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Abstract

This study investigates the potential for remote sensing of lake water bathymetry and geochemi-
cal by 1) examining the empirical based technique for retrieving depth information from passive
optical image worldview-2 satellite data, 2) performing atmospheric correction, 3) assessing the
accuracy of spectrally based depth retrieval under field condition via field measurement, 4) pro-
ducing bathometry and geochemistry mapping by examining spectral variations for identifying
pairs of wavelengths that produce strong linear correlation coefficient between the band ratio.
The results indicate that optical remote sensing of bathymetry and geochemical investigation is
not only feasible but more accurate under conditions of typical lake water, supporting field survey.
The Pearson correlation matrix (R) between the examined water samples/depth and the TOA re-
flectance values of the worldview-2 (WV-2) satellite data have been investigated and found good
correlation. The models developed using the combination of different band pairs also show high
accuracy. Cartographical maps were generated depending on the linear correlation coefficient
between the measured parameters and the TOA reflectance values of the worldview-2 data. The
investigation shows that dissolved oxygen (DO) of the lake water is slight lower than the permis-
sible limit of Saudi standards for lake water. The shallow water has high DO concentration,
whereas the deeper shows significantly lower down. Electrical conductivity measurements serve
as a useful indicator of the degree of mineralization in the water sample. All the samples which
have EC exceed limit. The spatial distribution of EC and TDS inferred that the EC and TDS concen-
tration is the highest at the eastern part of the lake whereas concentration drops down towards
the southern side. This study confirms that remote sensing incorporated with GIS and GPS could
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afford an integrated scheme for mapping water quality and bathometry of the surface water.
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1. Introduction

Lakes and reservoirs bathymetry mapping have important value in hydrological studies. Besides water level
volume or lake area or stage curve relationships, multi-temporal comparisons between bathymetries is an indi-
cator for the environmental assessment such as sedimentation, biodiversity and sustain activities such as agri-
culture, fisheries and recreation. Conventional approaches to bathymetric mapping depend upon extensive field
surveys of water depths at sampled locations. However, such approaches are characterized as being labor-inten-
sive and time consuming [1]. Also, it is often difficult to accomplish the desired continuous spatial mapping ac-
curacy due to the limited number of sampled points. On the other hand, state-of-art mapping approaches include
boat/ship borne underwater dragging sonar to record returned sounding signals in a fixed time interval for exten-
sive water depth measurements [2]. Such advanced approach can accurately measure the underwater topography
but its high cost makes it less accessible for generic low-budget research projects.

Ever since the 1970s, satellite based remote sensing technology and geographical information system (GIS)
has been adopted as an alternative to minimize field work for bathymetry and geochemical mapping (e.g. [3]-
[8]). With the Remote Sensing (RS), Global Positioning System (GPS) and Geographical Information System
(GIS) technology advancement and maturing, it has been applied to many fields [9] [10]. One of applications of
RS technology is to indirectly measure water depth. This indirect method uses space based satellite sensors to
receive the sunlight’s reflection and emission-thermal radiation of a water body. Consequently, the satellite data
are processed to retrieve water depth. The available retrieval models can be classified into theoretical, empirical
(statistical) correlation [11].

The theoretical model is based on the transmission equation (by measuring optical parameters) of electro-
magnetic radiation in water. This model has not been widely used in practice because the optical parameters
relevant to water body and required by those models cannot be determined and because the timings of other
measureable parameters may not be coincident with those of satellite data. Lyzenga [12] simplified the classical
irradiation equation by neglecting the radiometric effects of water body and obtained the relationship between
water-leaving radiant energy and water depth. However, this model requires a complex estimation for a number
of water column parameters, some of which can be very difficult to obtain; thus it is not widely used in practical
water depth mapping [11]. Empirical model integrates the merits of both theoretical and statistical. It is based on
the statistical relationship through the use of statistical regression to estimate the photochemical parameters.
This model includes bottom-albedo based mono spectral band models and multispectral band ratio models [11].
The mono spectral band model assumes an ideal situation with vertical homogeneity for water body’s photo-
chemistry, high and invariable bottom albedo, and shallow water [13]. These geographical phenomena were
rarely found in reality and laid an important framework for further development. The multispectral band ratio
model, under the assumption of no variability of vertical homogeneity for water body’s photochemistry, bottom
albedo in relation to bottom composition, Brown [14] achieved good accuracy of bathymetry mapping by taking
the ratio between two spectral bands to reduce the bottom effects. By considering water quality and atmospheric
conditions constant, Philpot [4] discussed the effects of augmenting the number of influencing factors for
bathymetry mapping. The results showed that spectral analysis alone become increasingly unreliable when in-
creasing the level of model complexity, unless ancillary data such as spatiotemporal image can be also used. The
most significant progress in this research orientation was done by two individuals [6] in their effects to minimize
the use of in-situ data for light attenuation coefficients in water column. This study considers three practical is-
sues (depth modelling, atmospheric condition and bottom albedo) in lake water mapping. The study area was
Lake Al-Saad, Saudi Arabia. The worldview-2 satellite image was acquired on 15" October 2013 coinciding
with the field surveying for water sample and depth. The objective of this study was to assess the bathymetry
and geochemical mapping of Lake Al-Saad, Saudi Arabia based on the statistical regression using multispectral

band ratio.
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2. Study Area

A case study area has been selected demonstrate the concept of lake bathymetry by the 3S (remote sensing,
Geographical Information system (GIS) and Global Position System) technology. The Lake Al-Saad has chosen
for the study is situated in Abha, Aseer province of kingdom of Saudi Arabia (Figure 1). The boundary of the
study arealies between the latitude of 18°12'29.355"N and 18°12'51.436"N and longitude of 42°29'5.157"E and
42°29'19.795"E and surface elevation from the mean sea level is 2282 meters. It covers an area of 6.87 hectares
and having sedimentary soft, hard silt and clay rocks surround the lake [15]. The climatic condition in the sur-
rounding study area is semi-arid. The average annual rainfall of 355 mm with the bulk of the rainfall is occur-
ring between June and October and average minimum and maximum temperatures of 19.3°C and 29.70°C, re-
spectively. It plays an important role especially in the local eco-sustainability and social values.

Study Area: Lake Al-Saad Abha N
Kingdom of Saudi Arabia 7 A\
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Figure 1. Study area.
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3. Data and Methods Used

Worldview-2 (WV-2) satellite dataset is used in this study for understanding the surrounding geographic phe-
nomenon environment, and bathymetry mapping. WV-2 is digital globe’s second next-generation satellite, built
by ball aerospace, and leveraging the most advance technologies. WV-2 satellite data having very high spatial
land spectral resolution of 50 cm (pan); 1.84 meter 8-band multi-spectral imagery. The high spectral resolution
provides detailed information on diverse areas as the quality of build-up surface, health of vegetation and depth
of water bodies and its biophysical properties. The worldview-2 satellite data was acquired from the Digital
Globe via a file transfer protocol (FTP) as bundle (panchromatic + 8 bands multi-spectral). The data product is
stored in GeoTIFF file format and has 16 bit radiometric resolution. Orthorectification of the satellite imagery
was undertaken using the sensor’s rational polynomial coefficient (RPC) and ground control points. Digital ele-
vation model (DEM) was created, using 20 meter contour from topographical map acquired from surveying de-
partment, the Kingdom of Saudi Arabia. DEM was used in the Orthorectification process. Coordinates for 13
Ground Control Points (GCPs) distributed evenly across the imagery were acquired using DGPS (the overall
position accuracy was 9.82 mm). Eight GCPs were used in the Orthorectification of image. The overall accuracy
assessment of the Orthorectification based on 5 independent GCPs was evaluated. The overall RMSE of 1.89 m.

3.1. Conversion of Raw DNs to Spectral Radiance at the Sensor

To account for sensor characteristics, the satellite image was converted from DN to L, spectral radiance using
Equation (1) [16]:

K )
L _ Band X QPlxe,Band (1)

APixe,Band
AABand

where, L,pcpang 1S the TOA (top-of- atmosphere) spectral radiance image pixel (W-m2srtum™); Kg,q is
the absolute radiometric calibration factor (W-m >-sr “-count ™) for a given band; Qpixelzans  FePresents the ra-
diometrically corrected image pixels (DN); A,g..q iS the effective bandwidth (um) for a given band; The ab-
solute calibration (Kg, ) and effective bandwidth (A,;,.,) parameters for each band are obtained from the
metadata supplied with the imagery.

3.2. Conversion of Spectral Radiance to TOA Reflectance (p,)

Top of the atmosphere (TOA) reflectance recorded at the sensor is obtained by converting the radiance
(LiPixe‘Band) recorded at the sensor to reflectance (p,) using the Equation (2) [16].

2
Lpixe,gand X dgs X7

i = 2
pﬂ.Plxe,Band E % COS (05) ( )

Sun;Band

where, ppiesana = Planetary TOA reflectance; Lpp.g = SPectral radiance image pixel (W- m2srtum™); d
= Earth-Sun distance (astronomical units); Eg,, = Mean exoatmospheric solar irradiance (W/m?pm); 6, =
Solar zenith angle (degree); = = Mathematical constant (3.14159).

3.3. Atmospheric Correction of Worlview-2 Satellite Imagery Data

The effective assessment of any meaningful qualitative and quantitative information from the satellite image, the
sensing signal recorded at the sensor needs to be corrected for atmospheric effects, in order to allow the retrieval
of pure surface radiances from the target. This is due to the radiance recorded at the sensor is from different
sources in addition to the water leaving reflectance. The proportion of radiance reflected from water column is
very small, usually less than 20% of total signal [17], and therefore accurate radiometric correction is important
for the assessment of water quality. The total radiance received at the sensor (TOA) can be divided into several
components as Equation (3):

I-};TOA = LﬂPixe,Band + L/lars RIS ( Lﬂsfc+L/1w) (3)

where, Lu.c0q 1S radiance resulting from scattering by air molecules (Rayleigh scattering) in the absence of
aerosol, L, is the contribution from aerosol scattering in the absence of air, L, is the contribution from
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the surface, 7, is the viewing diffuse transmittance of the atmosphere and L,, is the desired water leaving
radiance.

It follows therefore, by conversion of spectral radiance to reflectance; the total reflection p, ;. 5.ng recorded
at the sensor can be divided into following components:

pti = prlPixe,Band + plars + Tor (4)

where, the subscripts of the reflectance represent the contribution from air molecules r, aerosol ars; L ., and
L,, are considered very small and is henceforth dropped (for surface, low wind speeds assumed).

Rayleigh reflectance estimation

In terms of geometry and atmospheric pressure [18], the contribution of Rayleigh scattering to the total re-
flectance can accurately be obtained by Equation (5)

pe(4)

where, p, is the Rayleigh scattering phase function. The Rayleigh (molecular) scattering phase function is ob-
tained from its relationship with the scattering angle which is described Equation (6)

p, =0.75(1+cos’¥) (6)

_ toz XT, X pr
~ 4cos(6o)xcos(6v)

®)

where, ¥ is the light scattering angle. From sensor viewing and illumination geometry, this angle is described
by [19] Equation (7)

cosY = cosbo x cosOv +sinfo xsindv xcos(®o—- D v) @)

where, Go, Ov are sun zenith and satellite viewing angles and ®o, ®v the sun and satellite azimuth an-
gles in radians, respectively. 7, is Rayleigh optical thickness, calculated using Equation (8) [20]

P(z
7, (4,2)=0.008569* (1+0.01134* +0.000131™* )%o; ®)
where, 2 is wavelength in um and P(0) = 1013.25 mb is standard atmospheric pressure at sea level. z altitude (in

the study area = 2200 m). P(z) is atmospheric pressure at altitude z i.e. 770 mb in this study t, is two way
ozone atmospheric transmittance described by Voillier et al. [21] as Equation (9)

t, =exp(-k(4)U (cos ™ (6o) +cos™ (6v))) ©)

where, k(/l) is the Ozone absorption coefficient from [22] and U is the ozone total column content in atm-cm
(in studied area: 0.266 atm-cm), obtained from http://ozoneag.gsfc.nasa.gov.

3.4. Field Survey for Bathymetry and Hydrochemistry of Water

Water sample were collected from various spatial locations in the Lake Al-Saad. A total of 46 water samples and
bathymetry surveys were carried out on 15" October, 2013 in polypropylene bottles immersed 20 - 30 cm below
the water surface. 1) At each site, field measurements were carried out including the geographic location using a
differential global positioning system (DGPS Leica GPS1200); 2) The water quality parameters such as DO, pH,
total dissolved solid (TDS) and electrical conductivity (EC) were measured onsite using respective portable
electrodes; 3) Water depth using manual staff gage (as the maximum depth 6 meter in the study site).

3.5. Statistical and Spatial Analysis of Water Sample

Statistical parameters (mean, median, minimum, maximum, standard derivation, Skewness, kurtosis and the co-
efficient of variation were computed for each water quality parameter by the software package SPSS. The statis-
tical data analysis included a Pearson correlation analysis. Prior to the geo-statistical data analysis, the data were
tested for normality using K-S (Kolmogorov-Smirnov) test for goodness of fit [23]. Geo-statistical analysis
comprise a group of spatial statistical techniques that evaluate the autocorrelation commonly observed in geo-
spatial data, where the data values from locations close to each other are more symmetry than the data values

from locations far apart.
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Spatial interpolation technique is commonly used to generate continuous information (raster based) when the
point data information is available at several sampling locations (water quality parameters). Ordinary Kriging
(OK) model is one of the interpolation techniques, which weighs the surrounding known values to derive esti-
mations for an unmeasured location. Though, the weights are based not only on the distance between the known
values and unknown values but also on the overall geostatistical relationships among the known values. OK
method is based on the creation of a semi-variogram and from the information contained in the best fitted model
of the semi-variogram the interpolation values are determined. The semi-variogram is a plot between the dis-
tance of ordered data and their value of semivariance, this plot explains the spatial relation between the water
analyzed values, and is given by the following Equation (10)

7(h):%N(h)Z[Zi _Zi+h]2 (10)

The most related samples have lower values of semivariance (7(h)) N(h) is the number of water quality
parameter values that can be grouped using vector h; Z; is the value of the water parameters; Z,, represents
the value of another sample located at a distance “h” from the initial sample Z;. The semi-variogram is a point
graphic with points plotted at specific distance interval, since there is the need to know semivariance value at
distances not defined in the plot, a model was fitted using the lowest possible root square error (RSE) [24]. The
“best fit” model provides two important parameters nugget and sill to determine whether the samples are spa-
tially correlated or not. If the ratio between nugget and sill is low i.e. <0.25 then the samples are spatially corre-
lated, contrary if the ratio is high i.e. >0.75 then the samples have a very low spatial correlation [25]. This pa-
rameter indicates the spatial structure of the phenomenon and samples with a high spatially relationship will
show better interpolation results. Prior to creating continuous surface, the distribution of the different water
quality properties is analyzed to better understand the trends, which influences directional and obvious errors.
Transformation and trend removal was performed when necessary. Kriging cross-validation was used to esti-
mate that of the semi-variogram models could give the most accurate predictions at unknown locations. The
closer the mean error was to zero, the closer the root-mean-square standardized error was to 1, signified that the
prediction values were close to measured values (Castrignano et al., 2007). Where models presented similar
values for mean error and root-mean-square error, the lowest values of root-mean-square error and average
standard error were taken into consideration.

4. Result and Discussion
4.1. Hydro-Geochemistry of Lake Water

The pH value for the lake water ranges from 7.7 to 8.1 (Figure 2). A desirable range of pH for aquatic life is 6.5
to 9.0 [26]. pH above or below this threshold value might interfere with reproduction, respiration and other bio-
logical functions of aquatic life. Although the tolerance of individual species varies, pH values between 6.5 and
8.5 usually indicate good water quality and this range is typical of most major drainage basins of the world [27].
The ability of rocks and soils in any given drainage basin to buffer the acidity of rainwater is related to the resi-
dence time of water in the soil as well as the levels of calcium carbonate, bicarbonate, and silicate minerals [28].
Watersheds with soil rich in calcium carbonate will provide buffering to lakes, which otherwise with low buff-
ering capacity would be susceptible to acid deposition or acid runoff. The summary of of physical and chemical
parameters of Lake Al-Saad is showed in Table 1. Dissolved oxygen (DO) of the lake water was in the range of
4.38 - 6.73 mg/L with the mean of 5.38 mg/L (Figure 2). The available data indicated that Lake Al-Saad water
is slight lower than the permissible limit of Saudi standards for lake water (10 mg/L). The DO in an aquatic
ecosystem is responsible for various biochemical changes and subsequently its effect on metabolic activities of
organisms within the lake ecosystem. In a nutrient-rich water body, the DO is quite high in the surface water due
to increased photosynthesis by the large quantities of algae. However, DO tends to decrease in deeper waters
because photosynthesis is reduced due to poor light penetration and due to the fact that dead algae falls towards
the bottom using up the oxygen as it decompose. In the study area it is found that the shallow water has high DO
concentration, whereas deeper shows significantly lower down. DO is the single most important gas for most
aquatic organisms. When the aquatic organisms exposure to less than 2.0 mg/L free oxygen for few days it may
kill most of biota in the aquatic system [29], while values of 5.0 - 6.0 mg/L are usually for most of fish popula-
tion. The DO trend in Al-Saad lake is not very encouraging as majority of the lake area is under DO stress or
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Figure 2. Spatial distribution of pH, DO, EC and conductivity of Lake Al-Saad, Abha.
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Table 1. Summary of physical and chemical parameters of Lake Al-Saad.

Sample No EC TDS pH DO
Minimum 3366.00 2010.00 7.76 4.38
Maximum 3710.00 2260.00 8.12 6.73
Mean 3637.80 2198.64 8.06 5.38
Std. dev 62.45 46.98 0.07 0.56
Skewness -3.37 -2.71 -3.41 0.26
Kurtosis 12.35 8.20 12.90 —0.28

Nate: Concentrations are in mg/L, except for EC (uS/cm) and pH.

marginally above it. So a proper management strategies need to be formulated to protect flora and fauna of the
lake. Conductivity measurements serve as a useful indicator of the degree of mineralization in the water sample.
All the samples which have EC exceeded limit and it ranges from 3366 ps/cm to 3710 ps/cm with the mean
value of 3637.79 ps/cm. EC of most natural water generally ranges about 50 to 1500 ps/cm. In general, with in-
crease of EC, the corrosive nature of the water increases. Figure 2 shows the spatial distribution of EC and TDS,
it inferred that the EC and TDS concentration is the highest at the eastern part of the lake whereas concentration
drops down towards the southern side.

4.2. Correlation Analysis between Examined Water Sample and the Satellite Value

The Pearson correlation matrix (R) between the examined water samples and the TOA reflectance values of the
WV-2 satellite data is presented in Table 2. The water depth, EC, TDS, and DO are correlated with the reflec-
tance values of the WV-2 satellite image. Electrical conductivity is highly negative correlated with Band 2 (R =
—0.668) whereas with Band 6 (R = —0.445) and Band 7 (R = —0.455) it shows moderate negative correlation.
Dissolved oxygen (DO) is having highly negative correlation with Band 4/Band 8, Band 6/Band 8 and WVIND4
of R value —0.602, —0.571 and —0.579 respectively at the significant level P < 0.001 (2-tailed). Water depth is
highly correlated with Band 1/Band 4 (R = 0.848), Band 4 (R = —0.780), Band 1/Band 5 (R = 0.715) and Band
1/ Band 6 (R = 0.702) at the significant level P < 0.001 (2-tailed). The models representing the statistical rela-
tionships for the examined water parameters and the TOA reflectance value of the WV-2 satellite image as
shown as below. Figure 3 shows the graphical representation of linear correlation coefficient between examined
parameters with model estimated values.
Electrical conductivity (EC) model

ECg/em = @+ (X1xb)+(X2xc)+(X3xd) (12)
where EC is expressed in pS/centimeter
a=4745.53 X1, =Band 2
b =-10968.82 X2; =Band 6
c =-3153.92 X3;=Band 7
d =4966.71
Dissolved oxygen (DO) model
DOmg/L=a+(X11><b)+(X24><c)+(X3ﬂxd) (12)
where DO is in milligram per liter
a=9.679 X1, = Band 6/Band 8
b=-3.038 X2, =Band 4 — Band 7/Band 4 + Band 8
c=-4.793 X3, = Band 4/Band 8
d=0.752
Water depth model
Depth e = a+( X1, xb)+(X2, xc)+(X3, xd) (13)
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Table 2. Correlation matrix between the environmental variables and the WV-2 data.

S e DS pH DO Depth o0 ec DS pH DO Depth
Band 1 -0.307 -0.345 -0.063 0.144 -0.213 B1/B2 0.435" 0.348 0.142 -0.204 0.622"
Band2 0668~ -0.611"  -0.188 0286  —0.628"  B1/B3 0.210 0.105 0.335 -0.403°  0.594™
Band3  -0.376° 0314 -0.326 0.417°  —0595"  B1/B4 0.275 0.188 0.092 -0.107 0.848"
Bnad4  -0.382° -0.321 -0.106 0.143 -0.780"  B1/B5 0.212 0.183 0.130 -0.292 0.718"
Band 5 -0.299 -0.293 -0.142 0.295 -0.661"  B1/B6 0.385 0.367 0.071 -0.361"  0.702"
Band6  —0.445"  —0.434"  —0.049 0.316 -0.629"  B2/B3 -0.255 -0.263 0.188 -0.218 0.118
Band7  -0455" -0.424" -0.186 0.411°  -0.640"  B2/B4 0.013 -0.024 0.006 0.013 0.697"
Band 8 -0.277 -0.239 -0.171 0.504°  -0.601"  B2/B5 -0.035 -0.016 0.056 -0.207 0.514"
B7/B8 -0.056  —0.066 0.050 -0.426" 0.223 B2/B6 0.309 0.312 0.039 -0.339  0.623"
B6/B8 0.065 0.027 0195  -0571"  0.408" B2/B7 0.317 0.282 0.163 -0.397°  0.661"
B6/B7 0.181 0.129 0.242 -0.281 0.360" B2/B8 0.208 0.181 0.149 -0.559"  0.628"
B5/B8 0.231 0.199 0.152 -0.557" 0541 WVIND1  0.013 0.013 0.195 -0.548" 0.395
B5/B7 0.354" 0.316 0.147 -0.361" 0.539°  WVIND2 —-0.037 -0.014 0.061 -0.209 0.511"
B5/B6 0.378" 0.372" 0.006 -0.281 0.460° WVIND3  0.200 0.167 -0.135 0.176 0.595™
B4/B8 0.229 0.204 0.159 -0.602" 0541 WVIND4  0.212 0.187 0.165 -0.579"  0.507"
B4/B7 0.360" 0.330 0.173 -0.453" 0555 WVIND5  0.379 0.360" 0.188 -0.467" 0.529"
B4/B6 0.372" 0.389" 0.036 -0.403"  0.465° WVIND6 —0.057 0.008 0.066 -0.269  —0.036
B4/B5 —0.054 0.006 0.065 0271  -0.026 WVIND7  0.013 -0.025 0.007 0.021 0.697"
B3/B8 0.238 0.212 0.130 -0.533" 0617 WVIND8  0.207 0.102 0.340 -0.408" 0593
B3/B7 0.349 0.318 0.126 -0.346  0.632" WVIND9 —0.248  —0.258 0.188 -0.217 0.124
B3/B6 0.365" 0.370° -0.010 -0.275 0.594™ WVIND10 —0.061 -0.077 0.058 -0.414" 0.219
B3/B5 0.108 0.134 -0.049 -0.091 0.442° WVIND11 0.224 0.185 0.149 -0.523" 0.510"
B3/B4 0.189 0.157 -0.131 0.172 0599 WVIND12 0.381" 0.342 0.160 -0.373" 0519

Index Description Index Description Index Description
WVIND1 B6 — B8/B6 + 8 WVINDS B4—B7/B4 +7 WVIND9 B2 — B3/B2 + B3
WVIND2 B2 — B5/B2 + B5 WVIND6 B4 — B5/B4 + B5 WVIND10 B7 — B8/B7 + B8
WVIND3 B3 - B4/B3 + B4 WVIND7 B2 - B4/B2 + B4 WVIND11 B5 — B8/B5 + B8
WVIND4 B4 - B8/B4— B8 WVINDS B1-B3/B1 + B3 WVIND12 B5 — B7/B5 + BY

Note: Correlation is significant at the P < 0.05 level and “"P < 0.01 level (2-tailed).
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Figure 3. Linear correlation coefficient between examined parameters with model estimated values.

where DO is in milligram per liter

a=4.303 X1, =Band 1/Band 5
b=3.275 X2, =Band 1/Band 4
c=045 X3, =Band 4
d=-145.282

The cartographic maps for the distribution of electrical conductivity, dissolved oxygen (DO), water depth,
based on above mentioned models are shown in Figure 4. Figure 4 shows the spatial distribution of electrical
conductivity derived from satellite image (worldview-2). It shows that in the central part of the lake area having
high concentration of EC due to high salt content, whereas the shallow areas show the lower electrical conduc-
tivity. From the Figure 4 it is inferred that the high DO is found over the shallow area of lake whereas the lower
DO is found at the higher depth. The overall the concentration is found in between 4 mg/L to 5 mg/L. From the
field survey it is noticed that the correlation with vegetation (Hydrophytic vegetation) is high at the shallow
depth around the lake area. Derived DO from satellite image and in-situ observation are very much coincide
each other. Figure 4 shows the morphometry of the lake derived from the worldview-2 satellite data. It is in-
ferred from the figure the higher depth are located in the central and western part of the lake area ranges from 3
meter to 6 meters.

5. Conclusions

The environmental conditions of any lake system depend upon the nature of that lake and its exposure to various
environmental factors. However by increasing urban development and anthropogenic activities, the quality of
water has decreased dramatically. Hence, the monitoring program using remote sensing and GIS techniques
which are needed to assess all contamination occurs and provides the effective action at all levels. The results
indicate that optical remote sensing of bathymetry and geochemical investigation is not only feasible but higher
accurate under conditions of typical lake water, supporting field survey. In this paper, we have more closely
examined the empirical basis for spectrally based depth retrieval and some geochemical properties. Depths and
some geochemical properties estimated from band ratios are most reliable when the remotely sensed signal is
comprised primarily of bottom reflected radiance. Since the radiometric quantities involved depend on wave-
length, these conditions might hold for some portions of the spectrum but not for others. To examine these spec-
tral variations, band ratio analysis procedure is developed, for identifying pairs of wavelengths that produce
strong linear correlation coefficient between the band ratio (Equations (11)-(13)). The Pearson correlation ma-
trix (R) between the examined water samples/depth and the TOA reflectance values of the worldview-2 (WV-2)
satellite data have been investigated. Electrical conductivity is highly negatively correlated with Band 2 (R =
—0.668) whereas with Band 6 (R = —0.445) and Band 7 (R = —0.455); it shows moderate negative correlation.
Dissolved oxygen (DO) is having highly negative correlation with Band 4/Band 8, Band 6/Band 8 and WVIND4
of R value —0.602, —0.571 and —0.579 respectively at the significant level P < 0.001 (2-tailed). Water depth is
highly correlated with Band 1/Band 4 (R = 0.848), Band 4 (R = —0.780), Band 1/Band 5 (R = 0.715) and Band
1/Band 6 (R = 0.702) at the significant level P < 0.001 (2-tailed).

The pH value for the lake water ranges from 7.7 to 8.1. A desirable range of pH for aquatic life is 6.5 to 9.0.
The pH above or below this threshold value might interfere with reproduction, respiration and other biological
functions of aquatic life. DO of the lake water was in the range of 4.38 - 6.73 mg/L with the mean of 5.38 mg/L.
The available data indicated that Lake Al-Saad water is slight lower than the permissible limit of Saudi stan-
dards for lake water (10 mg/L). The DO in an aquatic ecosystem is responsible for various biochemical
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Figure 4. Spatial distribution and histogram of DO, EC and water depth extracted from WV-2 data.
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changes and subsequently its effect on metabolic activities of organisms within the lake ecosystem. In the study
area it is found that the shallow water has high DO concentration, whereas the deeper shows significantly lower
down. Electrical conductivity measurements serve as a useful indicator of the degree of mineralization in the
water sample. All the samples which have EC exceed limit and it ranges from 3366 ps/cm to 3710 ps/cm with
the mean value of 3637.79 ps/cm. EC of most natural water generally ranges about 50 to 1500 ps/cm. In general,
with increase of EC, the corrosive nature of the water increases. Figure 3 shows the spatial distribution of EC
and TDS, it inferred that the EC and TDS concentration is the highest at the eastern part of the lake whereas
concentration drops down towards the southern side.
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