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ABSTRACT, 

YI3RID COMPUTER SIMULATION OF GROUNDWATER REGIMES 

by 

Bi Huei Wang and J. Paul Riley3 

A computer model is described which, simulates the response of 

the groundwater table to various rates of input and abstraction. The 

model consists of two linked submodels each of which simulates the sur­

face and the groundwater system, respectively. The surface submodel 

consists of mathematical expressions for the various processes of 

evapotranspiration, surface runoff, infiltration, and percolation which 

are functions of the soil characteristics, crop-pattern, and topography. 
Basic input data are precipitation, temperature, and irrigation and 

drainage rates. The groundwater submodel simulates the fluctuation of 

the groundwater table as a function of effective percolation and aquifer 

characteristics and is described by a two-dimensional second order 
partial differential Pqiiaticn of parabolic type .rth Dirichlct type bound­

ary conditions, The partial differential equation describing the ground­

water system is solved by the numerical alternating direction method. 

The application of the general model to a particular area is described. 
A grid is superimposed upon the study area and at each grid point the 

effective percolation rate to (or withdrawal from) the groundwater table 
is sicnulated. Calibration is accomplished by using a period of reliable 

data to identify the model parameters. Groundwater responses under 

various agricultural management alternatives of cropping and irrigation 
are predicted. 

1The work described herein was financed by the U. S. Agency for 
International Development under Constract No. AID/csd 2167. The pap-. 
er was prepared for presentation at the Fall Annual Meeting of the 

American Geophysical Union in San Francisco, December 1971. 

,Research Assistant Professor, College of Engineering, Utah Watr 
Re'osearch Laboratory, Utah State University, Logan, Utah. 

Professor, College of Engineering, Utah Water Re'search .Labor. ­
tory, Utah State Universi.ty, Logan, Utah. 
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Introduction 

Over'rr4gatron of low-lying flat lands often results in excessive 

build-up of groundwater tables which are undesirable in many cases. 

The purpose ofthis study has been to investigate the'response of the 

groundwater table to the rates of water supply and drainage 'for an area 

near the coast ot northwestern Colombia, South America, and thereby 

to provide information for the optimal design of irrigation and drainage 

systems for the area.
 

The study area includes approximately 300 km and has as its
 

boundariesthe Magdalena River 
on the east, the Canal' del Dique on, the 

south,- the Guajaro Reservoir on the west, a hillfand region in the north 

as shown in Figure 1., In general,, the land.surface slopes slightly from 

the boundaries toward the center of the area, and there is no surface 

drainage from the area. Vegetative cover is largelynative at the pres­

ent time,- but will be replaced by agricultural crops as a result of ex­

tensive agricultural development being planned. 

-The groundwater storage beneath this area is recharged by lateral 

groundwaterin flows from the river, canal, reservoir, and mountains 

to ,the north, andby deep percolation from the land gurface during the 

wet, season when precipitation exceeds evapot ran spi ration. Extractions
 

frumr-the groundwater storage 
occur mainly as transpiration by the native 
- phreatophytic vegetation. This tran spiration by phr eatophytes together 
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with evaporation from the soil surface maintains the groundwater surface 

at an average depth, of approximately 10 meters. Substitution of these 

native phreatophytes by shallow rooted agricultural crops will undoubtedly 

reduceextraction from the groundwater storage and, therefore, cause the 

groundwater table to rise gradually. Furthermore, cultivation of agri­

cultural crops requires, irrigation, and the excessive irrigation waters 

percolating downward will also accelerate the rise,of the groundwater 

table. The response of-the groundwater table to the reduction of native 

phreatophytes and application of irrigation and drainage systems, there­

fore, needs to be studied in the planning of agricultural activities for the 

area. 

Theoretical Consideration 

Attempts to describe the flow of water in natural soils often result 

in athree-dimensional partial differential 'equation of the parabolic type 

which is extremely difficult to solve. The present study, therefore, -in 

attempting to simplify the problem, subdivided the system under consid­

eration into'two subsystems--the surface and subsurface subsystem and 

the groundwater subsystem--as discussed in the following paragraphs. 

The surface and subsurface subsystem. This subsystem considers' 

the water supply, drainage, evapotranspiration, infiltration, soil mois­

ture storage, and percolation processes linked by the equation of contin-

Uity. A schematic diagram of the subsystem is shown as Figure 2. Def- -' 

Inltions of the component processes in the subsystemare 'asfollows'' 
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PPT* 

rrTt SOIL,
PP'pT-lt CROP 

'go Wg = Wgro+ pp-T+ 

w r O W g r  ~ - FrRv E 

M s = M".oMso s-oET 

I DP-PMP +EPMp) E Tg 

. See Appendix I for notation 

Figure 2. -Schematic Diagram of the Surface and 'Subsurface Subsystem. 



"Water' Supply;. Total water supplied to the ground surface is 

defined by the sum of precipitation and irrigation which is a function 

ofsoil and crop pattern. 

Drainage: When the, rate of water supply exceeds the rate of, 

infiltration, the excess water begins-to move along the ground surface. 

With' respect to a particular point in the area, the Irate of drainage it 

any time may be positive or negative depending on the topography. A 

topographicparameter which indicates the drainage or collection of 

water as introduced to characterize the movement of the excess water. 

Evapotranspiration: There are numerous methods available for 

.estimating evapotranspiration. As the result of a careful survey of 

these methods in the light"of available data, the following method was , 

considered appropriate for the present study. 

ET 'K EV a'(i)00 
P. p 

in which 

ET' =- rate of, potential evapotranspiration 

EV = rate of class-A pan evaporation, 

K = an experimentally determined coefficientwhich is dependent 

upon crop species and growing stage ' 

,Theactual evaporation is usually lessthan the potential evapotran-', 

spiriation'when soil moisture is limited. ,Many,approaches have been', 

proposedeby different investigators to relate the rate'of actualand 
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potential evapotranspiration to the soil ixmoisture'as shoNn in Figure ,3 

/(Hagen, Haise, and Edminster (1967), page 5 5 8)., 

The relationship described by the'-line F was"accepted'for the 

,present study. In mathernatic'aI form, this relationship' can be written 

ETa-ET' M >Ma -p' s-, es 

m M ... ,2P'Sees wp 

a. ' ~.. wp 

Infiltration, "Soil ,Moisture, and Percolation: Infiltration is the 

passage of water through the ground surface into the soil and percolation 

is the downward movement of infiltrated water, through the soil. There 

are numerous expressions to predict infiltration and percolation. The 

Darcian-based equation which describes .vertical flow of water in a 

partly saturated porous medium constitutes a sound model for simulating 

the processes; but'for the area under study, sufficient data-were not avail­

able to properly ,define the hydraulic conductivity vs., soil moisture and 

the moisture diffusivity vs. soil moisture relationships -nvolved injthe 

.equation. A less sophisticated but practical method used-by Riley,.' 

Chadwick, and Bagley (1966) was, therefr'e , accepted for the present
 

study. This method is as follows:
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-A. Velhmeyer and Hendrickson (1955)~~A , , "
 
1.0A 

B. Thornthwolte and Mother, (1955) 
F 

C. Havens (1956)
1 D, 

D. Pierce (1958)
B1 CE 

.- " E. Penman (1949) and others 
I Actual Soil Moisture 

0 

I Mcs Soil Moisture Holding Capacity 
Me$ Minimum Soil Moisture for 

Evaporation at Potential Rate' 

Ms Mes M MwpM Permanent Wilting Point 

Ms Mod Oven Dry Soil Moisture 

Figure 3. Proposed relations of ET./ETp vM s
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F =W W' < R 
gr gr tr 

" =Rt W > Ri" (3): 
.'r, t gr-IItT_ 7 

in which, 

F is the monthly infiltration, R is a threshold value with 
tr 

all available' water in excess of this quantity being assumedto'comprise 

surface runoff for the month, ,and W 
grr 

isgthe quantity of wafer available 

.at the soil surface during the month. 

'Based on this method, it is assumed that the infiltrated water 

satisfies the soil moisture deficit before any, percolation occurs. When 

the Soil'moisture reaches field capacity, additional infiltrated water 

peicolates to groundwater storage. 

The groundwater system. Considering a three-dimensional, 

element of a homogeneous isotropic unconfined aquifer as shown in Figure 4 

and making the Dupuit assumptions, Darcy's law for the groundwater 

flow in the x aud y directions is-given by, 

U -k s , . * • . • (4) 

and 

in which, 
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u, v = tlie' eepagc 'velocity in the x a44d y, direction*, r'espectively'
 

k hyd'raul.ic 'conductivity; of the sil-' ,
 

h = depth from the impervious layer to the groundwater surface,
 

'Bycombining Equations (4) and (5) with the equation'of continuity,­

tbe following equation res ults 

+h h" 21 6hz,,h,=.... (6)S C) h;2 ;oZ + k TOt •" 

in which 

I' = rate of.net vertical recharge per unit area 

T,: transmissibility of the aquifer 

C '=effective porosity (or specific yield) 6f,the aquifer 
Expanding Equation (6) and' negleting the terms and 

(5)2 'the following equation is obtained. The justification for 

6h 2 d)h)2
neglecting (wxx and (377 was examined by comparing the numeri­

cal values of different terms in the expanded equation based on the 

available groundwater table maps for the area.' 

2 2 Y 5 

ox dy, 

This is a linear 'partial-differential equation of parabolic type. 

To solve the equationAthe numerical alternating direction method 

discussed by Peaceman and Rochford (195'5) was considered appropriate.r 

The method, as,for other' difference methods; approximates thepartial, 

http:hyd'raul.ic
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differential equation of tho problem and its boundary'condition, by, 

,equivalentdifferences except-that finite differencel'operators arc applied'
 

twice for each-time step. The difference,equatibn for the',first half-tine 

,step is implicit only in one' direction and that for the second halfItinie 

step*'is implicit only, in'the,other'direction.' In difference form, 

Equation (7) can bewritten, as 

hi. h. 2 * n . 
[A6x , 6y[ ,8 

h.nl -'h.i L
 
2p,2 T' [6'.x12 h.,~ * 5 'Z h. n+l."+ 21 (8b) 

in which the, b s denote' second central' difference operators. Written 

= 
out in,full and rearranged, with,Ax' = Ay, these equations become:
 

TX * TX~ 
-~h hh.+lt)


" hi-, j ,1 c ) jI 20 

I T ",n: "'/'T? '" "n " 'h, n t
' .T? " A', ,
 

(9a ) 

TV&- n+l' Tk n+ T n+l-h,j-l- ' - - i,).Z jh 

*7 TA~ At'.h+( ---) h.. ' + -,h, , +' 
-'I' e j, 

* ,'. . . . (9b) 



2­in which h - At/(Ax), 

Incorporating boundary conditions, with irregular' boundaries as 

shown in Figure 5(a) through 5id), Equation (9a) becomes 

TA-) .	 h -- hp JIBj l IB+l,j -p(l+p) p 

TA n TA n n+ Cq~lq)(lQ--)h) 	 +B- hc hQ + -qhiB, j, .. (l+q) IB, j+l,. 

+ At 	 for i = IB 	and boundaries (a) and (b) respectively 

TA 	 Tx~ TA~ TA9 n2i-V +( G ),j "2h +l,j C hi,j-'l 

+n 	1 h +T I for IB< i < ID 
6 ~~ 26C~ ij+l 26E~ 

-- hi-( ID-lj + (1+ +r' 	IDij 7,er(l+r) R 

Th n TA n TA n+ 	 s(1+s)- . +hlG )h + -hSs I +(l+s) ID,j±l 

+A for i = ID and boundaries,(c),and (d) respe'ctively 

* * 	 * * * .(l0a) 



x 'II 
j)
pqt~x , ­

S(RIB,i) (IB+,j) P 
,Axqtx 

(IB,J+1) , 

(.)"'- '(b) 

________ (IDJ.-)_ 

SAX rAx
 
s X R (ID-1 j), (ID,j) " *(ID-1,j) .(ID,j) ,. . " . " " 

D 1 . s(IDj1 R 
_ _ 

Figure 5. Irregular boundarie s,. 
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Similarly, Equatibn (9b) because 

G(A1 n+l hW +n+l, TN~ hn+l+)(1+s) 	 i, JB sl+s) s 

t 	 . * + (* + h , 
er~l~r)Rr- )I;JB, E:(+r) i-l,JB-

At
S, 	 i,JB: ,-for j = JB and boundary (c) 

TA n+l *T? 	 n+l, TA__ n+lqe 	 , M ' E,(l+q) JB+l - eq(l+q) Q 

+ T? h +' A h. • + h.ep(l+p) P *-ep ,JB 6.(l+p) +1, JB 

At

2+ , JB for j .= JB and,boundary (a)
 

- ."+() -	 - ./T n'1',, 	 ni+zx TX+l, 	 n+l 
-, 	 -l- CE 2 ,j Z i, j+1 

Zei . 1l-jh. +- JZ"-li, 1J 2 hi+l<j iD 

f 	 'ior,' J <,j <JD 
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-n. "1TVX nl ./T '+l 

h1 + ,,+, h = 1• 

7S 

r:cr+")-,r iZ,JD " (lr)i 

,,At 
' i JD for,. 'JD and boundary (d) 

_ b n+1 T7% h n+l,,, TA" ' h n+l 
'(1+q).iD- . q i,JD = q(1)+ 

+ b +l- h.+­Ep(l+p) P Ep iJDh l+p) i+l, JD', 

IA = JD and boundary (b)
 
ZE iJDfo
 

(lOb) 

Computer Implementation 

To examine the spatial ,variation ,aswell as, the time variation of 

the "various processes -inthe system, -,theIstudy area was represented by 

a quare grid.system with' ' grid spa'cingof 625 meters aslshown in 

Figure 6. The mathemati.al m odelsfor both the surface and subsurface 

subsystem andthe-groundwater, subsystfem were then programmed,'on an.-
EAI 590 hybrid computer for'rapid operation. 

For each of the grid points, the effective percolation to or abstrac­

tion,.frdm the groundwater during each time increment is siniulated~by the 

http:mathemati.al


I 

T2 

5 9 

Z 

13 

1a-T 

17 

I 

IV N T 

21 

I 

29033 

L-_ 

37 

I 

EL LIMON Ii t, 

5 3 
_ -

FIGURE 6. i"%Ie 
I~l 

-

-

GRID SYSTEM FOR THE ---
STUDY AREA, 

*NATLANTICOCOLOMBIA 

30-

... 

10 

a 

j, 

25 



16'
 

surface and subsurface submodel as a function of the other processes in: 

the subsystem. This simulated quantity (either positive 6i negative)'at 

each grid point is then fed to the groundwater submodel to simulatetIhe 

groundwater table fluctuations. The Dirichlet typdb6undar.y condition 

for the groundwater submodelwas properly defined on thebasis of the. 

available'data fjor Magdalena River, Canal delDique, 'andGuajaro Res­

ervoir that formi'the boundaries of the area.-

The input data'for the surface and subsurface:submodel include 

,precipitation, temperature, class-A pan evaporation, soil type and the 

corresponding crop pattern.in terms of crop consumptive use' coefficient 

and irrigation requirements; groundwater drainage rate, soil moisture
 

holding capacity, initial soil moisture' and swamp storage, phreatophyte 

and cropdensities, and a topographic parameter discussed in a previous 

section. The output includes total'evapotranspiration,, groundwater 

extractioh'by phreatophytes,' soil moisture, swamp storage, 'and 

effective percolation. 

The input data for the groundwater submodel incude, in addition. 

to the, effective percolation or abstractions generated by the surface and 

subsurface submodel, the initial water table, -water table along the 

boundaries at different times, and the transmissibility 'and specific 

yield of the aquifer. The dutput of the submodel includes the height of 

groundwater surface above the impervious datum for.,each grid-point at 

various times. 

http:pattern.in
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Both the surface and subsurface submodel and the groundwater 

,"'submodel are calibrated over a.period of'time in which reliable observed 

data arc available to' identify-the model-pararneters, particularly the' 

transmis sibility;and specific yield of the 'groundwater aquifer. 

Management Study 

'Based on the soil, land classification, and climatological data, 

certain land use patterns were assumed. These patterns and the corre-

Ssponding consumptive use coefficients and irrigation requirements for 

each major class of soil in the area-are shown by Table 1. The density 

of the native phreatophytes presently varies from 50 percent in the south­

eastern part of the area to 20 percent in the northwestern part of the area. 

To investigate Lhe response ofthe groundwater table to the reduc­

tion of native phreatophytes and the application of irrigation water, the
 

model was first operated by assuming that the native phreatophytes are
 

reduced by 50 percent, that crop patterns are as those in Table 1, and
 

",that no 'artificial subsurface drainage exists. Figure 7 shows the' simu­

lated groundwater table for the area under these conditions at the end of 

a period of six months. , This figure suggests that'under the conditions 

assumed the, groundwater table would build up quickly to the crop, root
 

zone,
 

To'estimate the rate of drainage required to prevent the ground­

wbter t'able from excessive build-up, several drainage rates were as­

Suredand'the model was operated for each assumed The assump­rate. 


tion of an average drainage rate of 12 cm per month for the entire .area',
 



Table i. Crop-pattern, Crop-coefficients,& Irrigation for Different Soils. 

CROP-COEFFICIENT,CROP-PATTERN, WEIGHTEDSOILSOUP ITEM CROP AND IRRIGATION RATE 

i J F M A IM J A S 10 N D 

-I 	 CROP CITRUS 

PATTERN PEANUTS - -2I95
MAIZE ............................
 

CROP

COEFF. 	 .65 75 .55 .60 .45 .60 75 .60 .60 .60 .60 .50 
IRR. 	RAT' 112 112 90 45 60 60 60 60 45 60 60 60 

2 	 CROP COTTON 
PATTERN SORGHUM -- . 
CROP 
COEFF. .70 .50 .20 .20 .30 .60 .90 .60 .40 .65 .90 .90 

90 	 112IRR.RATE 	 112.90 0 0 45 60 60 60 60 60 

3 	 CROP
 
PATTERN GRASSES -


CROP
 
COEFF .80 80 .80 BO .801.80 .80 80 .80 .80 .80 .80 

IRR.RATE 90 90 90 75 60 60 60 60 60 60 75 90 

4 	 CROP
 
COEFF. BARE
 
IRR.RATEJI SOIL .15 .15 .15 .15 .20 .20 .20 .20 .20 .15 .15 .15 

0 0 0 0 0 0 0 0 0 00 	 0 

In mm/month., irrigation efficiency =0.6 
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resulted in the groundwater table maps shown in Figures 8 through 12. 

The groundwater surface profile along section A-A in l.s•Figreshown 
by Figure 13. Under the assumed groundwater dranage rate,*the water 

table apparently would tend to stabilize at a level which would b'e suitable 

fr 'Satisfactory crop growth. 

Summary and' Discussion 

,The response of the groundwater table of a low-lying flat land to 

-the climate, crop pattern,..irrigation, and drainage was investigated by 

'a technique involving the computer simulation of the hydrologic and hy­

draulic processes. , 
 By'means of the model responses of the system to 

various land use and water resource management alternatives were' in­

vestigated. Result suggested that the raodel, which is generally appli­

cable, is capable of establishment of a sound development plan for the 

study area. However, the're was only three years of climatological rec­

ords available at the time of the study, and on the basis of these short­

period-records, climatological ,data were assumed forlonger periods, 

to study the long range behavior of the system. For a more reliable 

prediction of the system behavio r, collection of the climatological data 

should be continued- and analyzed for a longer,period. At'the time of the 

donly oe year of groundwater data were available in the formof' 

groundwater table maps with a three-month time increment. These data 

were used to calibrate the model and to identify the model parameters, 

such as the transmissibility and specific yield of the groundwater aquifer. 

As additional groundwater data become available, further calibration of 

the model should be made to improve the reliability of the predictions. 
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In the initial management study reported here, a uniform rate of, 

pumped drainage was assumed forthe entire area and'period of study. 

Thi, assumption,,islikely not the most optimal pattern and :schedule of 

drainage and the studies are now being made which include various corn-, 

binations of:gravity and pumped drainage systems. 

In general, the computer model applied well to the particular prob­
lem under investigation. Because the model is based on fundamental 

concepts, it is not'restricted by 'geographic limitations, and would apply' 

equally well-to many problems of similar nature. However, certain mod­

ifications would be neededfor areas where homogeneous and isotropic 

,groundwater aquifer, conditions cannot be assumed. 
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Appendixc 1. 

Notation:for'Figure, Z 

DPde epp.er"coliati on 

ET, 'evapotranspiration'from unsaturated sbil 

ndwater,,
= evapotranspiration from grp 

EV:P pan evaporation 

F =infiltration 
r 

I effectivepercolation 

Is interception storage 

i interception storage capacity. 

I - interception,
 

K = crop consumptive use-coefficient­
c 

Kg -phreatophyte consumptive use, coefficient, 

M = soil moisture holding capacity, 

M = soilmoisture storage 

,M = initial soil-moisture' 
,so 

PMP = pumpingdrainage 

PPT, 	 = precipitation, 

= surface water collection 

Gddr' - surface drainage 

R = infiltration capacity 

TP'p topographic parameter 

W = total water supply to ground.surface 

W gro = initial water supply to ground surface 


