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(57) Abstract: Described herein are implementations of various technolo-
gies for a method for mapping water table depths. In one implementation, a
satellite image of an area of interest may be received. The satellite image
may comprise a red spectrum, a green spectrum and a blue spectrum. A
first map may be generated that identifies only water features on the satel-
lite image. The first map may be convolved with a digital elevation model
of the area of interest to generate a second map. The second map may iden-
tify elevations of the water features on the satellite image. An interpolation
algorithm may be applied to the second map to generate a third map. The
third map may identify water tables and elevations for the water tables on
the satellite image.
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WATER TABLES MAPPING

BACKGROUND

Field of the Invention

[0001] Implementations of various technologies described herein generally relate

to methods and systems for water table depth mapping.

Description of the Related Art

[0002] The following descriptions and examples are not admitted to be prior art
by virtue of their inclusion within this section.

[0003] The depth of the water table is useful for seismic exploration because the
water table generally represents the first seismic event. The air in the pore space of
the rock near the surface above the water table is replaced with water, which usually
results in a significant increase of the acoustic impedance and hence a reflection.
The water table may also represent the first refractor. For seismic imaging,
information about the depth of the water table below the surface may be of great
importance. The information about the thickness of the weathering layer, i.e., the
rock or soil layer between the surface and the water table, may contribute to the

statics corrections.

[0004] State-of-the-art methods for measuring water tables depend on the
availability of drilling or geophysical equipment on the ground to obtain information
about the water table depth. This approach is often not possible in remote swampy
terrain, such as the Arctic. Furthermore, the acquisition process may be limited to
the acquisition of 2D line profiles, which results in considerable time and effort for

mapping the water tables in large areas.

[0005] Presently, water table measurements are carried out for ground water
management and geotechnical projects. The water table may be either directly
measured from invasive methods, such as, water well drilling, or inferred using
geophysical methods. Geophysical methods are generally non-invasive and hence,
more environmentally sustainable than drilling. Table 1 below provides an overview

of the most common methods for water table mapping.
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Method Technology Deliverable
Invasive methods | Water Well Mechanical 1D point profiles
Drilling probing
Geophysical GPR Microwaves 2D line profiles
methods Geoelectric EM 2D line profiles
conductivity
Seismo-electric | Elastic-EM 2D line profiles
conversion
Seismic Elastic waves 1D, 2D, 3D profiles
TABLE 1

[0006] Geophysical methods include ground penetrating radar (GPR), geoelectric
methods, and seismic methods. Ground penetrating radar emits microwave radar
pulses, the scattering of which at the water table is interpreted to map its depth.
Geoelectric methods measure the electric or electro-magnetic properties of the
subsurface and interpret the response of the change of these properties at the water
table for its depth. Geoelectric methods use either the self-potential (passive
method) or the earth response upon an induced electro-magnetic signal (active).
Seismic methods employ elastic waves and map the arrival of their reflection or

refraction at the water table to infer its depth.

SUMMARY

[0007] Described herein are implementations of various technologies for a
method for mapping water table depths. In one implementation, a satellite image of
an area of interest may be received. The satellite image may include a red
spectrum, a green spectrum and a blue spectrum. A first map may be generated
that identifies only water features on the satellite image. The first map may be
convolved with a digital elevation model of the area of interest to generate a second
map. The second map may identify elevations of the water features on the satellite

image. An interpolation algorithm may be applied to the second map to generate a
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third map. The third map may identify water tables and elevations for the water
tables on the satellite image.

[0008] In another implementation, the method may further include removing
noise pertaining to clouds from the satellite image, removing noise pertaining to ice
and snow from the satellite image, generating a first map that identifies water
features on the satellite image, convolving the first map with a digital elevation
model of the area of interest to generate a second map that identifies elevations of
the water features on the satellite image, applying an interpolation algorithm to the
second map to generate a third map that identifies water tables and elevations for
the water tables on the satellite image, subtracting the elevations for the water
tables from the digital elevation model to generate a fourth map that identifies
depths of the water features on the satellite image; and using the fourth map for

seismic acquisition.

[0009] The claimed subject matter is not limited to implementations that solve
any or all of the noted disadvantages. Further, the summary section is provided to
introduce a selection of concepts in a simplified form that are further described
below in the detailed description section. The summary section is not intended to
identify key features or essential features of the claimed subject matter, nor is it
intended to be used to limit the scope of the claimed subject matter.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] Implementations of various technologies will hereafter be described with
reference to the accompanying drawings. It should be understood, however, that
the accompanying drawings illustrate only the various implementations described
herein and are not meant to limit the scope of various technologies described herein.

[0011] Figure 1 illustrates a graph of a 2-dimensional line profile showing a water
table in accordance with one or more implementations of various techniques

described herein.
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[0012] Figure 2 illustrates a data flow diagram of a method for mapping water
table depths according to implementations described herein.

[0013] Figure 3 illustrates a flowchart of a process to generate a water feature

map according to implementations described herein.

[0014] Figure 4 illustrates a method for removing noise from a satellite image in

accordance with implementations described herein.

[0015] Figure 5 illustrates a computer network into which implementations of

various technologies described herein may be implemented.

DETAILED DESCRIPTION

[0016] The discussion below is directed to certain specific implementations. It is
to be understood that the discussion below is only for the purpose of enabling a
person with ordinary skill in the art to make and use any subject matter defined now
or later by the patent “claims” found in any issued patent herein.

[0017] The following paragraph provides a brief summary of various techniques
described herein. In general, various techniques described herein are directed to a
method for mapping water tables, including their elevations and depths. A multi-
spectrum satellite image may be taken of an area of interest. The area may be of
interest for seismic acquisition pertaining to hydrocarbon or water exploration. The
pixels of the image that represent features, such as, clouds, ice and snow may be
removed from the image. Water features, such as lakes, swamps, and the like may
be identified. The identification of clouds, ice, snow, and water features may be
performed using a spectral analysis on the electromagnetic wavebands of each pixel
in the image. The elevation of the water features may be determined through the
use of a digital elevation model of the area of interest. The water features may then
be connected using an interpolation algorithm, which may plot water tables that
connect the water features. . The depths of the water tables may then be mapped
by subtracting the water table elevations from the elevations in the digital elevation

4
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model. One or more implementations of various techniques for mapping water table
depths will now be described in more detail with reference to Figures 1-5 in the
following paragraphs.

[0018] Figure 1 illustrates a 2-dimensional (2-D) line profile 100 showing a water
table 120 in accordance with one or more implementations of various techniques
described herein. The X-axis of the 2-D line profile 100 indicates a relative position,
in meters, of a profiled subsurface 130. The Y-axis of the 2-D line profile indicates
elevation above sea level of the profiled subsurface 130 in meters. The 2-D line
profile 100 illustrates a topography of the surface 110 and the depth of the water
table 120. The 2-D line profile 100 may be provided by the geophysical methods
described above in Table 1.

[0019] It should be noted that shallow water tables may have an impact on the
access for vehicles. If the ground is water saturated, vehicles with individual wheels
often cannot operate in this area. Therefore, mapping of the water table may
provide useful information for logistic planning of seismic operations in remote
areas. Other useful applications of information about the depth of the water table

are summarized in Table 2 below.

Application Information Deliverable
Seismic Shallow water | access limitation for individual wheeled
logistics table vehicles outside the winter season

Deep water table | no obstruction of logistics from water

saturated soft ground

Seismic data | Water table often first refractor and first reflector. Water
processing table marks the bottom of the weathering
layer for P-waves, i.e. the zone of high lateral
and vertical variability of elastic parameters

TABLE 2
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[0020] Figure 2 illustrates a data flow diagram of a method 200 for mapping
water table depths according to implementations described herein. A multi-
spectrum satellite image 210 may be received for input to a generate water feature
map process 220. The multi-spectrum satellite image 210 may also be referred to
herein as the satellite image 210. The generate water feature map process 220 may
generate a water feature map 230 that identifies only water features on the satellite
image 210. The water features may include the sea, lakes, swamps, rivers, and the
like. The generate water feature map process 220 is described in greater detail with
reference to Figure 3.

[0021] The satellite image 210 may include an image of an area of interest. The
area of interest may be an area of groundwater management, hydrocarbon

exploration, or other geotechnical projects.

[0022] The spectra of the satellite image 210 may include the red spectrum, the
green spectrum, and the blue spectrum. The red spectrum may represent a
lithology-sensitive short wave infrared band. The green spectrum may represent a
chlorophyll-sensitive near infrared band. The blue spectrum may represent the
visible green band. It should be understood, however, that other types of band
combinations that are sensitive to lithology, chlorophyll and the visible green band
may also be used in various implementations described herein. For example, the
visible green band may be replaced by the visible blue band to represent the blue
spectrum. In one implementation, the satellite image 210 may be composed of a set
of pixels. In such an implementation, each pixel may have values for red, green,

and blue spectra of light.

[0023] The water feature map 230 and a digital elevation model 240 may be input
to a convolution process 250. The digital elevation model 240 may be a digital
representation of ground surface topography or a subsurface horizon. In one
implementation, the digital representation may be a set of pixels. In such an
implementation, a pixel may be associated with a location and the elevation at that
location. The convolution process 250 may generate a water feature elevation map

260 which identifies elevations of the water features in the satellite image 210.
6
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[0024] The convolution process 250 may determine the elevations of the water
features by correlating the locations of the water features in the water feature map
230 to the elevations at those locations in the digital elevation model 240.

[0025] The water feature elevation map 260 may be input to an interpolation
process 270, which may apply an interpolation algorithm to the water feature
elevation map 260 to generate a water table elevation map 280. In one
implementation, the interpolation algorithm may be linear. In another
implementation, the interpolation algorithm may be spatial. The water table
elevation map 280 may identify water tables and elevations for the water tables on

the satellite image 210.

[0026] The interpolation algorithm may approximate the location and elevation of
the water tables by connecting the water features in the water feature elevation map
260. The interpolation algorithm may operate with the assumption that the free
water surfaces of water features, such as lakes and the sea, represent the level of
the water tables at those particular locations.

[0027] In one implementation, the interpolation algorithm may grid the elevations
for the water features. In such an implementation, the gridded elevations may be

interpolated to the pixel density of the digital elevation model 240.

[0028] The interpolation algorithm may suffer from subsurface geological
features, which may obstruct the ground water flow, such as moraines from glacial
deposits. Often these features are correlated with the surface topography and form
geomorphological anomalies. In this case, the generate water feature map process
220 may be expanded to identify geomorphological anomalies.

[0029] For example, a water table may remain close to the surface in a ground
moraine. This may implicate the depth of a water table that connects a water
feature in the ground moraine to a water feature beyond a lateral or terminal
moraine of the ground moraine. In such a scenario, the interpolation algorithm may
calculate a water table depth that remains stable within the ground moraine, and that

becomes steeper beyond the lateral or terminal moraine.
7



WO 2010/053735 PCT/US2009/062058

[0030] In one implementation, the water table elevation map 280 may be input
with the digital elevation model 240 to a depth process 290. The depth process 290
may generate a water table depth map 295. The water table depth map 295 may
identify the depths of the water tables on the water table elevation map 280.

[0031] The depth process 290 may calculate the depths of the water tables by
subtracting the elevations for the water tables from the elevations in the digital
elevation model 240. In one implementation, negative and zero depths for the water
tables may be removed from the water table elevation map 280.

[0032] Figure 3 illustrates a flowchart of the process 220 to generate a water
feature map 230 according to implementations described herein. The process 220
may be performed on the satellite image 210. Additionally, it should be understood
that while the operational flow diagram indicates a particular order of execution of
the operations, in some implementations, certain portions of the operations might be
executed in a different order.

[0033] Often, features such as clouds, ice, and snow may mask the terrain of the
area of interest. As such, these features may be treated as noise. Accordingly, the
noise may be removed from the satellite image. At step 310, noise pertaining to
clouds may be removed from the satellite image 210. At step 320, noise pertaining
to snow and ice may be removed from the satellite image 210.

[0034] At step 330, the water features in the satellite image 210 may be
identified. In one implementation, the water features may be identified in the pixels
remaining after the noise is removed in the satellite image 210 as described above.
In another implementation, all remaining features in the satellite image 210 that do
not represent water features may be treated as noise. Accordingly, this noise may
be removed, leaving the water feature map 230, which only identifies water features.

The steps 310 — 330 are described in greater detail with reference to Figure 4.

[0035] Figure 4 illustrates a method 400 for removing noise from the satellite
image 210 in accordance with implementations described herein. The method 400

may be performed in each of the steps 310 — 330. Additionally, it should be
8
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understood that while the operational flow diagram indicates a particular order of
execution of the operations, in some implementations, certain portions of the

operations might be executed in a different order.

[0036] At step 410, an intensity map may be generated by convolving multiple
spectra of the satellite image 210. The spectra that are convolved may depend on
the type of noise being removed. Because clouds have a similar high specular
reflectance in all three visible bands, the red, green, and blue spectra may be

convolved to remove noise pertaining to clouds.

[0037] On the other hand, ice and snow show high specular reflectance in the
visible green and near infrared bands. Accordingly, the green and blue spectra may

be convolved to remove noise pertaining to ice and snow.

[0038] With regard to water features, water absorbs all electromagnetic energy
from visible red to infrared. Accordingly, the red and green spectra may be

convolved to remove noise pertaining to pixels that do not represent water.

[0039] The intensity map may contain summed values of the convolved spectra
for each pixel in the satellite image 210. In one implementation, the summed values
may be normalized across the intensity map.

[0040] At step 420, a mask may be generated. Noise may be removed through
the use of masks. As stated previously, the satellite image 210 may be composed
of a set of pixels. The mask may be composed of a set of pixels that correspond to
the pixels in the satellite image 210. The masks may identify noise in the satellite
image 210 by assigning binary values to each pixel in the mask. In one
implementation, if the noise, such as a cloud, is detected, the pixel value may be 1.
If the feature is not detected, the pixel value may be 0.

[0041] The noise may be detected by comparing the normalized values in the
intensity map to a predetermined value for each type of noise. Normalized values
that exceed the predetermined values may indicate the specified noise. For
example, the predetermined value for cloud noise may be 50%. The predetermined

9
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value for ice and snow noise may also be 50%. The predetermined value for non-

water feature noise may be 1%.

[0042] At step 430, the pixels having a greater intensity than the predetermined
values may be removed from the satellite image 210. In other words, the mask may
be applied to the satellite image 210. If a pixel in the mask has a value of 1, the

corresponding pixel in the satellite image 210 may be removed.

[0043] Figure 5 illustrates a computing system 500, into which implementations
of various technologies described herein may be implemented. The computing
system 500 may include one or more system computers 530, which may be
implemented as any conventional personal computer or server. However, those
skilled in the art will appreciate that implementations of various technologies
described herein may be practiced in other computer system configurations,
including hypertext transfer protocol (HTTP) servers, hand-held devices,
multiprocessor systems, microprocessor-based or programmable consumer

electronics, network PCs, minicomputers, mainframe computers, and the like.

[0044] The system computer 530 may be in communication with disk storage
devices 529, 531, and 533, which may be external hard disk storage devices. It is
contemplated that disk storage devices 529, 531, and 533 are conventional hard
disk drives, and as such, will be implemented by way of a local area network or by
remote access. Of course, while disk storage devices 529, 531, and 533 are
illustrated as separate devices, a single disk storage device may be used to store

any and all of the program instructions, measurement data, and results as desired.

[0045] In one implementation, spectrum data for the satellite image 210 may be
stored in disk storage device 531. The system computer 530 may retrieve the
appropriate data from the disk storage device 531 to process spectrum data
according to program instructions that correspond to implementations of various
technologies described herein. The program instructions may be written in a
computer programming language, such as C++, Java and the like. The program
instructions may be stored in a computer-readable medium, such as program disk

10
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storage device 533. Such computer-readable media may include computer storage

media and communication media.

[0046] Computer storage media may include volatile and non-volatile, and
removable and non-removable media implemented in any method or technology for
storage of information, such as computer-readable instructions, data structures,
program modules or other data. Computer storage media may further include RAM,
ROM, erasable programmable read-only memory (EPROM), electrically erasable
programmable read-only memory (EEPROM), flash memory or other solid state
memory technology, CD-ROM, digital versatile disks (DVD), or other optical storage,
magnetic cassettes, magnetic tape, magnetic disk storage or other magnetic storage
devices, or any other medium which can be used to store the desired information
and which can be accessed by the system computer 530.

[0047] Communication media may embody computer readable instructions, data
structures, program modules or other data in a modulated data signal, such as a
carrier wave or other transport mechanism and may include any information delivery
media. The term "modulated data signal" may mean a signal that has one or more
of its characteristics set or changed in such a manner as to encode information in
the signal. By way of example, and not limitation, communication media may
include wired media such as a wired network or direct-wired connection, and
wireless media such as acoustic, RF, infrared and other wireless media.
Combinations of any of the above may also be included within the scope of
computer readable media.

[0048] In one implementation, the system computer 530 may present output
primarily onto graphics display 527, or alternatively via printer 528. The system
computer 530 may store the results of the methods described above on disk storage
529, for later use and further analysis. The keyboard 526 and the pointing device
(e.g., a mouse, trackball, or the like) 525 may be provided with the system computer
530 to enable interactive operation.

11
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[0049] The system computer 530 may be located at a data center remote from
the area of interest. The system computer 530 may be in communication with a
satellite (either directly or via a recording unit, not shown), to receive signals
indicative of the satellite image 210. These signals, after conventional formatting
and other initial processing, may be stored by the system computer 530 as digital
data in the disk storage 531 for subsequent retrieval and processing in the manner
described above. While Figure 5 illustrates the disk storage 531 as directly
connected to the system computer 530, it is also contemplated that the disk storage
device 531 may be accessible through a local area network or by remote access.
Furthermore, while disk storage devices 529, 531 are illustrated as separate devices
for storing input data and analysis results, the disk storage devices 529, 531 may be
implemented within a single disk drive (either together with or separately from
program disk storage device 533), or in any other conventional manner as will be

fully understood by one of skill in the art having reference to this specification.

[0050] While the foregoing is directed to implementations of various technologies
described herein, other and further implementations may be devised without
departing from the basic scope thereof, which may be determined by the claims that
follow. Although the subject matter has been described in language specific to
structural features and/or methodological acts, it is to be understood that the subject
matter defined in the appended claims is not necessarily limited to the specific
features or acts described above. Rather, the specific features and acts described

above are disclosed as example forms of implementing the claims.

12
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What Is Claimed Is:

1. A method for mapping water tables, comprising:

receiving a satellite image of an area of interest, wherein the satellite image
comprises a red spectrum, a green spectrum and a blue spectrum;

generating a first map that identifies only water features on the satellite
image;

convolving the first map with a digital elevation model of the area of interest to
generate a second map that identifies elevations of the water features on the
satellite image; and

applying an interpolation algorithm to the second map to generate a third map
that identifies water tables and elevations for the water tables on the satellite image.

2. The method of claim 1, further comprising subtracting the elevations for the
water tables from the digital elevation model to generate a fourth map that identifies
depths of the water tables on the third map.

3. The method of claim 2, further comprising
removing negative elevations for the water tables from the fourth map, or

removing zero elevations for the water tables from the fourth map.

4. The method of claim 2, further comprising using the fourth map for seismic
acquisition.
5. The method of claim 1, further comprising:

removing noise pertaining to clouds from the satellite image, or

removing noise pertaining to ice and snow from the satellite image.

6. The method of claim 1, further comprising:

convolving the red spectrum with the green spectrum and the blue spectrum
to generate a first intensity map, or convolving the green spectrum with the
blue spectrum to generate a second intensity map; and

13
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removing pixels having intensity greater than a first predetermined value from

the satellite image.

7. The method of claim 6, wherein the first predetermined value is about 50
percent.
8. The method of claim 1, wherein generating the first map that identifies the

water features on the satellite image comprises:

convolving the green spectrum with the blue spectrum to generate a third
intensity map; and

removing pixels having intensity greater than a third predetermined value
from the satellite image.

9. The method of claim 8, wherein the third predetermined value is about one
percent.

10.  The method of claim 1, wherein the interpolation algorithm is one of:
a linear interpolation algorithm; or

a spatial interpolation algorithm.

11.  The method of claim 1, wherein the interpolation algorithm calculates a water
table depth that remains stable within a ground moraine and becomes steeper

beyond a lateral or terminal moraine associated with the ground moraine.

12. The method of claim 1, wherein applying the interpolation algorithm to the
second map comprises:

gridding the elevations for the water features; and

interpolating the gridded elevations to the pixel density of the digital elevation
model.

14
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13. The method of claim 1, further comprising using the third map for logistical

planning of a seismic acquisition in the area of interest.

14. A water table map making computer system, comprising:

a computer processor;

a computer readable media having executable instructions which instruct the
processor to perform a method as in claims 1-13 for mapping water tables; and

an output interface for outputting the water table map.

15
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