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Groundwater Regulations in Japan and an Example of a Groundwater Basin Management Policy
Kazuki Tsuji*

*Fuji Grouting Engineering Co. Ltd. ,2-9-29, Daimyou, Cyuou-ku, Fukuoka-Shi, 810-0041, Japan

Abstract

This paper outlines the present groundwater use and the relevant groundwater hazards which have emerged in the modern age of
Japan, being caused by excessive development of groundwater. Moreover the groundwater laws and regulations are reviewed,
mainly focusing on the Environment Basic Law, which has led to formulating of an integrated groundwater management
methodology. In the latter half, the on-going groundwater basin management, which has been successively expedited by the local
govemments of Kumamoto area, southwest Japan, is introduced as a progressive example of comprehensively promoting

groundwatcr management policy.
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TECHNICAL NOTE ON SYNTHETIC STORAGE MODEL (SSM)
(PART 1)

RETEETIL SN BT 5EMHT/—F (US—k 1)

Ryoichi KAWASAKI*

Sanyu Consultants Inc., HIB Otsuka, 1-13-17, Kita Ootsuka, Toshima-ku, Tokyo 170-0004  Japan®

Abstract

Synthetic Storage Model (SSM) is one of the extensions of “Sugawara’s Tank Model” to a subsurface system,
developed with a close relation with an underground dam scheme in Japan. Concept of the model is an embodiment of
a natural hydrologic circulation, and it can analvze water balances for both surface and subsurface systems
coincidently, evaluate a groundwater development potential, and simulate groundwater developments under any
scenarios in the future. Furthermore, the SSM has a characteristic that it can applicable to the areas where have poor
basic hydrological data availability, offering an advantage over formulating of groundwater development plans at
early stage in the developing countries where are usually suffering from lacking or shortage of actual observation data
needed to make up such development plans.

This paper introduces the outline of SSM, explains its concept, structure, and applications in Part-1, then will
presents the actual some case studies of the model in Japan, Nepal, and Thailand, in Part-2.

Keywords: Tank Model, Synthetic Storage Model (SSM), Natural Hydraulic Circulation, Water Balance Analysis,
Groundwater Simulation, Water Basin, Groundwater Resources Development, Groundwater Sub-basin
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1. INTRODUCTION

1.1. Tank Model and Synthetic Storage Model (SSM)
One of the famous surface runoff models, Sugawara’s
“Tank Model (1972) ™ is now applied in world wide for river
runoff and/or surface water balance analysis, because of its simple
structure and a quite accurate response nevertheless. “Synthetic
Storage Model (SSM)” is an extended application of Tank Model
to an underground system, developed by Yoshikawa (1976)
transported into P/C and improved by the author and et al
Hereafter, the Tank Model shall be introduced roughly, and then,
the SSM shall be explained after that.
As it is shown in Fig.1.1, the Tank Model is explained by
e Etpirnapention plural tanks (usually three)
ﬁ ﬁ wy —==  connected vertically. Every
Tank- I | tank has some orifices on
- its side and bottom. The
side-flow from the upper
tank indicates flood or a
high surface flow; the one
from the middle tank
means a normal river flow;
and it from the lowest tank

Rurpff-2

is a base flow Dr
Sugawara  called this
system as “Exponential

type serial storage model.”
If there is no
rainfall for long period, all
of the tanks become empty,
neither resulting in no
base-flow nor recharging,
and this is the situation at
the end of dry season.
Under the situation, if there is a small rainfall and if it exceeded
evapotranspiration capacity of the site, small amount of water
shall be stored in the upper most tank. The amount is, however,
captured in soil as “soil retention,” only when it exceeds the level
“hy” of tank-1 “water percolation” to the middle tank shall be
started. In the middle tank also, soil retention shall occur, and
only when the water level in tank-2 exceeds “hy” (of tank-2)
rainwater percelates into the lowest tank, causing “recharging
groundwater” through the bottom orifice and “base-flow” from
the side orifice. The rainfall until the base-flow happens is called
as “missing rain.” Through continuous rain, the water level of
thank-2 goes up to “h,” in due course of time, and then, most of
rain water starts to flow out through the side orifice(s) as a normal
river flow. In this situation, vsually the lowest tank has much
water resulting in enough groundwater recharge. If heavy rain has
come under this condition, the water level in the upper tank
increases rapidly and a large flow occurs through large side
orifice(s) when it arrives the level “h,” in tank-1. Farther, a flood
flow shall happen by overflow when the water level goes up to
“h,” of tank-1. However, the situation shall end soon and return to

Fig. 1.1 Concept of the Tank Model

the normal flow condition because the runoff coefficient of the
side orifice of tank-1 is quite large and the one of overflow, A(7,3),
is just 1.0. The water infiltrating through the lowest tank
recharges the groundwater.

Runoff from every orifice is
explained as follows . In the unit model
(Figure 1.2), aX is a runoff amount when
the water level of the tank is X and the
water level attenuates by the rate of r =
I-a, when f=0. When f#0 and water
level is X , aX is running out, fX is
recharging, and {/- (a+f)}X is a balance,
and therefore, the attenuation rate » = /- (a+f). The allocation of
runoff and recharge is a:f ie. when a=0.2 andf=0.1, the
attenuation rate r shall be of 0.7, resulting 2/3 of runoff and 1/3 of
recharging.

v Parcolstion/Recharge

Fig 1.2 Unit Model

1.2. Concept of Synthetic Storage Model

Synthetic Storage Model (SSM) is, as mentioned above,
one of the applications of the Tank Model, extended to subsurface
system. Originally, SSM has been developed and established in
tight relation with an underground dam scheme in Japan. Since an
underground dam is constructed under the ground, the dam itself
and its reservoir are mnot visible directly. Therefore, the
underground dam must be operated only based on groundwater
monitoring data, essentially through groundwater level in its
reservoir area. It means it is quite important to know the relation
between the groundwater level and storage volume, the
mechanism of groundwater recharge, or the system of
groundwater flow. Further, to know the groundwater behavior
under a certain pumping condition in future is another quite
significant subject for the underground dam scheme. And SSM is
just developed and progressed to answer these requests from the

S8 8

planning of
underground
dam projects.
SSM
v has a
structure  as
shown in
Figure 1.3
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Fig. 1.3 Concept of Synthetic Storage Model




showing a groundwater system. The upper most tank in the
subsurface system indicates an unconfined aquifer system, and
the lower tank(s) indicates a confined aquifer system. This has
plural stories sometimes or nothing sometimes. An unconfined
aquifer has a groundwater table and the water level varies in
accordance with the balance between a recharge and a
groundwater flow, therefore, it is represented by an open tank.
While, a confined aquifer has a fixed aquifer thickness and has no
groundwater table but a piezometric head, and the head varies
elastically depending upon also the balance between a leakance
from the upper aquifer and a groundwater flow, so it is drawn by a
closed tank with spring. These two types of tanks consist of
subsurface system, and the upper tanks representing surface
system are just Sugawara’s tanks.

Inputs to the surface system are a rainfall (RF) and a
surface inflow from the upstream (SI), and outputs are an
cvapotranspiration (ET), a surface outflow to the downstream
(SF), and a recharge to groundwater system (RE). In the same
manner, inputs to the subsurface system are a recharge from the
surface system and a groundwater inflow (GI), and outputs are a
groundwater outflow (GF) and a groundwater withdrawal (DF) if
any. Looking the subsurface system in detail, outputs from the
unconfined aquifer include a leakance to the lower confined
aquifer (LR), and the confined aquifer has also a leakance to the
confined aquifer farther underlying, if any.

SSM, the Tank Model also, needs to divide the target area
into proper number of unit basins (called as sub-basin in this
paper) to build a plane model. The figures of 1.1 and 1.3 shown
above are the concept of unit structure in each sub-basin. In Tank
Model simulation, the target catchment area is simply divided into
several sun-basins based upon only a drainage system and a
distribution of runoff stations. In the case of SSM simulation, on
the other hand, a comprehensive examination on a relief structure
relating to a rainfall pattern and an infiltration, a hydrogeological
structure concerning to an aquifer structure, a surface geology/
land-use relating to an infiltration, and a human-geography
relating to a water use, besides the drainage pattern, is required to
construct its plane model. To construct the plane model, sub-basin
dividing in other words, is one of the most important procedures
controlling the accuracy of the simulation.

1.3. Sustainable Water Resources Development,

Natural Hydraulic Circle, and SSM

As it is well known, fresh water resources are only 2.5%
of the total volume of water existing on the Earth. Farther, the
most (more than 70%) of it is fixed as an ice or a snow in the
polar zones and on the tops of high mountains. Thus, the fresh
water volume which can be utilized by most of the lives directly
is only 0.8% of the total water volume  This portion of water is
naturally circulating on the Earth, and thereby, it has unique
property that it is a renewable resources supplied periodically by
rainfall in the hydraulic circle. The most basic concept on modern
water resources development scheme is a “sustainable
development,” and it can be achieved to develop only the part of
renewable water resources, in most of the cases.

Natural hydraulic
circulation is
usually explained
by the figure
shown below
(Figure 1.4) In
natural condition,

the  hydraulic é/ T ""'*"'&
e | G

ground or sea.

Most of its part is lost by evaporation and/or transpiration but

some part infiltrates into the ground recharging groundwater and

the remains flow down on the ground pouring into the sea finally.
The natural hydraulic circle can be modeled as shown as

Figure 1.5, quite simply though. In the figure, the circulation

starts from a rainfall (RF), as same with the figure 1.4

A considerable part of rainfall is lost through
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Fig 1.5. Natural Hydraulic Circulation Model

evapotranspiration (ET), and some part of it runs off the ground
surface (SI, SF) pouring into the sea finally. Through the process
of runoff, some part of rainwater infiltrates into the ground (PC),
being partly captured in the soil (SR) and partly recharging
groundwater (RE). Groundwater also runs down slowly (GI, GF)
and pours into sea finally. A part of groundwater comes up to the
ground surface forming a spring (SP), or spouts out on the sca
bottom as a submarine spring (SPS). Most of water arrived at the
sea evaporates from the sea surface, condenses to form clouds in
the sky and comes down to the ground (or sea) again as a rain or
snowfall. This is a series of the natural hydraulic circle.

Synthetic Storage Model to be explained hereafter is, in
short, just the medel of natural hydraulic circle. First of all, the
target area shall be divided into proper number and shape of
sub-basins, and then, every sub-basin shall be given its own
surface and subsurface structures and hydraulic parameters. As
input data, evapotranspiration, precipitation, current intake from
surface water and current withdrawal from groundwater are to be



given into the model, and total precipitation, actual evapo-
transpiration, surface runoff, groundwater runoff, groundwater
recharge, groundwater storage, and groundwater level for every
sub-basin are to be obtained as the model outputs. The
groundwater recharge amount, one of the outputs, is the
maximum groundwater development potential and the amount
reduced the current intake and withdrawal from the maximum
potential shall be an actual development potential.

1.4. Flow of SSM Simulation

Procedures to carry out an analysis on a water balance or a
water resources development potential are divided into four major
steps: 1) Preparation of the data sets, 2) Construction of the model,
3) Verification of the

Stcp-! - - - -

model, and 4) Water  [propdaration of Data Sets
balance simulation as 1 Data for Model Construction

s 2 Data for Inputs
shown in Figure 1.6. 3 Data for Verification

In the flowing
sections, the actual
procedures to make
SSM  simulation shall

Step-2
[Construction of Model

1 Identification of Target Area

2 Construction of Plane Model

3 Construction of Vertical Model

4 Arrangement of Input Data

also be explained one
by one, from the
preparation of data sets
through  the
balance

Step-3

| 1 Verification of Surface System
| 2 Verification of Groundwater System

water

analysis,
although some of actual
samples are to be
presented in the Part II
of the paper.

Step-4 >

1 Current Water Balance

2 Natural Water Balance Simulation
Assessment of Water Resources
Potential
Water Resources Development
Simualation

Fig. 1-6. Flow of SSM Analysis

2. STRUCTURE OF
THE MODEL

2.1. Storage Model

In the hydraulic analysis which applies the potential
solution methods like an FEM, the water head is initially solved,
and then the water storage is secondarily defined. On the contrary,
this model solves initially the change of storage (balance) of an
aquifer in a sub-basin, and the water head is driven through the
relationship between its storage and the head which has been
previously defined (refer to Figure 2.1 shown later). This
methodology is the most particularity of the model, and is the
origin of model name.

Groundwater storage is to be taken place in the upper
most unconfined aquifer and the confined aquifers separated by
leaky aquiclude (refer to the Figure 1.3). A storage characteristic
of cach aquifer is defined by Strativity (or Specific Yield) (SY),
and a water head is, secondary, defined from the fluctuation of
stored water in an aquifer.

The balance of storage in an aquifer of a sub-basin is a
sum of the recharge from surface system (RE), the leakance
through the neighboring aquiclude(s) (LR), the inflow (GI) and
outflow (GF) from/to the aquifers in the same horizon in the
neighboring sub-basins, and the draft (DF) as shown in Figure

1.5; Change of Storage = RE + GI - GF ~LR ~ DF.

As the most characteristic point of SSM, as mentioned
above, it requires to define the relation between the water head (/)
and storage volume (g) of each aquifer of each sub-basin
beforehand.

In the case of unconfined aquifer, the initial water head
(z) when the aquifer is empty, and the maximum water head
(hmax) when the aquifer is filled up with groundwater and the
water level can not raise any more because of spring out of
groundwater, are defined at first. When the water head is A, the
aquifer volume at the time is v, and Strativity of it is A, the
relation between 4 and g is defined as:

q =4
1t { (7 S OVl isse ond it =
d=h-z

While in the case of confined aquifer, (z) shall be the
upper limit of the aquifer concerned, it means the water level of
the aquifer when confined pressure p = 0. In this case, the storage
volume (g) is defined as follow;

G S ) s L ) ey

where q,: water storage when h=z

S: Strativity

However,
when /4 < z (the
aquifer is not
filled up) the
relation changes
to the equation

/ (1) shown above.
: These relations
are illustrated as
Figure 2.1.
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Fig. 2.1, Relationship of Storage Volume and Water Head

and (2) above.

2.2. Linkage of Sub—basins
For the surface system, the relation of upstream and
downstream of each neighboring sub-basin must be clearly
defined in advance. The relation shall only be a serial relation,
having no lateral connection, to simplify the model and surface
water flow.

In the case of groundwater system, aquifers in a certain
horizon of all of the neighboring sub-basins, at up- and
down-streams and right and left sides relations, must be
connected. Further in the case of confined aquifer is attached, the



relations of up- and down directions (leak-in and leak-out of
groundwater through leaky aquiclude) should be considered
besides the above mentioned relations. Thus, total six directions
of linkage (connecting system), up- and down-stream, left side
and right side, and upper and lower, shall be taken into the
consideration of water balance.

2.3. Groundwater Flow System

A water balance of a certain aquifer in a certain sub-basin
shall be expressed as a function of “difference of water heads™
with neighboring aquifer in six directions as mentioned above,
excepting a recharge from surface system and a withdrawing from
cach aquifer.

Since all of the parameters on sub-basin or aquifer
structurcs, such as thc conncctions, arcas, distance, thickness,
depth, etc., were defined in advance, the groundwater flow
between the aquifer and the neighboring one can be solved as a
differential solution through Darcy’s Principle when permeability
k of the aquifer or leakance &’ of the aquiclude were defined. In
the case of unconfined aquifer, the groundwater volume g flowed
in (or flowed out) to the aquifer in horizontal direction is
expressed below, using the marks shown in Figure 2.2.(1).
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Where, « in the equation shall be called as “Runoff Coefficient”

of unconfined aquifer. Conceptually, a connecting system of
neighboring two aquifers is expressed to be connected through a
ditch with a width of « and bottom height of z, as shown in Figure
2.2.(1).
In the case of confined aquifer, the ¢ in the same manner

of above but as shown in Figure 2.3.(2). is express as;

g=a'(hy—h;)

(I 0 T A ST S S O LW (-

Thus. a connecting system of neighboring confined aquifers can
be explained as a pipe with the thickness of a”.
While, a groundwater volume lost (or gain) through
leakance is expressed as the equations shown below and in Figure
2:2.(3);

g=a"(h;—hs)
"=kl /B s i 2O (3)

That means, in the same manners with above two cases, those two
aquifers are connected through the pipe with the thickness of a”.

3. PREPARATION OF DATA SETS

There are major three kinds of data sets required to carry
out SSM analysis and simulation. These are the data set required
to construct the model, the data sct required as input data, and the
data set required for its verification. As mentioned above, it is
possible to make analyze through SSM based on the least
minimum data sets in the case of poor basic data availability but
the following data sets are needed in the normal case.

3.1, Data for Model Construction
In general, to identify the study area, to make the
sub-basin division, and to construct an initial solid model, several
data sets and information listed bellow are required:

a) For identification of the area and for plane model;
Topography, geology, hydrogeology, human geography,
vegetation, land-use, irrigation facility, well field,
meteorological station, runoff gage, rainfall distribution,
water resources facility, and so forth.

b) For vertical model construction;

Geological stratigraphy, well and boring dala, pumping
test, water quality analysis, geophysical prospecting,
and so forth.

3.2. Data for Inputs
As normal input data for the model, following data sets are
required to make analysis and/or simulation;

a) Meteorological data sets;
Rainfall (daily basis, as long as available),
(Snowfall and temperature in case of cold zone),
Evapotranspiration or Evaporation (daily or monthly),
Tidal data (depend upon the purpose).

b) Data for current water use;
Current surface water intake data (daily or monthly),
Current groundwater discharge (daily or monthly),
Spring yield (if there are).



3.3. Data for Verification
To verify the model, two kinds of data sets are required.
One is data set required to verify the surface model and another is
data set required to verify the subsurface model. These are;
Runoff records (daily basis, as long as available), and
Groundwater hydrograph (daily basis).

3.4. Output Data
While, SSM outputs runoff and recharge amounts from its
surface system, groundwater levels, groundwater flows, spring
vields, and balance of groundwater storage from the subsurface
system, in daily, monthly and yearly bases based on such input
data sets.

4, CONSTRUCTION OF THE MODEL

4.1 Outlines

After all required data and references, in particular
topographic and hydrogeological data have been collected and
reviews, the target area for the analysis shall be identified, and
then, divided into proper shape and number of sub-basins. The
procedurcs to divide the target arca into sub-basins arc same with
construction of a plane model of SSM. Then, all sub-basins are
given their own physical hydrogeological properties such as a
surface tank structure, an aquifer structure, depth of the aquifer(s),
and depth to the impervious basement. This process is to construct
a vertical model of it.

Once the model has been constructed physically, every
sub-basin is given its own hydrogeological properties such as a
runoff’ coefficient and infiltration ratio on the surface system,
permeability, Storativity, and initial groundwater level(s) on the
subsurface system, tentatively. Then, the surface system (tank
model) is verified through a pattern matching using the runoff
records of rivers running through the target area at first. Thus, the
surface system is to be fixed, and then, the subsurface system shall
be verified through a direct or a passive verification.

In this chapter, the detail procedures to construct the
models for both plane and vertical shall be explained.

4.2. Sub-basin Division (Plane Model)

Primarily, the basin to be analyzed is divided into small
unit arcas called as “sub-basin.” There arc threc types of
sub-basins: a mountain sub-basin which has no groundwater
system, a plane sub-basin which has a groundwater system, and a
dummy basin which is outside of the target area but required for
analysis.

The mountain sub-basin has no aquifer underlain; therefore,
it has only one function to collect rainwater throughout its area.
This is usually drawn by a circle. However, in the case that the
mountain (or bedrock) can infiltrate and contain water, like as a
karst zone, the sub-basin shall be classified into a plane sub-basin
having aquifer system. The plane sub-basins and dummy
sub-basins are drawn by an arbitrary rectangle, sometimes by a
triangle, but their largeness are roughly proportional to their
actual areas. Only the dummy basins are drawn by a dotted line to
make clear they are not included in the study area.

Figure 4.1 shows a sample of sub-basin division . White
arrows connecting two sub-basins show a surface flow and define
their up-and-down stream relation. While, black arrows show
groundwater links and they have two heads because the
groundwater flows either directions depending upon the related
height of groundwater table.

\‘\ g @  :Sub-basin No.

<= :Surface flow
Al : Groundiwater flow

Figure 4.1. Sub—basin Division

Sub-basin division is quite substantial work that severely
affects to the accuracy of analysis. Dividing of mountain
sub-basins can be done simply and mechanically, making all
tributaries into several groups based on the area and the existing
runoff stations. However, the dividing of plane sub-basins needs
to consider about both surface and groundwater systems, and
therefore, all of those: relief, hydrogeology, land use, vegetation,
surface geology, towns/villages, and meteorological stations must
be taken into the consideration, as well as the location of wells
and runofT slations for verilication of the model (described later).
Because of its calculation algorism: calculus of finite differences,
the area of each sub-basin should be of cqual as possible. The
shape of sub-basin is usually rectangle due to casiness of
calculation for the length of sides and area but a triangle or a
polygon is utilized sometimes. Several samples of sub-basin
division shall be shown in the following paper (Part IT).

Each sub-basin has its own arca, XYZ of the rcpresentative
point, an up-and-down relation for surface system, all possible
groundwater links.

43. Aquifer Structure (Vertical Model)

After the plane model has been made up, in other words
after the area has been properly divided into sub-basins, all of the
sub-basins are given each hydrological vertical structure (as a
three dimensional structure). The most simple vertical structure is
one unconfined aquifer system, and in this case, depth to the



impervious basement, Storativity of the aquifer, and each
permeability to all links are to be given.

In the case of multi-aquifer system, aquifers and
aquicludes are to be grouped into some aquifer groups to build up
a simple aquifer model, as shown in Figure 4.2. And the depths of
each aquifer and aquiclude groups, in a certain sub-basin, shall be
defined as averaged values.

(Cocti) Ogura site Joyo site Kugoyama site Yahata site

Unconfined Aquifer

Quatem:

5

H
Upper
Osuka Group

3

wer
Oszaks Group

Fig 4.2. Sample of Aquifer Classification

For the unconfined aquifer, the depth of aquifer is
changeable by water level, therefore, it shall be defined under the
relation with the storage characteristics of the sub-basin, as
explained before. In the case of multi-aquifer system, thickness of
confined aquiler(s), each Storativily, permeabilily Lo all links, and
leakance(s) of every aquiclude should be installed.

5. VERIFICATION OF THE MODEL

5.1. Verification of Surface Model

The model on surface system (Tank Model) has an
elevation and a coordination of representative point, sub-basin
numbers of the up and the down stream together with their
distances by sub-basin basis. Besides these physical data (they are
not changeable unless the model is revised), story of tanks and
parameters of orifices (number/height/coefficient) on the bottom
and side of each tank are to be given. One story tank structure can
be applied usually for a mountain sub-basin at where the bedrock
is outcropped or there is very thin soil cover. When a soil
retention can not be negligible two stories of thank structure shall
be applied. Sub-basin having deep soil cover or thick vegetation
cover is usually modeled by three stories tank structure. These
models are to be constructed at the beginning of work tentatively
based on the topography and geology, and they can be revised
later on the course of verification work when the model output is
inconsistent with the verification data. Parameters on orifices are
also adopted by common-sense values at first, and they shall be
modified one by one on the course of verification.

Verification process on the surface model is to compare
the model output with the observation data (verification data) and
to adjust the parameters of the model when these are inconsistent
cach other, till the inconsistency becomes negligible, called as
“Pattern matching.”™ A sample of the pattcrn matching is shown in

Figure 5.1.
In the figure,
l thin line
' \\ | (pale color)
is actual

Fig 5.1. Sample of Pattern Matching "
observation

data and the thick line is the model output. The process is
so-called “Try and Error” approach and it needs to be accustomed
and patient considerably. In this process, the story of tank can also
be revised if the output is quite inconsistent with the data, as
mentioned before. When a cerlain sub-basin has been verified by
the observation data, the model can be applied to the other
sub-basins having a similar hydrogeological condition. For
sub-basins with quite different condition with such verified
sub-basin and no verification data, the model are to be built up
roughly as the model out put be consistent with the runoffs in wet
and dry seasons by hearing,

5.2 Verification on Groundwater System

In the case of subsurface model, the tank story shall be
determined from the regional hydrogeological condition. It needs,
at least, one story tank for unconfined aquifer (but there is a rare
case it consisted by only confined aquifer). The other stories shall
be built up depending upon the hydrogeology of the site, whether
it has any other confined aquifer(s) below the unconfined aquifer.
Every subsurface tank has a series of physical parameters such as
a datum depth, width of in/out-flow (and thickness in case
confined), which are not changeable. Besides these, another series
of hydrological parameters of a Storativity, permeability for every
link, leakance to aquifer below, are to be given to every tank as
changeable ones. Farther, a volume of current groundwaler
withdrawal is also given as a fixed value, if any.

Verification work of the subsurface model is also a “Try
and Error” approach, checking up the model output (groundwater
table) with verification data (groundwater observation data),
adjusting parameters when they are not consistent, and running
again till they become almost consistent. This procedure is called
as a “Direct Verification™. Figure 5.2 is one of the samples of
dircct verification. In the figurc, a thin and sharp linc is an actual
observation record and a thick line is an output of the model.
Among those parameters, permeability controls groundwater in
and outflows managing water table or head. And, a Storativity
controls a

relation
between the
groundwater
storage and
water table
! (or
piezometric
head), which
managing a sharpness of the fluctuation of water table.
Subsurface models constructed and verified thus are to be applied
to the other sub-basins near around or the ones having similar
hydrogeology. The sub-basins structures applied [rom the other

Fig. 5.2. Sample of Direct Verification



sub-basins shall be adjusted and fixed through checking their wet
and dry seasons’ fluctuation of groundwater table.

5.3. Passive Verification

As mentioned at the beginning of the paper, it is rarc case
that the site in developing countries where need urgent water
resources development project has a complete set of meteor-
hydrological observalion data and groundwater hydrograph for
enough long period . Even in these areas, SSM can build up, not
thoroughly though, the groundwater model though so-called
“Passive Verification.” It can be , therefore, available to analyze a
water balance and to simulate a water resources development
roughly but good enough for an early stage or a Master Plan Stage
water resources development project.

When SSM is applicd in the sitc where has no or a little
groundwater verification data, SSM constructed physically based
on its hydrogeological condition shall be given common-sense
values to all required parameters and for initial values at the
beginning and run to check the output. And at first, the parameters
are to be adjusted as the model output fits to the groundwater
table at the time of study (measured in time). Then, the model
shall be run as long as possible (more than 10 years at least) and
checked the model output, groundwater table, whether it is
fluctuating within the range between the most high and low water
tables examined beforehand in the field. If the groundwater table
of the output has run off the range, upper or lower, the parameters
must be modified until the output goes fluctuating correctly
within the range. When the precipitation data are too short for the
observation period, to build up a long series of precipitation data
by repeated use of the actual record but properly and randomly
weighled is one of the countermeasures Lo increase model
accuracy. Of course, the subsurface model verified thus shall be
less reliable than the one verified by complete verification data,
but it can embody the groundwater system almost exactly.
Because, if the permeability of a certain groundwater link was set
(in the model) a little lower than the actual value, the groundwater
level of the sub-basin goes up and results water logging after
enough long time, and on the contrary, if the permeability was set
only a littlc higher than the actual valuc, the groundwater level
goes down and results empty of groundwater in the sub-basin
after enough long period. The method to verify the model through
the procedure called as “Passive
Verification.” This is quite effective to analyze water balance in
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the site where has a little basic hydrological data, in particular in
the site with poor groundwater data. Figure5.3 shows a sample of
passive verification. The figure indicates the model outputs
(simulated groundwater table) on 45 sub-basins, and among them,
only 5 sub-basins have verification data. However, that the model
outputs for the other 40 sub-basins without verification data keep
reasonable groundwater level and indicate also reasonable
fluctuation in wet and dry seasons for 40 years means the model
can behave as if it is just real groundwater system with
considerable reliability.

6. GROUNDWATER ANALYSIS THROUGH SSM

6.1. Outlines

As mentioncd above, when a target arca has been divided
into proper sub-basins and both surface and subsurface structures
(models) of every sub-basin have been verified, directly or
passively, the model can output just current water balances for
surface and groundwater systems. And when the current water
uses have been taken off from the model, it can output natural
water balances for also both systems. Based on the natural water
balance condition, a water resources development potential is
easily estimate through SSM.

In the chapter, the evaluation of water balances for both
surface and subsurface systems, and the estimation of water
resources development potential through SSM analysis shall be
described.

6.2. Water Balance Analysis

In case there are enough verification data the model can be
verified by a Direct Verification, and in case there is a little data,
the model can be verified through a Passive Verification as
mentioned before. In any rate, when the model has been verified
and fixed a comprehensive water balance of the site has been
obtained simultancously, and a water resources development
potential can be cvaluatc conscquently. SSM makes not only
simulation of groundwater table but outputs precipitation,
evapotranspiration, surface in/out flows, groundwater recharge,
groundwater in/out flows, groundwater storage, current intakes
and groundwater withdrawal (if any) for every sub-basin basis in
yearly, monthly, weekly, and daily basis. Current water balance
can be obtained through summarizing those outputs in yearly
basis, taking an average for several years if required. And, the
water resources development potential in the future can be obtain
through taking off the current water uses (for both surface and

groundwal.cr) Rainfall Evapotransoirution
from the ' {220 L —
funofl  and
l.hc ( Avsilable watar = 100+2,100+1.200 = 3400 mam/y
dwate N Racher T&_
unawater
e —
recharge. Aok | 1 =D
Figure 6.1 Groundwater System Pumping o
/
o a R 2700 | Avelabls water = G00+2.700/3 = 1,500 mem/y
A 700
-
sample of o
comprehensi g

Figure 6.1 Sample of Comprehensive Water Balance



ve water balance analyzed thus. The analyzed site was in a zone
of karstic limestone, and therefore, rainfall is easily infiltrating
into the ground but also casily coming back to the ground surface
forming springs everywhere. Easily readable from the figure, the
water resources development potential in this site is 2,000
MCM/a, that is, the amount of remaining of pure groundwater
recharge (recharge — spring up) minus current intakes/withdrawal
and supplementation from the basic groundwater storage. (3,800 —
1,200) — 600 — 700 = 2,000 MCM/a.
6.3. Groundwater Resources Development Potential

In the case of groundwaler system, a waler resources
potential has two meanings. One is the total volume of existing
groundwater contained in a certain basin or area, and it is a quite
huge volume because the total thickness of all aquifers sums up,
usually, to vary large amount. Another is theoretically available
groundwater volume every year, in other words, it is a renewable
groundwater and almost same meaning of the total of yearly net
recharge and groundwater inflow at a certain basin. Both of the
groundwater volumes are estimated through SSM simulation
study as explained so far.

On the other hand, a groundwater resources
development potential has rather restricted meaning that the
groundwater volume which can be developed safely for long
years, in other words, it is the water volume available for a
sustainable groundwater
development. Even
though the renewable
groundwater, it can not be
utilized fully because it
contains resources for
springs in downstream,
and some parts difficult
to develop practically.
Then, the groundwaler
Fig. 6.2 Groundwater Development Potential resources development
potential also has two
categories: the total development potential and the volume
excluding the groundwater volume already utilized for every
purpose. These concepts of groundwater potentials are simply
illustrated in Figure 6.2.

Groundwater resources potential is rather easily estimated
through SSM simulation, as cxplaincd in the previous scction.
However, the groundwater resources development potential is not
directly calculated from the simulation but it needs farther

e Existing groundwater
(Groundwater storage)

consideration.

6.4. Application of SSM

As mentioned in the beginning, SSM has been developed
in tight relation with an underground dam scheme. Therefore, the
model has two major functions to treat a two-phases density flow
to analyze sea-water intrusion and to evaluate a cutoff’ wall to
analyze an effect of underground dam. Farther, SSM can be
utilized with other established simulation models because it can
offer adequate boundary conditions required needed for the
models, such as Modflow or Modpass.

7. CONSIDERATION AND CONCLUSION (ON PART I)

7.1. Merits and Demerits of SSM Analysis
SSM has several merits as listed below, and these are quite
useful or convenient to analyze the comprehensive water balance
in the developing countries, those lack or have too short
hydrogeological data or records.

a. The model demonstrates a natural hydraulic circulation such
as rainfall, cvapo-transpiration, runoff, soil rctention, and
recharge honestly, so it is easily understandable.

b. The model can analyze water balances of surface and
groundwater, in the condition of minimum available data
sets using “Passive Verification™.

c¢. The model deals the target arca into arbitrary sub-basins, so
it can divide and treat the area into preferable size of
sub-basins in accordance with study purpose.

d. The model has a function which can express the spring
phenomena, in relation with the groundwater elevations, as
quite important in the groundwater balance in the karstic
zone.

e. The model has a function which can express a tunnel or
canal that conveys water from a certain basin to another
basin, so it can easily calculate the water balance including
artificial canal or tunnel systems.

f. 1t has strong pumping simulation function, so it can make
any stories of future pumping simulation.

g. The model has a function of underground dam simulation,
because it has been developed for, and it increases the
possible strategies for the water resources development in
the future.

h. The major outputs of the simulation are estimations such as
rainfall, evapotranspiration, runoff, spring out, etc., in each
sub-basin, at daily basis and for any years, if the rainfall data
is available.

Those are some of the merits of SSM simulation, and the
rcason why the modcl was adopted in most of hydrogeological
studies. On the other hand, SSM and its simulation have also
demerits. These are mainly for methodology on operation and
structures, such as:

a. The number of sub-basins has practically a limitation. One
or two hundreds of sub-basin divisions shall be the
maximum from thc procedurcs of sub-basin by sub-basin
verification.

b. Verification of the surface system is a pattern matching
between actual runoff records and model outputs through
tank model simulation and this is a kind of trial and error
approach. It needs some patient works and scnse to obtain
smooth and good results. Some users do not like these
procedures.

¢. Verification of the groundwater system is called “Direct
Verification” and it is also a pattern matching between the
model outputs and actually observed groundwater
hydrograph. And, this procedure has the same problem
mentioned above.

7.2. Applicability of SSM
It is just an urgent issue in the 21 Century '?. In particular



to the people living in the developing countries in arid or
semi-arid zone, water is the most primitive and indispensable
resources for live. To develop the water resources for the people
is one of the most urgent and important obligation of Japan
through the basic concept of Japan’s ODA; Human Security.
However, there used to be a difficulty to plan up such water
resources development project, that is, a lacking or shortage of
basic hydrological data because of social, economical, and
technical problems in these regions or countries.

In the region where surface water is available the people
utilized it since long times ago and the data on river flow arc
rather casily rccorded and storcd. For groundwatcer, the pcople
used it also through the history but it was not easily done to
measure groundwater table and record. Recently, it becomes
mostly common-sense that the time series observation data on
groundwater table is indispensable to estimate a water balance of
the site and/or to evaluate a water resource development potential.
It was, however, rather difficult to measure groundwater table
exactly and periodically for enough long period because it needs
considerable manpower and technique, together with a lot of
money.

Even in the countries developing and in and or semi-arid
zone, however, it is rather rare case there is no hvdrological data
(there is not such country by author’s experience for more than 30
years). OQutside of their observation density, contents, or accuracy,
there are several meteorological stations in every country and
they continue (o observation of rainfall, temperature, and
evaporation polential at least, in most of the cases. In the
countries having perennial rivers, runoff records of the rivers are
taken in almost all of the cases. And, if there are any observation
records on precipitation and evaporation for a certain period, and
runoff records in some stations in or near around the study area,
water balances for both surface and subsurface and/or a water
resource development potential can be analyzed or evaluated
through SSM.

7.3. CONCLUSION

In the paper, SSM has been introduced and explained its
structurc and functions. Then, the paper showed how it can be
applied to formulate a water resources development plan and to
analvze or evaluate a water balance and a development potential
in the area with poor basic hydrological data availability. The
authors have ever suggested that there are several ways or
methodologies to build up a water resources development plan
even in such disadvantaged arcas on the basic hydrological data
accordingly to the condition, e.g. reviewing the potential on the
analogy of general hydrogeology or large inter-basin aquifer,
referring to open data-base or information through the internet,
etc. However, we believe the SSM is one of the most effective
tools for farther promotion on water resources development
projects in the countrics with poor basic hydrological data
availability.

(R 20054E LA 10A)
(FREs3 200542 H 9 R)
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Abstract

Japan International Cooperation Agency (JICA) has just agreed on the technical cooperalion belween the Colombia government
to formulate the social development study of “Sustainable Water Supply for Bogota City and surrounding arca based on the
Integrated Water Resources Management”. The master plan study will have focuses on 1) securing the safe water supply for
the poverty reduction in the highland areas, 2) human security and disaster management in water supply sector, 3) environment
conservation and sustainability, and 4) crisis management and institutional building by taking into account the promising
groundwater development potential of Cretaceous sandstone aquifers in the eastern mountain rims of the Bogata city. This
paper introduces the present status of water resources and supply system in the Bogota City and surrounding area to secure
sustainable and safe water supply in a framework of integrated water resources management

Key words : water supply, water resources management, groundwater, Cretaceous sandstone aquifer, technical cooperation
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