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Work of the PhYsics DePartment on
Natural EvaPoration

BY H. L. PrNu'rN

INTRoDUCTIoN: PUBLTSHED woRK uP To 1944

Evaporation is a very widespread phenomenon in nature and rs
lareelv bevond human control. At one extreme there rs large-

.;"i; ;;;;ii"t from the oceans, upon which the supply of rain is

dependeit; at the other there is small-scale evaPoration.from Plant
leaves and other organisms, of irnportance rn mrcrmumatology'
Between the extremes is the broad range of phenomena upon whlch

the retum of the rain to the atmosphere depends (l), Phenome-naol
eoual interest to the water engineer, the agriculturist- and the
oidoloeist. In aericulture, the transPiration of tro\ring crops

Lrovidl the main"evaporation problem, but there is also evapora-

iion f.om bare soil, regarded favourably wh€n it dries out the land

to Dermit cultivation operations, but too olten regarde-d unlavour-
;fu;;ir; it i. thouehi to be robbing nearby plants of moisture

b*ioe tt 
" 

pasi few years the Physics DePartment .,has
intensified the 6eld studies in evaPoratron whlcn nao. rnelr
foundation in the work of Dr. Keen over 25 years ago' -Experrm-ents

*er" dor" in cvlinders, uncropped, and a study of the retreat of the
water table in- various soil types, initially satwated, showed that
even in the severe drought bi l92l there was littlb or no water

il;;Jf.;; ; water iable lying at 3 or 4 {,t' below the surface

ol Rothamsted clay soil, and lor Wobum sand the lrmrtlng dePtn

*..-"Uoot 14 ir' (i). These experiments did not show how rluch
water had evaDoraieh trom the soil. but, for the local sorl, the drarn

;;;;t;ti"dd il Lawes and Gilbert in 1870 have provided
i"-".?L t-.- *r,l"n'information about amounts and seasonal varia-

ii;;'; -";;;;6n lrom fallow soil could be obtained' -The
;;";;;,iJi"" a,'d its depeodence or weather factors have

t."*" f...."rr p".tlv from stitistical analyses of the rainlall and

;;;;;';;;";d!-iil l. st, partlv from irhvsical relfonirg and

i"a'ffi-.i it 
" 
.ttl,-"ii" t6.oia. ivaitable iirce 1925 (6, 7' 8)' anrl

nartiv from laboratorv experiments (9)' The results have shown

ihat'wat"r movement"in a'soU wlth onty a slight moisture dehcrt rs

extremelv slow: as the deficit increases, the reluctance to-move
increases' enormouslv Dr!'rng conditions at the surlace ot bare

*ir--i"iti"tl" .t 6eld capaiitvl tend to set up a liquid movement

from below"to the surfaic' lf the drying ratg-is.smau' T lt.ls. -
n'inter, the flow of soil water can keeP Pace wlth.lt,.so maEtarnrng
a steadv evaporation rate very nearly equal to that lrom an oPen

water iurfaci and calculable hom weather data lt the drytng
;;i;i.;;i. the flow of soil water cannot keeP pace with it' and

the todtayei of soil dries out even though moist.so 
, 
condltrons

"*ist &rlv i few milJimetres away. This is characterrshc summer

behavior.i in which the vaporisation takes place some leY mrrr-
metres below the soil surfice: tbe extra difiusion Path- ttlereby
i-"ot"a-i.a""." evaDoration to very small amounts' and the rate

c"ito to have any- dependence on weather factors other tnan

;;I.u. 
" iil", under Ei',glisrt summer conditions, bare soil can be

;:;;rd; ;';;if-;"t.-r,in"l .o that surface tultivation other than
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that required for weed killing is a redundant operation as far as
moisture conservation is concemed, a conclusion that is in keeping
with the Department's findings in cultivation experiments (10).

RrcBxr wonx: TrrEoRETrcAL

The rvork on bare soil showed the complexity of the problem,
but in the later stages there emerged the possibility that atr
analytical treatment might be successful when the surface was
saturated, for a crude aerodSmamical estimate of evaporation rates
from weather data had been successful in accounting for the
observed order of magnitude (6). For a uumber of reasons it
se€med best to apply this analysis to evaporation Irom au open
water surface, and to obta.in comparative figures for the ratios of
evaporation bare soil/open water and turf/open water under
conditions where soil moisture $'as tron-limiting.

Sinh srlength

Two approaches have been made. In the first, evaporatiou is
regarded as due to a difierence in vapour pressure between the
evaporating surlace and the air above it, the rate of transport
depending on the degree of turbulence in the air moving over the
surface. Eddies sweeping down onto and across the surface will
ta&e up vapour and rnove away as slightly damper air masses,
gradually to mix with their drier surroundings away from the
surface. The theory of the process, developed elsewhere (ll, l2),
leads to the fotlowing (simptified) form for the evaporation rate:-

E:C (e,- ed) *'1c (r)
where E is the evaporation in unit time, C is a constant involving
dimensional and weather factors, e, and ,l are the water yapour
pressures at the evaporating surface and in the a.ir above respec-
tively, aod lr is the horizontal wind velocity. As the analysis is
efiectively measuring the ability of the air to take up vapour, i.e.
to act as a "sink" for vapour, it is convenient to refer to estimates
based on this equation as "sink strength" estimates.

Energy balance

The second approach has been more purely physical. Evapora-
tion is an energ"y change, and by treating the problem as an example
oI conservation of energy one might be able to draw up an energy
balance sheet leaving evaporation as the only unkno\+ar. Little
used for land surfaces, as the balance sheet was drawn up it was
found to have been extensively used in oceanography (13). During
the day, surt and sky light provide a certain measurable amount of
energy, of rr'hich a small part is reflected and a negligible part used
in photos5mthesis. Throughout day and night an exchange of
long-wave energy takes place between the earth and the water
vapour of the atmosphere, partly intercepted by clouds. Precise
Iormulation of this long wave exchange has not yet been achieved
(11), but, v.ith this limitation, it is possible to wdte down an
expression lor the heat budget (I1) of the test surlace as a function
of incoming suu and sky radiation, mean air temp€rature, water
vapour content of the air ard cloudiness. This heat, Il, is used up
in evaporation, -E, in warming the a.ir, I{, in warming the evaporating
material, S, and in warming the surround of the material, C. Under
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n
certain conditions S and C can be ignored: an approximate
expression {or the ratio of KIE is available (14), and as this ratio
is rarely very great it is possible to deduce ,E from 11.

RECENT woRK: EXPERTIIENTAL

Experiments to test these two approaches were begun in 1944
using the twelve cylinders which Dr. Keen had set up in 1924
round a pit in the meteorological enclosure. Five had been filled
with Wobum soil and in 20 years had settled to a near natural
state. Each o{ these five was joined to an empty cylinder at the
bottom, so making a set of fve U-tubes. Waterproof covers were
provided' for the empty cylindem, and on two of the soil cylinders
turf was laid in the spring of 1944. One of the remaidng empty
pair was filled to the brim and used ari an open water surface.
Water was run into the empty arms of the U-tubes uatil they were
brimfirl and water was standing on the soil surfaces: it was then
run out until the water levels had reached pre-determined depths.
These were 16 in. below bare and turfed sudaces, 10 in. below bare
and turfed surfaces and 5 in. below the remaining bare surface,
From the daily measured movements of the water table it was
possible to estimate eyaporation and traaspiration, arrd con-
temporary records were taken of surface, air and dew-point
temperaturcs, wind speed, solar radiation, and cloudiness.

Resulrs: olcn uot r
The results have not confirmed the expectatiotr based on the

sink streryth forrnula. It has been found that the daily evapora-
tion rate from open water is govemed by:-

E:0.35(rf9.8xlo\t2lp"-ca)mn.lday (21

where n2 is the wind velocity in miles/day, and a, and ,a axe in
millimetres of mercury. This result, which difiers insignficanfly
from that obtained in a very comprehensive American investiga-
tion (15), difiers from the formal analysis on the fundamental issue
of the va.lue of tie evaporation rate at zero wind velocity. The
overall mean value of observed evaporation is about two-thirtls of
the value that would be obtained from eq. I for an average wind
sPeed.

The energy balance has been successful for periods oI several
days in length and has ofteu been successful for single days. A
comparison of the two approaches is giveo in the table below.
This gives the run-of-tbe-wind, the value of II and the observed
open water evaporation for a few days in 1945, with two estimates
of evaporation alongside. The first of these has been obtained
from the energy balance: the second has been obtained from eq. 2,
i.e. from a fitted equation.
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a
Obsemed. and Estimated Eaa?olatiot: Ofen Water

Evaporation (mm./day)
Estimated Observed

u2 H Energy Sink
m.p.d. (mm./day) Balance Strength

67 4.ll 3.6 4.3 3.6
122 3.76 4.O 2.8 2.8
63 3.90 3.4 3.4 3.6

Date
1945
Jut "l1
D,

J"lv
I

t2

Arg.
3

17
26

Sept.
8

14
27

r49 3.64 2.6
92 5.58 5.4

2.4
1.2

2.3
1.7

197 5.01 4.3 4.7 3.2
50 5.80 5.0 3.1 3.6

1 5.76 4.7 5.7 4.8

1.8
1.1
1.7

Over extended periods the agreements are better, arrd applica-
tions to other data have showa that the residual empirical elemeats
in both approaches are not purely local in their sigaificance.

Results : bare soil
Results for bare soil have been in keeping with those of earlier

work. With the water table at 5 in. below the surlace the soil
remained moist at all times, and the evaporation rate was about
90 per cent- of that from the open water surface in all seasons, At
the next depth (10 in.) the behaviour was much the same except in
extended periods of hot weather, when stight surface drying
occurred, increasing in area during the day and partially recovering
during the aight. An appreciable decrease in evaporation rate
occurred under these conditions. The transition was complete at
16 in. depth. Within two days oI rain the surface dried and
evaporation fell to negligible amourts: indeed, it was so slight that
it was possible to detect movements of the water table due to other
physical causes. It is apparent that between 10 and 16 in. under
this sandy soil there is a limiting depth Irom below which upward
movemetrt of soil water cannot take place, a result found previously
in another way by Dr. Keen.

Results: ttti
In 1945 the water table held at 10 in. under turf was lorvered

to 24 in., so that, over the two years, data are available for water
tables at 10, 16 and 24 in. There were no great difierences in
behaviour, the transpirations and crop yielcls being very nearly
independent of depth of water table. Over a whole year the
transpimtion from the well watered turl was about three{uarters
of the open water evaporation, with a sunmer maximum of four-
fifths and a winter minimum of thrce-f,Iths. The crop used only
about one half per cent. of incoming short wave energy for buildiag
up plaot material. During 1946 a thid turf surface was used,

128
133
146

l'53 1.3 1.4
1.36 1.4 0.9
1.63 2.O 2.3
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plentifully fertilized. Summer transpiration from the three surfaces
was the same lor all, but the newer turf gave a crop yield of more
than double that from either of the older surfaces, again about
equal. It appears that where there is a plentiful supply of water
the crop behaves rather like a piece of wet blotting paper and its
consumption of water is Iorced at one end by sunshine, wind,
humidity and temperature: under drier conditions it may be
restricted at the other by the inability of the roots to find sufficient
rrater in the soil to keep pace with this external forcing. Although
plaDL growth is also dependent upon weather conditions it is not
dependent in the same way, and is more closely linked to nutrient
supply and soil conditions.

Application oI the results of this work to catchment areas has
shorrn that aanual run-ofi can be estimated from weather data and,
in a similar way, specification of times and amounts of necessary
irrigation are possible for intensively grown qops.
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