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CHAPTER NINE

9. THE NERRIGUNDAH EXPERIMENTAL
CATCHMENT

The objedive of setting up an experimental catchment at the property
known as “Nerrigundah”, was to colled soil moisture and standard meteorological
data, for a field application d the soil moisture profile estimation algorithm
established in Chapter 6. This data was coll ected with an emphasis on oliaining
nea-surface soil moisture measurements for updating d the simplified soil
moisture profile model developed in Chapter 7, using the Modified Kalman-filter
assmil ation scheme propased in Chapter 8. Moreover, measurements of the soil
moisture profile were obtained for evaluation d the soil moisture profile
estimation algorithm. This data was used for both ore-dimensional (Chapter 10)
and three-dimensional (Chapter 11) field applications of the soil moisture profile
estimation algorithm.

In an operational setting, orly standard meteorologicd data will be
avallable for forcing d the hydrologic model. Hence, ony standard
meteorologicd data were used in evaluation d the actual evapatranspiration and
predpitation rates. Moreover, ony puldished elevation and soil data will be
available for inpu to the hydrologic model in an operational system. Although
field measured elevation and soil data were used in the spatially distributed field
applicaion pesented in Chapter 11, pulbished elevation and soil datais provided
for comparison with the field measured data, and an analysis of expeded errors
presented. The CD-ROM accompanying this thesis contains a @wpy of the data
colleaed in the Nerrigundah catchment.

9.1 FIELD SITE SELECTION

In seleding a cachment for collection d the experimental data required
for the field applicaion, a number of items were wnsidered. From a data
colledion and modelling view point, it was desirable to monitor a mmplete
(sub)catchment of lessthan 10 ra occupied by pasture in unduating terrain (15%
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Figure 9.1: Photograph d Nerrigundah cachment looking from east to west.

maximum slope) with some interesting topogaphicd feaures, containing

relatively rock free soil that was not too hard.

A cachment area greater than 10 lawas felt to be too large for monitoring
soil moisture ntent with an adequate spatial resolution, while the remaining
restrictions ¢emmed from the proposed data @lledion system. The spatia
distribution o nea-surface soil moisture ontent was to be @lleded using TDR
probes fitted to an all terrain vehicle with a Differentia Global Positioning
System (DGPS for locaing sample/measurement sites. Thus, terrain slopes
greder than 13% were mnsidered too steep for adequate vehicle stability, whil st
hard soil s and soil containing rocks make insertion d the TDR probes difficult,
lifting the vehicle off the ground. Moreover, rock in the soil has been foundto
interfere with TDR measurements of soil moisture cntent. In addition, the
cachment had to be free from irrigation, artificial drainage, dams, or other

unretural sources of soil moisture content.

The Nerrigundah experimental catchment is locaed in the Willi ams River
cachment on a property called Nerrigundah, approximately 11 km north-west of
Dungog,NSW, Australia. The cachment runs east to west with arelief of 27 m.
Hill lopes are typicdly 11% with a range from 3% to 226, and the main drainage
line has an average slope of 9% with arange from 1% to 17%. The catchment has
an elevation d approximately 110m Australian Height Datum (AHD) and is used
for grazing d beef cattle (Figure 9.1).

The cdachment is stuated onavariant of the Till egra Erosional Landscape,
which is located on the Wooton Beds. The Woaoton Beds consist of sandstone,

sitstone, claystone, shale, limestone and lavas, dating from the Carbonferous
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period (New South Wales Department of Mines, 1966. In this il |andscepe, the
soil isusually shallow (30to 90cm) consisting o well to moderately well drained
Bleated Loams, Structured Loams and Lithosols on siltstone parent material,
with the occasional moderately deep to deep patch (55 to 290cm) consisting o
well to imperfedly drained Soloths, Solodic soils and yellow Podzolic soils on
sandstone (Henderson, 1999.

Nerriguncgh has a temperate dimate with a mean annual summer
dominant rainfall of 2000 mm and a dass A pan evaporation d 1600 mm. The
maximum mean monthly rainfall occurs in January (147 mm) and the minimum
occurs in July (37 mm), while the maximum mean monthly pan evaporation
occurs in December (225 mm) and the minimum occurs in June (60 mm). Mean
summer maximum and minimum temperatures are 30°C and 16T respedively
and mean winter maximum and minimum temperatures are 15°C and 6C

respedively (Australian Bureau of Meteorology, 1988.

To verify that the Nerrigundah catchment was producing anticipated soil
moisture patterns in resporse to rainfall, a transect across the cachment was
monitored from June 17 1996to September 25 1996.Soil moisture measurements
were made every 10 m with the Soil Moisture Equipment Corporation TRASE
TDR System using 15 cm conredor TDR probes. The standard TRASE
cdibration was used to determine the volumetric soil moisture cntent from the
measured dieledric constant (Soil Moisture Equipment Corporation, 1989. Sail
moisture measurements were made on Julian days 169, 178, 184, 197, 201, 211,
234 and 269(seeTable B.1 in Appendix B for a Julian day of year cdender). As
no rainfall measuring device had been installed in the cachment at this time,
rainfall measurements were obtained from two neaby rain stations, locaed on
either side of the Nerrigundah catchment. The results from this monitoring are
given in Figure 9.2, whilst the locaion d these raingauges with resped to the
Nerrigundah catchment is given in Figure 9.3 and the location d the transed

within the experimental catchment isindicaed in Figure 9.4.

Transect monitoring results displayed anticipated soil moisture patterns

and resporse to rainfall. At the start of monitoring (mid winter), the entire transed
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Figure 9.2: Volumetric soil moisture content along the monitoring transed and cumulative rainfall
during preliminary monitoring period: a) raw measurement soil moisture content image;
b) interpolated soil moisture image content.

was relatively moist. The catchment remained in this date until spring
approached, at which time the hill slopes and ridges began drying ou, with the
gully (chainage 95 m) remaining consistently wetter. Figure 9.2 also displays the
wetting up ¢ the transect in resporse to the rainfall on Julian day 209.
Unfortunately, Figure 9.2 does not show the cachment wetting upin resporse to
the 60 to 90 mm of rainfal aroundJulian day 242. This wetting upis not seen
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Figure 9.3: Locaion o Bureau of Meteorology raingauges with resped to the Nerrigundsh
experimental cachment.

because the measurements on Julian day 234 were before the rainfall event, and
the following measurements on Julian day 269 were 27 days after the rainfall
event. However, Figure 9.2 does indicae alull in the rate of cachment drying,

which could have resulted from the re-wetting d the cachment.

9.2 DIGITAL ELEVATION MODEL

An acarate Digita Elevation Model (DEM) of the Nerrigundah
cachment was generated from a Total Station field survey, with haizontal
coordinates on the Australian Map Grid (AMG) and elevations on AHD (Andre

Kable and Mark Scanlan, Personal Communication).

Approximately 4600€levation data points were observed with an average
gpadng d 7.5m. In addition to the devation cata for the experimental catchment
and its surrounds, the survey located fences, buldings, dams, trees/shrubs,

monitoring equipment and soil sample locaions (Figure 9.4).

Elevation dbta was also avail able from a pulished DEM obtained from
the Land Information Centre, Bathurst, NSW, Austraia (Figure 9.5. These
pubished DEMs are produced by dgitising the cntours on existing 125 000
topogaphicd maps and fitting a bi-cubic spli ne throughthe data points.
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Figure 9.4: Accurate DEM for the Nerrigundah cachment.
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Figure 9.5: Published DEM for the Nerrigundah cachment.
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Figure 9.6: Errorsin the published DEM: a) elevations (m); b) slopes (m/m).

A dtatisticd analysis of the published DEM accuracy was performed by
comparing the devations of common gid pants with the more accurate DEM
from groundsurvey. This comparison was made for elevations interpolated orto a
20 m x 20 m grid, the same grid used for the wlledion d nea-surface soil

moisture data, and modelling o catchment soil moisture profilesin Chapter 11.

The spatia distribution d these erorsin elevation and DEM derived slope
are given in Figure 9.6. For elevation, regative arors are aygregated in the upper
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Table 9.1: Statisticd results from comparison of the published DEM with the more acerate DEM
from the ground survey.

Statistical Parameter Elevations (m) Slopes (m/m)
Mean Difference 0.059 -0.019
Absolute Mean Difference 1.735 0.030
RMS Error 2177 0.040
Standard Deviation 2179 0.035
Correlation Length 1937+5.9 257+1.4
Maximum Difference 6.939 0.130
Minimum Difference —-4.487 -0.130

reaches of the cachment while paositive arors are aygregated in the major
drainage path and lower reaches of the catchment (Figure 9.6a). The net effect of
this is a reduction in the range of elevation from the top to the bottom of the
cachment, and hence areductionin slope. Moreover, negative errors in elevation
are gproximately half as large & the positive errors in elevation. The errors in
slope (Figure 9.6b) show that the range of both pasitive and regative arors are
approximately equal and that the largest errors are located along the intersedions
of adjacent areas of large paositive and large negative errors in elevation, as would
be expected. Whilst errors in elevation are mncentrated in two main areas, the
errorsin slope ae nat.

The statisticd parameters that have been evaluated in this analysis of the
pulished DEM are: (i) the mean dfference between the devations and slopes;
(ii) the asolute mean difference in elevation and slope; (iii ) the root mean square
error in elevation and slope; (iv) the standard deviation d errorsin elevation and
slope; and (v) the correlationlength of errorsin elevation and slope.

The results from this datisticd analysis (Table 9.1) show that whilst on
average thereis only a small difference in elevation between the two surfaces, the
error isup to 7m a some grid pants. The statistica results also show that on
average there is an error of approximately 2 m in absolute devation at any grid
point within the cdachment for the puldished elevation data, with a @rrelation
length of approximately 190 m. This correlation length of errors in elevation is
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likely to be representative of the spadng d data points from which the wntours
on the topogaphic map were derived.

The long correlation length of elevation errors relative to the grid pant
spadngwould suggest that whil st there are significant errorsin absolute devation,
the arorsinrelative devation between surroundng gid pdnts, and hence derived
slopes, shoud be much reduced. Thisis confirmed by Table 9.1, with slope errors
of approximately 3% at any gid pdnt, and a rrelation length of approximately
25 m. However, maximum errors in terrain slope ae & large & +13%. The short
correlation length of slope erors is characteristic of the spadng from which bah
estimates of slope were derived. The dharaderistics of the DEM errors are similar
to those found byWalker and Will gocse (199).

Apart from dopes, the other fador that influences modelling d the
cachment from the puldished DEM s the drainage diredions and hence drainage
network. Figure 9.7 shows a mmparison d the drainage network from baoth the
ground truth DEM and the puldished DEM. This comparison shows that the
pubished DEM corredly identifies most of the main drainage line, with a dose
match between the drainage networks on the northern half of the catchment.
However, this match isnat so goodfor the southern half of the cachment.

When comparing the DEM derived drainage network with the contours,
both drainage networks appea equally acceptable. The aeas of the cachment in
which the drainage network from the pullished DEM does not compare well with
the mntours is a the catchment divide and nea the catichment outlet. At the
cachment divide, the drainage network for the puldished DEM extends dightly
over the crest, while & the outlet, the drainage network has incorredly identified

the main drainage line.

9.3 CATCHMENT MONITORING AND
INSTRUMENTATION

The Nerrigundsh experimental catchment was permanently instrumented
from October 12 1996throughto October 20 1998,for soil moisture cntent and
soil temperature, and surface soil moisture and hea fluxes. The permanent

instrumentation was located such that lateral redistribution d soil moisture would
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Figure 9.7: Comparison of contours and drainage paths from: &) ground truth DEM; and

b) published DEM.

be negligible, and measurements for estimating the

(predpitation/evapotranspiration) representative of the entire

surface fluxes

cdachment. The

requirement of no latera redistribution was for the one-dimensional field

application d the soil moisture profile estimation algorithm (Chapter 10).

Therefore, the permanent instrumentation was located in a level locaion in the

upper readhes of the catchment (Figure 9.4).
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Evauation d the soil moisture profile estimation algorithm at the
cachment scale (Chapter 11) required knowledge of the spatial variation d soil
moisture profiles, while updating d the hydrologic model required olservations
of the spatial distributionin nea-surface soil moisture wntent. Monitoring d this
spatial data oud na be performed econamicdly using permanent
instrumentation. Hence, the spatial and temporal variation d both nea-surface
soil moisture @ntent and soil moisture over the soil profile was extensively
monitored duing an intensive field campaign from August 27 1997 to
September 22 1997.Monitoring d soil moisture profiles was continued from
September 22 1997to October 20 1998 for cdibration d the cdchment scde soil
moisture profile model, developed in Chapter 7. Soil moisture profiles were
measured on August 22 1997to provide badkground soil moisture values for the

intensive field campaign.

9.3.1 PERMANENT INSTRUMENTATION

Permanent instrumentation in the Nerrigundah catchment consisted of a
Campbell Scientific automatic weather station which monitored: relative humidity
and air temperature; soil temperature & 0.5, 1, 2, 4, 6, 8, 12, 1@4, 32and 40cm
depths using thermocougdes; soil hed flux at 2 and 12cm depths using soil hea
flux plates, atmospheric presaure; predpitation; net radiation; wind speed; and soil
moisture ontent at a depth of 5 cm using a Campbell Scientific CS615 pobe
inserted haizontally, providing a soil moisture measurement over a layer
thickness of approximately 4 cm (Campbell Scientific Inc., 1995. Apart from
rainfal, al measurements were made & 1 minute intervals, and the average was
logged every ten minutes. Rainfall was rearded for each tip of the 0.2 mm
tipping bwcket. The total soil profile depth of this locaion was approximately 46
cm. Soil temperature data were used for determining the soil hea flux at the soil
surface, which was used to evauate the Penman-Monteith pdential

evapotranspiration (sedion9.4.1.9.

The soil moisture profile was continuowsly monitored using five Virrib
soil moisture sensors installed haizontally at depths of 10, 15, 20, 3@nd 40cm,
providing soil moisture measurements over a layer thickness of 12 cm (Komin,

Tedhnical Data). These measurements were logged every 15 minutes. In addition,
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soil moisture measurements were made in this ssme locaion on a fortnightly
basis, using haizontally inserted buiable TDR probes and verticaly inserted
conredor TDR probes. Buriable TDR probes were install ed at depths of 5, 10, 15,
20, 30and 40cm, providing an average soil moisture measurement over a layer
thickness of approximately 4 cm (Soil Moisture Equipment Corp., 1989. The
conredor TDR probes gave an average soil moisture measurement over depths of
0-5, 0-10, 615, 020, 0-30 and 040 cm, being the length of the probe. The TDR
system used was the Soil Moisture Equipment Corporation TRASE TDR, using
the standard TRASE calibration to determine the volumetric soil moisture content
from the measured delectric constant. The minimum depths at which the Virrib
and buiable TDR probes could be installed withou causing a loss of accuracy
were 10 cm (Komin, Technicd Data) and 5cm (Soil Moisture Equipment Corp.,
1989 respectively. The verticdly inserted conrector TDR probes were not
installed urtil April 24 1997and the Campbell CS615 soil moisture sensor was
not installed urtil May 8 1997.

The soil moisture @mntent measurements with the CS615 gobe & 5 cm and
the Virrib sensor a 10 cm provide the updating olservations for the one-
dimensional field application, while the Virrib and connedor TDR measurements
provide data for evaluating the one-dimensiona soil moisture profile estimation
algorithm. The buriable and conrector TDR measurements also provided data for
comparison with the Virrib and CS615 measurements. The permanent

instrumentation set-up is given in Figure 9.8,

A 16" partia flume (Working Group on Small Hydraulic Structures,
1976 was installed at the cachment outlet to monitor surface rundf (Figure 9.9).
Discharge was monitored by measuring the water level in a tilling well to the

side of the flume, with awater level presaure sensor.

A seand puviometer was locaed at the flume, and four colleding rain
gauges were distributed throughou the catchment to chedk the spatial variability
of rainfal. Colleding raingauges were locaed at the weather station, flume, and
one ather side of the catchment at approximately half way between the flume and
wedaher station (Figure 9.4). Colleding raingauges were recorded approximately
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Figure 9.8: Permanent instrumentation set-up: @) photograph; b) diagrammatic ill ustration.
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Figure 9.9: Partial flume and raingauges locaed at the cachment outlet.

fortnightly from December 31 1996.During the intensive field campaign from
August 27 1997to September 22 1997 coll eding raingauges were recorded every
two to threedays.

9.3.1.1 Meteorological Data

The meteorological data mllected at the Nerrigundah catchment is given
in Appendix B. Figure B.1 is for 1996,Figure B.2 is for 1997 and Figure B.3 is
for 1998. Soil heda flux and ret radiation dcata agree with typicd values in the
literature, with near-surface soil hea flux being approximately 10% of the net all -
wave radiation. A decrease in bah the soil hea flux and net radiation was
observed duing winter relative to summer. In addition, periods of lower soil heat
flux and ret radiation coincided with periods of lower air temperature and periods
of rainfal, as a result of cloud cover. Air temperature data agree with expected
values, having a range of approximately 10°C to 40T in summer and
approximately 0°C to 20 in winter.

Atmospheric presaure data indicates a weekly fluctuation superimposed on
a yearly cycle, gang from a minima aound February where maximum rainfall
was receved, to amaxima aoundJuly where minimum rainfall was received. The

data dso shows that locdised low presaures correspondwith periods of rainfall .
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9.3.1.1.1  Precipitation

To compare the two pluviometers in the catchment, doulde mass curves
for the periods of continuows datain 1997and 1998were generated (Figure 9.10).
The doulde masscurve dearly demonstrates that there was a small (Ilessthan 5%)
systematic diff erence between the two raingauges, with the pluviometer located at
the flume having systematicdly recrded more rainfall than the pluviometer at the
wedaher station. It is unlikely that this was a result of spatial variation in rainfall,
but rather because the pluviometer at the weather station was more exposed than

that at the flume, resultingin more rainfall being down past the pluviometer.

As a further check on the pluviometers and rainfall variability within the
cachment, comparisons were made between the ®llecting raingauges and the
pluviometers (Figure 9.11and Figure 9.12). This comparison shows that there was
less than 146 difference between colleding raingauges, and between
pluviometers and coll eding raingauges. The conclusion dawn from this was that

negligible spatial variation d rainfall occurred acrossthe Nerrigundah catcchment.

The only dates for which there was any obvious trend in the comparison o
colleding raingauge data were April 28, May 7 and May 21 1998.However, the
trend was nat such that it would suggest the catchment was on the edge of a
rainfall event, bu rather a variation d rainfal within the rainfall event, with
raingauges at the top and bdtom of the catchment recaeving more rainfall than
thase located midway.

1200 rrrrr e 1200

800 [ ] 800 [ ]

400 F 3 400 3

Cumulative Rainfall (mm) Pluviometer #1
Cumulative Rainfall (mm) Pluviometer #1

okbet vttt okl bl
0 400 800 1200 0 400 800 1200

a) Cumulative Rainfall (mm) Pluviometer #2 b) Cumulative Rainfall (mm) Pluviometer #2

Figure 9.10: Double mass curve for the two pluviometers locaed in the Nerrigundeh cachment:
a) Julian day 38to 3% 1997; and b) Julian day 1to 290 198.
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The olleding raingauge data was only recrded approximately once every
two weeks, so there was evaporation from the ollecting raingauges during the
summer months. However, all four collecting raingauges s$oud be dfeded
equally, allowing conclusions to be readed regarding the spatial variation in
rainfall acrossthe catchment.

The comparison d coll eding raingauges with bah pluviometers indicaes
periods where there was obvious evaporation from the raingauges. These periods
were mostly during the summer months. Examples of this are February 14 and
October 14 1997in Figure 9.11a and Figure 9.11b, and January 22to April 1 1998
in Figure 9.12a and Figure 9.12b.
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Figure 9.11: Comparison d colleding raingauge data with pluviometer data for 1997.
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Figure 9.12: Comparison d colleding raingauge data with the pluviometer data for 1998.

Colleding raingauge observations which exceed the pluviometer data ae

indicative of periods where the rainfall rate exceeded the maximum rainfall rate

that the tipping bucket raingauge could accurately measure. Examples of this are
May 22 and June 19 1997in Figure 9.11a. However, Figure 9.11b shows the

reverse trend, indicating that this was not the cae. Ancther example of this

reverse trend is August 20 1998.There ae however three dates which provide

consistent data to indicae periods of high rainfal intensity. These dates are
April 28, May 7 andMay 21 1998.
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9.3.1.1.2  Soil Temperature Profile

The temporal variation d the soil temperature profile is given in
Figures B.1 to B.3 in Appendix B. The white strip along the top o Figure B.2p
and Figure B.3p correspond with the soil temperature sensor at 0.5 cm being
damaged duinginstallation d the Campbell CS615 soil moisture sensor on Julian
day 128 1997 A comparison d the soil temperature measurements at 40 cm depth
with those & 1 cm depth isaso gven in Figure B.1 to Figure B.3. Coincidently,
onJulian day 129 1997(Figure B.2K) there was a sudden drop in the nea-surface
soil temperature, which was followed by the temperature measurements at 40 cm
depth afew days later. The decrease in soil temperature throughou the entire soil
profile is e clealy in Figure B.2p. This rapid dedine in soil temperature was
the result of a deaease in air temperature & the onset of a rainfall event that
saturated the soil profile (seeFigure B.2q). This type of resporse is £ again on
Julian day 112 1998 Figure B.3).

Whilst the sudden dedine in soil temperature on Julian day 129 1997
could be readily explained by the sudden decrease in air temperature, this did na
explain the accompanying increase in durnal variation d soil temperature &
1 cm depth, which would be expeded to also decrease. Asthisincreasein diurna
variation coincided with a magjor wetting event, it was though that soil might have
been eroded from abowve the soil temperature sensor, exposing it to dred sunlight.
To further investigate this, comparisons of soil temperature observations at
increasing depths were made with the soil temperature observations at 40 cm.

These mmparisons are given in Figure B.4 for 1997and Figure B.5 for 1998.

These plots dhow that from Julian day 129 1997there was an increase in
the diurnal variation d soil temperature for all depths, with this being consistent
through into 1998. This incresse in durna variation is aso apparent in

Figure B.2pand Figure B.3p.

In addition to the dired comparisons, doubde “mass’ curves of daily
average soil temperature were generated, to investigate “changes’ in soil
temperature measurement. The doulde mass curves in Figure 9.13 show that for
the beginning o 1997 there was a 1:1 relationship between the soil temperatures
at 40 cm and at all other depths. However, after Julian day 145 1997(cumulative
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Figure 9.13: Double “mass’ curves of soil temperature for various depths.

daily soil temp of 3000C) the aumulative soil temperature & 40 cm depth began
to increase relative to shallower depths. This was followed by a deaease in the
cumulative soil temperature & 40 cm relative to shall ower depths. This snusoidal
pattern agrees with intuition, as il temperature is greder at depth duing winter
when thereis anet coding d the soil profile and geder at the soil surfaceduring
summer when there is a net warming d the soil profile. Althoughthe magnitude
of this sasonal trend deaeased with depth, it was consistent throughou the entire
profile. This indicates that up urtil Julian day 145 1997,the soil temperature
sensors were not respondng correctly to changes in soil temperature. The graph
for 1998 shows the same seasonal trend as for 1997, b withou the straight line
sedion at the start of the year.

Whilst the cmparisons of soil temperature for various depths in

Figure B.4 and Figure B.5 confirm that the soil temperature sensor at 1 cm depth
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was not exposed to drect sunlight, the doulde “mass’ curves in Figure 9.13
indicate that prior to the major wetting event on Julian day 129in 1997,the soil
temperature sensors were nat respondng corredly to changes in soil temperature.
This was most likely a result of the sensors being installed under dry conditions,
resulting in poa contad between the temperature sensors and the soil. Hence, the
diurnal variation d soil temperature seen in the observations prior to Julian day
129 1997were most likely due to the variation in temperature of entrapped air
surroundng the soil temperature sensor. This highlights the difficulti es associated
with installing monitoring equipment in “undsturbed” soil and the importance of
leaving monitoring equipment in placefor relatively long periods of time. In this
instance, three major infiltration events were required before the temperature

sensors began operating correctly.

9.3.1.1.3 Soil Moisture Profile

The Virrib soil moisture sensors consist of two stainless $ed concentric
circular rings (electrodes of diameters 28 cm and 20 cm, Figure 9.14a).
Measurements of soil moisture @ntent using the Virrib sensors are made by
means of an eledro-magnetic wave between these two eledrodes. The sensor
produces an ouput between 5and 55mA, which corresponds to a soil moisture
content range from 5 to 5%% v/v. Soil moisture measurements using the Virrib
sensors are reported to be independent of the soil chemicd properties. Therefore
the device does not have to be cdibrated, and its precision remains unaffected by
long term use and application of chemical fertili sers. Due to the diameter of the
outer electrode and the layer thickness over which the sensor output responds
(12 cm), the sensor provides average soil moisture measurements for a 20 litre

volume of soil (Komin, Technicd Data).

The Campbell CS615 water content refledometer consists of two 30 cm
long stainless $ed probes connected to a printed circuit board (Figure 9.14b), and
measures the soil moisture ontent using the TDR technique. The CS615
reflectometer is gecified to have an accuracy of +2.5% v/iv when applied to
typicd mineral soils using the manufadurers gandard calibration relationship.
Sails with dfferent dieledric properties are reported to show an error that will
appear as a onstant off set. However, bah the accuracy and stability of the sensor
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Figure 9.14: a) Virrib soil moisture sensor; b) CS615 refledometer soil moisture sensor;
¢) Buriable TDR soil moisture sensor; and d) Connedor TDR soil moisture sensor.

are dfeded by the soils electricd conductivity. With soil eledrical conductivity
above 2 dSm™ the probe output is reported to change and at eledrical condtctivity
values greater than 20 dSm'™ the probe output is reported to become unstable. An
important consideration with the CS615 reflectometer is its grong dependence on
soil temperature. To acourt for this temperature dependence a temperature

correction pdynomial has been supgdied (Campbell Scientific Inc., 19%).

The buriable TDR sensors (Figure 9.14c) consist of three 20 cm probes,
whilst the conredor TDR sensors (Figure 9.14d) consist of two stainless s$ed
probes of user spedfied length and a balun. These sensors were measured using
the TRASE TDR system, spedfied to have an accuracy of +2.5% v/v when
applied to typicd mineral soils using the manufacturers gandard cdibration
relationship (Soil Moisture Equipment Corp., 1989.

Given the design d the Virrib sensors, install ation required excavation and
recompaction d the soil i n which the sensors were placed for measurement of soil

moisture @ntent. To minimise the dfeds of soil disturbance the soil was
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replaced in the same order from which it was removed, with as littl e soil mixing
as possble. Due to the disturbance of the soil, these sensors are reported to
generdly require afew months ttling in time before representative soil moisture
measurements may be made (Komin, Technicd Data).

As the CS615 refledometer and buiable TDR soil moisture sensors
consist of probes, these sensors could be inserted into undsturbed soil from the
side of the excavation. Therefore, measurements made using these sensors soud
not be dfeded by dsturbance to the soil from excavation to the same extent as
the Virrib sensors. However, the disturbance caused by the adua insertion d the
probe into the soil may be significant for larger probe diameters. Rothe et al.
(1997 have shown that merely pushing the TDR probes into the soil entails a
reduction d the measured soil moisture mntent of upto 10% v/v, with the dfects
being strongest close to saturation. Therefore, for probe diameters greater than
6 mm, Rothe et al. (1997 suggest that it is necessary to remove soil i n advanceto
probeinstal ation by dilli ng.

Buriable TDR sensors have aprobe diameter of 3.2 mm. However, due to
the dry state of the soil at time of installation, the soil was extremely hard and
install ation was difficult, requiring hdes to be formed prior to installation d the
sensors. Thus the buriable TDR sensors could be prone to suffer from air gaps.
CS615refledometer sensors also have aprobe diameter of 3.2mm, bu due to the
moist state of the soil at time of installation, the sensor could be easily installed
without pre-forming hdes. The mnrector TDR sensors consist of two 6 mm
diameter probes that are inserted from the soil surface Given the design and
diameter of these probes, they could be inserted from the surface withou causing

air gaps, even under dry soil condtions.

The horizontal layout of soil moisture sensorsis siown in Figure 9.15 To
prevent oppatunistic flow along sensor leals, sensor leads were brough to the
surface via PVC condut. Leals were fed througha hole in the side of the PVC
condut and seded with silastic, and bentonite placed aroundthe PV C conddit to

prevent oppatunistic flow down the sides of the PV C conduit.

There ae upper and lower limitations on the length of conrector TDR
probes that may be used. The upper limit on pobe length is governed by the
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Figure 9.15: Horizontal layout of the soil moisture sensors for measurement depths/probe lengths
indicated.

strength of arm of the person who inserts the probe. However, a more severe limit
to probe length arises from loss of TDR signa in the soil (Zegelin, 1996. To
overcome the strength of arm limitations, connedor TDR probes of greater than
15 cm length were inserted by hammering in conjunction with probe insertion

guides, as siownin Figure 9.16

The lower limit on TDR probe length is imposed by the accuracy of the
time-of-travel measurement of the TDR device which is currently of order 0.1 rs,
limiting probesto greaer than 5cm (Zegelin, 1996. However, Zegelin (1996 has
noted that probe lengths of 10 cm even have areduced accuracy becaise of this
timing limit, and Soil Moisture Equipment Corp. (1989 warn against using
conredor TDR probe lengths of less than 15 cm due to a loss of acairacy.
Therefore, cdibration o the awnrector TDR probes of length 5, 10and 15cm was
evauated from thermogravimetric samples taken from various locaions in the
Nerrigundah cachment. The cdibration o longer TDR probes was not evaluated

due to the destructive nature and labour intensiveness of the testing, and the
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Figure 9.16: Insertion of longconredor TDR probes.

number of caibration data values required to make wnclusive statements
regarding acairacy. In addition, literature suggests that longer probes shoud na
result in any further loss of accuracy. Hence providing satisfadory cdibration
results were obtained for the shorter probes, measurements made with longer

probes dhoud also be of sufficient accuracy.

The cdibration d conrector TDR probes was achieved by firstly clearing
a smal patch of soil from grass vegetation. Soil moisture measurements were
made using the 5, 10 and 15 cm conrnedor TDR probes in exadly the same
locaion. A 10 cm diameter soil sampling ring d 5 cm depth was then placed over
the aea of soil in which the soil moisture measurements were made. Three
conseautive soil samples were taken, such that a 15 cm depth sample of soil was
retrieved. The samples were then weighed bah before and after oven dying.
Subsequently, soil density and in-situ thermogravimetric soil moisture ontent for

the threeprobe lengths was determined.
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Figure 9.17: Comparison d thermogravimetric and connedor TDR soil moisture measurements
for varying probe lengths: @) 5 cm; b) 10 cm; and c) 15 cm.

The results from cdibration d connedor TDR probes are given in
Figure 9.17, where it can be seen that 10 and 15cm probes have anear linea 1:1
relationship with approximately the *2.5% v/v acauragy stated by the
manufadurer. However, results from the cdibration d 5 cm probes may be

interpreted in threedifferent ways:

1) TDR soil moisture measurements follow a 1:1 relationship with the
thermogravimetric samples but have avery low aacuracy, approximately
7% v/v. This interpretation requires the assumption that the ladk of spread
aroundthe 1:1 line & soil moisture contents below 40% v/v is due to an

insufficiently large sample size

ii) There is a non-linea or non-continuows relationship between TDR soll

moisture measurements and the thermogravimetric observations. Using this
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interpretation, individual relationships may be fitted to TDR soil moisture
observations above 25% v/v and TDR soil moisture observations below
25% viv.

iii) For soil moisture cntent less than 1%% v/v the TDR method canna
measure soil moisture mntent reliably using 5¢cm probes, with avariation d
20% v/v from the TDR for essntialy the same thermogravimetric soil

moisture content.

A reason for (iii) may be that as il becomes drier, the dieledric constant
of the soil is reduced, and hence the velocity of the dectromagnetic wave
increases. The effect of this increase in velocity would be to make determination
of the travel time dong the wave guide more difficult due to the shortnessof the
wave guide. Timing errors will also have agreaer influence on the soil moisture
content extracted from shorter probes. From this third interpretation, a linear
relationship may be fitted to TDR observations above 25% v/v, and any TDR soil
moisture observations below 25% v/v regarded as erroneous. In application d the
5 cm TDR soil moisture observations, data was used as measured, with the
assumption d alow accuracy.

Soil moisture profile datain Figure B.1 to Figure B.3 show arapid wetting
up d the soil in resporse to rainfall, followed by a much slower drying ou of the
soil in resporse to evapatranspiration. The data dso shows that deegoer soil | ayers
were generaly wetter than near-surface soil |ayers and that the near-surface soil
layer was more dynamic in resporse to surface fluxes. Furthermore, the CS615
sensor yields il moisture data & high as 70% v/v in the nea-surface soil |ayer,
whilst the Virrib sensor yields il moisture data only as high as 46% v/v. The
maximum soil moisture ontent of 46% v/v from the Virrib sensor at 10 cm depth
agrees with the undsturbed soil porosity measured in the field (see Table B.5).
However, a maximum soil moisture content of 50% v/v from the Virrib sensor at
40 cm depth and 7®% v/v for the CS615 at 5 cm depth do na agree with the
undsturbed soil porosities of 32% v/iv and 526 v/v respedively. Whilst the
discrepancy with the Virrib sensor may be explained by the recompadion d soil
during install ation, the discrepancy with the CS615 is more difficult to explain.

The Virrib soil moisture sensors ow more noise in the soil moisture
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Figure 9.18: Comparison d Virrib, connedor TDR, buriable TDR and CS615 refledometer soil
moisture measurements.

measurement than the CS615 sensor and the CS615 sensor indicaes a diurna
variation in soil moisture mntent, which may be aresult of the soil temperature

correction.

An in-situ cdibration d the soil moisture sensors installed at the weaher
station could na be performed withou destroying the soil moisture monitoring
site. Hence, evaluation d soil moisture measurements was performed by making
comparisons between the different soil moisture sensor types, and wsing the
cdibration d connedor TDR probesto gve @nfidence in the cnnedor TDR soil

moisture measurements.

A sdledion d soil moisture profile measurements from the Virrib,
conredor TDR, buiable TDR and CS615 refledometer soil moisture sensors are
compared in Figure B.6. An example of this data is given in Figure 9.18 These
comparisons sow that the Virrib sensors continualy gave soil moisture
measurements approximately 10% v/v higher than the buriable TDR sensors.
Plotting d the soil moisture profile measurements at discrete times also reveded
that the soil moisture measurements did nd indicae asmoaoth variation d soil
moisture @ntent with depth. This may be aresult of: (i) inaccurate measurement
of soil moisture @ntent by the sensors; or (ii) physical differencesin soil moisture
content with depth as aresult of natural variationin soil properties, which is most
likely to bethe case.

In addition to making comparisons of soil moisture profiles at discrete

times, continuous time cmparisons are made for discrete layers in Figure B.7.
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Figure 9.19: Comparisons of soil moisture measurements for Virrib, buriable TDR and conredor
TDR, for soil layer depthsindicated (cm).

Figure 9.19 shows examples of the soil moisture time series for soil moisture
measurements nea the soil surface and at depth. These plots show that whil e there
is generally a good agreement between the @nredor TDR and Virrib
measurements for the top 15cm of the soil profile, comparisons between the
conredor TDR measurements and the other sensors are qualitatively worse for

deeper layers.

The poa comparison ketween connedor TDR, buriable TDR and Virrib
soil moisture measurements for layers other than the top 15cm indicated that
aggregation d the Virrib and huriable TDR measurements throughou the profile
may yield better comparisons with the annector TDR than for the disaggregation
of conrector TDR measurements. This is because small differences in soil
moisture measurements for the cnnedor TDR probes can yield large differences

in layer estimates of soil moisture mntent when performing the disaggregation.

Comparisons of soil moisture using the aygregated observations are given

in Figure B.8, with an example of these mwmparisons given in Figure 9.20for a
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Figure 9.20: Comparison d soil moisture measurements for Virrib, buriable TDR and connedor
TDR, to a soil depth of 40cm.

soil profile depth of 40 cm. The results from comparisons using the aygregated
observations indicaed a generaly good agreement between the Virrib and
conredor TDR for al depths. However, the poa comparison with buiable TDR
was dill apparent.

Immediately following periods of infiltration (February 14 1997 May 22
1997 and April 28 1998, the Virrib sensors appeaed to systematicdly suggest
greder soil moisture ntent than bah the buriable TDR and connedor TDR soil
moi sture measurements (Figure 9.20). To identify if the Virrib sensors were over-
respondng to the aldition d soil moisture content or if the TDR sensors were
under-respondng to the aldition d soil moisture @ntent, a omparison o
cumulative dange in soil moisture storage based on the soil moisture

measurements was made with a simple bucket water balance model (Figure 9.21).

In the water balance model, it was assumed there was no flux from the
bottom of the soil profile, al rainfall infiltrated upto the maximum soil moisture
storage, and evapotranspiration was estimated from the Penman-Monteith
potential evapotranspiration (sedion 9.4.1.2, reduced by a soil moisture stress
index (sedion 9.4.1). Soil moisture storage cdculations were cmmenced from
instalation d conrnedor TDR probes (April 24 1997, and were normalised so
that soil moisture storage estimates were the same for ead sensor type &
commencement of cdculations. The results from this analysis indicate that the
Virrib sensors were over-respondng to the aldition d soil moisture cntent, with
conredor TDR soil moisture measurements and water balance calculations

having a goodagreement for the two major infiltration events sxown in this data.
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Figure 9.21: Comparison d cumulative change in soil moisture profil e storage for Virrib, buriable
TDR, conredor TDR and a bucket water balance model.

The other discrepancy between connedor TDR and Virrib soil moisture
measurements (Figure 9.20) was the dry down period from July 1997to October
1997. During this period, the Virrib sensor data shows a @nsistently wetter
estimate of the soil moisture content. The @mparison with water balance
cdculations again showed favour with the mnnedor TDR measurements. The
large discrepancy of water balance céculations with measurements from October
1997 to January 1998 was a result of the model assuming that al rainfall
infiltrated. At lower soil moisture @ntents and for heavy rainfall this is not the
case, with infiltration capadti es being lessthan the rainfall rate.

AlthoughFigure 9.21 showed a reasonably good agreement between the
conredor TDR measurements and water balance caculations, there was dill
some a@ncern abou the cnsistently large difference between the buriable TDR
measurements and those from the other sensors. Therefore, an investigation into
the variability of soil moisture @ntent over reasonably short length scaes was
undertaken to seeif the differences in the soil moisture measurements were due to

adua differencesin soil moisture a aresult of natural variationin soil properties.

For this investigation, a transed of soil moisture measurements was made
with the 15 cm conredor TDR probes every 0.5m for a distance of 25 m, under
both saturated and somewhat drier condtions. The measurements made under
drier condtions were dso made in two perpendicular diredions. Measurements
were made in an approximately level area near the permanent instrumentation in
the top d the cdachment, to minimise ay effeds from lateral redistribution. The
variogram and autocorrelation function for each of these sets of soil moisture
measurements was determined (Figure 9.22and Figure 9.23).
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Figure 9.22: Transed soil moisture measurements, autocorrelation, and variogram for 25 m
transed on 196/97.
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Figure 9.24: Transed soil moisture measurements, autocorrelation, and variogram for 5 m transed
on 187/97. a) Down slope; and b) aaoss $ope.

Due to the saturated condtion d the soil, the measurements on June 19
1997 reflect the variation in soil porosity, whilst the measurements on July 17
1997 reflect the variation in soil moisture @ntent due to variations in soil
properties such as il texture, and nase in the TDR measurement tedhnique.
Both o the figures indicate avery short correlation length, with the variogram
suggesting a nugget effed due to error in the TDR measurement tedhnique of
between 1and 36 viv.

As no autocorrelation could be seen at a measurement spadng of 0.5 m,
the measurements were repedaed for a measurement spadng o 0.1 m. The results
given in Figure 9.24 again indicae a very short correlation length, with the
variogram suggesting a nugget effed due to error in the TDR measurement

technique of approximately 1.5 v/v.
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As the difference in soil moisture measurements could na be explained by
ashort scde natural variation in the soil properties, an aternative explanation was
sought. The instalation procedure for the Virrib sensors was considered to still be
a ontributing fador to the differences in soil moisture cntent. Therefore,
measurements were made using 15cm and 30cm conrector TDR probe lengthsin
the disturbed soil where the Virrib sensors were installed, and in the und sturbed
soil in the locdity of the buriable TDR sensors. On July 31 1997 the average soil
moisture measurements in the disturbed soil were 382% v/v and 37.4% viv for
the 15 cm and 30cm probe lengths respedively, whilst the average soil moisture
measurements in the undsturbed soil were 359% v/v and 35.86 v/v for the
15 cm and 30cm probe lengths respedively. Soil moisture measurements were
approximately 2% v/v drier in the undsturbed soil in bah instances.

The mnclusion dawn from these observations was that the differences in
the soil moisture measurements from the different sensors were the result of a
combination d fadors. Firstly, the instalation procedure for the Virrib sensors
involved major disturbanceto the soil i n which soil moisture was being measured,
thus altering the physicd properties of the soil, and still i nfluencing the physical
moisture @ntent of the soil in comparison to the undsturbed soil even after
9 months. Seandy, the different sensors use different measurement tedniques
and measure the soil moisture of different size volumes of soil. Thirdly, any air
gaps or fluid filled gaps aroundthe TDR probes due to insertion affect the ability
of the TDR tedchnique to measure the moisture content of the soil acarately
(Knight et al., 1997. The effect of gaps is reported to be greder for three-rod
probes (ie. buiable TDR) than two-rod probes (ie. conredor TDR and CS615),
and if the gaps are fill ed with water rather than air (Knight et al., 1997. Thus the
dry soil condtions at time of install ation for the buriable TDR sensors may have
resulted in poa instalation d the buriable TDR sensors, resulting in air gaps
which introduce further errors in the measurements, especially under wet soil

condtions.

A comparison d soil moisture measurements made with the Virrib sensors
has also been made by Brian Loveys of CSIRO Horticulture. The sensors used for
this comparison were the Theta Probe and CS615 refledometer. The results of

this comparison are given in Figure 9.25, indicating that the Virrib measurements
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Figure 9.25: Comparison d Theta Probe, Virrib and CS615 reflecometer (Brian Loveys, Personal
communicaion).

were onsistently wetter than the CS615 refledometer measurements by between
2 to 3% v/v and that the Theta probe measurements were @nsistently wetter then
the Virrib measurements by approximately 5% v/v, except for periods of
infiltration.

9.3.2 SPATIAL DISTRIBUTION OF SOIL MOISTURE

The spatial distribution d soil moisture @ntent in the Nerrigundah
cachment was monitored in threeways:

1) The TRASE TDR system with 15cm conredor TDR probes was used to
monitor the spatial distribution and temporal variation d near-surface soil
moisture cntent within the Nerrigundah catchment ona 20 m x 20 m grid
during the intensive soil moisture mapping field campaign. This was
achieved using the University of Melboune's Terrain Data Acquisition
System (TDAYS), affedionately known as the “Green Madhine” (Western et
al., 199@). This g/stem consists of an all terrain vehicle (Figure 9.26) with
a position fixing system that allows the operator to drive to pre-determined

sample locdions.

ii) Conredor TDR probes of increasing lengths were installed at 12 locations
within the Nerrigundsh cachment (in addition to those & the weather
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Figure 9.26: Terrain data aguisition system. a) The “Green Madine”; b) GPSbase station.
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station) for monitoring d soil moisture profiles down to the lesser of depth
to bedrock or 1 m depth. Soil depth at these locations was determined from
probing with a6 mm sted rod.

iii) ERS-2 data was obtained for al overpasses during the intensive soil

moi sture mapping campaign.

93.21 Green Machine Data

Average soil moisture content over the top 15cm of the soil profile was
measured using connedor TDR probes on a 20 m x 20 m sampling gid from
August 27 1997to September 22 1997.Soil moisture mapping was undertaken on
Julian days 239 (August 27), 241, 244, 246, 249, 251, 253, 255, 258, 260,262
265, with the mapping taking 6to 8 hous. Plots of the soil moisture mapping,
interpolated soil moisture maps, and dfferences in soil moisture between soil
moisture mappings are given in Appendix C. An example of the soil moisture
maps produced is given in Figure 9.27. This data is used for updating d the soil
moisture profile forecasts (Chapter 11) from the simplified soil moisture profile
model developed in Chapter 7, using the Modified Kalman-filter developed in
Chapter 8.

0 25 50 75 100

Figure 9.27: Soil moisture map of Nerrigundah cachment on Julian day 258 1997.
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Meteorologicd data mlleded duing the intensive field campaignis given
in Figure B.9, for interpretation o the soil moisture maps. This datais also gven
for later reference when discussng modelling results from the intensive field
campaign (Chapter 11). The meteorological data shows that while there was a
small amourt of rain duing the first 22 days of the 25 day intensive field
campaign, there was a genera drying ou of the soil moisture profile. During the
last 3 days of the intensive field campaign, approximately 20 mm of rainfall was

observed, causing ageneral wetting up d the near-surface soil | ayer.

The rainfall during the first 22 day period fell between soil moisture
mappings. Hence, soil moisture measurements made during this period shoud be
representative of a “snap shat” of the spatia variation d near-surface soil
moisture mntent. However, 7.5mm of rain fell during the soil moisture mapping
processon Julian day 262.The dfect of thisrainfall on the soil moisture mapping
data is clearly evident in Figure 9.28 which shows the soil moisture difference
between Julian days 260 and 262(Figure 9.28) and between Julian days 262 and
265 (Figure 9.28). Furthermore, the difference plots clearly show the dfed of
the sampling strategy gven in Figure 9.29, as aresult of rainfall.

The soil moisture maps in Appendix C for the intensive 25 day field
campaign show a persistent spatial pattern of catchment wetness with the north-
eastern portion d the cachment and lower reades of the main drainage line
having persistently wetter soil moisture ontents. This il moisture pattern
correlates with the spatial variation in soil depth (Figure 9.44). The persistently
dry soil moisture measurement in the south-east sedion d the cachment

corresponds with the large treein Figure 9.4.

The soil moisture maps in Appendix C have nat displayed any obvious
dependenceon asped, althoughWestern et al. (19960 have noted that this was an
influencing factor in the Tarrawarra catchment. Western et al. (1997%) have dso
noted that during wetter periods the soil moisture patterns appear more dominated
by topogaphy, whilein drier periods the patterns appear much more randam, with
the trangition between the wet and dry state occurring rather quickly. This was
also olserved for Nerrigundah, with the cachment going from dry to wet in abou

3 days.
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Figure 9.28: Soil moisture differenceplots. a) Julian day 260 to 262; b) Julian day 262 to 265

These observations in the Tarrawarra cachment, aong with anaysis of
data from other locaions, have formed the basis of a hypahesis that soil moisture
patterns in temperate regions switch between two preferred states (Grayson et al.,
1997. The wet state is dominated by lateral movement of water through bah
surface and sub-surface paths, with catchment terrain leading to organisation d
wet areas along dainage lines (see Figure C.12). The dry state is dominated by
verticd fluxes, with soil properties and orly locd terrain influencing the spatial
patterns. This dry state occurs in the periods when evapatranspiration continually
exceeds precipitation, with the soil moisture patterns reflecting soil and vegetation



Chapter 9 —The NerrigundahExperimental Catchment Page 9-40

— N
TN \)M\
T AN
i
{? Wil
B T ¢ 7,
Y T
A —
TS
T

Figure 9.29: Soil moisture sampling strategy.

differences, taking on a more randan appeaance (see Figure C.2). As
evapotranspiration ceaeases and/or rainfall increases, the aea of high local
convergence ae the first to become wet. These areas are generaly in the upper
reaches of the cachment nea the ends of depresson lines. As these aeas become
wet, a progressvely small er amourt of rain is needed to generate rundf. At some
point, rundf is generated and moves down the depresson, rapidly saturating the
drainage lines from above (Grayson et al., 1997. This hypahesis is consistent
with data @lleded in the Nerrigundbh catchment.

In modelling soil moisture content, it is necessary to have some idea of
both the sub-grid and inter-grid variability in the system being modelled. For a
grid resolution d 20 m, sub-grid variability is the variability in soil moisture
content over distances lessthan 10m, whil st inter-grid variability is the variability

in soil moisture cntent over distances greaer than 20m.

To investigate the sub-grid variability, the differences in soil moisture
measurements for 25 m transects with measurements every 0.5m (Figure 9.22 and
Figure 9.23), and 5 m transects with measurements every 0.1 m (Figure 9.24),
have been asses=d. Inter-grid variability was estimated by assesing the
differences between grid pant measurements of soil moisture cntent from the

soil moisture mappings onagiven day.
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Figure 9.30: @) Sub-grid variability; b) Inter-grid variability.

The average difference in soil moisture cntent at increasing dstances is
given in Figure 9.30a for sub-grid variability and Figure 9.30b for inter-grid
variability. These results show that apart from the saturated condtions on June 19,
the sub-grid variability was approximately 1 to 2% v/v with a standard deviation
of +1 to 2% v/v. Thisvariability was aso constant within the £10 m, bu started to
increase for greder distances. Hence the sub-grid variability was approximately
that of the measuring device The inter-grid variability indicaed in Figure 9.3
began at approximately 5% v/v and increased to approximately 10% v/v a a
distance of 400 m, with a standard deviation d 5% v/v. Thisinter-grid variability
was more than doulbbe that of the sub-grid variability, which would suggest that a
grid resolution d 20 m was appropriate for the Nerriguncbh catchment.

9.3.2.2 Profile Soil Moisture Data

The gpatial variation o soil moisture profiles was monitored with
permanently installed TDR probe lengths of 5, 10, 15, 20, 30, 40, 50, 60, 70, 80
and 100cm. Soil moisture profil es were measured onJulian days 234 (August 22
1997, 239, 241, 244, 246, 249, 251, 253, 255, 258, 260, 282,267, 287, 301,
330, 357, 35, 77, 91, 118, 127, 141, 170, a0@ 293(October 20 199§. These
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profile measurements of soil moisture cntent monitoring kegan before the TDAS
monitoring d nea-surface soil moisture mntent commenced (Julian day 2417), in
order to gve abadkground estimate of the spatial variation d soil moisture
profiles. During the field campaign, soil moisture profil e measurements coincided
with nea-surface soil moisture measurements, for evaluation d the spatialy
distributed soil moisture profile esimation agorithm a updating times.
Monitoring d soil moisture profiles was continued after the intensive field
campaign for cdibration d the hydrologic model, to data independent of that for
which the evaluation was applied. The locaions of soil moisture profile
measurement sites can be seen in Figure 9.4, with AMG coordinates and soil
depth gven in Table B.2. Soil moisture profile monitoring sites were located in
these positions, which are primarily along fence lines, so they would na get
disturbed.

Figure B.10 contains plots of the soil moisture profile measurements for
the various probe lengths at al soil moisture profile monitoring sites. No
cdibration was applied to the measurements. The plots $1ow a wide range of
variation in soil moisture cntent acossthe cachment, with TDR probe lengths
of 5 cm having the gredest variation, keing approximately 20% v/v. Thisisto be
expeded gven the calibration results for the 5 cm probe. Other probe lengths
have avariation d approximately 15% v/v.

9.3.2.3 ERS-2 Data

The ERS-2 owerpasses, which aoccurred within the intensive field
monitoring d the spatial distribution d soil moisture content, were on Julian days
249 at 1259 and 265 a 1256 (Austraian eastern standard time). These
overpasses coincided with two o the ground lased near-surface soil moisture
mapping missons. Quick-look images of this data ae given in Figure B.11 and
Figure B.12.

Althoughthe SAR signal is influenced by orly the top few centimetres of
soil moisture @ntent and TDR measurements were made over the top 15cm,
providing the soil moisture is relatively wet or relatively dry, the 15 cm
measurements are indicative of the soil moisture ntent in the top few
centimetres (Western et al., 1997h).
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Figure 9.31: Drop pin profiler used for surfaceroughnessmeasurements.

Surfaceroughress measurements were made & 5 locations for each o the
satellit e overpasses using a 1 m long dop pn profiler with a pin separation d
25 mm. The drop pn profiler used is $hown in Figure 9.31 Two sets of 1 m
measurements were made in, nath south, east west, and nath east - south west
diredions, at each of the 5 locaions. The roughmess measurements were made
nea soil moisture profiles 2, 5, 7, 8and 9 (see Figure 9.4). This data is presented
in Appendix D, with an example surface roughress profile given in Figure 9.32
Whil e surface rougmessmeasurements are essential for interpretation d the SAR
data, they also provide ameasure of the depresson storage in the cdachment. An
estimate of depresson storage is necessry for applicaion d the hydrologic
model developed in Chapter 7.

A visua inspedion of the Nerrigundah catchment indicated that the spatial
distribution d surfaceroughresswas uniform, apart from the main drainage line
and steeper portions of the site. These portions were slightly rougher as a result of
catle grazing. This increased rougmessin the gully is also seen in the roughress
measurements made near soil moisture profile number 8. However, thereis awide
variation in the roughress measurements, even for consecutive surfaceroughress

profil e segments at the same site, for the same diredion, and for the same day.
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Figure 9.32: Example of roughressdata with rms roughnessheight o and correlation length |

Whilst two SAR images is an insufficient number for testing d any data
assmil ation scheme, they may be used for studies on rear-surface soil moisture
content measurement capabiliti es with ERS-2 SAR data. In addition, colledion d
this data has resulted in the compilation d a complete and wseful data set, which
may be used for many future studies.

Time onstraints have nat permitted any analysis of the SAR data in this
thesis. However, it is envisaged that these two images may be used to evaluate the
procedure suggested by Lin (1994) for estimating surface roughmess parameters
(see section 2.4.5.%. The image wlleded on Julian day 249 would be used in
conjunction with the ground measured soil moisture data to invert for surface
roughress parameters. The inverted surface roughress parameters would then be
used to compare with ground measured surface roughress and inversion o
badkscattering olservations on Julian day 265 for nea-surface soil moisture
content. The inverted soil moisture content would then be cmmpared with the
ground measured soil moisture content on Julian day 265. In addition, these
images could be used for evaluation d backscatering models, and investigation

of the dfed of changesin locd incidence angle & aresult of topogaphy.

9.4 EVAPOTRANSPIRATION

Evapatranspiration refers to evaporation and transpiration |lumped
together. Two standard evapotranspiration rates are defined, pdentia
evapotranspiration and adua evapotranspiration, and are used as the basis for
evapotranspiration estimates. Potential evapaotranspiration refers to the anourt of
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evapotranspiration that would occur as a resporse to atmospheric demand when
there is an urimited suppy of water, while actual evapatranspiration is the

amount of evapatranspiration that acually occurs.

Methods for measuring the adua evapotranspiration flux include the
Bowen ratio and eddy correlation methods. However, these data ae not avail able
from standard meteorologicd sites. Other methods for estimating adual
evapotranspiration, such as the Penman-Monteith combination equation, require
cdibration with ore of the dove methods for accurate estimation o parameters

such as the crop resistance.

In order to apply the soil moisture estimation algorithm over large aeasin
an operational setting, it is necessary to apply simple evapotranspiration models
that require only standard meteorologicd data & inpu, such as that collected by
the automatic weather station in the Nerrigundbh catchment. Two aternatives for
estimating adua evapotranspiration were investigated for applicability. These are
the soil moisture stressindex and buk transfer methods.

9.4.1 SOIL MOISTURE STRESS INDEX METHOD

By the soil moisture stressindex method, evapotranspiration is assumed to
be a its potentia level as long as the avail able water is equal to the maximum
avail able water. Therefore, the patential evapotranspiration rate is reduced to the
adual evapotranspiration rate by a relationship with the actual moisture state of
the soil (Maidment, 1992.

ET, =SIxET, (9.)

where ET, is the actual evapotranspiration, ET, is the Penman-Monteith paential
evapotranspiration,and S is a soil moisture stressindex. Several forms of the soil
moisture stressindex have been presented in literature. However, this approach
has been the subject of criticism over the last 20 years because of the process of
cause and effed, as the adual evapotranspiration rate dfects the dimatic factors
used to cdculate the potential evapotranspiration (Morton, 1969.
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94.1.1 Soil Moisture Stress Indices

Common forms of the soil moisture stressindex are given below. Ragab
(1995 has used

0e-e,, O
Sl = e (9.29),
fc _ewp D

where 6 is the volumetric moisture mntent of the near-surface soil, Bwp is the

wilting pant soil moisture @ntent and 6, is the field capadty soil moisture
content. Ottlé et al. (1989 have used

Sl :min%g%E (9.2b),

where 0 is the volumetric moisture wntent of the near-surface soil and ¢ is the

soil porosity. Ancther soil stressindex is(Kamaet al., 1999

SI= %Eﬂtame ) (9.20),

where 6 is the integrated vdumetric soil moisture @ntent over the total soil

profil e depth and ¢ isthe average soil porosity over that depth.

9.4.1.2 Penman-Monteith Combination Equation

The Penman-Monteith combination equation for adua evapotranspiration
ET, (cms) isgiven by (Smith, 1993

1
A(Rnet _qh)+ pairCa(ea _ed)r
Lgx + y@+ %%

where R, isthe net radiation flux at the soil surface(cd cm®s?), g, isthe soil hea

ET, =

a

(9.39),

flux (cd cm® s') and c, is the spedfic hea capacity of moist air
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(0.242cd g* °C"). The saturation partial vapou presaure e, (kPa) is given by
(Smith, 1992

17.27T
e, =0.611ex — (9.3b),
. +2373

where T, is the dr temperature (°C). The dew point partial vapour presaure e,
(kPa) is given by (Smith, 1992

e, =RH_ e (9.30),

where RH_, is the relative humidity of the dr. The dr density p,, (g cm™) is given
by (Brutsaet, 1982

(9-39,

a37aa,E
pair =

Patm
1omd (I—air + 273 % I:)atm

where P__ is the @mospheric presaure (kPa), R, is the specific gas constant of dry
air (2.870410 erg g* °C"). The latent hea of vaporisation L (cal g*) is given by
(Milly, 1982

L = Lref - (CI - CpXTair _Tref ) (936),

where L, is the latent hea of vaparisation (cd g”) at a reference temperature T,
(°C), which can be taken as 591.6cal g* at 10°C (Monteith and Unsworth, 1990.
¢, is the spedfic hea of water vapour (0.449cd g °C") and ¢ is the specific heat
capacity of liquid water (1.0cd g °C™; Monteith and Unsworth, 199Q. The slope
of the vapou pressure aurve A (kPa°C™) is given by (Smith, 199)

4098e
A=——""2 _ 9.3f).
(T,, +2373) -3

air

y isthe psychometric constant (kPa °C™) given by (Smith, 1992
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CpPatm -3
y=—5"x10 (939,

where [ is the ratio of molecular weight of water vapou to dry air (0.62). The
agodynamic resistancer, (scm™) is given by (Smith, 1993

N

(= T (9.3h,

where z, is the height of wind speed measurements (cm), z, is the height of
temperature and humidity measurements (cm), k is the von Karmen constant
(0.41) and U is the wind speed measurement (cm s*). The zero plane displacanent
of thewind profiled, (cm) isgiven by (Smith, 199)

d =Z=h (9.3),

where h_isthe aop height (cm). The roughressparameter for momentum z,, (cm)
isgiven by (Smith, 1992

z,. =0.12% (9.3).

The roughress parameter for hea and water vapour z,, (cm) is given by (Smith,
1997

z., =01z

oV

om (9.3K.

For estimation d the potentia evapaotranspiration ET, from the Penman-Monteith
combination equation, the aop resistancer, is taken as zero.

9.4.2 BULK TRANSFER METHOD

Like the soil moisture stressindex method, the bulk transfer method also
only requires gandard meteorological observations. The bulk transfer method for
estimation o acual evapotranspiration ET, (cm s) is given by (Brutsaat, 1982
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ETa = pairCEU (qS _qT) (94a)!

where p,. isthe dr density (g cm®), C. is a unitless moisture transfer coefficient,
U isthe wind speed (cm s”) at height z, (cm), g is the spedfic humidity at the
soil surface @ afunction o near-surface soil temperature T, and g, is the spedfic

humidity in the ar at height z..

The bulk transfer method res generally been applied to evaporation from
lakes (Brutsaert, 19829, with the surface spedfic humidity as the saturated spedfic
humidity for the water surface temperature. However, the surface specific
humidity may be estimated by (Braud, 1996

0.622.RH
s = e (9.4b),
P — 0.378,RH

where P (kPa) is the amospheric pressure and e, is the saturated vapour
pressure (kPa) at the soil surfacegiven by

17.27T,
e, =0.611ex = (9.4c).
. +2373

RH. istherelative humidity at the soil surface given bythe Kelvin law as

RH, =exp3— 9Ys (9.49,
R, (Ts +273)

where g is the aceleration die to gravity (981 cm s), R, is the spedfic gas

constant of water vapour (4.615<10° erg °C™) and ¢, is the soil matric head (cm)

at the soil surface. The soil matric heal can be estimated from the volumetric soil

moi sture measurements by the Clapp and Hornberger (1978 relationship

" :ws%gb (9.40),
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where (, is the saturated soil matric head (cm) and b is a soil texture parameter.

Both ¢, and b were estimated from puldished data for a silt [oam soil as—78.6cm
and 5.3respectively (see Table B.13). The specific humidity in the dr is given by

0.622e,RH_,
O = (9.46),
P, —0.378&,RH,,

where the saturation pertial vapou presaure e, (kPa) is given by (9.39. The
moisture transfer coefficient C_ is not a cnstant, and varies as a function d land
surface dharacteristics as given by

c - 0.412 (©.49

- DZT—dOE' [z, -d, O B
In N O
02Zv 00 Zm O

where z, is the water vapou rougmess length (cm) given by (9.3K), z . is the
roughress length for momentum (cm) given by (9.3) and d, is a zero plane
displacenent height (cm) given by (9.3). The roughresslengths and zero plane
displacement level can be estimated from crop height.

A complication d the bulk transfer approach is the need for an estimate of
the surface soil temperature, in addition to near-surface soil moisture @ntent.
However, the relationship between deledric constant and soil moisture is aso
dependent on soil temperature (see Chapter 2) and reeals to be estimated for
measurement of near-surface soil moisture wntent from remote sensing. Thus, the
nedd for an estimate of soil temperature does not impose amajor limitation onthe
bulk transfer method for estimating the actual evapotranspiration. However,
modelling d soil temperature requires an estimate of the soil thermal propertiesin

addition to the soil hydraulic properties (seeChapter 5).

9.4.3 ESTIMATION OF ACTUAL EVAPOTRANSPIRATION

During the intensive field campaign, eddy correlation measurements of
adual evapotranspiration were made on Julian days 244, 246, 249, 251, 26&4hd
261 (Scott Woaldridge, Personal communication).
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To determine which of the methods in the previous dions gives the best
estimate of adua evapotranspiration, comparisons were made with eddy
correlation measurements and water balance caculations using the Virrib soil
moisture measurements. Potential evapatranspiration was estimated from the
10 minute data lleded bythe automatic weaher station.

Three different water balance calculations were made for estimating the
cumulative evapotranspiration. The first method (WB#1) summed the dhanges in
soil moisture @ntent over the soil profile, ignaing the dfeds of rainfall. The
remaining methods used dfferent approaches for taking the dfects of rainfall on
the soil moisture measurements into consideration. The second method (WB#2)
added any ranfal that was measured duing consecutive soil moisture
measurements, to the amulative evapotranspiration that would atherwise be
estimated dredly from the soil moisture measurements. The third method
(WB#3) set the evapotranspiration as zero for periods where rainfal was
measured. Based on the soil moisture data presented previously, cdculations
asuumed a wilting pant moisture content of 10% vl/v, field capacity moisture

content of 45% v/v and average soil porosity of 50% v/v.

Figure 9.33 shows a @mparison d the Penman-Monteith pdentia
evapotranspiration with the three soil moisture stressindices given by (9.29) to
(9.2c), the water balance calculations and the bulk transfer method. This
comparison confirmed that the potential evapatranspiration was greater than the
adual evapotranspiration estimates from the water balance cdculations. It also

N
o
o

...... T T T T T ot =
L ET) -
[| ——* - Sif cseis -
| — e~ - SI#1 Virrib .= ©
150 H - -8 - - Si#2Cs615 P I a _
- - A- - Sl#2Virrib e PR o i

[| —a— SI#3 Virrib
_% - - WBHL

6]
o
T

Cumulative Evapotranspiration (mm)
(A=Y
o
o

o
T

236 240 244 248 252 256 260 264 268

Julian Day of Year

Figure 9.33: Comparison d Penman-Monteith paential evapotranspiration (ETp) with the three
different soil stressindices (SI#1 to SI#3), three different water balance gproaches (WB#1 to
WB#3) and the bulk transfer approach (BT), using bah Virrib and CS615 soil moisture data
colleaed during the 1997 intensive field campaign.
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Figure 9.34: Comparison d evapotranspiration estimatesin Figure 9.33 with eddy correlation (EC)
measurements during the 1997 intensive field campaign.

showed that water balance calculations needed to take accourt of the rainfall (see

WB#1) and that actual evapotranspiration estimates from WB#2 were greaer than
those from WB#3.

Figure 9.33 aso showed that the bulk transfer method over-estimated the
adual evapotranspiration, with bah buk transfer estimates being geater than the
potential evapotranspiration. As the estimate for adual evapotranspiration shoud
not be greder than the potential evapotranspiration, this would suggest that any
asumptions regarding estimation d the relative humidity at the soil surface were
of secondary importance. The reason for thisisthat potential evapotranspirationis
defined as evapotranspiration from an urlimited supdy of water (ie. RH, = 1).
Hence, an estimate of RH, lessthan 1 shoud result in a reduced estimate of the
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Figure 9.34 (con't): Comparison d evapotranspiration estimates in Figure 9.33 with eddy
correlation (EC) measurements during the 1997 intensive field campaign.

adual evapatranspiration. However, other assumptions such as roughress length
and wind profile in the moisture transfer coefficient may have made this approach
invalid.

It may also be seen from Figure 9.33 that the difference between the
potential evapotranspiration and Sl#2 was margina, whilst the adua
evapotranspiration estimate from Sl#1 was much less than that from the water
balance caculations. The adual evapotranspiration estimate from SI#3 howvever,
was between the estimate from WB#2 and WB#3.
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Figure 9.35: Comparison d Penman-Monteith pdential evapotranspiration (ETp) with eddy
correlation adual evapotranspiration (ETa).

The mparisons with the eldy correlation measurements of adua
evapotranspiration in Figure 9.34 revealed several things. Firstly, the water
balance céculations displayed durnal fluctuations in evapotranspiration onmost
days as a result of diurna fluctuations in soil moisture profile measurements.
Seowondy, the eldy correlation measurement of adual evapotranspiration was
greder than the potential evapotranspiration onJulian day 244.Most confidence
is placal in the eddy correlation measurements on Julian days 246 and 251,as
these were doudfreedays. On these days, there was a goodagreement with SI#3
and the water balance estimates of adual evapotranspiration. Diurna effeds on
the water balance calculations were less naticeable on these days due to an

increase in the total evapotranspiration duing the observing period.

To confirm that the relationship between adua and pdentia
evapotranspiration was linear, Penman-Monteith paential evapotranspiration was
plotted against the eddy correlation measurements of adual evapaotranspiration for
al days of observation (Figure 9.35). Whilst the plot shows me scéter, the
asumption d a linea reationship between pdential and actual

evapotranspirationis defensible.

In summary, Figure 9.34 displayed that SI#3 cpve the best estimate of
adual evapatranspiration duing the intensive field campaign, and Figure 9.35
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Figure 9.36: Comparison d adual evapotranspiration estimates aaossthe Nerrigundah cachment
during the 1997 intensive field campaign wsing the second water balance approach with the 13
conredor TDR (Con TDR) and the Virrib (WB#2) soil moisture measurements.

confirmed that it was appropriate to use alinear stressindex relationship. Hence,

SI#3 (9.20) was used for estimation d adua evapotranspiration in the field
appli cations presented in Chapter 10 and Chapter 11.

To investigate the spatia variation d adual evapotranspiration acrossthe
Nerrigundah cachment, the second water balance gproad using the Virrib soil
moisture measurements (WB#2) was applied to the 13 connedor TDR
measurements made throughou the catchment (see Figure 9.4). The results in
Figure 9.36 reveded that actual evapotranspiration estimates from the cnnedor
TDR probes were lessthan thase from the Virrib sensors (ie. Con TDR #2), and

that there was awide variation in adual evapotranspiration acrossthe catchment.

9.5 SOIL HEAT FLUX

An estimate of soil hed flux at the soil surface was required for estimating
the potential evapatranspiration. Soil hea flux can be determined by severa
methods, as described by Kimball and Jadkson (1979. The methods used were:
(i) cdorimetric method (ii) hea flux plate method (iii) combination method and
(iv) null-alignment method.

9.5.1 CALORIMETRIC METHOD

Using the cdorimetric method,the average soil hed flux over agiven time
interval is computed from the change in hea content of the soil profile during the

interval. The profile is divided into layers (Figure 9.37), and the dange in
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Figure 9.37: Discretisation for estimation o soil hea flux.

temperature of each layer is measured over the interval. The heat flux learzing the

top d a soil layer g, , (positive upward) is equal to the hea flux entering the

bottom q,, plusthe dangein hea content per unit time.

in+1 _-I-in
dy, =0, +C; (Zi - Zi—l)%% (9.59),

where z is the depth (cm) to the top d layer i, z, is the depth to the bottom of

n+l n+1

layeri, T™" isthe soil temperature (°C) of layer i at timet™" (s) and T" is the soil
temperature of layer i at timet". C; is the volumetric heat cgpadty (cal cm® °CY)

of layer i, and may be etimated from the sum of the hea capadties of the

individual soil constituents as

C, =0.469, +0.609, +6, (9.5,

where 6., , 6, and 6, are the volume fradion d soil minerals, organic metter and

water respectively for layer i (see Table 9.2).
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Using this method, the soil hea flux at any depth in the soil profile may be
computed if the soil hea flux at any ore depth is known. This reference depth is
generdly taken to be @ou 100 cm, where the soil hea flux is considered to be
negligible. A major difficulty of the cdorimetric method arises when it is used to
compute soil hea flux owver shorter time periods (15to 60min), as the temperature
change of the soil at depths greater than 20 cm is too small to be measured
acarately (Kimball and Jadkson, 1979.

9.5.2 HEAT FLUX PLATE METHOD

Sail hea flux can be measured using athin plate with a thermopile wound
aroundit, knovn as a hea flux pate. The soil hed flux is propationa to the
temperature diff erence between the two plate surfaces. A problem with the heat
flux plate is that they interfere with the pattern of heat flow in the soil, and the
water movement in bah liquid and vapou phases. Therefore they canna be used
acarately close to the soil surface (Kimball and Jackson, 1979.

9.5.3 COMBINATION METHOD

With the combination method, rea flux plates are placel in the soil at 5 to
10 cm depth, and the calorimetric method is used to cadculate the soil hea flux
abowve (or below) the placament depth. This methodis grondy recommended over
either the heat flux plate or cdorimetric methods used alone. The cmbination
method removes errors associated with the cdorimetric method due to inaccurate
temperature measurements at deeper depths, and minimises errors asociated with
the hed flux plate method die to interference of hea and water flow (Kimball and
Jackson, 1979.

9.5.4 NULL-ALIGNMENT METHOD

The null-alignment methodwas developed by Kimball and Jadson (1975)
and is based on measurements of soil temperature, volumetric soil moisture
content, soil porosity and aganic content, in the upper 20 cm of soil. This method
dispenses with hed flux pates, which can interfere with water and hed flow even
a 5 cm depth (Kimbal and Jackson, 1975. This method is based on the
relationship
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q, =-A0T (9.6),

where A is the thermal conductivity (cal cm™ s* °C") and OT is the temperature
gradient (°C cm™).

In the null-alignment method, ndl points in the soil temperature gradient
are used to provide known zero soil hed fluxes at known depthsin the soil profile,
and the cdorimetric method wsed to calculate the soil hea flux in the remainder of
the soil profile. As long as hea movement due to water or water vapou
movement is negligible, the soil hea flux can be taken as zero at the null points
(Kimball and Jadkson, 1979.

To cdculate soil hea flux using the null-alignment method, an initia
estimate of thermal conductivity at 20 cm depth is used to cdculate the 20 cm
depth soil hea flux from the temperature gradient at 20 cm using (9.6). The
cdorimetric methodis then used to caculate the soil hed flux for al | ayers above
20 cm. Soil temperature profiles for those times of day when a zero soil
temperature gradient exists ssmewhere in the top 20cm are then used to force a
null-alignment of zero soil heat flux with the zro soil temperature gradient.
Kimball and Jadkson (1975 suggest that soil temperature measurements be made
at aminimum of 1 cm intervals above 10 cm and 4cm intervals below 10 cm, bu
preferably at half of this. This methodis reported to be a goodas the combination
method (Kimball and Jadkson, 19®) with results comparing well with dred heat
flux measurements at 5 cm, except a noon when the heat flux pates had
somewhat larger values (Kimball and Jackson, 1979.

9.5.5 ESTIMATION OF SOIL HEAT FLUX

Sail hea flux was estimated at the top and bdtom of the soil column,
monitored at the weather station, wsing bdh the null-alignment and combination
methods. In addition, the soil hea flux was estimated by the null-alignment
methodfor comparison with the soil hed flux plate measurements at 2 and 12cm.
Sail hea flux was also estimated by the combination method sing the soil hea
flux plate measurements at 12 cm depth, for comparison with the soil hea flux
plate measurements at 2 cm depth. This comparison was performed for data

colleded duingtheintensive field campaign periodin 1997.
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As il temperature sensors were installed at depths of 2 cm and 12cm,
soil heda fluxes coud na be estimated at these depths withou either ignoring
these measurements or using them for interpaating the soil temperature & other
depths. Hence, comparisons of soil heat flux for the null-alignment method were

made with layer interfaces either side of the required depth.

The comparisons between soil heat flux plate measurements and the null -
alignment methodin Figure 9.38 show a poa agreament, with the null-alignment
estimate of soil hea flux ower-estimating the soil hea flux in comparison to soil
hea flux plate measurements. The best agreament is made with soil hea flux plate
measurements for null-alignment estimates at 5 cm and 14cm depth, for heat flux

plate measurements of 2 cm and 12cm depth respedively.

The comparisons between soil heat flux plate measurements and the
combination method (Figure 9.39) are better than comparisons for the null-
alignment method. However, once ajain the best agreement between the soil heat
flux plate & 2 cm was obtained for an estimate & 5 cm.

Figure 9.40 shows a comparison between bah the null-aignment and
combination method estimates of soil hed flux at both the soil surface and bese of
the soil column. The comparison at the soil surface gpearsto be very goodwhile
that at the base of the soil profile gpeas quite poa. However, this is shown
(Figure B.133) to be aresult of the plot scale, with the difference between soil
hea flux estimates being the same & baoth the soil surface ad base of the soil
profile, as expeded. Figure B.13b shows that this difference in soil hea flux is
different to the difference in soil hea flux between measured and estimated soil

hed flux at adepth of 2 cm using the cmbination method.

This wsuggests that differences between the null-alignment method,
combination method and measured soil hea flux are not a result of incorred
placement depth, bu a result of differences in techniques and dsturbanceto heat
and moisture flow as a result of the top date being too close to the soil surface. In

addition, dfferences between the null-alignment and combination methods may
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Figure 9.38: Comparison o soil hea flux plate measurements at 2 and 12 cm depth with null-
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Figure 9.39: Comparison o soil hea flux plate measurements at 2 cm depth with combination
method estimates.
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be aresult of the spaang d soil temperature sensors being too large. Hence, soil
hed flux has been determined from the cmbination methodfor other periods.

9.6 SOIL CHARACTERISATION

Soil charaderisation d the Nerrigundsh cachment was undertaken from
19 soil cores (see Figure 9.4) retrieved from throughou the catchment using the
soil coring capabiliti es of the TDAS (Western et al., 199@). The soil coring
deviceof the TDAS is cgpable of taking aminimally disturbed soil core of 55 mm
in dameter and 800mm in length. The soil corer consists of arigid sted tube with
one end tapered such that the sharpened cutting edge auts a soil core dlightly
smaller than the inside diameter of the tube, thus minimising friction and
smeaing d the soil sample by the tube wall. The tube dso has a dlight bulge near
the base of the taper that compads the soil aroundthe tube, thereby reducing the
insertion force by minimising the friction against the outside of the tube. An
illustration o the soil corer is given Figure 9.41 and phdographs of the TDAS in
soil coring mode ae givenin Figure 9.42.

As the magjority of soil within the Nerrigundsh cachment has a depth of
lessthan 600mm, these soil cores give aview of the entire soil profile & their
individual locaions. These soil cores were phaographed, and owerlain orto a
contour plan o the cachment (Figure 9.43), for visua assesgnent and cross

referencing with the laboratory analysis of soil samples.

Tube wall

Undistusbed soil

Figure 9.41: Sail corer used by the TDAS (Western et al., 1996a).
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Figure 9.42: The “Green Machine” in @) soil coreretrieval and b) soil core extradion modes.
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Figure 9.43: Contour plan of the Nerrigundah cachment showing photographs of soil profiles at
their locdionin the cachment.
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9.6.1 SOIL DEPTH

The depth of a soil profile varies considerably from one location to
ancther. Soil depth is influenced by many factors, such as parent materia,
topogaphy, rate of soil formation and soil erosion. Generaly, soils at the bottom
of a hill lope ae deger than soils at the top and soil s formed from hard, resistant
parent material will be shallower than those formed from rocks that break down

eally.

Total soil depth was determined by measuring the soil cores retrieved
using the TDAS. Where the soil depth exceeded 800 mm, further probing was
undertaken to estimate the total soil depth. The AMG coordinates for soil core
locaions and the total soil depth at those locations are given in Table B.3. Sail
depth was also estimated from probing with a 6 mm sted rod at profile soil
moisture measurement sites, with depths and locaions given previously in
TableB.2.

Additional soil depths were determined from probing ona 40 m x 40 m
grid (Craig Wood and Michad Kendall, Personal communicaion) during a period
when the soil was moist. These measurements are given in Table B.4. The grid
used was coincident with that used for nea-surface soil moisture measurement
with the TDAS during the intensive field campaign, and soil moisture profile
estimation in Chapter 11. Additional measurements were madeona20m x 20m

grid for the areain the vicinity of the main drainage line.

The spatial variation o total soil depth was determined by interpolating
onto a 20 m x 20 m grid, wsing the soil depth estimates obtained from the soil
cores and the soil depth estimates from probing. A plot of total soil depth
variation ower the Nerrigundah catchment from these point measurementsiis given
in Figure 9.44.

9.6.2 SOIL HORIZONS

After determining total soil depth from the soil cores, the soil profile was
described acording to its horizons by the Northcote Factua Key Soil
Clasgficaion System (Northcote, 1979. The organic horizon (O) originates from



Chapter 9 —The NerrigundahExperimental Catchment Page 9-66

1200

—\ ) I B
77 A
L

I .
0 25 50 75 100

Figure 9.44: Spatial variation of total soil depth (mm) over the Nerrigundah catchment.

deal and decging organic matter that falls onto the surface from nearby pants.
As the study site onsisted of open grazng land, the organic horizon was for
pradical purposes nonexistent. The surface horizon (A) is a master horizon
consisting d maximum organic accumulation. As a result, this horizon tends to
have adark colour, especialy when wet. The A horizon is usually referred to as
topsoil and may be divided into a number of sub-horizons, principally A1 and A2.
The sub-surface horizon (B) is a horizon o atered and dstinct materia
charaderised by more or less block-like or prism-like gpearance and structure,
together with ather charaderistics such as grong colours, increased clay content,
and poaer drainage. This horizonis known as the subsoil and may be divided into
the B1 and B2 haizons. The B1 haizon is a transitional horizon from A to B
while the B2 haizon is the main subsoil horizon. The parent material horizon (C)
is a master horizon comprising the parent material from which the A and B

horizons have been formed.

Thicknesses of soil horizons were noted where identifiable (Table B.5),
and the soil core disscted into its horizons for laboratory assessment. Where the
A1l haizon was too shallow to gve alarge enoughsoil sample for laboratory
testing byitself, the A1 and A2 haizons were combined. The spatial variation d
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Figure 9.45: Plots of spatial variation in horizon depth (mm) acaoss the Nerrigundah cachment
for: a) horizon A1; b) horizon A2; c) horizon B1; and d) horizon B2. Circles indicate the location
of horizon depth observations.

horizon thicknesses acrossthe cachment is given by Figure 9.45. However, no

obvious trend can be seen in these plots.

Figure 9.46is a plot of the propation o total soil depth comprised by the
horizons Al, A2, B1 and B2, for soil profiles where al the horizons could be
identified. The mean and standard deviation d these propartions are given onthe
figure. The values 10, 15, 25and 3% of the total soil depth are used in
Chapter 11 to describe the propation d soil depth contained by haizons Al, A2,
B1 and B2 for any locdion in the Nerrigundah cachment when estimating the
spatial distribution in soil moisture wntent.

9.6.3 SOIL COLOUR

The soil colour gives an indication d whether the soil is undergoing
oxidising a reducing condtions. A soil under reducing condtions is generaly
poaly aegated, poaly drained, wet and hes grey coloration. A soil under
oxidising condtions generally has orange wloration, indicaing goodaeation.
The orange ®lour is due to the reaction d oxygen with metal ions (eg. iron
forming iron oxde). The colour of the soil may also be used as an indicaion

the presence of organic matter. Soils rich in organic matter are dharacteristicaly
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Figure 9.46: Proportion d total soil depth contained by horizons A1, A2, B1 and B2 for eat solil
profile. Mean and standard deviation are given onthe figure.

dark in colour (ie. bladk or brown grey) (Hodgson, 1978 and have agreater water
holding cgpadty (Macleod et al., 1986.

The maority of soil profiles in the Nerrigunceh cachment are dark
(Figure 9.43). However, the depth of the dark layer varies considerably. Generally
the darker coloration is foundin the upper soil layers or A horizon. Soil profiles
with dark coloration in the A horizon include 1, 6, 8, 9, 11, 14, 15, 1&d 19,
which are locaed generally on hllslopes and in gulies. This dark coloration
indicaes a high popation d organic matter, which is confirmed by the
laboratory data (Table B.5). All of these profil es have 10% v/v or greaer organic
matter content in the A horizon. Profiles 10 and 13(locaed onthe hill Slope andin
the gully) respectively also have adark A horizon, bu lessthan 10% v/v organic
matter content. The dark coloration in these profiles may in addition to arganic
matter be due to manganese (Hodgson, 1978. However, this has not been
confirmed with laboratory tests.

Sail profiles 2, 3, 4, 5and 7are dl palein colour. From thisit is assumed
that they have low organic matter content. Except for soil profile 2, this is
confirmed by the laboratory analysis, having lessthan 10% v/v organic matter.
Low soil moisture content generally results in more pale soil colour. Hence the
pale wlour of profile 2 may be aresult of its low soil moisture mntent. The pale
coloration in these soil profiles may also be due to the presence of soil minerals
such as gli ca, gypsum, cdcium and magnesium (Hodgson, 1978, bu this has nat
been confirmed with laboratory tests.
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An important indicaor of soil moisture cndtions in regard to soil colour
is mottling. A soil is said to be mottled using the Munsell standard soil colour
charts (Oyama and Takehara, 1967) if it differs from the dominant colour by
5 untsin hwe, 2 untsin value or 4 uritsin chroma (Morse et al., 1982. Mottling
is an indicator of seasonal water loggng, resulting in combinations of greyish
brown and reddish brown colours. Hence, a greder percentage of mottling
indicates a greder duration d water loggng. Observation d the soil profiles in
Figure 9.43 revealed various degrees of mottling. Generally spe&ing, soil profil es
on the ridge lines have alesser amourt of mottling than soil profilesin the gully.
Sail profiles9 and 18 tave the greaest amourt of mottling at 15%; soil profiles 2,
10 and 19 fave 10% mottling; soil profiles 11 and 15 lave 5% mottling; soil
profiles 12, 13and 14 lave 3% mottling; soil profiles 1, 3 4, 8and 17 lave
2% mottling; and soil profiles 5, 6 and 16 have the least amount of mottling at
approximately 1%.

The soil colour and mottling shown by several of the soil profiles all ow for
comments abou the genera soil moisture status of the soil in the Nerrigundah

cachment.

» Soil profile 18 is fairly uniformly coloured throughou, being mostly grey
and mottled with bright yellow brown. Hencethis il profileislikely to be
under reducing a water logged condtions. This is consistent with its

location rea the cdachment ouitlet.

» Soil profiles 10, 13and 16 lave very distinct boundries between dark
upper layers and lighter grey brown lower layers. The bourdary is marked
by a band d bright red brown. This therefore gpears to be a
oxidation/reduction boundry, indicating that the soil i s rarely water logged
abowe this boundry. This is also consistent with their locaions, being on

hill slopes.

» Sail profiles12and 17 do nbcontain any grey coloration. Hencethere isno
evidence of reducing a waterlogged condtions, suggesting that these
profiles have very good dainage properties.
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» Soil profile 6, locaed at the head o the gully, is distinctly different from
most of the other soil profiles, in that the upper soil layers are lighter in
colour than the lower soil layers. The dark coloration typicd of high aganic
matter is lower in the soil profile and hence suggests that there is a high
degree of leaching at this ste.

e Soil profile 14, locaed midway along the gully, aso shows darker
coloration in the middle of the soil profile, rather than in the upper solil
layer. However, this il profile is much darker throughou the entire profile
in comparison to soil profile 6. Hence, in addition to leading, thisis likely
to be due to greater organic matter content along with reducing condtions,

causing geyish colour rather than brighter orange and krowns.

9.6.4 SOIL BULK DENSITY AND POROSITY

Sail bulk density is required for evaluation d the soil dieledric constant
relationship in Chapter 2, while soil porosity is important for modelling soil
moisture @ntent, as this is the maximum amount of moisture storage for the soil .

The laboratory results for soil bulk density and paosity are givenin Table B.5.

Determination d soil bulk density involved drying the soil samplesin an
oven at 105°C, as bulk density is the oven dry weight of soil per unit volume
(AS1289.2.1.1, 1992 Thus, using the diameter of the wrer and the depth of the
horizon, the soil bulk density was determined. The soil’s bulk density was then
used to determine its porosity, as a soil’s total porosity is the total amount of air
and water which fill s the pores within the soil (Hazdton and Murphy, 1992. The
soil porosity ¢ was estimated from the soil bulk density p, using the relationship

Po
Ps

p=1- (9.7),

where the spedfic gravity p, was taken as 2.65 gcm®, being typicd for most
minera soils (Freeze and Cherry, 1979. Typicd values for bulk density and total
porosity (see #so Table B.8) of agricultural soil are 1.4 g cm® and 4%6
respedively (Hazdton and Murphy, 199). The spatia variation d soil porosity

aaossthe cachment is given by Figure 9.47.
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Figure 9.47: Plots of spatia variation in soil porosity (%) aaossthe Nerrigundeh cachment for:
a) horizon A1; b) horizon A2; ¢) horizon B1; and d) horizon B2. Circlesindicate sample locations.

9.6.5 SOIL ORGANIC MATTER CONTENT

The soil’s organic matter content is necessary for estimation d the soil
thermal conductivity and soil hea capacity, used for the estimation d soil hea
flux. Organic matter content was determined by the method d ignition (Smith and
Atkinson, 1979.

From the oven died samples used for bulk density and soil porosity
determination, a representative 10 g sample was taken. This was achieved by
breging upthe sample with mortice and pestle, and helving with a sample divider
box urtil the required sample size was obtained. This sample was then heaed in
an eledric muffle furnace d 400°C for 24 hous, and gravimetric organic matter
content determined by (Smith and Atkinson, 1975

initial weightsample- final welghtsample>< 100 (9_8)_

% organicmatter (g/g) = initial weightsample

Typicd values for organic matter content are from 5 to 126 g/g for arable
land, around 186 g/g for some horticultural soils under permanent pasture, and in
excess of 50% g/g for peats and mor humus (Smith and Atkinson, 19795.
Volumetric organic matter content was estimated from the gravimetric organic
matter content by (de Vries, 1963)
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Table 9.2: Soil compasition for soil profile number 2.

Horizon  Thickness Porosity  Organic Matter Quartz  Other Minerals

(mm) (% viv) (% viv) (% viv) (% viv)
Al 40 64.4 7.8 20.7 7.1
A2 55 41.1 4.7 33.0 21.2
Bl 95 47.1 2.1 320 18.8
B2 260 32.3 3.3 33.0 314
% organicmatter (v/v) = % organicmatter (g/g)x == (L - ¢) (9.9,

om

where the density of the organic matter (oom) may be taken as 1.3 gem® (de Vries,

1963. The organic content measurements for the Nerrigundah cachment are
givenin Table B.5.

9.6.6 SOIL QUARTZ CONTENT

The soils quartz content is needed for estimation d the soil thermal
conduwctivity. Soil thermal conductivity is necessry for modelling soil
temperature. Moreover, it was used for soil hed flux determinationin sedion 9.5

From the 10 gsoil sample used in the organic matter determination for soil
profile 2, a further sub-sample was taken and ground upto a fine powder with
mortice and pestle, for quartz content determination by X-Ray Diffradion. This
test was only performed for the soil core taken near the weaher station, where
profile soil temperature and soil hea flux was monitored. The results from this

anaysisaregivenin Table9.2.

9.6.7 PARTICLE SIZE ANALYSIS

Particle size analysis data is used for estimating the percentages of silt,
sand and clay necessary for evaluation d the dieledric constant relationship gven
in Chapter 2. Moreover, particle size distribution may be used for soil texture
asesanent and hence estimation d soil properties suich as sturated hydaulic
condctivity.

The particle size analysis was performed ona sub-sample of between 100
and 200 gfrom the original oven dried samples, by halving with a sample divider

box urtil the required sample size was obtained. The samples were then dispersed
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Table 9.3: Particle sizeranges (AS1289.3.6.1-1995).

Fraction Particle Size Limits

Equivalent AS
Sieve Apertures

60mm-20mm
20mm-6mm

Coarse Gravel
Medium Gravel

63mm-—19 mm
19mm-6.7mm

Fine Gravel 6 mm-2mm 6.7 mm-—2.36 mm
Coarse Sand 2mm-600 um 2.36 mm - 600pum
Medium Sand 600um —200um 600pum —212um
Fine Sand 200pum — 60 um 212puym—=75um
Coarse Silt 60 pm — 20 um

Medium Silt 20pum =6 pm

Fine Silt 6 um -2 um

Clay < 2um

overnight before wet sieving onthe 75 pm sieve (AS 1289.3.6.2, 1995 A

representative sub-sample of the particles passng the 75 um sieve was obtained

for particle size analysis of the silt and clay fractions by Laser Diffraction. The

fradion remaining onthe 75 um sieve was colleded and owen dried for dry

sieving. The standard sieve sizes and correspondng soil fraction are given in

Table 9.3.

Sail texture was determined from the percentages of clay, silt and sand

(with sand taken as being sand dus gravel) using the soil texture triangle

(Dingman, 1994. A summary of the results are given in Table B.6. A complete

listing o particle size distribution for each sample tested is given in Appendix E,

a) b)

C) 0 25 50 75 I d)

Figure 9.48: Spatial variation of: percentage g clay; b) silt; c¢) sand; and d) gravel in the Al
horizon Throughou the Nerrigundah catchment. Circles show soil sample locations.
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together with the grading curves. The spatia distributions of clay, silt, sand and
gravel inthe A1 haizonare givenin Figure 9.48.

9.6.8 SATURATED HYDRAULIC CONDUCTIVITY

Saturated hydaulic conductivity is important for modelli ng soil moisture
content, as it is a measure of how quickly water will travel throughthe soil under
saturated condtions. In this edion, saturated soil hydraulic condctivity has been
estimated from the bulk density and particle size analysis of the soil cores taken
throughou the Nerrigunagh cachment with the TDAS, and compared with doulble
ring infiltrometer and Guelph permeameter measurements at selected sites
(Table B.7). The hydraulic conductivity estimates based onparticle size have been
made using the Kozeny-Carman equation (Bear, 1972 Freeze ad Cherry, 1979,
and literature values based on the soil texture triangle (Table B.13 and
Table B.14).

The Kozeny-Carman egquation is a semi-empiricd relationship for
estimating saturated hydaulic condictivity from particle size distribution and soil
porosity. This equation was derived by treaing the porous medium as a bunde of
coillary tubes and solving the Navier-Stokes equation simultaneously for all
capill ary tubes passng througha adosssedion namal to the flow. The unknovn
coefficient was then estimated from experimental data (Bear, 1979. The Kozeny-
Carmen equationis given by (Freeze and Cherry, 1979

K_= ¢ %ﬁi% 9.10),
s E%%—l_@z - (9.10

where K_ is the saturated hydraulic conductivity (cm s?), p is the fluid density
(g cm®), g is gravity (981 cm s?), u isthe fluid viscosity (g cm™ s%), @is the soil
porosity, and d_ is a representative particle size (cm) taken as the median grain
size The spatial variation d saturated hydaulic conductivity as estimated by the
Kozeny-Carmen relationship is given in Figure 9.49.
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Figure 9.49: Spatial variation of Kozeny-Carmen estimate of saturated hydraulic conductivity
(mm h™) throughout the Nerrigundah catchment for: @) A1 horizon; b) A2 horizon; ¢) B1 horizon;
and d B2 haizon.
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Figure 9.50: a) lllustration of the Guelph permeaneter operation; b) Illustration of the saturation
bulb formed in the soil (Soil Moisture Equipment Corp, 1986).

The Guelph permeameter is an in-hoe @nstant head permeameter,
employing the Mariotte principle to maintain the constant head (Figure 9.504).
When a @nstant well height of water is established in a wred hde in the soil, a
“bulb” of saturated soil with spedfic dimensions is quickly established
(Figure 9.50b). This bulb is very stable and its ape depends on the type of soil,

the radius of the well, and the head dof water in the well. Once the unique bulb
shape is establi shed, the outflow of water from the well reaches a steady flow rate.
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a)
Figure 9.51: Photograph of a) Guelph permeaneter and b) double ring infiltrometer.

By taking measurements at two dfferent well heads, the saturated hydaulic
conductivity can be estimated from the Richards equation, wsing the diameter of
the well and rates of outflow at the two dfferent well heads. It is uggested that
well heads of 5 cm and 10cm be established, with a minimum well depth of
15 cm (Soil Moisture Equipment Corp, 1986.

The doube ring infiltrometer is designed to measure the saturated
infiltration rate of the soil (Dingman, 1991). The outer ring (Figure 9.51b)
provides a zone of saturated soil around the inner ring to bufer against latera
flow of soil moisture. Once the infiltration d water from the inner ring becomes
constant, the saturated infiltration rate can be estimated. The major problem with
the doube ring infiltrometer for estimating soil hydraulic condctivity is that the
infiltration rate is governed by the lowest hydraulic condictivity in the soil
profile. Hence ore caina be crtain o the depth for which the infiltration

measurement relates to the soil hydraulic conductivity.

9.6.9 PUBLISHED DATA

To model soil moisture requires the inpu of soil properties. Both

laboratory and field procedures for determination d these properties are tedious,
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time cnsuming and costly. Thus when soil properties are required for modelli ng
of large aeas comprising a variety of soil types, the feasibility of experimental
eff orts needs to be seriously considered. In view of the spatial variability of soil
properties, the st of adequate eff orts may be prohibitive (Arya and Paris, 198l).

In addition to laboratory and field procedures, soil properties may be
estimated from calibration d the hydrologic model. However, calibration
procedures are time a@nsuming and the data necessary for cdibration are not
always avail able. A feasible dternative is to use soil s data that have drealy been
colleded for the areaof interest. In New South Wales Australia, this data is kept
in The Soils Data System, operated by the Department of Land and Water
Conservation. Relevant soils data for the profiles nearest to the Nerrigundah
cachment have been oltained and are given in Table B.9. The locaion d these
profil es with respect to the Nerrigundah catchment isindicaed in Figure B.14.

Actua saturated hydaulic condictivity values have not been provided for
al soil profiles in Table B.9. Rather, saturated hydaulic condictivity has been
given arating, which may be interpreted by Table B.10.

Such detailed soils data & given in Table B.9 for soil profiles 63, 104,
140, 160, 17%nd 182(Figure B.14) is not always avail able. Rather, the soil s data
given for profiles 42, 64and 75may be more typicd. This is because soil depth
and texture may be readily determined in the field. In order for this data to be of
use in modelli ng, relationships between soil hydrologic properties and soil texture
are required. Table B.11 povides information on typicd saturated hydaulic
conductivity values while Table B.12 provides information ontypicd values for
field cagpadty and wilting pant (surrogate for residua soil moisture cntent).
Table B.13and Table B.14 govide information ontypicd values for soil porosity,
saturated hydaulic oconductivity and two commonly used water retention
relationships (sedion 5.2.). However, the large standard deviation within each
textural classindicaes that blind use of these arerage values may give erroneous

values.



Chapter 9 —The NerrigundahExperimental Catchment Page 9-78

9.7 CHAPTER SUMMARY

This chapter has presented the data lleded in the Nerrigundbh
experimental cachment, for evaluation d the soil moisture profile estimation
algorithm in Chapters 10 and 11. This data includes near-surface soil moisture
observations for updating d the hydrologic model, soil moisture profile data for
cdibration d the hydrologic model, and soil moisture profile data for evaluation
of the soil moisture profile estimation algorithm. Moreover, the surface moisture
flux data necessary for forcing d the soil moisture model, and the devation dhta
and soil data necessary for inpu to the forecasting model has been presented. In
addition, pulished elevation cata and soil data quality and avail ability has been
investigated, as this is the data that would be used in a near-real-time gplicaion
of the soil moisture profile estimation algorithm.



