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In this study we identify a region of submarine 
groundwater discharge (SGD) near Okha coast, Guja-
rat, India using thermal infrared remote sensing tech-
nique. Observations of brightness temperature (BT) in 
the thermal infrared spectral region (10.6–11.19 μm) 
from Landsat-8 satellite in the coastal region showed 
unique localized cooling in the Arabian Sea during 
winter. We observed lowering of BT in the range 0.6°–
2.3°C in the coastal region associated with SGD in 
comparison to sea surface temperature of the ocean 
during low-tide conditions. Consistent geographical 
pattern of thermal contrast was observed near the 
same location (lat. 22°26′54.43″N, long. 69°00′41.67″E) 
when multi date (11 datasets) thermal data were ana-
lysed between 2015 and 2019 in winter. Generally, 
low-tide conditions show more cooling of ocean sur-
face at the SGD site compared to high-tide conditions, 
which indicates the process of SGD. Satellite-based  
assessment was further validated using field- and 
ship-based measurements.  
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DETECTION of submarine groundwater discharge (SGD) 
region, and modelling the quantity of annual flux and its 
associated nutrient load are important for understanding 
the hydro-geological processes of coastal regions1. SGD 
is a hydrological process of coastal areas in which sub-
marine inflow of fresh and brackish groundwater takes 
place from land to sea2,3. SGD mainly occurs due to 
freshwater release from land to sea as base flow as well 
as overflow through the unconfined aquifer medium4. 
SGD occurs in the form of both point source plume dis-
charge (submarine springs) and non-point source diffuse 
discharge (seepage), and its strength varies spatially as 
well as with changes in tidal conditions3,5. Detection of 
SGD sites in the coastal ocean is a challenging task as in-
formation on the source of potential offshore groundwater 
is important in hydrological management under condi-

tions of freshwater scarcity. Many SGD sites are known 
worldwide6–8, but limited information is available on the 
nearshore groundwater discharges in the Indian coastline. 
Ground-based studies carried out in the country provide 
the background knowledge of nearshore SGD and estua-
rine influx over selected sites in the Indian coast4,9,10. 
Global sites are mostly concentrated along the east coast 
of USA, Japan, north of the Italian coast, including sites 
in Australia, South Pacific Africa, Hawaii, California, 
Alaska and Canada. The eastern Mediterranean coast has 
many SGD sites and has been intensively studied6. 
Change in temperature of seawater due to SGD is a 
known process in many of these sites. Remote sensing-
based detections are few due to limitation in spatial reso-
lution and detectability of thermal instruments.  
 India has a long coastline bordering Bay of Bengal in 
the east and Arabian Sea in the west. Based on limited 
isotopic studies9,10 and electrical resistivity imaging4,11,12, 
the Indian subcontinent is considered a potential source 
of SGD as it is associated with high rainfall condition 
with major river flows into the oceans. Moore13 inferred 
large source of groundwater through observations of high 
flux of radium and barium from the mouth of the 
Ganges–Brahmaputra river system during low river dis-
charge. The Ministry of Earth Science, Government of 
India is implementing a national network project on SGD 
through the National Centre for Earth Science Studies 
(www.ncesss.gov.in) to recognize potential zones where 
groundwater is flowing to the sea through coastal aqui-
fers14,15. Identification of coastal zones where SGD  
activities take place in large tracks of the coast is chal-
lenging without prior knowledge and local wisdom.  
Airborne and satellite-based thermal infrared remote 
sensing technique has the potential to provide valuable 
information on SGD over large spatial scales, which is 
helpful in reducing the extensive field efforts1,16. Density 
of water is known to increase with salinity and decrease 
with temperature17. Groundwater being less dense than 
seawater results in buoyant water plume and creates 
thermal contrast in the inflowing SGD and ocean sur-
face1. Initial physical formulations of seawater–ground-
water interaction were made by Herzberg18, as cited by 
Bear et al.19. Apart from several reasons reported in the 
literature7,20 related with the SGD process (buoyancy and 
pressure gradient, deep pore water upwelling, offshore 
submarine springs, ripple through sea floor currents, etc.), 
density difference of freshwater (1000 kg/m3) and saline 
ocean (1025 kg/m3) helps to seep and discharge ground-
water near the sea surface when sufficient pressure gra-
dient exists. Seasonal behaviour of ocean surface being 
more stable compared to land surface temperature and in-
land water helps in the discrimination of SGD sites near 
the coastal region. Generally, it is found that locations in 
the ocean associated with SGD are cooler than other 
ocean regions during winter. Often, the size of SGD sites 
is smaller and associated temperature differences from 
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Table 1. Dates of Landsat-8 data used in analysis, associated tidal conditions during image acquisition cumulative rainfall in the monsoon season,  
area influenced by submarine groundwater discharge (SGD) during low-tide conditions and tidal condition assessed at 1130 h using WxTide  
  software 

 
Date 

 
Path/row 

 
Tide height (m) 

Precipitation# in monsoon 
(JJAS) (mm) 

Area influenced by cooling due 
to SGD (ha) 

Winter season after monsoon 2015 
 16 December 2015  151/44 1.20 323.9 31.05 
 5 March 2016  151/45 2.24 – 
Winter season after monsoon 2016 
 2 December 2016  151/44 2.08 

350.2 

– 
 18 December 2016  151/44 1.15 41.67 
 3 January 2017  151/44 1.20 29.88 
 19 January 2017  151/45 0.96 – 
 20 February 2017  151/44 1.34 – 
Winter season after monsoon 2017 
 3 November 2017  151/44 3.50 

345.2 
– 

 6 January 2018  151/44 1.01 50.40 
 22 January 2018  151/44 1.16 26.28 
Winter season after monsoon 2019 
 9 November 2019  151/44 3.05 810.9 – 
#India Meteorological Department cumulative rainfall data of the June to September period.  
 
 
background seawater are less than 1°C, which pose a 
challenge in detecting regions of SGD. Few studies on 
thermal remote sensing of SGD have been carried out 
globally, but no such studies have been reported on near-
shore groundwater discharges in the Indian coastline. We 
report one such unique SGD site near Okha coast,  
India, by observing systematic patterns of cooling using 
thermal infrared remote sensing technique.  
 The objective of the study was to identify the novel 
SGD region using satellite-based thermal remote sensing. 
The study was carried out in the Arabian Sea near the 
western coast of Okha, located at lat. 22°28′N and long. 
69°4′E. Okha is a coastal town in Dwarka district, Guja-
rat. It is surrounded by sea on three sides, but this study 
was mainly concentrated towards the western sandy 
beach on the Arabian Sea. Okha has a semi-arid to arid 
climate. Maximum temperature prevails in May–June in 
summer and minimum during winter months of Decem-
ber–January. July is the wettest month. October and No-
vember are the post-monsoon transition period from rainy 
to cold season.  
 The scientific basis of choosing this region was mainly 
due to geo-hydrological considerations which are favour-
able for Okha region due to availability of sufficient rain-
fall (Table 1), limestone rocks21 and less drainage 
density22. Geomorphologically the study region is asso-
ciated with flat coastal plains with exposure of coral  
bioherm and shell limestone (bioclastic) of the Chaya 
formation (Pleistocene)21. Underground water flows 
along the pores–spaces, cracks, fissures, shears, faults 
and cavities in the rocks. Porosity and permeability of the 
rocks dictates the availability of groundwater in the  
region apart from precipitation and slope/drainage cha-
racteristics. The region is poorly drained and so water 
percolates to its maximum depth through cracks, crevices 

and solution cavities23,24 compared to the Deccan trap 
(southern part of Saurashtra) which has less percolation 
due to high drainage density and associated high run-off. 
Groundwater occurs at shallow depths near the coast in 
the Miliolite limestone, Dwarka and Gaj limestone. Ac-
cording to the classification of Das and Prakash24, Mitha-
pur and Okha regions fall in the high groundwater 
discharge rate zone (5000–7000 lpm). Overexploitation 
of groundwater also results in salinity ingression in the 
coastal regions.  
 Optical and thermal infrared band data of Landsat-8  
satellite were used for the analysis. The Landsat series is 
currently the only operational satellite system which has 
thermal sensing at high spatial resolution (100 m). All the 
band data were available at resampled 30 m spatial reso-
lution. Eleven cloud-free Landsat-8 scenes spanning  
between 16 December 2015 and 9 November 2019 were 
analysed during winter to detect and characterize SGD. 
Table 1 shows the dates of satellite data acquisition, pre-
cipitation in monsoon, area of influence by cooling due to 
SGD and tidal conditions during the satellite data over-
pass. Field- and ship-based campaign was carried out on 
22 January 2018 synchronous to satellite pass for valida-
tion. A handheld thermal imaging camera as well conduc-
tivity temperature and depth (CTD) instrument were used 
during field measurement. Figure 1 shows the optical and 
thermal image of the study area taken from Landsat-8  
satellite.  
 All the satellite data (Table 1) were acquired from 
Earth Explorer web portal and processed to compute top 
of atmospheric (TOA) radiance using the given scaling 
coefficients (multiplicative as well as additive factors). 
Brightness temperature (BT) was calculated by inverting 
the TOA radiance using Planck’s law. BT values of band 
10 (10.6–11.19 μm) of Landsat-8 data were used in the 
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Figure 1. Study area showing (a) overview of India, (b) natural colour composite (NCC) of the region near Okha, Gujarat, (c) 
zoomed NCC of detected submarine groundwater discharge (SGD) site (arrow) along with (d) sea surface temperature estimated 
from satellite thermal data showing SGD-induced cooling of the sea near western Okha coast on 22 January 2018.  

 
 
analysis. Spatial BT variations were studied in the coastal 
region as well as the ocean region along with variations 
in reflectance in the visible bands. Unique spatial pattern 
of lowering of temperature in the background of the 
ocean was searched as the probable SGD site. Care was 
taken to observe this SGD pattern in multiyear data for 
confirmation of the systematic process. Regions which 
showed random relative cooling or heating in different 
satellite passes were not considered for analysis. Tempor-
al BT signatures of ocean, land, inland waterbody and 
SGD site were studied to understand the influence of 
temporal inland temperature on SGD. Difference between 
BT in February (less SGD flow) and in December (more 

SGD flow) was analysed to delineate the SGD site with 
more contrast. Difference between ocean temperature and 
SGD location was also analysed with tide height at the 
time of satellite pass to study the effect of tide on surface 
cooling at the SGD location. Two representative regions 
of interest, viz. (i) covering the probable SGD region and 
(ii) ocean region far away from the coastal area were 
marked to assess the relative changes in surface tempera-
ture of SGD and the ocean. Mean difference between 
ocean temperature and SGD location was used as the 
threshold to compute the area of influence due to SGD 
(Table 1) for low-tide conditions. Area of influence due 
to SGD was computed by estimating the number of pixels 



RESEARCH COMMUNICATIONS 
 

CURRENT SCIENCE, VOL. 119, NO. 9, 10 NOVEMBER 2020 1561

showing cooler temperature than the mean difference  
between ocean temperature and SGD location.  
 Validation of relative cooling at SGD sites was carried 
by measuring systematic sea surface temperature in a 
transect from Okha coast to different locations in the 
ocean including the SGD site using CTD instrument 
(temperature accuracy: 0.1°C) between 0900 and 1300 h 
on 22 January 2018. Another validation of SGD was car-
ried out by field survey on 14 November 2019 at Arabsa 
Pir Dargah near Okha coast.  
 Satellite-based observations were analysed to detect 
SDG during winter months, mostly November to Febru-
ary. Choice of this period was due to the fact that: (i) it 
covers the post-monsoon period which is associated with 
high surface recharge and percolation, and availability of 
ground water; (ii) inland water and land surface are coo-
ler during this period compared to summer, and (iii) 
availability of cloud-free images. Multiyear analysis of 
BT data near Okha coast showed peculiar thermal con-
trast in the same location, which was verified as the SGD 
site during field verification. The inland water and SGD 
showed similar temporal variation, but it was different 
from ocean BT (Figure 2). Inland water and SGD were 
relatively cooler in December and January in comparison 
to the ocean. Inland water and SGD temperatures were 
higher in February than ocean temperature due to land 
surface heating. Representative BT of land surface varied 
from 28°C to 30°C in this period whereas inland water, 
ocean and SGD site showed variation of BT between 
20°C and 24°C (Figure 2). Optical images along with 
spatial variation of BT were analysed for 18 December 
2016, 3 January 2017 and 20 February 2017. BT of the 
Arabian Sea (ranging from 20°C to 24°C during winter) 
showed localized pockets of low temperature (20°–23°C), 
similar to nearby inland surface water on 18 December 
 
 

 
Figure 2. Brightness temperature (BT) variation near Okha coast 
during winter 2016–17. Four types of targets were studied, i.e. land sur-
face, inland water, ocean and SGD location. The SGD site in the ocean 
showed characteristic temporal variation in BT, similar to inland water 
than ocean water.  

2016 and 3 January 2017. Figure 3 shows the thermal 
anomaly (difference in BT between 20 February 2017 and 
18 December 2016). The SGD location in this ocean 
showed positive values compared to the ocean, as SGD 
surface temperature was lower in December 2016 com-
pared to February in 2017.  
 Further analysis was carried out to study the effect of 
surface cooling of the SGD site with reference to nearby 
ocean surface temperature using two representative  
regions of interest covering the probable SGD region and 
ocean region far away from the coastal area. To under-
stand the consistency of SGD observations, more number 
of cloud-free Landsat-8 scenes as given in the Table 1 
were analysed. Most of the scenes showed relative cool-
ing pattern at the same locations (SGD site) compared to 
ocean temperature during December and January. The 
SGD location is close to the coast and extends approxi-
mately 750 m in one direction (west of the coast). Cool-
ing in the SGD was found as a systematic process. 
Transect analysis carried out on the 16 December 2015 
data showed that ocean water temperature 3 km westward 
from the coast was stable (SD < 0.5°C), whereas the SGD 
location showed lowering of temperature (signal up to 
2°C) with respect to the ocean.  
 Figure 4 shows the difference between ocean tempera-
ture and of SGD location as a function of tide height at 
the time of satellite measurement. It can be seen that the 
differences in temperature are high (showing more cool-
ing effect at the SGD site) at low-tide conditions com-
pared to high-tide conditions where the differences are 
low showing less SGD flow. Overall inverse relationship 
(r2 = 0.42, F = 5.06, P = 0.059) was found between tide 
height and difference in temperature at the representative 
 
 

 

Figure 3. Thermal anomaly (difference in BT between 20 February 
2017 and 18 December 2016) of water overlaid on the background 
optical image. The SGD location in the sea showed relative cooling in 
December 2016 similar to inland water bodies. The sea was relatively 
warm in December 2016 compared to February 2017.  



RESEARCH COMMUNICATIONS 
 

CURRENT SCIENCE, VOL. 119, NO. 9, 10 NOVEMBER 2020 1562

ocean and probable SGD location. The correlation (0.65) 
(significant at 90% confidence interval) between cooling 
of the SGD site and tide height for similar monsoon rain-
fall conditions indicates that cooling is associated with 
the SGD process. The SGD site showed contradictory be-
haviour to the above-mentioned hypothesis on 9 Novem-
ber 2019, as substantial cooling (1.37°C) was observed 
even at 3.05 m tide height condition. This could be due to 
high rainfall (811 mm) during monsoon in 2019 (Table 1) 
than normal rainfall (250–324 mm) in the preceding 
years. It shows the complex dependence of cooling due to 
SGD, and hydro-geological and coastal processes.  
 Earlier researchers have also observed ocean surface 
cooling due to SGD at different sites across the world25. 
Tamborski et al.5 observed that locations associated with 
SGD were cooler than offshore ocean temperature rang-
ing from 0.6°C to 2.1°C in selected sites near the north 
shore of Long island, NY, USA, using airborne thermal 
remote sensing. Similar ranges of cooling (0.6°–2.3°C) 
were observed in the present study. The locations of SGD 
are cooler due to mixing of groundwater, which is cooler 
in winter compared to the temperature of the vast ocean. 
In fact, SGD produces thermal anomaly. It can be cool in 
 
 

 
Figure 4. Effect of tide on surface cooling at the SGD location. Dif-
ference between ocean temperature and SGD location is plotted as a 
function of tide height at the time of satellite measurement. 
 
 

 

 
Figure 5. Diurnal variation in ocean surface temperature as measured 
at different locations near the Okha coast. Red dots show the lower sur-
face temperature of the SGD site measured twice during a ship cruise 
on 22 January 2018, compared to temperature variation in other ocean 
locations (black dots).  

winter and warm in summer modulated by changing 
ground temperature. Satellite observations of 20 February 
2016 showed warmer temperature anomaly (1.57°C), 
with the SGD location temperature slightly higher than 
offshore ocean temperature. Tamborski et al.5 estimated 
the influence of thermal anomaly due to SGD in terms of 
spatial extent and found it to vary from 0.2 to 2.3 ha at 
different sites. Relatively large spatial dimension 
(>25 ha) was observed in the present study (Table 1). 
Large spatial influence and consistent observations of 
SGD over the years in the present study suggest that there 
could be submerged fluvial channels in this region. The 
region is near (approx. 8 km) the partially submerged Bet 
Dwarka island in the Gulf of Kutch region, Gujarat, 
which is an important archaeological site of Late Harappan 
period26. More studies need to be carried out to support 
the hypothesis of existence of submerged fluvial channels 
near SGD site. The Gulf of Kutch region is also known 
for its submerged channels23. These channels were above 
the sea level during the Quaternary period when the 
streams were formed.  
 Cooling of the ocean surface can also take place due to 
mixing of surface flow of any river, or ocean eddies and 
turbulences. Adequate care should be taken to avoid other 
sources of cooling ocean surface to detect SGD. Availa-
bility of marine benthic vegetation is known to be asso-
ciated with SGD due to nutrient flow2. A field campaign 
was carried out to validate cooling at the SGD location 
using CTD instrument on 22 January 2018. A ship cruise 
was carried out in the Arabian Sea near Okha coast for 
measurement of ocean temperature and salinity at differ-
ent locations. Figure 5 shows the diurnal variation in 
ocean surface temperature measured at different locations 
near Okha coast, along with surface temperature observed 
at the SGD site. The SGD site showed characteristic  
lowering of surface temperature compared to the ex-
pected temperature of the ocean at the time of measure-
ment. Expected temperature of the ocean was deduced 
from diurnal variations in temperature measured at  
different locations in the ocean during transect from Okha 
port to the SGD location and back to Okha port. To  
confirm cooling at the SGD location, we visited it at two  
different times while taking systematic temporal mea-
surements in the ocean. Field survey on 14 November 
2019 at Arabsa Pir Dargah (near Mithapur, Okha) re-
vealed availability of fresh groundwater at very low depth 
(~1 m) with salinity of 4.47 ppt along the coast, and 
many sand boils and subsurface flows during low-tide 
conditions near the SGD site (Figure 6).  
 This study reports the identification of SGD near Okha 
coast, using satellite thermal infrared measurements.  
Localized surface cooling was observed at a fixed loca-
tion in comparison to ocean surface temperature during 
winter due to SGD. Multiyear satellite-based measurements 
of relative cooling at the SGD site were validated with 
ship-based measurements and field survey. Exploration of 
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Figure 6. a, Observation of SGD by satellite showing plume of relatively cooler temperature on the west coast on 9 November 2019. BT of 
water is superimposed on false colour composite image of land. Arrow indicates regions where field verification was carried out on 14 November 
2019. b, Overview of the Arabian Sea near the SGD site during field verification. c, Coastal region in the SGD site during low tide in which (d) 
benthic vegetation and (e) sand boils were observed. f, The SGD site was found associated with shallow groundwater near the sea coast. 
 

 
SGD employing remote-sensing would help determine 
the amount of water going into the ocean using submarine 
pathways. This is essential to know the complete water 
balance of the region as well as to find a solution to the 
drinking water problem in the coastal region. SGD may be 
associated with change in water quality as well as salinity. 
Hyperspectral remote sensing data provide capability to 
quantify changes in water quality and should be explored 
for the study of SGD in future. L-band microwave radi-
ometers have the capability to measure ocean salinity, but 
existing coarse-resolution satellite measurements (SMOS, 
SMAP, etc.) are not suitable to address the localized SGD 
sites, which are smaller in area. Further observations and 
verification experiments are needed to explore and quan-
tify SGD at the proposed site in order to understand vari-
ous biogeochemical processes in detail.  
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Bacterial blight caused by Xanthomonas axonopodis 
pv. punicae (Xap) is one of the economically important 
diseases of pomegranate in India. Under field condi-
tions, the disease is being managed using antibiotics 
and copper-based compounds but with limited success 
due to their poor bio-efficacy. The reduced efficacy of 
antibiotics and copper compounds against field popu-
lations of Xap might be due to the development of  
bactericide resistance through acquired genes. In the 
present study, ten bacterial blight-infected pomegra-
nate samples were collected from different geographic 
locations of Karnataka, India, and causal agent Xap 
was isolated and identified through 16S rRNA se-
quencing. Streptomycin resistance genes such as rpsL, 
strA, strB and copper resistance genes copL, copB 
were detected using gene-specific primers in PCR. All 
ten isolates were positive for streptomycin resistance 
genes whereas copper resistance gene copB was absent 
in three isolates (Xap1, Xap4, Xap6) while copL was 
absent in Xap4 and Xap6 isolates. Further, in vitro  
experiments using different concentrations of strep-
tomycin on culture media showed lowest growth inhi-
bition up to 1500 μg/ml concentration, supporting the 
molecular evidence of antibiotic resistance. The 
present study provides preliminary information on the 
presence of antibiotic resistance genes in the field 
populations of Xap. 
 
Keywords: Antibiotics, bacterial blight, copper com-
pounds, disc diffusion, pomegranate, resistant genes. 
 
IN recent years, bacterial blight or oily leaf spot disease 
has emerged as a major concern for pomegranate cultiva-
tion in all pomegranate-growing states of India. The dis-
ease is responsible for huge economic losses up to INR 
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