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CHAPTER SIX

6. SYNTHETIC STUDY: 1D SOIL MOISTURE
PROFILE ESTIMATION

The first step towards estimating the spatial distribution and temporal
variation d soil moisture profil es, was the establishment of the profile estimation
algorithm (sedion 3.5 for a one-dimensional soil column. Previous approaches
for asgmilating oflservations of near-surface soil moisture ntent into a
hydrologic model (Chapter 3) include: (i) the continuows Dirichlet boundary
condtion, (ii) hard-updating and (iii) Kaman-filtering. However, there is no
consensus as to which approach is the most efficient for soil moisture profile
estimation, a on the dfed of observation depth and update interval. While
application d these asdmilation schemes is not new, this chapter identifies: (i)
which of the &ove assmilation schemes is most efficient for soil moisture (and
temperature) profile estimation; (ii) the near-surface soil moisture observation
depth required for soil moisture profile estimation; (iii) how frequently near-
surface soil moisture observations must be made; and (iv) the most important
aspeds and appropriate form for the hydrologic model to be used in the spatial
soil moisture profile estimation poblem. The cntinuows Dirichlet bourdary
condtionis used to ill ustrate the dfects of updating with continuous near-surface
soil moisture measurements, as may be available from a single nea-surface soil

moisture sensor at awedher station.

The gowerning equations for flow of hea and moisture through
unsaturated soil, and the equations relating microwave observations to soil
moisture ontent, are highly nonlinea. Therefore the cntinuows Dirichlet
boundxry condtion and hard-updating assmil ation schemes are simpler then the
Kaman-filter assmilation scheme, as they alow the nontlinear problem to be
solved dredly. However, with hard-updating, the only way in which near-surface
observations can be transferred to deeper layers is through popagation d the

nea-surface states down the soil profil e by the internal physics of the model.
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6.1 SYNTHETIC DATA

This chapter uses g/nthetic soil moisture and temperature data generated
from the one-dimensional soil moisture axd hea transfer model developed in
Chapter 5, to test the soil moisture and temperature profile estimation algorithm.
The same soil moisture and heat transfer model was used to bah (i) estimate the
soil moisture ad temperature profile from asdmilation d nea-surface
observations, and (ii) generate the synthetic data sets used for evaluation d the
soil moisture and temperature profile estimation algorithm. This alowed testing
of the soil moisture and temperature profile estimation algorithm independent of
errors in measurement of the soil moisture and temperature profiles, soil
properties, and surface fluxes. Furthermore, using the same model to generate the
synthetic data & was used in the soil moisture and temperature profile estimation
algorithm, eliminated the dfeds from model errors deriving from negled of the
eff ects of hysteresis, thermal gradients, hea of wetting and vapou comporents of
the soil hea and moisture balance The use of synthetic data dso all ows a broader
range of soil and climatic condtions to be investigated than for field data, and

allowsfor greater generali sationin the conclusions.

The soil moisture and hea transfer model developed in Chapter 5 was
used to generate 40 days of “true” soil moisture and temperature profil es using the

van Genuchten (1980 moisture retention and hydraulic conductivity

Table 6.1: Soil parameters used in evaluation d the soil moisture axd temperature profile
estimation algorithm.

Total Soil Depth 100cm
Number of Nodes 31
Soil Thermal and Hydraulic Parameters Clay Loam

Ks=25cm day™

=054

6 =02

n =0.008

n=18

Proportion of Quartz = 0.03

Proportion of Other Minerals = 0.41

Proportion of Organic Matter = 0.02
Initial Conditions 20°C, -50 cm Matric Head




Chapter 6 — Synthetic Sudy: 1D Soil Moisture Profile Estimation Page 6-3

400 n

0.5

Evaporation (cm/day)

Soil Heat Flux (langley/day)

w LT b U

0 10 20 0 10 20

a) Day b) Day

Figure 6.1: Surface boundary condtions: a) moisture flux boundary condtion; and b hea flux
boundary condtion.

relationships. The soil parameters used by the soil moisture and hea transfer
model were those used by Entekhabi et al. (1994, Table 6.1.

The *true” soil moisture and temperature profiles were generated by
initi alising the soil moisture and hea transfer model with the initial condtions of
Entekhabi et al. (1994, -50 cm metric head and 20°C uniform throughou the 1 m
deep soil profile, and subjecting the soil profile to the boundry condtions of
Entekhabi et al. (1994, 0.5cm day™ evaporation and a diurnal soil hea flux of
400 langley day™ amplitude & the soil surface (Figure 6.1). The bourdary

condtion at the base of the soil column was zero soil moisture and hed flux.

6.2 KALMAN-FILTER OBSERVATION EQUATION

Asthermal infra-red remote sensing olservations only provide information
abou the soil skin temperature, only the soil temperature of the surface node in
the soil profile discretisation can be updeted. In contrast, remote sensing
observations of soil moisture ae related to the soil moisture wntent in a soil |ayer
as thick as a few tenths of the wavelength (Chapter 2 and Chapter 4), and thus
provide updating information over a greder depth, being the observation depth.

The simplest way to make aKaman-filter update of the hydrologic model
from Chapter 5, with near-surface soil moisture data from remote sensing
observations, isto diredly apply the inferred soil matric head over the observation
depth d. This eliminates the need for linearisation d the backscatering/brightness
temperature, dieledric and water retention models, thus eliminating lineaisation

errors in the observation equation. This is the only way in which model updates
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may be made using the hard-updating assmilation scheme. Hence, the Kalman-
filtering olservation equation (3.3) used in thisthesisis
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where T, is the surface soil temperature from thermal infra-red olservations and
Y, is the soil matric suction at the observation depth. Writing the observation
eguation in this form makes the soil moisture and temperature profile estimation
algorithm using the Kalman-filter asgmilation scheme extremely versatile, as it
allows for updating to be undertaken for either: (i) direct measurements of near-
surface soil moisture @ntent or; (ii) by inverting any algorithm which relates
nea-surface soil moisture @ntent to remote sensing olservations. This is a key
difference from the Kalman-filter study presented by Entekhabi et al. (1994,
which lineaised the brightness temperature model (2.15 of Njoku and Kong
(2977.

6.3 INITIALISATION PHASE

The one-dimensiona soil moisture and hea transfer model from Chapter 5
was initialised with the same poar initial guessused by Entekhabi et al. (1994,
matric head of —300cm and soil temperature of 15°C uniform throughou the soil

profile. Theinitial profile cndtionsareill ustrated in Figure 6.2.

The same model parameters, boundry condtions and initia profiles asin
Entekhabi et al. (1994, were used to replicate their situation for comparison. It is

then passble to comment on the form of the observation equation wsed in this
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Figure 6.2: Initial profile condtions: a) soil moisture; and b) soil temperature.

study, and contrast it to the lineaisation d the brightnesstemperature model used
in Entekhabi et al. (1994).

6.4 DYNAMIC PHASE

Upon initialisation with the poa initial guess of the soil moisture and
temperature profiles, the dynamic modelling plese was commenced
(sedion 3.5.2. In this phase, the same bourdary condtions as used for generating
the “true” soil moisture and temperature profiles were gplied. The one-
dimensional soil moisture and hea transfer model was then updited with nea-
surface “observations’ (taken from the “true” profile simulations) for various il
moisture observation depths and updating frequency, using the various
asgmilation schemes. This alowed evauation d the adgmilation schemes
efficiency, and assesgnent of the dfed from observation depth and uplate

frequency on profile estimation.

6.4.1 CONTINUOUS DIRICHLET BOUNDARY CONDITION

The ontinuows Dirichlet boundary condtion is where the boundry
node(s) are held at aknown value for a spedfied period. When the simulated nea-
surface soil states are updated using either the hard-update or Kaman-filter
asgmilation schemes, the model estimate of the states in the near-surface soll
layers are replaced with the observations, and the information contained in these
observations is transferred to degoer depths through the physics of the model.

Thus, these updating approadhes are in some degree similar to the mntinuows



Chapter 6 — Synthetic Sudy: 1D Soil Moisture Profile Estimation Page 6-6

’ f ! I A ' A
o ° a® am
ak g I £ ak &
o L3 ao e aoc e
_ o ° _ ] _ o e
ool : HE IR £ r1: «f £
= o ° = ano . = ano e
& o ° 3 @A o . 4 amo e
#oef g $1°F =f FE S £: %
o ° as o ° ar o e
o ° @A o . as o e
80 | o ° 80 [ 7Y . 80 @s o e
o ° an” o . @a o °
Day 0.0 E l Day 10 % é ‘ Day 20 %% % ‘
-100 I I I 100 I I ) q00 Ly i
-500 -400 -300 -200 -100 0 -500 -400 -300 -200 -100 0 -500 -400 -300 -200 -100 0
Matric Head (cm) Matric Head (cm) Matric Head (cm)
0 ‘ 0 t‘\ 0 ‘ T
a® .4 [
20 [ A ] 20 | as 20 @ B
g% ] -
ace -
s o g% 11 wf 8 1 wf 2
k=3 o = A
= aoe £ ae = as
g aroe g ane g ae
: Boy |0 wf B3 {5 wf =
L]
as o e e ae
aA o e oy} ae
-80 as o e -80 anoe - -80 ae -
s o e an® [o" )
Day30 w Day 4.0 Day50 i
-100 I I I 100 1 1 1 1 -100 1 1 1 1
-500 -400 -300 -200 -100 0 -500 -400 -300 -200 -100 0 -500 -400 -300 -200 -100 0
Maic Head (cm) Matric Head (cm) Matic Head (cm)
o -‘ , 0 -‘ , 0 .‘
[ £ ] ]
20 [ Y ] -20 a 20 [ 3 1
[-] [ ] »
[ ~ [ [
= w0 b a 1 8 «of a 4 2 40| 2 ]
§ 8 1 2 1 %
8§ 60 [ a & .60 [ a 8§ 0| a i
[ @ »
[+ @ [ ]
-80 > - -80 > -80 [ ] -
[~ [} »
Day 6.0 L Day 7.0 Day8.0
-100 L L L L -100 L L L L L 00 Lt A—A—A—A—A—A—A—A—A—A—‘—;
-500 -400 -300 -200 -100 0 -500 -400 -300 -200 -100 0 -500 -400 -300 -200 -100 0
Matric Head (cm) Matric Head (cm) Matric Head (cm)
0 T -\ T 0 T ‘\ 0 ~
» ] ..
20 [ [} 1 20 [ s B 20 | ] ,
) 'y [
= [ ] = L] []
g 40 [ . 18 4f . 1 wt " b
£ ) = . < %
g [ g [ 5 ]
3 60 [ s 4 & 60 Y 4 & 60 [ [} i
] [ ] []
'] [] ]
-80 |- I. — -80 I. — -80 |- - B
»
Day 0.0 ‘ Day 100 ‘ Day 200 \
100 Lo vt v n 200 Lo v vt v o 2100 L L L 11
-500 -400 -300 -200 -100 0 -500 -400 -300 -200 -100 0 -500 -400 -300 -200 100 0
Matric Head (cm)

Matric Head (cm) Matric Head (cm)

Figure 6.3: Comparison of soil moisture profile estimation wsing the cntinuous Dirichlet
boundary condtion for ohbservation depths of O (open circle), 1 (open square), 4 (open triangle)
and 10 cm (open damond) with the “true” soil moisture profile (solid circle) and the open loop
soil moisture profil e (open circle with da).

Dirichlet boundry condtion, at least for the period duing which the updated

surface node(s) remain close to the observation.

To identify how much of the profile estimation was a result of the adual
upckting d the model and hav much was a result of the @ntinuows Dirichlet
boundry condtion, a continuows Dirichlet boundry condtion was applied to the
nea-surface soil nodes for various observation depths. For the soil moisture
equation, the Dirichlet bourdary condtion was applied to depths of O (surface
node), 1, 4and 10cm, while for the temperature eguation, the Dirichlet bourdary
condtionwas applied orly to the surfacenode. Observations over adepth of 1 cm
would be representative of what can be adieved from most current remote

sensing systems, whilst 10 cm represents the maximum observation depth that is
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Figure 6.4: Comparison of soil temperature profile estimation wing the continuous Dirichlet
boundary condtion for observations of the surface node (open circle) with the “true” solil
temperature profile (solid circle) and the open loop soil temperature profile (open circle with da).

likely from current techndogy. Temperature observations are for the surface node

aone, asthisisall that can be observed with thermal infra-red sensors.

The soil moisture and temperature profile estimation results are given in
Figure 6.3 and Figure 6.4 respectively. In these figures, the “true” profiles are
compared with the estimated profiles, as well as an “open loop’ simulation. The
open loop simulation is where no “observations” were used and the system was
simply propagated from the initia condtions subjed to the surface flux

(Neumann) bourdary conditions.

The estimated soil temperature profil es differ dightly for the diff erent soil
moisture observation depths, due to the difference in soil moisture profile
estimation. Thisis aresult of the dependence of soil thermal conductivity and hea
cgpacity on the soil moisture, and the liquid mass flux. The etimated soll
temperature profile plotted in Figure 6.4 is only for the 4 cm soil moisture
observation depth, which is typicd of the soil temperature results from other soil
moisture observation depths.
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Figure 6.5: lllustration o the continuous Dirichlet boundary condition applied for estimation o the
soil temperature profile. The dashed lineis the “true” Dirichlet boundary condtion while the solid
line isthe gproximation to the Dirichlet boundary condition

The soil moisture @ntent and soil temperature & the surface of the soil
column change with time. In order to maintain the continuous Dirichlet boundary
condtion at the “true” value, it was necessry to upchte the near-surface values
regularly. Therefore the near-surface values used for the continuows Dirichlet
boundry condtion were updated once esery hour, with the “observed” value &
the beginning d the one hou simulation period. Hence, the simulated soil
temperature in Figure 6.4 always lagged behind the “true” soil temperature by ore

hou at the soil surface (see Figure 6.5).

The ntinuows Dirichlet boundry condtion applies the “true” soil
moisture and temperature values near the soil surface. Figure 6.3 and Figure 6.4
show how this boundry condtionwas dowly transferred from the nea-surface to
degoer depths by the model physics. Thus, starting from the soil surface, the
profile estimation algorithm adjusted its estimate of the soil moisture and
temperature profile towards the “true” soil moisture and temperature profile
values, whil e the open loop showed noimprovement. Sincethe system was drying
and the poar initial guesswas smewhat drier than that for the “true” profile, the

open loop moisture profile continued to dry, diverging from the “true” profile.

The open loop soil temperature and moisture profiles responced
differently to the soil moisture profile. As the system was subjed to a diurnal soil
hea flux, there was a diurna soil temperature variation in the upper sedion d the
soil profile, which continued to maintain its difference from the “true’ soil
temperature profile of approximately 5°C, except for very shalow depths. This

difference nea the soil surface was most likely due to the open loop soil moisture
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profile beaoming very much drier than the “true” soil moisture profile & the soil
surface, which allowed greater temperature variations for the same soil hea flux,

asaresult of areduced heat capadty of the soil .

When the Dirichlet boundxry condtion was applied owver deeper depths,
improvements in estimation d the soil moisture profile occurred more quickly.
Soil moisture profile estimates coincided with the “true” soil moisture profile
(ie. the “true” soil moisture profile was retrieved) after approximately 8 days for
the Dirichlet boundry condtion at the surfacenode. In comparison, the “true”
soil moisture profil e was retrieved after only approximately 5 days when upditing
the top 10 cm. Once the “true” soil moisture profile was retrieved, the model
continued to trad the “true” soil moisture profile. This was because there was no
“model error” in these simulations, and the only reason for difference between the
estimated, open loop, and “true” soil moisture profiles during early simulations,

was the poar initial guessof the soil moisture profile.

Retrieval of the “true” soil temperature profile proceeded more slowly
than for soil moisture, requiring more than 20 days. After 20 days, the estimated
and “true” soil temperature profil es differed bylessthan 1°C at deeper depths.

6.4.2 UPDATING ONCE EVERY HOUR

As a first step towards more pradicdly redistic one-dimensional soil
moisture and temperature profil e estimation, and to compare with Entekhabi et al.
(1994, bah the hard-update and Kalman-filter asgmil ation schemes were gplied
once e/ery hou using surface “observations’ with various observation depths.
For the soil moisture equation, the observation depths were taken to be O (surface
node), 1, 4and 10cm, while for the temperature equation the observation depth
was taken as the surface node. The vaues that have been used for the surface
“observations” were the simulation values from the “true” profiles for that time
and cepth.

This sdion looks at soil moisture and temperature profile estimation
results from both zero moisture and heat flux at the base of the soil column
(normal simulation) and gavity drainage and heat advection at the base of the soil
column, for comparison with simulation results of Entekhabi et al. (1994. A
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sensitivity analysis of soil moisture and temperature profile estimation to factors
likely to influence the difference in Kaman-filter estimates of the soil moisture
profile from those of Entekhabi et al. (199) isaso presented.

6.4.2.1 Normal Simulation

The normal simulation results include assmilation o near-surface
observations using bdh the hard-updating and Kaman-filtering schemes. Hard-
updating simulation results for soil temperature profile estimation showed littl e
variation with soil moisture updating for different depths. Hence the soil
temperature profile estimation results are only given for hard-updating d the soil
moisture profile with an observation depth of 4 cm. However, soil temperature
profiles from Kaman-filtering are given for al soil moisture observation depths,
This is because the Kaman-filter produced dfferent soil temperature profile
estimates for different soil moisture observation depths, as aresult of its ability to
make ajustments to the eitire temperature profile, rather than just the surface
noce.

Hard-updating results are for the time step immediately prior to the update,
whilst the profiles from the Kaman-filter asamilation scheme ae the actual
Kaman-filter update. This is the situation for all simulations presented in this

thesis.

6.4.2.1.1  Hard-Updating

The hard-updeting asgmilation scheme performs an instantaneous
replacement of the model estimate with the “true” soil moisture and temperature
values over the observation depth once every hour. Thus, the only way in which
extra soil moisture mass or heat energy could be added to o removed from the
soil system was through the observations at the surface node(s). It can be seen
from baoth Figure 6.6 (soil moisture) and Figure 6.7 (soil temperature) that if this
information was only provided for the surface node, then there was no
improvement in the profile estimates and the results were similar to thase of the
open loop. This was most likely becaise the model was driven by gadients, and
the gradients at the nodes below the surface node over-rode the update, rapidly
repladng the update value with the original value. However, when the time step
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Figure 6.6: Comparison of soil moisture profile etimation wsing the hard-update sssmilation
scheme for observation depths of O (open circle), 1 (open square), 4 (open triangle) and 10 cm
(open diamond) with the “true” soil moisture profil e (solid circle) and the open loop soil moisture

profile (open circle with

da).

size of the very first time step after the update was increased by three orders of
magnitude, then some of the updating information at the surfacenode was passed

to deeper depths.

The dight variation in the temperature profile from the open loop pofile

for the hard-update asgmil ation scheme was probably a result of the improvement

in soil moisture profile estimates. This was because soil hea capacity and soil
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Figure 6.7: Comparison of soil temperature profile simulation wsing the hard-update assmilation
scheme for observations of the surfacenode (open circle) with the “true” soil temperature profile
(solid circle) and the open loop soil temperature profil e (open circle with da).

therma conductivity are afunction d soil moisture, and the soil temperature

eguationisafunction d soil moisture amntent and the soil moisture flux.

Figure 6.6 shows that improvement in soil moisture profile estimation
proceeded more quickly as the observation degpth was increased, as was the case
for the cntinuows Dirichlet bourdary condtion. However, the dfed was much
more pronourced here. This may be because the @ntinuouws Dirichlet boundary
condtion esentialy controll ed the rate of moisture flux nea the soil surface, with
the depth over which the mntinuows Dirichlet bourdary condtion was applied
controlling the depth at which this flux was applied. Thus for degoer observation
depths the flux was applied degoer within the soil column, resulting in a slightly
reduced dstance for propagation d this boundry condtion into the soil profile,
and hence adightly faster improvement in soil moisture profile estimation. In
hard-updeting there was an updite of the surface nodes for a given instant in time.
Hencethe “true” near-surface moisture flux was only applied for a short period o
time, as this update information was redistributed to deegoer depths relatively
quickly, with the nea-surface states and fluxes returning quckly to their original

values. More importantly for the hard-updete assmilation scheme, is that the
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depth of update ntrolled the anourt of soil moisture and hed energy that was
added to the system for redistribution to deger depths. It was this limited
addition/subtradion d soil moisture mass and hea energy to the soil system in
the hard-update assmilation scheme that made the effect of observation depth so

pronourced.

Retrieval of the “true” soil moisture profile using herd-updating
(Figure 6.6) required more than 20 days for observations over 1 cm,
approximately 12 days for 4 cm and approximately 8 days for 10 cm. These
retrieval times are significantly longer than for the cntinuows Dirichlet bourdary
condtion d equivalent observation depth, especially for shallower observations,
indicaing that the extra soil moisture being added to the system through the
update was playing a more prominent role than the dfedive Dirichlet boundry
condtion.

6.4.2.1.2 Kalman-Filtering

The Kalman-filter performed an instantaneous update of the entire profile
once e/ery hou, based on the relative magnitudes of the wvariances of the
observations and the model prediction. It could thus add a subtrad soil moisture
mass or hed energy from the system for more than just the near-surface nodes.
However, the values assgned to the initial state covariance matrix, olbservation
noise ad system noise have asignificant effect on the improvement in profile
estimation. Hence for comparison with Entekhabi et al. (1994, their observation
and model covariances, and system noise, shoud be replicated. Entekhabi et al.
(1999 used an olservation nase of 2% of the observed state (diagorel) and a
system noise of 5% of the simulated system state (diagorel). However, the value
assgned to theinitial state cvariances was not stated.

In this dudy, the initial state mvariance matrix was 1000000for the
diagordl elements and zero for the off diagonal elements, representing a large
uncertainty in the initial profile values and no correlation between nades. The
observation variances were 2% of the observed system state (matric head o soil
temperature) for the diagoral elements and zero onthe off diagonal elements. The
system noise was 5% of the diange in system states for each time step, for
diagoral elements, compared with 56 of the actual system state value for
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Figure 6.8: Comparison of soil moisture profile estimation using the Kalman-filter assmilation
scheme for observation depths of O (open circle), 1 (open square), 4 (open triangle) and 10 cm
(open diamond) with the “true” soil moisture profil e (solid circle) and the open loop soil moisture
profile (open circle with da); initial state variances 1000000, observation variances 2% of
observations and system noise 5% of change in states.

Entekhabi et al. (1994, and zero for the off diagoral elements. The reason for this
was that adding 3% of the state to the diagonal elements of the system covariance

matrix at each time step produced extremely large covariances, and was
dependent on the number of time steps between olservations.

Figure 6.8 shows that improvements in the soil moisture profile estimation
proceeded more quickly as the observation depth was increased. However, there
was not a great difference between the time taken to retrieve the “true’ soil
moisture profile for observations at the surface node and olservations over a
depth of 10cm.

The updated moisture profile for the very first update & time 1 hou
contained some artefads, which were nat present in later updates. These artefads
were aresult of the initial state cvariances and the poar initia guess However,
as the profile estimation algorithm procealed, the state cvariance matrix was
“warmed ug and the difference between the forecast surface states and

observations became less so that a more uniform and systematic progresson
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Figure 6.9: Comparison of soil temperature profile estimation wsing the Kalman-filter assmilation
scheme for observations of the surface node (open symboals) with the “true” soil temperature
profile (solid circle) and the open loop soil temperature profile (open circle with da). Estimated
soil temperature profil es correspond with soil moisture profile estimation for observations of 0
(open circle), 1 (open square), 4 (open triangle) and 10cm (open damond); initial state variances
1000000, ohservation variances 2% of observations and system naoise 5% of change in states.

towards the “true” soil moisture profil e was achieved. As the updating progressd,
the Kalman-filter continued to make aljustments to the soil moisture profile &
deegoer depths until the “true” soil moisture profile was retrieved, at which stage
the soil moisture profile estimation algorithm continued to tradk the “true” soil

moisture profile.

Retrieval of the “true” soil moisture profile using the Kaman-filter
assmil ation scheme required only approximately 12 hous of updating each hour,
independent of the observation depth. This is compared to 8 days for the hard-
update asdmilation scheme with observations over a depth of 10 cm, and no
improvement for observations at the surface node. Retrieval of the “true” soil
temperature profile using the Kalman-filter assmilation scheme (Figure 6.9)
required approximately 2 days of updeting, compared with no improvement for
the hard-update asdmilation scheme. These simulations iow very convincingly

that improvements in profile estimation wing the Kaman-filter assmilation
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Figure 6.10: Entekhabi’s comparison of soil moisture profile estimation wsing the Kalman-filter
assmilation scheme (solid circles) with the “true” soil moisture profile (open circles) and open
loop soil moisture profile (open triangle) (Entekhabi et al., 1994)

scheme are aresult of profile updeting over depths greater than the observation
depth.

Comparing the results in Figure 6.8 with those from Entekhabi et al.
(1999 in Figure 6.10, it is obvious that the soil moisture profiles in their
simulations dried much more quickly than in these simulations. Thus, it would
appear that the boundary condtions applied to their model are somewhat diff erent
to those indicaed. Either the evaporation rate indicaed was too low, or there was
a nonzero moisture flux boundry condtion at the soil base. By undertaking
simulations with various evaporation rates and boundry condtions, it becane
apparent that a gravity drainage bourdary condtion at the base of the soil column
gave the dosest comparison d soil moisture profiles with those of Entekhabi et
al. (1994.

6.4.2.2 Gravity Drainage and Heat Advection Simulation

As the soil moisture profiles generated in Figure 6.8 were vastly diff erent

to those of Entekhabi et al. (1994, noconclusive comparison could be made with
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their results. Thus, the houly updite simulations were repeded for gravity
drainage and heat advection at the base of the soil column.

Comparison d “true” and open loop moisture profiles in Figure 6.6 (zero
flux at base) with Figure 6.11 (gravity drainage) reveded a large difference. The
soil moisture profiles with zero flux at the wlumn base had an initial wetting up
of lower depthsin the profil e, whil st the profil es from gravity drainage maintained
the initial soil moisture mntent at depth. The dfed of this was to increase the
curvature of the matric heal profile under the gravity drainage boundiry
condtion.

The “true” soil moisture profile dried ou much more quickly under the
gravity drainage boundry condtion, whilst the open loop pofile dried ou only
dlightly faster. This was due to the moisture antrol of the moisture flux at the soil
column base, with the gravity drainage flux being geater for higher soil moisture
contents, due to the greater hydraulic conductivity. Hence the “true” and open
loop pofiles did na diverge a quickly under the gravity drainage boundary
condtion. In addition, the moisture retention curve is exporential. Thus dight
changes in vdumetric soil moisture content had a @rrespondng large cange in
matric head at lower soil moisture ntents, exacerbating the difference in “true’
and open loop matric head profiles for the zeo flux boundry condtion. This
would indicae that the use of a gravity drainage boundxry condtion shoud
improve soil moisture profile estimation results, particularly throughthe moisture
dependence on the gravity drainage, causing the “true” and goen loop pofiles to
converge from the base. This aso means that in pradical applicaions, the
underlying soil will change the daracteristics of the soil moisture profile
estimation process

6.4.2.2.1 Hard-Updating

In bah Figure 6.11 (soil moisture) and Figure 6.12 (soil temperature) it
can be ayain seen that if hard-updetes were made for the surface node done, then
there was no improvement in the profile estimation and the system continued in
the same fashion as the open loop. As the soil moisture observation depth was
increased, improvements in the soil moisture profile estimation were
acomplished. The dfed of increasing the observation depth on estimating the
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Figure 6.11: Comparison d soil moisture profile estimation wsing the hard-update assmilation
scheme for observation depths of 0 (open circle), 1 (open square), 4 (open triangle) and 10 cm
(open damond) with the “true” soil moisture profile (solid circle) and the open loop soil moisture
profile (open circle with da). Gravity drainage boundary condition at base of soil column.

soil moisture profile was again much more pronownced than for the @ntinuows

Dirichlet boundary condition.

Retrieval of the “true” soil moisture profile using hard-updating required

more than 20 dys for observations over 1 cm, approximately 16 cays for 4 cm

and approximately 10 days for 10 cm. These times were dlightly longer than for

the zeo flux boundry condtion at the base of the soil column, which is courter

intuitive. As time proceeds, the soil moisture profiles converged at the base of the
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Figure 6.12: Comparison d soil temperature profile estimation wsing the hard-update assmilation
scheme for observations of the surfacenode (open circle) with the “true” soil temperature profile
(solid circle) and the open loop soil temperature profile (open circle with da). Gravity drainage
and advedion boundary condtions at base of soil column.

soil column, as well as at the soil surface, due to the moisture @ntrol on the

gravity drainage flux. Thisis the most natable diff erence between the simulations

in Figure 6.6 and Figure 6.11

6.4.2.2.2 Kalman-Filtering

The soil moisture profile estimation results in Figure 6.13 for the Kalman-
filter assmilation scheme have ajain shown that estimation o the “true’ soil
moisture profil e proceeded slightly faster as the observation depth was increased.
However, there was littl e time diff erence between the time required to retrieve the
“true” soil moisture profile for observations at only the surface node and
observations over a depth of 10 cm. The updated profiles in Figure 6.13 contain
the same atefacts as were seen in Figure 6.8, with retrieval of the “true” soil
moisture profile taking approximately 16 hous, independent of the observation
depth. This is compared with 10 dys for the hard-updete assgmilation scheme
with olservations over a depth of 10 cm. As for hard-updating, the time required
to retrieve the “true” soil moisture profile using the Kalman-filter assmilation
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Figure 6.13: Comparison d soil moisture profile estimation wsing the Kalman-filter asgmilation
scheme for observation depths of 0 (open circle), 1 (open square), 4 (open triangle) and 10 cm
(open damond) with the “true” soil moisture profile (solid circle) and the open loop soil moisture
profile (open circle). Gravity drainage boundary condition at base of soil column, initial state
variances 1000000, observation variances 2% of observation and system noise 5% of change in
states.

scheme for the gravity drainage was dightly longer than for the zro flux

boundxry condtion.

Retrieval of the “true” soil temperature profile using the Kalman-filter
assmil ation scheme required approximately 2 days of updeting (Figure 6.14), in
comparison with noimprovement in the estimates il temperature profile for the
hard-update asgmilation scheme. The time required to retrieve the “true” soil
temperature profil e using the Kaman-filter for the gravity drainage and advection
boundry condtions was approximately the same as for the zro flux boundry

condtions.

The time taken for the soil moisture profile estimation algorithm to
retrieve the “true” soil moisture profile using the Kalman-filter in Figure 6.13 was
much shorter than that required by Entekhabi et al. (199) in Figure 6.10, being
approximately 16 hous as compared to approximately 4 days. Furthermore, it
shoud also be noted that the profile estimation o Entekhabi et al. (19%)

converged towards the “true” profile from the bottom. This is counter-intuitive, as
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Figure 6.14: Comparison o estimated soil temperature profiles using the Kaman-filter
asdmilation scheme for observations of the surface node (open symbols) with the “true” soil
temperature profile (solid circle) and the open loop soil temperature profile (open circle with da).
Estimated profiles correspond with soil moisture profile estimation for observation depths of 0
(open circle), 1 (open square), 4 (open triangle) and 10(open diamond) cm. Gravity drainage and
advedion boundary conditions at base of soil column, initial state variances 1000000, observation
variances 2% of observation and system noise 5% of changein states.

observations are made nea the surface of the profile. Hence, it would be expeded
that improvements in the profile estimation would converge towards the “true”
profile from the soil surface as %e in the simulations © far in this thess.
However, for updating orce every 5 days using extremely small initial state
variances (Figure 6.37), improvements in soil moisture profile estimates
converged towards the “true” soil moisture profile from the bottom of the soil

column.

6.4.2.3 Sensitivity Analysis of Kalman-Filtering

There ae threekey factors that play a prominent role in the Kaman-filter
assmil ation scheme. Hence, differences in the soil moisture profile estimation as
compared with Entekhabi et al. (1994 may be aresult of differences in their
spedficdion. These fadors are: (i) the initial state variances; (ii) the system noise;
and (iii) the observation nase. As the initial state variances used by Entekhabi et
al. (1999 were not stated, the initial state variances are likely to be different.
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Figure 6.15: Comparison d soil moisture profile estimation wsing the Kalman-filter assmilation
scheme for an observation depth of 1 cm with initial variances of 0 (open circle), 1 (open square),
100 (open upward triangle), 10000 (open damond) and 1000000 (open downward triangle) with
the “true” soil moisture profile (solid circle) and the open loop soil moisture profile (open circle
with da). Gravity drainage boundary condition at base of soil column, system noise of 5% of the
change in system state during the time step and observation ndse of 2% of the observation.

Also, applicdion d the system noise by Entekhabi et al. (1994 is unclear,
meaning that the system noise used was not identicd. Furthermore, the
observations used by Entekhabi et al. (1994 for soil moisture profile estimation
were the simulated brightness and thermal infra-red temperatures, and the
observations used in this gudy were the system states (matric head and soil
temperature) for a given observation depth. Thus, the observation nase, being a
propation d the observed state value, was different for these two situations. To
identify the dfed of these three factors on estimation d the soil moisture profile
using the Kaman-filter, a sensitivity analysis of the initial state variances,
observation nase and system noise was performed, for a moisture observation
depth of 1 cm. The dfed of model discretisation was also assessd.
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Figure 6.16: Comparison d soil temperature profile estimation wsing the Kaman-filter
asgmil ation scheme for observations of the surfacenode with initial variances of O (open circle), 1
(open square), 100 (open upward triangle), 10000 (open damond) and 1000000 (open downward
triangle) with the “true” soil temperature profile (solid circle) and the open loop soil temperature
profile (open circle with da). Gravity drainage and advedion baindary conditions at base of soil
column, system noise of 5% of the change in system state during the time step and olservation
noise of 2% of the observation.

6.4.2.3.1  Sensitivity to Initial State Variances

The initial state variances fecify one's confidence in the initial state
values. Giving these variances a large value signifies littl e cnfidencein theinitial
state values, alowing the Kaman-filter to make strong updtes, providing the
observation variances are comparatively low. The value asgned to the initial
state variances will therefore have amajor influence on the aility of the Kalman-
filter to make strong updtes. To identify how important this was, simulations
were performed for initial state variances of 0, 1, 100, 1000@nd 1000000with a
system noise of 5% of the diange in system state during the time step and
observation nase of 2% of the observed state value. These simulations are given
in Figure 6.15for soil moisture and Figure 6.16 for soil temperature.

Both Figure 6.15 and Figure 6.16 confirm that updating proceels more
cautioudly as the initial state variances are reduced. However, the estimated soil

moisture profile still proceeaded towards the “true” soil moisture profile from the
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surface down, urike the results given by Entekhabi et al. (19H). Retrieval of the
“true” soil moisture profile required approximately 16 hous, 1 day, 2 days and
more than 4 days, while retrieval of the “true” soil temperature profile required
approximately 2 days, 2 days, 2.5days and 4 days for initia state variances of
1000000, 10000100 and 1 respectively. There was no improvement in profile
estimation for an initial state variance of zero. This was expeded, as an initial
state variance of zero suggests that the initial states were known exadly for the
entire soil profile. Hence, information contained in the observations was ignored
as it was considered more likely to be in error than the model estimates of the
system states. An initial state variance of 1 still alowed improvement in the
profile estimates, even thoughit represented a very low uncertainty in the initial
profil e states, albeit at a much slower rate. Retrieval of the “true” profiles was dill
achieved for the initial state variance of 1, as this snall variance signified to the
filter that there was ome uncertainty in the model states, and that some
knowledge may be gained from the observations, provided that the uncertainty in
the observations was not too ged.

6.4.2.3.2  Sensitivity to System Noise

In addition to the initial state variances, the system noise has a mgor
influence on the magnitude of the system state @variances, through the
covariance propagation equation. When model updates are performed by the
Kaman-filter, the system state covariances are reduced to acourt for the extra
knowledge gained from the observations, based onBayes theory. Thus, if thereis
no system noise term, the system state cvariances can eventually go to zero. If
the model was perfect, then this would be satisfadory. However, the majority of
models are far from perfed, espedally when lineaisation is required. Thus, the
system noise term is included to acount for the uncertainty in covariance
propagation caused by errorsin state propagation. This has the dfed of increasing
the system state avariances during the inter-observation periods.

To quantitatively identify the sensitivity of improvements in soil moisture
and temperature profile estimates to the system noise, simulations were performed
for a system noise of O, 2, 5, 10and 20% of the dhange in system state during
ead forecast time step, with an observation nase of 2% of the observed state and
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Figure 6.17: Comparison d soil moisture profile estimation wsing the Kalman-filter assmilation
scheme for an olservation depth of 1 cm having a model noise of O (open circle), 2 (open square),
5 (open upward triangle), 10 (open damond) and 20 % (open downward triangle) of the change in
system state during the time step with the “true” soil moisture profile (solid circle) and the open
loop soil moisture profile (open circle with da). Gravity drainage boundary condition at base of
soil column, observation ndse of 2% of the observation and initial covariances of 100.

an initial state variance of 100. An initial state variance of 100 was used for
several reasons: (i) it alowed for slower convergence of the estimated profile
towards the “true” profil e, which was more representative of the profile estimation
given by Entekhabi et al. (1994); and (ii) the effects from the different values of
system noise were more @parent for a lower initial state variance These
simulations are given in Figure 6.17 for soil moisture and Figure 6.18 for soil

temperature.

Both Figure 6.17 and Figure 6.18 have shown that changing the system
noise had a minimal effed on the improvement in soil moisture and temperature
profile estimation for this particular situation, with no naiceale differences over
the range of system noise used. However, this may na be the cae for a different
form of system noise, as only relatively small changes were made in the system
states for each time step, resulting in relatively low levels of system noise for each
of the caes smulated. Different forms of system noise auld be: (i) a percentage

of the maximum change in state over the entire profile for the time step; or (i) a
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Figure 6.18: Comparison d soil temperature profile estimation wing the Kalman-filter
asdmil ation scheme for observations of the surfacenode having a model noise of 0 (open circle),
2 (open square), 5 (open upward triangle), 10 (open damond) and 20% (open downward triangle)
of the dhange in system state during the time step with the “true” soil temperature profile (solid
circle) and the open loop soil temperature profile (open circle with dot). Gravity drainage and
advedion boundary conditions at base of soil column, observation noise of 2% of the observation
andinitial variances of 100.

percentage of the adual state value, normalised to accourt for time step size. In

this way, the system state cvariances would na be dfected by the number of
time steps taken between olservations.

6.4.2.3.3  Sensitivity to Observation Noise

Apart from system state covariances, the rate of improvement in profile
estimation could be influenced by the observation nase. The reason for thisisthat
Kaman-filter updates are made based on the relative magnitudes of the system
state axd oflservation covariances. Thus, if the system state observation
covariances are large relative to the observation covariances, the Kaman-filter
places its faith in the observations over the modd states, making large
adjustments to the model profiles. If on the other hand the observation
covariances are large in comparison to the modell ed system state @mvariances, the
Kaman-filter places its faith in the model states over the observations, making
only minor adjustments to the model profiles. To quantitatively identify the
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Figure 6.19: Comparison d soil moisture profile estimation wsing the Kalman-filter assmilation
scheme for an olservation depth of 1 cm with an observation ndse of O (open circle), 2 (open
square), 5 (open upward triangle), 10 (open damond) and 20% (open downward triangle) of the
observation with the “true” soil moisture profile (solid circle) and the open loop soil moisture
profile (open circle with da). Gravity drainage boundary condition at base of soil column, system
noise of 5% of the thange in system state during the time step and initial variances of 100.

sensitivity of improvements in profile estimation to the observation covariances,
simulations were performed for an observation nase of 0, 2, 5, 10and 20 of the
observed state, with an initia state variance of 100 and system noise of 5% of the
change in system state during the time step. These simulations are given in

Figure 6.19for soil moisture and Figure 6.20 for soil temperature.

Both Figure 6.19 and Figure 6.20 have shown that changing the
observation nase had a stronginfluence onimprovementsin the estimation d soil
moisture and temperature profiles, with the rate of improvement in profile
estimation becoming slower as the observation nase was increased. This agrees
with expedations. The rate of improvement in profile soil moisture estimates
occurred much more quickly for “perfed” observations than for even a very low
level of observation nase (2%), with retrieval of the “true” soil moisture profile
requiring approximately 12 hous of updating as compared to 2.5 dys. This was
not the cae for estimation d the soil temperature profile, with retrieval of the

“true” soil temperature profile requiring approximately 2.5 days of updating for
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Figure 6.20: Comparison d soil temperature profile estimation wing the Kalman-filter
asdmilation scheme for observations of the surface node with an observation noise of 0 (open
circle), 2 (open sguare), 5 (open upward triangle), 10 (open damond) and 20% (open downward
triangle) of observation with the “true” soil temperature profil e (solid circle) and the open loop soil
temperature profile (open circle with da). Gravity drainage and advedion baundary conditions at
base of soil column, system naoise of 5% of the change in system state during the time step and
initial variances of 100.

both situations, and 3.5days for higher levels of observation nase. However,
temperature profile updating with “perfed” observations caused some aratic
upckting at degper depths, whil st the “noisy” observations proceeded cautiously in

amonaonic manner towards the “true” profil e.

Using a very low initial state variance of 100, system noise of 5% of
change in states during the time step and olservation variance of 5% of
observations, resulted in a soil moisture retrieval time that was smilar to that of
Entekhabi et al. (1994. However, the way in which the estimated soil moisture
profile gproadied the “true” soil moisture profile was not consistent with their

results.

6.4.2.3.4  Sensitivity to Model Discretisation

Ancther factor that could passbly have an influence on the Kalman-filter
update is the number of nodes in the observation depth. Therefore, for soil
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Figure 6.21: Comparison d soil moisture profile estimation wsing the Kalman-filter assmilation
scheme for an observation depth of 1 cm (open circle) with the “true” soil moisture profile (solid
circle) and the open loop soil moisture profile (open circle with da) for an increased number of
nea-surfacenodes. Gravity drainage boundary condtion at base of soil column, system noise of
5% of the change in system state during the time step, observation noise of 2% of the observation
andinitial state variances of 1000000.

moisture updating ower a depth of 1 cm, the number of nodes in the top 1cm of
the soil profile was increased from 3 to 10. The results from this smulation are

givenin Figure 6.21 for soil moisture and Figure 6.22 for soil temperature.

Comparison d Figure 6.21 and Figure 6.22 with Figure 6.13 and
Figure 6.14 indicae that increasing the number of nodes within the observation
depth had a minimal effed on estimation d the “true” soil moisture ad
temperature profiles. These simulations indicae alow sensitivity of the rate of
improvement in soil moisture and temperature profile estimation and the shape of
these profil es to the number of nodes in the observation depth.

6.4.3 UPDATING ONCE EVERY DAY

An olservation frequency of once every hou is unredistic for any
pradical applicaion d soil moisture profile estimation from remotely sensed
nea-surface soil moisture observations. At best, we may exped arepea coverage

of once every day. However, the results from updating orce every hou are
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Figure 6.22: Comparison o soil temperature profile estimation wing the Kaman-filter
asdmilation scheme for observations of the surface node (open circle) with the *true” soil
temperature profile (solid circle) and the open loop soil temperature profile (open circle with da)
for an incressed number of nea-surface nodes. Gravity drainage and advedion baindary
condtions at base of soil column, system noise of 5% of the change in system state during the time
step, observation nase of 2% of the observation and initial state variances of 1000000

applicable to soil moisture profile estimation from a single soil moisture probe

that is monitoring rea-surfacesoil moisture content at aweaher station.

To assessthe viahility of estimating soil moisture and temperature profil es
from dally observations, bah the hard-update and Kalman-filter assmilation
schemes were gplied for nea-surface observations once every day. This dudy
was undertaken in the same manner as for updating orce every hou, with the
boundry condtion at the base of the soil column being zero moisture and hea
flux. Thisis the boundary condtion wed for al of the simulations that follow in
this chapter.

6.4.3.1 Hard-Updating

The soil moisture and soil temperature profile estimation results using the
hard updite assmilation scheme for observations once every day are given in
Figure 6.23 for soil moisture and Figure 6.24 for soil temperature. The results in

Figure 6.23 indicate once more the benefit of an increased depth knowledge with
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Figure 6.23: Comparison d soil moisture profile estimation wsing the hard-update assmilation
scheme over depths of 1 (open circle), 4 (open square) and 10 cm (open triangle) with the “true”
soil moisture profile (solid circle) and the open loop soil moisture profile (open circle with da).
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Figure 6.24: Comparison d soil temperature profile estimation wsing the hard-update assmilation
scheme for observations of the surfacenode (open circle) with the “true” soil temperature profile
(solid circle) and the open loop soil temperature profil e (open circle with da).
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hard-updating. An olservation depth of 10 cm facilit ated improvement in the soil
moisture profile estimation much more rapidly than for 4 cm, whilst an
observation depth of 1 cm resulted in essentially no improvement after 20 days.
This was due to the soil moisture massbalance problem discussed in the previous

sedion.

An observation depth of 1 cm is representative of what can be adieved
from most current remote sensing systems. Hence, it is obvious that a means of
allowing extra soil moisture massto be alded to or subtraded from the system (as
the cae may be) must be identified, in order for the hard-update assmilation
scheme to be dfedive for realistic observation depths and olservation intervals.
Figure 6.24 showed orce more the failure to make improvements to the soil
temperature profile estimation from an instantaneous hard-update for only the
surface noce. Thus for soil temperature profiles to be estimated correctly under
the hard-update assmilation scheme, a means for al owing extra hed energy to be

added to o subtracted from the system was also required.

6.4.3.2 Hard-Updating and Dirichlet Boundary Condition

The most obvious lution to the soil moisture mass and hed energy
balance problem with the hard-update assmilation scheme was to perform the
hard-updete and then hdd the update values fixed for some period d time.
Providing it is nat raining, bdh soil moisture and temperature values do nd
change much over aperiod d 1 haur. Thus, the hard-update assmil ation scheme
was applied with a Dirichlet boundxry condtion for a period d 1 hou. The
results from this smulation are given in Figure 6.25 for soil moisture and Figure
6.26 for soil temperature. This smulation dffers from the continuous Dirichlet
boundry condtion smulations in sedion 6.4.1in that the Dirichlet boundry
condtionwas only applied for 1 haur out of every 24 hou period.

Figure 6.25 shows that use of the Dirichlet boundary condtion improves
estimation d the soil moisture profile, and that improvements in soil moisture
profile estimation still occurred more quickly for deeper observation depths.
Improvements in soil moisture profile estimation wsing the 1 cm observation
depth were quicker than improvements in soil moisture profile estimation wsing
the 4 cm observation depth withou the Dirichlet boundry condtion.
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Figure 6.25: Comparison d soil moisture profile estimation wsing the hard-update assmilation
scheme with a Dirichlet boundary condition for 1 haur over observation depths of 1 (open circle),
4 (open square) and 10 cm (open triangle) with the “true” soil moisture profile (solid circle) and
the open loop soil moisture profile (open circle with dot).

Improvements in soil moisture profile estimation for the 4 cm observation depth
were gproximately equivalent to improvements in soil moisture profile
estimation for the 10 cm observation depth withou the Dirichlet boundary
condtion. Furthermore, improvements in estimation d the soil moisture profile
for the 4 cm observation depth were gproximately twice & fast as for the 1 cm
observation depth, and the 10 cm observation depth was approximately twice &
fast again.

By using the Dirichlet boundary condtion for a period of 1 hour after the
update, improvements in estimation d the soil moisture profile were atieved for
all observation depths. However, retrieval of the “true” soil moisture profile did
not occur within 20 diys. Likewise, improvements in estimation d the soil
temperature profile were adieved from observation d the soil skin temperature,
but retrieval of the “true” soil temperature profile did na occur within the
20 dbys. Hard-upditing orce every day, even with a Dirichlet boundary condtion
for 1 hou period, yielded significantly slower retrieval of the “true” soil moisture

profil e than an instantaneous hard-update once every haur (8 days as compared to
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Figure 6.26: Comparison d soil temperature profile estimation wsing the hard-update assmilation
scheme with a Dirichlet boundary condition for 1 haur at the surfacenode (open circle) with the
“true” soil temperature profile (solid circle) and the open loop soil temperature profil e (open circle

with da).

more than 20 days for the 10 cm observation depth). This indicaes that more
frequent observations are more useful for estimation o soil moisture and
temperature profil es than knowledge of the near-surface observations for a greater

period d time.

6.4.3.3 Kalman-Filtering

The results from simulations using the Kalman-filter assmil ation scheme
are given in Figure 6.27 for soil moisture and Figure 6.28 for soil temperature. In
these figures, the asmilation d nea-surface soil moisture and temperature
observations for different soil moisture observation depths have different initial
state variances. The reason for this was that the Kalman-filter assmil ation scheme

with daily updating was foundto be more sensitive to the initia state variance for
deegoer observations.
For observation depths of 4 cm and 10cm and an initial state variance of

1000000 (Figure 6.29), the Kalman-filter initially made a very poor upcete
(negative improvement) of the soil moisture profile & the first updete (day 1). At
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Figure 6.27: Comparison d soil moisture profile estimation wsing the Kalman-filter assmilation
scheme for observation depths of O (open circle), 1 (open square), 4 (open triangle) and 10 cm
(open diamond) with the “true” soil moisture profil e (solid circle) and the open loop soil moisture
profile (open circle with da); initial state variances of 1000000, 1000000, 10000 and 1@0
respedively. Observation variances 2% of observations and system noise 5% of change in states.

the next updete (day 2), the Kalman-filter over-correded for the previous poa
update. This was also olserved for estimation d the soil temperature profile with
updating orce every hou and zero observation nase (Figure 6.20), bu the dfed

was not as evere.

To owercome this erratic updating d the soil moisture profile, the initial
state variances were reduced urtil stable updates were obtained. The initial state
variances required for this were 10000for the observation depth of 4 cm and 1000
for 10 cm. Even though different initial state variances were used for the deeger
observations, retrieval of the “true” soil moisture profile was achieved after
approximately 3 days for al observation depths. However, improvement in soil
moisture profile estimation for updating at the surface node done occurred more
quickly than for an observation depth of 1 cm, even thoughthe same initia state
variances were used. Retrieval of the “true” soil temperature profil e occurred after
approximately 6 days for al simulations. The different initial state variance
appeared to have little dfect on the improvements in estimation d the soil

temperature profil e, urlike the soil moisture profile. This may be due to the larger
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Figure 6.28: Comparison o soil temperature profile estimation wing the Kaman-filter
asdmilation scheme for observations of the surface node (open symbols) with the “true” soil
temperature profile (solid circle) and the open loop soil temperature profile (open circle with da).
Estimated soil temperature profiles correspond with soil moisture profile estimation for
observations of 0 (open circle), 1 (open square), 4 (open triangle) and 10 cm (open diamond);
initial state variances of 1000000, 1000000, 10000 and 1@0 respedively. Observation variances
2% of observations and system noise 5% of changein states.

coefficient of variation for the soil temperature profile than for the soil moisture
profile. These results are to be compared with more than 20 days for retrieval of
the “true” soil moisture and temperature profiles using the hard-updating and a
Dirichlet boundry condtion.

As for houly upditing, the Kaman-filter assmilation scheme was
superior to the hard-update asgmil ation scheme, bath in terms of time required for
retrieval of the “true” soil moisture and temperature profiles, and the dfect of
observation depth on improvements in soil moisture profile estimation. This
highlights the benefit of the non massconservative nature of the Kalman-filter
assmilation scheme, by making adjustments to the profile predictions for more
than just the nea-surface layer. However, urredistic updating can occur with the
Kaman-filter when olbservations becmme less frequent, the observed and
modelled profiles are far apart, and there is large uncertainty in the model states.

This again emphasi ses the importance of frequent observations.
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Figure 6.29: Comparison d soil moisture profile estimation wsing the Kaman-filter assmil ation
scheme with olservation depths of 4 (open circle) and 10 cm (open square) with the “true” soil
moisture profil e (solid circle) and the open loop soil moisture profil e (open circle with dot); initia
state variance of 1000000. Observation variances 2% of observations and system noise 5% of
change in states.

6.4.4 UPDATING ONCE EVERY FIVE DAYS

To test how infrequently near-surface observations could be made and still
make satisfactory estimates of the soil moisture and temperature profil es, upcating

once every 5 days was examined.

6.4.4.1 Hard-Updating and Dirichlet Boundary Condition

Simulations using the hard-updating asdmilation scheme with
observations once every day showed the necessty for identifying a means of
allowing extra soil moisture mass and heat energy to be alded to or subtracted
from the system, than that which the hard-updating could achieve on its own. In
the simulations using daly observations, the aldition a subtradion d soil
moisture mass and hea energy was achieved by applicaion d the Dirichlet
boundry condtionfor 1 hou after the update. For 5 day upceting, herd-upceting
alone would still be of little benefit in making improved estimates of the soil
moisture and temperature profiles. Therefore, hard-updating was applied with a
Dirichlet boundry condtionfor 1 hou after the update.
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Figure 6.30: Comparison d soil moisture profile estimation wsing the hard-update assmilation
scheme with a Dirichlet boundary condition for 1 haur over observation depths of 1 (open circle),

4 (open square) and 10 cm (open triangle) with the “true” soil moisture profile (solid circle) and
the open loop soil moisture profile (open circle with dot).

6.4.4.1.1  Dirichlet Boundary Condition for One Hour

The hard-updating results with a Dirichlet boundxry condtion for 1 hou
after updating are given in Figure 6.30 for soil moisture and Figure 6.31 for soil
temperature. The results in Figure 6.30 indicae once again the benefit of an
increased observation depth in the hard-update asgmil ation scheme. However, the
advantage is much lesspronourced than for previous smulations, with retrieval of
the “true” soil moisture profile taking more than 40 days for all observation

depths. Only minimal improvements in the soil moisture profile were adieved for
an olservation depth of 1 cm after 40 days. A more satisfadory improvement was
obtained for the soil temperature profile, yet “true” and estimated soil temperature

profiles gill differed by approximately 5°C at depth, after 40 days.
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Figure 6.31: Comparison d soil temperature profile estimation wsing the hard-update assmilation
scheme with a Dirichlet boundary condition for 1 haur at the surfacenode (open circle), with the
“true” soil temperature profil e (solid circle) and the open loop soil temperature profil e (open circle
with dat).

6.4.4.1.2  Dirichlet Boundary Condition for One Day

To further dleviate the soil moisture mass and hea energy balance
problem, the Dirichlet boundary condtion was applied for a period o 1 day after
the update. The justification for this was that soil moisture does nat change by
more than a few percent during a day, uressit is raining. However, the soil
surface temperature has a strong durna variation that needs to be accournted for.
Thus, the “true” soil surface temperature values were used for modifying the
Dirichlet boundary condtion every hour (see Figure 6.5). The results from this

simulation are given in Figure 6.32 for soil moisture and Figure 6.33 for soil

temperature.

Both Figure 6.32 and Figure 6.33 show once aain the alvantage of
knowing the “true” near-surface soil moisture and temperature values for alonger
period d time. Using the Dirichlet bourdary condtion for a period d 1 day,
retrieval of the “true” soil moisture profile was achieved after approximately
40 days for the 10 cm observation depth. Retrieval of the “true” soil temperature
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Figure 6.32: Comparison d soil moisture profile estimation wsing the hard-update asdmilation
scheme with a Dirichlet boundary condition for 1 day over observation depths of 1 (open circle), 4
(open sguare) and 10 cm (open triangle) with the “true” soil moisture profile (solid circle) and the
open loop soil maisture profile (open circle with da).
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Figure 6.33: Comparison d soil temperature profile estimation wsing the hard-update asdmilation
scheme with a Dirichlet boundary condition for 1 day at the surfacenode (open circle) with the
“true” soil temperature profile (solid circle) and the open loop soil temperature profil e (open circle
with da).
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profile dso occurred after approximately 40 days, with “true” and estimated
profiles differing by approximately 0.5°C at depth. These results are asignificant

improvement to those with a Dirichlet boundary condtion for only 1 hou after
the hard-update.

6.4.4.1.3  Sensitivity Analysis of the Dirichlet Boundary Condition

The improvement in soil moisture and temperature profile estimates using
the hard-update asgmilation scheme was determined by the length of time over
which the continuows Dirichlet bourdary condtion was applied after the updeate,
espedaly when the time between observations was increased. Hence, an
investigation was undertaken to identify if there was a simple relationship
between update interval and length o time for Dirichlet boundry condtion, in
order to achieve the same rate of improvement in soil moisture and temperature
profile estimates. To investigate this, the Dirichlet boundry condtion was

applied for a fixed propation d the update interval. Thus, hard updites were
made every 1 day, 2 days and 4 dys, with a Dirichlet boundary condition for
1 hou, 2 hous and 4 hous respectively. The results from these simulations are

given in Figure 6.34 for soil moisture and Figure 6.35 for soil temperature.

The simulations in bah Figure 6.34 and Figure 6.35 show conclusively
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Figure 6.34: Comparison d soil moisture profile estimation wsing the hard-update assmilation
scheme with a Dirichlet boundary condition over an observation depth of 4 cm (open symbals)
with the “true” soil moisture profile (solid circle) and the open loop soil moisture profile (open
circle with da). Update every day and Dirichlet boundary condition for 1 haur (open circle),

update every 2 days and Dirichlet boundary condition for 2 haurs (open square), and update every
4 days and Dirichlet boundary conditionfor 4 hours (open triangle).
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Figure 6.35: Comparison d soil temperature profile estimation wsing the hard-update assmilation
scheme with a Dirichlet boundary condition at the surfacenode (open symbals) with the “true” soil

moisture profile (solid circle) and the open loop soil moisture profile (open circle with dot).

Update every day and Dirichlet boundary condtion for 1 hou (open circle), update every 2 days
and Dirichlet boundary condition for 2 hours (open square), and updte every 4 days and Dirichlet
boundary condition for 4 hous (open triangle).

that the relationship between updite interval and the propattion o that interval for
which a Dirichlet boundary condtion must be gplied in order to achieve the
same rate of improvement in soil moisture and temperature profile estimation
using the hard-update assmilation scheme was nat constant. In fad, it was found
that as the interval between olservations was increased, knavledge of the “true’
nea-surface soil moisture and temperature was required for a greater proportion
of the update interval. This again highlights the greaer importance of more
frequent observations then the length of time for which knowledge of the “true”

surface states are avail able.

6.4.4.2 Kalman-Filtering

Initial simulations with the Kalman-filter assmilation scheme used the
same initial state variance, model noise and olservation nase & used in houly
and daily updating simulations (initial state variance of 1000000 system noise 5%
of change in states and olservation nase 2% of observations). This however,
yielded poa updates of the soil moisture profile, as iown in Figure 6.36 for a
1 cm observation depth (open square). Rather than perform an update which lay
somewhere between the “true” and open loop pofiles, the updated soil moisture
profile was equal to the “true” soil moisture profile & the soil surface, followed by
an oscill ation between the open loop soil moisture profile and zero matric head,
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Figure 6.36: Comparison d soil moisture profile estimation wsing the Kaman-filter assmil ation
scheme for an observation depth of 1 cm with the “true” soil moisture profile (solid circle) and the
open loop soil moisture profile (open circle with da). Initial state variances of 1000 (open circle),
1000000 (open square) and 1el? (open triangle); system noise 5% of change in states and
observation nase 2% of observations.

before shoaing df to a very negative matric head. In subsequent updates there
was a movement of the estimated soil moisture profile towards the “true” soil
moisture profile & deeper depths. However, this movement was dow and the
estimated soil moisture profile was gill further from the “true” soil moisture
profil e than the open loop profil e after 35 days. This is different to that observed
ealier with daily updating, where the Kalman-filter recognised its mistake in the

first update and over-corrected in the seoond updite.

It is well known that the extended Kalman-filter often diverges from the
“true” solution if the initial estimate is not sufficiently good @ the non-lineaities
are severe, and that the behaviour of the extended Kalman-filter is often worse
when the mode! error is large and/or the inputs are small (Ljung, 1979. Hence, in
pradical applications of the extended Kaman-filter, “manual” adjustments of the
noise cvariances are often used to make the dgorithm work, andis referred to as
“tuning d thefilter” (Ljung, 1979. In the daily updating, these stability problems

were overcome by reducing the initial state variance (“tuning’” of the filter).



Chapter 6 — Synthetic Sudy: 1D Soil Moisture Profile Estimation Page 6-44

Hence, a sengitivity analysis was undertaken to see if the Kaman-filter updates
could beimproved by“tuning’.

6.4.4.2.1  Sensitivity Analysis of the Initial State Variance

The simulation described in the previous dion was re-run with an initial
state variance of 1000. The effect of thisis dhown in Figure 6.36 (open circles),
with the first soil moisture profile update being equal to the “true” soil moisture
profile & the soil surface, followed by an oscill ation towards the open loop pofile
before shoaing df towards alarge positive matric head, which was constrained to
zeo. Figure 6.36 aso shows the dfed of increasing the initial state variance to
1el2 (open triangle), where the first soil moisture profil e updete was equal to the
“true” soil moisture profile & the soil surface, before shoaing df to a very large
negative matric head. Unlike the simulation with an initial state variance of
1000000,the Kaman-filter realised its mistake & the first upcete, and ower-
corrected at the second uplate (day 10), with the updated soil moisture profile
being equal to the “true” soil moisture profile & the soil surface followed by an
oscill ation towards the open loop pofile before shoding df towards a large

pasitive matric head, which was constrained to zero.

By further reducing the initial state cvariances, it was possble to oltain
reasonable updetes of the soil moisture profile (Figure 6.37). In order to achieve
this, initial state variances were reduced to 10, 5and 15for observation depths of
1, 4and 10cm respedively. By reducing the initial state variances to such low
values forced the Kalman-filter to perform its updates much more caitioudly, as
previoudly illustrated in Figure 6.15. Thus, retrieval of the “true” soil moisture
profile was achieved after approximately 30 dhys for the 10 cm observation depth.
However, the improvement in soil moisture profile estimates for shall ower
observation depths proceeded more slowly, most likely as a result of the smaller
initial state variances. It shoud also be noted that for these smulations, the
progresson in improvement of soil moisture profile estimation towards the “true”
soil moisture profil e occurred from the base of the soil column, which is smilar to
that observed in the work by Entekhabi et al. (1994).
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Figure 6.37: Comparison d soil moisture profile estimation wsing the Kalman-filter assmilation
scheme over depths of 1 (open circle), 4 (open square) and 10 cm (open triangle) with the “true”
soil moisture profile (solid circle) and the open loop soil moisture profile (open circle with da).
Initial state variances for the etimated soil moisture profiles were 10, 5 and 15 respedively;
system noise 5% of change in states and observation ndse 2% of observation.

6.4.4.2.2  Sensitivity Analysis of the Initial Update

Using such extremely small values for the initia state variance indicated
to the Kalman-filter a high degree of confidence in the initia guess which was
obviously untrue. Furthermore, there was a strong dgpendence on the initia state
variance for satisfadory updating d the soil moisture profile, resulting in large
differences in the dficiency of soil moisture profile estimation for slight changes

intheinitial state variance

These two fadors initiated a search for a more robust applicaion d the
Kaman-filter assmilation scheme. The first option was to introduce an extra
updete shortly after the coommencement of the simulation. The reason for this was:
(i) it wasfelt that if the model prediction was closer to the observation (as with the
soil temperature profile) the updating d the soil moisture profile would be more
robust; (ii) an early update would move the estimated soil moisture profile doser
to the “true” soil moisture profile (at least in the nea-surfacesoil nodes), resulting
in the model prediction keing closer to the observations at the first update; and
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Figure 6.38: Comparison d soil moisture profile estimation wsing the Kalman-filter asgmilation
scheme for an olservation depth of 1 cm with the “true” soil moisture profile (solid circle) and the
open loop soil moisture profile (open circle with da). First update & time O hours (open circle), 1
hour (open square) and 1 day (open triangle); initial state variances 1000000, system noise 5% of
change in states and olservation variances 2% of observations.

(i) inared life gplicaion, smulations of soil moisture would commence with
an initial soil moisture profil e that was equal to the “true” soil moisture profil e for
a least the near-surface nodes, resulting in the model prediction keing closer to
the observations at the first update. Thus, preliminary updates were made & time

zeo, 1 howand 1 cby.

The results from these simulations are given in Figure 6.38, where it can
be seen that the update & time zero smply replaced the poor initial soil moisture
profile guess with the “true” initial soil moisture profile values over the
observation depth. This was as expected, as there were no crosscorrelations in the
initial covariance matrix, which control the updating at deeper depths. The update
a 1 hou made an adjustment to dlightly deeper depths in the soil profile, as the
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Kaman-filter had time to buld up crosscorrelations among the nea-surface
nodes. Due to the extratime lapse for the initial updete a day 1, the Kalman-filter
was able to make amuch larger adjustment to the soil moisture profile. However,
the Kaman-filter till made an owver-adjustment to the soil moisture profile
estimate & day 5. The subsequent updates, for preliminary updates at time zeo
and 1 hou, show similar characteristics to that of having no peliminary update
(Figure 6.36). However, there was a greader movement towards the “true” profile
than there was for no preliminary upcete, with the dfed being geder for the
preliminary upcete & day 1. Even after seven updates (day 35) the soil moisture
profile estimate did na agree ¢osely with the “true” soil moisture profil e.

6.4.4.2.3  Sensitivity Analysis of the System Noise

Another factor that could affed soil moisture profile updates with the
Kaman-filter was the system noise. When the Kaman-filter makes an update of
the system states, it reduces the magnitude of the mvariances of the system state.
Thus for further observations to be beneficid, it is necessary to increase the
system state @variances abowve the observation nase, duing the forecasting
period. The slow improvement of the poa soil moisture profile update with an
initial state variance of 1000000(Figure 6.36) may be indicative of too littl e noise
in the system. To identify if adding extra noise would improve the soil moisture
profile estimation, three different system noises were investigated: (i) 10% of
change in system states during the time step; (ii) 5% of the maximum change in
system state over the profile during the time step; and (iii ) 5% of the system state
normalised bythe time step size (ie. 5% of the system state per hour).

The results of these simulations are given in Figure 6.39, where it can be
sea that increasing the system noise to 10% of the change in system states during
the time step had a significant effed on the soil moisture profile estimate a the
second updte (day 10). The soil moisture profile estimate & day 10 was the same
as for the “true” soil moisture profile & the soil surface, oscill ated towards the
open loop pofile, and then badk to zero matric head before shoaing df to a not
quite so negative matric heal at the base of the soil column. The Kaman-filter
then ower-correded at the third updite (day 15). The remaining two system noise
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Figure 6.39: Comparison d soil moisture profile estimation wsing the Kalman-filter asgmilation
scheme for an olservation depth of 1 cm with the “true” soil moisture profile (solid circle) and the
open loop soil moisture profile (open circle with da). System noise was 10% of change in states
(open circle), 5% of maximum change in states (open square) and 3% of states per hour (open
triangle); initial state variances 1000000 and olservation variances 2% of observations.

scenarios investigated, resulted in the Kalman-filter over-correding at the first

upckte.

6.4.4.2.4  Quasi Observations in the Kalman-Filter

Given the failure of al obvious measures (ie. “tuning’ of the filter) for
increasing the robustness of the Kaman-filter assmilation scheme, a new
approach was ugh. Near-surface observations of soil moisture cntent are
indicaive of the soil moisture @ntent at depth (see Chapter 3). Thus it was
propacsed to apply bath the adual observations over the observation depth, and
“quasi” observations to the remainder of the soil profile. This is illustrated in
Figure 6.40.

The quasi observations could either be: (i) the observed soil moisture &
the observation depth; or (ii) an extrapolation d the soil moisture observation at
the observation depth by the steady state assumption. Under this assumption, the
laws of physics gate that al points in the soil profile must have the same
hydraulic potential, which is the summation d the hydraulic potential and the
gravitational potential (ie. ¢y + z = constant, see dso sedion 3.4.3. It was chasen
to apply the stealy state assumption, as this has been shown to be areasonable
approximation unax low flux condtions (Jadkson, 1980. In addition, when there
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Figure 6.40: Illustration of the Kalman-filter assmil ation scheme using quasi observations.

is alarge matric heal gradient under exfiltration condtions, this would have the

eff ect of making the quasi observations dightly closer to reality.

There is much greder uncertainty associated with a quasi observation then
for the actual observations, even for alayer of soil directly below the observation
depth. With increasing depth from the lowest observation, the uncertainty in the
quas observation increases dramatically. To accourt for this, a quantile jump was
applied to the variance of the quasi observation immediately below the
observation depth, relative to the variance of the actual observations. An
increasing quasi observation variance was then applied with depth.

Two scenarios were used to initially test the Kalman-filter assimilation
scheme with quasi observations: (i) quasi observation nase varying from 5% of
the quasi observationto 100% of the quasi observation; and (ii) quasi observation
nose varying from 5% of the lowest observation to 100% of the lowest
observation. The results from these simulations are given in Figure 6.41, where it
can be seen that both scenarios resulted in a poar estimate of the soil moisture
profile & the first update. At the second updite, the soil moisture profile estimate
for the first scenario went to a large negative value & the surface node while the
remainder of the profile went to zero. This was due to the observation variances
being much larger than the system state variances, as a result of insufficient noise

in the system (5% of change in states), espedally at deeger depths where there
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Figure 6.41: Comparison d soil moisture profile estimates using the Kalman-filter assmilation
scheme for an olservation depth of 1 cm with the “true” soil moisture profile (solid circle) and the
open loop soil moisture profile (open circle with da). Quasi observations were gplied to the
remainder of the profile with observation variances varying from 5% to 1006 of the quasi
observation (open circle) and 5% to 100% of the lowest observation (open square); initial state
variances 1000000, observation variances 2% of observations and system noise 5% of change in
states.

was nat much change in the matric head with time. The updated soil moisture
profil e for the second scenario managed to just survive the seand updte and then
started to beme reasonable & the third update. This surviva of the second
upckte was felt to be more good luck than an attribute of the quasi observation
variance. A lack of system noise can also be seen at day 20 and day 25, where the
soil moisture profile estimate for the second scenario dd na go to the observed

s0il moisture ontent for the near-surface nodes.

In order to verify that the poar estimates of the soil moisture profile in the
previous smulations were due to a ladk of system noise, the smulation was
repeated for a system noise of 5% of the states per hour. In this smulation, ony
the second scenario was used, as the first scenario was a misrepresentation d the
desired quesi observation variance By applying the steady state assumption for
quas matric head olservations, the “observed” matric heal is decreasing with
depth. Thus, uressthe increase in percentage of state for quasi observations is

large enough,it is possble for a net decrease in quaesi observation variance with
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Figure 6.42: Comparison d soil moisture profile estimation wsing the Kalman-filter assmilation
scheme for an observation depth of 1 cm with the “true” soil moisture profile (solid circle) and the
open loop soil moisture profile (open circle with da). Quasi observations were gplied to the
remainder of the soil profile with observation variances varying from 5% to 100% of the lowest
observation; system noise 5% of change in states (open circle) and 5% of states per hour (open
square); initial state variances 1000000 and observation variances 2% of observations.

depth, as was the cae with the first scenario. Using the second scenario ensures
that there is a net increase in quasi observation variance with depth. Furthermore,
it makes better sense to determine the variance of the quasi observations a

function d the soil moisture value used to estimate the quasi observation.

The results of this condsimulation are given in Figure 6.42, where it can
be seen that the increased system noise resulted in the Kalman-filter making a
good estimate of the “true” soil moisture profile dter the first update. The soil
moisture profile estimate then continued to follow the “true” soil moisture profile
throughto approximately day 25, where it started to move towards the open loop
profile. This can be seen more distinctly at day 30 and day 35, and was a result of
the poa quasi observations for these updates. At these updates, the matric head
was very largely negative d the soil surface ad hed a stegp matric head gradient
with depth, being far from the steady state condtion. Thus the quasi observations
at degoer depths were far from the “true” soil moisture profile. As a result of the

guasi observation variances being too smal compared to the variances of the
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Figure 6.43: Comparison d soil moisture profile estimation wsing the Kalman-filter asgmilation
scheme for an olservation depth of 1 cm with the “true” soil moisture profile (solid circle) and the
open loop soil moisture profile (open circle with da). Quasi observations are gplied to the
remainder of the soil profile with observation variances varying from 5% to 100% (open circle),
10% to 200% (open square) and 20% to 400% (open triangle) of the lowest observation; initial
state variances 1000000, observation variances 2% of observations and system noise 5% of states
per hour.

forecast system states, the Kaman-filter placed increasingy more faith in the
quasi observations than in the forecast system states, thus moving its best estimate

towards the quasi observations.

To owvercome the problem with poa quasi observations at later upcetes,
simulations were run with increased variances on the quasi observations. The
variances that were used varied linearly from: (i) 10% of the lowest observation to
200% of the lowest observation; and (i) 20% of the lowest observation to 400/
of the lowest observation. These results are compared in Figure 6.43 with the
simulation wsing a quasi observation variance that varied linearly from 5% of the
lowest observationto 100% of the lowest observation.

These simulations show that with the increased quasi observation variance,
an extra update was required in order to retrieve the “true” soil moisture profile.
However, the increased quasi observation variance dleviated the effect of poar

guas observations on estimation d the soil moisture profile after the “true” soil
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Figure 6.44: Comparison d soil moisture profile estimation wsing the Kalman-filter assmilation
scheme for observation depths of O (open circle), 1 (open square), 4 (open triangle) and 10 cm
(open diamond) with the “true” soil moisture profil e (solid circle) and the open loop soil moisture
profile (open circle with da); quasi observations were gplied over the remainder of the soil
profile with variances varying from 20% to 400% of the lowest observation. Initial state variances
of 1000000, observation variances 2% of observations and system noise 5% of states per hour.

moisture profile was correctly retrieved, particularly for the larger quas

observation variances.

Given a soil moisture profile estimation algorithm that reliably estimated
the soil moisture profile for the 1 cm observation depth, we were in the situation
where we @uld test it for other observation depths. The results from these
simulations are given in Figure 6.44 for soil moisture and Figure 6.45 for soil

temperature.

These results $how that the “true” soil moisture profil e was retrieved after
only 10 days (two updites) whilst retrieval of the “true” soil temperature profile
occurred after only 15 chys. Thisisto be compared with 40 days for retrieval of
soil moisture and temperature profil es using the hard-update assmilation scheme
with an olservation depth of 10 cm and Dirichlet boundry condtion for 1 day,
again showing the advantage of the Kaman-filter. However, the Kaman-filter
was not withou its problems. Once retrieval of the “true” soil moisture profile

was achieved, the profile estimation algorithm continued to track the “true” soil
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Figure 6.45: Comparison d soil temperature profile estimates using the Kalman-filter assmil ation
scheme for observations of the surface node (open symbals) with the “true” soil temperature
profile (solid circle) and the open loop soil temperature profile (open circle with da). Soil
temperature profil es correspord with soil moisture profile estimation for observation depths of 0
(open circle), 1 (open square), 4 (open triangle) and 10cm (open damond); initial state variances
of 1000000, observation variances 2% of observations and system noise 5% of the states per hour.

moisture profiles until day 30. At this time, estimates of the soil moisture profile
using olservations of the surface node began to depart from the “true” soil
moisture profile. This was again caused by the departure of the “true” soil
moisture profil e from steady state and the extremely large negative matric head at
the soil surface Under field condtions the situation would most likely be
somewhat different, as evaporation would na be occurring at a @nstant rate,
allowing for capill ary rise during periods of low evaporation. Thus, this departure
from the “true” profile a later updates did na warrant any major concern, as this

would be an extreme situation.

The main focus in this dion d the synthetic study was to make
satisfadory updates with the Kaman-filter during the initia stages of soil
moisture and temperature profile estimation. The reason this may have been
posshble with the quasi observations in these simulations, is that the “true” profile
was approximately steady state during the early updates. Only a field application
will truly reved if thisisthe situation. However, providing the model is initiali sed
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at an appropriate time (ie. period d saturation) this soud na be an iswue for
application d the soil moisture profile estimation algorithm using the Kalman-

filter asamil ation scheme.

6.4.4.2.5 Log Transformation in the Kalman-Filter

Whilst it was necessary to apply quasi observations to the unolserved
portion d the soil moisture profile in order to provide stability to Kalman-filter
updetes with olservations every 5 days, soil temperature profile updates did na
exhibit any of these problems when using orly the surfacenode observations. It
would appear from this that providing the observations are not too far from the
forecast system states, the Kalman-filter can provide astable update. Thus, if we
can passbly reduce the difference between the observed and forecast soll
moisture values, we may be ale to estimate the moisture profile using orly the
soil moisture observations over the observation degpth. One way in which this
reductionin diff erence between olserved and simulated near-surface soil moisture
can be adieved is through a log transformation o the matric head. This is
illustrated in Figure 6.46.

In order to apply this transformation, bdh the observations and forecast
system states, and their covariances, must be transformed into log space These
transformations may be adtieved throughthe relationships (Bras and Rodriguez
Iturbe, 1985

0 — T T T T T e T 0 1 rpr—r—r—
Observations = | i L
-20 : ] 20 [
£ 40 [ Model 7 v 1 g 4 f Model _»$i
s - Prediction True /7 {1 = - Profile ': 1
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Figure 6.46: lllustration of reduction in difference between observed and measured nea surface
soil moisture using alog transformation of the matric head.
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where X and X are the ith and jth states in the origina system with mean y,

standard deviation o and correlation coefficient p. X' and X' are the ith and jth

states in the log transformed system. As the Kalman-filter tracks the condtional

mean of the system, the means of the origina system are the forecast system

states.

After the system update, the updated system states and their covariances

must be transformed badk into the original system. These transformations may be

achieved throughthe relationships (Bras and Rodriguez-Iturbe, 1989
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Using the log transformation, stable updates of the soil moisture profile
were adieved using the 1 cm observation degpth withou quasi observations, for
an initia state variance of 1000000,system state noise of 15% of the states per
hour, and an observation nase of 2% of the observations. The results from this
simulation are given in Figure 6.47, where it can be seen that the soil moisture
profile estimate aincided with the “true” soil moisture profile dter approximately
10 days. Once the “true” soil moisture profile was retrieved, the soil moisture
profile estimation algorithm continued to tradk the “true” soil moisture profile.
However, the first update (day 5) was very sensitive to the initia state variance
and system state noise, with ather values resulting in the same unstable updates
shown in previous edions. In addition, the combination o initial state variance
and system noise required for performing a stable update for other observation
depths could na be identified.

o 0 T T
— -
20 < .20 ~
5§ 40r 1§ B
8 .0 [ 18 o 3
80 [ B 80
Day 0.0 Day 5.0
-100 L L L -100 I I
-1000  -800  -600  -400  -200 0 1000 -800 600  -400  -200 -1000  -800  -600  -400  -200 0
Matric Head (cm) Matric Head ( Matric Head (cm)
0 . . o T 0 :
20 N j ~ 20 [ N j
~
T -40 4 E 40 T 40 [ -
H B £
a -60 4 © -60 a -60 |- 4
-80 j 80 [ 80 [ g
Day 15.0 Day 20.0 Day 25.0
-100 1 -100 1 1 L L -100 L L L L
-1000  -800 600  -400  -200 0 -1000  -800  -600  -400  -200 0 -1000  -800 600  -400  -200 0
Matric Head (cm) Matric Head (cm) Matric Head (cm)

Figure 6.47: Comparison d soil moisture profile estimation wsing the Kalman-filter assmilation
scheme for an olservation depth of 1 cm and log transformation (open circle) with the “true” soil
moisture profil e (solid circle) and the open loop soil moisture profil e (open circle with dot); initial
state variances 1000000, observation variances 2% of observations and system noise 15% of states
per hour.
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6.4.4.2.6 Volumetric Moisture Transformation in the Kalman-Filter

Whilst the log transformation reduced the difference between the
observations and model predictions of near-surface soil moisture, the transformed
soil moisture profile maintained the large gradient of matric head with depth nea
the soil surface However, the crrespondng vdumetric soil moisture profil e does
not exhibit this same property (Figure 6.48), as volumetric soil moisture mntent is
constrained by the residual soil moisture @ntent and the soil porosity. Thus, a
volumetric soill moisture transformation reduces the difference between
observations and model predictions, as well as the non-lineaities in the shape of
the soil moisture profile, particularly in the vicinity of the near-surface
observations. Thus, the nonlinearities in the (-based model used in
PROXSIM1D (Chapter 5), which are believed to be the cause of the extended
Kaman-filter updates diverging from the “true” soil moisture profile, are reduced
by using a 6-based model.

The transformation d the model soil moisture state from metric heal to
volumetric soil moisture cntent can be adieved by the water retention
relationships in (5.44) to (5.46. However, the @variances of the model states
must also be transformed into vdumetric soil moisture space. This may be
achieved by

>, =B3,B" (6.4),

0 * 0 T T
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+ X y Observations
-20 Observations - 20 y n
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Figure 6.48: lllustration of the reduction in profile nonlineaity by using a volumetric soil
moisture transformation of the soil matric head.
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where %, is the @variance matrix of Y (the transformed system) and %, is the
covariance matrix of X (the original system), being the @variance matrix
requiring transformation. For the general case of the system states ¢y and T
augmented with the system parameters o (see Appendix A), then

|:6|1 I: B‘lll |:
C C
D Ve
0: C 0: C
C 0 C
%.'.N..[ L4Ys
o, o, C
Y=0O.LC X=0.LC (6.5).
0 C O: C
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o, C o, C
0. C 0. C
O C O C
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The matrix B is atransformation matrix given by
w6, J6, 99, 28, C
D_ —_—
[ﬁl/h 5‘112 dTl aam
o, 96, 96, 7
e, L dap
B=0" : : - L 6.6).
00T,  dT, [4n oT, L ©9
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1 : : : CC
Da, oa, oa,, oda, C
Pu. ow, 0T oa,r
Therelationship between Y and X isgiven by
6, =flw,.a) (6.72)

T =T (6.7H
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=q, (6.7c).

As the transformation d the system states at nock j is independent of the
system states at other nodes and the transformation d parameter i is independent
of the other parameters, a diagonal matrix is obtained with zero on the off
diagoral terms. The exception to this is the dependence of system states to the
model parameters in the top right hand quedrant. Thus, the transformation matrix

may be given by
%: 0 - 96, 26, C
0 (120 : dal damE
0 0 : C
0 c 08, 06, C
O C
O O da, . 0d,C
B=L o = 69,
o O T 0 C
O 0 1 C
0 1 0
0O o0 0 C
0 : C
B 0 1E

where Cy isthe caill ary capaaty fador d69y given by (5.47) to (5.49) and 060a
are given by (A.39) to (A.49) of Appendix A. The retransformation d the
updated covariance matrix may be atieved by

s, =Bz, BT (6.9).

The problem associated with transforming the system states from matric
head to vdumetric soil moisture is the aumption d normality for the errors.
That is, when the soil moisture cntent approadies the residua soil moisture
content or the soil porosity, the Kaman-filter believes the standard deviation
shoud be small, as il moisture @mntent canna be less than the residua soil
moisture content or greater than the soil porosity. What the Kalman-filter does not
recmgniseisthat the forecast soil moisture mntent could be much wetter in the dry

case, or much dier in the wet case. The problem that this creates is that the
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Figure 6.49: Comparison d soil moisture profile estimation wsing the Kalman-filter assmilation
scheme for observation depths of 1 (open circle), 4 (open square), and 10 cm (open triangle) with
the “true” soil moisture profile (solid circle) and the open loop soil moisture profile (open circle
with da); moisture transformation of states and state variances. Initial state variances of
1000000, 10000 and 1@00 respedively, observation variances 2% of observations and system
noise 5% of states per hour.

Kaman-filter interprets these small standard deviations as a high degree of
certainty in the model prediction and ignares the observation. To overcome this, a
limit was placead onthe minimum value for 69y to ensure that reasonably large
standard deviations were maintained for the transformed system states near the

soil surface whilst ensuring that the standard deviation was nat greater than the

soil porosity. A value of 1e-6 was used for this purpose.

Using this volumetric soil moisture transformation, stable soil moisture
profile updates were obtained for al observation depths apart from the surface
noce. Stable updates could na be adieved for surface node observations, as the
transformation process resulted in a low correlation with forecast soil moisture
content at deegper depths. The results for simulations using the volumetric soil

moisture transformation are given in Figure 6.49.

These results sow that the “true” soil moisture profile was retrieved after
10 chys for the 10 cm observation depth and 15 dys for 1 cm and 4 cm
observation depths. A larger initial state variance was used for the 1 cm
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observation depth (1000000 than for the 4 and 10cm observation depths (100()
to ensure that large standard deviations were obtained for near-surface nodes after
the transformation. These profile retrieval results can be compared with those
from the quasi observation simulations, which required 10days for al observation
depths. Only ore extra update was required using the volumetric soil moisture
transformation, and no assumption was required regarding the soil moisture
profile. Furthermore, had soil moisture been the dependent state in the soil
moisture model, retrieval of the “true” soil moisture profile may have been
achieved more rapidly, as the transformation o covariances and its asciated
problems and assumptions would have been eliminated.

Hence it would appear obvious that whilst the y-based form of the
moisture ajuation is more crred in terms of modelling profil e soil moisture for
multi-layered soils, the 6-based form is required for stable updating with the
Kaman-filter when olservations and model predictions have alarge departure.
Thereasonfor thisisthat the 8-based form of the moisture egquation is more linear

than the (-based form.

6.5 CHAPTER SUMMARY

It has been shown that the Kaman-filter assmil ation schemeis superior to
the ontinuows Dirichlet boundry condtion and the hard-updating assmilation
schemes, and that there is no improvement made to the estimate of the soil
moisture or temperature profil e throughmaking herd-updates of the surface nodes
alone. A summary of the smulation times required for retrieval of the “true” soil
moisture and temperature profiles using the different assmilation schemes is
given in Table 6.2, for the different observation intervals and soil moisture
observation depths.

The superiority of the Kaman-filter comes through its ability to make
adjustments to the entire profile, whilst hard-updates can orly directly alter the
profile within the observation depth. However, the Kalman-filter can orly do this
if thereisahigh correlation ketween the states of adjacent nodes. Thus, the model
used for forecasting d the system states must have adependence on the system
states of the adjacent nodkes.
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Table 6.2: Summary of soil moisture and temperature profile retrieval times from the synthetic
study wsing herd-updating and Kalman-filtering, with various observation depths and updite

intervals.

Hard-Updating

Kalman-Filtering

Soil Moisture

Soil Temperature

Soil Moisture

Soil Temperature

Observation

0|14 )10 Surface 01| 4|10 Surface

Depth (cm)

Update

Interval Profile Retrieval Time (days) Profile Retrieval Time (days)
Continuous | 8 | 8 | 7 | 5 >20
1 Hour >201 12| 8 | - - 05/05/05|05 2
1 Hour* - |>20| 16| 10 - 0.7/07]0.7|0.7 2
1 Day’ >20(>20|>20 >20
1 Day 3/13|3)|3 6
5 Days® >40|>40| 40 40
5 Days” 10 1 10| 10| 10 15
5 Days’ - 110 - | -
5 Days® - /15|15 10
1. Gravity drainage and advection boundary condition at base of soil column
2. Dirichlet boundary condition at soil surface for 1 hour after update
3. Dirichlet boundary condition at soil surface for 1 day after update
4. Quasi observations applied to remainder of profile
5. Log transformation
6. Moisture transformation

Being ureble to dredly ater more than the observed soil moisture and

temperature values using the hard-updating assmilation scheme aeaed a soil

moisture mass and hea energy balance problem, as the soil moisture mass and

hea energy added duing an instantaneous hard-update is restricted by the depth
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of the observation. This surface information is transferred to deegoer depths
through the internal physics of the model (ie. infiltration/exfiltration). Thus, an
incressed observation depth was an obvous advantage for the hard-update
assmilation scheme. As the observations becane less frequent, the hard-update
assmilation scheme required a Dirichlet boundary condtion, which had to be
applied for an increasingly longer propation d the update interval. This indicaed
that more frequent observations are more useful for profile estimation than
knowledge of the surface states for agreaer period d time.

The soil moisture mass and hea energy added duing a ontinuows
Dirichlet boundxry condtion is constrained by the physical rate & which soil
moisture and hed can be transferred through the soil profile, and the length of
time for which the Dirichlet boundary condtion is maintained. Thus, observation
depth had a reduced influence on the soil moisture and temperature profile
retrieval time when the Dirichlet boundry condtion was applied.

It has dso been shown that observation depth dd na have asignificant
effect on the “true” soil moisture and temperature profile retrieval time for the
Kaman-filter assmilation scheme. However, it was observed that unredistic
upckting d the profil e occurred with the Kalman-filter when olservations become
lessfrequent, the observed and modelled profiles were far apart, and there was a
large uncertainty in the modelled profiles. This again highlighted the importance
of frequent observations, and suggested that for the Kaman-filter assmilation
scheme, that repea coverage frequency is more important than observation depth.

Whil st stable updeting d the soil moisture profil e using the Kaman-filter
assmilation scheme was achieved by applying quesi observations for the
unolserved pation o the moisture profile, this was undesirable axd the
usefulnessof this approach was not widely verified. However, it has been shown
that the Kalman-filter assmilation scheme was less sisceptible to urstable
updates if volumetric soil moisture was modelled as the dependent state, as this
reduced the nontlinearities in the soil moisture model. This is a key outcome of
the synthetic study, as it has given invaluable insight relating to the model

structure requirements for the spatial problem.
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This g/nthetic study has $rown that to estimate soil moisture profil es using
the water balance gproach, an assmilation scheme that has the nonmass
conservative dharaderistics of the Kalman-filter is essential for efficient updating
of the soil moisture axd temperature profiles. Moreover, when using an
assmil ation scheme having this charaderistic, the retrieval of “true” soil moisture
and temperature profil es was insensitive to observation frequency and olservation

depth, providing alinea form of the forecasting model was used



