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. ATLANTICO PROJECT 3

Hybrid Computer Simulation of ‘Gfound Water Flow Field

‘1. ,Assumptions

[

1. Isotropic unconfined‘aquifef. ‘

2. Homogeneous porou; np‘edi;.:

5. Flow lines horizontal. |

l%. -Uniform‘ vélocityl over d;pth of flow proportionalto; the s)lope of
the ground water surface (Darcy's Law).

SI. Cé)mpressi'bility effec;ts neglected,

6. Present ground water levels assumed steady state.

2. Equations
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.= height of water table above impermeéble strata,

1 h =

x & y = coordinates in plan.

I = netinput or oﬁtput to groundwater system.

k = permeability (or hydraulic éqnductivity). ’

S = storage coefficient

T = transmissivity = k h,
(B). 'az(hl) , ,az,(hl) eI o 8h,
_ B3 ayz ST ot
~_._N_¢”\'_4_:- (.;Fi\?)" dnd(%b.y)z' ave ncylwfefl in above eciu&h'on

t
!’ \ PERVIOUS, __l

IMPERVIOUS,

Equation (A) is an exact equation in that no terms are negiected '
in “it'sr derivation. It has the Flisadvantage however in tha‘t thex:e’ is a loss.of
accu‘racg;, particularly for d.eep aquifers, due to analog scaling probferpé.
Th;s difficu?.ty is o;'ercéme in Equation (B) by measuring the water table
ﬂu,ctua?ic‘n;zs 'er;n a datum at a fixed height above the impermeable layér. x

In~t1‘1ia',\wa.y,the’fu11‘dynamic range of the analog computer can be utilized.



.3. Hybrid Computer Solution of Equation (B) ‘

. By using central finite diﬂerenées Equation (B) can be expressed in the

‘form:
dh). 4 {[?‘i-l,j,n‘”hm,j,n*hi,j-'l,n+hi,j+1,n"4hi,j.n] R 1}
=5 : z T T
& " 7S T
where h, etc. are as shown below .
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*The ground water flow field is represented in plan by a gnd network

i

and a solutzon (h vs. t) is obtained at each grid point thh an analog cell

»

sharing technique. The error between successive h vs; t curvéa at each

point is measured and a solution is 6'btaiped¢ when this error (Eez) becomes

‘less than'a given tolerance,



¢. Scope of Present Studies

. As a first hpp:coxjmation the project area has been represented by

a rectangular grid as shown:

1

R. Magdalena \\-

T | \

Boundary conditions
assumed constant at 100.0 m

— Canal del Dique

"
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Ax = 2000 m,
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~~— r—"\l | Section A-A
‘Present.ground water levels (aséumed‘
steady state)
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Studies have been carried out to investigate the effect on the ground water

levels of net coxistant monthly inputs (deep percolation)’,orv outputs (evapo-

-

-transpiration) at each grid point. The results for a. perio‘d‘of 1 yeé.r'aré

shown graphically; in Isfig. 1 forr Sgctior; A-A,

These show clearly a linear.relationship between I and h (see Fxg 2).
The steady state.condition was not obtained in all cases and the time to reach
steady state will be the subject of further irgvektigation. It is yinteresting to
note that the approximat.e Equatior; 2 gives values which closely agree with
Equation 1 except where there is a rapid change in the water tablé levels and

2 2
: dh dh .
the terms ( o ) and (Ty-) become appreciable.

A hybrid program has also been prepared to compute the monthly

met input or output at each grid point of the groundwater system. These
input/outputs have been coinputed from the following basic data: precipitation,
pan evaporation, assumed irrigation and crop density.

Further Work

In the near future.the storage capacity of the digital computer will
be exp‘anded £.rom 8K to 16K. This will make pos sible’ the following refinements
to the present model. |
a. A larger rlum'be: of grid ﬁoints with,va.riab'le inputs at each node
to represet;t mc;re closely the areal vaz"i'atiom‘s in vegetation, etc.

In addition a triangular grid layout may be used to gi(re an improved

areal representation.



- b, ‘\}ariabie boundary conditions.
c. Modeling of grour;dwat;er movement within the unsaturated zone,
d. Sensitivity te.s'ts will be carried out to investiéate the influen;':c
of certain parameters and various management alternatives will
~+be studied as detailed on Pages 3 and 4 of the attached statement,

6.’ Additional Data Requirements

On the basis of simﬁlation tests already conducted, the following
additional data would be desirable in order to improve the existing model.

1. Monthly precipitation and pan evaporation for the existing climatological
stations. A sufficient number of climatological stations are needed to
accurately _n"xf)n’itor the precipitation and evaporation within the area.

2. Areal -distribution of various crops and vegeta.tioxy 0/5.0 roor- 0//&” ” %.”’"’; 2

Perrereg /i, Sp/ .)

3. Monthly irrigation applications.

4. Values for permeabiﬁ;:y and storage coefficient from pumping tests on
wells.

5. Aquifer thickness.

6. Mean rfxont}ﬂy water-levels for R. Magdalena and Canal del Dique.



S T | |
hiw] . « | | |
t (’ - z
\ L _{-279‘»{" NOW Equvﬁon( | Y rootin/rtt
o4 ] = —— === _.;.21:.. month == .
‘ ' 7 f / fie.+ Uy NG
D ) ' l "-o‘o,’alh’ﬂb“ ‘
tof 1. “th.
*0-05“("0
100:0m
e
\ F- 1 .
-\ 03 w"
/8| \ ' v
}
eh
\ *o,pl’”lhw /
f {
,l
on
‘35 As‘“"“d IO\!&‘M whd‘b' (K M“c“ ’-
- \ ' 0.0 ’
W\\ - /
\ i lh.’ I
\ /
qal__ '\\ /i
- \ - /I
\\ o*‘?"l' /
-1} B AN n’"’ﬁ . /
, \ ~% 0 /
E quation (1) o0 A ‘
Tvvhn'n (l) h = " /,.24)
N ~ l'ﬂ Y
8& e ‘\ -~ - — do.o‘s l',‘
— e lec‘
834 | : l \ I I ‘
- / N 3 .4 K
GRID, A POINT AEFe-eE-NcE N0 S,

E:a.l.‘ GROUND WATER L£VEL$ AT.SECTION™ A- A,

‘FDR V/\R.IOUS VALU

&s OFI

A’sswvmrw/vs = Kk = 300m[month, I=0!

);65,- /ao»».


http:s.1dI.rt

" 07

h(m)

lo4 |

o]’

7

sl | .|

100:00 m.

4

’d

Minimem Grovnd Level

R

1
.
¢
.

:“0‘035 -0:0%

.
' ,
) N -
- ' .:!,.........- - .
. GO ] . [}
+ AR
} f
, ]

Trees

=003,

| =00 l +0001
o

4003 "' 4005 4001 ~+D.083

_—W"I ( h\/m ont’l'\);

vs. L AT SecTioN T A=AT



)

‘ 105.4 L
Ground Water . |/
Level (m) ‘

AN

" w____Constant monthly
: irrigation

° Variable monthly
irrigation

+

100. 4

Assumed 95.4 ” ) \
Steady State V 500 1000 1500
+ Level Total annual irrigation (mm)

(+ total annual precipitation of 1179 mm)

| Fig. 3  Variation in Ground Water Levels at Grid Point 3 (Section A-A) ‘
from assumed steady state condition of 95.4 m due to various
total annual irrigation applications. '

Assumptions

1. Native vegetation - 50% of total area.

2. Cultivated crops (combination of cotton and dry beans) 50% of
total area. '

3. Rooting depth 1.2 m. M

4. Evapotranspiration calculated from ET = KcEVP Ms

Where: Kc crop coefficient

EVP = pan evaporation
M8 ‘ = ,soil moisture content above wilting point -
M, /= available soil moisture capacity
‘5. Native veg'etati;)n extract water both from ground water
o Ms . o { ‘ M8
. (0.7 EVP Meg» ) and r<oot zone (.(Kc -0.7) EYP Mes )

Sign Convention

For Ground Water System
+ ve = Input to ground water (e.g. infiltration)
- ve' = Output from ground water (e.g. evapotranspiration)

"flﬂqte: Thgs’/e signs are reversed for the tabulated computer output.l



The Following is a Typical Hybrid Computer Ou\tput

¢

for the Model of the Unsaturated Zone



>y. 1 FMES=240. FiIC=120. DDP= +50

THE YEARK OF 1964
MTH PPr  EU2  Csi CDP QI AET DPT MMS FD? FDP Ah(m)
1 7¢ 187« 70 <80 0. 100« 65« 116+ G6Se (m/month) (f}:‘qm Fig. 2)
2 3¢ 194e 50 865 O« 97¢ 67« 113¢  67e RS Co
3 O« 239, 25 <90 O« 109« £3e. 111s B3.
4 65 200 «25 95 O« 101e 72« l41le T2
§ 59. 167« <40 1.00 O« 103 65+ l4le G65e
6 258. 1064, «90 «95 O« 150. 57« 240¢ =T7Ge
7 246e 163« 60 <90 O« 121 57 240e¢ =920
6§ §8. 10626 «e25 85 De 89, 56« 240 29
9 138« 131¢ <40 <80 Os 79« 45¢ 240¢ =29.
10 223. 1/tle 65 <75 O« 98¢ 49. 240+ ~92.
11 60e 127¢ <90 70 O« 101¢  44e 240e 4o
12 12¢ 154e «90 75 _9:_1180‘ 53¢« 211e 53¢ . ,
THE VEAR OF 1965 0. S +189. ,-.016 -1.7m
MTH PPT EVP CSH CDP QIT—AET DPT FMS TFDF : . ~
7¢ 187« 70 <80 50e 131¢ G5 211le 650
3¢ 194e 50 85 50e 122¢ G67e 211e 67
O« 239« 25 «90 O. 126« 83+ 194 83.
4 B85« 2006 w25 +95 O« 115 72+ 210¢ 2.
5 59. 187« <40 1.00 O« 122+ 65« 210¢ 650
6 258« 1064 «90 95 25« 150e¢ 57 240.=101+
7 246e 163s +60 90 25. 121« 57« 240e=117.
8 68 162« 25 <85 25+ 89 56« 240. Se
9 138« 131 440 <80 25. 79« 45¢ 240¢ =53
10 223¢ 14le 65 75 25« 98¢ 49¢ 240e=1170
11 60s 127 90 <70 50. 101 bdie 240e, 190
12 12« 154« 90 75 _S50« 1260 53¢ 240e¢ 53.
THE YEAR OF 1966 325, ' +41, -,003 -0.4m
MTR PPT EVP CSH CDP WY AET DPT FMS TDP .
Te 187¢ 70 <80 100. 139« 65 240« 58
3e 194s «50 85 100. 130« 67. 240« Si4-.
O« 239¢ 25 90 O« 131 83. 217« 83~
85¢ R206se 25 <95 O« 120« 72. 228+« 72¢
59. 187« <40 1.00 O. 127 65+ 228« G5
258, 164e 90 95 50« 150 57 24Ge= 125
DUSe 163¢ 60 90 50+ 12le 57 240e=142¢
8Be. 162« +¢25 85 50e¢ 89 56-,240t =18
138¢ 13le 40 <80 50« 79¢ 45 240e =77
003. 14le 65 75 50e¢ 98¢ 49 240e=142¢
11 60e 127« ¢90 70 100..101- dde 240« =28+
12 -I?f 154;_‘990 _&75”1000w126g_“531.2400 ALe )
-650. . ’ -159.. +.013 +1.3m

W O -

o
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The YEAL OF 1Y67 '
MTH O PPY O KUP CSH ChP QIn AET PT  MS  Fhi FDP, Ah(m) .
1 Te 187 +70 80 150« 139¢ G5 240. 1le (m/month) (from Fig. 2)
2 8¢ 1S4e «50 +85 150 130« G7¢ 240. Te '
3 O« 239 <25 90 O« 131+« 83+ 217+ B3«
4 BS5e 206 25 495 0. 1206 TPe 228« V2
5 59 187¢ 40 100 O« 127« 650 228B¢ (5.
6. 256¢ 1G4e 90 95 75 150« 57¢ 240+=5%500
7 248+« 163¢ «+60 <90 75. 121 57. 240.-1G7.
8 6E8¢ 102e <25 85 75« 69e¢ 5ShHe 240¢ =43
9 138« 131 40 B0 75. 79« 45¢ 2404~102¢
10 223« 141le 65 75 75 98¢ 49. 240.-167.
11 60¢ 127¢ <90 «70 150« 101le 440 2400 =77
12 12+ 154¢ 90 75 150« 126 53¢ 240¢ =6+ 1
THE YEAR OF 1968 - . . ’ ]
MNTE PPT [EVP CSH CDP _%Z_%: AET DPT PMMS %?" * 039~ t4.0m
Te 187« «70 <80 200« 139« G65. 240+ =36
3¢ 194¢ <50 <85 200« 130+ 67¢ 240¢ =41
2839 25 <90 O. 131« 83« 217« 83
BSe 206e 25 .95 O« 120« 72+ 228 172,
S 59. 187« 40 1.00 Qe 127¢ 65 228+ (S
6 258+ 164¢ 90 95 100e 150¢ 57¢ 240¢=17Se
7 246¢ 163« *e60 90 100+ 121+ 57¢ 240+-~191.
8 88« 162¢ ¢25 «85 100 89e 56¢ 240e¢ =67
9 136+« 13le o440 .80 100« 79¢ 45+ 2400-1270
10 223¢ 141le 65 «75 100 98e 49¢ 240e=191.
11 60« 127¢ 90 70 200« 101le 44e 240.=127.
12 12¢ 154¢ 90 75 200« 126¢ 53+ 240« =54

nbmm”
(o]
L ]

STOP 00000 1300. 789, +0.66  +6.9m
Ah = Change in ground water level at Grid Pt, 3 (Sectioxi A-A) from

Initial Condition.

FMES = Available soil moisture storage capacity.

FIC = Initial soil moisture content. |

DDP = Density of native vegetation.

PPT --= -Monthly precipitation.

EVP = Monthly pan evaporation.

CSH = Coefficients for cultivated crops.

CDP = Coefficients for native vegetation.

QIR = Monthly irrigation.

AET = Total evapotranspiration.

DPT = Transpiration by native vegetation.

FMS = Soil moisture content. ' )
FDP = Deep percolation (-) to or transpiration from ground water (+)

Wilting point as datum, field capacity = 240 mm above wilting pt.'



®ve 1 FNES=240. FIC=120+ 'DDP= +50
THE YEAR OF 1965, o IR x |
MTH PPT EVP CSH CDP QIR AET 'DPT FMS FDP 'FDP Ah(m)

1 7e 1R7e «70 +S0.  Oe 100e¢ 65¢ 116+ 65 (m/month)  (from Fig. 2)
2 3., 194. <50 085":0' 97« G7e 113¢ 67
3 O« 239 «25 <90 . O« 109+ 83+ 111. &3
L £5e 206e ¢25 w95 . 0 101e 72« 1l4le 72
5 59« 187« 40 100 - 0. 103. 65- 141« G5
6 258« 164e «90 95 O« 150¢ 57« 240e =760
7 S4Ge 163« +60 <90, O« 121e 57+ 240 ~92.
8 8B8Be 162 25 85 - 0» 8§99 56+ 240 29 ’
O 13Be¢ 131e 40 <80 ' Oe 79« 45+ 240. =29.
10 223« 14l «65 75 ', Oe 98e 49¢ 240+ =93.
11 G60e¢ 127« 90 <70 Oe¢ 101s 44 240« 44.

12 12. 154 «90 75 '_91_1180 53« 211 53¢
THE YEAR OF 1966 0. £188. .-.016  -1.7m
MTH PPT EVUP CSH CDP @TIH AET DPT FNS FOP -
Te 187« «70 80 100« 135+ 65« 224 65
3« 194, 50 ¢85 100« 130¢ 67¢ 239 067
O« 239. e25 <90 100. 137~ 83« 240. G4
"85« 200« e25 «95 100+ 123. *~ 72« 240¢ =31.
59¢ 187, «440 100 100+ 130, 65« 240 le
258. 164. e90 95 100+ 150¢ 57« 240¢=175.
246. 163 e60 90 100 121« 57« 240.=-191.
88. 162 e25 «85 100« 89-, 56« 240¢ =67
138« 131. 049 ¢80 100« 79« 4S5e 240e=1270
10 223« 141 e65 «75 100« 98e¢. 49¢ 240.-192.
11 60. 127 «90 <70 100; 101le 44e¢ 240+ =23+
12 12. 154. «90 75 100e¢ 12Ge 53¢ 240 4l '
THE YEAR OF 1967 1200. -573, 4+ .048 5.0 m
MTH PPT EVP CSH CDP “UIR _ AET DPT TFMS “FDP . -
Te 187¢ '¢70 80 150« 139« 65+ 240. 11.
3¢ 194. +50 ¢85 150« 130« 67« 240 Te
O« 239, e25 «90 150« 137 83« 240 17«
850 2060 025 095 1500‘ 123- 720 2400 "800
59¢ 187« «40 100 150« 130« 65« 240« =47.
258¢ 164e «90 «95 150e 150e¢ 57« 240.=224.
246« 163« «30 90 150¢ 121e 57 240e=241a
68« 162 «e25 ¢85 150¢ 89e 56¢ 240e~=116-
138« 131 40 <80 150« T79¢ 45¢ 2404=176.
10 2283« 141. «65. «75 150¢ 98¢ 49e 240.-=241.
11 60. 127, .090 «70 150+ 101e 44e¢ 240¢ =77
n_“la 12. 154. 090 «75 150 126« 53¢ 240¢ =6 ,
iHE YEAR OF 1968 1800. - o0 -1173. +.098 . 10.0'm
¥MTH PPT EVP CSH CDP "UIR  AET DPT FMSTFDP L "o
Te 187 «70 <BO 200¢ 139« 65« 240¢ =37
3¢ 194. e50 <85 200« 130¢ 67¢ 240+ =41~
O« 239. 25 <90 200 137 83« 240 =32
85« 206, e25 .95 200. 123« 72¢ 240.=129.
59« 187« <40 100 200+ 130¢ 65 240¢ =97.
258¢ 164e 90 +95 200e 150e 57¢ 240e-249.
2/16e 163« «60 90 200. 121¢ 57 240e=249.
68, 162 «25 +85 200. 89 56e¢ 240e=166s
138. 131. 40 <80 200+ 79« 456 240¢=2206-
10 283+ 141 65 75 200¢ 98« 49¢ 240+e=249.
11 60. 127- 090 0.70 200. 1010 1:'4- 2400-1270
12 12. 154. <90 +75 200. 126 53+ 240e =55«

ST0P O o
0000 2400. -1657. +.138
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January 27, 1970

oot Zone Model for Atlantico 3 Project - Colombia

i

Preliminary Assumptions

1. Assume average rooting depth for the various crop varieties grown.

2. Estimate available soil moisture storage capac':ity for each rooting |

.

depth (cxrop specxes) 'Aua.lablc Hoispura
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3. Assume that deep percolation.occurs only when the available capacity

is reached for crop species.

4. Assume that the native vege‘tation extracts most of its water supply from |

the grpun'dwate'r basin at PET rate.
' I =23
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°
3
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tw
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— G G o] o~ — - e o o
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5. Assume equ111bnum cond1tmns now exmt between inflow. tc.xthe groundwater

" and extractzon by nat:.ve vegetation on a long t*rm baszs. "I'lus wxll ‘be a.

o'
[
* L]

, verification as sumptmn. \
' PR {

ey



6. Alternative to 4.

g Native,vegétati'on withd'raws \frdxn -'thé e'ntire unsaturete‘d»zone above the

5 e

i

'.water ta'ble ma.kzng up PE'I‘ defunts by wztndrawals from the groundwater i

1

basm (1nc1ud1ng the ca.pzlla.ry fnnge) U-vder thxs as sumptzon,httle, 1f

any, precipita.t;on would likely reach the groundwater table by deep

percolation. SR A Lo

Note: Some information regarding the root distribution of the native vegetation

would provzde som¢ basis for a decxsmn between a.ssumptmn (4) and (5)

.
¢

We also have no reasonable means of knowmg the actual ‘E.'T. rate of the

‘, . e

nati,ve'vegetation. nPre’sumebly the water table has been lowered by plant
withdrawal either from the capillary fringe or the groundwater t;aein, as

could.be the ‘ca'.se‘witfx phreatoi)hy'tes.' Heré again, some knowledge of root

dxstnbu..mn would help. However, 1t appears that in any case wa.ter supplxes

.
L]
.

have not been 11m1tmg to the natxve vegetatzon. L %

' . .
. Kl . .

‘7. Use J. E. Christiansen's‘equatio.ns‘ior computing PET by native

.
. t Y - v

LI ] .

PR ¢ . I . ‘ . . .

vegetation and ET by crops.: . .- .

: .
.
. § ‘ L4

' a) -c¥op cover coceff. needed for native vegetation and for each cultivated

s Al 1 . >
. . , . 3 o . - I . N N ) 4 f ) ‘%
crop variety. - . ' ECICRPARE I ‘ .
' . Co ' N T '

b). growth stagetcoeﬁ. 1 seasone.l variation) ‘needed for each cultivated -

R . . f

1 . N ' i Yo . P
. . B e s

. ' . ’

crop vanety and natwe vegetatzon.‘ ' LT o
] + f . - \

«
e . Lo

c) . the effect of a.va.ﬂablexsoxl :mo:.sture level w:lthm the root zone upon

5
4 ‘e ) f B -

) ) R f :l n . ) N [T

.

re L]

.+ ET.rate needs, to be included. .'. ‘
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8. Assume the swamp areas to be infiltration sources of a local a,:id steady

state nature.

Various Management Alternatives

DR

1. No vegetation on the land surface

a) No irrigation, .only ra.infall

b) Varies water application rates,

2. Only cultwated vegetatzon under Vanous irrigation rates, The groundwater

ta.'ble would be mﬂuenced 'When’ deep percolatxon occurs There mxght a.lso

:
i

"be‘ some influence on the groundwater table by lateral ,inﬂow fron'; the



4

. boundaries. Irrigation water in excess of crop ET requirements would |

N ¢

likéiy l;e desired in 'érdér to mé.izit;t{x; 2 salfbailance' witimin‘tixe root zone. |
The ‘q\;ality of deep p.ercolatic;n ;"e‘q’uir{ed to maintain the balance is, however,
the subject of a.dditional:‘st:udy.’ ..

. :Some native vegeta'ti.ox,z', e. g. ', in the low areas, ir} 'conjunctii'on with cultivated
' crops . ‘Under..theste. cc;ngliti‘on‘s; : sorri‘e','d'eep pe:t:coiatiox:m, e.g., tha

- required to maintain salt balance would probably.be used by the native

remaining vegétation. In fact under conditions of no deep percolation, the

. remaining native vegetation will probably lowexr the water table even 'v

further becausg much of the rainfall .a:vailable to the native vegetation

‘would be used by the 'culti'vat:.ed crops. One problem that might occur is
. . ." ' , . i N & ’ . ¢
_ that undexr conditions of sufficient deep ,percolation of irrigation water an

increagé in 'salinit'y' within the groundwater basin would probably occur.

N .
LI

Increasing salinity levels might eventually adversely affect the native '

.

vegetation: 'This re‘quiring‘ eventually artificial drainage (as-opposed to

¢ .
.

drainage by ET of native végetation). ’

- High irrigation rates would cause a raising of the water table even with

. .

i
e

some native vegetation remaining on the area if deep percblatio.n rate .

exceeded ET rates from the groundwater'ba.sin by native vegetétion.
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