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ABSTRACT
Xing, Q. G.; Braga, F.; Tosi, L.; Lou, M. J.; Zaggia, L.; Teatini, P.; Gao, X. L.; Yu, L. J.; Wen, X. H.,
and Shi, P., 2016. Detection of low salinity groundwater seeping into the Eastern Laizhou Bay ( China) with
the aid of Landsat Thermal Data. In: Harff, J. and Zhang, H. ( eds. ) , Environmental Processes and the Natural and Anthropogenic Forcing in the Bohai Sea, Eastern Asia. Journal of Coastal Research, Special Issue,
No. 74, pp. 149-156. Coconut Creek ( Florida) , ISSN 0749-0208.
Low-salinity groundwater storages beneath the sea bottom and submarine groundwater discharges ( SGD) are of
great importance in environmental management and the use of coastal water resources. A preliminary hydromorpho- geologic analysis allows for considering the presence of low-salinity groundwater in the offshore of the
Laizhou Bay ( Southern Bohai Sea, China) . In order to detect the potential SGD, the analysis of the Sea Surface Temperature ( SST) anomalies was carried out using Landsat thermal images acquired in the seasons characterised by the largest difference in temperature between seawater and groundwater. At the nearshore scale,
patchy cold water anomalies occur approximately in the same positions along the intertidal zone of the Southern
bay, where the unconfined aquifer discharges, independently of tide conditions. At the embayment scale, cold
water anomalies spread out in the Eastern Laizhou Bay where the confined aquifer is likely exposed. Salinity
and temperature measured in surficial waters of the eastern Laizhou Bay support the hypothesis of SGD, which
can be derived from remote sensing images; the occurrence of macroalgal blooms might also be the consequence
of the SGD-enhanced nutrient supply. This work pointed out the need of future oceanographic and groundwater
flow modeling along with long-term monitoring of processes associated with the suspected SGD. The outcomes of
this preliminary study will be of great help to direct effective in-situ investigations aimed at quantifying the volumes of SGD and to simulate coupled groundwater / surface-water flow.
ADDITIONAL INDEX WORDS:Submarine groundwater discharge, sea surface temperature, thermal infrared
remote sensing, Landsat, the Laizhou Bay, the Bohai Sea.
INTRODUCTION

Groundwater plays an important role in the coastal
environment: it provides baseflow in rivers and estuaries, reduces
salinities and provides nutrients to specialized coastal wetland
wildlife habitats. The dissolved chemicals discharged by the submarine groundwater, often undetected, can be pollutant source
causing eutrophication and triggering nuisance algal blooms ( Rao
and Charette, 2012) . It is also fundamental for the development
of welfare in coastal areas whether it is used for drinking purposes
or in agricultural and industrial activities. Around the world, following the trend of urbanization, coastal groundwater resources
are under increasing pressure due to the intensification of human
activities, development of industrial and urban centres, as well as
to climate changes.
The presence of offshore low-salinity groundwater reserves
below continental shelves is a global occurrence ( Post et al.,
DOI: 10. 2112 / SI74 - 014. 1 received (27 January 2015 ) ; accepted in revision ( 2
July 2015) .
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2013) . They occur at nearshore, embayment and shelf scales
( Bratton, 2010) , depending on their genesis and on hydro- morpho- geologic setting of the inland and the sea sectors. Lowsalinity palaeo-water beneath the continental shelf is generally
groundwater of confined aquifers trapped during sea level lowstands, while modern water seeps from the intertidal zone are
groundwater of unconfined and / or semi-confined aquifer systems
extending seaward.
It is important to investigate the potential occurrence of offshore
low-salinity groundwater for a series of reasons. Firstly, the identification of new strategic low-salinity water reserves becomes fundamental in the expected future scenarios of water scarcity
( IPCC, 2014; Jackson et al., 2001; Plain Blue, 2008 ) . Furthermore, the quantification of groundwater exchanges in the
coastal areas may improve our understanding of the hydrological
cycle ( Moore, 2009; Rapaglia et al., 2010) and how low-salinity
submarine groundwater discharge ( SGD) affects coastal bio-geochemical and physical processes ( Moore, 2006) .
The detection of offshore low-salinity groundwater reserves can
be performed by various methods. Directly, within the framework
of drilling programs, through offshore wells allowing for water
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sampling and direct aquifer characterization. Indirectly, by geophysical investigations, such as towed Continuous Electrical
Tomography and Airborne Electromagnetic, at least in relatively
shallow water depth ( e. g., Teatini et al., 2011; Tosi et al.,
2011) . Such methods are very expensive and are appropriate at
local scale. To reduce the extensive field efforts and to simultaneously gain information on groundwater over large spatial scales,
many authors used thermal-infrared ( TIR) sensors mounted on
aircrafts and satellites ( Danielescu et al., 2009; Johnson et al.
2008;Mallast et al., 2013; Shaban et al., 2005) . Advanced thermal infrared sensors have the potential to monitor coastal water
surface temperature ( Xing et al., 2006a; 2006b; 2014 ) .
Groundwater is commonly less dense than seawater and can form
buoyant water “ plumes ” or diffuse discharges. This method
detects temperature contrasts between the inflowing groundwater
and surficial waters ( river, lake and ocean ) . The resulting
thermal anomalies reveal the potential locations of groundwater
discharge over large spatial scales.
With in the Dragon 3 Programme, a cooperation between European Space Agency and Ministry of Science and Technology of the
P. R. China, the Project EPHESUS “ Ecological and Physical
Effects of the Surficial and groundwater exchanges between land
and Sea” aims to develop an integrated monitoring approach by
satellite products, in situ measurements and hydrological models
for an understanding of hydro- morpho- geological processes on
coastal areas ( Braga et al., 2013b) . The proposed approach was
tested in the Laizhou Bay and its coastland ( Southern Bohai Sea,
China) ( Figure 1) . In this area, the groundwater flow is controlled by various geological factors such as subsoil architecture,
fault presence, geomorphology, paleogeography, climate and hydrology. Groundwater properties are characterized by complex
variations in both the planar and depth extensions ( Wen et al.,
2012) . Many researches focused their work on the saltwater intrusion in the mainland ( e. g., Braga et al., 2013a; Han et al.,
2011; Xue et al., 2000) , but poor information is still available
on the input of fresh water into the sea by SGD.
In order to drive effective in situ hydrogeologic surveys, a preliminary investigation has been performed by remote sensing methods through the analysis of thermal data acquired by the Landsat
constellation. Suitable to this investigation is the analysis of Sea
Surface Temperature ( SST) anomalies. The goal of this study is
to evaluate the capability of remote sensing methods to detect
thermal anomalies related to SGD as a possible index of the presence of offshore low-salinity groundwater storage. Our basic idea
is to search for SGD where the hydraulic, morphologic, and geologic conditions suggest the potential for groundwater leakage from
the seabed ( Bratton, 2010) .
STUDY AREA

The Bohai Sea is an epicontinental sea with an average depth of
18 m and maximum depth of about 30 m at the center. The
Laizhou Bay ( Figure 1) , which form the southern part of the Bohai Sea between the Shandong Peninsula and the Yellow River
Delta, is characterized by an inner zone less than 12 m deep, and
an outer zone gently sloping to a 16 m depth. From the geological
point of view, the Laizhou Bay is the result of the high-amplitude
glacio-eustatic sea-level rise that followed the Last Glacial Maximum ( LGM) , which promoted the formation of a transgressiveregressive system in the epicontinental Bohai shelf. Therefore,

during the LGM, when the sea level was about 120 m below the
present position, most of the Bohai Sea was an alluvial plain.
Consequently, Pleistocene freshwater has been probably trapped
into aquifers beneath the continental shelf and covered by the
Holocene layers. Due to the progradation of the Yellow river
delta, the Holocene deposition of the Laizhou Bay is thicker in
the western side, more than 20 m, and it thins to about 10 m,
eastward and north-westward. The tectonics of the area is dominated by the Tanlu fault system, the largest active structure in the
eastern region of China. This structure comprises a right lateral
strike-slip movement with dip-slip component in the Quaternary
and a complex fractural system consisting of related folds and
many small normal faults in the central Bohai Sea and the Laizhou
bay ( Li et al., 2010) . There is also a good correspondence between the distribution of earthquakes and the pattern of subfaults
in the Laizhou Bay and the central Bohai Sea ( Li et al., 2010) .

Figure 1. The study area in the Laizhou Bay ( Bohai Sea, NE China in the
inset) . The areas represented in the reported figures are indicated in the
highlighted boxes

In the eastern Laizhou Bay, the tidal characteristics can be regarded as irregular semidiurnal tide. The average duration of tide
is about 6 ∶ 22 hours and the duration of ebb is about 6 ∶ 06
hours. The difference between Mean High Tide ( MHL ) and
Mean Low Tide ( MLT) is 1． 01 m. Sea conditions in the area are
usually dominated by wind waves, strong and normal wave direc-
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tions are both NNE. Statistically, the mean wave height is 1． 3 m
with the averaged period of 4． 9 s, and the max wave height is
3． 9 m.
DATA AND METHODS

The hydrogeologic, geomorphologic and geologic features,
which can potentially trigger SGD, were analyzed and defined on
the basis of information obtained from the literature and open access dataset. SRTM ( Jarvis et al., 2008) and bathymetric data
( available from http:∥fvcom. smast. umassd. edu) were used to
develop the morphologic model of the study area. Subsoil characteristics ( Cheng et al., 2004; Chen et al., 2014; Li and Wang,
1991; Liu et al., 2009 ) and water analysis ( e. g. Han et al.,
2011; Han et al., 2012; Ma et al., 2007; Wen et al., 2012 )
were used to define the hydro-stratigraphic setting. Information on
the presence of tectonic lines was obtained from Wang et al.
(2006) and Liu et al. (2009) .
Several Landsat ETM + band 6． 2 ( high gain ) data and
Landsat 8 OLI band 10 ( 10． 9 μm) data, covering the periods
from 2000 to 2003 and from 2013 to 2014 ( cloud cover < 15 % )
respectively, were analyzed. All data were provided with a spatial
resolution of 30 m and resampled using cubic convolution
( USGS, 2011) .
The first step in the processing of remotely-sensed imagery was
the radiometric correction, which converts the digital numbers
( DN) to Top Of Atmosphere ( TOA) Radiance, following the
method presented by Chander et al. ( 2009 ) . The further step
was the conversion of TOA radiance to surface radiance values
through atmospheric correction according to Coll et al. (2010) .
Appropriate local values of atmospheric transmissivity, upwelling
and downwelling radiances were obtained from the NASA webbased Atmospheric Correction Tool ( http:∥ atmcorr. gsfc. nasa.
gov) , that is based on MODTRAN algorithm ( Barsi et al., 2003;
2005) . In the next step radiance values were converted into
brightness temperature in Kelvin and then in Celsius degree, applying the inverse of the Planck function. Lastly, to exclude land
pixels, the normalised difference water index ( NDWI) was calculated using the equation ( B green - B NIR ) / ( B green + B NIR ) , where
B green and B NIR are the reflectance of green and NIR bands, respectively. On the resulting NDWI image, a threshold equal to
0． 3 was applied to distinguish values representing water features
( McFeeters, 1996) .
The SST data, finally obtained from the images, represent the
skin temperature of the water, i. e., the temperature of the uppermost layer ( ~ 1 mm thick) of the sea surface ( Fairall et al.,
1996) . This layer tends to be about 0． 1 K colder than lower
water masses due to evaporative heat loss, sensible heat flux, and
longwave radiation ( Donlon et al., 2002; Wloczyk et al., 2006) .
On October, 2014, field investigations were carried out along
the shoreline of the eastern Laizhou Bay with the aim of examining
the potential SGD from the surficial layer. Water salinity and temperature were measured in surface water samples with a portable
salinity meter ( Thermo Scientific) .
RESULTS AND DISCUSSION

Conceptual model of the hydro- morpho- geologic setting
The first step of this work was to identify the structures which
could potentially host low-salinity aquifers beneath the sea
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bottom. This was achieved by developing a conceptual model of
the hydro- morpho- geologic setting of the Laizhou Bay and its
coastland. All the available information, i. e. morphobathymetric, water table and subsoil data were analyzed.

Figure 2. Hydro- geomorphological setting of the Southern and Eastern
Laizhou Bay: ( A ) digital elevation model; ( B ) water table level ( m,
above mean sea level) ; ( C) hydro-morpho- geologic conceptual model along the cross section a-b

Figure 2A reports the morphologic model ( Digital Elevation
Model) obtained by mosaicing bathymetric and ground elevation
data. It clearly points out a high slope of the mainland due to the
presence of the hills and a moderately flat morphology of the seafloor. Figure 2B shows the map of the water table referenced to
the mean sea level. Regarding the groundwater level,
unfortunately the data available for this study are limited to a
small sector of the study area. However it was possible to map the
water table and bring to light the presence of a piezometric high
which can potentially drive the groundwater flow beneath the sea.
Merging these information with those on subsoil architecture al-

Journal of Coastal Research, Special Issue No. 74, 2016

152

Detection of Low Salinity Groundwater Seeping into the Eastern Laizhou Bay (China) with the Aid of Landsat Thermal Data

lowed to outline a conceptual model of the hydro- morphogeologic setting of the Laizhou Bay ( Figure 2C ) . The sketch
shows that groundwater can discharge from the seabed at the nearshore and embayment scale because of the piezometric gradient
and the subsoil architecture of the Quaternary Units. Low-salinity
groundwater can seep along subsoil discontinuities such as incised
valley, paleochannels and tectonics faults, i. e., the active TanLu fault zone ( Liu et al., 2009; Wang et al., 2006) . This latter
has been active during the late Quaternary and it is still the dominant tectonic structure in the Laizhou Bay ( Wang et al., 2006) .
We can therefore hypothesize the seepage of groundwater from the
deep aquifer along the shear zone of this fault.
Remote sensing investigation
This study focuses the investigation on the presence of thermal
anomalies in two study areas: Southern and Eastern Laizhou Bay,
where groundwater discharges can most likely be expected, as
suggested by their hydro-geological setting. SST maps derived
from satellite multi-temporal data sets were analyzed to identify
variations of the pattern and spatial extent of the groundwater discharges in relation to seasonal and interannual hydrological trend,
otherwise difficult to detect by in situ measurements. With the
aim of detecting different types of water, satellite images have
been selected for different seasons, i. e. when seawater and
groundwater are characterised by the largest difference in temperature.
In the Southern Laizhou Bay, TIR images allowed to map
several thermal anomalies related to outflows of fresh water plumes
with temperatures lower than the minimum values recorded in the
seawater of the area. Figure 3A shows that some patchy cold
water anomalies, which could be related to a shallow or terrestrial
emergence, occur in different days along a 5 - km wide shore
strip. The presence of some geomorphological features in the intertidal shore could favour the observed anomalies and then, potentially, the groundwater subsurface efflux, ( i. e. erosion channels of an upstream located terrestrial spring) . This is more evident in very low tide conditions, when such geomorphological features are emerged and visible in the true color satellite image
( Figure 3B) .
Extending from the nearshore to the embayment scale, coldwater anomalies are spread in the Eastern Laizhou Bay where
there may be a considerable overall SGD input ( Figure 4) . Cold
water could derive from diffuse groundwater discharges as shown
by hydrogeological investigation. The high SST in summer makes
the temperature difference more marked, thus facilitating the trace
of the groundwater seepage pattern. The seepages do not have a
direct connection to the coast, which suggests a deeper submarine
emergence.
Figure 5 shows a remarkable SST cold spot detected in May
2013 along the eastern Laizhou Bay, a few kilometres off-shore at
a water depth of 6-8 m. A visual quality control of this image assessed that this anomalous feature is not due to the presence of
clouds and / or their shadows, neither to defective pixels. The SST
cold spot has no direct connection to the coast; therefore its origin
is probably submarine as groundwater likely seeps from the sea
bottom where the confined aquifer is locally exposed. The slightly
smaller SST values are the effect of vertical mixing and heat exchange between the seawater and the discharging and ascending

groundwater.

Figure 3. ( A) Temperature anomalies are identified along a 5 - km wide
shore strip in the Southern Laizhou Bay. Red arrows indicate the location of
cold anomalies. ( B) Real-colour images of the coastal strip with the same
red arrows as in the thermal image

Figure 4. Cold water patches observed at the eastern Laizhou Bay in summer 2001
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carried out along the Laizhou shoreline in the middle October, 2014.

Figure 5. Anomaly in SST at the eastern Laizhou Bay showing a possible
SGD as a cold spring in summer

As shown in Figure 6, the extensive anthropogenic pressure on
the nearshore area has significantly changed the hydro-geomorphologic settings of Eastern Laizhou Bay over the last 10 years. Landuse by urbanization and occupation of the coastline by human activities and constructions has likely impacted groundwater
resources and discharge pathways. Urban development and aquaculture also cause a significant reduction of groundwater resources.

Figure 7. Landsat image acquired in winter: the presence of floating ice is
evident on the RGB combination ( left) ; relatively warmer waters near the
coast might be due to SGD in winter in the Eastern Laizhou Bay as shown
in the SST map ( right)

Figure 6. Land-cover change in the Southern Laizhou bay from year 2000
( left) to year 2013 ( right)

Figure 7 shows the presence of floating ice in the Eastern
Laizhou Bay. Severe weather conditions occurred with snow in the
land and ice in coastal waters. The ice formation on the coast is
facilitated by freshwater of Yellow River, which drifts into
Laizhou Bay ( Zhang et al., 2013) . The freshwater contribution
from groundwater discharge could also contribute to the ice formation in this part of the bay. The SST map, obtained by the
thermal band of the Landsat image acquired on 12 January, 2003
( Figure 7) , clearly shows the potential coastal inputs of groundwater, marked by a relatively warmer temperature in the Eastern
Laizhou Bay. In fact, it is reasonable to assume that in winter,
SGD is relatively warmer than seawater at input. These patterns
are consistent with the location of the cold SST anomalies detected
in summer.
In-situ investigation
Figure 8 and Table 1 show the results of a water salinity survey

Figure 8. Results of the in-situ investigation on the water salinity carried
out along the Laizhou Bay in October 2014. The dotted arrows show the
outlet sites of unnamed small streams

Salinity at the study area ( stations # s2, s3, s8, s9 and s10) is
relatively lower than in the nearby regions ( # s1, s4, s5, s6, s7
and s11) . The coast from Diaolongzu ( s11) to Hutouai ( s4) is
characterized by sandy beaches, which favour the discharge of
fresh waters in the shallow bay. As shown at station #s3, salinity
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of sea water can be as low as 18‰ at the low tidal level ( Figure
9A) ; this salinity value is much lower than that measured at maximum high tide (27‰) , consistently with a possible smaller SGD
when a smaller pressure ( that is a smaller water level) occurs.
The variations in salinity with water level are in agreement with
the modelling results on SGD in the region ( Bu et al., 2013 ) .
Surficial fresh water discharges from rivers or streams may also
contribute to the low temperature and low salinity; however, this
is not likely the primary reason. For example, larger discharges
from larger rivers ( the Sha River and the Wang River) didn’t
cause lower salinity than the unnamed very small streams with
smaller discharges ( see Figure 8) ; and, surficial river discharge
does not likely cause an offshore spot with low temperature ( see
Figure 5 ) . Wang et al. ( 2015 ) reported significant signal of
huge SGD in the Laizhou Bay which is close to the Yellow River
runoff ( Figure 1) .

During the field surveys, aggregations of green macroalgae
( green tides ) ( Figure 10 ) were observed at the sites
characterized by the discharges of groundwater. The occurrence of
macroalgal blooms in this study area might be also a biological index to the enhanced nutrient input by groundwater discharge,
which although was not fully considered in the water quality monitoring and management in the past in China ( Xing et al., 2015a,
b; Xing and Hu, 2016) .

Table 1. In-situ measured water temperature and sanility
st.

s1
s2
s3

s3’
s4
s5
s6
s7
s8
s9

s10
s11

Date
Time
( YYYYMMDD) ( HH ∶ MM)

T,℃

Sali., ‰

Tidal level,
m

16. 60

28. 21

0. 6

20141016

11 ∶ 00

17. 90

20141016

14 ∶ 30

22. 40

20141016
20141017
20141016
20141016
20141016
20141016
20141017
20141017
20141017
20141017

12 ∶ 00
10 ∶ 30
15 ∶ 56
16 ∶ 23
16 ∶ 45
16 ∶ 50
10 ∶ 00
11 ∶ 10
12 ∶ 10
14 ∶ 15

16. 90

30. 56
27. 00
17. 91

23. 30

30. 65∗

20. 20

31. 55

21. 20
17. 60
13. 80
13. 90
19. 60
16. 90

∗ The water salinity in wells is 27 ‰.

30. 26
33. 27
29. 28
29. 27
28. 60
30. 20

0. 5
0. 9
0. 5
1. 6
1. 7
1. 7
1. 8
0. 6
0. 5
0. 5
0. 7

Piezometric data in a well at station # s4 located on a rocky
coast ( Figure 9B) revealed that sea level is generally higher than
local water table. As shown in Figure 8, aquaculture ponds
( AP) in this area used pumped sea water, and the salinity in aquaculture ponds were the same as the coastal water. So, low salinity of sea water and its variations with tide can not be caused by
the discharge of APs. We then speculate that the low temperature
observed from satellite images ( Figure 4 and 5 ) was associated
with the discharge of subsurface fresh water.

Figure 9. In-situ photo: ( A) tidal flat at low tide ( site #s3’) ; ( B) wells
at shoreline ( indicated by arrows)

Figure 10. Macroalgal blooms observed during field surveys along the north
coast of Shandong Peninsula in 2014: ( A) the eastern Laizhou Bay; ( B)
the Gold Sand Bay

SUMMARY AND CONCLUSIONS
Many researches focused on the saltwater intrusion in the
Laizhou Bay coastland, but poor information is still available
about the input of fresh water into the sea by SGD.
In this study, we observed SST anomalies in the Southern and
Eastern Laizhou Bay during summer and winter seasons. The interpretation of these features, also considering the morpho-hydrogeologic setting of the areas where they occur, showed that SST anomalies are not related to long-shore circulation or river
discharge and therefore may be associated to local SGD.
Our results suggest that the analysis of TIR images can conveniently address hydrogeological field investigations permitting to
map features, both localized and diffuse, such as gradients and anomalies associated to submarine groundwater seepage.
In addition, the satellite multi-temporal data sets allowed to identify variations of the pattern and spatial extent of the SGD in
relation to seasonal and interannual hydrological trends, otherwise
difficult to detect by in situ measurements.
Although the use of remote sensing cannot replace direct investigations, it is an efficient tool for driving field activities, like
samplings and geophysical surveys for a detailed SGD
investigation. Once a general overview of the area and a
conceptual model are acquired, other specific investigations in the
areas of interest can be performed to calibrate the remote sensing
outcomes and validate the SGD occurrences: for example Radon
and Radium isotope assessment and geophysical surveys.
Our research shows that combining hydro-morphological investigations and remote sensing data permits to describe the relationships between land and coastal hydrology and to identify mediumto-small scale features.
This approach can be helpful to address studies on transport
and storage in the coastal area. Possible future water scarcity due
to overexploitation, pollution, and climatic changes will require
the identification of at least temporary alternative fresh or low-sa-
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linity water supplies. For its intrinsic complexity Laizhou Bay is
clearly a key site to test appropriate methodologies for this aim.
Coupling and interaction between groundwater and surface water
in on-shore and off-shore coastal zones is becoming even more evident. For this reason we point out the need of future oceanographic and groundwater flow modelling along with long-term monitoring of processes associated with the suspected SGD in the
Laizhou Bay.
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