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SOIL PHYSICAL PROPERTIES

2.1. Particle size distribution
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depth
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Table 1: Particle size distribution - Ferric Luvisol,
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2 mm !re used for the measurement. The structural stability in-
dices vary between 1 and U corresponding to roxnp1ete1y stable and
cdmpletely unstable aggregateF. respectivel. ! In general, struc-
tura4 stability index ls measured only on ::urface soils because
ol theLr siTt,ticant intiut-mce on surfacH Ling roson and

dlt:thu rainfall
The ,tr.ructuraL Jo.ability moasure6 4bove petnod
1-,1 i_ntcrpcetd ir t t proporth tsinq qraus
whi,!!!, !IQ nt rq ditinto;,..qratior. on Fast wett,inq.

t,end luct<-?as t- V!AkUE' 1-!ne
AnOW tbaf, wha ftu I

mn(! ki!ructur,a1 aiï l itV .nd.olr; ot the Lo,v1oJ. ,tryi
11!: ra!;:tion dbOUZ. 70 percent r.hre ;: iIst,T:uctuc, r:he o i tiggrdatt, murti 'wet

;,00r stability. 't'huì tros J 1,L
t5'!W.) Lnduce r17n-o{t and eroon unde:!.v
rrntr!!!. ,

2.6e Hydraulic conductivity
Nott-,!fir, ,i.,on, 71ki1J,! H? tiio!.. '!a-r-i!r-éln-W, hOl!tuli- !.'.ofIclu,,;'!n!
as ,,,-.n! t.nT:.-!t:i.H !--J,,,-;..uro,1,.L" .i.,.! (!nl.! an_ (v-.-,1:!,..;(v1,;
,:s t! IT, ;. - 1 ! . , !. ,...!, i. _,-,!!!,!.,, is:,!,4, VP ' r , ì :' r,!3!:., ,' `1 ,'.!,'¡"-! ..'!,

h!./!4,1iiv y,,)flf!!;,:..1.tv n:a!, ,1;9.1.".1>Hni-1,-, !. !.-- L t

1 /!,{!

'

al"p'1r'',1 !PP ! Pt !! P-c"!!!'"U'L..!.,Th!A L1:l r

Peo,!,,P! 1' 3 !P'.:PP'10,'' P`p h,!!!! th!.n !

ron..>.i.\ .1 .1 .,3!" f- .!".t t1 L Y i iL k,N"

piony !-;henot;!!: At(!,7! !!!,v)i.; :3

lilYevapofn!!tYcin
p(yfi!! (1(,\Jr!n:!

,; V .1 , ! 91" 33/t " 3'

M!.,33 L!, JP-7.11f,..IP 1:3'.)3n `p)!

Th,, wt-4,.,i.iuremen",. wove mad J: 4 nowt nLyrv ì at tile! boo;,anio,,2!
and :,!o\-1(tcd ts.7, 12 hou/ interval:, ,iftet 3 6ayi", When d,catno!.,) ratf,

meciuremen t wetc macl!,_ at 7,-- day Lnt7!tvals. !1:1

ca L cit al. tnq thQ tydraulic conclucciyitv, tho hydrault gradl,en,
be unitA,: .i t t is usually th;!:, case du/Hug

drainage,

Th ceutu indicate that the soil profile can be grouped t;;1-.!
three layers namely 0-45cm, 15-75cm and 75-120cm according tc, toe

ir, the hydraullcJ conductivities, Figure 3 show t,ne
varLtion In hydraulic conductivities with molsture ,,nntent to

dt:bth interval, At high moisture content between 0.20 ancJ
O. cc per cc, thc hydraulic conduLzkivitLes for all deptim are
simliAl, varying 1)etween Q.L and lcm per hr, As moisture content

th'irop in hydraulLc conducti,vity is higher Cor the
Jowel J-1.pth:.4 which hove higho cfav 7.ontent flonversely, for ar-I

9
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OISTURE BALANCE AND CROP PRODUCTION

9rA0 11,YK virz, of rai,rto_ cy0TD aff,1
Y7t. Wid

;,Jcsoors caadat2i.t var;.ai-
clwAotiy docra,s; ;o

-.z/e 6 1-H,. s;':ss ;17o,6insim
go0(! -);C'1

Jr, watoy supply, ,bi*k!- actua
deleils on. the piantin4 Td°;:t

i'A1 the- subsequsnt grcwinJI period. Tr. F7,rediv BocB
is nocsaary to stlidy the moisr:ur baianr,e Yar-

piantind to obtain optial plantinq Moistur7p
scud's! oi a ,'ropoed soit for each plaritinc.!tn7,3ued a I e pot,Antil yìe ,7e-7(:)un,t.

-ieducinn tn moisturo ntres, ThuP, hert,
T,T !-.4,T.VE! a estimali spLL ea,Bad)--e

,,orC7' methodclow,, to nrod. ).rzT'e1cU7 urIc

(.°t reo.liitLrsk cso ('
managemorl-.TBeI pav., !>f ctkaptA41: t,poeseo-ps o !Juac!t.',Tro

PP-;:7C !Vt.° Citra r.-tera r

0J3 ng phyS
Tk(i! rpW:h0d0.LOly aleip A.accporates 8vaporati-)n
oi4servd i6borat-.orv experiments simulatir

Wet The model waS
r.,f rainfall.; reoc,-1 :flyCrk 7,

t1011; 1->are and: sruTzip,o
The .71-JdL:1.; t).rediciioTlz; ¡Ao..roed

Tr LT,,,ies011.part, .BAO .iaieth3S!lodogy d) (or
was psec) 1.p pre:Ltd' saJnied sop-3-s 'd '$Pess Pds »a-tv

perpfi, Piard,laa ap70000lo:,neo ss,ar pac-o
<1.PJCV do1B\npopo ,pcp

i« E.1 TOCKfC.. BBocenPLal aorghtla >-2peLds wa.ps eStdriapP .J lc PTs

cliprons plantirig upportunitls Caar ocausl-P,P coc
Pat=';r rsah ''as, Based. P the r=n, ait:v ;.1d

as-a7ei:jes aso, di.scussd.

4.1 Evaporation rom bare soii
dr7it9 of 17,ure 60LI obE:erer3 tr; oCkr in throo recoynal)1(,,

sta9e{:, In the Lirsi- stage, the si)il 4krIL water moves fJ
soli surface to match che evaporatton potential of the atmosphere.
The evaporation rate at this stage is therefore controlled by
atmospheri conditions The second stage begins when the moisture
contemt oi the surface soil layers decreases to a point when water
cann;.-,t move to the surface fast enough ro meet the evaporative
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Isotheimal unsaturated water flow for bare soil has been shown to
obey the partial differential equation

0/6t ,v6x[o(e). -(1)

EquatIon 1 can be solved analytically assumi¡Lq soil of infinito
depth at uniform initial moisture content, ond infivitoly high
atmospheric evaporation potential. integrating thn u LiCO wiLh
respect Lo x gives the cumulative evaporation L as Eollow..; (Crank,
1956; Black et al., 1969)

E=2 (ei-00)(ät/iov2 -(2)

Where
E = cumulative evaporation in stage 2 (1.,

t = elapsed time (t)
D = Weighted mean diffusivity (L'it
(9= initial moisture content
00= air dry moisture content

Equation 2 can be written as:

E = Ct"2

where C is constant for a given soil.

Equatior states that dumulative evaporation is dis:ec,tly
proportional to the square root of elaT.:a6 t3me, fi,mover,
experiments have shown that this relationship holds only durimg
initial period of stage 2 evaporation and tna constant tor a
given soil depends on the depth of wetting and the ambiont
temperature.

Gardner and Gardner (1969) have shown that ,

in a dimensionless form and E/M, plotted against (Dot7L, the
resulting curve is applicable to any depth of wetting. M; is the
total initial amount of water present for stage 2 evaporation, Do
is the diffusivity of air dry soil, L is the depth of wetting and
t is the elapsed time after onset'of stage 2 evaporation. This
approach gave reliable estimates of evaporation from bare soil
during a single drying cycle from an ini,ia:ly wet soil of any
depth. However, in the field the soil is wetted by rains of various
magnitudes and frequencies. Modifications are necessary to adapt
the above results to field situations.

21

where
9 = volumetric moisture content (1,3,'7,',

x = distance (1-.

00)=. soil water diffusivity (1,7t )

t - time (t)



4.1.3 Experiment: A field exprimnt to wea&;orE:
evaporation was catriod ow,- on a Ferric Luvisol at the Agrirulal
Research Station at Sebele, Botswana, Relevant soil
characteristics are given in Table 5. A square plot of si.,Ao 2fu
with a neutron access tube at the centre was wetted to tJ.eid
capacity to a depth of about 105 cm. The profile moisture was
periodically monitored with a neutron moisture probe and w;Iter
added necessary to wet the profile to the required depth. The plot
was covered with plastic sheet to prevent evaporation and mc,istur
was allowed to redistribute in the profile. When the profile
reached field capacity, as ascertained by ileutron orol'e
obsoLvations, the plastic covering was removed and the profil w3s
allowed to dry under natural atmospheric conditions. Soil Triist,ls-e
was monitored with the neutron moisture probe at 15cm Jepth
increments, Initially, measurement were made at 1-day inteyalF,
and latt-!r increasod Lo 2 and 3-day intE:vals as the ovapor,JLio.1
rates decreased. Thu length of the drying cycle was 22 days,

4.1.4 Models and computatiJna The procedures and calcul,
adeTted in the models are g5,ven balow. The moisture ';ntent

all c:al'ulations ere e..xpr(--,d in depth uAits. All 3ymbf.,1

oKpLi j_ne u th i L atLoc.hed.

1. For each measurem t of profile moisture content,
volumetric moisture content w4:.s plotted against d6Ttll 7,
The cumulativo evaporation was ealcnlated with thLs data. M_L3
plotted along with petential ev,ipottanspil:ation (FAO L977) a,latnsL

sed time (FicTuLe 'a). Using Figure S, the maximum Ilrl1ua:11j,
evaportion in stage 1 i. e- U was estimated Flg the cutfllof:ve
ev,To;atiQn up to 1Tho pOitit WiteVC the cumulativr2 E,vapratlopru
dpartc from thc cumulative pote7qial evapot'fanspirau cu vuTtt
del:,th LC 1_') which mt:>it,ure depletion tks plctcc
evaporaLion 1 ; rketelmine,:t frocr4 Fjçiuto 7 Prrm Figure:, 7 Fs Lc:
-- 45cm. and 11 = 1,65cm,

Values of E and t wore read oft rom E tcjulu e pot
thu diew,ionless cnrve E/Mi versus (Dnt/L2)'" ta.kIng E-0 JO
lor begini,Lnq of stage 2 evaporation. For simplfficcitin I

N, since the ch-pth uf v7etting i s closely TeJat-oHto
thr- initi;.1 amount of water, 00 is l so assumed to 1-,o equal
-i ncc dit'isAvities oecrasc- to 1,ntweet, 1 an

(771-:da\,, the lower limit of wetnoss arri tn,2 L,wost.
pr;-)1?abl . ,,c('ars At air-dry moi3ture (ILL1 lei 1Lflfl . Fijui(2 1 j+low's
Lltei iwnc i orti sr cm-ye of 1,/M, versus (t/Mi:) " tor the Jo ríe
ovJ.Flo.

Moistur ,.,',,hterits at saruration. capar:tr-N,
p(--nt. 7i)oil,ture rotent_,-,r

thi:A slo;:iyo fitild wos 111

I 10 Jiold t fcr !.F)3 catt dori,h
\ ;. ;1.F.4.--°irn:-Jd Ihgr-

22



Tab e 5. Properties of Ferric Luvisol-Sebele,

Depth Bulk density Moi5tur:e retention PD.rtl,c7,10 stze
'cm) (gicc.) (vol

Coa.1.3
mS -

vf5 - ',Tory tjin sand
-

f3t. Fi.no

23

.1.bar That 5bar mS fSi C

)-3 1.66 15.4 12.0 6.5 28 21 21 11 2 3

33-69 L.55 15,8 12.29 9.3 32 21 ' 8 2 2
69-139 1.54 20.6 17,2 9.8 18 7- 3 2

,leasured field capaci. 3-1
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[Lril Hav.Lnu estimated thc, evaporati.nn LOI the decade with no
rainfall, the model then consident the toi rainfall P for the
decade az3 if a.LI fe i. on the first day ot he dec.ade. The rainfali
amount is spar_ateu luto four categories.

The rainfall P is ).arde enough Lo replenish tne
pa717,i.ally or fully in tha total dopth to bring the

profile to st.?. 1 evaporar ion i,e, P > TiS - U. (Figure 10a) In
t.hi;:ase, the calculation '..1n0 NACk to .itop ril to (7sTirila-to,

evaporation for the new amount. ot s;.?2 tc i ml discards the
calcuLations of the eariter case with rainfall,

The rainfall ? is large ellou:lh (.)nJy to replen731! fhr
de 1(..'it in depth LC to bring it back -cc tEqe L Avporation i.e,
P > TESC - U where TESC MXMC IMC, ;Figure 10b,. In such a case,
the calculation goes back to step [I but considers the profiLe ,As
of depth LC, so that Mi -.-- nxmc-ti,

The rainfall P is small but cannot be evaporated in
2 days so that moisture penetrates io deeper layers (Figuro 10c).
The increased evaporation due to the wet surface soil layers is
loss than the rainfall (Gardner and Gardner, 1962: Ritchie, l9721.
The evaporation in such cases varies from .6P to .9P and in this
model it is taken as .6P based on actual observation. Tr thi:i

amount is added the evaporation from the profile caiculaterd by
step3 [I.) or [III for the no-rainfall case to obtain the total
evaporation fpr the decade.

The rainfall P so small suc:h th7.t :1P i Ie Ian
PEr".z 3,e r Ali tl)i7.evapte tn evap=;tion.
n-iinf,--111 as steps W or tij

Trtor oi T.)! .

HE'c"-f dent-r, clo1n.1.)ci1tc., V1L1u, LK,
!ten 11 5 07.'.

0',*31/t Ot S17,1; 11.1 crìo int ' '

0 7.3 3 1.Toftiuo'2 L L L H (

Wa t 7 t. on rpr-

tra o"n
!

ciec,A0c
talt1,1t. '

rosp, :7)y 1-Jtt-, T
scrii tfte.,1 surocte.', ficm thce

,Ln the deuv.hs anA"
tjm-11 Cr.PLCCT±C tot
I o r L ! y 1 E.t Oct -1 h. °

t , ",0,1
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3nou1:3 fi)11z..,.tr the same t nd withoul much deviations. Figures IA,

and 15 show the predicted and measured weekly variations of soL
moisture content in the 0 - 45 cm and 0 - 105 cm depth for the two
prof,i116 ±or which evapora!Lor, was t.,11Qu1ated The :greomenL is
gec.J.or pract-L?z-1: pi,;rpose,s, This apprh ur 4iso be 17,,aa*Li.y
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Level 1 Eguivaleni to 50 percent or more of total
available moisture of O- 45 crn depth of

MTh ,

Equivaien t(7, '.5U percent or moro of -(70T

available moisture of O - 30 cm depth of

36

Y, = maximum harvested yield (M)

Ky = yield response factor (dimensicT
ET = actual evapotranspiration (L)
ET. = maximum evapotranspirati.on (L)

The Ae of yield response factor Ky ì specific [o rbevo.
and its stdqe oi growtn development. Moisture stress o.E a given
magnitud may occur in any of the crops growing peri.W.
relative magnitude oi tne Ky tactors reflec.ts the sensitiaty
the q-owth per.lod to moisture stress in reducing yiald.

Equa'.ioD 4 Lihowb rhr.! tne atua evapotranspLratIQn
moisLun, can by estimatAid, anJ it ET, aW a;c )kwci

tnou top pot,enta no U y readiv ostImated a

of meximom

4.2l Modela and computations

Re 31) .t or A-, clo kthZtttOfl of E,, and ET, It av

deve,lopea anc,' pub i.sti.e.a by PAU i 9 , 3 9 9 These, pubUtion
o noessary iputs ).uciuding R, values tux rilttrer,17

proceouro:, aro iet,cribed to e,:,timatIno4

,.-apotranspir;Aion Tn-
1979'! for estimtilly, yLeLd

p< t oefcr oro jdictj t CT cP' r

, , Maxiwtm
ì, L.: A C,r

ov .4c./ r

"t)11Ma.:C' ITV-J11(,»,

, )1I'Ll :10,R

d v ; ?,0L C , L`u { ,

mo Lu''oV ';-` 1.1 eftic. r", C). .12j ,1 N

..10:1Auc. " , , s Ita k

,ak n c.; {%701.1fl L a 3.s.r io.11,1k:
mot.sc.ur(..,t.oLi.ij -Apacity may,trtimt

' The oppori,unities w rc do utldt
odsu on tho am)uut sc,(1 w6F!luro

layor cat In Ferric Luv;sot
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(50 - 56 mm.)

Level 3 Equivalent to 50 peicent or more of total
available moisture of 0 - 15 cm depth of soil.
(44 -50 mm.)

TheL.E'' Ilroo 1 nt moIST.U1:0 t() cage 11 t
t.71t. I .4 sh a fai imurn ttaqe tha L, .-`7, -

t u r.th in.() ro inf. all reg. I 111,71 'J t., of
oLc) o s T'd9L-,..? asrnos ufff Inc, 5.. (id
LLQ1.. er .:_tto. 1 t SUtc1fl
(leccb:ícu w_L t h E, r,

rue I Luu up tur+& +1 +tu22'22 2
222,221 +Ki T 4n L ' ,

C-v2s u au (Li t L i L urc, t; 7!
-tttt (100', 41 tt,ta Lt °PLL. i nt12. ,"ug t

tt7;tt c) Ctt r"Vii

e.",,'"4.2t .,11c. ,, r:H'd L0.1',,1.1p, ton f.,

t
t- 4,

t31:ttj ct tit, 1, é 4' Z éé

t 1s4:t
/_,J 1,4,c L " z

4.2.2 Results and discussions:
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(,4 e y L;
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1 S 3 3
48 57 63

51/52 S 3 3

42

3 1 2 3
50 34 47 41

54/5 1 3 2 1

37. 31 27 35

1 2 1

47 27 27 25 20

56/57 S 3 1 3

Y 48 53 31

57/5- 1 2

2

35 25

30 S
25

ti S 1 1 1 "

52 52 44 53 63

61/62 S

2 2

24

Table 7. i i flittt, (Ind ,..,-.\,;:r.e.S111/4_111til.11(.1

(7? 2'. CI t.7 ; t-1 t t I
T\L ',11J "
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Cont.
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wLt.fl p!-1.nr,4
17,;777)177,:H: Cc:'n'Cq,-;ry ?.7,49-19)
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- - ,o

N, ,7"

.*7

63/64

6 1 3 2

29 6 22 21

Y

66/67 S 1 1 1 1

Y 72 74 72 62

Y

Y

69/70

70/71 S 2 2 1 1

41 40 37 31

71/72 S i 1 2 1 1

51 40 40 24 23

72/73

73/74 S 1 1 2

78 71 58 - 41 27

74/75 S 1 1 1 1 3 i 2

Y 64 64 66 70 79 80 75

75/76 3 3 1 1 1 1 1 1

73 69 71 72 65 52 51 42

1 2 1 1 3
Y 37 656 49 36
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3

30

8 S 2

Y

3

43

1 1 1 1 2

Y 51 47 45 39 41

44

7" 1 1 1 3

31 27 26 24

78/79 S 3

19 21
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