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PART I. THEORY

ose of irrigation is to keep the soil wet enough to ensure
is never a limiting factor in crop growth. If it 1s_accepted
't aximum gro“_fth needs maximum transpiration, then
control of irrigation depends upon the possibility of esti-
tion rates, and during recent years it has become clear that

rati>’ an be estimated from contemporary weather data. In
and his colleagues (1950) and Thornthwaite (1951) have
weather-basad control of irrigation to a routine, but though
ree of empiricism their emphasis is primarily on relations
 £easons. At Rothamsted we have tried to wo_rk forward from
ations, using empirical constants only where ignorance makes

Sidable. Progress has been sufficient to justify field experiments
So40. 1952), but only by using an empirical constant (relating
54 to evaporation from an open water surface) that could not
Y10 be valid in a different climate. An attempt to give a theoretical

constant was partly successful (Penman and Schofield, 1951),

rather difficult measurements of surface temperature could

nurpose of the present paper is to attempt a general treatment

Sihic limitation, and to test it in the climate of southern Australia

i more complex conditions of orchard irrigation. The formal
is given in an appendix.

05 of Evaporation
o two basic principles in the physics of evaporation. First, the
fwater to the atmosphere involves a change of state from liquid
this demands energy to supply the necessary heat of vaporiza-
ount of evaporation is limited by available energy. Second,
ake of vapour by the atmosphere requires the air to be less
ly saturated and requires a transport mechanism to move the
moister to drier levels in the atmosphere: the rate of evaporation
| by a vapour pressure gradient and a coefficient of turbulent

d principle can be made self-sufficient in estimating evaporation

m any kind of surface. As examples, Pasquill (1950) has improved
first used by Thornthwaite and Holzmann (1939) and brought
\__degree of precision that will give hour to hour changes in evapora-
jand Swinbank (1951) has introduced a more fundamental method

¢ even higher precision in estimating minute to minute changes.

e ary probings into the fundamental physics of evaporation are
research techniques giving fine detail, and for general use some-
and more easily handled is needed. By accepting a small sacri-

on this breadth is attainable without sacrifice of principle, but

Yy permission of the author from the “Report of the Thirteenth Inter-
cultural Congress, 1952”.
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it demands some knowledge of the Properties op ¢
evaporation is taking place, properties that are diﬂ‘1 Su
never be measured as routine. They are casiesf f!eu\

from which the rate of evaporation s pmporliona? 3

the surface water vapour pressure and the almosphe'l,
The factor of proportionality depends in g commerlc,.
temperature gradient and roughness of the SUrf‘ac’é We
the first sacrifice in precision it is possible to eXpress

of wind speed measured at a standard height. Frq o
1948), over the range of wind speeds of practicg] imoe
equation for evaporation from open water is

E,=0-35 (e,—e,) (1-1,/100) mm, /day,

where e, and ¢q are the vapour pressures at the supfy
mm. Hg., and u, is the wind speed at 2 metres above 11
per day. If the value of e, for a crop could be measure“
would give the transpiration rate. T
The first principle is not completely self-sufficient, hen

in discussion. It involves measurement or estimation of all
solar radiation is used, leaving heat of evaporation ag i
Ignoring minor terms in the balance sheet, part of the i
is reflected, the amount depending on the colour and
and part goes back as an unceasing net outflow of long-
residue retained at or near the surface is known as the *
effectively is shared between energy of evaporation and |
The heat budget, as income, can be written as

H= Rc (l —‘-r"}— R_tg A

ncig
nafy

radiation, dependen
humidity and cloudiness, and almost completely
Apart from differences in reflection factor,
and over a given period will be independen :
tively the same for all green crops giving a complete groun
their shape or height. The heat budget, as expenditure, ca

H=E+K

where, in consistent units, E is the evaporation and K is
transfer to the air. For the pre-supposed condition of non-
supply the heat transfer is only a small fraction of the energy:
and hence, to a good first approximation, the water cons
irrigated crops at a given time and place is effectively the sam
mined by prevailing weather. Apart from circumstanti
gathered in practical applications (Penman, 1951), this gene:
experimental support from mea
rates of five markedly different ki
writes: *‘Surprisingly, it has bee
relatively minor importance in determining the magnitude 0
The important controls are climatic . . |
Although of great value as it stands, the statement becomes .
when made quantitative. To make it S0, it is necessary to Sepdi
terms in the heat budget, and for this ideas used in the V
principle are needed. Again, subject to the limitation of a WO
mation, it can be stated that the physical mechanism of trans!

- . ¢ '
the same as that of transfer of vapour, the rate being the prodt :

perature difference and a ventilation factor. If the tcmpefat“{
measured between the surface and the air a few feet above,
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i t down
i e. the ratio K/E can be se
];,IlitS consistent. The formal equa-

. r transfer
o‘(:) to keep

say

' —ey)=D8 _
5 drature and T, is the mean air temperature.
empe

4)

. known, and here, too, the
if Su;gaf)i)zshvlfztgrresurface for which e, is the
is om
thus come to the same end-poun‘t: Tv;;pg;?;
be estimated from other weathe e
The corresponding formal eqt;(a io

so can be solved to eliminate the un nowr;
o ression for evaporation that does no
L [{;'I)'{l?'l reflection coeflicient. Asa convempncel,

i new term E,, obtained from equation

e " ¢. is the saturation vapour pressure at
o whelg our pressure difference factor in E, is
tﬁ.ratio: d‘:Il'i‘Z:il‘ of the air. The evaporation rate from

scomes (Penman, 1948 or 1949)
3 () 5)
yEa)f(L\—l-«/), (

\of the saturation vapour pressure curve at mean air
ily found from standard tables.

ctension of Physical Theory '

Y00 i discussion:

‘points need mention or
dequate approximations only four weather el'cm{;til:stean‘:
%qu“" values of E,, and all are g:andar?;ir::gd;;)md L
B iter v: in the air, mear :
an water vapour pressure .
;-of bright sunshine per day (Penmz.m, ‘I 948) ey
. measurements of E, and the transpiration réltg l'g::llgiand

E:, gave empirical ratios of E-(E, for S.E.

1 0:6 in the four mid-winter months to 0-8 in the four

onths (Penman, 1948). These factors have %rg;e;lrt% cl:;i
accuracy in field experiments on irrigation of sug
49). ) -
pt at a theoretical derivation of the .convcrugnitgat;tezls g:r:;si
I in giving the right order of magnitude gn 1 S
(Penman and Schofield, 1951). It was based en ; ny ol e
nsfer approach, and needed values of surface temp

at 1s
is have
urface can
is known.

ithe open water and the transpiring surface.

$ added the energy balance concept it Q"gh; to.be 1!13 2:;1:311-6

or a short green crop what was achieved for ol:fture and

avoid the need for measurement of surface terfl}ptlel‘ns S ion

estimate from other weather data 7o Igte 10 = tfl:é same

I supply is non-limiting. The basic prmm%cie?iwthat could

Overlain by secondary detail, now to be conside L dion b the
g without the preceding discussion of the appli

10 open water.

@-length Factors in Transpiration

Iratio E/E, is the product of three factors: a vapour pressure

Hatal factor, and a day-length factor. (Appendix, eq. 6.)
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The first is simple. If the mean surf: i 4
race temperajy g pird! " .ded to find Er. The second comes from

from that ¢
rom that of an open water surface exposed 10 the simply- As income, Hr differs from H, only

pressure difference in the transport equati : : i :
surfaces. quation wilj : ei;endilure. the heat budget is again shared

The second is more complex. In moving awa ] b Snsible heat transfer:
tht;: vapo{ur e:_wmli_ntcrs resistance at all levelg ):‘e[:pm 5e ; :
calmer the air. For a given wind spee : g
surface and the level at gWhich the vztso;(: éifs tmm; : Prinaples SIS
constant (a consequence of the first :as:surnptio;ure I8 1y s
the transport were by molecular diffusion only Fﬂ ' b E i . . ®
be epcountei'{_:d over a very much shorter distanca = ! ,
precise term it is convenient to call this short dice' X P Ny ety
of the surface, L,: the effective length offers the b their prey d are the estimation of D and S (the more
diffusion as the distance between surface and scsame-_ s rasss ﬂaolh are less than unity, and as Hz: is
diffusion, and knowing the coefficient of molecuﬁ?h.- : be notec‘l g]:?;cs'a Lhm; E - that is, the rate of transpira-
into air it is easy to convert equation | into an ex i yill always t‘d the rate of evaporation from an open
as a function of wind speed. (Appendix, para iggjr%-ss.l. 5 cannot SRS ent
be the same for all surfaces having the same aerod he y; pe environmetit.
happy accident the opeﬁl water and short grass surfaces
experiments appear to have behaved as tho 4 't er i
values of L, derived from equation | can beuﬁlslegq;sa"’.' ' ined can be true On ly ['qr Sh(.m m\?ﬁiitﬁ;\fgl‘; hlngsl?
length of surfaces of grass and other short vegetatiom ‘come in that arc difficult to asbc?s qin eva‘ oratién raté
the air, and to it must be added a resistance in the le:f surface is greater, e llll.;TC&SCI‘-ne elTer?t by expedit-
of the mesophyll tissue lining a sub-stomatal cavity, the ye Cswaying of the crop may Ray-LI0 A% the turbulent region
to the inside opening of the stoma, through the ¢ ide Bl qmper air from Wi e L t of air through the
from the outside opening before merging with cor?cs'e' ' thete may be significant movemen ficiently important
neighbouring stomata: thereafter the vapour flow e nt type of crop this third s ’
resistance already assessed. If the geometry of the stom: foantitaiive dlscuss1_0ﬂ- 2it air movement below
sufficiently simple the stomatal resistance to flow can b usually far en ough apart to per I{ n may be increased.
equivalent length L, but information is so scanty, and sigl the ventilation factor in evapora locva orl't'llion must be
known is so complex, that this method of estimat‘ing stomat mains unchanged, any increase in 1Furf; in and above
diffusion is unlikely to be of any general use. An alternatiy heat transfer to the air, 1.€. aif !emtgzrc asture. TO ASsess
promise, is the direct technique used by Heath (1941) jrd must be less than over an s thgn any'prcviously
preparation) to measure the stomatal conductivity for di eyen more sweeping assumptions
reciprocal of which is the ‘effective length’ of the stoma
it known in some way, then the total effective length fo;
{,H+Ls: for an open water surface it is L,: and the stomatal §
18 La/(La+Ls):S, say. "

The third factor allows for the normal night closure of

. . ®
to these equations (Appen-

us meanings.

: : i at for t any direc-
ly array of an orchard is g:uch that for almos .
4 are in straight lines with clear lanes between. It will
whatever the wind direction it will blow parallel to rot:vs
the rows are effectively continuous hedges; and (iii) that

. . a : i ical shape from which
becomes simple if the assumoti o ertical section have some s1m ple geometrical shape 1rom .
P ptions are accepted. Theygy ventilated can be estimated. The resulting increase 1n

water vapour pressure, e;, remains constant throughout : incr i 'ed
surface vapour pressure gges through a sinusoidal cy%le wit ' QoL however, be pl‘OpOI‘thﬁﬂé {{I) t?lfeiigsifgelgfagiy
mum and midday maximum; (iii) the stomata are fully op ' -'ge‘wmd_spe.cd must be: Cecreasec. ‘n aver‘a e wind spee
daylight and completely closed in darkness. The day-lé erience it will be assumed (iv) that the s igc it the
reduces to the sum of two terms, the first being N/24 where. same proportion as the area is increase J\’ (i‘n‘;es O e e
of daylight and so has an annual cycle with an amplitude va Biarea of ground increase the effective lare? & Usinp
and the second being a sine term that becomes less and I& dspeed is 1/) times the average OveT t }cAr dix, para. 14)
(Ii{ri'er the atmoiphere. The sum of the two terms is always 8 ! r-a tﬂ:\:Ealblﬁgfi"ﬁ&gﬁ;ﬁg&i;c:azu()reptﬁ)fe:n C(;nl:pen.sate;

epresentin : 2

p g the factor by D, the Penman and Schofiel vind spmd.uFor an orchard

written
B =y . _ i AH- A E, R )
E"ee Sl 0 o 0 AFSD
If now equation 1 is re-.written as E,=f(u)(e,,—ea), thett ] PART II. FIELD RESULTS
E:=f(uw(e;r—e,) SD, . : . . + i Milford, Surrey

in which e, is the saturation vapour pressure at the mean Suf S ¢ L year of the experiments (Penman,
over a period of 24 hours. Sy gave a measured soil water loss &

4 b

1949) direct sampling
qual to the calculated




value based on E+/E,=0-8. A check of the new apar..
a demonstration that the ratio given by equm]\é‘al
and 0-9, limits which must be accepted becauge n
sampling technique and the theoretical anmysisaf'
cannot be made because L; for sugar beet IS Unknowe
of reasonable values of L  a corresponding set[g} i)
calculated to give a check on order of Magnityude.
(Table 1) show the degree of sensitivity of the o
of L,.

Table 1. Theoretical valye of B,

Assumed L, (cm.) . . . 008
Calculated E-/E, . : . 075

Discussion must be brief. Values of L, less than 0:08 ap,
unreasonable, so the reason for the rather low valu

in neglect of other field factors such as () the greatep
of sugar beet as compared with an area of short gl"al o
within the crop; (iii) a reflection coefficient less than the
in this and following examples; and (iv) the evaporatio
water. As incorporation of any of these factors in the
the calculated ratio E+/E,, the values in Table | may
factory. '

8. Lucerne at Griffith, N.S.W., Australia

Soil moisture measurements were made at interya
1931 and May 1932 under irrigated lucerne (West, 1933)
been possible to decide that the soil moisture content
the same on 31 December as on 31 May, i.e. the tot 1
period was equal to the sum of rainfall and irrigation, The
From contemporary weather data, and using Prescotts
caleulate incoming solar radiation from duration of bright
on Australian records and differing slightly from that for & !
calculated total, assuming L,=0:16 cm., is 22 inches. O
observations of open water evaporation gave a total of
calculated value is 33 inches. As an alternative form of ¢
value of E+/E, is 0-61, and the calculated value is 0-67, Alth
ments are encouraging they must be accepted with caut
1S N0 a priori reason for setting L,=0-16, (b) the lucerne
signs of water shortage, and (c) lucerne is not a good
water is plentiful there is night opening of the stomata (L

9. Peach Trees at Tatura, Victoria, Australia o
In irrigation experiments at the State Research Orchard
has been the nature of the surface cover between the trees
that most amenable to test is the white clover block, being
remain green and actively transpiring throughout the suf
more water than any other. Irrigation is by flooding and,

reaches about 2 inches. Apart from possible errors in m
applied, there is a known tendency to over-water to th

one-tenth inch per irrigation (which is drained off), so du 'r:'_._

applications there may be about 1 inch added per season it
ment. Occasionally, this excess may be augmented when
irrigation causes some run-off, | ;
The simplest geometrical figure for a peach tree is an 1
least until the weight of fruit begins to pull the branches GOW
trees are 15 feet high and in rows 18 feet apart. Treating te%

6

the ratio of tree to ground area

e tOP, the area ventilated is 3-5

ver crop,

X xperiment and the only
gre Sta[li::t[i};a;,:.hf\g apn cxpcgiicnt. to avoid
re, the qu1 the data for the period November
.. and has been used for the rcmamldir

=010 CIth-l"cc preceding seasons. The com;}e'e
d'f‘i":}:gth? which shows the seasonal trend. It 1s
in Fig.

. Tanspiration
timated Transp

4 lffigat'lon

F
1951 P

d of water use at Tatura, Victoria (peach trees with white
clover cover crop) .
al soil moisture deficit at the beginning of August an

i i r account
fering to the extent of 1 or 2 inches can togethe LIy

lues lying consistently above the calculated values.
able 2.

timated and observed water consumption (inqhes )
Peaches over white clover: Tatura: Aug.-Feb.)

Estimated
Irrigation transpiration

40-1
360
44-2
40-7




As the discrepancies are of the ordey to
uncertainties in the basic physical theory
and approximations have not i
illusory, for the value of Ly was chosen
observation and estimation over a Period of (s
said that the new analysis has merely replg, b
another. Even after conceding this, progress Can'blg
L, chosen for a short period fits the four whole Seag
not very sensitive to changes in Ly (see Table 1):
ally and biologically reasonable; (iv) some day"ind. .
it Will be possible; and (v) the new empiriog G5B
independent of the climatic and geographica] facg
previously used empirical constant. -

An extension of the new analysis offers further e
other treatments at Tatura has a straw mulch ag o
adequate allowance for changed reflection factor and
lated crop the average seasonal transpiration hag
33 inches. The totals of rain and irrigation for the
32 and 26 inches.

transpiration rates can be adequately estimated. As
natural evaporation, transpiration is dominantly a waeg
nomenon in which plant character plays only a mines
be calculated from weather data. The physical princip]
supply and turbulent transport of vapour, are outlined {

ealed for open wate

possible to convert
evaporation into estimated transpiration by using an
factor. By an extension of the principles and the introdi
and day-length factors it has proved possible to eliming
to estimate transpiration rate directly from weather data
ating the rate for a hypothetical open water surface,
orchard crops is separately treated.

Field checks, chiefly in the more extreme climate of
have been satisfactory, but only by accepting somewhat arbi
stomatal conductance for diffusive flow of water vapo
equally successful for short crops and for orchard crops.
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APPENDIX
10. Units and Symbols

All quantities of energy are expressed in evaporation equi

evaporation=59 cal./cm.2. The main symbols are as folloWs

T, mean air temperature (°F.);
7, mean surface temperature;
T4 mean dew-point temperature;

8

e at mean air temperature (mm. Hg.);
_ acessur

Sour Press.erature; _ ur
"'F. é?g:p?cmperature (i.e. the actual vapo
jew-P
; miles/day);
at (2 megr?isn(order: general, open water surface,
E mm. ).

uivalent mm.);

r day (4 r day (equivalent mm.);

ition pe

ve radiatl o
; 3.3 radiation per day;
_ at surface;

jent of s;gajﬁ%.). This is the constant of the wet
eter, and =0-27;

: (mm. Hg./°F.); '
?of external atmosphere (cm.);
g f surface; =

siblgfdl\i?ation of bright sunshine;

5 ; hine; .
o of ]:;)rrlegslléticfrlllngb‘tained in calculation (mm./day).
e ex

Y i r
fd'nﬂ.l' crops for orchar d with cover crop, and fO
ordl ’

ot sgraw mulch;
aﬁi leaf area to ground area.

ji)éo)(e,—ed);

/100)(e,—ea);

+0-55 n/N) for S.E. England,

54-0:54 n/N) for southern Australia,

1 Nar
a 2o 1Y
—+3'75“’"2—4>




art 11, para. 7) is for June
12. Determinationof S and D o SUgAT beet ([?cgivc e length ns ot

o ote the € m-
(i) The stomatal factor, S=L,/(L,+-L). ﬂ“?:;c}(en as 173 }l'ou;f{gl;ll:grs tsi?astlgtu-
From equation 1 and using the known coefiie _;-:G:n —1-05 rﬂ:n{i Ut{.c value D=1:0 was
oof water vapour in air (0-25 cm.2/sec.) it is ]'JOSsiGLq ¢ jor JU° 1.0 for "é]“;%is value was used.
L,=0-65/(1+1,/100). i p—097, 21
‘Table 3 gives values of S for a range of valyeg of

Table 3. Dependence of § o,

D;
L, . . 008 016 e S

Uy

0. . 08 080 :

50 . . 084 073 )57 T,—To):

100 . . 080 066 (up b
150 . . 077 0-62 . ) (e—€all = ) (e
200 . . 073 058  Qay ) (es—ea)/ 73 e
25 . . 071 054  Qay sp  —v Ealb
300 . . 067 050 Bi/ASD EJA

—eg)|A;

As an indication of order of magnitude, values of
would be obtained for leaves with cylindrical tube sto,
characters: :

Fractional area (%) . . 2 1 that rows are effective hedges, all tl(]ia:hlii ’

Population (per mm.?) .50 100 400 ) ngma[ to the wind. In the case CORSIGRES is the
s :;'d"'l;he relative increase in th:ﬂlillaileisarg%r e
Thickness of epidermis (y.) . 2:5 ivided by the separation of ftic RSLHT

) arate ft. at the base, the perimeter is
i i oy i - pdrzagchi]:;i éc?tal ventilated area 15 thus about

; o) hapes an
(ii) The day-length factor, D=N/244-(a Sin Nu/[24)}; Bd be if the trees were ‘;\bs:m. For other shap
This is slightly modified from Penman and Schofiel . ghient: suppos = ol s ind d over
was used to make allowance for the long English twilig| oed. The assumption is that if up 1S the wn_r; 1{51{:1:8
The ratio a/b is the ratio of two vapour differences wind speed over the ventilated area 18 /A

:]eilélg.zgag:;fﬁg? not differ greatly it may be SimElu. speed affects the stomatal term S (Table 3) and the

DMEs

a_ (T, max.—T, min.)/2 20-35 (e,—eg) (1--15/100 bW H
. | ‘ b T, mean—T, ‘ ) B, 035 (ea—e) O—1).
i.e. half the daily range over the excess of daily mean 0 traw
perature. Values of a/b exceeding unity may occur and may ert ground cover (e.g. as
«caution. They correspond to dew formation, which has to! 0-)
as open water. The value of D must never be allowed E)'=(\—1). 0:35 (ea—e4) (14-145/100 v)- T

For reference the following table is given. : =40 m.p.d. and for L,zO-IG the va uf

d from 0+63 to 0-75; and the values O

84 (e,—e,), 172 (ea_ed) and 1-22 (\‘.’-a_ea‘)-

mulch) the value pf E,

Table 4. Components of D dependent on season d

Ni24 | (Sin Nn/24)/x N N4 | G

REFERENCES _
0-25 0-225 18 0-75 IBDLE, W. D. (1950). ‘ Determining Water Requirement

0-29 0-255 17 0-71 ation Series, U.S.D.A., Washington.
0-33 0-275 16| 067 |, BI). Ann. Bot. NS, 3: 455,

0-38 0-295 15 0:62  Behaviour of Stomata.” Carnegie Inst., Washington.
0-42 0-310 14 0-57 ; JiRoy. Met. Soc. 76: 287.
0-46 0315 13 0-54 VIS o¢. Roy. Soc. A. 190: 120.
0-50 0-320 : 1. Roy. Met. Soc. 75: 293.
A KB) App. Phys. 2: 145.
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LepECIES LIVING ON THE CRUCIFERAE,
i+ REFERENCE TO THE SWEDE MIDGE,
iRINIA NASTURTII (KIEFFER)*

By BARBARA M. STOKES
apshamsted Experimental Station, Harpenden, Herts

(With Plate 6)

jons have proved that Contarinia nasturtii (Kieffer), C. isatidis

deralis (Kieffer) are in reality one species. The names C. isatidis
- yuderalis (Kieffer) are therefore synonyms of C. nasturtit
1ble doubt has been thrown on the authenticity of several other

range of C. nasturtii was already known to be very extensive.
host plants, including two tetraploid varieties and several weeds
during this investigation. Eight were established by experiments,
1@ six have previously been recorded as host plants of C. ruderalis.
anigra, Lepidium sativum and Rapistrum rugosum have since been
 plants of Contarinia nasturtiiin Holland. Diplotaxis tenuifoliaand

e suspected as host plants, but the evidence is not yet conclusive.

INTRODUCTION AND METHODS

midges of the same genus have often been described as distinct

red on different host plants. This was a useful precaution against

in the absence of more detailed knowledge of the insects con-

l-midge species are now known to have a range of host plants,

uch a gradation in morphological characters when large numbers

6 examined that specific determination by the usual methods is

ed to the development of biological techniques in which studies
10st-plant range and mating tests play a part.

er of midges must be available for such work. They can be bred

galls collected either in the field or from a plot where host plants are

4 ¥. This may quickly become infested if the midges are in the vicinity

By hours of field searching. The plants can be examined frequently

bred out from collected galls in emergence cages, are available for

. Eﬂs established at Rothamsted Lodge, Harpenden, in an investigation
ontarinia infesting the Cruciferae. Thirty-four different crucifers
asterisk in ‘Table 1) were grown, of which ten were known host

S8818 submiitted in part fulfilment for the degree of M.Sc. (University of Reading).




