow during the period of ponding is 1- 2 m/day with an 
influenced zone of recharge of 275 m from the tank. 
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ABSTRACT
Phenomenal increase in the demand for potable water to meet the basic needs of the ever increasing population 
has led to significant increase in the exploitation of groundwater, especially in many segments of our country 
where surface water availability is meager. One such segment includes the urban conglomeration in and 
around Visakhapatnam. To ensure that many localities along and across Visakhapatnam-Bhimunipatnam 
corridor get potable water free from saline water pollution it has been decided to first identify the patches 
of fresh and saline water sources and then categorize them quality wise. As a part of this important societal 
problem, a hydrogeochemical study has been carried out in Visakhapatnam and Bhimunipatnam district 
situated along the East coast of India to primarily identify the influence of saline water on fresh water 
aquifers and then categorize quality wise the suitability of groundwater for drinking and domestic purposes. 
Limited investigations in this coastal region have reported signs of seawater intrusion, pollution due to 
industrial effluents and natural weathering process.  A total of 63 groundwater samples have been collected 
and analyzed for major anions and cations for post and pre-monsoon seasons of 2015. The geochemical 
parameters have been compared with World and Indian quality standards. The study has revealed that most 
of the samples are suitable for drinking purpose. Gibb’s plot revealed that the mechanisms responsible 
for controlling the chemical composition of the groundwater include both the rock water interaction and 
evaporation. The correlation of laboratory analysis of different proportions (%) of seawater to freshwater and 
to the field electrical conductivity indicates that 84% of samples are of type I category (low salts) and are 
safe for drinking. Out of the remaining, 13% of samples belong to type II (medium salts) and 3% to Type III 
(high salts) categories, respectively. The ionic ratios show that 8% of the samples indicate the transformation 
of the fresh groundwater aquifer system to saline.

Key words: Groundwater, Visakhapatnam-Bhimunipatnam, hydro-geochemical study, anions and cations, 
weathering, seawater intrusion, electrical conductivity.

INTRODUCTION

Distribution of fresh water resources is uneven throughout 
the World and the fresh water availability is becoming 
scarce day by day owing to population growth and diverse 
human activities. In the absence of fresh surface water 
resources, groundwater is exploited to meet the demand 
exerted by the various sectors. Variation in the water 
quality of groundwater in response to local geological set-
up and anthropogenic factors warrants the evaluation of 
the quality of the groundwater for any purposes including 
that for human consumption.  Many researchers   across 
the globe (Babiker and Mohamedm, 2007; Vennila et al., 
2008; Shomar et al., 2010 and Magesh et al., 2013) have 
carried out studies with spatial technologies and interpreted 
the quality of groundwater.

Groundwater of an aquifer in any given area has a 
unique chemistry acquired as a result of chemical alteration 
of meteoric water recharging the system (Back, 1966; and 
Drever, 1982). Water is the prime natural resource for 
Man`s survival and overall development of the country. 
Water is flowing in two forms, namely, surface water and 
groundwater. Rapid urbanization, especially in developing 

countries like India, has affected the availability and quality 
of groundwater due to its overexploitation, improper waste 
disposal, irrigation return water and lack of recharge. 
The quality of groundwater is the function of its physical 
and chemical parameters, which depend on  the soluble 
products of weathering, decomposition and the related 
changes that occur with respect to time and space (Bhargava 
and Killender 1988; Prasad et al., 1984, Srinivasamoorthy 
2011). Water pollution not only affects water quality but 
also threatens human health, economic development and 
social prosperity (Milovanovic 2007). The dependence 
on groundwater has increased tremendously in recent 
years in many parts of India. Hence, physico-chemical 
analysis of water is important to assess the quality of 
groundwater that influences the suitability of water for 
domestic, irrigation, and industrial needs (Prasanna et al., 
2011; Chidambaram et al., 2011; Singaraja et al.,  2013b; 
Ackah et al., 2011; Sayyed and Wagh,2011; Tripathi, 2011). 
Generally, groundwater quality depends on the quality of 
recharged water, atmospheric precipitation, inland surface 
water and subsurface geochemical processes (Twarakavi 
and Kaluarachchi 2006, Singaraja et al., 2013b).The 
present study pertains to the evaluation of the physico-

J. Ind. Geophys. Union ( May 2018 )
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chemical characteristics of the groundwater, since people 
are mainly dependent on the groundwater for their needs. 
The manuscript covers the suitability of the groundwater 
for drinking purposes, along and across Visakhapatnam-
Bhimunipatnam corridor.

STUDY AREA

The study area, Visakhapatnam and Bhimunipatnam 
stretch is a 27km coastal strip situated along the East coast 
of India. It lies between North latitudes 17°30’- 18°0’ and 
East longitudes 83°15’-83°30’.(Figure 1). The area under 
study is situated on either side of the beach road and it 
is characterized by Eastern Ghat mobile belt. This area is 
covered with denudational hills of height range between 
30 to 540m above mean sea level. In the Visakhapatnam-
Bhimunipatnam area, agriculture is the most important 
economic activity. Since agriculture depends on chemical 
fertilizers and pesticides that can degrade the quality of 
shallow aquifers through seepage of chemicals and also as 
the shallow aquifers in the coastal corridor under study 
can be affected by saline water intrusion, to ensure good 
quality of groundwater in the coming decades through 
large scale preventive measures it has been decided to 
take up hydro-geochemical investigations to obtain area 
specific groundwater chemistry. Such information, cross 
checked through seasonal monitoring, would help in proper 
planning of quality enhancement projects.

The prominent geological formations include 
Khondalites, Granite gneiss and Charnockites and Coastal 
alluvium of recent age.  The major rock types exposed 
between Visakhapatnam and Bhimunipatnam along the 

coast mainly belong to the Khondalitic group. Leptynites 
are found to exist in abundance. Minor quantities of 
Charnockites and Pegmatites occur at places. The red 
sediments (Rao, 1978) are found to occur as predominant 
land masses along the Visakhapatnam and Bhimilipatnam 
coast. These red sediments overlie Khondalites and 
Leptynites. The plain areas in the region are normally 
found to occur between two successive hill ranges. The 
plain areas mostly occupied by red sediments of varying 
thickness. It is further observed that one or more streams 
are found to flow through these plains to join the sea.

Pedda gedda, the largest stream along the coast exhibits 
dendritic pattern of drainage. These streams normally 
discharge excess rainwater from the inland areas and 
adjoining hills into the sea. Most of the streams discharge 
quickly because of the steep slope of the hills in the area. 

MATERIALS AND METHODS

Groundwater samples have been collected in polyethylene 
bottles at 63 groundwater sampling sites during pre-
monsoon and post-monsoon seasons (Figure 1) from open 
and bore wells. Physico-chemical parameters, such as 
Electrical Conductivity (EC) and pH have been measured 
in the field immediately after the collection of the samples 
using portable field meters. TDS has been calculated from 
EC by an empirical formula TDS=0.64*EC. Chloride, 
hardness, calcium, magnesium, carbonate and bicarbonate 
have been determined by titration. Flame photometer 
has been used to calculate the sodium and potassium. 
Sulphate has been determined by spectrometer. Analytical 
precision has been maintained throughout the experiments.  

Figure 1.  Map of the Study Area
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Figure 2.  Distribution of pH in groundwater (Post and Pre monsoon).

Standard methods have been adopted for the analysis of 
the water samples (APHA 1995). The study area map 
has been prepared from the soft copy of the topographic 
map published by the Survey of India produced on a scale 
1:25000. 

RESULTS AND DISCUSSION

Potential Hydrogen (pH):

The pH of water is an important indicator for its quality 
and provides important information on geochemical 
equilibrium or solubility calculation (Hem 1985). The 
acceptable limit value for drinking water is specified as 6.5-
8.5(WHO 2011; ISI 2012). The Distribution of lesser value 
of pH indicates presence of CO2 in water. The pH value of 
most of the groundwater samples in the study area for both 
post and pre-monsoon periods varies from 6.1-8.1(Figure 
2), which shows that the groundwater in the study area is 
slightly acidic and moderately alkaline in nature. 

Electrical Conductivity

Electrical Conductance is a measure of the ability of water 
to conduct an electrical current-specific conductance. It is 
directly proportional to the saltiness (Salinity) or dissolved 
salt contents in water. The electrical conductivity of water 
is a measure of the conductance of cubic centimeter of 
water at 25 °C in micro-Siemens. The most desirable 
limit of EC in drinking water is 1,500μs/cm (WHO 2011). 
Electrical Conductivity has been used as a criterion for the 
classification of drinking and irrigation waters (Erguvanli 
and Yuzer, 1987). The EC of groundwater in the study area 
is varying from 275-6300μs/cm and 3970 μs/cm during post 

and pre-monsoon periods, respectively (Figure 3). Higher EC 
in 3% of the study area indicates the enrichment of salts 
in the groundwater. Such higher concentration depends 
upon temperature, concentration and types of ions present 
(Hem 1985). 

The EC can be classified as type I, if the enrichments 
of salts are low (EC<1500μs/cm); type II, if the enrichments 
of salts are medium (EC 1500 and 3000μs/cm) and type 
III, if the enrichments of salts are high (EC>3000μs/cm). 
According to the above classification of EC, 84% of the total 
groundwater samples come under the type I (low enrichment 
of salts); 13% under type II (medium enrichment of salts) 
and 3% under type III (high enrichments of salts).While 
major parts of the study area come under good quality 
groundwater zones, the effect of saline water intrusion may 
be the reason for medium enrichment of EC in 13% of the 
study area and high percentage of salts in 3% of the study 
area. The conductivity of the groundwater sources varied in 
the total study area from 275-6300μs/cm (post-monsoon) 
and 323-3970μs/cm (pre-monsoon). 

This shows that during the post-monsoon period, 
despite the groundwater dilution by precipitation, the EC 
increased significantly to 6300μs/cm in 3% of the study area. 
Large variation in EC is mainly attributed to geochemical 
process like ion exchange, reverse exchange, evaporation, 
silicate weathering, rock water interaction, sulphate 
reductions and oxidation processes (Ramesh 2008). In the 
study area the enrichment of salt in groundwater, in 16% 
of the area, may be due to evaporation and anthropogenic 
activities. In general if proper precautionary measures are not 
taken at the earliest there is a possibility of increased salinity 
around such zones that are already polluted by saline water 
intrusion. The effect of pH may also increase the dissolution 
process, which eventually increases the EC value.



Hydrochemical Signatures for Identification of Fresh and Saline Water Resources,  
along Visakhapatnam-Bhimunipatnam Corridor 

309

Figure 3. Distribution of EC in groundwater (Post and Pre- monsoon).

Figure. 4. Distribution of TDS in Ground Water (Post and Pre Monsoon).

Total Dissolved Solids

The principal ions contributing to TDS are bicarbonate, 
carbonate, chloride, sulphate, nitrate, sodium, potassium, 
calcium and magnesium (US EPA 1983). According to 
(WHO, 2011) specification, TDS upto 500 mg/l is the 
highest desirable and upto 1000 mg/l is the maximum 
permissible. In the study area the TDS value varies between 
a minimum of 122mg/l and a maximum of 4089 mg/l (Fig 
4) indicating most of the ground water samples lie within 
the maximum permissible limit. According to the Davis 
and De Wiest (1966) (Table 1) classification of groundwater 
based on TDS, 24% of the total groundwater samples are 
desirable for drinking (TDS<500mg/l), 58% permissible for 

drinking (500-1000 mg/l) and 19% is suitable for irrigation 
purposes. High concentration of TDS in groundwater is due 
to leaching of salts from the soil and also domestic sewage 
may penetrate into the groundwater, which may lead to 
increase in TDS values. The spatial distribution of TDS in 
groundwater (pre and post monsoon) shows that major part 
of the study area comes under a mixed category of desirable 
cum permissible for drinking and good for irrigation. So, 
in reality even though major part of the study area comes 
under good quality groundwater zone, as per pH and EC 
values the higher TDS shows considerable impact due to 
anthropogenic activity. As such, even in the 84 % good 
quality zone it is better to distill TDS content to avoid 
probable ill effects due to direct drinking of groundwater.
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as it tends to deteriorate the soil, the zones that contain 
high concentration of sodium be left out for conventional 
agriculture. If experimental cultivation yields good results 
these patches of land could be used for growing saline 
resistant varieties of rice.

Potassium is a naturally occurring element; however 
its concentration remains quite low compared to calcium, 
magnesium and sodium. Its concentration in drinking 
water seldom reaches 20mg/l. The concentration of 
potassium in both post-monsoon and pre-monsoon seasons 
is found to vary from 0.82 to 87.2mg/l. The maximum 
permissible limit of potassium in the drinking water is 
30mg/l. Higher concentrations are found only in 4 samples.
The low concentration of potassium found in some samples 
is due to high resistance of potash feldspars to chemical 
weathering in the study area.

Bicrabonate (HCO3)

The value of bicarbonate ranges from 57 to 765 mg/l. 
Bicarbonate is the dominant ion, except in the groundwater, 
occurs near the coast. The higher concentration of 
bicarbonate in the water points to the dominance of 
mineral dissolution (Stumm and Morgan 1996).

The plot of ionic ratio of bicarbonate/ chloride versus 
TDS is shown in Figure 6, for both post and pre-monsoon 
seasons. The plot shows that the values of HCO3/Cl(meq/l) 
are <1 in the high TDS concentration (>2000) range of 
the analyzed samples, while its slope is positive in the 
low TDS concentration range (<2000mg/l). This result 
indicates that groundwater with high TDS concentrations 
is enriched with chloride due to sea water intrusion and the 
groundwater with low TDS concentrations is less affected 
by seawater. Only few samples of the study area are affected 
by seawater intrusion.

Sulphate (SO4)

Sulphate is one of the major anions occurring in surface 
waters. A decline in a Sulphate ion frequently is associated 
with an increase in bicarbonate ions (Fred Bell, 1998). The 
upper limit for sulphate concentration for drinking water 
is 200mg/l (ISI 2012). The sulphate concentration in the 
study area ranges between 0.9 to 166 mg/l during post 

Calcium and Magnesium (Ca and Mg)

Calcium and magnesium are the most abundant elements 
in both surface and groundwaters.They exist mainly as 
bicarbonate and to a lesser degree in the form of sulphate 
and chloride. Calcium concentrations are varying from 
141 to 2.1 mg/l. The higher concentration of calcium 
observed is 141 mg/l, from the groundwater samples 
collected from 3% of the study area. The desirable limit 
of calcium concentration for drinking water is specified as 
75mg/l (ISI 2012).On an average in the good quality zone 
the percentage of calcium concentration hovers around 50 
to 60 mg/l. This shows that all the groundwater samples 
in major part of the study area are within the permissible 
limit. Magnesium usually occurs in lesser concentrations 
in groundwater than calcium (Nilufer Arshad, 2009). 
Magnesium content is varying from 2.15 to 354 mg/l. The 
maximum permissible limit of magnesium concentration 
of drinking water is specified as 100mg/l (ISI 2012) and 
150 mg/l (WHO 2011).Out of total 63 samples, Sample 
numbers 7, 15, 24, 37,38, 56, 57 exceeds the ISI limit as 
they show values of 110, 106, 124, 112, 223,354 mg/l. 
This shows that only about 10 % of samples are beyond 
permissible level.

The seawater has high Mg concentration than Ca. 
The ionic ratios Mg/Ca, HCO3/Cl were plotted against 
the samples to evaluate the groundwater chemistry of the 
wells used in the present study. Fig.5 shows that 8% of the 
samples are showing extremely low HCO3/Cl and variably 
high Mg/Ca during pre- monsoon season indicating the 
transformation of the fresh groundwater aquifer system 
to saline.

Sodium and Potassium (Na and K)

Sodium ranks sixth among the elements in order of 
abundance and is present in most of the natural waters. 
Sodium is generally found in lower concentration than 
calcium and magnesium in freshwater. The concentration 
of sodium is varied from 15 to 538mg/l. The maximum 
permissible limit of sodium is 200mg/l. Processed 
samples reveals that a few samples are exceeding the 
permissible limit of WHO and ISI. Since groundwater 
with high sodium content is not suitable for agriculture, 

Table 1. Classification of Groundwater samples of the study area 

TDS (mg/l) Class
Number of Samples In Percentage

Post- 
Monsoon

Pre- 
Monsoon

Post- 
Monsoon

Pre- 
Monsoon

up to 500 mg/l Desirable for drinking 15 15 24 24

500-1000 mg/l Permissible for drinking 37 35 58 55

Up to 3000 mg/l Useful for irrigation 10 12 16 19

Above 3000 mg/l Unfit for drinking and irrigation 1 1 1.58 1.58
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and pre-monsoon seasons. All the samples fall within the 
desirable limits. Higher concentration of Sulphate could 
cause a cathartic action on human beings and also cause 
respiratory problems (Maiti, 1982; Subba Rao and Prathap 
Reddy, 1999; and Subba Rao et al., 2002).

Chloride (Cl)

The origin of chloride in groundwater may be from diverse 
sources such as weathering, leaching of sedimentary rocks 
and soils, intrusion of saltwater, domestic and industrial 

Figure 5. Ionic ratios of HCO3/Cl and Mg/Ca.

Figure 6.  Cross plot of TDS versus HCO3
-/Cl- for post and pre monsoon seasons.
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waste discharges, municipal effluents etc. (Karanth 1987).  
In the study area, the concentration of chloride is between 
21 to 2769 mg/l. relatively high concentration of chloride 
is observed for the groundwater samples 7, 13, 15, 18, 24, 
37, 38, 57. A desirable limit of chloride for drinking water 
is specified as 250mg/l (ISI 2012).  The excess of chloride 
in the water is usually taken as an index of pollution 
and considered as tracer for groundwater contamination 
(Loizidou and Kapetanios 1993). In natural waters, the 
concentration of Cl bears strong correlation with the 
sodium content and specific conductance. High levels 
of Na and Chloride ions in coastal water may indicate a 

significant effect of seawater mixing (Mondal et al., 2008). 
According to Stuyfzand (1989) classification (Table 2) 59% 
of samples are fresh waters, 30% of samples belong to a 
mixture of fresh and brackish waters and 10% of samples 
are completely brackish.

Mechanism Controlling the Ground Water Chemistry

Gibb’s Diagram

The mechanism controlling chemical relationships of 
groundwater based on aquifer Lithology and nature of 

Figure 7. Gibb’s diagram for post- monsoon and pre-monsoon seasons.

Table 2.  Stuyfzand (1989) classification of groundwater

S.No Main type Cl(mg/l) No. of samples

1 Oligohaline 5-30 1

2 Fresh 30-150 37

3 Fresh-Brackish 150-300 19

4 Brackish 300-1000 6

Table 3. Classification of groundwater

Percentage
of seawater mixing

1% 955

Type I<1500 Low salts

2% 1450

4% 2910 Type II 1500-3000 Medium salts

6% 4200
Type  III >3000 More salts8% 5510

10% 6760

14% 9380

18% 12000

20% 12900

40% 24000

60% 34400

100% 56000
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geochemical reactions and solubility of interaction rocks 
has been studied following Gibbs (1970) and Viswanathaiah 
et al., (1978). The source of the dissolved ions in the 
groundwater can be understood by a Gibbs diagram (Gibbs, 
1970). It is a plot of (Na+)/(Na++Ca+2) vs. TDS. The 
Gibbs plot of data from the study area (Figure 7) indicates 
that   interaction of rocks with the groundwater is the 
dominant process controlling the major ion composition 
of groundwater for both post-monsoon and pre-monsoon 
seasons. The plot indicates that the groundwater samples 
of the study area overlap in the rock-water interaction 
and evaporation dominance categories (Chidambaram et 
al., 2008; Srinivasamoorthy et al., 2008, Chowdhury and 
Srimanta Gupta 2011, Manikandan et al., 2011). 

Laboratory studies: Mixing of seawater

Laboratory studies have been carried out to classify the 
groundwater based on Electrical Conductivity by mixing 
different proportions (%) of seawater to freshwater. The 
Figure 8 shows how concentration of EC is increasing for 
varying percentage of seawater mixing. Based on these 
laboratory results (Table 3) the samples of the study area 
are categorized as: 84 % of samples belong to type I and 
13% to type II and 3% to type III.

CONCLUSIONS

The groundwater in the study area is slightly acidic and 
moderately alkaline in nature.

Based on EC and TDS, 84% of the total groundwater 
samples of the study area are desirable for drinking and 
good for irrigation.

Based on the hydrogeochemical parameters and their 
ionic ratios the seawater intrusion is noticed in few locations.

8% of the samples are showing extremely low HCO3/
Cl and variably high Mg/Ca during pre-monsoon season 
indicating the transformation of the fresh groundwater 
aquifer system into saline. 

The plot of bicarbonate/ chloride versus TDS for 
both post and pre-monsoon seasons shows the values of 
HCO3/Cl- were <1in the high TDS concentration (>2000) 
range of the analysed samples, while its slope was steeply 
negative in the low TDS concentration range (<2000mg/l), 
indicating that groundwater with high TDS concentrations 
was enriched with chloride due to seawater intrusion and 
the groundwater with low TDS concentrations is less 
affected by seawater. 

Gibb’s plot reveals that the mechanisms responsible for 
controlling the chemical composition of the groundwater 
are both rock water interaction and evaporation.
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ABSTRACT
Stream power is mostly used as an indicator for investigating engineering structures along the river banks. 
It has a considerable influence on forms and processes of the river system. It also provides information 
regarding the potential of a river to move sediments. The objective of this study is to estimate the total and 
unit stream power of Bhagirathi River and thereby to find the relationship of average unit stream power 
with landslides along the river. In this study, the longitudinal profile of the Bhagirathi River has been drawn 
using filled ASTER DEM in GIS environment. The smoothed longitudinal profile has been further used for 
the computation of slope at 1 km interval. The power function relationship has been established between 
peak discharge and drainage area to estimate peak discharge for ungauged points along the Bhagirathi River 
at 1 km interval. Channel slope, the specific weight of water and discharge are vital parameters for stream 
power computation. Total and unit stream power have been estimated at 1 km interval along the Bhagirathi 
River. The slope is found to be 0.04 and 0.0014 mm-1 along the extreme upper and lower reaches of the 
Bhagirathi River, respectively. Due to the steep slope, the total and unit stream power profiles show high 
peaks in the mid-stream of the Bhagirathi. The fluctuations in the total stream power along the Bhagirathi 
River signify the variation in sub-regional slope as well as in discharge contributing areas. The unit stream 
power is high in the upper reaches of the river, and it shows decreasing trend in downstream. Unit stream 
power mainly governs the bar deposition in the active channel of the Bhagirathi River. The association 
between average unit stream power and number of exposures/landslides has been found to be statistically 
significant at the 0.01 level of significance.

Keywords: Longitudinal profile, Total stream power, Unit stream power, Bhagirathi River, ASTER DEM, GIS, 
Polymodal distribution.

INTRODUCTION

Stream power is a product of stream slope, discharge, 
and weight of water that influence sediment transport 
(Rhoads, 1987; Gartner, 2016). The geomorphic impacts 
of the running water in an open channel and sediment 
transportation are assessed regarding the distribution of 
stream power per unit channel area over time (Jain et al., 
2006; Kale, 2007). River develops a broad range of channel 
shapes during young, mature and old stages with respect 
to the available energy distribution in each stage. Potential 
or position energy is the main force, driving the river 
system (Fonstad, 2003). The potential energy is gradually 
transformed into kinetic energy when the river flows along 
the slope. Thus, kinetic energy is an essential factor for 
erosional and transportation functions to make the fluvial 
system active (Knighton, 1999). The total and unit stream 
power are significant predictors of geomorphic response to 
a flood event (Yochum et al., 2017). 

Rhoads (1987) argued that the stream power can 
be used in a conceptual context rather than specific 
quantitative measures of power. An actual measurement 
of energy expenditure is not possible in the river system 
(Rhoads, 1987). Hence, various alternative methods (e.g., 

total stream power and cross-sectional stream power) 
can be used for measuring the true stream power of the 
rivers (Fonstad, 2003). Bagnold (1966) termed the cross-
sectional stream power as unit stream power. He applied 
unit stream power for calculation of sediment transport 
rate and for the prediction of the competence of a river. 
Bagnold (1966) used stream power as a theoretical basis 
for evaluating the bedload transport in a channel. Phillips 
(1989) also observed that the sediment transport capacity 
in a channel depends on the unit stream power. A few field 
studies of stream power have predicted downstream energy 
expenditure trends using hydraulic geometry principle 
(Knighton, 1999; Kale, 2007; Bawa et al., 2014; Righini et 
al., 2017; Wicherski et al., 2017; Yochum et al., 2017). Graf 
(1983, 1998) observed that the lithological dissimilarity 
could be responsible for the variation in stream power.      

In the fluvial system, the morphology of an open 
channel evolves from equilibrium between the energy 
exerted by the running water in a channel and the 
resistance of sediments of the channel perimeter against 
entrainment (Lecce, 1997). The stream power has been 
studied as a vital  factor that influences components of 
the river system, including channel shape (Mosley, 1981), 
sediment transport rates (Bagnold, 1966), sediment delivery 
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ratios (Phillips and Slattery, 2006), channel migration 
(Nanson and Hickin, 1986; Kumar et al., 2013), channel 
pattern (Schumm and Khan, 1972), bedload movement 
(Petit et al., 2005), aggradation/ degradation threshold 
(Bull, 1979), riffle and pool characteristics (Wohl et al., 
1993), genetic classification of floodplain (Nanson and 
Croke 1992), floodplain initiation processes (Jain et al., 
2008) and geomorphic effectiveness of floods (Kale, 2007).

The spatial pattern of stream power expenditure 
has been possibly applied to correlate the longitudinal 
distribution of geomorphic features within a channel with 
stream energy. However, modeling of the river system is a 
challenging task because the physically-based relationship 
between channel geomorphic features within a channel and 
processes are not well established (Fonstad, 2003). The 
morphological structure and behavioral attributes of streams 
are controlled by the variables such as catchment hydrology, 
sediment character, degree of channel confinement, 
sediment supply, channel gradient, flood history, vegetation 
and human impact (Leopold et al.,1964; Kale, 2008; Ortega 
et al., 2014). Generally, in the tropical regions, the gradient 
decreases with an increase in discharge from upstream 
to downstream. Hence, channels do lateral expansion as 
they enter flat alluvial plains. Geological controls propel 
considerable local discontinuities in longitudinal profile of 
a river. However, the downstream variations in slope and 

elevation produce a striking change in channel shape and 
morphology (Graf, 1983; Reinfelds et al., 2004). 

Uttarakhand state is highly prone to flood and landslides. 
After June 2013 flood event, it became necessary to know the 
total and unit stream power of all Uttarakhand Rivers. Jack 
(2010) estimated total and unit stream power for Ganga and 
Yamuna River. Furthermore, he selected a small reach along 
the Ganga River, starting from Rishikesh to Balawali. Against 
the backdrop of studies mentioned above, this research is 
focused on the total and unit stream power estimation along 
the Bhagirathi River. Such a study will significantly help 
engineers and planners to manage and construct engineering 
structures along or across the Bhagirathi River.  

STUDY AREA

The Bhagirathi is a major source stream of the Ganga river system 
in the state of Uttarakhand. The holy Bhagirathi River is a 
major river of the Gangetic plain of northern India. The headwater 
of the Bhagirathi River originates from Gamukh (snout of 
Gangotri glacier) at an elevation of 4255 meters a.m.s.l. Its 
principal tributaries join river at different locations; these are 
Kedar Ganga at Gangotri, Jadh Ganga at Bhaironghati, Kakora 
Gad, and Jalandhari Gad near Harsil, Siyan Gad near Jhala, 
Asi Ganga near Uttarkashi, Bhilanga River near old Tehri at 
an elevation of 1,750 m a.m.s.l. (Figure 1).

Figure 1.  Location map of the study area.
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The Bhagirathi River is 205 km long and the Alaknanda 
River joins it at Devprayag (elevation of 465 m, a.m.s.l). 
Downstream of the confluence, the Bhagirathi is known 
as the holy Ganga River. In the Bhagirathi River basin, 
the Chaukhamba-I is the highest peak. There are several 
human-made dams along the Bhagirathi River, some are 
functional, but some are under construction or planned. 
The total catchment area of the Bhagirathi River is 8846.64 
km2, distributed in Uttarkashi and Tehri Garhwal districts 
of Uttarakhand. 

DATA AND METHODOLOGY

Geomorphic mapping was completed using Google Earth 
satellite images of 2014. The Advanced Spaceborne 
Thermal Emission and Reflection Radiometer Digital 
Elevation Model   (ASTER DEM), Global Digital Elevation 
Model Version 2 (GDEM V2) released in 2011 at 30 m 
spatial resolution were obtained from the USGS Global 
Visualization Viewer (GloVis). In this study, Spatial analyst 
tool (hydrology) of ESRI ArcGIS 10 was used for watershed 
demarcation, calculation of river profile and estimation of 
channel slope. ASTER DEM data were used for delineation 
of Bhagirathi watershed at 1 km interval and its major 
rivers using D-8 flow algorithm of ArcGIS 10. Subsequently, 
the trunk stream (Bhagirathi) was selected to extract the 
bed elevation values from the filled ASTER DEM using 
3D Analyst of ArcGIS 10. The raw longitudinal profile 
contains many unrealistic kinks that are due to noise 
in DEM data. These unrealistic kinks were removed to 
compute the slope (Bawa et al., 2014). The smoothening 
of river profile was performed in Table 2D Curve software. 
In trial version of Table 2D Curve software automated data 

smoothening method, ‘Kaiser-Bessel’ was used to eliminate 
the unrealistic kinks from the raw profile (Figure 2) (e.g. 
Thomson and Emery, 2014). The association of raw and 
smoothed profile is strong as the r2 value is 99.82. Further, 
the smoothed profile was used to compute slope. A 200 
km long longitudinal profile and slope (m/m) were derived 
for the  Bhagirathi river.

Channel slope is an essential component for estimation 
of discharge and velocity of the river. Channel slope was 
computed at 1 km interval using smoothed longitudinal 
profile of the Bhagirathi River. Channel slope was calculated 
using Eq. (1):
	 S	=	∆H	/	∆L	 ……………………………….	(1)
S=	slope,	the	∆H=Height	difference	(m),	the	∆L=Channel	
length between two successive points (m). The slope was 
calculated for 1 km interval. Step-wise flowchart of creation 
of longitudinal profile and slope estimation at an equal 
interval of 1 km are shown in Figure 3.

Hydrological data (Table 1) were obtained from the 
thesis of Jack (2010). These data were used to establish a 
power function relationship between discharge and drainage 
area (Eq. 2) (Jain et al., 2006). The discharge data are 
available for a few sites in the Bhagirathi and Alaknanda 
basins (Table 1). 

A continuous distribution of discharge (Q) is necessary 
for stream power estimation, based on discharge-area 
relationship along the Bhagirathi River (Eq.2):
 Q = a *Ab …………………………….. (2)
Where A is the contribution catchment area in km2, 
Q shows discharge (m3s-1), the a and b coefficients are 
equal to 0.580 and 0.841, respectively. The coefficient of 
determination (r2) of the power function relationship is 
0.893. Here, discharge is a dependent while the drainage 

Figure 2. Raw and smoothed longitudinal profile of the Bhagirathi River.
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area is an independent variable. The average peak monthly 
discharge data were used for the calculation of stream 
power because it is widely related to the river dynamics 
and a huge amount of sediment load is transported during 
the period of highest flow (Jack, 2010). Therefore, by using 
peak monthly discharge, a value of peak stream power 
was calculated and used to explain the bar formation and 
toe-cutting induced exposures/landslides. The mean peak 
discharge of the Bhagirathi watershed is 670.5 m3s-1.

The total stream power was calculated using Eq. (3) 
(Bagnold, 1966):
	 W = yQS  ……………………………… (3)
Where W	 is total stream power per unit length of the 
channel (W m-1), y is the specific weight of water (9800 Nm-

2), Q is discharge (m3s-1), and S is the energy slope (m/m) 
of the flow within a given reach. We took channel slope 
(m/m) as a proxy for energy slope of the flow. Reinfelds 
et al. (2004) defined total stream power as “the total rate 
of energy expenditure per unit length of the channel”. 
Hence, it appears to be an suitable factor for longitudinal 
connectivity in the channel.

Unit stream power confers a measurement of the 
rate of energy expenditure per unit area of a river channel 
width. Unit stream power was calculated using Eq. (4) 
(Kumar et al., 2013):

Unit stream power = Total stream power/ 
                   the width of active channel ….. (4)

RESULTS AND DISCUSSION

Longitudinal River profile and channel slope

The work carried out in the badlands of Henry Mountains 
by Gilbert, (1877) showed that “if we draw the profile of the 
river on paper, we produce a curve concave upward and with 
the greatest curvature at the upper end.” The concavity 
of the longitudinal profile of rivers is mainly produced by 
vertical erosion and removal of bed materials, the balance 
between aggradation and bed subsidence, and sediment and 
discharge added by tributaries to the main river (Sinha and 
Parker, 1996). The slope of a river is primarily influenced 
by its discharge and sediment size distribution (Snow and 
Slingerland, 1987). Thus, river longitudinal profile is an 
outcome of its interplay with the basin topography, land 
cover, soil and precipitation that control the supply of water 
and sediment to the river.

The hierarchy of geomorphic features of the channel 
and valley within the Bhagirathi watershed is influenced 
by dissimilarity in lithology and slope. In the upstream of 
the river, the slope is high. It is more than 0.04 m/m at 

Figure 3. Flow chart depicting: a) procedures for delineation of the watershed, b) creation of the longitudinal profile, c) its 
smoothening and d) slope estimation at an equal interval of 1 km.

Table 1.  Drainage area and peak discharge (1985-1997).

Location Area (km2) Average peak monthly discharge

Rudraprayag (Alaknanda) 1647.991 287

Devaprayag (Alaknanda) 10141.81 1008

Devaprayag (Ganges) 10919.77 2269

Rishikesh (Ganges) 21467.67 2283

   Source: Jack (2010).
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an elevation of 3600 m (Reach 1), and after that, it shows 
decreasing trend. In the middle reach, slope shows an 
increasing trend (0.03 m/m at an altitude of 2400m). After 
that altitude the slope is continuously decreasing (Figure 
4). Downstream near the distance of 140 km (Reach 16), 
the slope is only 0.002 m/m. This lowest slope is due to 
the Tehri dam.  

Total stream power

In Bhagirathi river, total stream power shows a direct 
relationship between slope and discharge. The channel 
slope of the entire Bhagirathi River varies between 0.00106 
and 0.04444 m/m. The total stream power varies from 
11169 to 167822 Wm-1 with an average total stream power 
of 799869.2 (Wm-1) (Table 2).

Along the Bhagirathi River, a high total stream power 
has been found in the mid-stream due to the influx of 
discharge by tributaries and sub-tributaries (reach 3-7) 
(e.g., Knighton, 1999). In the upstream, the slope is steep 
as a consequence; a sharp increase in the total stream 
power has been observed (reach 1-1). With the decrease of 
the slope, the total stream power also shows a decreasing 

trend (Figure 5a). Overall, the total stream power mimics 
the slope of the channel.

At the origin point of Bhagirathi River, few tributaries 
debouch with it, so discharge is low in the upper reach 
but when Bhagirathi reaches Bhaironghati; Jadh Ganga, 
Jalandhri Jad near Harsil, Siyan Gad near Jhala debouch 
with it. Hence, a large amount of discharge has been added 
to the river. Thus, the influence of tributaries is visible on 
the downstream increase in discharge.  In the downstream 
of middle reach of the river, no major tributary joins the 
Bhagirathi River. Therefore, no significant changes occur 
in total stream power as well as in discharge in this reach 
(Figure 5b). In the lower reaches, Bhilangna River joins 
the Bhagirathi near old Tehri and adds a considerable 
amount of water to Bhagirathi, resulting in an increase in 
the total stream power. The headwater peak of the total 
stream power is sharp and narrow. But in midstream and 
downstream of Tehri dam, the peaks in total stream power 
are broad and flattened. The sharp and narrow headwater 
peak is due to local variation in slope and addition of 
high discharge at one point. The significant broad and 
flattened peaks in the midstream and downstream of the 
Tehri dam is due to the diminishing slope and relatively 

Figure 4. Longitudinal profile and slope of the Bhagirathi River.

Table 2 Overall statistics of slope, discharge, bar area, elevation, channel width, total and unit stream power

Parameters Average Minimum Maximum

Slope (m/m) 0.016643 0.00106 0.04444

Discharge (cumecs) 670.46494 114 1076

Bar Area (km2) 0.1195 0 1.147

Elevation (m) 1497.26 492.46 3793.84

Channel width(m) 156.74 11.098 1818.49

Total Stream power (wm-1) 79869.192 11169 167822

Unit stream power (wm-2 ) 1701.86 10 9850
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high discharges, compared to headwater reaches. It is 
observed that the reach-scale variability in total stream 
power distribution is influenced by the discharge influxes 
from tributaries and change in channel slope (e.g., Fonstad, 
2003; Jain et al., 2006).The river stretch between Maneri 
and Tehri dams is highly influenced by anthropogenic 
activities. Hence, the total stream power is relatively low 
as compared to upstream stretch. Thus, it is inferred that 
there are nonlinear downstream changes in the total stream 
power in the Bhagirathi watershed (e.g., Lecce, 1997; Jain 
et al., 2006). This study does not consider the stream 
power, estimated in the reservoirs of Maneri, Tehri, and 
Koteshwar dams.

Unit stream power and geomorphic 
characterisation of the Bhagirathi River

Unit stream power has been plotted against distance and 
slope of the Bhagirathi River. Interactions among channel 
width, discharge, slope, and stream power provide a reach-
wise capacity of a river to perform geomorphic work. If 
the channel width is wide, the relatively low amount of 
sediments is carried out by the river. Hence, most of the 
sediment would store as valley-fill deposits. It means that 
if channel width is more, the unit stream power will be 
less when other factors remain the same. In general, the 
trend shows a fluctuating active channel width along the 
longitudinal profile of the Bhagirathi basin. The active 
channel width is narrow in the upstream of Harsil, where 
the river passes through deep gorges.  After that, the width 
of active channel begins to widen slightly. In detail, the 
channel width is the maximum at the upstream reach of the 
Tehri dam as this dam breaks the longitudinal connectivity 
of the Bhagirathi River. The channel width varies between 
11.1 (reach-1) and 1818.5 m (reach-16) (Figure 6). 

Unit stream power is also associated with bar area in 
the channel belt. Presence of high bar area in the channel 
belt signifies the low unit stream power (Harsil reach) 

while the low bar area indicates (Figure 6) high unit stream 
power (reach 1 starting from Gomukh). Hence, bar area 
in the channel belt is negatively associated with the unit 
stream power.  

The unit stream power varies from 10 (reach-16) to 
9850 Wm-2 (upstream of Harsil). The reach-16 is a dead 
reach due to Tehri dam because the Bhagirathi River is 
not performing any geomorphic work in this reach. In 
the Bhagirathi watershed, unit stream power is high in 
the upstream, and it is decreasing in downstream due to 
increase in channel width (Figure 7).The reason for this 
high unit stream power in the upper stretch is the steep 
slope and narrow channel width as compared to the lower 
reaches. Despite a large amount of discharge added by 
the Bhilangana River to the Bhagirathi River near the old 
Tehri, the unit stream power is 1282 Wm-2. But the unit 
stream power is not considered for the two dams namely, 
Maneri and Tehri dam that caused a break in longitudinal 
connectivity of the river as a consequence, ponding occurs 
in the reservoirs. On the basis of the unit stream power, 
the virgin stretches of the Bhagirathi river are located 
upstream of the Maneri dam and downstream of the Tehri 
and Koteshwar dams. A polymodal distribution in unit 
stream power has been observed.

The Bhagirathi River channel was divided into 
twenty-one distinct reaches on the basis of the geomorphic 
features and valley configuration (Figure 6). Geomorphic 
features like confluence bar, channel lag, mid-channel 
bar, point bar, and side bar have been mapped (Figure 8). 
Seventy-four significant exposures/landslides have been 
mapped along Bhagirathi River. The relationship of average 
unit stream power with landslides shows that the high 
stream power is one of the primary reasons for exposures/
landslides (Figure 9). The Pearson correlation coefficient 
(r) and coefficient of determination (r2) between average 
unit stream power and number of exposures/landslides 
are 0.586 and 0.3447, respectively. The correlation is 
significant at the 0.01 level of significance. The primary 

Figure 5. Relationship between (a) total stream power and slope and (b) total stream power and discharge in the Bhagirathi River.
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reasons behind exposures/landslide along the Bhagirathi 
River are down cutting, removal of basal materials and 
resultant slope failure. Out of seventy-four landslides, 
eighteen landslides (24 %) were found in part of above 
the average unit stream power of 5×103Wm-2. Number 
of landslides and exposures are observed along the river 
with an average unit stream of <1300 Wm-2. Hence, along 
the Bhagirathi River, the highest number of exposures/
landslides has been found in the reaches of the highest 
average unit stream power.

CONCLUSIONS

In the Bhagirathi river, tributaries provide a considerable 
discharge leading to increase in the upper and lower basin. 
The upper basin is characterised by the steep headwater 
slope and high peak in the total and unit stream power. But 
the lower basin is mostly influenced by the anthropogenic 
activities (damming of the river). The highest unit stream 
power was observed in reach 2 to reach 6. Along the dam 
sites, the total and unit stream power is low. The polymodal 

Figure 6. Bhagirathi River has been divided into twenty-one reaches and landslides have been mapped in each reach. Field 
photographs depict the Bhagirathi River near (a) Jhala village with a high bar area to channel ratio (b) Awe-inspiring box-shaped 
gorge and interlocking spurs are visible near Jangla village, and Gangotri channel is entrenched and confined. (Courtesy: Field 
photographs were obtained from Prof. Milap Chand Sharma, CSRD, Jawaharlal Nehru University, New Delhi). Inset: Detailed 
Geomorphic features of reach 2.

Figure 7. Unit stream power of the Bhagirathi River.
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distribution patterns are observed in total and unit stream 
power.  The average unit stream power is 1701.9 Wm-2 that 
signifies downcutting without any floodplain formation 
along the Bhagirathi River. The presence of large boulders, 
cobbles, pebbles and coarse sand also signifies a high energy 
environment without any floodplain pocket.
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ABSTRACT
In the present study, we report on the petrography, mineral chemistry and geochemistry of the chromian 
muscovite bearing quartzite in the Neoarchean Veligallu schist belt (VSB), eastern Dharwar craton, India. The 
quartzites appear as greenish isolated outcops within the metavolcanic sequences in the north-central part 
of the VSB. Mineralogically, the rock consists of quartz and subordinate muscovite, while zircon and rutile 
are noticed as accessory heavy minerals. Mineralogical composition of the muscovite indicates a maximum 
chrome content upto 4000 ppm. The average (n= 5) bulk-rock geochemical compositions consist of > 85 
wt. % SiO2, ~2.2 wt. % K2O, ~0.21 wt. % Na2O, ~6.3 wt. % Al2O3, ~0.22 wt. % TiO2, and ~0.29 wt. 
% MgO contents. Archean upper continental crust normalized trace element patterns indicate positive Zr 
and Hf anomalies, consistent with the accumulation of zircon in the rock. Petrographic observations are 
inconsistent with a metamorphic origin for the enrichment of chrome in these quartzites. Geochemical 
atttributes involving Ni-V-Th systematics suggest contribution of Ni from ultramafic rocks in the source of 
the protolith. Alternatively,  we infer a hydrothermal origin for the enrichment of chrome in the muscovite 
bearing Veligallu quartzites. The geochemical compositions, for instance, high silica and the absence of Fe2O3 
in the rocks indicate that the protolith was derived from the weathering of a felsic source, presumably an 
archean granite / TTG.

Key words: Cr-muscovite, Quartzite, Neoarchean, Veligallu schist belt, eastern Dharwar craton, India.

INTRODUCTION

Chromian muscovite quartzite “Fuchsite” is known to occur 
in high and low grade metamorphosed volcano-sedimentary 
sequences of Meso- and Neo-archean schist belts in the 
western Dharwar craton, India (e.g. Argast, 1995). The 
reference to the occurrence of such metasedimentary rocks 
in the Archean schist belts of the eastern Dharwar craton 
(EDC) is reported by GSI (Srinivasan et al., 1985). In 
the present study, we report on the petrography, mineral 
chemistry, and bulk-rock geochemistry of the chrome 
bearing muscovite quartzites from the Neoarchean Veligallu 
schist belt.  (Figure 1). 

Geological Setting

The VSB is located in the eastern Dharwar craton, and 
south of the Proterozoic Cuddapah basin (Figure 1A; 
Srinivasan et al., 1985). The belt broadly exhibits a N-S 
trend with an approximate strike length of ~ 60 km, and 
a maximum width of ~ 6 km in the central part (Figure 
1B; Srinivasan, 1990). The volcano-sedimentary sequence 
was subjected to greenschist to lower amphibolite grade 
metamorphism. The metamorphism of the volcanic units 
is presumed to be synchronous with the first generation 
(F1) folds preserved in the rocks (Ramam and Murty, 

1997). The metavolcanic lithologies constitute of arc basalt 
– high Mg-andesite – adakite suite (Khanna et al., 2015) 
and boninite-type ultramafic arc cumulates (Khanna et al., 
2016), associated with banded iron formations (BIFs) and 
metasediments. The mafic-ultramafic and felsic rocks in 
the VSB yielded a bulk-rock Lu-Hf isochron age of 2696 
± 54 Ma (Khanna et al., 2016), which is identical to the 
zircon SIMS U-Pb age derived for the felsic volcanic rocks 
from elsewhere in the belt (2697 ± 5 Ma; Jayananda et al., 
2013). Geochemically an identical suite of metavolcanic 
sequence is preserved in the Gadwal schist belt, which 
is located north of the Cuddapah basin. Recently, on the 
basis of identical geochemical patterns and bulk-rock Lu-Hf 
isotope systematics, Khanna (2017) has proposed a potential 
cogenetic link between the Veligallu and Gadwal schist 
belts. The above studies indicate that the metavolcanic 
rocks were produced in a subduction-related geodynamic 
setting in the Neoarchean. The focus of this study is 
to present a report on the petrological characteristics of 
chromian muscovite quartzites in the Veligallu schist belt 
(Figure 1C), eastern Dharwar craton, India.

Sampling and Analytical Techniques

Five representative least altered relatively fresh unweathered 
quartzite samples were collected from the central part 
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of the VSB (Figure 1). Megascopically, the rocks appear 
fine grained and green in color (Figure 1C). The mineral 
compositions (Table 1) were determined by electron probe 
microanalysis on a CAMECA SX-100 at the Petrology 
Division, Geological Survey of India, Hyderabad, India. 
A 20 nA beam current and an accelerating voltage of 
15 keV were maintained with a focused beam. Certified 
natural silicate standards supplied by P&H were used for 
the instrument calibration. The corrections for ZAF were 
applied online by the instrument software.

Ten major element oxides, Cr, and Ni were analyzed 
using pressed powder pellets, on a Philips MagiX PRO 
PW2440; microprocessor controlled, wavelength dispersive 
sequential XRF (Table 2). The relative standard deviation 
for the major element oxides is < 3%. Trace elements (Table 
2) including large ion lithophile elements (LILE), high field 
strength elements (HFSE) and rare earth elements (REE) 
were determined by high resolution inductively coupled 
plasma mass spectrometry (HR-ICP-MS; Nu Instruments 
Attom, UK). The detailed procedures relating to sample 
dissolution, analytical methodology and instrument 

parameters are described in Khanna et al. (2015, 2016). In 
brief, 50 mg of finely ground sample powder was digested 
in a freshly prepared mixture of ultrapure grade acids (HF 
+HNO3) taken in 3:1 ratio in screw top Teflon “Savillex” 
vessels, and heated on a hot plate at 160°C. Certified 
reference material GSR-4, was dissolved simultaneously 
following the method described above and analyzed along 
with the samples. Precision and accuracy are better than 
RSD 3% for the majority of trace elements.

RESULTS AND DISCUSSION

Field relationship

Field observations indicate that the greenish quartzite 
occurs as low lying “isolated” outcrops, within the mafic-
ultramafic rocks in the north-central part of the VSB. To 
the west of Tumukunta, the quartzite occurs proximal to 
the shear zone (Figure 2). Two sets of structural fabric 
are noticed in the quartzite (i) NNE-SSW foliation is 
the major structural fabric in the rock, and (ii) E-W 

Figure 1.  (A) Simplified geological map of the southern peninsular India comprising of three major tectonic blocks: the western 
Dharwar craton (WDC), the eastern Dharwar craton (EDC) and the southern granulite terrane (SGT). Also shown in the box is 
the location of Veligallu greenstone belt in the eastern Dharwar craton; (B) Generalized geological map of the Veligallu greenstone 
belt, modified after Srinivasan (1990); (C) Field photograph of the Veligallu quartzite that exhibits a typical green colour.
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Table 1. Compositions of Cr-muscovite in the Veligallu quartzite, eastern Dharwar craton, India. Compared to Fuchsite and 
Mariposite  in the literature.

Table 2. Major and trace element concentrations in the Veligallu Cr-quartzite.
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warps. The structural fabric noticed in the quartzite has 
foliation in vertical to subvertical. The field disposition 
apparently indicates that the quartzites exhibit a discordant 
relationship with the metavolcanic sequence of the VSB. 
Incidentally the quartzite outcrops discussed in the present 
study are located to the north of Bandirevu. 

Petrography 

The Veligallu quartzite predominantly consisit of quartz 
with subordinate muscovite. Rutile and zircon are noticed 
as accessory heavy minrerals. Quartz grains are sub-rounded 
/ sub-angular and exhibit wavy extinction. The rocks 
exhibit distorted cleavage in muscovite and show serrated 
grain boundaries in quartz, which indicates deformation. 
Development of planar fabric is also noticed. Muscovite 
occurs as large flakes as well as randomly oriented minute 
aggregates amidst deformed quartz grains. The planar fabric 
noticed in the quartzite is defined by the orientation of large 
muscovite flakes. Elongated quartz grains are often aligned 
parallel to the muscovite flakes. Under plane polarized 
light, muscovite appears pale green in colour (Figure 3A). It 
exhibits high order interference colors when observed under 
crossed nicols (Figure 3B and E). Rutile mostly occurs as 
minute oval shaped grains that range in size from ~200 
μm to ~250 μm, and appears reddish brown in color. It 

exhibits  high relief in plane polarized light (Figure 3C), and 
displays straight extinction under crossed nicols (Figure 3D). 
Some of the rutile grains are dismembered due to microscale 
displacement (Figure 3F). Zircons occur as oval shaped grains 
(Figure 3G and F) with smooth boundaries, and range in 
size from 50 μm to 80 μm. It exhibits high relief in plane 
polarized light (Figure 3G), apart from anisotropy with high 
order interference colors under the crossed nicols (Figure 
3H). Both, rutile and zircon are ultra stable detrital heavy 
minerals. Perhaps, the euhedral nature of the zircon grains 
suggests lesser degree of transportation and hence, proximal 
to the provenance. Zircon is the dominant heavy mineral 
in the rock with the zircon : rutile ratio of nearly 70 : 30. 
Morphology of the detrital zircon indicates the preservation 
of the elongated prismatic nature with by and large smooth 
grain boundary (Figure 3G, H).

Mineral chemistry and nomenclature of the 
muscovite

Muscovite in the Veligallu quartzite consists of ~ 46 wt. 
% SiO2, ~ 35 wt. % Al2O3, ~ 1 wt. % Na2O, ~ 9 wt. % 
K2O and a maximum of ~ 0.4 wt. % (= 4000 ppm) Cr2O3 
with minor FeO (~ 0.32 wt. %) and MgO (~ 0.6 wt. %) 
contents (Table 1). As such, muscovite is essentially a 
potassium-aluminium sheet silicate that does not comonly 

Figure 2. Geological map of the area around Thumkunta showing the disposition of the quartzile and metapelite within the 
metavolcanics rocks in the neoarchean Veligallu schist belt, eastern Dharwar craton.
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sequester chromium. Chrome bearing micas, where Al 
is partially replaced by Cr, are recognized as fuchsite 
and mariposite, although the varietal name “chromian 
muscovite” is generally preffered (Whitmore et al., 1946). 
The chromium contents in the fuchsite range from 8400 
ppm to about 40000 ppm. Whereas, mariposite consists of 
relatively low concentrations of chrome ~1800 ppm to 7800 
ppm. In comparison to the fuchsite, the green muscovite 
in the Veligallu quartzite consists of identical SiO2, Al2O3, 
Na2O and K2O contents, but low chromium (Table 1). On 
the contrary, SiO2, MgO and Na2O are considerably high, 
and Al2O3 is typically low in the mariposite compared to 
the muscovite in the Veligallu quartzite, or a fuchsite (Table 
1). On this basis, the muscovite in the veligallu quartzite 
does not qualify as mariposite. Alternatively, the chromium 
content in the muscovite is, however, not sufficiently high to 
be called as fuchsite either. Therefore, we only recognize the 
muscovite as “chromian muscovite” and hence, the name 
chromian muscovite quartzite for the bulk-rock samples.

Nature of chrome enrichment in the Veligallu 
quartzite

As noted by Heinrich et al., (1953), chrome bearing micas 
occur in either hydrothermal viens and replacement 
deposits, or regionally metamorphosed rocks e.g. schists, 
gneisses and quartzites. Leo et al., (1965) suggested that 
the probable mode of enrichment of chrome in the Serra 
de Jacobina quartzites, Brazil, may be due to : (1) breaking 
down of detrital chromite during regional metamorphism 
of clastic sandstones; and/or (2) hydrothermal leaching of 
chromium from nearby ultramafic rocks. 

As such, we made an attempt to validate the above 
probable modes of chrome enrichment in the quartzites 
of VSB. Petrographic observations (Figure 3) indicate 
that quartz and muscovite are the only major mineral 
constituents, with zircon, and rutile as the predominant 
detrital heavy minerals. The quartzites are necessarlily 
devoid of chromite. Therefore, breaking down of detrital 

Figure 3. Photomicrograph of the Veligallu quartzite, under (A) plane polarized light, and (B) crossed nicols, showing quartz 
and muscovite; (C) rutile grains exhibit reddish brown pleochroism, and (D and E) straight extinction under crossed nicols; (F) 
dismembered grains of rutile; Oval shaped detrital zircon grains in the quartzite are shown under (G) plane polarized light, and 
(H) under crossed nicols. See text for details.
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chromite during regional metamorphism of the protolith 
cannot account for the chrome enrichment in the Veligallu 
quartzite. Moreover, the muscovite flakes are confined to the 
grain boundaries  of quartz, and do not penetrate through 
the grains as a consequence of metamorphism, which is 
unlike that observed in the rocks of Montana (Heinrich, 
1965), therefore, inconsistent with a metamorphic origin of 
the chromian muscovite in the Veligallu quartzite. Instead 
we infer metasomatic origin for the enrichment of chrome 
in the Veligallu quartzites (discussed below).

Geochemistry 

The bulk-rock geochemical composition of the Veligallu 
quartzites is given in Table 2. The high silica contents 
(85 to 93 wt. %) in these quartzites indicates that the 
premetamorphosed rock was a siliciclastic rock. The 
titanium content is contributed by rutile, and K2O and 
Al2O3 conentrations essentially reflect the presence of 
muscovite in these rocks. The chemical index of alteration 
(CIA = [molar Al2O3/(Al2O3+CaO+Na2O+K2O)] x 100; 

Figure 4.  A-CN-K diagram of Fedo et al., (1995) plotted for the Veligallu quartzites. Also shown are the CIA values that are 
consistent with intermediate degree of weathering of the source rock.

Figure 5.  Archean upper continental crust (AUCC; Rudnick and Gao, 2004) normalized trace element variation diagram for 
the Veligallu quartzites.



Petrology, mineral chemistry and geochemistry of the chromian muscovite bearing  
quartzite in the Neoarchean Veligallu schist belt, eastern Dharwar craton, India

331

Figure  6.  Ni-V-Th diagram of Bracciali et al., (2007) plotted for the Veligallu quartzites. See text for details.

Nesbitt and Young, 1982) values in the Veligallu quartzites 
range from 66 – 71 with an average value of 68, which 
indicates intermediate degree of chemical weathering of the 
source rock (Figure 4; cf. Fedo et al., 1995). The Veligallu 
quartzites exhibit prominent enrichment in their Zr-Hf 
relative to the Archean upper continental crust (Figure 
5), which is consistent with the accumulation of detrital 
zircon in these rocks. 

On the basis of bulk-rock geochemical concentrations, 
for instance, high silica contents in combination with 
extremely low MgO, CaO, Sc, V, and absence of Fe2O3, 
we infer that the weathered source rock must be felsic 
in nature, which we presume to be an Archean granite / 
TTG. The quartzites plot in-between the ultramafic and 
felsic source compositions in a triangular variation diagram 
involving Ni-V-Th (Figure 6; Bracciali et al., 2007), which 
is consistent with the regional geological setup wherein 
the quartzites are spatially associated with the ultramafic 
rocks, and that the Ni contents observed in the Veligallu 
quartzites were contributed from the ultramafic rocks. 
The chrome contents in the Veligallu ultramafics range 
from 2290 to 3784 ppm (Khanna et al., 2016). Therefore, 
it is a potential possibility that the chromium and nickel 
from the ultramafic rocks might have been leached by 
the hydrothermal solutions that precipated it in the 
quartzites. Thus, hydrothermal leaching of chrome from 
the spatially associated ultramafics appears to be a likely 
hypothesis for the origin of chromian muscovite in the 
Veligallu quartzite.

CONCLUSION

We make a report on the field occurrence, petrography, 
mineral chemistry and bulk-rock geochemistry of chromian 

muscovite bearing quartzite in the Veligallu greenstone 
belt, eastern Dharwar craton (EDC), India. The quartzites 
occur as pale grenish coloured isolated low lying outcrops 
within the Neoarchean mafic-ultramafic sequences in the 
areas to the west and south of Tumukunta in the Veligallu 
schist belt. The quartzites are proximally associated with 
the ultramafics. Petrographucally the rock is composed 
of quartz, pale greensih muscovite with detrital zircon 
an rutile. In a Ni-V-Th triangular variation diagram the 
Veligallu quartzites plot transitional to the ultramafic 
and felsic sources, thus suggesting the contribution of 
compatible mafic elements Ni and Cr from the juxtaposed 
ultramafic rocks in the VSB.  Therefore, we infer that 
leaching of these ultramafic rocks by hydrothermal 
solutions resulted in the enrichment of chrome in the 
muscovite bearing Veligallu quartzites. 
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ABSTRACT
2017 southwest monsoon was unique in several respects: (i) It was a weak monsoon, not over India alone, 
but over the monsoonal regions of the globe, (ii) Even with weak monsoon conditions, rainfall for India as 
a whole was on the higher side of normal during June by 4% (iii) Normal to above normal/excess rainfall 
occurred in July over different regions of India resulting in 2% above normal rainfall for the month for India 
as a whole, (iv) There was an intra-seasonal change in the activity of South Indian ocean Convergence Zone 
(SIOCZ) during the second half of the season, which was expected to bring improvement in rainfall over 
Central and Northwest India, but it did not happen and rainfall improved over south Peninsula, (v) Though 
not intense, SIOCZ remained generally active from the week ending on 5th July till the end of the season. 
Development of 2017 southwest monsoon has been studied with the help of OLR Total, OLR anomaly, 
cloudiness, daily and weekly rainfall and monthly precipitation anomaly data.  It has been shown that the 
superimposition of intra-seasonal changes over intra-seasonal oscillation was responsible for the development 
of different features during 2017 monsoon as enumerated above. Further the activity of SIOCZ and rainfall 
distribution over India  during 2017 monsoon have, once again, confirmed the validity of the results, which 
had formed the basis for proposing SIOCZ model of long range forecasting of monsoon rainfall in India.  

Key words: Southwest monsoon, South Indian Ocean Convergence Zone model, Activity index, Intra-seasonal 
changes, OLR total, OLR anomaly, Monsoon Trough, Long range forecast, Updates.

INTRODUCTION

Two monsoons are never exactly the same, though the 
Intra-seasonal Oscillations (ISOs) and the main feature 
in the activity of South Indian Ocean Convergence Zone 
(SIOCZ), prior to the commencement of the season in two 
years, may be the same. This results due to superimposition 
of Intra-seasonal Changes (ISCs) over ISOs. The term ISO 
refers to variance of rainfall in the time scale of 10-15 and 
30-60 days. These oscillations are well known. The features 
in the activity of SIOCZ corresponding to ISOs are also 
fairly known by now. The term ISC refers to the appearance 
of   new features in the activity of SIOCZ, other than 
what had been identified as the main feature before the 
commencement of the season and used for preparing Long 
Range Forecast (LRF) of rainfall. The changes in the activity 
of SIOCZ cause changes in the Monsoon Trough (MT) 
and thereby impact the rainfall distribution. As a result of 
this, the forecast issued on the basis of the main feature 
does not get realised.  During 1990 to 2016, for which LRF 
of rainfall based on SIOCZ model has been issued, ISCs 
had occurred in 1992, 1999, 2001, 2005, 2010, 2013 and 
2016. The ISCs occurred in these years have been studied 
and documented (Onkari Prasad and Singh, 2013; Onkari 
Prasad et al., 2014, 2016a and 2018a). Because of the ISCs, 
the difference between the forecast and the realized rainfall 

in some of the districts of a state, some of the subdivisions 
and also for India as a whole become larger than the Model 
Error (ME). Except for the above mentioned years (7 out of 
27 (26%)), SIOCZ model’s LRF was reasonably good in the 
remaining years. Identification of ISCs, issuing of Update, 
and documenting the results has been done for the years 
2013 and 2016 (Onkari Prasad et al., 2016a & 2018a). 
ISCs had also occurred during 2017 summer monsoon. 
2017 monsoon had been foreshadowed as a normal one by 
the operational models of India Meteorological Department 
(IMD). SIOCZ model had foreshadowed 2017 monsoon 
as a weak one with 12% below normal seasonal rainfall 
for India as a whole with ME of ±5%. The performance 
of SIOCZ model during 2017 has been discussed in Pt.I 
(Onkari Prasad et al., 2018b). The verification results have 
shown that SIOCZ model’s forecast was reasonably good 
in the districts of Tamilnadu, Andhra Pradesh, Telanagana, 
Himachal Pradesh, Maharashtra and Goa states. It was 
also reasonably good in meteorological subdivisions and 
also for the country as a whole. 

The linkage between SIOCZ and Monsoon Trough 
(MT) had been explained by proposing a circulation model 
(Figure 1d) during ‘break’ in monsoon (Onkari Prasad, 
1981). The model differs in one aspect from the earlier 
models (Koteswaram,1960; Asnani,1973 and Rao & 
Datta,1975). It has an additional  circulation cell close to 
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south of equator, associated with SIOCZ. An experiment 
on the interaction between SIOCZ and MT using a zonal 
numerical model extending from South Pole to North Pole 
along 80ºE meridian (Onkari Prasad, 1982) had shown that 
the revival of monsoon was associated with the weakening 
of SIOCZ, strengthening of the secondary trough in south 
Bay of Bengal around 10ºN, its northward movement and 
establishment around 20º N latitude in the head Bay as a 
fresh MT. Thus it could be said that the circulation model 
proposed by Onkari Prasad (1981) depicts an important 
feature of monsoon circulation system over Southeast 
Asia. A reference to the circulation model is made here 
basically to explain the development of a weak southwest 
monsoon during 2017, when simultaneous existence of 3 
troughs are seen a feature seen during ‘break’ in monsoon 
(Figure 1D). Such a phenomenon was seen as 3 distinct 
west-east oriented regions of positive precipitation anomaly, 
in precipitation anomaly charts for the months of July-
September 2017. The charts are reproduced below.

Development of a weak summer monsoon during 
2017 has been studied with the help of OLR Total, 
OLR anomaly, cloudiness, daily and weekly rainfall and 
monthly precipitation anomaly data. Salient features of 
these fields have been described. Changes in the features 
in the activity of SIOCZ have been discussed in relation 
to the performance of 2017 monsoon. The results of 
forecast verification, included in Pt. I (Onkari Prasad et 
al., 2018b), had shown that SIOCZ model’s forecast was 
reasonably good in the districts of Tamilnadu, Andhra 

Pradesh, Telanagana, Himachal Pradesh, Maharashtra and 
Goa states, in meteorological subdivisions and also for 
the country as a whole. However, the impact of the ISCs, 
which took place during 2017 monsoon, on rainfall could 
not be captured well in the Update issued in August. These 
aspects are discussed below in brief.

Salient Features of 2017 southwest monsoon 

2017 Southwest Monsoon (SWM) advanced over Kerala on 
30th May, around its normal date of 1st June. It covered 
the entire country by 19th July, i.e., 4 days after its normal 
date of 15th July. There were hiatuses in the progress of 
monsoon for 7 days in June (2nd -5th & 28th-30th) and 8 
days in July (4th -11th). Cyclo-genesis was highly subdued 
during the season and more particularly during the second 
half of the season. During the first half of 2017 SWM, 
11 Low Pressure Systems (LPSs) comprising Low Pressure 
Areas (LPAs) and Depressions, were formed. Only 3 of 
the Low Pressure Systems intensified into a Depression. 
During the second half of the season, even though 3 LPSs 
formed, none of them intensified into a depression. There 
were only 39 days of  LPSs (June:11,July:12, August:10 
& September:6) as against a normal of 58 days (Jun:11, 
July:14, August:17 & September:16).  A well marked Low 
Pressure Area (LPA), during 11-16th July and two well 
marked LPAs in August, 18th – 21st and 27th Aug – 1st 
Sep, moved across central India and dissipated over Kutch 
& neighbourhood   and over south Pakistan, respectively. 

Figure 1 a): Circulation of the ‘monsoon cell’, b): Meridional circulation in summer monsoon over South East Asia, c): Circulation 
model for ‘break monsoon’, d): Circulation during ‘break’ in monsoon over India. W: Westerly, E: Easterly, Jw: Westerly Jet stream, 
JE: Easterly Jet stream, I.T.C.Z.: Inter Tropical Convergence Zone. In Figure 1 c): I&II: Equatorial sub-cell I & II. In Fig.1d): I: 
Hadley cell of Northern Hemisphere, II: Circulation cell associated with the Monsoon Trough, III: Circulation cell associated 
with the secondary trough, IV: Hadley cell of Southern Hemisphere, V: Circulation cell associated with South Indian Ocean 
Convergence Zone, 1- Monsoon Trough, 2- Secondary equatorial trough, 3- South Indian Ocean Convergence Zone. 



Long range forecast and development of a weak southwest monsoon during 2017- Pt. II: Development

335

These 3 LPAs had a southward shift in their track. The only 
system, which developed during 19th and 24th September 
was a well marked LPA.  It had   formed over northwest Bay 
of Bengal and neighbourhood and dissipated over west Uttar 
Pradesh and adjoining Uttarakhand. 2017 SWM started 
withdrawing from west Rajasthan from 27th September, 
i.e., much later than the normal date of 1 September. The 
linkage between southward shift of the track of LPSs during 
July -August and the location of SIOCZ is discussed below.

During the whole season, there was only one spell in 
July when normal to excess rainfall occurred over different 
regions of India: 13th -28th over Central India, 22nd -26th 
over Northwest India, 23rd -26th over East & Northeast 
India, 18th-20th over South Peninsula and 13th -25th for 
India as a whole, as per the daily rainfall series (www.imd.
gov.in/pages/monsoon_main.php). Thus 2017 monsoon 
was most active over Central India during the spell. The 
weekly rainfall for India as a whole during 2017 monsoon 
is shown in Figure 2. The rainfall during this spell in July 
had made an important contribution in improving the 
seasonal rainfall scenario for India as a whole. But for this 
spell of good rainfall, 2017 monsoon would have slipped 
into a severe drought category. During  this spell SIOCZ 
was active  in a location to the south of its mean location 
for July, i.e. around 5º S. Spells of above normal rainfall, 
one each in August and September, were short lived and 
they did not affect the rainfall over all the four regions 
of India. The linkage between the spell of above normal 
rainfall during July and the location and intensity of SIOCZ 
is discussed below. 

On daily basis the rainfall, for India as a whole, was on 
the lower side of normal on 62(51%) days (Jun:11, Jul:13, 
Aug:19 & Sep:19) out of 122 days of the season. The 
number of days with rainfall on the lower side of normal 
in four broad regions was: Northwest India, 75(61%) days 
(Jun:15, Jul:13, Aug:23 & Sep:24); East & Northeast India, 
72(59%) days (20,16,17&19); Central India, 68(56%)

days (14,14,22&18),South Peninsula, 67(55%) days 
(16,27,14&10). On monthly basis rainfall was deficient 
in 7 subdivisions in June, 15 in July, 12 in August and 
14 in September. The rainfall, for India as a whole was 
4% and 2% above normal in June and July, 13% and 12% 
below normal in August and September. Severe drought 
like conditions prevailed over south Peninsula during 
July, Northwest and Central India during August and over 
parts of Northwest, Central, Northeast and Peninsular 
India during September. South Peninsula received normal-
to-excess rainfall during August and September. For the 
season as a whole, rainfall was 5% below normal for India 
as a whole and it was in deficient category in 6 out of 36 
subdivisions of India. 

Development in equatorial Indo-Pacific region 

La Nina conditions, which had prevailed over Nino 3.4 
from JAS 2016-NDJ 2016/17 changed to ENSO normal, 
with negative anomalies up to JFM 2017 and positive 
anomaly thereafter. However, the positive anomalies did 
not reach 0.5ºC, the threshold for declaring El Nino. The 
monthly anomaly in Nino 3.4 region was the highest in 
May (0.48º C) and it reduced to 0.35ºC in Jul, -0.14 ºC 
in Aug, -0.45 in Sep and Oct. In West South Indian Ocean 
(WSIO), the region of Indian Ocean (IO) to the west of 
90ºE, SST anomalies, as monitored on real time basis in 
weekly SST anomaly charts made available by NOAA on 
their website (www.esrl.noaa.gov/pst/map/clim/sst_shtml), 
remained positive from February 2017 till October. The 
2016-17 SWIO cyclone season, 15th November 2016-30th 
April 2017, was a below average season. Out of five tropical 
storms (tropical storms as named in WSIO, are equivalent 
to tropical depressions in North Indian Seas- Arabian 
Sea and the Bay of Bengal), three intensified into tropical 
cyclones. Important thing to note in the development of 
these cyclones is that they originated south of 15ºS. This is 

Figure 2. Week-by-week rainfall, for India as a whole, during 2017 summer monsoon. [Source: ‘End of season report on 2017 
southwest monsoon’ by IMD].
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in contrast to the cyclone season of 2015-16, when cyclo-
genesis took place to the north of 15ºS (Onkari Prasad et 
al., 2018a).This implies a southward shift of the region 
of maximum positive SST anomaly and the location of 
SIOCZ- the zone of origin of tropical storms in WSIO. The 
implications of SIOCZ remaining active to the south of 
its normal position during Jul-Sep and the location of MT 
and distribution of rainfall over India are discussed below.

Features in the activity of SIOCZ 

OLR Total, OLR anomaly, Zonal Weekly Mean Cloudiness 
(ZWMC) and Zonal Weekly Mean Cloud Anomaly 
(ZWMCA) have been used to identify the features in 
the activity of SIOCZ. OLR anomaly and ZWMC & 
ZWMCA are reproduced in Figures 3 & 4, respectively. 
Figure 3 shows OLR anomaly data for the period Aug-

Oct 2017. OLR anomaly data for the period Feb-Jul 2017 
have been included in Pt. I (Onkari Prasad et al., 2018b). 
As mentioned in Pt. I, the main feature identified in the 
activity of SIOCZ before the commencement of 2017 
monsoon season was the development of an active spell of 
SIOCZ for 3-4 weeks, in continuation. The other important 
feature was considerable reduction in the intensity of 
convection as seen in the dominance of positive areas in 
OLR anomaly and negative areas in cloud anomaly charts. 
These features had formed the basis for formulating SIOCZ 
model’s LRF as discussed in Pt. I (Onkari Prasad et al., 
2018b) Normally, the features in the activity of SIOCZ, 
which had occurred during the pre-monsoon months of 
April-May repeat during the season also. However, the 
features do change during the season in some of the years. 
This happened during 2017. The active spell of SIOCZ, 
which had started developing during the week ending on 

Figure 3.  OLR anomaly over the region bounded by 30°N-20°S and 60°E-90°E during Aug-Oct 2017. 

Figure 4.  Upper panel: Zonal weekly mean cloudiness over the region bounded by 30ºN-20ºS and 40ºE-100ºE. Contours of 
total cloud amounts have been drawn at increments of 5%, 10%, 15%, 20%,....80%. Lower panel: Cloud anomaly. Contours 
have been drawn at increments of +/- 5%, 10%,15%, 20%, 30%, 40%, ...80%.[Base period: 1973-2012 except 1978 & there 
were some missing data during 1979 also]
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12th April continued up to the week ending 10th May (Figure 
1 of Pt. I). The next active spell of SIOCZ was expected to 
develop during the week ending on 14th June. However, this 
did not happen. An active spell of SIOCZ started developing 
only during the week ending on 5th July. This spell, in 
general, continued up to the end of October 2017. This 
feature is not clearly seen in OLR anomaly charts (Figure 
3 and Figure 1 of Pt. I). However, in this generally active 
period of SIOCZ, 3 spells of intense convection developed: 
(i) for 4 weeks in continuation, from the week ending on 
26th July to the week ending on 16th August, (ii) for 1 week 
only, during the week ending on 6th September, and (iii) for 
3 weeks in continuation, from the week beginning from 
27th September to 18th October. The interval between the 
development of all the 3 spells was fairly stable; around 3 
weeks. The first and the third active spells lasted for 3-4 
weeks, in continuation.

The features as noted in the activity of SIOCZ during 
the pre-monsoon months did not repeat during the season 
in the same manner. Additional features got superimposed 
over the main feature during the season and they were 
(i) SIOCZ remained weak for about 8 weeks during May-
June, (ii) SIOCZ remained generally active for about 16 
weeks, beginning from the first week of July till the end 
of October and (iii) convection associated with the active 
spell, which developed during the first week of September 
quickly moved to the north of equator during the next week. 
The implications of these changes on the performance of 
2017 monsoon are discussed below.

Precipitation anomaly

The precipitation anomaly charts 
(https://iridl.ldeo.columbia.edu/maproom/Global/
Precipitation) for the months of June, July, August and 
September-2017 are reproduced below (Figure 5).The maps 
show anomaly (mm/month) based upon precipitation 
estimates from the Climate Anomaly Monitoring System 
(CMAS)’s Outgoing longwave radiation Precipitation Index 
(OPI).The satellite precipitation estimates are based on 
emitted longwave radiation observed by polar-orbiting 
satellites. The period used for computing the climatology 
is 1979-2000. Green areas on the maps indicate where 
precipitation was above the long-term normal for the 
month and brown areas indicate where precipitation was 
below normal. Contours have been drawn at increments 
of +/- 10, 25, 50, 100,200,300,400 and 500 mm/month. 
The maps are available for the Globe as well as for Asia. 
During the month of June, the region of reduction in 
precipitation extends from the Arabian Sea up to the date 
line and further east. The maximum reduction is seen 
over the Indian Seas. Reduction also occurred over parts 
of Northwest India, Central, East and Northeast India. A 
region of positive anomaly runs from Pakistan to central 

Pacific. While the negative anomaly resulted due to weak 
monsoon conditions during the month, the positive 
anomaly was a result of the increased westerly influence 
over Northwest India and further east up to date line. In 
July, reduction in precipitation occurred over Peninsula, 
parts of Central, Northwest and Northeast India. The 
positive anomaly to the south of equator extending from 
60ºE to 90 ºE is due to the presence of an active SIOCZ. 
During August, precipitation was deficient over a major 
portion of India, except over Parts of North, Northeast 
and south Peninsula. The 3 trough structure during 
‘break’ in monsoon as shown in Fig. 1D, is more clearly 
seen in August as compared to that in July. In September, 
precipitation deficit occurred over Northwest, Central and 
parts of East and Northeast India. The 3 trough structure 
could be seen during September also.

DISCUSSIONS

As noted above a well marked LPA, during 11th-16th July, 
moved across central India and dissipated over Kutch and 
neighbourhood and over south Pakistan. Two well marked 
LPAs in August, 18th–21st and 27th Aug–1st Sep had also 
moved across Central India and dissipated over Kutch 
& neighbourhood and over south Pakistan, respectively.  
Normal to excess rainfall had occurred in July over Central 
India for 16 days (13-28 July) and for 3-5 days over the 
remaining 3 regions. This had resulted into rainfall 
becoming above normal for country as a whole for about 2 
weeks (13 days, between 13-25 July) (Figure 2). Southward 
shift of MT and the track of LPSs during July and August 
and an active spell of rainfall for about two weeks over 
Central India during 13-28 July were linked to (i) southward 
shift of SIOCZ and (ii) SIOCZ remaining relatively weak as 
seen in convection, which remained moderate in the zone 
of SIOCZ. To support the above conclusions, zonal weekly 
mean cloud data for 4 weeks from the week beginning from 
6th July till the week ending on 2nd August are reproduced 
below in Figure 6.       

Normally, during the month of July, SIOCZ remains 
close to equator. But, SIOCZ remained active close to 5ºS 
or south of it, from the week beginning 6th July till the 
week ending on 26th July (Figure 6a-c).  It was only during 
the week ending on 2nd August that SIOCZ moved close 
to equator (Fig.6d). A southward shift in the location of 
SIOCZ results in a similar southward shift in MT. This 
gets confirmed from the existence of the Maximum Cloud 
Zone (MCZ) to the south of 20ºN during the week, 13-
19 July (Figure 6b) and between 20ºN and 25ºN during 
the week 20-26 July (Figure 6c). Central India received 
normal to above normal rainfall during these two weeks. 
This also explains the southward shift in the track of LPSs 
during July and increased rainfall over Gujarat in their 
association. With slight northward shift in MT, LPAs in 
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Figure 5.  Monthly precipitation anomaly over Asia during Jun-Sep2017.Green- positive, brown- negative.  
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August moved across Central India and dissipated over 
Kutch and neighbourhood and south Pakistan. 

The main feature as noted in the activity of SIOCZ 
during the pre-monsoon months, i.e., development of an 
active spell of SIOCZ lasting for 3-4 weeks, did repeat 
during August-October. But July spell was very weak. 
Additional features got superimposed over the main feature 
during the season and they were (i) SIOCZ remained weak 
for about 8 weeks during May-June, (ii) SIOCZ remained 
generally active for about 16 weeks, beginning from the first 
week of July till the end of October and (iii) The convection 
associated with the active spell of SIOCZ which began in 
the first week of July was not intense (iv) The convection 
associated with the active spell, which developed during 
the first week of September quickly moved to the north of 
equator during the next week. The MCZ associated with it 
could move up to 15ºN only and got terminated there. As 
a result, this active spell could not activate/revive the MT. 
This also happened to the spell, which moved northward 
during the end of September/beginning of October. The 
ISC during July, which had been seen in the weakening 
of SIOCZ, had formed the basis for issuing an Update for 
improved rainfall during the second half of the season. 
However, that did not happen and an active spell of   
SIOCZ developed for 3 weeks in continuation beginning 
from the week ending on 26th July. August spell of active 
SIOCZ moved northward up to 15ºN, and then to the 
south of equator up to 20ºS. Having terminated   around 
15º N it could not activate the MT. In cloud anomaly field, 
the positive anomaly contour of 5% was confined to the 
areas south of 5ºN.  As the main feature in the activity of 
SIOCZ, i.e., SIOCZ developing for 3-4 weeks, reappeared 
during August, the improvement of rainfall during the 
second half remained confined to South Peninsula only. 
Thus the Update issued in August could not capture the 

rainfall scenario during August-September. As noted earlier 
(Onkari Prasad et al., 2018a,b), Update/Updates could be 
improved, for which the information on the relationship 
between SST and SIOCZ and forecast SST anomaly field 
from SIO are required at least a month in advance. Due 
to various reasons this is presently not available. Need for 
a comprehensive study, on the relationship between SST 
distribution over SIO and the location and intensity of 
SIOCZ, is essential to obtain precise details.  

CONCLUSIONS

1. Large deficiency in precipitation anomaly occurred not 
only over India but over the globe during 2017- a year 
of weak summer monsoon.

2. Prevalence of positive SST anomaly over West South 
Indian Ocean during the season resulted in southward 
shift of South Indian Ocean Convergence Zone and 
the track of tropical storms developing over west South 
Indian Ocean.

3. Southward shift of Monsoon Trough and the track of 
Low Pressure Systems over Indian sub-continent during 
July and August had occurred in response to southward 
shift of South Indian Ocean Convergence Zone.

4. The intra-seasonal Changes in 2017 monsoon had 
resulted due to changes in the location and intensity 
of South Indian Ocean Convergence Zone. 

5. Intra-seasonal changes got superimposed over the 
main feature, as identified in the activity of South 
Indian Ocean Convergence Zone during pre-monsoon 
months. However, the main feature did persist and 
reappeared during August-October.

6. Investigations, on the relationship between SST 
field over South Indian Ocean and the location 
and intensity of South Indian Ocean Convergence 

Figure 6.  Zonal weekly mean cloudiness for the week (a) 6-12 July (b) 13-19 July (c) 20-26 July& (d) 27Jul-2 August. Contours 
of total cloud amounts have been drawn at increment of 10%, 20%, 40%, 60% & 80%.
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Zone, are required for a better understanding of the 
mechanism of development of intra-seasonal changes 
in summer monsoon.

7. Further improvement in SIOCZ model is possible by 
issuing Update/Updates incorporating the impact of 
intra-seasonal changes on rainfall. However, the same 
depends on the availability of reasonably good weekly 
forecast SST anomaly field from South Indian Ocean, 
at least a month in advance. 
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ABSTRACT
Severe cyclonic storm JAL that devastated many Asian countries including southern east coast of India during 
4-8 November 2010, evolved from a low pressure area in the South China Sea, near the eastern coast of 
Borneo, on 28 October 2010. Moving northwestward, the low pressure area emerged in the Bay of Bengal 
and concentrated in to a tropical depression on 4th November and into a severe cyclonic storm in the early 
morning of 6th. It produced very heavy rains causing severe floods and damage to life and property over 
parts of Malaysia, Thailand,Sri Lanka and India. It crossed the east-coast of India on November 7 north 
of Chennai, 13.3°N and 80.3°E and landfall near Nellore. The system attained a maximum intensity of 
T3.5. Coupled ocean-atmospheric processes have been examined to understand the unusually long track 
of the system and impact of floods on landfall along Andhra Pradesh- Tamil Nadu coast. Analysis of daily 
high resolution reanalysis data in the domain, 0-25°N, 60-130°E, during 1-8 November 2010 has revealed 
variation of  Sea Surface Temperature (SST) between 27- 31°C, cooler SST to the left of the cyclone track 
and  wind speed between 16 to 24 ms-1. Satellite derived 3-hourly daily accumulated precipitation varied 
between 36 to 90 mm. Heavy rainfall was confined to the coastal hilly regions and rainfall was very low 
over the open ocean along the cyclone track. This had resulted in only a marginal cooling of SST, which 
had helped in the maintenance of sensible and latent heat fluxes. Significantly warm SST had provided 
continuous supply of moisture for the sustenance and unusually long travel of the system over sea. 

Key words: Severe cyclonic storm JAL, Air- sea interactions, floods, damage.

INTRODUCTION

Tropical systems with maximum sustained surface winds 
of less than 17 ms-1 are called tropical depressions. Once 
the surface wind speed in a tropical depression reaches the 
strength of at least 17 ms-1 it is typically called a tropical 
storm or a tropical cyclone and assigned a name. When the 
surface winds attain the speed of 33 ms-1, the storm is called 
a typhoon over (North Atlantic Ocean and the Northeast 
Pacific Oceans) and it is referred as a severe tropical cyclone 
in the southwest Pacific Ocean and southeast Indian Ocean 
(Neumann et al., 1993). Severe intensity tropical cyclones 
form during south-west post–monsoon period of October 
and November over the Bay of Bengal.Tropical cyclones 
(TCs) developing over the southern and central Bay of 
Bengal and Andaman Sea move northwestward towards 
the east coast of India and sometimes recurve between 
15° and 18°N affecting the Bangladesh coast. Remnants 
of northwest Pacific typhoons moving westward develop 
into a low pressure system over the Andaman Sea and 
intensify further over the Bay of Bengal during the post–
monsoon season. The life span of a severe cyclonic storm 
over the north Indian Ocean averages about 4 days on a 
yearly basis (IMD, 1979). The number of cyclones over 
the Bay of Bengal is 3–4 times more than those over the 
Arabian Sea (Obasi, 1997). The information about the 

ocean response to storm forcing is one of the important 
factors in tropical cyclone track prediction. Monitoring of 
surface weather parameters and the upper ocean thermal 
structure from moored buoys has become a key element in 
the studies of tropical cyclones (Premkumar et al., 2000).
Several studies  have been carried out to document the 
ocean’s response to the tropical cyclones and to understand 
the associated air-sea interaction processes (Stramma et al., 
1986).In the case of the tropical cyclones in north Indian 
Ocean, earlier investigators (Gopala krishna et al., 1993;  
Chinthalu et al., 2001) had reported cooling of the SST 
after the passage of cyclones. They had noted that in the 
regions of weaker upper ocean stratification (southern and 
western Bay of Bengal) the magnitude of the SST decreases 
by around 2°C, due to the passage of cyclone. Tropical 
cyclones are more likely to intensify than weaken after 
an interaction with an upper-level trough when cyclones 
are moving over warm waters, as they continue to derive 
energy (Hanley et al., 2001).  Emanuel (1986) had suggested 
that the energy from the ocean is through the transfer 
of moisture from the ocean to the atmosphere, which is 
dependent on wind speed and the difference of moisture 
content between the air and the saturation mixing ratio 
at the sea surface. The response of the upper ocean plays 
a major role in controlling the storm intensity through 
associated variability in the upper ocean conditions such 
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as SST, surface salinity, mixed layer depth, currents in the 
mixed layer, etc. and atmospheric conditions such as winds, 
atmospheric pressure, and precipitation.  Recent studies 
indicate that generally cyclones originating from the Bay of 
Bengal cross the east coast of India and cause floods due to 
heavy rainfall.In a case study of September 1997 Andhra 
cyclone (Chintalu et al., 2012), the persistent southward 
movement of 500 hPa ridge on the eastern wedge of the 
system along with the steering current at 200 hPa level, 
has helped in maintaining the movement of the system 
parallel to the east coast of India. Such cyclones give rise 
to copious rainfall and often cause major floods, causing 
damage to life and property in the eastern states of India. 

Track of the system

The Severe cyclonic storm JAL, 4-8 November 2010, 
evolved from a low pressure area in the South China Sea, 
near the eastern coast of Borneo on 28 October 2010. 
Moving northwestward the low pressure area picked up 
strength and emerged in the Bay of Bengal.  Figure 1 shows 
the track of the severe cyclonic storm JAL. The wind speed 
criterion refers to the Saffir–Simpson scale. Different wind 
speeds given by color codes and symbols are shown in Table 
1. IMD upgraded the system to a Depression at 0000UTC 
of 4 November and to a Severe Cyclonic Storm at 2100 
UTC of 5th November.

JAL lay centered over southwest Bay of Bengal at 0000 
UTC of 6th November 2010  near 10.0°N, 85.5°E about 
450 km east-northeast of Trincomalee (Sri Lanka).  The 
cyclone was about 600 km east-southeast of Chennai and 

about 750 km southeast of Nellore before landfall.  The 
JAL cyclone was tracked by INSAT Kalpana-1 satellite 
imagery from 0600 UTC of 2 November till the time of 
landfall. The maximum estimated intensity of T 3.5 was 
reported by IMD from 2100 UTC of 5th to 0500 UTC of 
7th November. The estimated lowest central pressure was 
988 hPa. The estimated maximum wind speed was 30 
ms-1. As per Doppler Weather Radars (DWR) at Chennai 
and SHAR, the system started weakening from 0300 UTC 
of 7th November. Continuing its northwesterly track JAL 
crossed the coast as a deep depression between Puducherry 
and Nellore and very close to SHAR around1800 UTC of 
7th. The system weakened into a low pressure area over 
Rayalaseema and adjoining south interior Karnataka. 
The cloud heights were ~ 5 to 6 Km and the maximum 
reflectivity in the wall cloud region was about 35-45 
dBz. The DWR at Chennai tracked the maximum wind, 
which was about 23 ms-1 from 0400 to 1800 UTC on 7th 
November. Rainfall occurred at most places with heavy to 
very heavy falls at a few places over north Tamil Nadu, 
Puducherry, coastal Andhra Pradesh, Rayalaseema, south 
Interior and coastal Karnataka.  JAL crossed the east-coast 
of India on November 7 north of Chennai near Nellore. 
Figure 2 shows the INSAT (Kalpana-1) satellite cloud 
imagery during landfall near Nellore on 7th November, at 
the time of land fall. The maximum intensity attained by 
the severe cyclonic storm JAL   was T 3.5.  The satellite 
imagery on 7th November also shows the thick and dense 
spiral cloud bands and overcast conditions, which has 
covered the major parts of the states of Andhra Pradesh 
and Tamil Nadu. It is further noticed that another band 

Figure 1. Track of the severe cyclonic storm JAL

Table 1. The Saffir–Simpson scale has been followed and color codes denote the wind speed of JAL. 

System/Category Wind speed

Tropical Depression ≤	17	m/s					▲
Tropical storm 18-32 m/s    •

Category   one 33-42 m/s    •

Category   two 43-49 m/s    •
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of dense convective clouds that lay near 5° N and 82° E 
has crossed the Andhra Pradesh and Tamil Nadu coast 
in the morning hours of 8th November resulting in very 
heavy rainfall. This was reported by India Meteorological 
Department, as discussed below. The above mentioned 
states had suffered heavy losses in terms of life and property 
due to devastating floods caused by heavy rainfall.  

Data and methodology

Analyses of various parameters are presented below for the 
period 1-8 November. The data used in the present study 
consist of NCEP-NCAR reanalysis and Tropical Rainfall 
Measuring Mission (TRMM) data products such as daily 
SST, winds, pressure, Outgoing Longwave Radiation (OLR), 
sensible and latent heat fluxes, Vertical Wind Shear (VWS) 
daily data with resolution of 1°lat. x 1°long and sensible 
and latent heat fluxes and TRMM 3 hourly accumulated 
precipitation. Daily composite maps have been prepared in the 
domain of 0-25°N, 60-130°E. These maps have been analyzed 
to understand the features in air-sea interaction, which helped 
JAL to survive for a comparatively longer period of time. 

Atmospheric pressure

Figure 3 (a-h) shows the day to day sea level pressure 
distribution during 1-8 November 2010. Values of 
atmospheric pressure, to the right of the track, varied 
between 1008-1018 hPa. Falling pressure to the left of the 

track was an indication of gradual intensification of cyclone.  
The sea level pressure that initially fell slowly towards the 
centre of the system and later rapidly to its minimum value 
indicated the severity of the cyclone, with lowest pressure 
of 998 hPa during 5-7 November. A comparison of mean 
sea level pressure values with TRMM derived rainfall 
(Figure 9) indicates that the centre of low pressure has been 
associated with enhanced convective activity and heavy 
rainfall. There has been an increase of sea-level pressure of 
about 10 hPa (Fig. 3h) within a span of 2 to 6 hours after 
landfall. The heavy orographic rainfall has been confined 
to low level hills located within the cyclone track zones. 
They are also the potential areas of flash floods and large 
scale disaster. This shows that the topography along the 
path of the cyclone has resulted in a drastic reduction in 
the intensity of the system.

Sea Surface Temperature 

The Sea Surface Temperature (SST) distribution is the 
single most important parameter in the development 
of tropical systems and the track followed by them 
(Goldernberg et al., 2001). Several studies have indicated 
higher SST inducing strong convection (Yu and Wang., 
2009). Figure 4(a-h) depicts the daily variation of SST and 
850 hPa wind field composite during 1-8 November 2010.  
SST was cooler (26-28°C) to the right as compared to the 
left of the cyclone track in the domain of 14-25°N and 
110-130°E. The higher SST (~ 29-30°C) was observed to 

Figure 2.  INSAT Kalpana-1 satellite cloud imagery of JAL during landfall on 7 November 2010.
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the left of the cyclone track. The SST was warmer by 2-4 
°C to the left of the cyclone track.  Fairly long survival and 
westward travel of the JAL could be the direct response of 
prevailing high SST along the track of cyclone.

Wind field 

Figure 4(a-h) gives the composite of SST and wind field.  
The wind speed varied between 10-20 ms-1 in the central 

Bay of Bengal and it increased on 6th and 7th November 
before landfall. Similarly, the analysis of SST and wind 
field for 700 hPa level has shown prominent cyclonic 
circulation extending up to 700 hPa level during 4-7 
November and system’s improved organization on 5th, 6th, 
and 7th November. Further, analysis of wind field at 500 
and 200 hPa (figures not shown) indicated that the cyclonic 
circulation had lost its organization above 700 hPa level, 
while it was still over the ocean.

Figure 3.  (a-h)  Mean sea level pressure (hPa)

Figure 5. (a-h)   Daily  mean   SST and OLR.

Figure 4. (a-h) Daily mean time series wind speed and direction.

Figure 6.  (a-h) Vertical Wind shear.
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SST and OLR 

Figure 5 shows the SST and OLR composite during 1-8 
November.  OLR is used to locate the areas of deep tropical 
convection as a proxy for precipitation (Arkin and Ardanuy, 
1989). The OLR values below 240 Wm-2 are considered to 
represent the convective area (Richards and Arkin, 1981). 
Over the land and cloud free zones  (14°-25°N, 80° -100°E), 
the OLR varied between 200-240 Wm-2.  In the active 

convection zone along the track of JAL (5°-10°N, 80-100°E), 
OLR varied between 140-180 Wm-2. It is seen that during 
the cyclone’s active days, as shown in Figure (4d-f), the 
low values of OLR varying between 120-180 Wm-2 were 
co-located with warmer SST ( ~ 28-30°C ) in the central 
Bay of Bengal. The large fall in OLR values indicated 
enhanced convective activity when JAL was approaching 
the east coast of India. After the landfall on 8th November, 
OLR values increased to 260-280 Wm-2.

Figure 7.  Sensible heat flux during 1-8 November 2010. 

Figure 9. TRMM derived daily mean rainfall (mm).

Figure 8. Latent heat flux during 1-8 November 2010.
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Vertical wind shear 

Figure 6(a-h) shows Vertical Wind Shear (VWS) field 
between 200 and 850 hPa levels during 1-8 November 
2010.The VWS is an important dynamical factor affecting 
tropical cyclones intensity and precipitation pattern ( Yu 
and Wang, 2009). The VWS has long been recognized to 
have a strong influence on the development, structure and 
intensity of tropical cyclones (Tang and Emanuel 2010). 
When VWS is low, it accelerates genesis of a system and 
when it increases the genesis is hampered. The low values 
of VWS was observed to the north of the track of JAL 
suggesting existence of favorable conditions for maintaining 
the cyclone for a relatively longer period of time. 

Sensible and latent heat fluxes

Figure 7(a-h) shows the sensible heat flux during 1-8 
November 2010. Warming and moistening of the 
boundary layer, through the sensible and latent-heat fluxes 
from underlying warm sea, is an efficient mechanism 
for convective destabilization and production of heavy 
precipitation.   In particular, the effect of moistening the low 
levels is two-fold: it favors the conditional destabilization 
of the boundary layer, facilitating the release of convection, 

and it allows a continuous replenishment of the buoyant 
energy, favoring the maintenance of convection. Once 
a favorable environment was produced, and convection 
developed, the latent heat released from convection further 
induces cyclo-genesis through diabatic heating over a deep 
column. This enhances the cyclone intensity and the 
associated surface winds, leading to greater latent-heat 
flux, and resulting in a hurricane-like energy engine via 
air–sea interaction instability. Sensible heat flux of the 
order of 30 - 40 Wm-2 was located over Thailand and 
adjoining sea along the track on 1st November 2010. It 
fell and rose as JAL approached the east coast of India. It 
varied between 20-30 Wm-2 as the system reached Andhra 
Pradesh-Tamil Nadu coast. It rose sharply to 30-40 Wm-2 
on 6th and 7th November. After land fall, the sensible heat 
flux fell sharply to 0 to -10 Wm-2. Figure 8 (a-h) shows 
the latent heat flux during 1-8 November. The latent heat 
flux was of the order of ~270-300 Wm-2 on 1st November 
and was located along the track near and adjoining the 
Thailand sea. It varied between 75 &180 Wm-2   during 
2-5 November. On 6th November, there was a significant 
rise in latent heat flux about 100 Km away and along 
the Andhra Pradesh-Tamil Nadu coast. As the system 
approached the coast, the latent heat flux fell sharply to 
a low value of 120-150 Wm-2. 

Table 2. 24 hrs accumulated rainfall	(≥7	cm)	between	0300	UTC	of	7	to	0300	UTC	of	8th November 2010, along Andhra 
Pradesh coast.

Stations Rainfall (cm) Stations Rainfall (cm)

Palasa 27 Vempalli 8

Sompeta 14 Bhimunipatnam 8

Itchhapuram 12 Thambalapalli 7

Puttur 11 Madakasira 7

Kalingapatnam 10 Nellore 7

Rayacholi 10 Anakapalli 7

Kuppam 10 Mandasa 7

Tekkali 9 Kandukur 7

    Table 3.  Same as Table 2 but for Tamil Nadu-Puducherry coast.

Stations Rainfall (cm) Stations Rainfall  (cm)

Gingee 16 Vanu 9

Panruti 15 Thali 9

Ambur 13 Chengalpattu 8

Vaniyambadi 12 Polur 8

Tiruvannamalai 11 Krishnagiri 8

Alangayam 11 Dharmapuri 7

Tindivanam 10  Palacode 7

Villupuram 10  Sholingu 7

Puducherry A.P 10  Gudiyatham 7

Cuddalore 10  Vellore 7
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Satellite derived rainfall 

Figure 9(a-h) shows the Tropical Rainfall Measuring 
Mission (TRMM) derived rainfall data during the period 
1-8 November 2010. On 1st November, heavy rainfall 
of the order of 90 mm/day was confined to a small area 
located around 6°N, 100°E. During 3-7 November, the 
system intensified and produced heavy rainfall of the order 
of 40-60 mm/day. These spells of heavy rainfall was for a 
small duration and on a smaller area. Tables 2 and 3 show 
the rainfall along Andhra Pradesh coast and Tamilnadu 
–Puducherry coast, respectively on 8th November 2010.

Damage

The severe cyclonic storm JAL caused heavy down pour 
in Thailand resulting in extensive flooding, which led to 
the demise of 59 people. The cyclone claimed four lives 
in Malaysia. Due to timely warnings, 70,000 people were 
evacuated from the villages of Andhra Pradesh where 
damage was expected to be the highest. Figure 10 shows the 
flooding and damage in Andhra Pradesh. On 9th November, 
the state declared that 54 people died due to the storm. 
The total damage estimated by the government was of the 
order of Rs.363 crore.

DISCUSSIONS

Cyclonic storms striking east coast of India during the 
south-west post-monsoon season (October-December), 
generally develop in the southeast Bay of Bengal. However, 
some of the remnants of typhoons in west Pacific Ocean/
south China Sea move westward and emerge in east Bay 
of Bengal as a low pressure area, intensify into a cyclonic 
storm and cross east coast of India.  JAL was one such 
cyclone. It formed as a weak system in South China sea on 
28th  October 2010 and  moved across  Thailand, Myanmar. 

Then it emerged in the Bay of Bengal and concentrated 
into a Depression at 0000 UTC on 4th November 2010 
over southeast Bay of Bengal near lat.8.0°N and 92.0°E.  
The lowest value of atmospheric pressure of 998 hPa was 
observed during 5-7 November.  The SST was cooler to the 
right as compared to the left of the cyclone track in the 
latitude belt of 14-25°N and long. 110-130°E.The higher 
SST was observed to the left of the cyclone track.  The 
wind speed varied between 10-20 ms-1.Wind field showed 
prominent cyclonic circulation during 4-7 November in 
the central Bay of Bengal and  increased on 6th  and 7th  
November before making landfall on  Tamilnadu-Andhra 
coast.  The SST and wind field level shows the formation 
of prominent cyclonic circulation during 4-7 November, 
extending up to 700 hPa level.   It is seen that during 
cyclonic active days viz. 4-7 November, the low values 
of OLR were co-located with warmer SST in the central 
Bay of Bengal. The large fall in OLR indicated enhanced 
convective activity as the JAL cyclone approached the east 
coast of India. Sensible heat flux fell and rose as the JAL 
cyclone approached the east coast of India and it varied 
between 20-30 Wm-2; as the system approached Andhra 
Pradesh - Tamilnadu coast. The sensible heat flux rose 
sharply to 30-40 Wm-2 on 6th and 7th November. The latent 
heat flux was fluctuating between 75 and 180 Wm-2 during 
2-5 November. On 6th November there was a significant 
increase in the latent heat flux along the Andhra Pradesh 
-Tamilnadu coast and as the system approached the east 
coast, the latent heat flux fell sharply. Heavy rainfall 
occurred in the domain 110°E, 5-6°N, but it was confined 
to a very small area. On 2nd November, the Jal cyclone 
produced comparatively less rainfall. This may be attributed 
to the slight weakening of the cyclone.   On 7th November 
the cyclone made land fall and caused considerable damage 
to life and property due to heavy rainfall. Subsequent to 
landfall the convective clouds dissipated and OLR rose 
sharply indicating dry and fair weather conditions. 

Figure 10.  Photograph showing damage and floods caused by the severe cyclonic storm JAL in the state of Andhra Pradesh 
(Source: Babu/Reuters)
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CONCLUSIONS

The persistent high sea surface temperature (> 26°C) along 
the track enabled continuous supply of moisture for long 
travel of JAL. 

Marginal cooling of SST along the track, which had 
helped in the maintenance of sensible and latent heat 
fluxes, has aided in the longer survival of JAL.

Significant increase in latent heat, sensible heat flux 
and incursion of moisture, before land fall, were responsible 
for enhanced convective activity leading to  heavy floods 
along Andhra Pradesh-Tamilnadu coast.
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ABSTRACT
Heat waves are one of the weather hazards affecting different regions of India with varying intensity. 
Beforehand knowledge of the meteorological conditions favorable for the occurrence of heat wave/severe 
heat wave conditions over a given region/state is required for issuing warnings. Reasonably accurate 
meteorological conditions are now available from dynamical models, several days in advance, and the same 
could be used for issuing warnings about likely development of heat wave/severe heat wave condition. In 
the recent past, Andhra Pradesh and Telangana had been affected by severe heat wave conditions for several 
days in continuation. In the present study meteorological conditions associated with the heat waves over 
coastal Andhra Pradesh and Telangana during May 2015 have been detailed. The analysis of meteorological 
conditions has shown that the severe heat wave conditions during the year had resulted due to advection of 
dry air from northwest over a prolonged period of time when skies were cloud-free, soil moisture was low 
and there was an absence of development of strong sea breeze in the afternoons.

Key words: Meteorological conditions, Heat waves, Sea breeze, Soil moisture, Warnings about heat waves.

INTRODUCTION

WMO statement on the status of the global climate has 
indicated a rise in temperatures over various parts of the 
globe (WMO Tech No.1085). According to the ‘Synthesis 
report-climate change 2014’ (IPCC- AR5), each of the 
past 3 decades has been warmer than any other preceding 
decades since 1850. Over northern hemisphere, the period 
from 1983 to 2012 was the warmest 30-year period of the 
past 1400 years (Fifth Assessment Report AR5, 2014). 
The global averaged combined land and ocean surface 
temperature data, as calculated by a linear trend, has 
shown a warming of 0.85 (0.65 to 1.06°C) over the period 
1880 to 2012. These reports (Fifth Assessment Report 
AR5, 2014) have thus indicated an increasing propensity 
of occurrence of heat waves over different countries of 
the globe. A heat wave is a condition of excessively hot 
weather, for a few days or for a prolonged period of time in 
some cases, which may be accompanied by dry hot winds 
and high humidity. There is no universal definition of 
heat wave as temperature ranges have wide variance over 
different continental and maritime regions. One range of 
temperature may be easily adaptable in one region, but may 
cause discomfort in another region, because of different 
levels of endurance to these climatic conditions. In India, 
the intense heat days commence in the month of March 
over the extreme south peninsular India and subsequently 
affect the central and northern parts of the country till 
mid-July by which time the southwest monsoon establishes 
over the entire country. While most parts of the country 
including Andhra Pradesh and Telangana experience heat 
waves in the month of April and May, the northern states 

experience heat waves mainly during May-June. Advection 
of heat fluxes causes the spread of heat from one area to 
the neighboring areas. If a heat wave forms over an area 
and remains confined there only, the heat wave is called 
an in-situ type of heat wave. If the heat wave conditions 
spread over the neighboring areas, then this type of heat 
wave is called an advection type of heat wave.  In India, 
most of the heat waves are of the advection type.

India Meteorological Department (IMD) defined heat 
wave in terms of the departure of maximum temperature 
from the normal maximum temperature of a station (Table 
1). Subbaramayya and Rao (1976) have described, in detail, 
the heat and cold wave days in different states of India. 
Bedekar et al., (1974) and Chaudhary et al., (2000) have 
analyzed heat and cold waves and their impact. Jenamani 
(2005) analysed Ocean and atmospheric features associated 
with extreme temperature variation over east coast of India 
during 1998. Ray et al., (2013) have analysed the cause of 
extreme high temperatures over Gujarat state. Pai et al., 
(2004) concluded that there is a significant increasing trend 
in the heat wave days over Telangana and Andhra Pradesh. 
The study by Bhadram et al., (2005) has shown increase in 
the frequency of severe heat waves and also their duration. 
The authors noted that the highest maximum temperatures 
which hitherto used to be recorded over Telangana are 
shifting to the coastal districts of the state in recent years. 
Pai et al., (2013) found that both Andhra Pradesh and 
Telangana experienced 8 or more number of heat wave 
days during the 5 months period of March-July in the study 
period of 1961-2010.These studies have addressed some 
aspects of the heat wave. Analysis of synoptic, dynamic 
and thermodynamic conditions helps in understanding the 
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various physical processes involved in the development of 
heat wave conditions. The heat waves during the summer 
of 1998, 2002, 2003 and 2015 had a profound impact on 
the lives of the people over various regions of India. A large 
number of deaths were reported from different parts of the 
two states during May-June 2003, more particularly from 
the coastal districts. According to the state government 
reports, 3054 persons died in the states of Andhra Pradesh 

and Telangana in 2003 (Bhadram et al., 2005).The heat 
wave during May 2015 swept across the states of Andhra 
Pradesh and Telangana and resulted in a lot of discomfort 
and the death toll reached an alarmingly high number of 
1910 human lives (Press Information Bureau, Govt. of India, 
5th August 2014). Meteorological conditions that prevailed 
over Andhra Pradesh and Telangana during the severe 
heatwave of May 2015 have been analyzed in this study.

Table 1. IMD criteria of heatwaves, severe heatwaves and hot days

S.No.  Criteria Departure from normal Intensity of the Heat wave

1 Heat wave is considered if maximum 
temperature of a station reaches at least  
40.0 °C or more for plains.

Between 4.5 to 6.4 °C Heat wave

≥	6.4	°C Severe Heat wave

2 When the absolute/actual maximum 
temperature of the day is 45.0 °C or more.

Absolute/actual maximum temperature 
of the day is 45.0 0C or more.

Heat wave

Absolute/actual maximum temperature 
of	the	day	is	≥	47.0	0C.

Severe Heat Wave

3 Warm night should be considered only when 
maximum temperature remains 40 °C or 
more. It may be defined based on departures 
or actual minimum temperatures.

minimum temperature departure is 4.5 
°C to 6.4 °C

Warm night:

minimum temperature departure is 
>6.4 °C

Very warm night:

4 When maximum temperature departure is 
4.5 °C or more from normal, Heat Wave 
may be described provided actual maximum 
temperature is 37 °C or more.

Maximum temperature departure is 4.5 
°C or more.

Heat wave for coastal 
stations

Figure 1. Map of meteorological sub-divisions of India including the shaded sub-divisions Telangana and coastal Andhra Pradesh. 
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METHOD OF ANALYSIS

Favorable conditions for the occurrence of heat 
waves:

(a)  Synoptic conditions
(i) A large amplitude high / anti-cyclonic flow that 

promotes subsidence and stagnation over the heat 
wave region.

(ii)  High geo-potential thickness values. 
(iii)  High positive vertical velocity and 
(iv)  Warm-air-advection over the region or hot and dry 

wind flow over the region from northwest. 
(v) Jet-streams to prevail over northern parts of the 

country

(b) Dynamic and thermodynamic conditions
(i) Maximum insolation 
(ii) Scanty clouds or cloudless days 
(iii) Near dry adiabatic lapse rate over the region and
(iv) Lesser moisture up to a deep layer aloft 

DATA USED IN HEAT WAVE ANALYSIS

IMD daily station data for the study period in respect of 
maximum temperature (Tmax) recorded across the states of 
Andhra Pradesh and Telangana have been utilized. Analysis 
using the temperature metrics (the values of Threshold 
Maximum Temperatures or intensity of temperature) in 
respect of mean monthly Maximum Temperature, mean 
diurnal range, Maximum Temperature equal to or above 
40˚C(T-40)	and	Maximum	Temperature	equal	to	or	above	
45˚C	(T-45),	heat	wave	&	severe	heat	wave	days	are	identified	
and analyzed in this section. Several metrics in respect of 
temperature are computed and analyzed. The departure of 
day maximum temperature of May 2015 from the pentad 
normal maximum temperature for the climatological 
period 1981-2010 is calculated. The composite mean, 
climatology and anomaly of the geopotential height 
thickness on daily and monthly time-scales and the targeted 
period are plotted and analyzed. The National Centers for 
Environmental Prediction/National Center for Atmospheric  
Research (NCEP/NCAR) reanalysis data of daily/ monthly 
average fields in respect of 500 hPa geo-potential height 
(Z500), winds at surface, 850 hPa& 200 hPa, temperature 
at 2-m level is used. The NCEP/NCAR reanalysis data is 
used to draw graphics for visualization and quick analysis 
and evaluation of the prevailed conditions during the heat 
wave period (Kalnay et al., 1996). The National Oceanic 
and Atmospheric Administration (NOAA) Outgoing Long-
wave Radiation (OLR) NOAA data is used to study the 
OLR & OLR anomalies, sensible and latent heat regimes 
that affected the region.

RESULTS AND DISCUSSIONS

Analysis of synoptic, physical and dynamical conditions 
have been carried out to find the meteorological conditions 
favorable for rise of temperature up to the threshold of 
heat wave/severe heat wave conditions over Telangana and 
Andhra Pradesh during May 2015. The results of analysis 
of different parameters have been discussed, in brief, in the 
following paragraphs. 
Surface air temperature: The area of maximum values 
of mean air temperature is seen in central India and the 
contiguous areas of Telangana and Costal Andhra Pradesh. 
The areal extent of T-40 contour (line passing through 
mean temperatures of 400 C or more) is larger during 
15-31 May than during 01-31 May, 2015. It implies that 
there is an increase in the intensity of air temperature 
over the areas around Andhra Pradesh and Telangana. 
The advection of heat from Arabian mainland and Gulf 
to southeastwards upto Coastal Andhra Pradesh through 
Afghanistan, Pakistan, Rajasthan, Madhya Pradesh, 
Vidarbha, Telangana and adjoining area is evident (Figure 
2). The intense heat fluxes concentrated over Madhya 
Pradesh, Chhattisgarh, Odisha, Telangana, and Andhra 
Pradesh are also shown in Figure 2. The advection of hot 
dry air does not indicate the area of maximum temperature 
because the parameter in use here is for mean temperature. 
The propagation and advection of heat takes place from 
Arabian area to the interior parts of India. The image 
clearly indicates that the advection is more pronounced 
under conducive synoptic conditions during the latter 
half than during the first half of May 2015. The Figure 3 
shows the maximum temperature distribution over the 
country.  The image shows a pronounced change in the 
areal extent of increased temperatures in the second half 
of May than in the first half. The figures 2 and 3 indicate 
a significant change in the intense heat conditions over 
central and adjoining parts of India. Absolute maximum 
temperatures alone cannot be construed as heat-waves. 
The term ‘heat-wave’ is a relative condition with respect 
to the normal maximum temperature of an area. The 
normal maximum temperatures of Andhra Pradesh and 
Telangana are lower than central parts of the country. 
This gives an indication that heat-wave conditions did 
exist in second half of May 2015 over Coastal Andhra 
Pradesh and Telangana.

Distribution of Prevailing winds

Wind flow pattern at 850 hPa level (Figure 4) shows an 
anti-cyclonic flow with incursion of northwesterly winds 
deep to the south upto latitude 5.00 N near Java Islands. 
At 700 hPa level, the anti-cyclone lies over northeast 
Arabian Sea with the ridge line extending up to Malaysia 



Charan Singh and S. V. J. Kumar

352

with southward tilt.  There is a pronounced, strong, 
sustained, stagnant ridge at 500 hPa level running along 
latitude 20.00 N over the Indian region with an elongated 
ridge line extended east-southeastwards upto the South 
China Sea. The composite wind pattern from surface to 
500 hPa indicates the position of the ridge line delineating 
the westerly/ northwesterly flow to the north and north/ 
northeasterly flow to the south during first half of the May. 
Westerly to northwesterly winds prevailed over the major 
parts of the country with an anti-cyclonic flow at around 
5.00 S in the Sumatra over the surface during the second 
half of May 2015.The anti-cyclonic flow at 700 hPa and 
500 hPa shows reinforcement in the second half of May 
than in the first half. There is also a strong clock-wise flow 
of winds over the west central parts of Bay of Bengal and 
Coastal Andhra Pradesh in the period 15-31 May than 
during the period 01-31 May.

Position of Sub-Tropical Westerly Jetstream

At 200 hPa level the mean position of Sub-Tropical 
Westerly Jetstream (STWJ) is located at 25.00 N. The 
STWJ defines northern limit of the Hadley Cell (Chandler, 
1979). This STWJ is the place to the south of which 
maximum subsidence takes place. This contributes to the 
formation of stagnant high pressure area and hence to the 
persistence of higher temperature on the surface. The upper 
tropospheric winds (Figure 5) show strong convergence upto 
100 hPa level indicating lower level strong divergence, in 
concurrence with the Dines Compensation principle.

Geopotential height thickness

The geopotential height thickness analysis as a prognostic 
tool provides an inkling of an idea as to the probability of 

Figure 2. Advection of dry hot air from the Arabian continent and adjoining areas over to parts of the country during (a) May 
01-31 and (b) during May 15-31, 2015.

Figure 3. Mean maximum temperature (0C) distribution over the country during (a) May 01-31 and (b) May 15-31, 2015.
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Figure 4. Prevailing winds during (a) May 1-31 May and (b) 15-31 May, 2015 at 1000, 850, 700 and 500 hPa levels.

Figure 5. Transition of Upper Tropospheric circulation strengthening in to sub-tropical Westerly Jet stream (a) on May 18 and 
(b) May 21.
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occurrence of heatwaves. The geopotential height thickness 
(z) is a function of air temperature and moisture between 
the levels for which the z is computed. The increase in 
thickness (z) results in warm air advection (WAA) or 
diabatic heating. This implies that the solar heating is 
concentrated in to the area where the maximum z is found. 
Mcqueen and Cadesman (1957) have shown the correlation 
of heatwaves with thickness of the air-mass between 1000 
and 500 hPa levels. It is obvious that the larger average 
height thickness and positive anomaly of thickness between 
the levels 1000 and 500 hPa are indicative of the warmer 
regions (Figure 6(b). Hence, it shows the zone of maximum 
heatwaves or severe heatwaves. 

The contour/ isoline of maximum geo-potential 
(Z500) thickness is observed around the area of Rajasthan, 
Haryana, Chandigarh & Delhi, Uttar Pradesh, Madhya 
Pradesh, Chhattisgarh, Odisha, Coastal Andhra Pradesh, 
Telangana and Vidarbha(Figure 6(a). This promoted 
maximum flux over this area and resulted in an intense 
negative vorticity advection in the mid-troposphere and 

warm air advection over the surface area enclosed by the 
maximum Z500 contour. The warm air advection is more 
conspicuous / evident at 700 hPa. The clockwise flow 
contributes to the incursion of warm, dry air over the larger 
contour of Z700.

Late onset of sea-breeze

The coastal areas of Andhra Pradesh, generally, experience 
during the afternoon sea breezes that alleviate the impact of 
heat. The prevailing wind and synoptic conditions upto 17 
May 2015 were supportive of a breeze from the sea along 
the coastal areas. The southerly and southeasterly winds 
prevailed over Bay of Bengal on most of the days from May 
1-17, 2015 (Figure 7). The anti-clockwise flow was located 
over southeast peninsula & Comorin till 15 May, produced 
south easterly flow and sea breeze over the southeast 
peninsula south of south coastal Andhra Pradesh. The 
winds over the Bay of Bengal off Coastal Andhra Pradesh 
were from southeasterly/south-southwesterly direction 

Figure 6. (a) 500 hPa Geopotential anomaly and (b) 500-1000 hPa thickness during 19-31 May, 2015. 

Figure7.  Winds indicating (a) presence of Sea Breeze on May 15 and (b) absence of sea breeze on May 19, 2015.
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during the middle of May and did become south-westerly 
from 19thMay and exhibit/delay of sea breeze setting. 
Resulted dry/hot winds from northwest continued to prevail 
over Andhra Pradesh. Details pertaining to the prevailing 
winds and the sea breeze on (a) 15th May and (b) on 19th 
May are shown in Figure 7 (a & b).

Relative humidity (RH) and moisture

Relative humidity over the northwest, central and 
adjoining peninsular India was very less. The maximum 
and minimum RH was of the order of 40-50 and 20-30 
in general. Such lesser RH contributes to rapid rise in day 
temperature as the duration of day is quite longer in the 
month of May; the night could not cool so much. As a 

result, the higher temperature cycle was lasting for many 
days over the study area.

Outgoing long wave radiation and Cloudiness

Outgoing long wave radiation was used as proxy to measure 
the amount of clouds, particularly over the heat wave 
region. The Outgoing long wave radiation value during 
19-31 May was more than 250 w/m2.This indicates that 
the cloud was practically absent over the region. The OLR 
anomaly is positive over the region. It allows incoming 
radiation during day time and outgoing during night time. 
This has resulted in more insolation heating over the region 
(Figure 8). Resulted increase in temperatures maintained 
the temperature up to heat wave level. 

Figure 8. Outgoing Longwave Radiation Anomaly during (a) 1-31 May and (b) 15-31 May 2015.

Figure 9. Mean omega indicates the stagnant air and subsidence over the area under study at (a) 850 hPa during May (1-31) 
and (b) during May (15-31), 2015.
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Observed Temperatures

The metrics derived from the Maximum temperatures 
and diurnal ranges have been analyzed and the final 
output is presented. It can be seen that the mean Tx is 
conspicuously more in May15-31 period than from May 
01-31(Figure 10, Red spike is higher than blue spike) over 
coastal Andhra Pradesh, little higher in Telangana and more 
or less the same/ lesser in Rayalaseema. Most stations in 
Telangana and Rayalaseema had experienced more than 
19 days of T40 days in May. Whereas, only 50% stations 
in coastal Andhra Pradesh have recorded 10 or moreT40 
days. Station-wise analysis indicates that Rentachintala & 
Gannavaram (10 days), Bapatla (8 days), Nandigama (7 
days), Machilipattanam (6 days), Ongole (5 days) and Kavali 
(4 days) in south coastal Andhra Pradesh experienced more 
cumulative heatwave days as compared to north coastal 
Andhra Pradesh stations, where only Kakinada (4 days) 
experienced more number of heat wave days. 

It is obvious that there is more number of severe heat 
waves over coastal Andhra Pradesh, with Gannavaram 
experiencing 8 severe heatwave days. No station in 
Rayalaseema experienced heatwave days. In Telangana, 
Ramagundam & Nalgonda (12 days each), Hanumkonda 
(10 days), Nizamabad & Khammam (9 each) and Adilabad 
(6 days) experienced cumulative heatwave days. It is also 
evident that there is less number of Severe Heatwave days 

over Telangana than over the coastal Andhra Pradesh. 
This explains the severity of heat wave intensity over 
coastal Andhra Pradesh compared to Telangana. This also 
explains the distinctively higher mortality rate over coastal 
Andhra Pradesh than over the state of Telangana. The 
continental sub-divisions of Telangana and Rayalaseema 
have larger normal maximum temperatures than over the 
coastal Andhra Pradesh where most of the stations have 
maritime climate (Figures 10, 11&12).

During the climatological span of 50 years from 1961 
to 2010, Nellore had experienced 18 years of prolonged, 
persistent heat wave spells of 15 days or more with an 
exceptionally long spell of 35 days from 6th   May to 9th 
June, 1996 (Pai et al., 2013). Contrary to the record spells 
that it experienced, Nellore did not record any heatwave 
days in May 2015. Ramagundam (1984) and Kakinada 
(1998), the stations from Telangana and coastal Andhra 
Pradesh experienced once i.e., the former in 1984 and 
later in 1998 recorded climatological instances of 16 days 
(>15 days) of heat wave spells. They also observed that 
no station in Andhra Pradesh or Telangana experienced 
spells of Severe Heat Wave (SHW) of 7 days or more during 
the above climatological period. It is quite noticeable 
that more stations in coastal Andhra Pradesh recorded 
SHW days than in Telangana during May 2015. In fact, 
Machilipatnam and Baptla recorded 5 days each of SHW 
days. The stations in coastal Andhra Pradesh aggregate 

Figure 10(a). Mean maximum temperature over the sub-divisions namely of Coastal Andhra Pradesh during May 1-31 and 
May 15-31, 2015.

Figure 10(b). Mean maximum temperature over the sub-divisions of Telangana during May 1-31 and May 15-31, 2015.
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Figure 11(a).  Heat wave profiling over the sub-divisions of Coastal Andhra Pradesh during May 2015.

Figure 11(b).  Heat wave profiling over the sub-divisions of Telangana during May 2015.

Figure 12(a).  Duration of heat-wave over the sub-divisions of Coastal Andhra Pradesh during May 2015.

Figure 12(b). Duration of heat-wave over the sub-divisions of Telangana during May 2015.
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18 days of SHW days while Telangana stations account 
for only 3 days of SHW days. 

CONCLUSIONS

It is noticed from the study that the heat wave condition 
developed over Telangana prior to Andhra Pradesh. The 
period of heat wave over Telangana was 12 days from 
19th May onwards; bout of heat wave like conditions was 
developed from 3rd May 2015 onwards. The heat wave spell 
continued over coastal Andhra Pradesh for 9 days from 
21st to 28th and on 31st after an interruption/hiatus of 2 
days. The number of severe heat wave days is more over 
coastal Andhra Pradesh than over Telangana. Khammam 
in Telangana recorded the highest maximum temperature 
of 47.60 C on 23rd and it is the highest Tx of the season. 
Visakhapatnam in coastal Andhra Pradesh recorded the 
highest ever recorded Tx of 45.00C on 25th May. There are 
no heat wave days over Rayalaseema.

On the basis of analysis of synoptic, thermodynamic 
and dynamic aspects of the heat-waves it is inferred that 
various parameters like prevailing wind, advection of dry 
air, absence of sea breeze or late setting of sea breeze, high 
insolation and cloud- free atmosphere are the causes of such 
a long spell of heat wave/ severe heat wave over Telangana 
and Andhra Pradesh during May 2015.

Since heat wave recurrence every summer is expected 
as a normal feature as suggested by Reddy (Nov, 2017) in 
his editorial we need to take various precautionary and 
curative measures, especially by senior citizens and children 
to lessen the negative impact. Quoting global studies he 
pointed out that “The 500-hPa height anomalies are most 
strongly related to positive warm season precipitation 
anomalies over the Indian monsoon region and associated 
positive convective heating anomalies that drive mid-
latitude teleconnection patterns in response to anomalous 
tropical convective heating in future climate. Thus, areas 
already experiencing strong heat waves could experience 
even more intense heat waves in the future. But other areas 
could see increases of heat wave intensity that could have 
more serious ramifications/impacts because these areas are 
not currently as well adapted to heat waves.”So, it is needed 
to study this phenomenon more closely in the near future.
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ABSTRACT
We present the conversion of multiple vertical electrical resistivity sounding data measured at equal intervals 
along a profile into ‘*.DAT’ 2D data file, which is compatible with Res2D.INV to obtain 2D resistivity 
inverse model. For this, we have developed a FORTRAN code. We applied the code on real time resistivity 
sounding data acquired using Dipole-Dipole array and obtained the 2D data file. Finally, we have inverted 
the converted 2D data using Res2D.INV program to obtain the 2D resistivity subsurface model. Thus, the 
code helps to generate the 2D resistivity model of the subsurface from sounding data obtained using four 
electrode setup (Wenner, Dipole-Dipole, Schlumberger arrays), where the usage of advanced equipment and 
financial supports are limited, to provide two dimensional interpretation on groundwater resources, soil 
pollution etc. The conversion and analysis of available past resistivity data helps to study the time-lapse 
resistivity changes through the comparison of present data within the limits of data errors and resolutions. 
The weathered water bearing zone and fractures identified on the 2D resistivity inverse model obtained 
from the converted 1D sounding data from Boneikela village, Sundargarh district, Orissa clearly matches 
with regional hydrogeology.  

Key words: Vertical Electrical Sounding, Res2D.INV, 2D inverse model, FORTRAN code, Groundwater, 
Time lapse resistivity.

INTRODUCTION

Electrical resistivity tomography is a non-invasive 
geophysical technique, which researchers have been 
practicing rigorously for the investigations of groundwater, 
environmental pollution, and site characterization (Loke et 
al., 2013), since past five decades. Although the researchers 
have been employing advanced multi electrode systems 
to carryout 2D, 3D and 4D resistivity studies, the basic 
electrode configurations used in the data acquisition are 
the same conventional arrays commonly used for vertical 
electrical sounding (VES) and profiling techniques (Griffiths 
and Barker 1993; Loke and Barker, 1996; Dahlin, 2001; 
Loke, 2010; Loke et al., 2013). However, the quality of data 
acquired using such automatic multi electrode systems 
is adequate because of the stacking procedure employed 
in the acquisition (Loke et al., 2013).  In view of the 
cost involved in the purchase, maintenance and depth 
of investigation limitations of high-resolution electrical 
resistivity data acquisition systems, researchers are still 
using the conventional four-electrode operation for ground 
water mapping, bed rock detection, pollution studies etc., 
where the input of economic resources is limited. 

Hence, the main objective of this study is to present 
a FORTRAN code that coverts the sounding data to 
‘*.DAT’ file, compatible with Res2D.INV (Loke, 2010) 
inversion software. Since the 2D resistivity imaging is a 
robust geophysical tool, the conversion of multiple VES 

data acquired along a profile with fixed traverse interval 
will help the research community, where the availability 
of the economic resources is limited. Apart from this, the 
research organizations and academic institutions have 
acquired sounding /profiling data since late seventies. 
Archiving such an enormous data has become difficult and 
time consuming. Therefore, the proper conversion of such 
large amount of sounding /profiling data into a format 
in which it can be processed using advanced resistivity 
tomography software (Res2D.Inv) will help to obtain the 
resistivity inverse model from the available past data. 
This also helps to compare the 2D cross section obtained 
from the data acquired now with the 2D cross sections 
obtained from the converted data to assess the temporal 
variations in the subsurface resistivity. This enhances 
precision of data interpretation as well as facilitates to 
study the time-lapse resistivity imaging up to decadal 
scales. We present an example of format conversion of 
VES data acquired using Dipole-Dipole array to ‘*.DAT’ 
along with its inverse 2D resistivity model.  

Development and application of FORTRAN code

Following the file format information provided by Loke 
(2010), the following  FORTRAN code is developed and 
presented  to covert the multiple sounding data acquired 
using Wenner, Dipole-Dipole (Inline) and Schlumberger 
electrode arrays into ‘*. DAT’ file.  
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Code:

!*PROGRAM TO COVERT SOUNDING DATA TO 2D 
RESISTIVITY DATA FILE *!
!------------------------------------------------------------------------!
      IMPLICIT NONE
      REAL::A,X,R,L,LN,N1,N2,LT
CHARACTER :: HEAD
CHARACTER(Len = 20) :: FNI,FNO,LOC
INTEGER :: I,N,SP,SPN, AT
!------------------------------------------------------------------------!
WRITE(*,*) ‘ENTER INPUT FILE NAME (CASE 
SENSITIVE):’
READ(*,*) FNI
WRITE(*,*) ‘ENTER OUTPUT FILE NAME:’
READ(*,*) FNO
WRITE(*,*)’For Wenner=1;Dipole-
Dipole=3,Schlumberger=7’ 
WRITE(*,*)’ENTER ARRAY TYPE:’
READ(*,*) AT
WRITE(*,*) ‘ENTER NO OF DATA POINTS:’
READ(*,*) N
WRITE(*,*) ‘ENTER MINIMUM SPACING:’
READ(*,*) A
      OPEN (1,FILE=FNI,STATUS=’OLD’)
OPEN(2,FILE=FNO,STATUS=’NEW’)
READ(1,’(A)’) LOC
WRITE(2,*) LOC
READ(1,’(A)’) HEAD
WRITE(2,*) A
WRITE(2,*) AT
WRITE(2,*) N
WRITE(2,*) ‘1’
WRITE(2,*) ‘0’
      SP=0
      N2=0
      DO 10 I=1,N
        READ (1,*) LT,LN,X,R
        N1=X/A  
        IF (N1.LT.N2) THEN
         SP=SP+1
        ENDIF 

        L=SP*A
        N2=N1
      IF (AT.EQ.1) THEN
WRITE(2,*) L,A,R 
      ENDIF 
      IF (AT.GT.1) THEN
WRITE(2,*) L,A,N2,R 
      ENDIF
 10 CONTINUE
WRITE(2,*) ‘0’
WRITE(2,*) ‘0’
WRITE(2,*) ‘0’
CLOSE(1)
CLOSE(2)
      END
!------------------------------------------------------------------------!

Vertical Electrical Sounding data from Boneikela village, 
Sundargarh district, Orissa acquired using Dipole-Dipole 
array configuration are saved as a text file in the prescribed 
format as shown in the Table 1. 

The first column of the file is ‘Array type’, second 
column is ‘x co-ordinate of the array center ’, third column 
is the ‘dipole separation factor (n)’, and the last column is 
the apparent resistivity value. Table 1 depicts an example 
of input file format. 

When we run the FORTRAN code, it takes the user 
input parameter like input file name, output file name, array 
type (1 for Wenner, 3 for Dipole Dipole, 7 for Schlumberger), 
number of data points, and minimum electrode separation 
(a). The successful execution of the program converts the 
VES data into the 2D file in format as shown bellow and 
writes to the output file with the given output file name. A 
sample output of the program is given bellow. 

Output file format

Location | Location or survey file name 
10.0000 | Minimum electrode separation ‘a’ 
3 | Type of the electrode array (1 for Wenner, 3  
    for Dipole Dipole, 7 for Schlumberger)
275 | Total number of data points

Table 1. Sample input data file of Dipole –Dipole.

Location  % Name of the Survey File or area%

Array type Center location(m) na (m) Apparent Resistivity ( ohm-m)

Dipole-Dipole 0 10 223.8359  |First data point

Dipole-Dipole 0 20 219.2669

Dipole-Dipole 0 30 200.4101

- - - -

- - - -

Dipole-Dipole 240 110 1434.010 |Last data point
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1 | 1 Formidpointlocation; 0 for starting electrode
    location
0 | 0 For apparent resistivity data

0.00000 10.0000 1.00000 223.836 | First data point 
(x location,

0.00000 10.0000 2.00000 219.267 | minimum 
electrode 
separation (a),

0.00000 10.0000 3.00000 200.410 | n and apparent 
resistivity)

0.00000 10.0000 4.00000 269.916
0.00000 10.0000 5.00000 334.812
-
-
240.000 10.0000 10.0000 1081.10
240.000 10.0000 11.0000 1434.01 | Last data point
0    | Three zeros 

indicating enf of 
file

0
The output file was processed using Res2D.INV 

software (trail version) to get the 2D resistivity model 
of the subsurface. The processed output of least square 
inversion after 3 iterations is shown in Figure 1. The 
model refinement (a=5m) is used in the processing to 
reduce the misfit due to huge resistivity variation near the 

shallow depth. Although the output has shown 17.8 RMS 
error, processing the data using Res2D.INV software full 
version with statistical filtering and more iterations will 
reduces the error. 

The groundwater availability varies from place 
to place depending upon nature of broad category of 
hydrological units like consolidated, semi consolidated 
and unconsolidated formations with high heterogeneity in 
character, showing both vertical and lateral variations in 
Sundargarh district, Orissa (CGWB Repot, 2013). Highly 
weathered mica schist, highly jointed and well foliated 
carbonaceous phyllites, highly jointed metabasic rocks 
(Amphibolites), Lime stone, Dolomite, Granite, Granite 
gneiss, Quartzites are the major water bearing litho units 
within 4 to 18m depth. The recharge occurs mainly in 
the secondary porosity resulting from weathering and 
fracturing of the rocks in the consolidated formations 
comprising Precambrian metasediments of Gangpur series 
and Iron ore series and also granite gneiss, metasediments 
like amphibolite, epidiorite. CGWB report (2013) clearly 
indicated two to four water bearing fracture zones down to a 
depth of 100 m bgl. The sand stone, shales, conglomerates, 
grits belonging to Talcher, Barakar and Kamthis of lower 
Gondwana are the semi consolidated formations in 
this region. Among them the Barakar formations are 
the potential aquifer rocks in the area with water level 
depth varying between 7 to 18m (CGWB report, 2013). 

Figure 1. Dipole-Dipole 2D cross section image obtained from the converted data of multiple soundings from the Boneikela 
village, Sundargarh district, Orissa.
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Laterites and alluvium of Sub-recent to Recent age form 
the unconsolidated formations in this region. Laterites 
occurring as capping over older formations are highly 
porous in nature and form good aquifers to be tapped 
through dug wells. The limited alluvial deposit strips of 
recent origin along the prominent drainage channels are 
also the potential aquifers of unconfined to semi-confined 
condition. The shallow low resistivity zone between 
spatial location 100 to 200m and depth range 4to 14m 
is the water bearing weathered formation (Bottom panel 
of Figure 1). We can also notice a high resistive rock 
formation beyond 14m with a fracture around spatial 
location at 45m. 

CONCLUSION

We present a FORTRAN code to convert multiple vertical 
electrical sounding data recorded along a profile into 
‘*.DAT’ file. The conversion allows us to process the 
data in Res2D.INV to generate inverse resistivity model 
of the subsurface. The code developed here helps the 
research community to generate the 2D resistivity model 
cross section images for the 2D interpretation of ground 
water, environmental pollution, bedrock studies etc., from 
sounding (Deep resistivity sounding) data, where the 
operational cost and advanced instrumentation facilities 
are limited. The conversion of the past sounding data 
that is available from late seventies will allow estimating 
the temporal variability (even up to decadal scales) by 
comparing with the present data. We have clearly identified 
the weathered aquifer zone within 4m to 13m depth in the 
2D section of selected example data from Boneikela village, 
Sundargarh district, Orissa.  The deep fracture in the high 

resistive rock formation is also clearly visible in the 2D 
section. The aquifer identified in the 2D section obtained 
from the multiple 1D soundings using the code is agreeing 
well with regional geology of the study area.
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INTRODUCTION

Our understanding of the internal dynamics of the Earth is 
to a significant extent based on images of seismic velocity 
variations in the earth’s mantle obtained through global 
seismic tomography (Sukhovich et al., 2015). While the 
land is covered by a dense network of seismic stations, the 
coverage in the Oceans is inadequate mainly due to the 
high cost of installation and recovery of the conventionally 
used sensors such as Ocean Bottom Seismometers (OBS) 
and moored hydrophones. This unequal seismic data 
coverage fundamentally limits the quality of tomographic 
representations of seismic wave speeds in the earth’s 
interior (F.J Simons et al., EOS v.87, no.31 1st Aug 2006).
To overcome this problem some important measures have 
been taken in the recent past. Some specifics are given 
below to highlight the efficacy of such techniques and 
recording instruments.

NEW INITIATIVES

A) Requirement of floating seismic stations or 
MERMAID (Mobile Earthquake Recorder in 
Marine Areas by Independent Divers)

A remedial solution includes apt observation of seismic 
waves in the oceans to obtain adequate data coverage 
in oceans using a prototype of a mobile receiver that 
will function as a floating seismometer (developed 
by Prof Dr. Guust Nolet of Geoazur in France). This 
prototype was nicknames “MERMAID”, which stands 
for Mobile Earthquake Recorder in Marine Areas by 
Independent Divers. The Mermaid is an autonomous freely 
drifting underwater robot, which by changing its buoyancy 
can dive up to and remain at a programmed depth. A 
seismic wave (i.e. P wave) arriving at the ocean bottom 
refracts into the water and generates acoustic wave, which 
propagates vertically. Whenever an acoustic wave generated 
by teleseismic P wave is detected by the MERMAID, it 
moves up to the ocean surface as quick as possible to 
transmit via satellite the recorded signal and information 

such as time of arrival of the signal, depth of the robot 
at the moment of detection etc. The principal advantage 
of the MERMAID over Ocean Bottom Seismometer and 
Moored Hydrophones is its lower operational costs.  The 
Mermaid was first tested on 4-6 Nov 2003.

B) Development of Son-O-Mermaid--the New 
Generation Mobile Earthquake Recorder in 
Marine Areas by Independent Divers

The Son-O-MERMAID instrument is a next generation 
drifting prototype, jointly developed at the University 
of Rhode Island (URI) by Prof. Harold Vincent and at 
Princeton University by Prof. Frederik Simons. It combines 
a surface buoy with instruments dangling from an un-
tethered cable. Son-O-Mermaid was initially deployed at 
off the coast of Bahamas on October 9th, 2012. 

B-1) System Description and working of Son-O-
Mermaid

Son-O-Mermaid operates at a water depth of about 1500 
meters, while a drifting buoy stays at the surface and allows 
the continuous contact with a satellite. The surface unit 
enables the GPS and IRIDIUM capabilities to be always 
engaged.  Son-O-MERMAID can be divided in to three 
subcomponents: First, a surface component that receives and 
stores the acoustic data sent from the submerged unit for 
further analysis. This unit is accurately time synchronized 
with a GPS receiver and used to time stamp the acoustic 
data. Second, a submerged component immersed at a depth 
of ~750 meters. It collects, digitizes and samples acoustic 
data. The submerged component includes the following 
parts: (I) a three-hydrophone array, spaced about 70 cm 
apart at the end of a 750 m long cable attached to a surface 
buoy that houses electronics, communications, and a GPS 
location package(ii)an analog to digital converter (ADC), (iii) 
a central processing unit (CPU) and one RS-485 adapter. 
All these parts with the exception of the hydrophones are 
placed inside a pressure vessel. Third is the interface that 
connects the submerged and surface components.

J. Ind. Geophys. Union ( May 2018 )
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B-2) Technical Advancement of Son-O-Mermaid 
over its predecessors and advantages over OBS 
(Ocean Bottom Seismometers)

Son-O-Mermaid is a freely drifting buoy that (a) derives 
energy from wave action, enough to power (b) a vertical 
array of hydrophones suspended from a compliant cable 
connected to a damping plate below the waves, (c) a 
full-ocean-depth echo sounder, (d) GPS for location and 
timing accuracy, (e) an IRIDIUM satellite communication 
unit for near real-time data transfer, and an (f) on-board 
digitizing and processing unit. The predecessor instrument, 
MERMAID, does not have facilities mentioned under (a), 
(c) and array aspect of (b). The Son-O-Mermaid can be 
deployed even by untrained personnel. This gives it an extra 
advantage over conventional approaches e.g., ocean-bottom 
seismometers, tethered, moored hydrophones. Unlike 
traditional ocean-bottom seismometers, which are placed 
in stationary locations and must be retrieved to obtain 
their data, Son-O-Mermaid drifts with ocean currents 
and regularly reports data back to scientists using wireless 
technology. Several of these recorders can be deployed 
for the same cost as one ocean-bottom seismometer. 

Compared to its progenitor MERMAID, the new float 
(Son-O-Mermaid) has better real-time communication 
capabilities because part of the instrument is always 
above water, and, in addition to batteries, has solar 
panels that power a vertical array of hydrophones. 
Energy harvesting technology will give Son-O-Mermaid 
great operational independence and the possibility to 
take payload for ocean-based observations not limited to 
hydroacoustics for seismic tomography. The hydrophone 
array configuration eliminates non-propagating noise 
and suppresses surface multiples. The fathometer helps 
in determining the travel time of teleseismic waves with 
maximum accuracy. It will also deliver data for the high-
resolution study of Earth’s global bathymetry. As Son-O-
Mermaid is a drifting instrument it helps to generate data 
on sea surface currents. (https://www.nsf.gov/awardsearch/
showAward?AWD_ID=1318416). 

B-3) LIMITATIONS

Son-O-Mermaid does have drawbacks. Since the buoy is at 
the surface, in the waves, it can get run over by ships — or 
be hit by a hurricane.

Son-O-Mermaid: Picture Courtesy: Princeton University
(http://geoweb.princeton.edu/people/simons/MERMAID.html).
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FUTURE STRATEGIES

a.    Keeping in view the tremendous capability of the 
Son-O-Mermaid to detect teleseismic waves in the 
ocean, and transmit the information to land centres 
in near realtime, there is a need for deployment of 
a large array of  Son-O-Mermaids mainly in the 
southern Oceans ( For ex Indian Ocean ), which are 
not adequately covered by seismic sensors. Such a 
deployment helps to provide a denser tomographic 
data; a useful input for better imaging of deeper 
structures.

b.   There should be networking between various sensors 
(Son-O-Mermaids, Ocean Bottom Seismometers, 
Tsunami Bouys, Moored hydrophones), as exchange of 
data ultimately  results in better scanning of  structures 
present at  shallower to deeper depths. 

c.  Moreover, in the near future the Son-O-Mermaid will 
be fitted with multiple instruments like meteorological 
and oceanographic becoming multipurpose and 
multidisciplinary platforms for all types of scientific 
research in the oceans. (Simon J.D et al AGU 2014, 
Nolet G et al; AGU Dec 2014, Dec 2017 issue of 
IASPEI News letter ) ultimately paving the future 
vision for a large array of drifting Geophysical 
observatories (Multidisciplinary Mermaids)in the 
ocean.(Hello Y et al; AGU Dec 2013), (Nolet G et al; 
AGU Dec 2014)

CONCLUSION   

The Son-O-Mermaid will help to revolutionize seismic data 
collection in the oceans, by better detection of signals and 
near real time transmission of collected data. The Son-O-
Mermaid will help to revolutionize seismic data collection 
in the oceans, by better detection of signals and near real 
time transmission of collected data. (Simon J.D et al  AGU 
2014), (Frederik J. Simons et al; Journal of Geophysical 
Research 23rd May 2009).
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