NOTICE

THIS DOCUMENT HAS BEEN REPRODUCED FROM
MICROFICHE. ALTHOUGH IT IS RECOGNIZED THAT
CERTAIN PORTIONS ARE ILLEGIBLE, IT IS BEING RELEASED
IN THE INTEREST OF MAKING AVAILABLE AS MUCH
INFORMATION AS POSSIBLE



g e T DT T RS Thggel T T a o - N e e e T T e TR AT R R TR AT BT AT e R R
3

E ;

A

“Ma
e t.!de?nvullab!e under NASA sponcoysf 0-1 ¢ 0.
| s rf gy 1 SPOROISp 8 2354
SERE0N of Putse ras T St REPRINTED FROM b
P, LTIy iff \P 0ui23 8 ""'Qy @ -
i LTS .

for any yge D8 eid vt fia: Sility TWELETH_INTERNATIONAL SYMPOSTUM ON

mnet iereof," REMOTE SENSING OF ENVIRONMENT

APRIL 20-26, 1978

ORGANIZED AND CONDUCTED BY

Environmental Research Institute of Michigan
Ann Arbor, Michigan

Natural Resources Management Center
Quezon City, Philippines

in cooperation with
The University of Michigan
Extension Service

SPONSORED, IN PART, BY

Natural Resources Management Center
Department of Natural Resources i
Republic of the Philippines '

U.S. Agency for International Development
17,8, Department of State

N80-12526
Unclas
00023

S ARPEET

G3/43

U.8. Geological Survey

\ U.S. Departmeat of the Iuterior

g T R g TN T e TR N

CSCL O05B

Agricultural Research Service, Agricultural Stabilization
and Conservation Service, Cooperative State Research
Service, Economic Research Sexvice, Forest Service,
Foreign Agricultural Service, Statistical Reporting Service,
U.S. Department of Agriculture

f the European

Environmental Research Institute of Michigan

Office of Applications
Nationa:r Aeronautics and Space Administration

A COHBINKED SURFACE

SOIL MOISTURE AND EVAPORATION
ission o
11 p HC AO02/MF AO1

: Division of Biomedical & Environmental Research
3 U.S. Department of Energy

Federal H7 thway Administration
U.S. Department of Transportation

Fish & Wildlife Service
U.S. Department of the Iuterdior

TELLUS

Communities)

U.S. Coast Guard Research & Development Center
' U.S. Department of Transportation

National Oceanic & Atmospheric Administration
U.S. Department of Commerce

MAPPING APPROACH (Comm

P
m
o
(o]
o
-
|
o
@
3]
—

TEMPERATORE,

_ Tennessee Valler Authority
% The General Electrlc Co., Space Division
Daedalus Enterprises, Inc.

The Bendix Corporation

WITH CONTRIBUTIONS FROM

Taiwan Forestry Bureau, Taipei, Taiwan
NAC, Inc., Tokyo, Japan

PR ¥ S



TR ST T

P S+ an ns st oIS

e T ey

E_, T f*w’-ﬁ'yw"”iﬁ"m'w"r e P e s ey T IO T T A T ST S T ST S T T A g S T S e —r Do iCRREn

P

VTR LL-US!
A COMBINED SURFAGE TEMPERATURJE, SOIL MOISTURE AND
EVAPORATION MAPPING APPROACH

A. Rosema and J.H. Bljleveld

E.,A,R,S. b,v., Engineering Consultants for Environmental
Analysis and Remote Scnaling,
Delft, the Netherlands

P, Reiniger and G, Tacsone

Commission of the European Communities
Joint Research Centre - Ispra Establishment
Italy

K. Blyth and R.J, Gurney
Institute of Hydrology, Wallingford, United Kingdom

ABSTRAGT

In the framework of the Tellus Project of the European Com-
munities, an algorithm has been worked out permitting the eva-
A luation of the thermal inertin and of the surface relative humidity
of bare and scarcely vegetated soils from ramotely sensed day
and night surface temporatures. The cumulative dally evapora-
tion can also be calculated by this method,

The algorithm was tested on existing data from a fleld expe~
riment and was applied in a {flight experiment, While the c¢alcu«
lated soil moisture agreed satisfactorily with the average mois-
ture content of the top soil layev, the estimated daily evaporation
deviated from the measured values due to simplifications inherent
in the model,

l. INTRODUCTION

The countries of the BEuropean Communities carry ou. a joint investigation on the applica-
bility of HOMM-satellite thermal imagery for soil moisture and heat budget evaluation in
zones of agricultural and environmental interest; the HCMM~Tellus Project. In this frame-
work, a new algorithm has been developed to convert remotely sensed day and night tempera-
tures of bare and scarcely vegetatad areas into parameters relevant to s0il moisture,

Such an interpretation routine calls for a process, which is the reyverse of temperature
simulation, For this purpose, and mainly. in the U.E&., methods have bsen worked out to cal-
culate the thermal inertia of the soil from the diffuresze between the day and the night tempe-
rature to be obtained by means of HCMM[1,2,3,4, 5], We have discussed this approach [67]
which is limited to caBes of known or negligibly smal’ +vaporation.

It must be noted, however, that in the above approach the available information is not
used completely, Only one data point i.e, the day-night temperature difference is used,
while two data, the day and the night temperature, are available. Therefore, in principle,
two unknowns could be determined, This has been achieved in the "TELL-US'" algorithm des-
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¢ribed in the present paper. This algorithm deterimines the thermal fnertia and the surfave
relative humidily, Moreover, the total daily evaporation is obtained.

2, TUM ALGORITHM

The algorithm consists of a main program and of a sub-program simulating the daily
course of the surface temperature (Fig. 1), The main program compares the sunulated day
and night tomperatures with the temperatures obtained from the satellite. n one version it
adjusts the values ol the thermal inertia and the surf. v relative humidity until agrecment
between the simulated and the measured temperatures has been obtained,

A second version of the main program produces a look-up table, consisting of the diy tempe-
ratures, the night tempoeratures and the daily eavaporation totals, for various combinations of
thermal Inertia and surface relatiy. humidity.

Tha simulation sub~program scives numorlcally tha finite difference equation which dus~
cribes transient heat conduction in a homogoneous soil;

ar _ A d’p

-

T ()

(For the meaning of the symbols we refer to the table at the ond of this pupesr)

As a lower boundary, a level in the soil at a depth outside the peach of the daily temperature
cycle is taken, For this level the tomperature has to by specified. As an upper boundary a
level {n.the atmosphere is taken, where windspeed, alr temperature and air gpecilic humidity
are measured, The atinosphere and the 80il regime are coupled by a continuity requirenient:
the purface heat balance:

I+ Gk H+LE <0 (2)

L, o= (1-a)l+1, 4+ €] (3)
dr

G=A05),0 : ()
llla-'llo

H=ec— (5)

5_-h. B
LE = o1, —2—2 (6)

The atmospheric resistance v depends on the surface aerodynamic roupghness, on the wind-
speed and on the stability of the atmosphere. It is calculated from the integrated Businger-
Dyer profile relationships (7).

The simulation sub-program may contain only two unknowns: the surface relative humidi-
ty and the thermal inertia. This implies that we have to accept certain physical simplifica-
tiona. Tho soil is assumed to be homogeneous and with a constant water content, The surface
relative humidity is also assumed to be constant, Accordingly, the values of thermal inewvtia

and surface relative humidity that are produced by the algorithim, should be taken us Yeffoc-
tive' values.

One wmight question why the thermal inertia did not show up in equations (1) - (6)., "The
thermal inertia, defined as:

p={(xC) (7)
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appears as the soll property that affects the magnitude of changes in surface temperaturoe if
differential equation (1) is apalytizally solved, for simplificd bowndary conditions and heat
balance, Thercofore, the observed day and night temperatures depend on the thermal inertia,
rather than on the thermal conductivity,

* In the present, somewhat more realistic description, var system of equations (1) ~ (6)

5 included, bad to be solved numerically by the expliclt finite difference scheme of Dufort and

fz Frankel, appliad to a grid which expands with depth, This scheme i8 used to praedict succes-

3 sive temperaturs profiles, The surfuce temperature is iteratively suvlved from the surface

: heat balance equation after cach prediction, e y repes
: Rt opUenelidny [B1GEENI S
ORIGINAL PAGE 15 PODR

3. DATA ACQUISITION

Table 1 reviews the essentinl input data, and thelr determination, The data have boen
split into local data and regional data, The regional data are to be obtained from the nearest
weather station, The local data have to be specified for every ground plot to be interpreted,

A Of these, the surfuce temporatures and the albedo may be obtained by means of the HCMM

! satellite or an airborne scanner, The most cumbersome parameier to be determined ‘8 the
surface acrodynamic roughness, It can be estimated with existing techniques from the dimen-
sions of the actual roughness elements employing land-use maps, which may be dervived from
airborne, or even LANDSAT imagery. If the arca 18 not horizontal the slope dirvection and
slope dip have to be estimated fyom topographical maps.

- - 4, RELATION TO "S$0IL MOISTURE" ¢

In terms of soil moisture, the meaning of the thermal inertin and of the surface relative
- humidity of the soil is not gelf-cvident. While the surface relative humidity depends uniguely
- on the soil moisture potential at the surface,thermal inertia is a function of the average water
i content in the top soil, This relation, however, is not unique as it depends also on the soil
mineral composition,

4

g 5, TEST OF THE ALGORITHM

The TRELL~-US algorithm has been tested on data {rom a field experiment of the USWCL at
Phoenix, Arizona, On March 3, 1971, a test plot of Lure Avondale loam was irvigated with

10 em of water, and left to dry. We have used the Jdata measured 2, 6 and 14 days after irri-
gation representing subsequent stages of drying, The soil temperature measured at "lmm
depth!” was taken to be a good approximation of the surface temperature,

S T IR e

The look-up table produced by the computer program for 2 days after irrigation is plotted
as a look-up geaph in FPigs, 2a and 2b, In Fig, 2a the simulated day-night temperature pairs
are plotted for the various combinations of thermal inertia and surface relative humidity, and
connected by lines of equal thermal inertia (dashed) and equal surface relative humidity, In
¢ Fig, 2b, the total daily evaporation is plotted versus the surface relative humidity, Similar
look-up graphs were produced for the other two days of the experiment.

3

The measured day-night temperature pairs are plotted as crosses in Fig, 2a and the cor~
responding values of the thermal inertia and surface relative humidity are found by interpola-
tion, Subsequently, the total daily evaperation values are found from the graph 2b, Instead of
carrying out this graphical interpretation, the same result may be obtained dirvectly with the
automatic scarch version of the algorithm.

N The thermal inertia found on the look-up graphs was translated into soil moisture: using
the thermal inertia-water content relation shown in Fig. 4, This relation was calculated from

. 2657

:
|




the minaral componition of the soil,

The soil moisture profiles mensured gravimateleally 2 and 14 duys aftor irvigation, ape
plotted in Fige, da and b, both for the day and night measurement, The witlur content caleulas
ted by the TELL-US algorithm is Indicated by an avrow. The agrecment between measuped
g and calculated soll moisture is excullent 2 days after irrigation (Fig, 3a), 14 days alter ivein
‘» tion (Fig. 3b) the calculated soil moisture ropresents only an Yaverige! moisture content of
the top 8 cm of the soll, The data of the 6th day, not shown iu this paper, have an intermes
diate position,

The values of the total daitly evaporation as measurad by a weighing lysimeter and detey -
mined witlh the TlLL«US algorithm are compared in Table 1L ‘This comparison is not yot
satisfactory as, except for the initinl deying stage, the algorithim tends to underestinate evas
poration, The reason for this tendency lies in the assumption of a constant surlace relative
humidity which causes excessive condensation to be shouluted for the night,

It may be hoped that aftor a further Improvement of the algorithm ealculated evaporation
will come closer to values moasurced with existing field methods,

6, JOINT FLIGHT EXPERIMENT

As part ot the pre~launch activities of the Tellus Project, o joint flight esperimuent was
carried out in mid-Soptmnbor 1977 on the Grendon Underwood xperimental Gatelunent nurths-
west of London, U, K, Tho application of the TELL~US algorithm was one of the aimsg of this
exrriment, At the timwe of the night-minimuin and of the day-maxfmum surface tempe rifure,
a strip 8 km long and 1,06 km wide wag scanned from 1000 m altitude with an airborne
DE-1250 multispeetral scanner having a thermal band between 8 and 14 am, T'he nipght was
clear, with no wind and the day was sunny, with a light wind and occasional high .ltitude
clouds,

R The ChARl TR it b G S At A S oy
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Simultancously with the overflight, ground surlace temperatures woere medsured with o
PRT -5 radiation thermometer {9.5 - 11, 54am, 2° FOV) on a 6 ha ploughed field of Denchworth
clay, Sixty moisture samples of the top 3 em of soil were taken in a pattern ot four lines
across the field, with an additional 10 core samples down to 15 em depth, Tnput data tor the
TE1.1.-US algorithm were abtained from ingtrumentation installed on the field and from an
automatic weather station at a distance of 1, 5 kin,

IO T P T

First preliminary reo :lts of the experiment are presented in Tables I and 1V, The field
wav divided irto two paris of about equal size, according to the two distinct temperature clas -
ses shown by the daytime scanner image.

SRR A s

The day and night surface temperatures are given in Table 111, The airborne surface
temperatures were corrected for the effect of the atmosphere using tempe rature, humidity
and pressure data from a tethered balloon 40 km from the site, The night-time correction js
leas than the day-time correction and has the opposite sign due to a temperature inversion in
the first 100 m of the atmosphere at night, While the night temperatures measurved by the
scanner and or the ground lic in approximately the saine range, day-time temperatures mea-
sured from the aircralt exceed the ground surface temperatures by a few degrecs, This dis-
crepancy may be due to a difference in the temperature distribution on the rough soil surface
as seen by the small-angle radiation thermometer on the ground and by the airborne scanner
with a resolution element of 2,5 x 2, 5 m,

TR I

As shown in Table IV, the soil meisture percentage in the 0-3 em layer scems to be

i slightly higher in the SE-part of the ficld, while the 0-15 ¢m moisture percentage is higher in
‘ the NW-part. The thermal inertia and the relative surface humidity in Table IV have been
found by interpolation in the corresponding look-up table using the ground measured surfice
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temperatures, At this carly stage of data evaluation it can only be observed that both the
thermal inertia and the surface relative humidity evolve in the right divection, L.u. thermal
inertia increases with the mean smoisture contont of the bulk top suil (015 ¢m), whereus sur-
face relative humidity increases with the moisture content in the very topmost layer (0-3 ¢m)

7. CONGLUSION AND QUTLOOK

It could be shown that by means of the TELL-US algorithm the top=soil water content,
the surface relutive humidity and the total daily evaporation may be determined from one diy -
and one night-temperature and standard ground based data, Further experimental work is
still necded to test the complete potential of the algorithm, Part of this work is alrcady in
progress in the framework of the Tellus Project of the European Communitics,

A similar or generalized algorithm might be constructed to covaer vegetated surfaces,
These algorithms create the attractive progspect of o combined surface temperature, soil
moisture and evaporation mapping system on the basis of satellite or airborng thermal ima-
gery, Such data are of high relevance in agriculture, ecology and hydrology, They are useful
for irrigation scheduling, prediction of yields, and large scale management of rangelands,
They will allow agronomiste and ecologists, particularly in avid and semi-arid zones, Lo
follow, anulyze and predict processes such as seed germination, carly crop growth, drought
damage, crosion and desert formation, 3uch 4 mapping system could also be used for varly
warning and fighting of pests, such an the desert locust L8, 97,
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DEFINITION OF THE SYMBOLS

C volumetric heat capacity of woil [J/m3K]

G soil heat flux at the surfuce [J/m2s]

il atmospheric heat flux (J/m%s])

I long wave irradiance [1/m%s)

I long wave emittance [J/mzs]

1 short wave irvadiance [J/mzs]

L net yadiation [J/m2s)

L heat of evaporation [J/kg]

L latent atmospheric heat flux [J/m2s]

v T (s0il) temperature [K)

T, air temperature (K]

T, surface temperature [K)

a albedo [ fraction]

¢ heat capacity of air [J/kg K]

h surface relative humidity [ fraction)

p soil thermal inertia [J/m?s” K]

r atmospheric resistance [ s/m]

a air specific vapour density [dimensionless)

Eo specific vapour density at saturation, at the soil surface
{ dimensionless]

t time [s] )

z depth (m]

A soil thermal conductivity [ J/mKs]

e air density [ kg/m3])

6 long wave emissivity (iraction]
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¥1G, 1 SUBROUTINE RELATIONAL DIAGRAM

INFORM & general information

INDPUT tinput

INIT t initlalization

EXEC t execution and manipulation of the simulation sub~program,
automatic search for the thermal insrtia and surface
relative humisdity

QULPUT 1 output

SIMULA  } simulation sub-program

SINIT ¢ initialization

DATA ¢ weather data interpolation

PROF ttemperature profile prediction

RAD t calenlation of irradiation terms

ARMKS t caleulation of the atmosphere resistance

BUDGET 1 surface heat budget evaluation

STEM ¢ iterative solution of the surface temperature

PRSD ¢ intermediate output facility

PRLEP t detevmination of day temperature, night temperature
and total daily evaporation,
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TABLE I, INPUT TO "I'ELL-USY ALGORITHM
Datum How 10 determine Remarks
1, Day surface temperature  HCMM/alrborne scanning  Time ot observation vaviable
2' Night 1] 1" it }} 1 (1] 1" " 112
3, Albedo u n "
4, Surface acrodynamic Estimation {rom land-use If not available, to be
roughnoss map dervived from LANDSAT
5, Slope direction Topographical map
imagery
6, Slope dip " "
7. Sub-surfsce tempurature  Measurement/Estimation At 1 m depth
H, Initial surface " " " At midnight
9. Solaxr irradiance Radiometor “!
10, Wind speed Anemometer Weather Every hour
11, Alr temperature Dry and wet Station
12, Air specific humidity bulb thermo-

meter
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TABLE L JOINT PLIGHT EXPERIME
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TEMPERATURES OF BARE 5011,

FABLE IV, JOINT PLIGHT EXPERIMENT -

Radiative Surface Temperatnre %
Fiuld Time i T
v Surface Airburne Au-lumu corres el
Night 4,0 £0,67 3.0~4.5 a.v -
W Day e 21,5 26 .29 27 - a0
Night 2.4 40,7 3.0 - 4, 5 29~ 41
SE Day 83,9422 23 - 20 2 .27
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FABLE IL TOTAL DAILY EVAPORATION . vnfday]
Iyt oite p Mvauurad by Calinlated with
irvipation lysimetoer 'L‘l 1 l.all‘a
e -4, 44 «(, 48
v -1.43 -0, &9
id 'Oa ﬂ() "'xob’

NT « MEASURED SURIPACL

(¢ standard deviation)

MIEASURED SOIL MOISTURE PERGEN-

PAGE AND CALCULATED PARAMETERS RIELATED TO SOI1, MOISTURLE

R — - - SUPE
Fietd Soil Moisture Percentage (weight) Thermil Relative
0«3 ¢m 0«15 cm Inertia humadity
NW 9,0 + 0, 9% 32,2 4 0.7 1700 0, 27
Sk 10,04 2,2 28,6 41,8 1300 0. 32

(%1 & standard deviation)
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