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(2) FOREST INTERCEPTION NEASUREMENTS

Cunmulative Lalues of gross rainfall from the Loch An Add ground Llevel
gauge &nc net rainfall from the two plastic sheet gauges are shown in

Figure 2.

For periods in which data were lost from one sheet only the data from the

other were cdirectly substituted (periods 1.4.79-20.4.79 and 1.7.79-31.7.79

see Ficure 2).

However, for two months ¢uring the winter cf 1978~1979 dsota were lost
through icing of both net rzinfall gauges and net rainfall had to be
estimated by 2ssuming an appropriate vslue of the interception ratio
(where the interception ratio is defincg oy

(Reinfall-Net reinfallY/Rainfall.

The value chosen was 333 dnc these estirates are shown as a dotted Line

for this period in Figure. 2.

The nonthly and annual totals (excluding snow periods ) of rainfatl, and

net reinfall recorded by the two sheets are chown in Table 1 together with

the interception retios.
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(1) INTRODUCTION

Recent research has shown that in the high rainfall upland areas of the
UK, evaporation losses from forest are higher than those from shorter
vegetation. The primary cause of the increased evaporation is the much
enhanced evaporation rates from forests during and following precipitation

(an "interception" (oss).

The objective of the present study is to determine the increase in
evaporation {oss that will result from the afforestation that is now
taking place on the catchments of the Crinan Cznal Reservoirs.

The study, initiated in Hovember 1572 has so far been concerned with:

(1) Heasuring ancd mocelling the interception loss fror mature forest at an

experimental site located on the western bank of Loch An Add (see fig. 1);

(2) measuring soil moisture deficits bereath forest and heath vecetation
to determine the transpirstion from these crops (The locaticn of reutron
probe access tubes are also shown in Fig. 1), and mor e recently, since
June 1980, with:

(3) an experiment tc measure the interception characteristics of
intermediate height hcath vegetation using a "wet-surface' Llysimeter

system.
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] Table 1
D
D Period:MNovember 1978 - hovember 1979
]
]
R ——
Rainfall flet Rainfall Interception Ratio
b Sheet 1 Sheet 2 Sheet 1 Sheet?
. __________________________________________________________________________
9 10.11.78-30.11.78 197.3 128.21  132.97 0.350 0.326
1.12.78-28.12.78 145.8 84,74 §9.16 0.419 0.388
g 29.12.78-26. 1.79 Snow Period
D 27. 1.79-22. 2.79 Snow Period
p 23. 2.79-29. 3.79 197.6 126.55  124.25 0.359 C.371
30. 3.79-26., 4.79 38.% 4679 49,1 0.473 0.444
) 27. 4.79-31. 5.79 107.¢ 57.87 60.3¢4 0.4662 0.439
D 1. 6.79-28. 6.79  63.3 32,14 34,37 0.492 0.457
) 29. 6.79-26. 7.79 120.5 82.87 90 .74 C.360 0.299
' 27. 6.79-23. 8.79 155.5 $5.53  105.74 C.372 0.333
264. 3.79-27. 9.79 195.9 113.6 1186.0% G.420 0.368
) 28. 9.79-10.11.79 324.6 206.51  21&.3% 0.364 G.327
DT T T T T e e e e e e :
Arnuat 1631.4 C73.81 1G22.76 C.400C 0.373 E
T {
)
)
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Rainfall tlet Rainfall Interception Ratio

Sheet 1 Sheet 2 Sheet 1 Sheet 2
} 11.11.79-29.11.79 179.3 111.01 118.43 0.38 0.3¢4
30.11.79- 4, 1.80 256.5% 135.74  157.37 0.47 0.33
5. 1.80-31. 1.80 65.0 26.11 29.18 0.59 G.55
1. 2.80-28. 2.50 126.0 60.97 73.20 0.51 0.41
29. 2.80-27. 3.80 &3.4 53,72 57.51 0.35 0.31
28. 3.80-24. 4.80 27.5 9.13 8.59 C.66 G.68
25. 6.80-29. 5.8  33.9 23.32 24.92 a.31 0.26
3C. 5.80-26. 6.80 164.3 89.45  106.30 C.45 0.35
7. 6.80-31. 7.80 1806.7 8.0 103.31 J.46 0.43
1. &.80-2E. 8.80 120.5 67.06 7T1.78 d.44 C.40
29. 2.80-25. 9.80 283.5 177.87  19C.06 G.37 0.33
26. 9.80-35.10.80 309.5 186.74  208.09 C.39 C.33
31.10.80-27.11.80 179.0 107.37 114,66 C.4C 0.36
Annuel 2C09.1 1146.55 1263.40 .43 G6.37
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(3) FOREST IMTERCEPTION MODELLING

Delta*Rn + (Rho*Cp*VPD)/Ra

Delta + Gamma*{1+Rs/Ra)
slope of the saturation vapour
pressure curve
vapour flux
psychroretric constant
latent heat of vapocurisation
gercdynamic resistance
censity of air
specific heat of air
net radiation

curface recsistznce (assured zerc

when the canopy is wet)

vapour pressure deficit

and by the continuity equation:

k(1 - exp(bC)) -

(1 - pJR - F

(U s

(s )

(kPa)

-1
(1 min

(om)

The present interception model is defined by the Penman-Fionteith evaporation
equation (Monteith 1965):

)

)







and b = cdrainage pirameter
C = canopy storage
E = evaporation rate as estimated

by the Penman-Fenteith equation

k = drzinage parameter
= "free throughfall" fraction
Q = the rate of precipitation plus

evaporation

= precipitation rzte

{mm )
{mm)
-1
(mn min )
-1

(mm ain )
(dimensionless}:
-1

(am min )

-1

{(mm min )

The canopy drainage paremeters b, k, and p and the zerodynamic parameter Ra,

are derived by optimisation techniques using & non-tinear least squares

algorithm, This aslgoritha minimises the sum of sauzres of the differences

betieen the predicted anc observed net rainfasll profiles on 3 5 minute

basis. The optinal gparameter values determined for the Spruce forest at

Crinzn during the period 16 iugust to 24 fugust 1979 are shown in Table 2.

for ccaparison, the optinzl parameter velues cetermined for the Spruce

forest at Plynlimon zre zlse shown.

lNocel perameter (Tareshold Flynlimon

lodel, Calder 197%)

Ra 3.5
o} ¢.05
b

0.057 c
.56 *« 10
2.24
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fieasurements of the evaporation rates from wet hcather and grass have been

" sanmple of vegetation together with the top few centimetres of scil rests on

(4) HEATH INTERCEPTION MEASUREMENTS

rmade using a recently developed wet-surface weighing lysimeter system and

constitute the first serjous field trial of it.

The system essentially comprises a Pet microcomputer and Sartorius
electronic balance (0 to 30 kg) with an zccuracy of one gremme. It is
powered by a 1.5 kW Honda generator. Heteorological variables are clso
measured by an automatic weather station. Figure 3 shows the lysimeter and
weather station and figure 4 shows the sample after installation of the

lysimeter. A cross-sectional ciegram of the Llysimeter is shown .in figure S.

The Pet and its peripheral devices are housed in a caraven which ¢zn be
parked up to 100 metres distant frer the site of the experiment. Hulticore
cables cennect the tomputer to the balance which is housed in a purpose
built box which protects it from dirt and noisture while allowing it tc
function norrally. \then the lysimeter is in operation & pan containing the
top of the box which resides in & (ined hole (see Fig. 5). The hole is kept
free of standing water by a small battery operzted marine (totally
immersible) pump and float=-switch. The weitght of the sample is monitorecd by
the Pet approximately once a seconc and it also ronitcrs the meteorolcgical
variacles from the weather station st & frequency deterrined by the
experinenter; 3 frequency of once a minute was usecd at Crinan. On-line
calculations are performed and the rew data are stcred on floppy disks for
later analysis.

The experiment was set up at four sites on the catchment (see fig. 1), each
one chosen ss being representative of the locel crec. Samples which were

either predominantly heasther or grass were used and ev
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determined while the canopy was wet (and therefore did not represent
transpiration rates). Sprayers, both petrol driven and manual pump types,
were used on occasions when there was either no rain or not enough to wet
the canopy thoroughly. Care was taken when setting up the {ysimeter and
throughout the experiment to ensure thet surrounding vegetation was

gisturbed as little as possible.

When the canopy i1s wet the evaporation rite is dependent only upon the net *
radiation, the temperature, the vapour pressure deficit and the aercdynamic
resistance; the zerodynacic resistance is in turn governed by the wind
speec, crop type and concition anc site characteristics. The evaporation
rstes were measured at site 1 in June and a2t the other sites in September.
Sites 1 and 4 were on exposed hills with wind speeds higher than the average
for all the sites: site 3 was near toch na Fsoilinn., A variety of weather

congitions were encountered.

Table 3 sumnarises the eveporation resulis. AS expected the exposed sites

cave higher evaporatior rites then the other two anc it is also believed

that the velues obtainec frem the sprey runs ray be unrepresentative of
natural wct conditions cue tc high vepour pressure ceficits caused by the
cryness of (he surrcuncing aree. Frow the nor=spréy run mcasurenents it is
possible tc give a mean sumrner daytine cviporstion rate for wet heather of
about C.5 rn en hour for sunny concitions anc C.3 um an hour for cloudy
conditions, The mean rate {or wet zress is chout G.11 mm an kour. Vinter
evapcration rates will be considereily less. ifight time evaporation was also
measured and found to ke less then (.01 mn on hour for both heather and

gréss.

Further anelysis of the cata will yiel  cerameter values which can be used

in interception modelling.
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Table 3
Crep Site Date Time weather Spray Mean Evaporation rate
Hindspeed
g.m.t. nls ma/hr

Heather 1 ¢l1=6 1700 overcast no 5.7 Q.325 +/- 005
1 22-6 1015 sunny no 6.3 0.44 +7- .005
2 23-9 1715 cloudy no 4.9 0.08 +/- .M
2 23-9 2260 no 2.1 0.006 +/- 001
2 24-9 0630 no 2.0 0.36 +/- 007
2 24-9 0740 no 3.4 0.23 +/- ,002
2 26-9 0905 sunny no 3.7 D.56 +/- ,002
2 26=9 1050 cloudy ne 4.1 0.3 +/- .003
2 24-% 1156 bright sun no 4.3 0.71 /- .00
3 23-9 1624  clcudy YES 3.0 0.38 +/- .001 ‘
3 25-9 1730 clougy yes 3.9 .15 +/- .00 ;
4 27-9 1320 sunny yes 6.6 0.85 +/- .005 K
A 27-9 1425 sunny yYes 6.5 0.65 +/- .001 '
4 27-G 1530 sun/cloud yeés 5.5 0.57 +/=~ 001 i
4 27-9 1630 sun/clouc YES 4.0 0.19 +/- .00 K
4 27-5 1740 sun/clouc YES 4.2 0.13 +/- .00t N
4 28-G 0715 cloudy no 3.6 0.03 +/- 005 :
4 £6~9 0855 cloudy Yes 4.4 0.1t +/- .D0O0S ¥
4 26-9 1100 cloucy no 2.5 0.47 +/- .001 :
4 28-9 1330 sunny yes 5.3 2.5 +/- 003 i

Gress 2 24=% 1405 cloud/sun  yes 3.4 0.17 +/- 001 f
3 24-G 1700 yes 2.5 5.006 +/- 002 :
3 25-G 0&C0 sun/cloug no 1.9 0.04 +/- _0001 4
3 25-9 094% sun/cloug no 2.5 0.19 +/~ 0003 f
3 25-9 1140  sunny yes 3.1 0.33 +- .00 i
& 28-9 1730 yes 2.0 0.005 +/- .002 E

. —— — i
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(5) SOIL MOISTURE MEASUREIMENTS

The object of the soil moisture observations on the Crinan catchnents was
to estimate the losses due to transpiration by nonitoring the development
of soil moisture deficits (SHD) under different vegetation types. This
method has the disadvantage that when thne soil is beneath fielg capacity
the residual drainage (both vertical ancd laterzl) is ignored. This
residual drzinage has been found to be appreciable in situations with deep
water tables but is expected to be small in the soils found at Crinan

which overlie impermeable bedrock and generzlly have shallow water tables.

The soil ©oisture observations were made using a neutron probe developed
at the Institute of Hycrology. The cdeteils of the sites of the access
tubes are shown in table 4. The first group of sites were set up in
July/hugust 1979 and the second in lay 198G when it beceme evident that

large SiiDs were cdeveloping.







- W W W w W w

Date - .
installed: ‘6rid ref. Tube depths Vegetation Soil type Tube no.

e e i ————

31 -7 -79  NR 796879 1.20m - 2.25m sitka spruce brown earth 04-07

31 -7 -79 R 801878  all 2.50m myrtle peat 01-03
1T -8-79 NR 802878 1.00m - 1.35a ayrtle/ brown earth 11-13
heather
1~-8-79 IR 818901 1.60m - 2.25m bracken brown earth
20 - 5 - 80 MR 817885 1.0m - 1.2m  heather pest 26-31
¢0 -5 -80 NR 819887 1.75m - 2.25m heather peat 20-25

The anslysis used below follows broadly the methods outlined in detail in Calder

et al (1931). liodel estimates of the S ére riade using a daily soil moisture
balance:

for day i

SHDY = SKDi-1 + evaporation estinate - rainfall

Stipi < 0, siDi = Q.

The evaporation estimate is cenerelly s potential eveporaticn, sometimes reduced
using a soil moisture depletion model,

To calculate the observed S$D a fielc capacity value at each tube is requ1red
this was found by optimisation using a simple SHD model (the optimisation uses
only periods when the SIiD is small (< 30 om)). This procecure provides an

objective method of determining the fielc cepacities. For this cptimisstion it

Was assumed that the evaporation is always equal to the Penman potential. It has

|
|
|

S P,

A o T e T ST S

&t
=







-14 -

been shown that the optimised values are essentially independent of the
“evaporation sub-model used. for these field Capacity optimisations and for the
subsequent model runs it Was necessary to construct est imates of the daily
potential evaporation frcn daily meteorological observations of temperature,
humidity, sunshine, rainfall and wind speed. These guantities were estimated from
the (ocal climatological stations: Knapdsle, Hiachrihanish, Dunstaffnage and
Kildonan. The data from the automatic weather stations were used to check that
these values were representative of the Crinan catchments. The various estimates
the potential eveporation vsed in Calder et al (1981) were celcutated for Crinan
(Fig. 10), of these most use ¥2s made of Penman Et, this is the standard 1948

form using an zlbedo of G.25.

Figures ¢ tc 9 show the precictions of one of the simpler models, using the
Penman Et zs the evaporation estinate. It is evident that the only asppreciable
Shbs (observed or predicted) octcured in the dry period in April and liay 1980, It
is these data that provide the most useful inforzation., In the rainless period
(days 100-140) the cdevelcprent of the Sii beresth the forest ig predicted to
within 5 mm by the use of the Penrean potential evaporation and no soil moisture
depletion model, a maximun Sib ot G0 ma is rezched. In the subseguent wetting
up period (days 14C~-200) the scil did not wet up 28 fast as the model predicted;
this suggests 2 less of réeinfell which could he accounted for by the interception
lcsses freom the Torest. Figure 11 shous how the rodel fit ig improved by
including & simple intercestion retio (the nocel used is similar to Calder and
Newson, 1979); consicering the linited data and the uncertainties within the
rmodel the zgreement is VEry good.

The Slids observed at the myrtle and heather sites, unlike the forest, did not

develop at the potential rete, possible explanations for this anonally sre that:
1/ heather ard myrtl. exert & strong stomatal control,

2/ the new season lesves a8y not bhave {ully ceveloped at this tine of year,
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3/ there is a significant Llateral inflow of soil moisture.

Explanation 3 is possible for the heather ancd myrtle site, which is a peat site
&t the bottom of a loccal valley, but is unlikely at the other heather sites. It

must be concluded that at this time of ryear the transpiration from heather is
nuch less than from spruce.

The results described above are based on only one cry period, and the
observations at two of the sites were only started halfuay through this period.
It is suggested that the soil moisture observations are continued for the summer
and autumn of 1981 a: least. The access to the upper heather site is now
considerably more difficult and it is proposed that this be dismantied and a new
site established within bracken. The hkeather and myrtie site was plounhed and
planted with spruce a few years before the installation of the tubes; in 1979

these trees were small relative to the tyrile but they zre now of similar size;

1t would be of interest to monitor the changes of $iD as the trees cevelop

further,
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(6) CLIMATOLOGY

The monthly averages of the meteorologicel variables from one of the automatic
‘weather stations sbove the forest canopy (iull 1) are presented in table S5 for
1980. The figures confirm the picture of the climate described in the earlier
report (a very lcw vapour pressure deficit, 2 relatively low surmer temperature
and noderate wind speeds). A comparison was made with the observations from the
nearest standard climatological station, Knacdale, a station by the canal 2t

Cairnbarn, this compariscn showed:

1/ the estimate of wind speed anc vapour pressure deficit are very similar to

those measured on the catchnents,

¢/ the rmonthly reinfall totals sre within & fcow mms of thcse measured at Loch An
/e, the only rmajor deviation gccuring in Febuary 167G when there was appreciavle
sncuwtall, the Loch An Add nessurenent in this period is probably an

tncerestinate,

3/ the solar and net rzdiations &re badly estimated from the Iachrihanish
sunshine observetions (there are no such obscrvations frem Knapdaled, this is not

surprising ccensidering the separation ©f the stations and the uncertainties in

the ecuetions used.,

Figure 12 shows the year by year changes in the maeximum s0il rmoisture ceficit
reeched 1n each year, as calculated by the leteorclogicel Cffice grasslend SilD
rodel. It shows that in the middle to lLate 70s there has been & run of years in
vhich Large SIiDs have develogped. These are a result of dry periods of one or two
months in the summer c¢r autumn; clearly this slightly anomalcus climatic
fluctuaticr has put additionzl strains cn the water resources of the region. It
is interesting to note that this climatic change is not evident in the annual

reinfall figures, 1t Leing the scasonal cistribution of rainfall which has been

4
“
c
«
[ >
c
-
[ =
«
c
C
C
«
C
«
«
c
«
C
«
«
([
€
¢
«
(
€

- A M

3t







“17-
affected.
Table S
1980 Jan  Feb Farch #pril iay June July Aug
solar
radiation 1.8 2.7 6.1 11.4% 19.1 13.6 14,3

- -1
(M m day )

net
rediation -0.1 1.4

2 -1
(K m day )

VPD 0.68 0.82«
(b))

temperature Th 3.1

wing sp;ed 2.7 3.1%
(m sec )

Penmnen 0.3 C.ox
P E

3.2 6.3% 12,6 .3 8.8

0.75 3.75 1.5 1.69 1.34
3.0 1.5 12,1 13,1 13,0
3.0 2.8 2.6 2.5 2.9

0.9 2.0 4.2 2.5 2.7 2.4
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(7) EXTRA EVAPORATION LOSS RESULTIHG FROti AFFORESTATION

An cstimate of the extra evaporation loss resulting from afforestation of
the Crinan Cznal reservoirs may be czlculated using the evaporation model

groposed by Calder and Hewson 1979.

The model is defined by the ecuation:

extra loss = #( P % alpha - w * EC)

where,
f = fraction cf cetchuent with complete canopy coverage;
P = znrnual precipitation (mm);
aslipha = interception fraction, i.e., the fracticn of annucl
crecipitation Lost tc intercegtion;
w = fraction of year when the canopy is wet: and
£t = Penman's Et estimate.

stirates of these paraneter velues for the Crinan Canal catchments are

rm

given below:

otel zrea of cztchment 527 ha ¢106%)

area of cetchments exctuding resecveirs {see Fig. 1) = 428 he or 814

Ares of land proposed for foresiry = 704N of tand ares
300 ha or 574

{inforration supplied by F.C.)

a
G
d
a
c
=
(=
c
=
¢
¢
¢







~ Projected area of land under complete canopy coverage, i.e., area under

forestry minus area of roads and rides

Therefore f_=_0.5
and also P_=_1660_nm
Atpha_=_0.4
v =.0.2
Et = 410 nmn

Therefore projected extra

eveporation Loss per annum

C.5 % € 1660 * C.4 - 0.2 * 410 )
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(8) CONCLUSIONS

(1) The results have confirmed the importance of the role of interception
in the annual evaporation frog forest zt Crinan; 715 am interception in’
1939 om rainfalt during 1979 and §G4 nn interception in 2009 .mn rainfall
during 1980,

(2) The forest interception results are in good agreement with other
results obtained in the UK (Fig. 13).

(3) Freliminary results suggest thet interception losses irem heather are
significantly higher than those frca gross anc nay even zpproach those
fren forests; typical suniier daytime evaporsaiion réetes fror wet forest,
hezther and grzss are 1.25, 0.4, and 0.1 ma an hour respectively. Annual
lesses frem heather R3y not, however, be Gissimilar &S there is slso
evicence to sugoest that transpiration rates frcum heather cay be lower

then freom grass,

(&) Further rescarch 'S required o Cetercine in greater detzil the

everoretion characteristice of this nedium height uplanc vegetation,

(5) Until further results on this recearch tepic ere zveilable we believe
the ost rezsonzble estinate of €varoretion (0ss from upland heath
vecgeiation is provided Ly Penrans' £t, Uith this adssurption, and by making
use of thke Calder snd Mewson model, the projected extrc annucl loss frem
the {rinan Cenasl catchments as 5 rzcsult of afforestation is 291mn which is

€quivalent to 340 million callons,
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CAPTIONS

Fig. 1 tlap of the Crinan catchment area, showing experimental sites,

Fig. 2 Cumulative values of rainfalt and net rsinfall neasured beneath the
forest canmopy, for 1979 and 1930.

. . . ' 1
Fig. 3 Photographs of weti-surface weighing lysimeter and automatic weather

station,

Fig. & Fhotogreph of vegctation sanple in place on lysimeter.

Fig. 5 Schenmatic ciagram of wet-surface weighing lysineter.

Figs. 6 - § Soil moisture observitions and siaple model predictions for

four of the sites.

F1G. 10 Deily estimates of potentizl eveporetion for the Crinan

Fig. 11 Observed and precdicted Silbs with sitple interception model.

Fig. 12 kHistoricel rzinfall anc mraxinun SHD rezched in each year,

Fig. 13 Cunulative interception ratios és & function of annual

Frecipitetion measured for forests in the Uil
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