Challenges in
Dryland Agriculture

A Global Perspective

Proceedings of the International Conference
on Dryland Farming

August 15-19, 1988
Amarillo/Bushland, Texas U.S.A.




Plenary Paper

79

Steps in Crop Climatology*

John L. Monteith
International Crops Research lnstitute for the Semil-Arld Troples
Palancheru, A% 502 324, India

Status of Crop Climatology

“Tomany people at the present tine, the contentand
scope of climatology Is only (his - (he measuring, record-
g, and averaglng of standard meteorological clements.
I need not remind you that climalology when clreume-
seribed in this way is sterile and unrewarding.”

That was writlen by C.W. Thormthwalle (1958) in
review which he prepared lor a symposium on Arid Zone
Chmatology sponsored by UNESCO and held in €
berrain 1956, As we meel 32 years later Lo Gake stock of
S and Gallare n tackling the problems of drylad
Larming, It is appropriate tat the subject of climatology
should receive attentlon atan carly stage In the proceed-
Ings. If Warren Thornthwaite had been here, he wonld
cerlainly have contributed (o the debate about the
severity of drought In the U.S. this year: he would also
have been coneerned with the application of climatologl-
cal principles (o crop production In parts of the world
where ral always scarce and erratie and where the
physiological consequences of drought are olten compli-
cated by extremes ol temperature,

What aspeets of clinatology would make Thornth-
valle unhappy today? | suspeet he would have beei
little disappointed by our fallure (o mitke better use of
the tremend liholinfur aboul croy
relations which we have acquired over the past 30 yes
{rom work i the tield and In controlicd envirommenis.
He would appreciate that we hiave used Uils indormation
in several ways. We have irled (o correlate ylelds with
sels of arbitrarily chusen weathier variables ushng statis-
teal technigues. |am Gadrly cortain tiat he wauld have
deseribed such exercises as “stertle and unrewarding”
because the relations they produce are site and scason-
speetfic and because they shed so litlle light on physical
and physiological processes. But he woulkd have been
aslounded by progress in the shimulation of crop growth
and crop walter use using large compuler models, Per-
haps, having heard references (o "black boxes.” he would
have used (he same word to describe models thad Lonce
heard him applying (o his own formula - “magle™! le
would quickly have appreciated the potential applica-
ton of these madels for planning and for wanagement;
but he would have criticized us for makiig our wodels
esoteric and for doing Loo litte to bridge the gup between
(he somewhat academie predictions we make from imodels
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and the needs of fariners who are more lmpressed by
quick and dirty solutions to problems of production
by the eliicacy ol nagic wands!

Seeking both focus and struchure tor this paper, |
decided that it would not be proftable cithy
some kind of classification of the many diverse clin
In which dryland farming Is practiced (because deserip-
tions will appear where (hey are needed inother papers)
or (o get lnvolved In the ck boxes to relate
production to clima Il try o put a few
new steps into the stair ends from the raw
stablsties of climate to predictions ol how yield depens
onnajor clements, principally radiation, raintall, and
satur; sure delicit.

In s exereise, | have adhiered (o Qceanr's razor -
“Do not multiply hypothe: supporled by the words
ol Bacon - “Truth proceed ster from error than from
conlusion.” Progress In understanding and predicting
the response ol crops (o climate Is usually most rapld
when we suceeed b identilyhing conservalive guantities
whiich do not change much from sile to site or
son Lo season. Bacon would certainly aliow us
i bl eye Lo a bit of varlability lor the sake of
reducing conluston!

Growth, Water, and Radiation

Types of Environment

“To starl, L distinguish between two Lypes of environ-
ment (o whilch crop plants may be exposed at diflerent
Uines during a growing s

(aban enviroent where rools have aceess (0 such
abundant supplies of water (thal transplration pro-
ceeds throughout tie day ala maximuim or “poten-
al” rate detenmined mainly by solar radtation:

(Llan enviromnent wheve the uptake of water by a crop
depends lor at least a part of cacl day on the size and
rate of extension of the root system and on the state
of water In the surroundlig soll.

Ishall reler to these lypes as energy limiting (EL) and

waler limiting (WL).

Dry Matter and Water

For both types of (here ls
evidence from ficld measurcinents on many species that
the amount of dry matter produced by a crop per unit of
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water transpired (q) is almost Inversely proportional lo
the mean value of the saturation vapor pressure deficit
{D} of the atmosphere to which the canopy Is exposed
during the day. This implies that 4D is a conservative
quantity - a response detected long ago by Kiesselbach
(1916). Its physiological basis - conservatisin of the
intercellular CO, concentrations of leaves - has been
clucidated only recently, as described by Tanner and
Sinclalr (1983).

For dryland agriculture, the dependence of g on D
implies that the of the atmosphere which
always accompanies rain may be comparable in signifi-
cance with wetting the soll. In monsoon climates, about
one third of the benefit of rain in terms of crop production
can be ascribed o a decrease of vapor pressure delicit
(Monteith, 1986). We should therefore be extremely
cautious about accepting preduction functions from
line-source or rain-shelter systems where the natural
coupling belween water supply and D is broken. More-
over, production funclions should never be transferred
from one site 10 another without correcting for differ-
ences of D where they exist.

A convenient way of allowing for the influence of D
on the relation between dry matler and rainfall (or
irrigation) is to divide the amount of waler (in mm, say)
by the appropriate mean value of saturation deficit fin
kPa) and then to multiply by D_= 1 kPa to give a
“normalized” rainfall which still has units of millimetres.
Unless this Is done. paramcters expressing the relation
between dry matter gain and water loss have dimensions
of pressure - a source of confusion. The amount of dry
matter equivaient to one unit of normalized walcer is
shinply qD. (Note that D, must be expressed as the
cquivaientof 1 kPalla difTerent unit is chosen for D. For
example, with D expressed in mbar, D = 10 mbar.) In
what follows, D= | kPa and the units of gD/Du = 4D arc
¢ dry matter per m? per mm of nonnalized water which
has the same numerical value as g dry matter per kg
normalized water,

The usefulness of D as a normalizing lactor is well
Hlustrated by the work of former colleagues at the
University of Nottingham who grew pearl millet (Penni-
setumglaucum) in glasshouses there and also in the licld
at the WMO Center in Niamey. Niger. and at ICRISAT
Cenlter near Hyderabad. India. Table 1 contains values
of q and D and demonstrates that gD for cach specics
was conservative over a wide range of environments.

Other values of qD reported in the llierature are in
Table 2. For C, species. qD Is smaller than for C,.
corresponding to a well-documented difference In the
characteristic intercellular CO, concentration of the two
groups. However, the values for C,species grown in cool.
temperate climates Is less than would be expected on
this basis. it Is likely that where values of D are less than
0.5 kPa during much of the growing season. the speci-
fication of a representative mean daytime value is less
accurate than In drier climates where the quantity is
larger. Another pussible explanation lies in the correla-
Uon between evaporation rate and D (Tanner and Sin-
clair, 1983] which is much stronger in EL than in WL
environments.

As the analysis which follows pertains mainly lo
drvland agriculture in warm or hot reglons, a round
number of 9 g/7kg kPa will be adapted for C specles and
4 g/kgkPa for C,.

The values of gD reported here reler to shoot blo-
mass only whereas it is total biomass that should be
proportional to transpiration. The ratio of total plant
bicwiass to transpiration Is rarely reported from feld
experiments because root systems are difficult to har-
vest and because total waler loss cannot readily be
partitioned Into transplration and evaporation lrom the
soll. Fortunately, the ratio of root to shoot biomass is
usually small, at icast over the whole life of a crop, but
the increase In root:shoot ratio often observed in re-
sponse 10 stress would be expected 1o make qL appear
to decrease as avallable water decrcased.

Dry Matter and Radiation

Another conservative quantity of major importance
incrop ecology Is the amount of dry matter produced per
unit of radlation intercepied by foliage (¢) when light Is
a major limiting factor. The conservatism of ¢ appears
inconsistentwith the non-linear relation between photo-
synthesis rate and irradiance repeatedly demonstrated
it the laboratory. However, intercepted radiation Is the
product of two quantities: radiation incident on a crop
stand per unit area {S) and the fraction of that radiation
which is intercepted (). In climates where there is little
cloud or where cloud Is fairly randomly distributed in
time, dally lotals of radiation averaged over periods of 10
days or more change Htde over the growing scason. The
corresponding mean efficiency of photosynthesls Is
therefore conservative and the main diseriminant of
growth rate is the [raction of incident radiation absorbed
by follage. a quantity depending on the area and struc-
ture of follage as deternined by lactors such as plant
population, water supply. or nutrient avatlabtlity.

Beeause crop plants ri age of water
arnutrients by investing cin
rool systems at the expense of shoots, Imlh the shoot
growth vate and triamspiration rate Increase less rapldly
with the age of a stand than they would i the absence
of stress. If demand and supply were kept in perfect
balance by this mechanism. ¢ would not respond to
stress. In practice, the supply of and demiand for water
or nutricnts are rarcly exactly matched. For example,
Day et al. (1978} lound that when barley (Hordeum
vulgare) grown on water stored In a soil profile was
compared with Irrigated barley In adjacent plots, the
fraction of radiation intercepled over the growing scason
declined by 42% but the value of ¢ was only 20% less. The
decrease of ¢ reported as a response both 1o dry soll and
o a dry atmosphere Is likely to be a consequence of
stomatal closure in a WL environiment.

Values of ¢ for a range of species and environments
are in Table 3. Those for tropical C,and temperate C,
speeies do not reflect the dillerence that would be
expeeted from relative rates of maximum photosynthe-
sis. s likely that environments were predominantly E1
and occasionally WL for imeas

UreIments fn el
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Table 1. Values of dry matier/water ratio q and of nom’njlxed ratio qD for peari millet and groundnut (shoot welghts only).

Standing shoot
Site dry weight q

D qD Source

Mg/ha e/kg

kPa g/kg kPa

Pearl Millet (Pennisetum glaucum)

Nottingham. UK
(glasshouses)

ICRISAT. India
dry season. irrigated
dry season. unirrigated
Niamey. Niger

Mean

Nottingham. UK

ICRISAT. India
dry season, occasional
tion
dry season. unirrigated

Mean 27105

14 9.0 Squire et al.

(1984a)

9.5 Squire et al. (1984b)
10.6 -do-

84 Azam-All et al.
(1984)
94104

Groundnut (Arachis hypogaea)

5.0 Ong et al.
41 11987)
4.0

2.9

3.8 Azam-Ali et al.
11988)

4.2 Matthews ct al.
(1988)

4.0:03

atecl but pred lly EL
for in tropical even during
rainy seasons. Values of ¢ for several legumes are about
half those for C, cereals in similar environments and a
number of factors may contribute to this difference:
smaller rates of photosy . energy spent
in nitrogen fixation. and the relatively high energy
content of ollseeds and pulses.

WL and oc

A New Climatic Index

1 have reviewed evidence suggesting that several
major crop species produce dry matter at a rate which is
proportional to the amount of water they transpire.

d by the mean deficit of the atmos-
phere they grow in; and that dry matter is also propor-
tional to radiation - though in many dryland regions this
relation must depend to a large extent on the supply of
water and nutrients. The conservatism of both ¢ and gD
implies that | = e/qD (mm normalized water per MJ/m?)
should also be conservative.

Inspection of Tables 2 and 3 suggests that § is about
0.17 (1.5/9) mm of normalized water per MJ/m? for C,
cereals common in dryland agriculture and that for
several legumes widely grown in the tropics and sub-
tropics. J is about 0.16 (0.65/4). In the rest of this paper.
around figure of | = 0.2 is used to cover these two classes.

For groundnut (Arachis hypogaea), j appears to be about
0.1 (0.4/4), a consequence of the relatively small value
for e. but would be closer to 0,2 if the high energy content
of kernels were allowed for. For temperate cereals, j=0.4
because gD is very small. The physiological and environ-
mental reasons for this spread of values merits further
investigation, but the extremes can be used when they
are needed rather than j = 0.2,

When the value of | for a species is known. it should
be p le to the p rate of transplra-
tion (E) from a crop at any stage of development from the
fraction f of incident solar radiation intercepted by the
canopy and the product of solar radiation and D (not to
the sum of a radiation term and an aerodynamic term
proportional to D as in the Penman formula). The
appropriate relation is found by writing the rate of
accumulation of biomass per unit ground area (C) as:

C=efS=qE m
from which

E=()SD. 12
{n this equation, the product | S D representing the
atmospheric demand for water can be interpreted as a

driving force D multiplied by a stomatal conductance
proportional to §S. The term § incorporates processes of
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Table 2. Values of normalized dry matter/water ratio qD.

Crop Site 4D Source

£/kg kPra
Malze W. and mid-W. USA 95203 Tanner and Sinclair (1983)
(Zea mays)
Sorghum ICRISAT. India 83 Van Evert (communicated)
(Sorghum bicolor)
Pearl millet Various 94209 Table 1
(Pennisetum glaucumy
Groundnut Various 39:03 Table 1
{Arachis hypogaea)
Chickpea ICRISAT, India 4.8 . Singh (communicated)
{Cicer arietinum)
Soybean Kansas, USA 4.0 Tanner and Sinclair (1983)
(Glycine max.)
Wheat Lincoln. NZ 3.1 Wilson and Jamieson (1984)
(Triticum aestivum)
Barley Rothamsted. UK 2.9 Day et al. (1987)
(Hordeum vulgare]
Potatoes Wisconsin, USA 6.5 Tanner and Sinclair (1983)
(Solanum tuberosum} Holland 15 Tanner and Sinclair (1983)

radiation. carbon dioxide, and water vapor exchange
and f depends on the history of foliage expansion as
d by the en al control of growth and
development. Implicit in this simple interpretation of j is
the assumption that foliage and air temperature are
equal sothat Dis a foliage - air vapor pressure difference.
It is possible to take account of diumal changes in the
difference belween follage and alr temperature by appeal
to the P M h. 1988).

If the rate of transpiration started to depart from the
potential rate early in the life of a crop because of an
incipient shortage of walter. slowing of leal expansion
would help (o stabilize the balance between supply and
demand as already described. In dryland farming, sup-
ply and demand are rarely balanced. During wet spells.
therate of transpiration is slower than the rate of rainfall
and Is therefore limited by ayailable energy. During
intervening dry spelis, the supply of water from the root
syslem may or may not be able to sustain the demand

g the effective |
conducunce of the canopy) and by saturation deficit. To
decide whether the climatic environment should be
regarded as EL or WL. the appropriate value of j can be
compared with the amount of rainfall received in a
specific time. normalized by the mean saturation deficit
for that time and divided by the solar radiation received.
This climatological quantity will be referred 1o as j°.

For the Ume being, we shall assume that rain falling

all incident radiation is intercepted by foliage. Then for
any period inwhichj* > J, crops have more rain than they
need to meet the p lal d d set by radi -an
EL environment. When J* < J. rates of transpiration and
of growth are both limited by the supply of water - a WL
environment. Figure 1 shows normalized rainfall plotted
against radiation for 2 months at an imaginary station.
The solid line through the origin defines a constant value

A0

Normalised rainfoll (mm)

Rodiation (wlm')
Figure 1. Points A and B represent coordinates for
normalized rainfall and radiation at a station in 2
months. AA’ is excess water, BB' Is excess
radiation, and BB" Is irrigation used. Full line

on a crop on a particular day s le for
tion that day. but that none is stored in the soil, and that

value of j and dashed line is
poulble aclud value (see text).
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‘Table 3. Shoot dry matter per unit of intercepted (1otal’} solar radiation e.

Crop Site [ Source
/M
Malze Dawis, USA 1.5 Wilhams et al. {1965)
(Zea mays)
‘Sorghum ICRISAT, india 1453009 ICRISAT Annual Reports
(Sorghum bicolon) (Van Evert. communicated)
Kimberley. Austraha 1.2 Muchow and Coates [1986)
Pearl millet ICRISAT. India 1517 Marshall and Willey (1983},
(Pennisetum glaucum) Squire et al. (1984b)
Niamey, Niger 1.2 Azam-Ali et al. (1984)
Groundnut ICRISAT. India 04 Marshall and Willey (1983}
(Arachws hypogaea) 0.4£0.07 Matthews ct al. (1988)
0.39 £ 0.04 Azam-All et al. (1988)
Chickpea ICRISAT. India 0.68 P. Singh (communicaled)
(Cicer anetinum)

. ICARDA. Syria 0.62 Hughes et al. (1987)
Pigeonpea Trinidad. West Indies 06-0.7 Hughes ct al. (1981)
(Cajanus cajan)

Soybean lowa, USA 0.75 Shibles and Weber (1966)
{Glycine max.)

Wheat Lincoln. NZ 1.19 £ 0.02 Wilson and Jamieson (1984}
{Triticum aestwum)

Temperate cereals. legumes. UK 1.0-1.5 Montelth and Elston (1983)

and root crops

* Where necessary. values of e quoted for photosynthetically active radiation were corrected 1o a tolal radiation basis by
muitiplying by the ratio of PAR 1o total energy assumed to be 0.5.

of . Point A represents a month in which J* is larger than
J implying that the amount of water recelved from rain
exceeds the amount that could be transpired by a crop
“fully covering the ground.” {.e.. by the potential tran-
spiration for the month. Then excess water represented
by the line AA’ would have to be lost by percolation or by
runoff. (The role of evaporation from the sofl surface Is
assumed negligible here but is discussed later.) From
the coordinates of A’ it is possible to calculate potential
transpiration for the month and the corresponding
production of dry matter.

Point B represents a month in which J* is less than
J- To sunvive in this environment. a crop would have the
following three options.

(1)To lose radiation (equivaient to the loss of water in
the previous case) either by the adaplive device of
restricting leaf expansion earlier in the season. or by
the movement or rolling or shedding of leaves to
reduce P! The loss of needed {s
given by the line BB' and the coordinates of B’
specify corresponding amounts of actual transpira-
tion and growth.

{2)To reduce by the process of stomatal closure. A line
with a smaller value of j (dashed) could then pass

through B. Values of e already reviewed suggest that
this Is a common response.

(31 To increase the value of q. e.g., by decreasing the
mean Intercellular concentration of CO,. This re-
sponse to drought has been reported in some labo-
ratory studies. but as assoclated changes of q are
usually small and unsystematic. the option seems
less plausible than (1) or (2).

The dryland farmer has two more options:

(1ito apply Irrigation corr ding to the {nor
amount BB".

(2)to thin stands so that less radiation Is intercepted
per unit ground area and therefore per unit of rain
(but not per plant}. Although this drastic procedure
Is sometimes practiced by farmers in the semi-arid
tropics, success obviously depends on rare skill in
assessing reserves of water in the soll as well as
forecasting rainfall for the rest of the season.
Moving to a real drvland climate. Figure 2a displays

monthly values of normalized rain and radiation at
Hyderabad. Indfa. where rain falls during the monsoon
between mid-June and early October and in occasional
heavy storms outside this perfod. [n the 3 months July
to September. |* > j implving that radiation Is the factor
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Figure 2. Monthly values of normalized rainfall
plotted against radiation with relation j = 0.2 mm
per MJ/m? (bold line).

* EL months with month number (J* > j)

* WL months (J* < §)

(a) Hyderabad (b) Jodhpur (c) Amarilio (d) Nairobi
(¢) Kuala Lumpur (Data for stations except
Hyderabad from Mueller, 1882).
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months are above the line and during the year radiation
is much less varfable than rainfall. In simple terms,
there Is never enough radiation to get rid of the rain. Dry
matter production is rarely limited by water supply, but
leaching and erosion are potential agricultural prob-
lems.

This simple climatic analysis does not take us very
far but the fact that the distribution of points above and
below the line is consistent with known patterns of crop
production at the stations chosen for illustration (and at
others not shown) suggests that the value of 0.2 mm per
MJ/m?chosen for j is widely applicable. it certainly has
a sounder basis than the ratio of rainfall to potential
transpiration (often used to define the length of growing
scason at a station) becausc it combines the state of the

Figure 2b is the g plot for in

the R; han desert where rainlis. onaverage,
too llldt to bring any monthly point above the line. This
distribution could be taken as the criterion of an arid
climate. On this basls, Amarillo. too. s arid (Fig. 2c}. but
because winter temperatures are much less than In

dh; and b frrigation is a com-
plelelv different type of agriculture Is possible.

Figure 2d illustrates the bi-modal distribution of
rainfall at Nairobi. almost on the equator. On average.
rainfall exceeds the requirements of cereal crops. e.g..
maize (Zea ) from J ry and in April
and May. For contrast. Figure 2e shows the record for a
station in the humid tropics (Kuala Lumpur), where all

phere with
As a step toward relaung crop produrllon to cli-
mates, the maln jimitation of Figure 2 is:

(1)noaccount is taken of the way in which water can be
stored in the sofl for later uptake by roots:

(2)evaporation from the soil surface Is ignored al-
though it is usually a major term in the water
balance when ground cover {s incomplete:

{3ithe distribution of rainfall within months Is not
accounted for (in effect. both rain and radlation are
assumed to be uniformly distributed over ecach
month):

(4)the phenology of crops. as determined by tempera-
ture and daylength. for example. is disregarded.



e) Kuolo Lumpur
600 r

Normalised rainfall {mm)

1
300 600
2(e) Radiation (MJ/m?)

We shall now explore ways in which the elementary
climatic analysis represented by Figure 2 can be ex-
tended to fnclude all four points in this list.

Monthly Water Budget

The next step on the staircase leading to a practical
crop model is to estimate monthly budgets for water,
assumingavalue for the maximum amount of water held
in the soil proflle and accessible to roots. This type of

) usually the tmplicit r that
“avallable water” Is constant throughout the growing
season whereas. in reality, it increases as roots pene-
trate downwards. .

For illustration, and as the basis for the presenta-
tion of daily water budgets which will follow, I chose
records for three contrasting years at ICRISAT Center in
the decade 1978-87: the wettest year (1978), the driest
(1985). and a season In which rainfall and evaporation
remained roughly In balance throughout (1982).

I assumed that crop growth began on an arbitrary
date, conventently chosen as June 1 (in practice, sowing
18 usually a couple of weeks later than this) and that it
continued in each month that rain fell or until stored
water was exhausted.

Figure 3 shows cumulative normalized rainfall (full
lines. upper part of figure) plotted as a function of
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Figure 3. A 1 hly values of 1]
ized rainfall and radiation at Hyderabad (means for
1978/87) (full line). Crosses represent maximum
loss of water by transpiration as limited by water
or energy. Soll water deficit and water loss as
runoff <art > or as drainage <art > shown below
radiation axis (see text). (a) 1878 (b) 18835 (c) 1883,

Attumered 10aonen 1MasaY)
o0

oz

3(c)

cumulative radiation by analogy with Figure 2. Cumula-
tive radiation Is used as a surrogate for time sothata plot
of y against x has a maximum slope of j = 0.2 mm per MJ/
m?. The lower part of the figure represents the soll water
deficit assumed to have a maximum value of 250 mm for
a deep Vertisol. The hatched area at the bottom of the
graph therefore represents the estimate of water stored
in the profile and the stippled area, where it appears, is
water lost by runofl or by percolation. (In this type of
analysts, it Is necessary tomake the unrealistic assump-
tion that these components are zero until the soil s at
field capacity.) In a wet year (1978, Fig. 3a). the water
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equivalent of accumulated dry matter as determined by
radiation (+ on graphl is always less than the corre-
sponding accumulated rainfall. The excess is stored in
the soil (assumed 1o hold no water on Jan. 1) or is lost,
as in August. Because evaporation proceeds throughout
at a potential rate. points representing cumulative
monthly totals lie on a line wath slope j.

In a dry year {1985. Fig. 3b). the analysis suggests
that a limited amount of water was stored in July and
August, but for the rest of the vear. points fail on the
locus of accumulated rainfall showing that dry matter
accumulation was limited by water. not light. In an
intermediate vear (1982, Fig. 3c). water is stored in the
profile from June to October and there is just enough
rain to prevent the water supply from limiting growth in
any month unti! December.

Daily Water Budgets

In the analysis of the last section. the amount of dry
matter produced over a period of 6 months ranged from
39 Mg/ha in 1985 to 60 Mg/ha in 1978. These figures
are larger by a factor of about 5 than the biomass
produced by crops of sorghum {Sorghum bicolor (L.)
Moench) (var. CSH 5) grown from 1981 to 1987 ona deep
Vertisol at ICRISAT. To remove this discrepancy. | esti-
mated the length of major growth stages from mean daily
temperature. and introduced evaporation from the soil
surface using an algorithm given in the Appendix.

The years 1978. 1982, and 1985 were chosen again
1o allow comparison with Figure 3. The verucal coord)-
nate in Figure 4 now represents sofl water deficit (actual,
not lized water)witha value 0f 250 mm
and a minimum value of zero corresp to feid

Accumuied rodiainon (My/ o)
500 1000
T T

128 -

Souh water Geficnt [mm)

4(a)
Figure 4. Daily values of soil water deficit at
Hyderabad estimated for a soll with water holding
capacity of 250 mm. Details of interpretation In
text. (a) 1978 (b) 1985 (c) 1983.

ctumesied rageien 1M AT)
200 1200 Gl

ETY

28 -

St mates dutcn (mmi

4p)° o o2 o

capacity. The horizontal coordinate is acc )
radiation as before. On any day when the rainfall ex-
ceeds the deficit. the water that is "lost™ by runofl or
percolation is shown below the axis. On any day when
the available water Is zero. tr and growth are
assumed to be zero so that radiation is "lost.” Reading
from left to right. vertical axes represent the origin for
radiation. the amount of radiation accumulaied up to
the dateof sowing and amounts accumulated to the ends
of growth Stages 1. 2. and 3 (corresponding to panicle
Injtiation, anthesis. and maturity). The initial water
content was obtained from an independent water bal-
ance study.

In the wet season of 1978 (Fig. 4al. the profile was
more than half full at the begi of the

aceumutaied ragiation (MJ/m')
500 1000

250~ - .

Soul water deficit (mm)

0. - - . .
4(c) o5t G52 sy

scason and remained close to field capacity until har-
vest. Very heavy rain in GS 3 was followed by the loss of
more than 300 mm of water. Wet conditions at harvest
and some leaching of nutrients carlier in the scason may
both have been responsible for the poor yields of cereals
widespread in this season.

in p the of 1985 was so
late In arriving that the date of sowing according to the
criterion used (Appendix) wasJuly 4. about 3 weeks later
than usual. The profile was never more than hall full and
little water was available to the crop in GS 3 (Fig. 4b).

In 1982, the profile again was never more than half
full, but the distribution of rain was such that there was
a steady decline in available water from about 130 mm
carly In GS | to zero just before the end of GS 3 (Fig. 4c).
There were several periods when the input of water from
rain almost exactly balanced the output by evaporation.

Over the whole decade (1978/87). the model pre-
dicted that water would be lost by runofl or percolation
during the growing season In only 3 years whereas runofl
was recorded In 7 years. The estimated luss of water by
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Figure 5. Bi of sorg as esti d from
model (Appendix) and as measured at ICRISAT
Center, 1881-87. Points for 1983 and 1885

identified.

runofl and percolation was 514 mm whereas 600 mm of
runoffl was recorded. Inspection of daily measurements
showed that the mode! overestimated the amount of rain
that could be stored when the top part of the profile was
at fleld capacity and the lower part was less wel.
There were only two seasons - 1982 and 1985 - when
radiation was lost In the sense that sunlight was inter-
cepted by a stand whose water supply was exhausted.
This implies that rainfall at the site was “assured™ in the
sense that water appears lo have been available in the
profile throughout the growing scason for 8 years In 10.
Amore complex story emerges when measurements
of sorghum blomass are compared with estimates from
the model (Fig. 5). In S of the years - those with
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1o roots and shoots must be dealt with explicitly so that
the uptake of water and nutrients by roots can be treated
in the same detall as the Interception of light by leaves,
the coupling of nutrient and water budgets in the sofl
must be addressed, and a submodel for runoff and
percolation must be incorporated.

Conclusion

The scheme described in this paper for relating crop
production and transpliration to climate takes account of
major effects of solar radiation, rainfall. and saturation
deficit. Temperature determines the length of phenologi-
cal stages and its influence on e, usually small, could be
readily allowed for if it were needed. No account is taken
of wind - an additional factor determining canopy sur-
face temperature and evaporation rate which would be
needed if the the true canopy/air vapor pressure deficit
were to be used in place of D.

Despite these limitations, the scheme provides a
logical link between climatology and crop physiology.
coupling dry matter production and transpiration in a
manner consistent with fleld experience, but overlooked
in more sophisticated models which use independent
algorithms to describe fluxes of carbon dioxide and
water vapor.
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Appendix

Model for daily water budget

The main assumptions used to construct Figure 4
were based on observations of sorghum growth at ICRI-
SAT and are as follows:

(1)sowing was assumed whenever the rainfall after
June 1 accumulated over 3 days exceeded 25 mm;

(2)the timing of successive growth stages (GS 1,2.3)
was calculated from daily mean temperature using
algorithms from Huda (1987);

(3)intercepted radiation (f) was assumed to be zero
during GS 1 and 0.7 thereafter:

(4)transpiration was calculated from intercepted ra-
diation using a coefliclent of 0.2 mm of normalized
water per MJ/m?%

(5)evaporation from the soil was assumed to have a
limit of 50 mm in GS 1 and 25 mm thereafter. The
rate of evaporation decreased exponentially with
time after the last rain and the time constant for the
process, dependent on radiation, was about 5 days
on average, and

(6)a maximum of 1 mm of water evaporated directly
from the surface of foliage on every day with rain
exceeding 1 mm.
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