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ABSTRACT

A Joint Flight experiment was held in September
1977 in the UK to provide remotely sensed estimates
of day- and night-time surface temperature and albedo
for use in computer energy balance models for the
purposes of estimating soil moisture status and
actual evapotranspiration. Sites in Buckinghamshire
and Berkshire were overflown, and grassland and bare
soil sites were instrumented. The data were quality
controiied, inviwciiy abléipid «b cailbrablng Wil
remotely sensed data and a registration of the day-
time and nighttime data. Two models were used with
the corrected data to estimate evapotranspiration
and soil moisture status, with results comparable to
other measurements of these guantities.
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1 INTRODUCTION

On September 13, 1977, a flight experiment was held in thz U.K. in connection with
the Tellus Project under the auspices of the Commission ©f the European Communi-
ties, Joint Research Centre, Ispra. The co-operating British institutions were
the Institute of Hydrology, Wallingford, and the Universities of Leeds and Reading.
The purpose of the experiment was to test the methods to be used to analyze the
data from the Heat Capacity Mapping Radiometsr, flown on the Explorer-A satellite
launched in April 1978. The experiment involved flying a Daedalus D§-1250
multispectral scanner over two areas, at Grendon Underwood, Bucks, and near
Newbury, Berks. The organization of the flights has been described by Reiniger
{1978) in a companion report. The two areas were equipped with instruments at
various sites to measure micrometeorological variables, including the radiation
balance and the heat and moisture balances of the layer of the atmosphere closest
to the ground and the upper layer of the soil, and the flights over the sitec were
timed so that two flights took place in a 24-hour peried, to coincide with the
maximom and minimum diurnal surface temperature.

The aims of the experiment were to test the methods used to analyze data within
the Tellus project, and several stages are involved in this analysis. The

ground data and the aircraft data have both been prepared into a form suitable

for inclusion in digital models, and the performance of two models, the lergra
model (Soer, 1980) and the Tellus model (Rosema et al., 1978) have been discussed.
Both models were made available by the Joint Research Centre. The models are
used to estimate the actual daily evapotranspiration and socil moisture status,
using an energy balance approach. The Tergra model uses one set of overflight
data, and the Tellus model reguires input data from two flights.

one of the main justifications of the experiment was to provide a data set on
which to work, prior to the launch of the satellite. This purpose was amply
fulfilled, because there were extreme delays in obtaining any HCMM satellite

data, which meant that the only suitable data on which the U.X. investigators

were able to work for a considerable time came from the 1977 aircraft experiment.
Members of the Joint Research Centre (JRC) also used the data for the same reason.
As briefly described above, there were three stages in the analysis of the data.
The ground instruments had to be calibrated, and measurements made on scil
samples; the aircraft dats had to be converted into a form suitable to Le read
on each computer, and then converted into equivalent ground temperatures; and
the data had to be analyzed using models. These will be discussed in turn for
both the Grendon and Newbury sites; the work of all the institutions taking part

in the experiment will be described together.

2 GENERAL DESCRIPTION OF SITES

Two areas were chosen for the Joint Flight Experiment, one near Grendon Underwood,
Bucks, and one near Newbury, Berks. Five sites were delimited, each a square of

side 1 km, and instruments were placed in each of these.



The sites are (see also Fig., 1 and 2) :

Regponalble Tnstitute Site Position
Institute of Hydrology /JRC Grendon Underwood 51953 10" 1%0'48"™

SP 677 216

51°22' 30"n 1°14'00"W

Reading Univeexrsity/ Crookham
Leeds Univers 1.ty SuU 530 640
Plastow Gxeen 51°20'55"N 1°14' 00"y
SU 530 610
Hannington 51°17+4s"Nn 1°12'00"
s 540 550

Grendon Underwood consists of undulating farmland between 60 m and 100 m above

mean gea leve 1, with the land being used mainly for cereal crops and pasture and
with a fleld =2zc of vy %o 15 ha. Thexe are =2lsc come cmall areas of commercial
woodland and rTmarket gardening, The soile are mainly clay, with some sandstone
and alluvium. The area is part of an experimental catchment, that of the River
Ray, operated by the Institute of Hydrology. The two sites taken were one grass-
land site conssisting of four fields ad4acent to the meteorological station
operated by the Institute of Hydrology, on clays of the Evesham Series, and cne
field of bare ploughed soil, on clays of the Denchworth Series. Adjacent to the
bare earth si te were several other fields of burnt stubble, from one of which

some samples wwere also taken. At the grassland site, basic instrumentation on
the metggrological station was provided by the Institute of Hydrology, with
additional instruments and soil samples provided by JRC-Ispra, while the bare soil

R T L L T SR
L—AlLﬂmJ-.)‘...,._, Bl W oL -t [

site was inst=m wmented oy Ghv Institute 20 HyZoo il g - SLhon
that the Evestram and Denchworth series of clays have very similar mechanical
properties, amxd so may be treated as identical for the purposes of this report.

Botoiph
Claydon 4

Bare earth

Bitesler

A

1km

FIGURE 1 locaation of test sites near Grendon Underwood, Buckinghamshire
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FIGURE 2 Location of test sites near Crookham, BRerkshire

Newbury sites consist of undulating land betwetn 70 m and 200 m above mean sea
level, with fields up to 12 ha in area. The land is used for cereal crops and
pasture, with some commercial woodland and market gardening. Crookham soils
are brown earths on terrace gravels of the St. Albans series, and with a water
table over 10 m below the surface. The meteorological site was established on
permanent pasture, using an automatic weather station provided by the Institute
of Hydrology. Maximum and minimum so»il thermometers were installed, and soil
samples taken; soil moisture content was determined gravimetrically in the lab-
oratorv. Plastow Green soils are surface water gley soils overlying loamy drift
lying on Wickham Series clays with a water table 1-2 m below the surface. The
meteorological station was established on a permanent pasture site, with inst-
rumentation being provided by Reading University. Hannington soils are brown
calcareous soils on chalk. The meteornlogical site was set up on a bare soil
site, a ploughed field, using instrumentation provided by Leeds University.
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2.1 Ground Data: Grendon Underwood sites {see also Table 1)

Bare Earth Site

The bare soil s i te at Grendon Underwoed consisted of a field of about 6 ha area,
(E in Fig. 3) whaich had been ploughed and harrowed during the week preceding the
overflight, but which retained local surface roughness with an amplitude up to
about 20 cm. - ixed instrume- ation was installed at three sites, shown in
Figure 4, with aautomatically r=cording instruments on Site II as specified by

Reinigexr (128C: - At Sites I anc III, man
were installed &t depths of 5, 1O and 20 cm; shade air temperature was also re-
corded. Instrwymentation at all three sites provided data which was co~incident

in time with ai x—craft overpasses for both day- and night-time overpasses.

Cereal crops
Standing C1
Cropped . G2
Stubbile S1
Burnt Stubble 52
T Slulire with) new
green shoots Sy
Grassiand

with sead above s
Forest F
Chared Forest Fc
Young forest Fy
Markat Gardening MG
Bare earth E
Test Sites

FIGURE 3

Grendon Underwood land-use on
14 September 1977
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TABLE 1

GFE"NDPON UNDERWOCD AUTOMATICALLY RECORDED METEOROLOGICAL AND SOIL DATA

GRENDON UNDERWOOD

* 4

/.

Data recorded on magnetic tape at 5 minute intervals using Microdata logger:

nARE EARTH SITE {SITE II)
fFoil vemperature

soiy albedo

GRASSLAND METEOROLOGICAL SITE

mw ko

Adtcmatic weatker station Zzlar
direction; Rainfall; Alr temperature and depression.
2 at 5.1cm below ground level -

fuil heat flux plates

2cm below ground level
Dual solarimeters set at lm above ground level sampling ircoming and reflected

radiation between 0.3 and 2.5u.

e ek
-

~ 5cm below ground level

- wkd o P D
T e b e i N b

20.3cm below ground level

/

~
-y p RWES

Trey L, Y b - 32 o2
[

GRENDON UNDERWOOD MANUALLY RECORDED METEQOROLOGICAL AND SOIL DATA

(TR T Rl
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Thermistor temperature probes set at sub-surface (thin soll cover)

20cm below ground level

{C.2-80v

1 at 10.2cm below ground level -~

BARE EARTH SITE 05.56am 13.40pm  06.00am 13.47pm  05.50am
€nil teomperature S lem oo 1o, oo 16,500 a,por
S.lco b 8.09¢
1. 2em 11.50C 14.00C
20.3cm 13.40cC 12.90C 13.60C
Earth temperature 50.0cm 12.50C 13.60C
Shads tarporaktnrs at 12%¢4n 507 5. 800 17, 70C L. eoe
Wind run at 20cm agl 0.2327 1.6833
GRASSILAND METEOROLOGICAL SITE
Soil temperature 06.l2am 13.31lpm Earth temperature 06.12am
5.1cm 8.9% 21.9°% 30.5¢m 15.0%
10.2cm 11.8°C 15.7°C 61.0cm 14.9°C
20, Tem 13.8% 13.89 122 .Nem 14,39
Grass Lelpeldalul i.27¢ Z.67C
Grass minimum temperature -0.2%
Screen temperature at 122cm agl dry bulb 2.4%c
wet bulb 2.4

GRENDON BARE EARTH SITE at 14.15pmm on 13.8.77

Location: between soil temperature sites I and II. PRT-5 fitted with 2° optics.

75cm agl.
{a) Radiometer facing Look angle Surface temperature
towards sun 0 (vertical) 24.0°C
15° 22.6°C
30° 34.25°C
459 28.89¢
60° 28.75°C
75¢© 25.25°C
27.18°%
(H) Radiometer at constant T.ook direction
45° look angle 0°(facing sun) 25.70°C
45°¢ 25.75°¢C
90%¢ 27.25°%
135° 31.25%C
180° 26.25°C
225° .31.50°
270° 28.75°C
315° 26.259C
360° 25,259
25.22%

R . T T
wWol. Jan Walia

13.55pm
17.00¢C

19.4%¢

13.30C

17, 00

13.31pm
14.8°%

14.9%
14.13%

16.5°
11.6°%

Sensor height

variation in recorded temperature with changing look angle and direction.

Mean temperature

{{ean temperature



FIGURE 4

additional measuxements of apparent surface temperature and surface reflection
were made using h.and-held radiometers (Reiniger, 1980). During the morning pre-
ceding and the afterncon following the 1400 overflight, an extensive set of sur-
face soil samples was taken for analysis of water content by weight, in an attempt
to identify any 3l ocal variations in surface soil moisture. Later estimates of
soil density enal>led volumetric soil moisture content to be calculated. Volu-
metric sampling o€ the top layers of the soil was not possible because of the
friable nature of the soil; however, eight volumetric samples were taken of the
more clugel: -bouand sub-surface layer between 5-20 cm depth. The positions of the
measurements and <+their values are given in Figure 4. Even given that the sampling
and analysis me*}=4ds are different, it is still apparent from Figure 4 that the
soil surface was considerably drier than the underlying 15 cm layer.
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Grendony Underwood bare earth site: soil moisture for morning of
13 Sep tenber 1877

Grassland Site

The grassland sites (marked 'G' in Fig. 3) were four fields of various qualities
of pasture around <he central meteoxological site and mopile laboratory, and
were ingstrumented@ = shown by Reiniger (1980). Nine volumetric samples of the
top 2.5 cm of soil were taken, together with three 15 cm core samples. The
positions of the measurements and the values obtained are shown in Figure 5.
Less variation betwreen surface and subsurface layers was apparent on thz grass-
land than the bare errth sites, as may be expected; generally, the rich grass-
land was found to '.J:.er than the xougher and more poorly drained rough grass-
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 Conclusions from Field Measurements at Grendon Underwood

The physical nature of the bare earth site created considerable problems for the
ground measurements both of surface temperature and of soil moisture content,
because large differences in both soil moisture and temperature were noted be-
tween the peaks and troughs of the rough bare earth surface. indeed, up to

20°k variations were noted during the afterncon (Figures 6 and 7). In comparison,
reliable measurements of both soil moisture content and surface temperature could

be made &% the grassland sites.

Soil moisture content even near the surface may be assumed to vary only slowly
over a period of a few hours, and so adequate estimates of spatial variations may

However, this was difficult to achieve for surface temperatures, for
because of the rapid changes occurring
The co-incidence of air-

be made.
comparison with the aircraft scanner data,

over time, particularly during the afternoon overpass.
craft and ground measurements is therefore crucial in order to give sensible

results.

Some of the instrumentation was shown not to be very satisfactory. The position

of instruments should either be surveyed in to locate their pogitions on aircraft
data, or else ground markers should be laid out. Event marks should also be re-
corded on portable radiometer recorders to mark the time of each overpass, and




FIGURE 6

FIGURE 7

11.57=-2240%

20 ~1580°¢
25=1200°
0749-9.75%
C740-950°C
CT37-3.50%C

* Site Jj
a2 ‘?7 zggi%chbzﬂgl'c i /
1 .';:;58"0 ° /Temperature/ \

Grendon Underwood bare earth site: surface temperature for morning
flight on 13 September 1977 using Barnes PRI-5 radiometer with 290 f.o.v.
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. look~angle test
Direct Sunlight X
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14.03~26-5° iteT
:4-05-13@%55; Shade Site 1
14 88-B0%
Shade’

Grendon Underwood bare earth site: surface temperature £ r ai’ternoéln
flight on 13 September 1977 using Barnes PKI--5 radiometer with 20 f.o.v.
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radiometers should be mounted vertically, several metres above the ground and
with wide-angle optics to give a field of view comparable with the pixel size of

an aircraft-mounted scanner.

Some of the data are reproduced to give an indication of what was recorded, and

of the size of the quantities measured.

2.2 Ground Data: Newbu-y Sites

The majcr part of the equipment was attached to automatically recording data
loggers and these were continucusly run for the 24 hour period embracing the two
aircraft flights. The data collected are summarized in Tables 2-5 which show the
variation of the measured parameters throughout this period at hourly intervals
only.

Additional equipwsub was installed A+ +ha Dlactow Green site to monitor the Bowen
ratio and thus provide an independent check on the use of thermal infrared data

as a measure of the evaporative flux.

Gravimetric soil moisture content was obtained. Later measurer~nts of the soil
bulk density at one site permitted calculation of the volumetric water content,

TABLE 2 CROOKHAM
: Incoming Solar Net Radiation Air Temperature Vapour Wind '
Time (hrs) Radiation ( Wm ) (Total) (Wm=2) (°C) Pressure (mb) Speed (ms"l)
-68.6 8.5 10.88 1.0
1 0 -56.3 8.2 10.29 0
2 . 50,5 7.1 9.26 0
g 0 4l .7 6.9 9.47 0
4 0 -304.8 6.3 9.27 0
5 0 -33.0 6.3 9.27 0
) 25.1 -9.7 5.7 8.68 0
7 158.7 Si.4 8.4 10. 20 0
8 316.0 1942 © 10.7 12.70 0.3
9 374.3 238.8 2.9 15.60 2.3
U 490.7 431.6 13.7 15.15 3.0
1 565.6 48118 14.3 15,60 2.6
1z 640.4 ' £36.0 15.5 16.08 1.6
12 | 588.1 2199.8 15.6 15.00 2.3
BT 546.6 2552 16.6 16.96 1.6
14 . s22.4 265.7 16.4 16.76 1.3
% 286 151.8 16.2 16.38 1.3
¥ S [0y 5.8 15.4 16.58 0
18 £.3 ~51.2 13.9 15.40 0
19 0 -57.0 11.5 13.24 0
Z0 0 52,8 10.7 12.90 0
21 0 ~57.0 9.5 12.40 0
22 0 -56.3 6.7 9.24 0
22 0 -50.5 7.1 9.16 0
-50.5 5.9 9.07 0




TABLE 3

FLASTOW GREEN

Scil Heat

Wind Qutgoing 22 o
Time  Run Incoming SolaE2 Suort Wave Xet _ flux (Wm ™) Soil Temperatures C
(hrs) ms-1 Radiation (Wun “) Radiation (Wm-2) Radiation (Wm~%) Surface 10 cm 5 10 25 60 cm
1 0 0 0.3 -57.9 -.03 -.01 12.6 13.4 14.5 14.1
2 0 0 0.3 -55.3 -.04 -2 12.1  12.9 14.2 14.1
3 0 0 0.3 -46.4 -.04 -,02 11.9 12,7 14.1 14.1
4 0 0 0.3 -32.0 -.04 -.02 11.5 12.3 13.7 14.1
5 0 0 0.3 -28.5 ~.04 ~-.02 11.1 12,1 13.4 14,1
6 0 0 0.6 -23.5 ~.04 -.02 10.7  11.8  13.4 14.1
7 0 7.2 2.7 ~28.4 ~.04 -.02 10.4 11.4 13.2 14.1
8 0 114.1 22.2 +7.9 -.03 -.01 10.4 11.4 13.2 14.1
9 1.8 306.8 50.4 +90.1 ~-.01 -.01 10.5 11.2 13.0 14.1
10 2.5 413.6 78.9 +186.3 +.01 -.01 11.0 11.3 12.9 14.1
11 2.0 568.3 103.2 +275.2 +.01 -.01 2.2 11.8 12.8 14.1
12 1.h 556.4 98.9 +283.5 +.04 +.01 13.8 12.5 12.9 14.1
13 1o 615.1 124.3 +236.9 +.N6 +.02 14.8 13.4 13,1 1l4.1
14 1.2 554.4 119.8 +320.8 +.07 +,02 16.0 14.3 13.4 14,1
cy 1.0 395.5 120.8 +344,2 +.07 +.03 18.8 15.2 13.8 14.1
1o 1.0 0ld.o 10v.0 +292.9 +.05 .33 Tee OG0 14020 1a.d
17 0 460.7 81.2 +198.7 +.04 +.03 17.1 16.5 14.5 14.0
18 0 287.0 53.5 +89.9 0 +.02 15.6 16.7 14.9 14.0
19 0 89.7 14.9 +25.3 0 +.01 16.1 16.5 15.0 13.9
20 0 4.6 1.8 0 0 0 15.4 16,0 15.0 13.9
il U v .3 =33.5 v 9] 1h.6 0 13.4 23.0 12.3
22 0 0 0.3 -55.2 0 0 14.1 14.6 15.0 13.9
23 0 0 -56.7 0 0 13.7 14.2 14.8 13.9
24 0 0 0 -56.9 0 0 13.5 13.9 14.8 13.9
' 13.2  13.6 1l4.7 13.9
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TABLE 4 HANNINGTON

Outgoing Wind Speed
Time Inconing Sola_::2 Short_wave Net _ Air Vapour at Soil Temperatures °c Infrared |
lhfs)miati‘-"ﬂ (Wm ") Radiation (Hm"z) Radiation (Wm Z)TemPerar.ure OCPressure (wb)2m  0.10 m 1 2 5 10 20 ¢m Surface Temperature
o o 0 ~80.1 8.2 10.2 0 0 5.0 5.3 14.7 14.4 14.1
1 0 0 ~74.2 8.5 10.3 0.1 © 4.9 5.2 14,7 14.1 14,1 6.0
-2 0 0 56,7 8.3 9.8 0 0 5.0 5.2 14.7 13,9 14.0 5.5
3 0 0 ep.7 8.4 9.5 o o0 4.7 5.0 14.4 13.1 13.9 5.0
4 o 0 -13.0 e.2 a.5 o 0 4.1 4.6 14,2 13.0 13.6 4.8
5 0 0 ~38.3 7.7 9.3 9 o 4. 4.4 14,1 12.8 13.3 4.5
6 0 0 ~34.6 7.1 9.0 'o 0 3.¢ 4.3 14.0 13.0 13.2 4,2
7 16.2 8.1 -27.3 6.4 8.4 0.1 0.1 3.6 4.2 14.0 12.8 13,2 8.0
3 85,4 3844 —— i i0.2 Gen  Gei R A T L A S 120
9 235.2 48.7 +72,1 12.2 12.1 1.7 1.4 10.0  f.1 143 12.1 13.2 15.6
10 296, 1 56.8 +80.1 14.3 14.5 2.2 2,2 10.1 6.0 ‘4.5 12,2 13.2 15.8
1 B2 73.7 +140.5 i6.5 17.9 1.5 2.6 16.G 7.5 6.y 12.3 13.2 24.3
12 433, 9 77,4 +210.3 16.9 15.3 1.9 1.8 21.1 8.6 15.5 1l2.2 13.2 29.2
13 567.7 101.4 +225.6 18.5 16.6 1.0 1.9 25.0 13.4 15,8 13.6 13.2 29.6
14 539, 3 93.4 +280.9 17.7 15.2 1.7 1.6 25.8 l4.h 6.3 14.6 13.3 33.5
15 502. 8 89.2 +310.6 17.5 15.1 1.2 1.1 26.7 16,0 15,6 15.2 13.5 24.4
16 17, 7 72.1 +296.7 16.6 14.3 1.0 1.2  24.5 16.5 16.8 15.8 13.6 23.8
n o M%,0 52.7 +150.6 16.9 14.6 1.0 0.9 20.5 17.4 16.7 16.2 13.8 18.6
18 146.0 28.4 +140.7 15.9 14.1 0.8 0.6 15.0 17.2 16,7 16.4 13.8 16.0
19 16.2 »! V6.2 101 13,9 ¢ o 10,2 113 1A.5 16.3 14.0 12.2
20 0 0 +4.2 11.9 11.3 0 0 8.7 i0.9 16.0 15.9 14.0 16.0
2 0 0 -60.6 10.1 10.3 6 0 6.4 7.1 15.7 15.5 14.0 9.8
22 0 0 -70.3 9.2 10.1 0 G 4.9 6.3 15.6 15.3 13.9 .2
23 0 0 - =71.6 9.1 10.0 v 0 £.9 5.7 15.5 15.1t 13.9 8.1
2% 0 0 -79.8 . ' 58 0 0 4.9 5.4 15.5 14.7 13.9 6.7

[
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TABLE &

SOIL MOISTURE CONTENT (%)

Depth
Plastow Green

Surface, cm
10
20

Volumetric

Hannington
Surface, cm
5
10

20

0600

[
o
L

O

.
4
in

17.4
18'1

l16.1

5.9
19.8
20.0

22.7

i+

I

g

H-

I+

I+

I+

1+

2.6

1.0

2.3

1.5

hours

1

5.1
18.5

22.0

00

1+

i+

I+

i+

i+

i+

I+

1.3

2.5

g.5

2.0

0.7
4.9

2.9
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! sampling Sclieme. Five sampling points were chosen.

Plastow Green

Four were located in dir-

ections NE, SE, SW and NW of the point of meteorological obsexrvation, and at 10 m
distant. They are denoted by their direction from the meteorological mast.

The fifth was as close to the meteorological site as practical. At each sampling
point soil was taken from four depths, viz; surface, 5, 10 and 20 cm, and twice
during the day - 06.00 and 1400 hours. Figures in brackets refer to volumetric

water content.

Yannington

Sampling scheme. 7 e Plastow Green sampling scheme was followed for points close
to the site of meteorological observation.  However, additional points were chosen

at larger distances from the meteorological mast.

2.3 Ground Datc Manipulation: Newbury

The ground data have been treated in several ways both to assess their accuracy
and to compute parameters nct amenarle to field determination.

At the time of the experiment only gravimetric soil samples wexre obtained. Later
experience revealed that volumetric sampling was necessary to facilitate comparison
of aircraft-derived soil moistures and those measured on thie ground. A further
programme of sampling was then bequn to determine the porosity ot soils at the
sites. - It is assumed in this procedure that there is 1little variation with time
of the porosity, when the soil remains in the same state. Thus, heat capacity,
thermal conductivity and thermal inertia depend on the volumetric water, air and
mineral content of the soil and can be computed if these &re known.

PR T, . -~ - & - -y -
serem ok mm o oA vhavna mazcnrTeamant g,

Various meleoroiCylcas palaielers peimiilid oo
At one site a Barnes Instatherm Infra Red thermometer was positioned so as to
monitor the infra red emission temperature of the surface. O'I'his instrument. first
proved unsatisfactory in operation. Its optics provide a 2~ field of view only
and consequently, if it is not to view merely anomalies in the soil surface, it
must be installed at a considerable height. This introduces the problem of con-
trolled temperature environment. Each temperature reading requires a correction

for the case temperature and thus some external means must be provided for this.

At two sites a pair of solarimeters placed back to back provide an integrated
measurement of the short wave albedo in the wavelength range O.3 to 2.5 um.

Such data have been used for input to the numexical models and can be compared to
albedos measured by the visible channels of the multispectral scanner (MSS). A
procedure for integrating separate MSS channel albedos to provide a total value
over the entire wavelength range of the instrument has also been done, and results

agree well with ground measurements.

Measurements of the Bowen ratio B can yield information on the behaviour of evapor-
ation. This parameter was computed from the site set on stubble at Plastow Green.
At any instant, the latent heat flux L.E can be computed from knowledge of this
parameter, the soil heat flux G and the net radiation RN using the relation

RN-G

1+ B8

L.E =

13



14

_ | The final proo. _
* Infra-red phootography was supplied in a 22 ¢m format, and were used to check the

From this £ € is a simple matter to calculate the cumulative daily value for the
evapuration .

An examnat=dion of soil heat flux data at the station where flux plates were in-
stalled shomwed they functioned unsatisfactorily. Using measured soil temperatures
and a reali stic thermal conductivity of 1.7 wa~? ™! in the heat conduction

equation indxcates that at 1200 hours the measured soil heat flux at 10 cm should
he ~ 15¥n— 2. That measured with the £lux plate was .0l Wm~ 2, so "learly such

data mist e disregarded, -

An assessmemt of the accuracy of measurement of the radiation components at a
station can be made by correlating measured net radiation wiih that computed from
long and shhort wave radiation components. Net radiation is given by

4
i& Ol g B cxs) Rs + (1 ch) L 'I'c

where RS araci RL are short- ana long-wave radlatliol Lupuls
o and u.L are short- and longwave rxeflection coefficients
¢ it =he surfacce cnissicn cocfficicent
0 {8 the Stefan-Boltzmann constant

'1‘c is the surface terperature

This can be written as

s
= ], ea=sc=e

| 4 4

- - T
RN=(1 us)n + €0 (Ta c)
,since£a+ ch

and su k. = &0 T
L a

where 'I‘a is +the air temperature.

Such an analysis of ground data at the sites provided a suitable positive check
on the data quality.

3 AIRCRAFT DATA

Several typerss of data from the aircraft were made available. Only a few hours
after the excperimental flights, quick-look thermal images of the entire swath were
made availa>l e, Such imagery enabled a rigorous and accurate land-use survey to
be made of the whole area. The images were used as maps of different tonal areas,
each of vhickh was associated with a different land use cover type,

icts of the aircraft flight were of three types. False colour

Data from the multispectral scanner were obtained

land use mpss where necessary.
Day—

in two forms . | For the night-time flight, thermal data only were available.

?
|
|
|
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time observations comprised both thermal and reflected solar radiation divided into

ten channels, the wave bands cf each channel being given in Table 6. Work has
proceeded almost exclusively with the scanner data contained on computer compatible

; tapes, which were obtained when the analogue tape on which the data from the

| scanner wece recorded were digitized to 8 bits (i.e. 256 quantization levels).

; TABLE 6 WAVELENGTH AND WIDTH OF BANDS OF EXOTECH-100A AND DAEDALUS DS-1250
| EXOTECH 100A _ DAEDALUS DS-1250
| band AA band AX
! !nml gnmz grun! gnmz
458 - 356 56 500 - 550 50
550 - 600 50
i 580 - 706 126 600 - 650 50
| 650 - 690 40
! 687 - 619 132 700 - 790 90
i; 767 - 974 207 800 - 890 90
: 920 - 1100 180

There were some problems adapting the tape data to be read at each institute or
university. JRC used byte-based computers and so had no problems with tape trans-
lations, but the Institute of Hydrology had a Univac 1108 machine, which is a word-
based machine with a word Jength of 36 bits, and Leed Universgity and Reading
University both used word-based machines with a 24-bit word length (I.C.L. 1906A
and 19045 respectively). .The approach adopted at the U.K. sites is exemplified

by Gurney and Templeman (1982), who describe remotely sensed data handling on the
Univac 1108 of the Institute of Hydrology. 4 bytes off the tape are stored in
each 36-bit Univac word, one byte in each quarter word with the leading bit zero-

Fillor B e et i S s T R Lo T s S N VA, N
- e P R P R S O i h.i.sub_... -J.K._n_

: right-just:.fied into integer whole words as required. At Reading and Leeds

5 Universities, three bytes of data on the tape have been combined into each ICL word

i in buffer storage, and then functions called to place each byte right-justified in

| a whole 24~bit integer word as required. at Reading and Leeds Universities, 'also,

| sections of the data which are most heavily used, particularly those around each

i ground measurement site, have been translated into files held on disc on the com-
puter, to reduce processing time. This has not been done at the Institute of
Hydrology to the same extent because of the lower tape loading overheads at that

| site. Each tape also contained at least one header block of information, which

| was encoded partly in binary, partly in ASCII, and partly in EBCDIC. At all the
U.K. computer sites these data were translated to ASCII code using look-up tables

s par rm w agiy S e

SR R '5c" nn‘lr\f‘i -~

; before being written out, to ease handling. It is recommended that in future
| £lights the headers be simplified to include only one type of code to reduce hand-
i

ling difficulties.

$A11 the data which have been examined are of very high quality, with no missing

j 1ines or pixels being apparent. However, the very large amounts of data collected
"led to the investigation of some techniques designed to oid location of areas of
interest; in particular, methods of edge detection. Several edge detectors des-
cribed by Rosenfeld and Kak (1976) were used to try to locate the field boundaries
to tie the aircraft and ground data together and to locate trees and other tall
vegetation. ™o gradient measures were used at the Institute of Hydrology on the
Grendon data, the first dlfferences in two dimensions and the digital Laplacian.
Neither were found to be very satisfactory because of the large spatial variations
present within many fields and because of the width of many edges in terms of the
number of pixels occupied by the edge, as the scanner gave very good spatial




resolution. An eyebal approach was thus acdi<—apted, using colour Q4 splays where
neceSsary. The Ingti tute of Hydrology have X—>een ible to use a colour display
belonging tO the U.K. Atonic Energy Research FE==stablishment for this purpose,

taking off the positicng of field boundaries =m=nd roads using a cuxsor and joystick.

In oxder to use the ai xcraft data, these must  ‘he geometrically and radiometrically

correécted; the corrections will be describeed in turn,

3,1 Regiﬂt-tation of MWigt Thernal Data Ovex- gy Thermal and Vvisible Data

Day therpal andg visiz= 2 < data are automatical —= registered for theyw were acquired
during the same fligh €  throuch the same instx—x==ment optics and with the same
resolution, 2.5 m at 100 naltitude. Night thermal data acquired during a
previous flight have +tXae smne resolution but -E—They mist be superposed to day data.

= oo nefelled uring vivem— = akp polynamiale ae wamning functions.

Inu ';:‘Umi':ic uj.a:'::-_": [ YA A S SR LR 3 - P .
A pixel with coordinatess (x y), given by the  line and ‘wolumn position in the day
datar is thus the tyranssfomed elepent from a = ixel vith coordinates (u, v) in the

night data such that:

Y Nep
u=ulx, y) = = L axpyq
P==0 =0 M
: N N-p
vevix,yy = 2 1 bxpyq
p=og0 M

where u and v are calcualated from x and y.

In the present case se<ond order pelynomials wdreere chosen, The me thod uses

groun? contrel point Temhich ave common 1o PR and plahit data te Sz cormine the

a _ 8ng p_., bparametexs by least squares fitTti x> <3, The fitting ¢f +the ground

- control points is pexrE<xned in the untransforrmwead grid (night data) rather than in

 the trangformed grid (<Qay data), as would seexxa nore Natural. The latter solution
would require the expxe=gsion of the (X, y) coc»=xdinates as a function of the

{u, V) coordinates, i -e, toreverse the prececi ding e¥pressions. The rgalculated
(u, V) coordinates wi 1 I not generally be intecgy<sy and:the nearest neighbour rule

15 applied to determime the pixel radiometric ~walue. This simple procedure has

been Preferred in the Ioxesent case to interpol. -=ation Or convolution methods be-

cause for high resolwut i on data eryors are not «<ritical and much computer time is

saved.

Ag the complete stxip <of data is rather long { =more than 4000 lines of 672 pixels),
the regigtration is macde for successive block =  of 672 x 300 points with a 50%
overlap; 12 to 20 contrxol points by block Qe t—e=rnine the respective pair of trans-
formation polynomials . plscontinuities betwe=«; blocks are avoided by combining
with Variable yeights tche coefficients of the =olynonials referring to two
successive blocks. As the Mne of data proces =sged moves from the centre of the
first block to the ceriiixeof the second block the weights relatix- to the first
pairiof polynomials ax'e changed line by line #£-mxonl to 0, the revexrse being done
for the gecond pair. *The process is then rey>e=ated with the second and third

blocks and SO on.

‘The resuylts obtained axe displayed in Figures E3-16. The average registration
errof between ground c<amtrol points was found %o pe 2~3 pixels with minimum O

~and maxipum 7 pixels.
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TIGURE 8

Mapped night temperatures,
original data. Range of
variation 0°C - 18°C
(radiative values)

~ FIGURE 9

Mapped night temperatures.
Data geometricelly corrected.
The transformation is
visible through the grid
deformation.

FIGURE 10
Mapped day temperature.

Range of variation 8°C -
449C (radiative values)

FIGURE 11 DR
Mapped albs:' :T'ra'l*;éf.':.r.{.‘ .
Range of variatiox 0.0z -
0.20 in the investigated
fields,



FIGURE 12

Temperature differences
(Td -= Tn) mapped in 6 grey
levels -

FIGURE 13

Apparent thermal inertia
mapped in 6 grey levels.

FIGURE 14

Cumulative daily evaporation
calcul @ted by Tellus and mapped
in 5 grey levels (mm). 1: bare
s0il; 2: stubbles; 3: burnt &
unburnt stubbles; 4 stubbles
with green shoots; 5: stubbles
& cropped cereals.

FIGURE 15

Thermal inertia and soil
moisture calculated by
Tellus and mapped in 6 grey
levels.

FIGURE 16

Difference between Fig. 15
and Fig. 13 mapped in 5 grey
levels .
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“he ¢ata must also be radiometrically corrected, the thermal channels then giving
estimated surface temperatures and the nine visible channels albedo, for use in
the models. This inveolves both converting the digitized signal from the radio~-
meter into raw temperatures and radiances, and also correcting for atmospheric
transmission and soil surface emissivity. The thermal data contains two cali-
bration sources on the scanner, which correspond to the upper and lower limits
over which temperatures are digitized. Assuming a linear relationship between
quantization and emission, an estimate of temperature may be made easily.
However, a map of surface temperatures may be computaticnally expensive where
large amounts of data are used, and so a look-up table may be generatud and used.
Estimates of both the incecming long-wave radiaticn and the Infra-red emissivity
of the surface were necessary for estimating the surface tewperatures; these
were obtained either from measurements for incoming long-wave radiation or partly
from measurements and partly from published data for infra-red emissivity.

Future experiments should include many moxe such measurements,

Corrections to the aircraft data must be made for atmospheric absorption, which
is related to scan angle. JRC corrected for scan angle by fitting a polynomial
along each scan line, using linear least squares, and then correcting the data
using these functions to relate the radiance at the edge of the scan line to the
radiance at the nadir point, and correcting thc former to the latter. The
differences between temperatures estimated from the radiometers mounted on the
aircraft and on the ground are very small, and so no corrections for atmospheric
effects were made to the thermal channels of the aircraft scanner data. (See
Table 7). Some measurements made by JRC using a PRT-5 hand-held radiometer gave
rather anomalous readings, up to 7K different from the estimated scanner values,
but these were considered to be caused by power supply problems from the portable

batteries.

The incoming hemispherical irradiance at the Grendon Underwood grassland site was
measured continuously with an EXOTECH-100A radiometer from lZ.30 hours GMT, hall
an hour before the flight, to 13.30 hours GMT, half an hour after the flight.

At the same time, the radiance reflected toward zenith was measured 2 m above the
ground with a second EXOTECH radiometer, in four different fields along the flight
line. The FOV of the instrument was 15°. The fields were: '

- ploughed bare soil
- grassland (meadow)
- burnt stubble

- stubble.

All measurements were referred to flight time (13.00 GMT) when at Grendon the sun
elevation (h9) was 40039°', During the flight, measurements of the atmospheric

parameters Lp (path radiance) and T (transmittance) were performed from the ground
using the technique of Rogers and Peacock (1973) which had already been tested at

the Joint Research Centre (1975).

In order to compare data measured on the ground with data from the airborne multi-
spectral scanner, it was necessary to take into account the difference in the
spectral bands of our field radiometer and those of the airborne Daedalus scanner.
The spectral bands of the two instruments are given in Table 6. Simplifying
assumptions concerning the spectrum of the hemispherical incoming irradiance, as
well as the spectral reflectance of the vegetation were made to derive values of
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TABLE 7

COMPARI SON OF SURFACE TEMPERATURE MEASURED FROM TH7 A IRCRAFT AND ON

THE GROUND (°C)
Size
Bare Soil Day Night Albedo Pixels m?
Measured (S5.W.) 23.5 + 1.5 4.0 » 0.6 ”
Measured (S.E.) 23.9 + 2.2 2.4 0.7
Alrcrafe (S.W.) 26,2 * 0.6 4.2 + 0.2 0.10 314 2000
26.1 = 0.6 4,1 = 0.2 0.10 815 5100
(S5.E.) 27.0 = 0.8 3.8 20,2 0.09 198 1200 m
Whole field 26.0 = 0.9 4,1 + 0,3 9.0’9‘ . 9494 6 km
Road=Flight Line |
Measured 29.0 + 0.7 7.250.7
Alrcraft 25.1 6.5
Dirt Road
Measured 26.4 5.8
Alrcraft 27.6 5.2
foad dge o Woud
Measured 6.38
Alrcraft 6.20
Burnt Stubble
Mrasdowo 27.9 2 L.8 LA A
Adreraft 28.0 = 0.6 5.1 10,2
Stubble
Measured 21.6 = 1.7 5.5 + 0.4
Afrcraft 24,5 » 1.0 5.7 £ 0.2
Grassland
Measured 20,0 0.9 2.7 0.5
Arcraft .4 1.0 2.8 0.4 922 17800 m
(d4ff. £Leld .- time)
+ hedges - 20,1 1.7 2.9 0.7 12018 80700 m’
Hood
Mreraft 14.6 0.8 5.6 2463 15400 m”
Alr Temperature 12 GHT 13 GMT 0.4 GMT 5 GMT
15.6 17.0 2.7 2.3
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the incoming irrodiance and of the reflected radiance in the Daedalus bands, from
values meagured 11 the field in the EXOTECH bands.

The measured atmospheric parameters hai to be elaborated in a similar way.
thece refer to an infinite atmosphere, values of the atmospheric parameters at

flight altitude (1000 m) were obtained on the
model calculations (Turner and Spencer, 1972;

In Table 8 the measured values of path radiance and transmittance are presented
together with the values derived for the flight altitude of 1000 m.

As

vasis of both experimental data and
Salby and McClatahey, 1975).

TABLE 8 PATH RADIANCE AND TRANSMITTANCE MEASURED ON THE GROUND (EXOTECH) AND
CALCULATFD FOR THE GROUND AND AN ALTITUDE OF 1000 m (DAEDALUS)
Bands (am) Transmittance Path radiance (mW cm”? o
DAEDALUS EXOTECH measured calculated grouad 1000 m
| ground ground 1000 m
500~550 0.65 0.85 0.141 0.0395
498-596 0.68
500-600 0.70  0.89 9.103 0.0315
600~650 © 0.079 0.0265
580-706 0.75
650-690 0.76 0.88 0.049 0.0175
aej-H14 Ry
700-790 0.80 0.89 0.078 0.031
800-890 0.79 0.87 0.048 - 0.022
767-974 0.80
920-110 0.78 0.83 0.45 0.025

The errors in the ground measurement of the spectral reflectance factors are
mainly due to the following factors:

a) the absolute calibration of the f..:.d radiometer,

b) the variability of ground surfaces =pnd the Lambertan assumption made

for these surfaces,

c)

the atmospheric instability and time elapsed between measurements of
incoming irradiance and of reflected radiance.

An analysis of these errors was carried out and their combined effect has been

evaluated.

The same analysis was performed for the spectral reflectance factors derived

from the multi-spectral scanner data which is calibrated in terms of power which

reaches the scanner.

)
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ir this case the spectral reflectance factor at ground level is given by the
equation:

i
. Lpi
R = T Ag g
i
T, Ii

where:

Pi = opower reczeived by the multi-spectral scanner in band i and recorded

, on CCT (W)

Ii = globa% hemispherical incoming irradiance measured on the ground

(Wem™ )

‘T. = transmittance at 1000 m height
path radiance at 1000 m height (Wem=2sr-1)

Lp, =

PR = area of the ground seen throuah the IFOV of the scanner from 1000 m
height (cu—2)

R = effective optical aperture of the scanner (aoh'z)

Duc to lack of information no error in the calibration of the multi-spectral
gcanner *.ad to be assumed, though this assumption is certainly not true. The
ouly errwrs which have veen considered are due to: -

- instability of the atmosphere
- errors in the measuremer.t of T,_LP and their evaluation at the flight

al+ienAae nf 1000 @

- Lambertan assumption for ground surfaces

In Figs, 17-19 the spectral reflectance factor as a function of wavelength is
precented for three surfaces, both as measured on the ground and as derived from

airborne multi-spectral scanner measurements.

The tvpes of surfaces aze ~grassland (Fig. 17), ploughed bare soil (Fig. 18) and
burnt stubble (Fig. 19). ' Data for stubble are not reported due to the low re'la-
bility of a singie measurepsnt made on this surface.

The errors evaluated for both the ground and airborne data are indicated only for
the EXOTECH (LANDSAT) bands where a comparison between the two methods was

possible.
3.2 ggpclusions

It appears from Figs. 17-19 that the agreement between ground measured and air-
borne reflectance factois is satisfactory mainly for the lower wavelength bands.
Here the agreement is more or less in the limit of the errors evaluated. At the
higher wavelength bands, and especially on grassland, there is an increasing dis-
crepancy between the two measurements. Better results might have been obtained
by using the same bands for the field radiometer and the airborne scanner or by

" employing a continuous spectro-radiometer in the field to!integrate data over the

MSS bands. Even then, the absolute calibration of instruments for this type of
nmeasuvemerits poses a major problem. It seems that the systematic discrepancy in
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FIGURE 17 Bpectral rei. :ctance ifacior, R, of grassland wmeasured at various

wavelengths on the ground and by airborne MSS
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FIGURE 18 Spectral reflectance factor, R, of bare earth measured for various

wavelengths on the ground and by airborne MSS
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_.'_!‘IGURE 19 Spectral silectance factor, R, of burnt stubble measured for various
wavelengths on the ground and by airborne MSS
the near inf;-a-red channels may be attributed both to the fact that bands are not

easily and directly comparable and to a systematic error in the MSS calibration
vhich gives emnstantly a lower value for the recorded power.

In fact, the values of the near infra-red spectral reflectance factor for grass-
land measured on the ground agree bester with data from the literature than the
values cbtained from the airborne muiti-specteal scanner. This strengthens the
hyprthesis of a systematic error in the calibratiorn of the airborne multi-spectral

scannex,

3.3 Correction of the Scan Angle Effect sn the Sne~tro-»tric Vvalues

As the scan angle of the Daedalus instrument used for the flight is 7‘70, the
variation of the atmospheric thickness along the scan line causes a variation in
the atmospheric effect from the centre of the line towards lue edges, with a
resulting systematic effect in the data acquired which must be corrected. Due to
the difficulty in implementing a deterministic correction scheme which requires
an acnurate knowledge of the physical phenomena as a function of angle, the
statistical approach known as along track averaging was preferred and applied to

thermal and visible data,

Along the strip of acquired data, the mean values of the one pixel columns of data
‘are calculated £from edge tc edge of the strip. A polynomial fitting of the mean
values along the scan line is then used to describe the general trend of the effect.
If the effect is absent or negligible, the fitted curve results in a straight
horizontal line. The difference between the fitted curve and the value at the
central column element (nadir point) calculated at each column position gives the
correction to be applied to the value of the element in this position, in every
scan line. The data also showed a loss of contrast towaras the edges, and so it
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was decided to also correct the wariance in a similar_fashion.

The correction curves exhibit a noticeable, although asymmetr.cal, variation for
both the mean and variance for the day thermal and visible data and on the wean
for night thermal data, while the effect or. Ow: variance is almost negligible for

the night thermal data.

The data were then corrected for atmospheric absorption and scatiering vsing the
results already described.

4. APPLICATIONS OF DIGITAL MODELS

Application of digital models to estimate the evaporation and soil moistwuix:2 status
of the experimental sites has progressed through severa! stages. Initially, the
Tellus (Rosema ¢+ al., 1278) and Tergra {Socr, 1980) medels were applied to sets
of data produced from the overflights to gain experiencs with running the modelr.
Some sensitivity testing of the models was then performed to find the range of
variations of the input variables which are allowable without affecting the out-
put of the models. The models were then run using data f~rom individval fieu.ds,
and work is now progressing in simplifying the models for cperational use, as at
present they are very fully and explicitly parameterized, and on producing maps
of evaporation and soil moisture status. As this work is continuing, the details

will be reported later, and only an outline presented here.

4.1 Tergra Model Sensitivity Studies

The Tergra model (Scer, 1980) was developed to predict regional evapotransgpiration
and soil moisture conditions from remotely sensed surface ‘emperatures. Incoming
radiation values, windspeed, air temperature, air humidit ' and parameters that
are velated t> the vegetative cover and the soil are required as input.

The Tergra model is a steady state resistance model: the transport of water from
tne soil into the atmosphere is assumed to be governed by four resistances in
series. These are the soil moisture Rg,q; and plant r:es;:i.stam:e‘RPLMlt for
moisture flow and the stomatal resistance R_, . +.1 and aerodynamit¢, resistance

Ratmos;phere for vapour flow.

The model sensitivity is difficult to predict because of the feedback mechanisms

involved.
both so that the model may be simplified for operational use and to ~heck <he in-

ternal consistency of the model.

The simulation periecd was from 5 a.m. till midnight G.M.T. Smoothed curves of

the meteorological input parameters such as short wave incoming radiation, air
temperature and water vapour pressure were used in the calculations while long-
wave incoming radiation was calculated with a Brunt type eguation.
was assumed to be a 7 cm high grass cover on a loam soil. The pF-curve and
hydraulic conductivity-soil moisture content relationship were taken from the
literature. - Changes in capillary rise were not considered. The input used in
the model is shown in Figure 12, and the changes in soil parameters given in

Table 9.

25

The sensitivity of the model to its inputs was tested using simulaticn,

The wegetation
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“‘ . TABLE® EFFECT OF UNCERTAINTY OF PARAMETERS ON CALCULATED ET VALUES UNDER WET AND DRY SOIL CONDITIONS i
tad " WET SOIL  DRY SOIL MEDIUM DRY SOIL
‘g Parameter PS1S=~10kPa PS1S=-500kPa PS515=-100kPa
Ref. Changed Change E'I‘ dET ET dET ET dET
. Heaning of Parameter Name value value y 4 (mm) dpar (mm) dpar (nm) dpar
q\gf_}?u -' ; - Initial s041 moisture pot. (kPa) PSIS
i 2 Pore volume THETAS 0.51  0.54 6 2.3 - 113 -
v/ﬂ . Exponent PSI-THETA relation BL 0.29 0.32 10 2.37 - 0.92 1.9 2.30 -
.»4- S Rest value sa2turation (VP) SR 0.03  0.04 33 237 - L13 -
’ - Soil density (g/cm3) D 1.65 1.42 10 2.37 - 1.13 -
Soil organic matter (WP) SO i 2 100 2,37 - 1.13 -
Satt':ﬁra:ted conductivity (m/day) ARV VvV ) Ui <G £.37 .22 C.4 2,21 o
Air entty vaiue (kPa) PSIA -5 -6 20 2.37 - 1.37 1.1 2.31 0.02
B saturated heat cond. (§/m/K) jt{of 1.40 1.54 10 2,37 - 1.13 -
" v Dry hiat conductivity (N/m/K) HCD 0.20  0.22 10 2.37 - l.13 -
i e Global crdp height (m) GHC 0.07 0.08 14  2.42 0.16 1.15 0.13
| J 23 Plant diff. resist. factor (day) RPL 12500 15000 20 2,27 0.22 1.10 0.13
- B Root dens, resist. factor (m)  RD 3.7 &S5 20 2.37 - 1.03 0.44 2,30 -
J Effective root ing depth (m) DD 0.5 0.6 20 2.37 - 1.14 0.04 2.30 -
g Dummy reflection coefticient Rif L U.23 0.253 o 2.30 S.30 L. C.27

Emission coef£icient EC 0.95 0.99 5 2.32 0.42 1.10 0.54
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TABLE 10 _ EFFECT OF CHANGES IN RESISTANCE ON EVAPOTRANSPIRATION AT THREE DIFFERENT WINDSPEEDS
~ Windspeed (u)
u=1am/s u=73mn/s u=17mn/s
Change in tewmp. Change in vapour
R at gradient above press. gradient
ET AET ET AET lpa the crop at above the crop ET AET
Resistance (zm) (%) (mm} (%) s, (s/m) 1pm at 1 p.m (mm) (%)
R unchnnged 2.26 2.37 2.89
WET Rpilant = Rplant & 1.5 2.11° - 6.6 2.12 -10.6 ' 08x10° not calcul. not calcul. 2,42 -15.
SOIL Rgoll = Rsoil * 1.5 2.26 - 2.37 - 41840 idem idem 2.89 -
Ratm. = Ratm. # 1.5 2,17 - 4.0 2.20 - 7.2 47.0 idem idem 2,63 - 9.
~om, = Retom, * 1.5 2.17 - 4.0 2.22 - 6.3 32.4 idem idem 2.60 -10.
i R unchanged  1.36 1.13 1.12
DRY Rplant = Rplant # 1.5 1.20 - 5.1 1.05 - 7.1 1.08x10° +3.3% +1.7% 1.04 -7
. SOIL  Rsoil = Reoil & 1.5 L18 -13.2 0.83 -17.7 3.3s10° +8. 2% .37 0.91 -18
Ratm. = Ratm. * 1.5 1.40 +2.9 1.18 + 4.4 41.9 +31.2% +22.0% 1.12 -
Rgtom. = Rstom, X 1.5 1.22 =10.3 0.97 -14.2 194.9 +5.5% +3.92 0.94 =16

S e il il
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As a first step the method employed by Nieuwenhuis and Klaassen (1978) was
followed and the four resistances were successively increased by 50% for wet and
dry soil conditions. Wet soil conditions were defined as a water content corres-
ponding to a soil moisture potential ws of ~10 kpPa, and dry soil conditions were
defined as a water content corresponding te¢ z.-s>il moisture potential of -500 kPa.
The simulation was repeated for three windrr~ .1s, each assumed to have been con-
stant during the simulation period. The results of this analysis are presented

in Table 10.

1t seemed physically realistic that a change in one resistance affected one or
more of the othel resistances.  Especially it cculd ke postulated that changes
in the soil and plant resistance to moisture transport, Rg,iq and lant+ Should
have an effect on the stomatal resistance R.tomatal® Therefore, r the case of
a mean windspeed of 3 m/sec this interdependence has been estimated (Table 11).
various other soil and plant parameters have been changed. For every parameter

T U B I B oLl L o -~ ! ™ ™
T wiius wGUlL) +ii Lo SO LbinmLe v Al el bl gy ulolomigl Slobs -::‘:.":_5::.‘:.’25 (-.._..bl": 9.,‘ no

spread of this influence over the various resistances was also calculated (Table
12) for those parameters that appeared to have a significant influence on the

evapotranspiration value.

TABLE 11  EFFECT OF ONE RESISTANCE ON OTHER RESISTANCES

Resistance Changed Rplant Rso:ll Ratm. Rstom.

Rpl=Rp1 ~ 1.5 - -1.5% - +75%

1.5 - - - -

WET Rso:Ll‘.Rso:l.l *
SOIL
Ratm.‘Ratm. *# 1.5 - ~1.0% - - 4%
- ] - - =L+sUsle -
Rrst:om. Rstom. 1.5 1.0%
= * - - " - -+ A
Rpl Rpl 1.5 107
DRY Re012™Rg011 * 1.5 - - = +25%
SOTL
= o - : - - + ﬂ’
Ratm. Ratm. * 1.5 , 9%
L * 1.5 - -3% - -

‘stom, =Rs tom,
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4 TABLE 12

775CT OF UNCERTAINTY IN SIGNIFICANY DaRA

ey .
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L o
3 08 VARIOUS RESISTANCES

'y

Various Resistances,

| Table 12: Effect of Incertainty in Significant

Parameter Change in Variou§ Resist. Change in Evapotranspiration
Name Reference Changed Chenge R . R R R
valuz value 7 plant goil atm. stom, AET

BL 0.29 0.32 10.3 +50% +30% -18.6%
AlC n.0t n.072 20 -16.0% ~10. 29 +R.0%
~ZIA -5 -6 20 ~407% -25% +21.2%
GHC 0,07 0.08" 14.3 -4.82 ~4.5% +1.8%
RD 3.7 4.5 21.6 +20.6% +12.4% -8.8%

Parameters on
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| ‘For a windspeed of 3 m/sec the following results were obtained: Rotom

EaT oS

.evapotranspiration,

Results may be summarized as follows:

Changes- in resistance at three different windspeeds (Table 10).

Wet goil conditions:

Evapotranspiration increases with increasing windspeed. A change in Rs?il has
no influence on evapotranspiration as RP is about twenty-five times larger
than Rgoil® Thus, the sum ( lant ¥ Rsoil) which requlates the amount of evapo-
transpiration is virtually independent of Rg,y;. At a windspeed of 1 m/sec the
influence of Ry)anss Ryeps and Rgeqn ON evapotranspiration are of the same order
of magnitude. = The model becomes more sensitive with increasing windspeed because
of a higher evaporative demand, and as the influence of Rplant' Ratm' and Rstom
on evapotranspiration increase.

pry soil conditions:

Evapotranspiration decreases with increasing windspeed and at this condition a
rise in R . results 4in increased evapotranspiration. Both phenomena may have
the same cause, which may be found by considering the formulation of sensible heat

and of latent heat f£luxes respectively:

PA TPO)

g = RpcP (T
atm

sensible heat (w/m?)

heat capacity of the air {(J/kg/K)

air temperature at reference height (K)

crop temperature (K)

E
1p = -PCR_ _AT- Eos
Y "R

+ R
atm stom

LE = latent heat (w/m?)
Yy = _psychfometer constant (Pa/K)
E,

- E.. = water vapour deficit beicween sub~stomatal cavities and the atmosphere
at reference height (Pa).

is about

five times larger than R, . and therefore an increase of R,,  of 50% has a
negligible effect on the sum (R,., + Roi ) in eq. (2). At the same time the
temperature gradient (TpA - Tpg)in eq. (1) is not increasing as rapidly as R ..
(31% agalnst 50%) but (EA‘I' - EOS) in eq. (2) is increasing more rapidly than
(Ratm * Rstom!+ Hence, for a 50% increase in R, the sensible heat flux de-
creases and the latent heat flux increases, the combined effect being a higher
The same reasoning explains the reduction in the latent heat
flux with increasing wind speed. Increasing wind speed means a decrease of the
aerodynamic resistance and under these circumstances the result is a decrease of

evapotranspiration.
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Effect of Changes of One Resistance on Other Resistances (Table 11).

Wet soili cunditions:

The effect of changes in plant resistance on stomatal resistance is predominant
under these conditions. An increase of plant resistance by 50% results 1 an
increase of the stomatal resistance by as much as 75%. An increase of ' ..., BY
75% results in the same reduction of evapotranspiration as the resistan.¢ ™2 plant
moisture transport is defined dependent on the stomatal resistance. Change:.. in

other resistances have very small or negligible effects.

Dry soil conditions:

Under dry soil conditions the soll moisture resistance is predominant. An in-
crease of the soil moisture resjistance by 50% results in an increase of R.,.., of
only 25% whereas the reduction in evapotranspiration is larger than when R_... is
increased independently by 50% (~17.7% against - 14.z4%, table 10). This is
caused by the fact that an independent increase of the stomatal resistance is not
"accepted" by the model: during the successive iterations the value of the
stomatal resistance is reduced again until the new value is only about 20% larger
than the original one, at least dvring the hours in which the major part of the

daily evapotranspiration takes place.

Eitect of Uncertainty of Parameters on Calculated ET Values Under Wet and Dry
Soil Conditions (Table 9)

Wet soil conditions:

Changes in the soil parameters considered had no effect on the evapotranspiration

el et el b el T e
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reached and then apparently the system is very stable. Only the plant moisture

“resistance is a factor that must be taken into account, as was already known from

Table 10, The potential evapotranspiration flux can only be changed by differen-
ces in crop length and radiation values, as clearly illustrated by the effects of
changes in global crop height, reflectivity and emissivity.

Dry soil conditions:

Some soil parameters play a role in determining the evapotranspiration flux.

Among these the importance of air entry wvalue wA must be noted, although this
parameter is difficult to determine precisely. Also the errors in the exponent
of the soil tension-soil water content relatignship and in the hydraulic conduct-
ivity can change the amount of evapotranspiration flux significantly. Fortunate-
ly, these two parameters may be determined more precisely than the air entry value,
Another factor that becomes important under dry conditions is the root density
resistance factor, RD, also difficult to determine. Thus, the factors that de-~
termine the thermal properties of the soil do not gre:tly affect evapotranspiration,
as the soil heat flwg plays a minor role in the energy balance equation when the
soil is completely ctivered by vegetation. Therefore, the determination of the
soil density, percentage organic matter and saturated and dry heat capacities does
not nieed to be very precise. For the saturated and dry heat capacity a calcul-
ation using the method of De Vries or even an estimation with the help of relation-
ships given by De Vries seems sufficient. The global crop height, plant diffusion
resistance, reflectivity and emissivity have the same proportional effect as under
wet conditions and consequently tiey must be determined with the same precision

for the whole soil moisture range.
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In this analysis a dry soll was defined as having a soil moisture tension of o
500 kPa (5000 uwbar or pF = 3.7). This is in fact a very extreme situation, es-
pecially for the usually rather humid conditions of Western Europe. Therefore,
fur those factors that have a strikingly different infiuence on evapotranspiration
dejending on the soil moisture situation, a more realistic value was taken of a
50i), moisture %tension of 100 kPa for dry conditions. Froas the results presented
in the last column of Table 9 one can conclude that unde: this condition the
importance of errors in the exponent of the soil tension/soil moisture content
relationship, the saturated conductivity, the air entry valve, the root density
and rooting depths are much reduced. Therefore, in tiie mure usual range between
pF = 2 and pF = 3 the soil moisture parameters arxe not critical. A soil having
a pF curve with a better defined break point might give different results and the
sensitivity analysis should be repeated for such a case.

Effect of Uncertainty of Paraneters on Resistances (Table 12)

The results are consistent with the previous discussion, and the most striking
feature 15 again the quite cons’‘ant relation between soil and stomatal resistances.
The off2ct of an increased crcp height on both aerodynamic and stomatal recistances
stems from the iteration procedure of the Tergra model with regard to a zero

energy balance at the soil surface.

Conclusions of the Sensitivity Analysis

In the soil moisture tension range ketween pF 2 and pF 3 which is usual in the
humid climate of Western Europe, evapotranspiration is only slightly affected by
soil parameters. In this range of potential evapotranspiration the rate of water
loss is almost exclusively determined by the atmospheric evaporative demand.

pY proviocus wor's Te wonis he wortnwhile to repeat the sensitivity

e a T

Those Confivm
analysis for semi-arid conditions and for other soil types to see what differences
there are. Results would be the same as found here under all conditions where

plants are transpiring potentially..

4.2 Tesgting the Tellus.:e_.'q‘-;-‘_,-f_';fillb.‘»

The model was tested; during this test a number of problems concerning the model
The first problem concerned the numerical value of the soil heat capacity
used in the model. The valuz of 2 X 107 J/m®/K originally employed exceeds by
about a factor of ten the values actually measured. These ranjge apprroximately
from 1 x 10° 3/m®/K for a dry soil to 3 x 10% J/md/K for a wet soil. " This high
value is used to speed up the program by permitting the large time “:tep of one
hour, to minimize the total computation calculation time. Errors introiduced by
thig method should be small. The validity of this assumption fou the Grendun

data was investigated.

arxose.

The second problem concerned the assumption cf a constant surface relative
humidity. Tn the original form of the model thie assumption led to excessive
condensation.  The model was modified to ignore condensation, but positive values
of the latent heat flux were nevertheless entered into the energy balance equation
and so into the determination of simulated surface temperatures.

The results of the model are presented in tie. fors. of standard look-up tables in-

dicating day and night surface temperatui'é‘.' “anidl daily cumulative evaporation for
various combinations of thermal inertia and surface relative humidity for the bare

s0il site,

The program was first run with a value of the soil heat capacity of 2 x 10° J/mi/¥.,
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a mean value for the soil of the Grendcn area. This value of the heat capacity
had to be combined with a small time step of 36 seconds in ordexr not to change the
Fourier coefficient used in the Du Fort~Frankel scheme that simulates the tem-

perature profile below the soil surface.

The results of this run are shown in Table 13 and they are assumed to be "correct"
as the soil heat capacity was an experimentally measured valua,

TABLE 13 TELL-Ug LOOK-UP TABLE FOR A REALISTIC HEAT CAPACITY VALUE OF
2 x 10° J/m3/K. CALCULATION TIME STEP: 36 sec
(Negative values of evaporation are condensation)
Tharmal Surface Relative Humidity
Inertia
0.0 Cc.20 0.40 0.60 0.80 1.00
D.temp. 44,2 34.8 29.9 26.6 24.2 22.3
800- Notempo 7.1 “-8 302 0.0 -0-8 -lc[l
C-evapo -506 "'2-1 "'0-1 1-3 2-2 2.8
D.tcmp. 41.7 33.5 20.0 25.9 23.6 21.8
1200. N.temp. 9.4 6.9 5.2 .9 2.6 1.6
C-e“f&p- "'5-6 "'2-2 -003 1.0 2.0 2.7
D.temp.  39.5 32.2 26.1 252 23.0 21.2
1600. N.temp. 11.0 8.4 6.6 5.3 4.2 3.2
C.evap. -5.6 -2.2 =0.4 0.9 1.9 2.6
D.temp- 37.5' ; 31.1 27.3 24.5 22-4 20.8
2000, N.temp. 12... 9.5 7.7 6.3 5.2 4.3
C.EVBP. -505 ) "2.4 -005 0-8 108 2-6

A second simulation run was carried out using the excessively high value of i~
soil heat capacity of 2 x 107 3/m®/K combined with a time step of 1 hour.  Thuis
combination wae originally used in the program. The difference between thew
results and the "correct" surface temperatures and evaporation are shown in Teble
14. ‘'The figures show that day surface temperatures differ by less than one degree
and usually by less than 0.5°C. In addition the differences of the cumulative
evaporation are very small: 0.3 mm or less. * Night surface temperatures proved

to be sensitive to the heat capacity value employed: temperatures simulated with
the high soil heat capacity were considerably lower than the "correct" values, the
difference ranging from -1.3°% for a saturated soil to -2,7° for dry soil.

The thermal inertia range from 800 to 2000 J/mz/sl/ 2 /x roughly corresponds to the
maximum moisture content range from dry to saturated for Oxford clay, the soil type
of the test site. The lock-up table in Table 13 shows that for a given surface
relative humidity the differences in night-time temperatures range between five

and six degrees. This means for example that an error of two degrees in the
simulated night temperature may result in an underestimation of the thermal

inertia by 40C units, Translated into soil moisture this would represent an

error of appro¥imately 15 percent by volume of moisture or one third of the total
soil moisture range, which seems quite unacceptable for practical purposes.
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TABLE 14 THE DIFFERENCE BETWEEN A TELL~US LOOK-UP TABLE CACLUATED WITH A | TABLE 15 ' LOOK-UP TABLE CALCULATED WITH A SIMPLIFIED FORMULATION OF THE
HIGH HEAT CAPACITY OF 2 x 107 J/m3/K, TIME ETEP 3600 sec GROUND HEAT FLUX. Heat capacity: 2 x 108 J/m3/K.
(Negative vslues of evaporation are condensation) E Calculation time step: 300 sec Depth step: 2.5 cm
_ i (Negative values for C. evap. mean condensation)
_ Surface Relative Humidity it | : -
Thermal S b Surface Relative Humidity
Inertia Thermal
' . Inertia
00  0.20 ©0.40 060 0.80 1.00 I 0.0  0.20 0.40 0.60 0.80  1.00
’ - ]
Lemp . . . . ' . . ] -
800, g.:e::g. fz’; fg';’ fgi fg; fg.g fg; . D.temp.  44.1  34.3  29.4  26.2 1.9 22.0
Cevap. 0.0 0.1 -0.1 0.1 0.0 +0.0 !l 800. N.temp. 7.5, 5.2 3.4 0.6 -0.3 -0.8
* : C.evap. ~7.0 -2.6 -0.3 1.3 2.3 3.0
oL - ’ . ol J e . 3 . . o
1200, :.t:;‘g' _‘_"2"2' T N *‘1“7' :‘1’; N ji | D.temp.  42.2  33.3 28,/  25./ 3.4 L.
C.evap. +0.0 0.0 . 0.0 0.0 0.1 0.1 S 1200. N.temp. 9.6 7.0 5.3 3.9 2.7 1.8
* ' C.evap. -7.0 -2.8 -0.5 1.1 2.2 2.9
- 1 -— 4 5
1600,  Neemn. L9 L6 —1.5 L4 -4 -1 . D.temp.  40.4  32.4 281 25.7 23,0  21.3
C.evap +0.0 40.1 +0.1 0.1 0.2 _0'3 o 1600. N.temp. 11.0 8.3 6.5 2.1 b.J 3.1
: * - : : e C.evap. -7.0 -2.9  -2.6° 1.9 2.1 2.9
e ' # . ~ i: § X : . ‘
2000, Ntemo. 6 e 9.3 02 2 80 o D.temp.  38.8  3..3 205 26.7 22,6 2L.0
C.evap o +0. 2 0.2 -0.3 _0"3 5 2000. N.temp. 1.8 9.1 7.3 £.D 4.9 4.0
il ' o : ) * i C.evap. -7.0 -3.0 -0.7 G.9 2.0 2.
R
One may accordingly conclude tnal the hixgir S014 heal cepaclly employn=c Lo spes=d
up the calcuiations may not be used in the present cese, liowever, neithe: is i . : .
the use of the al ternative real’stic heat capacity value very altrc ctive because ’ JABLE 16 DIFFEPENLfE, BET'NEEN moK..'dp TABLES 15 AND 13
of the accoppalying umall calculation time step, The computation time for the beo — : . ; o
table shown in Table 13 is a ‘full five minutes, against eleven seconds needed to [ ! ‘
Produce the resul s Seen in Ta: ¢ 14. Therefore, when & mass production of look- b ‘ Voo o .
up tables (s’ required. it seems begt to use the fast version and to estimate the cerboSv .. Surface Relative Humidity S i
night tﬁl‘«perature . _etltn with ~he help of a small number of look-—up tables tt .. Thermal s . , : .
derived with the =i¢ - yversion for some wall chosen combinations of parameters. ' lnertda T T T
.o - : B . .. 0.0 0,20 0.40 0.60 0.80 1.00
A gimple finite Qi £ference scheme was tried, instead of “he Di Fort-Fflankel scheme P . L _ < B
foyr the caleulation of the soil heat fiux. In Table 15 a look-up table talculated ‘ o . Cetemp.. -0.2 ~0.5 -0.5 ~0.4 -0.3 0.2
wit}( the gippler algorithm is shown. Tt should be cumparable with Tahle 13 and ' - 800. o ¥ temp. +0.5 +0.3 +0.2  +0.6 +0.6 4.5
the diffirence betw=en the two tables 1is prwsented in Table 16. Maximom diffei~ ! { - C.evap. +1.5 +0.6 +0.2 = 0.0 0.1 0.2
ences in day surface temperatuze arve 1-29¢, in night surface temperaturs 0.5%¢, L ‘ ”
Fut on uverage di £ferences are much smaller and the rasemblance betwezn the two . D.temp.  +0.3 —0.2 -0.2 -0.2  -0.2  -0.1
‘“ables is rather close, ‘An excel+ion has i©o be made for conditions of heavy gy w1290, - N.temp., 0.2 0.1 0.0 . 0.0 +0.1 +40.7
‘coaduiEatien fat the laft-hand side of the look-up table, where Cifierences of b C.evap. +1.5  +40.6 .2 c.c H.2 -0.2
cumulat.ve ¢vaporation amouwit {5 1-5 mm) . Here, the celculation cime is reduch'l ' - ‘ a ' ‘
by a fictorof five relative so the "correct" method in Table 13. . © . Di.temp, +0.9 ., 2 .0,0 . 0.9 - 0.0 0.0
A B : { [ 4 ~ 1600, N. tenp. 0.0 0.0 . =02 . =2 o «0,2 -D.1
;J“‘ T e : ' C.evap. +1.5 +H.6 .2 4G.1 +0.2 4], 2
The progra ; .aaa I‘b-—"n..""lttf’ﬂ s¢ thak Lne *elat:.cnship betwc-:_w zil mo lc-tvre pol sont o 2N . ” ' 5
ang thermal'inertss: may be. changed easily. Heat capacity and thermal coniuctivity R S T Y .","'D‘W""”' .2 4040 02 402 .2 .2
may then be written as a function ot umetric moistur:¢ cont2nt and freom these Ls e 12000, Noteap... . =0.4 ° 0.4 -0.4 0.5 -C.3 ~0.3
5 +0.6 +0.2 +0.1 +0.2 +0.3

valyes the corresponding thermal in;stlia Jalun is calculated. Ip oxder to study c. evap_, +1.

the effect of a constant heat capacico T ;uc;n_‘the moistiure =or g i-an'\_'je"ff".compared ' , ! e

to a more precise wvalue varying with goi. moisture, Tables ] anu 18 wexe produced. i
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TABLE 17 LOOK-UP TABLE CAICULATED WITH HEAT CAPACITY AND THERMAL
CONDUCTIVITY AS A FUNCTION OF THE VOLUMETRIC MOISTURE
CONTENT (THETA). The ground heat flux is calculafed in
a simplified way.

Thernal Surface Relative Humidicty

Inertis

(THETA)

0.0 0.20 0.60 0.80

D.temp. 32.2 32.2 25.8 23.6

1020! N.temp. 107 107 103 lol

(0-050) C.evap. 0.0 0.0 1.6 2.4
D.temp. 30.9 30.9 25.3 23.2

1383, N.temp. 3.3 3.3 3.0 2.8

(0,200) C.evap. Q.O 0.0 1.5 2.2
. temp. 30.1 30.1 25.0 22.9

1619. N.temp. 4.0 4.0 3.8 3.5

(0. 300) C.evap. 0.0 0.0 1.4 2.2

_ D.temp. 29,1 29.1 24.6 22.6

1968, N.temp. 4.9 4.9 4.6 4.4

(0.450) C.evap. 0.0 0.0 1.3 2.1

TABLE 18 LOOK=-UP TABLE CALCULATED ACCORDING TO THE SAME SCHEME

BUT WITH A FIXED HEAT CAPACITY (2 x 106 J/m3/X)
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One may notice that when a fixed heat capacity is used {rable 14) the night tem-
peratures are underes*imated in the dry moisture content range and overestimated
in the wet ‘range coumpared to allowing it to vary. However, the differences are
so small (0.7°C maximum)that simulation with a constant heat capacity value of

2 x 10° J/m’/Kk is justified.

One of the simplifications in the Tellus model was the assumption of a constant
surface relative humidity. For the lower values of surface relative humidity,
and given the rather mcist atmosphere in Grendor, the program calculates net
amounts of condensation over a pexriod of one day. Condensation is accompanied by
the release of latent heat of condensation so wihen heavy condensation occurs the
simulated surface temperatures go to very high values (Tables 13 and 14). In the
modified model, condensation is not included in the summation calculating the
cumlative evaporation, but its effect on the surface temperature remains. It is
clear that from the physical point of view this solution must be considered as most

unfortunate.

In search of an alternative solution a reduction in condensation was tried by
introducing a variable surface relative huddity value. This resets it to its
original value at every calculation time step. in cases when the latent heat
flux becomes positive, surface reiative humidity is increased automatically until
the latent heat flux becomes zero. If the maximum relative humidity of 1.0 has
lL.een reached and the latent heat flux is still positive, this value is accepted
and euntered into the enerqy balance aquation. Altheough frem a purely mathematical
point of view this solution may be questionable, it seems to correspond to the
phiysical phenomenon that the surface relative humidity has to rise before conden-
sation may occur. Almost the same results were achieved and a considerable amount
of calculation time was saved by a simpler approach, that if the latent heat flux
was positive, then a value of zero was entered into the energy balance egquation.

ine resuit of these calculations 1s gilven 1n iables 19 ana <. AS shOwil 1n

Table 19, the temperature range of the look-up table becomes considerably more
restricted compared to a look-up table without correction for excessive conden-
sation, for instance the results in Table 15. The differences between the surface
temperatures in Tables 19 and 15 are shown in Table 20. These differences are
very high, more than 10°c for low surface relative humidities, at the left-hand

“4ide of the table, and somewhat smaller for high surface relative humidities,

especially with regard to the day temperature estimates.

The restricted surface temperature range of the look-up table, Table 19, implies
that fewer temperature combinations may be accommodated on one table. . This
should reduce the chance that by simulating with erroneous parameter values, the
neasured surface temperature combination can be found on the look~up table, though
at the wrong surface relative humidity or thermal inertia values.

The measured airbirne scanner day and night temperatures of the bare soil field
at Grendon were anzlyzed with the help of a statistical computer program. The

radiative temperatures were the following:

_,girht temperature (minimum) at 4.45 GMr: 4.3°%C + 0._3°C s.d.
- 'day temperature (maximum) at 13.00 GMT: 26.8°¢C + 0.8%% s.4d.

Assuming an emissivity of 0.975 the night temperature was estimated as 6.1°C and
the day temperature as 28.7°C. According to the look-up table of Figure 13 this
night/day temperature pair corresponds to a thermal inertia of about 1400 and a

surface relative humidity of 0.30, whereas net condensation is calculated for the
whole day. As pointed out before, this look-up table does not underestimate the
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TMElE L9 LOOK-UP TABLE CALCULATED WITH A SCHEME ENTERING A LATENT
HEAT FLUX VALUE OP ZERO INTO THE ENERGY BALANCE EQUATION
WHEN CONDENSATION OCCURS. This Table should be comparable

with Table 15

night temperatures as duves the look-up Table l4. With Table 14 one should have
found a thermal inertia of 1000, a surface relative humidity of V.30 and also net
condensation. In both tables there is an effect of increasing the simulated
surface temperatures by condensation. As discussed before, this version of the
model has a tendency to exaggerate dew foxmation. Furthermore, the weather on
the day treated was warm and dry. Therefore, it seemed preferahle to use a look-
up table corrected for excess condensation as shown in Table 19, but surprisingly

F—

Thernal. Surface Relative Humidity enough the measured temperature combination cannot be placed in the table. At
Inertia I first it was thought that this was due to the absence of wind during t»" night.
0.0 0.20 0.40 0.60 0.80 1.00 : Experience with grass has shown that under such circumstances the simu:uted surface
temperature falls below the measured one, probably because the equations describing
D.temp. 33.1 33.1 29.2  26.1 23.8  22.0 turbulent heat exchange fail under ccnditions of low wind speed. The calculated
800, N.temp. -0.9 -0.9 -1.0 -1.2 -1.5 -1.6 h atmospheric resistance becomes verxy high, while in reality there may be a much
C.evap. 0.0 0.0 0.7 1.7 2.4 3.0 “- lower limiting value. However, introducing a smaller atmospheri. resistance
. brings no improvement in this case since it will be ef.lective only if the surface
D ey 1.5 11 5 2.4 75.5 22,1  21.6 §i temparature is lower than the air temperatvra, - o .
1200! N.temp. 2.2 2.2 2-1 1.8 1.6 103 Ei : - ST
C.evap. 0.0 0.0 0.6 1.5 2.3 2.9 In the absence of wind, local di€fezences of air temperaf..res will arise because
_ ¥ of the interaction between the surface and the air ovzi it,+ Indeed, the measured
D.temp.  30.1 30.1 27.8 5.0 22.9 21.3 Bt 3 air temperatures above the haws ~31 field #° 4.50 GMT show a difference of almost
1600, N.temp. 3.9 3.9 3.8 3.6 3.4 2.9 4°C with the air temperatui . ~ded at ... metacrological station. After in-
. C.evap. 0.0 0.0 0.5 1.4 2.2 2.8 T sertion of these higher air temperatiures .Juring the hours of zero wind speed into
- “ the simulation data, the look-up table 5 was produced. Ia this talle the ‘red
— D. temp. 29.0 29.0 27.1  24.6 22.6  21.0 -~ i gurface *ampera.ure pair fits a thexmal inertia of 1800 accompanied by a -
2000, N.temp. 5.1 5.1 5.0 4.8 4.6 3.9 | relative humidity of 0.30. This tnermal inertia of 1800 corresponds Lo . o
C.evap. 0.0 0.0 0.4 1.3 2.1 2.8 l} _metric moisture contenv of 0.37 (Table 17) Core samples of the upper 15 cm
1 indicated a gravimetric moisture conteni uvi ... which should L., in rather good

| agreewent with the calculated value, assuming a soil apparent specific density
I . .

[ ~ = . - N b e m. o~ _t 2 * - e b LA M -1 y e - . A . -
naliier 4atilic Lol Tealle Snllate oo WLLYIoUTo L oo U0 QgXocntig shtzincd hotyrocn i,

; “calculated anl_d me:sured soil mcisture because of all the poriections. Tt should
' only help to illustrate the ambiguity of the use of simii£ii~n models and the look-
]-‘ "up tabies they produce, witiout a proper eximination of tiie assumptions inherent o
_ | . ti the model. In the present case use of look-up T=ble 1l weuld-have resiulted in
’ [ an estimated volumetric soil moisture ccatent of 0.2.}, which i& rather far from
|

TABLE 2© DIFFERENCE BETWEEN THE SURFACE TEMPFRATURES IN TABLEY 18 _
AND 15, SHOWING THE EFFECT OF HEAT OF CONDENSATION N _ ' {

—
)

—

measured wvalues,

Thermal Surface Relative Humidity 1 | |
Inertia 0.0 0. 20 0.40 0.60 5. 89 L.00 — ' i Furthermore, due to the variability in air temperature %o be expected.-over vér.‘.ous :‘

‘ D ‘ . e gsurfaces at iow or zero wind speed, the model must only be applied with circuw- s
800, Ditemp.  -11.0  ~1.2  -0.2 0.1  =t.I,  -0.1 | spection. : - L :
‘ : N.temp. -8.5 6.1 -4 -1.9 "1"? "(-':‘6' e _ ’ ;.l4..3 I"._:Creation of Look-up Tables f;q_{ ?O:EE'E}L:}QE‘_E Plotting ' - l
1200, D. cemp . ~10.7 ~1.9 0.3 -0.2 -0.1 -0.1 - To apply the Tellus model, an a.~orithi was deinloped (Rosema et al., 1978) which

i calculates, for a given set of input parameter , a graph in the night temperature

N'tempt -7|4 -4.8 _312 -2.0 _'1.1 "'0-5
and day temperature coordinates mace up of 2g .-thermal inertia and equi-xe lative

» o ——

1600 g'ﬁzzg Egi _2 2 _gbg . _?g _g' : _gg Suﬁ;‘ft;'\_""/' humidity curves crqsa+}'.g ea}ch -;:t;}mr. ,-;-;_ach part of measured day and night
o e temperatures results in a poirt contained within one of the irregular quadril-
2000, D.temp. 9.9 -2.6 - 0.3 ° ‘0.1 0.0 R 0.0 o “ aterals of this lattice; the }_t_.:orresponding thermal inertia (THI) and relative
_ N.temp. -6.8 -4.1 -2.3 -1.2 ~0.3 _0.1 ) surface humidity (RSH) values can then be determined by consgtructing the inter-
_ polated «:jui-THI and equi-RSH passing through the point. A second graph of

L “erqui-THI curves, in RSH and cumulative daily evaporation (CDE) coordinates, allows
! the calculati>n of CDE-.by starting from the already known RSH and the prop:’r inter-
. polated egui-THI corresponding to the THI value calculated in the first graph.

it

I‘E"" "“';“- i - o . .‘j‘ , r . o . N . R
! ER B e I ! ! A set of routines hai been written which perform tne following sequence.c:i .sotions




for each (Td, Tn) pair of thermal scanner data:

- localize the quadrilateral containing the point in TG, Tn coordinates;

_— - construct the" interpolated equi-THI and equi-PSH passing through the point;
_..% " - determine THI and RSH values by linear interpolation between neighbouring
A values;

- construct the userui segmeni. of the interpolated curve in the.second graph
by linear interpolaticn between the upper and lower bounding equi-THI;

- deterctine the ¢DE waluce by linear interpolation withimn this segment.

The above procedure leads to search and interpolation routines within a complex
table with. LWo eat.ries (ESH and THI) and three values (Td, Tn, CDE) at each entry

crossing.

If the surface temperm:.ures are to be used pixel by pixei, Thne sgane must pe. aocne
for albedo which is of great importance in the surface energy balance and which
.alsp, varies pixel . by pixel within a single field. The area is flat and so to-
pography was 1gnored. Sur face aerodynamic roughners is another important para-
! meter and so the Fields —onsidered have been arouped inte thiee broad classes:
ploughed bare soil with roughness estimated to ¢.015 m; stubble with roughnass
B  ostimated to 0.020 m, and burnt stubble with roughness estimated to 0.010 m.
. misaivlty should be measured for each field surface type Such measurements,
hﬂwever, are not available ror the iflight cver Gl.endon. IL was estimated that
' the range of varaiation should be from 0.96 to 0.47 for the f£ields considered, and

Ry | 35 the model is hardly sensitive to this emi, ssivity variaticon, a mean value of
- 'B 0,965 was assumed for the whole area. As a result of this analysis. the pro-

N ‘cedure described had to be altered in the fol. lawlng way in oxder to:
Teilus model a series of lool-up Tarles vy allowing

: - calculate with tne
albedo te wary as input within a range;

- calculate this sexies of tables for a xange of roughuess values,

The following seguence o£f actioens is then performed for ea'*h ('I‘d, Tn, A) plAel of
scanner data, A being albedo value. :

- retrieve the field in which the given ',r‘?ixel le located and ';th-e ro:_aghn.es's
- ~ value attributed to this field.

e - retrieve f£xom the model look-up tables the “wo tam.ee. with albedo input
values st.raddling the A value; ‘ : L

- calculate ‘PRI and RSH £rom (T4, Ta) ‘in each table-

- detprmne the final TEI and RSH values by linear i ;terpclation between the
two values calculated in the two tab]es, ’

- determi.ne CDE. T )
. The retrieval of <The corresponding field identity and routhESs\,value implies that
N e -file has been constrvcted in whizh all the piz.elv ir esich of the fields.consid-
- . ered (and_ not in the other fieliis) are ‘replaced by index values equal to the proper
£ield nunber (field identity) and that a correspondence between fizid number and
, roughnest- velue is available. = The various geaxch ard interpolatlng progesses
B ) ‘wlll thue wcrk within and betweétn tables generated by the Tellus, algorit..\m, on a
- pixel by pixel basis with four variables: day tempp ature, n:l.gl*t Lemperature,
' albedo and field index. _ Although the calrulatl,on of e«u.h of the, tables by the
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| .almost .i.denticaw in the two figuree.
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Tellus model can be rather time consuming in proportion to the accuracy required
the search and interpolation operations are very fast and allow the use of the

Tellus model:-with pixel by pixel input.

5 RESULTS ~ SOIL MOISTURE AND EVAPORATION MAPS

5.1 Simulated Night Temperatures

As already gaid, the process set up here uses a series of look-up tables

generated by the Tellus model. For each table, Tellus simulates Td and Tn values
which must fit with the various input parameters (weather data, aipbedo, etc.) ana
with a set of values of THI and RSH. In order to save computing time in the cal-
culation of the 57 necessary tables, a fast version of the Tellus model was run
which uses a somewhat high heat capacity to allow calculation time steps of one
hour (instead cf 2 to 5 minutes for the slow version which requires 5 minutes
machine time per table) . As a result, the simulated Tn values are systematically
lower by about 1.5°. A second systematic error was produced by the very low wind
speed during the night; earlier experiments showed that the simulated Tn falls
below measured values by about 12 in this situation. The solution was to incrcase

the simulated Tn values by 2.5°.

- ——

5,2 Thermal Inertia and Soil Moisture

} The results were mapped for the fields for which Tellus was assumed applicable

(Pigs. S to 1l and Figec. 12 to i€}, Vemotatod zones like meadnws, forests, and

standing cereal crops were not considered.

Figure 15 is the display of both thermal inertia and soil moisture mapped in 6
classes of thermal inertia/scil moistvre. ~The soil moisture measurements
available for our purgtie were done only in the ploughed field and gave a mean
value of 0.30 (0 = = 0.024) water content by weight determined over B core samples
' taken at 15 cm depth. The mean value of soil moisture calculated by Tellus over
cthe whole field is 0.22 & 0.03 by volume wh:l.ch corresponds to 0.21 * 0.02 by
weight, assuming a density of 1.1 gm cm™ 3 for the 15 cm top soil layer. The
calculated value is 30% lower but this comparison, although it is indicative for
~ a tendency, should be considered with some caution; £first because the moisture

| content cof the core sample at 15 c¢m depth is not likely to be identical ‘to the

| moisture content of the 15 =m toP layar, second because the’ “correspondence be-

| tween thermal inertia and soil mcisture leaves the deptl of the top layer con-
cerned somewhat undetermined and third because the top layer density is not known

‘exactly and could vary from 1.0 to 1.2 om cm 2,

‘A compatrison was made with apparent thermal inertfa P calculsted with the NASA-
HCMM formula (NASA. 1578}, expressed as P = C(l = ol 7(7d -1z s}y 'dhere a is the
albedo and C.ig a constant which,. in the present. casa, hay been de ermined to

fit with the mean values for the ploughed field of Td, Tr and THI cdlculated by
Tellus. The resulte are dieplayed in Figure 13 with class limits i€antical %o

those used. in Figure 15. - As expected, the mapping jnside ti«: ploughsd field 1s_
One can see, thet ‘the general txenﬂs are

rcughly the same in the cthex fields. The dL..a:L:L-»d variations differ na. iceauly
. J% RV

however, although to a ‘minox degree for the fields towards the le‘t si.ae.
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Further investigations should consequently examine the possibility to approximate
the Tellus model waith the help of such a simple formulation under well controlled

and well calibrated conditions.

5.3 cumulative Daily Evaporation

The mapped results obtained with Tellus are displayed in Figure 14. It is seen
that CDE varies xowughly in the same direction as THi and soil moisture which is
reasonable. The detailed behaviour of CDE is however more complex because of

the roie played by RSH in the look-up tables. ‘Two fields have for instance

higher mean values= of CDE than the three fields located between them (towards the
left side of Figuxe 1l4), although having about the same average THI value as the
latter; this is clue to much higher RSH values, on the average, for the two fields.

Evaporation is estimated to be zero (or negative, which means condansation) for
2% of tho tot2d Ae remdenaatian A1d not actuallv occur during the flioht

experiment, one mmast conclude that low range evaporation is not estimated well
by the model.

-u——ﬁﬁu

pimiting values ©£ CDE have been calculated with the Tergra model (Soer, 1980)
for a volume mois=txare content of 0.44 (i.e. THBL = 1940) and RSH = 1.0; they are
compared in Table 221 to the Tellus values, which are lower by about 10%.

CUMULATIVE DAILY EVAPORATION CALCULATED bY TERGRA AND

TABLE 21
TELL-US MODELS FOR VOLUME MOISTURE CONTENT O0.44 AND
RELAT XVE SURFACE HUMIDITY 1.0
Aer. CDE CDE
Roughness AI.BEDO Tergra Tell-us Ditference
(@) @) - () *
0.010 0.07 2.30 2.07 10
0.020 0.07 2.45 2,29 7
0.010 0.14 2.12 1.85 13
0.020 0.14 2.29 2.06 10

6 CONCLUSIONS

geveral conclusions may be drawn from the 1977 Joint Flight Experiment but perhaps
the most important factor is that it happened when it did, at the start of a large
{nternational expeximent using a type of data unfamiliar to many of the partici-

E
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pants. Many of the mistakes could be made early, exparience could be pooled,
and a data set made early to allow work to proceed. It is recommemnded that

| similar flight experiments be done on all future international remote sensing
projects in Eurcpe. The results from the experiments enabled the energy balance
models to be tested, the registration procedures to be tested satisfactorily and
the various atmospheric and radiometric correction methods to be tried. It was
shown that it is possible to produce maps of both evaporation and soil moisture,
with acceptable accuracy, at least for relative purposes. Further work on re-
ducing the complexity of the procedures is required for operational purposes, but
there is little doubt that an operational scheme is possible fnr irrigation
scheduling, flood management and other uses.
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