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CHAPTER TWELVE

12. CONCLUSIONS AND FUTURE DIRECTION

This gudy hes investigated the aility to estimate the spatial distribution
and temporal variation d soil moisture profiles, using an approach that utili ses
point measurements, near-surface soil moisture observations at varying time
intervals, and a hydrologic model. The hydrologic mode is the kernel of the soil
moisture profile estimation algorithm, as it forecasts the spatia distribution and
tempora variation d soil moisture profiles during the inter-observation period.
The point measurements are used for cdibration d the hydrologic model and
ongdng evaluation d soil moisture profile estimation. The nea-surface soll
moisture observations (smulating the use of remote sensing olservations) are
used for updating d the hydrologic model, to accourt for model cdibration errors,
spatial heterogeneitiesin soil parameters, precipitation and evapotranspiration.

12.1 CONCLUSIONS

The onclusons of this thesis fal into eight caegories, namely:
(i) the context for applicaion d the soil moisture profile estimation algorithm and
its influence on choasing an appropriate forecasting model and upditing
observations; (ii) estimation d the active microwave remote sensing olservation
depth; (iii) measurement of the near-surface soil moisture profile from adive
microwave remote sensing; (iv) synthetic study o asgmil ation schemes, upcating
frequency and uplating depth; (v) development of a simplified soil moisture
model; (vi) development of a simplified covariance estimation tednique,
(vii) one—dimensional field application d the soil moisture estimation algorithm;
and (viii) three-dimensional field application d the soil moisture profile
estimation algorithm. Finally, the main conclusions of the research presented in

thisthesis and their impaad on further studies are summarised.
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12.1.1 RESEARCH CONTEXT

The soil moisture data requirements govern the essential charaderistics of
the hydrologic model used for forecasting d the soil moisture profil e distribution,
and the remote sensing olservations that shoud be used for updating d the
hydrologic model. If the soil moisture data ae to be used for meteorologic or
climate studies, then the soil moisture profiles $oud be forecast with a large
scde hydrologic model. This model would then be updated using either the low
spatial resolution passve microwave observations, or a spatial average of the
higher resolution adive microwave observations. If however, the soil moisture
data ae to be used for more detailed hydologic process sudies or agricultural
applicaions, then a more detailled hydologc model with a much finer grid
resolution shoud be used for forecasting d the soil moisture profiles. Updating o
such ahigh spatial resolution model with adive microwave observations would be

more beneficia than the passve microwave observations.

As this gudy was interested in estimating soil moisture profiles for
hydrologic goplicdions, the scenario of updating a more detailed hydologic
model with high resolution adive microwave observations was tested. Moreover,
evaluation d soil moisture profile estimation, wing the soil moisture profile
estimation algorithm presented in this thesis, would be a more difficult
undertaking for large scde model applicaions. This is becaise point
measurements of the soil moisture profile have a wide variation with spatial
locaion, and soil moisture profile estimates from large scde models provide an
average soil moisture profile estimate over a large area Even with a forecating
model resolution d 20 m, the study presented in this thesis experienced some
difficulties in relating the point measurements of soil moisture @ntent to the

model estimates of soil moisture cntent.

This gudy hes illustrated the improvement in estimating soil moisture
profiles when nea-surface soil moisture measurements are assmilated into the
hydrologic model, by using cata of similar characteristics to that obtained from
remote sensing satellit es. The soil moisture profil e estimation algorithm has been
developed with the dired application to remote sensing olservations of near-

surface soil moisture in mind. Remote sensing olservations of near-surface soil
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moisture content were not used for assmilation into the hydrologic model, as
thereis gill ahighlevel of scepticism in the hydrologic community regarding the
current ability to adequately measure the nea-surface soil moisture content from
remote sensing. Hence this gudy hes focussed onill ustrating the usefulness of
updating hydologic models with nea-surface soil moisture measurements, in
terms of yielding improved estimates of the soil moisture profil e.

12.1.2 REMOTE SENSING OBSERVATION DEPTH

Knowledge of the remote sensing olservation degpth is an essentia
requirement of the soil moisture profile estimation algorithm, as this is the soil
profile depth for which remote sensing olservations will apply. This thesis has
shown that an accurate knowledge of this depth is important for the assmilation
scheme to yield a good uplate of the hydrologic model. As there were no
applicable models in the literature for estimating this observation depth for adive
microwave (radar) badkscattering olservations (for the asdmilation d nea-
surface soil moisture @ntent from these measurements into the hydrologic
model), a radar observation depth model was developed. The theoreticd
amplitude datenuation olservation depth model developed in this thesis estimates
the radar observation depth as a function d satellite cnfiguration (wavelength,

polarisation and incidence angle) and soil moisture wntent.

The theoretical amplitude datenuation model presented in this thesis for
estimating the radar observation depth was shown to gve comparable results to
experimental observations presented in literature. Furthermore, the radar
observation depth was shown to be greater for w palarisation than hh polarisation,
and increases with increasing incidence angle for vv polarisation. Hence, the
results from this observation depth model would indicate that information onthe
nea-surface soil moisture profile may be maximised by wsing a low frequency
sensor with vv polarisation and a large incidence angle. Whil e observations depths
aslarge a5 cm are possble, it was siown that an olservation depth of between 1

and 2cm would be moretypicd of current generation remote sensing satellit es.
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12.1.3 REMOTE SENSING MEASUREMENT OF NEAR-
SURFACE SOIL MOISTURE

Updating d the hydrologic model with near-surface soil moisture
measurements from remote sensing, requires a relationship between the soil
moisture @ntent over the observation depth and the remote sensing olservations.
For adive microwave observations, al badkscatering models, apart from the
Modified Integral Equation Model (IEM), have given this relationship as a
function d the arerage soil moisture wntent over this depth. As knowledge of the
variation in soil moisture cntent over the radar observation depth for updating o
the hydrologic model is more desirable than a singe value, the Modified |IEM
would appear to be the relationship of choice. However, application d the
Modified IEM was foundto infer the soil moisture profile for a depth of only
3 mm, irrespedive of satellite configuration and soil moisture cndtions. Hence,
a variation d the Modified IEM was propased, such that it inferred the soil
moisture profile for the entire radar observation depth. This invalved applicaion
of avariable transition rate factor for imposing the dielectric constant profil e over
the observation depth.

Comparisons of badkscattering simulations using the Modified IEM with a
variable transition rate fador against European Microwave Signature Laboratory
data showed goodagreement. It was therefore concluded that a variable transition
rate fador was nat only feasible, bu that the soil moisture profile may thus be
obtained dawvn to the observation depth, which can be & deg as 5 cm for v
polarisation at low frequencies.

12.1.4 ONE-DIMENSIONAL SYNTHETIC STUDY

The one-dimensional synthetic study presented in this thesis has shown
that the Kalman-filter assmilation scheme was superior to the hard-update and
continuows Dirichlet boundry condtion asgmilation schemes. For instance, it
was dhown that the soil moisture profile could na be retrieved for hard-updates of
the surface node done. The superiority of the Kaman-filter over the other
assmilation schemes tested was through its ability to make aljustments to the
deegper (unobserved) states at update times, because of the eplicit correlation

between soil moisture in the near-surface and deeper layers. In comparison, hard-
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updating can only directly alter the observed system states, relying onthe interna
physics of the forecating model (eg. infiltration and exfiltration processes) to
transfer information onthe observed state values to the unolserved states.

The inability to dredly alter more than the observed system state values
with the hard-updating assmilation scheme potentially creates a mass balance
problem, as the mass added duing an instantaneous hard-updkte is restricted by
the depth of the near-surface observation. In hard updiing, the only source of
massto correct the mass balance errors for the entire soil profile is throughthe
addition d sufficient mass Two solutions to this problem were tested: (i) use a
greder observation depth; or (ii) hold the observed near-surface soil moisture
content fixed for some extended period of time subsequent to the actual
observation (Dirichlet boundary condtion).

Increased olservation depths were beneficia for the hard-update
asgmilation scheme. However, as the near-surface soil moisture observations
becane lessfrequent, the hard-update assmil ation scheme required application o
the Dirichlet boundiry condtion.

The mass added to the system when using the Dirichlet bourdary
condtion is constrained by the physicd rate & which soil moisture can be
transferred throughthe soil profile, and the length of time for which the Dirichlet
boundry condtion is maintained. Thus, the soil moisture profile estimation
algorithm was insensiti ve to the depth of observation when the Dirichlet boundary
condtion was applied. Moreover, the Dirichlet boundry condtion required
applicaionfor an increasingly longer propation d the update interval, in order to
have the same improvement to the soil moisture profile estimation. These results
have indicaed that frequent observations of near-surface soil moisture wntent are
more useful for soil moisture profile estimation than knowledge of the near-

surface soil moisture content for spedfic periods of time.

The one-dimensional synthetic study also showed that the observation
depth dd na have asignificant effed onthe soil moisture profile estimation when
using the Kaman-filter asgmilation scheme. However, it was observed that
unredistic updating d the soil moisture profile can occur when near-surface soil

moisture observations bemme less frequent, the observed and modelled soil
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moisture profiles are far apart, or there is a large uncertainty in the modelled
profiles. This highlights the importance of frequent observations, and suggests
that for the Kaman-filter assmil ation scheme, repeat coverage frequency is more
important than olservation depth.

It was also foundthat the Kaman-filter always yielded stable updetes of
the soil moisture profile when vdumetric soil moisture was modelled as the
dependent state instead of matric head. The reason for this was that the volumetric
soil moisture based model was a more linea form of the soil moisture profile
forecasting model, meaning that it was a better approximation for forecasting d
system state covariances using the extended Kaman-filter assmilation scheme.
This is important, as it suggests that for applicaion o the Kaman-filter
assmil ation scheme, the forecasting model must be & close to linea as possble,
in order to ensure succesdul upceting d the system forecast. Moreover, the
forecasting model must have adependence on the adjacent system states, as the
Kaman-filter makes its' update of the system based onthe crrelation between
system states, which are evolved through the forecast model dependence on
adjacent state values.

Ancther important conclusion from this g/nthetic study is that the
assmil ation scheme used for updating d the hydrologic model must possessthe
charaderistics of the Kalman-filter. That is, the assmilation scheme must have
the aility to dredly upcate the entire profile, and nd just the observed nea-

surface states.

12.1.5 SIMPLIFIED SOIL MOISTURE MODEL

The simplified soil moisture model developed in this thesis, based on a
conceptudisation d the Buckingham-Darcy equation, was found to be
computationaly efficient and provided the necessary model for forecasting the
spatial distribution o soil moisture profiles. Moreover, it was shown to be agood
approximation to the Richards equation and was able to adequately simulate field
measured soil moisture profiles, providing it was cdibrated to an extreme drying
event. This was because the model did na include aroot water uptake term,

which would be difficult to spedfy in an operation applicaion.
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12.1.6 SIMPLIFIED COVARIANCE ESTIMATION

The single most important isue in applying the Kaman-filter to the
spatial asgmilation problem was the mmputation time required for forecasting o
the system state covariance matrix. In overcoming this limitation d the Kaman-
filter asamilation scheme, a modification was made to the Kaman-filter
forecasting d system state covariances, by applying a simplified method d
estimating the covariances. A full-fledged applicaion d the extended Kaman-
filter for system state cvariance forecasting is at best a crude gproximation to
the adua forecast system state wvariance matrix, as a result of linearisation
errors, lack of statistics concerning model error, and the initial system state
covariances. The rationale for this was, if the esential aspeds of the aror
dynamics can be catured by the simplified error model, the resulting loss of
acarragy shoud be acceptable in view of the many ather approximations and ladk
of information inherently aswociated with the Kaman-filter. The results of this
thesis confirm thisto be the cae.

The modification to the Kalman-filter in this thesis involved forecasting
the system state correlations through dyramics smplificaion, and estimation o
the system state variances for asembling the forecast system state cvariance
matrix only at upckte times, na a each model forecasting time step. This is
referred to as the Modified Kalman-filter.

The estimation d correlations using the dynamics smplificaion pocedure
developed in this thesis predicted the strong correlations well and qualitatively
tradked the decrease in correlation duing dying periods, with a minimum amourt
of computational effort. Despite differences in the forecast correlation o the
system states with the Modified Kaman-filter and aigina Kaman-filter,
assmilation with the Modified Kaman-filter was foundto perform as well as the
origina Kalman-filter, providing the system state variances were rredly
spedfied. A constant system state variance performed better than a system state
variance that was linearly dependent on the state value. Anather advantage of the
Modified Kaman-filter is that the estimation d the system state correlations did
not experience the initialisation poblems observed with the origina Kaman-
filter.
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12.1.7 ONE-DIMENSIONAL FIELD APPLICATION

A field applicaion d the one-dimensiona version d the simplified soil
moisture forecasting model has fiown that the assmilation o near-surface soil
moisture observations with the Kalman-filter assmilation scheme was able to
provide satisfadory updates of the soil moisture profile. However, it was found
that the Kalman-filter updetes of the soil moisture profile forecast are only as
good as the forecast model’s representation o the dominant soil physicd
processes and its cdibration. When the model systematically over-predicts or
under-predicts the soil moisture profile for a given nea-surface soil moisture
content, as the result of a model structure error, then the soil moisture profile
updkte is likely to be poar. The reason for this is that the model indicates to the
Kaman-filter that for a given near-surface soil moisture mntent, it shoud have a
correspondng soil moisture profil e, which is dependent on the forecasting models
ability to corredly predict the soil moisture profile when the model is free from
the dfeds of initialisation and forcing errors.

The soil porosity and residual soil moisture @ntent are the most important
soil parameters for corred estimation d the soil moisture profile. A residual soil
moisture content that is too hgh a a soil porosity value that is too low will
restrain the model from ever reaching the crred soil moisture content during
extreme wet or extreme dry periods, even with an efficient assmilation scheme.
Furthermore, simulation results have indicated that providing these two soil
parameters have been corredly identified, the soil moisture profile may be
modelled corredly duing sustained dy and sustained wet periods, withou
asgmilation d nea-surface soil moisture observations. However, during dyramic
wetting and dying periods, asdmilation d near-surface soil moisture

observationsisimportant for correct estimation d the soil moisture profile.

It has aso been shown that the Kaman-filter is unable to make any
improvement in the soil moisture profile estimation when the near-surface soil
layer becomes decouped from the deeoer soil layers. The reason for this is that
the Kaman-filter only has information about the observed soil moisture content in
the nea-surface soil layer and its correlation with degoer layers, making its

adjustment of the soil moisture profile by fitting the model predictions to the



Chapter 12 —Conclusions and Future Diredion Page 12-9

observations in the near-surface layer. Hence, when the observed and model
simulated nea-surface soil moisture values are dose, the Kalman-filter has no
reason to believe there is any neal for adjustment of the soil moisture profile.
Thus, duing extreme drying events, when there is a low correlation ketween the
nea-surface and deep soil layers as a result of decouging, dwe to dvergencein
drying rates, the Kalman-filter is likely to perform poaly. Thisis aresult of near-
surface soil moisture mntent being correctly forecast, while the soil moisture
content of deeper soil layersis poarly forecast.

To ensure that the Kalman-filter does not produce apoor initial update of
the soil moisture profile, particularly during periods when the near-surface and
deep soil layers are decouped, the Kalman-filter shoud be run for along enough
period d time to remove any effect of system state @varianceinitialisation. This
shoud then ensure that the Kalman-filter makes a goodinitial update of the soil
moisture profile @& a result of an unbased estimate of the system state
covariances. The importance of this is, orce the Kaman-filter makes a poor
updkte of the soil moisture profile during periods when the near-surface and deep
soil layers are demuped, then the forecast model continues to track the correct
nea-surface soil moisture content. This then means that the Kalman-filter canna
make any alteration to the poa estimation d soil moisture @ntent at deeper

depths.

In addition to decugding and modd structure arors, results have shown
that the Kaman-filter is also likely to perform poaly if the near-surface soil
moisture observation depth is not commensurate with the depth over which the
nea-surface soil moisture observationis applied in the model. Thisis particularly
important when there is a gradient in the nea-surface layers of the soil moisture

profile.

In conclusion, it shodd be noted that the Kaman-filter performed
adequately for most applications of the soil moisture profile estimation algorithm
developed in thisthesis. Hence, the goproadh adopted in this thesis forms the basis
of a succesgul data assmilation scheme for remote sensing olservations of near-

surface soil moisture.
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12.1.8 THREE-DIMENSIONAL FIELD APPLICATION

Application d the Modified Kaman-filter assmilation scheme to the
Nerrigundah cachment, using the three-dimensional version d the smplified soil
moisture profile forecating model, has $own that the soil moisture profile
dynamics of a small experimental catchment could be alequately estimated using
the soil moisture profile estimation algorithm developed in this thesis. By using
such an agorithm, the influences of poor initialisation d the soil moisture model
were overcome, yielding an average rms error in total soil moisture storage of
6% v/v, as compared to 13 v/v when nea-surface soil moisture observations

were not asamil ated into the soil moisture mode!.

In the rare situation where there is a goodiniti ai sation of the soil moisture
forecasting model, the forecating model has a goodcdibration, and hgh quality
forcing chta is available, updating d the model with near-surface soil moisture
observations was foundto dlightly degrade the otherwise excdlent estimation d
the soil moisture profile dynamics. This was a result of noise in the near-surface
soil moisture observations, and the gplication d observation nase and system
state variances in the Modified Kalman-filter. However, when the initialisation d
the soil moisture profile forecasting model was poor, as is the usua situation,
assmilation d nea-surface soil moisture observations into the forecasting model

made an obvous improvement in the soil moisture profil e estimation.

Simulation results have dso indicaed that when near-surfacesoil moisture
observations are of low quality, and this is not reflected by the observation
variances, estimation d the soil moisture profile may be poa. This suggests that
the asgmilation d nea-surface soil moisture observations into a hydrologic
model shoud yield an owerall general improvement in the estimation d spatia
distribution and temporal variation d soil moisture profiles, providing the near-

surface observations are of sufficient accuracy.

With an improved application d the forecast system state variances and
observation variances, the estimation o soil moisture profiles may be further
improved, particularly when the simulated and olserved near-surface soil
moisture content values are drealy close. This gudy hes also highlighted the

difficulty of relating pant measurements of soil moisture wntent to the spatially



Chapter 12 —Conclusions and Future Diredion Page12-11

averaged estimates from a soil moisture model. Hence, evaluation d the soil
moisture profile estimation algorithm is likely to be the most difficult componrent

of soil moisture profile estimation oer large aress.

Simulation results have dso shown that adequate estimation d the soil
moisture profile was not heavily dependent on the frequency of near-surface soil
moisture content measurements. However, this is provided the model calibration
and forcing data are of sufficient accuracy, with poa estimation d the soil
moisture profiles being orly a result of poa initiadisation d the forecasting
model. When calibration errors exist in the forecasting model, or more
importantly, there ae significant errors in the forcing data, then the effect of the
update interval will be influenced by the rate a& which the forecasting model
dynamics result in a divergence from the crred smulation o soil moisture

profil es.

12.1.9 SUMMARY OF MAIN CONCLUSIONS

This thesis has developed a methoddogy for estimating the observation
depth of near-surface soil moisture measurements from active microwave remote
sensing. Moreover, a procedure has been developed for inferring the near-surface
soil moisture profile over the observation depth, from adive microwave
observations. This provides the essential input for updeting d the soil moisture
model in an operational setting.

A soil moisture profile estimation algorithm has been developed for
estimating the soil moisture dynamics of asmall cachment. This has invalved the
development of a computationally efficient soil moisture profile forecasting
model, and a mputationally efficient applicaion o the Kaman-filter
assmilation scheme, by developing a simplified procedure for forecasting the
system state covariances. Moreover, it has been shown that an assmilation
scheme which has the dharacteristics of the Kalman-filter is required for effedive
updeting d the soil moisture forecasts, and that the forecasting model must be &
nea to a linear representation d the soil physics as possble, to ensure stable
updeting d the model. However, updating d the soil moisture profile is only as

goodas the forecasting model’ s representation d the soil physics. Furthermore, it
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is necessry to have an accurate knowledge of the depth for which nea-surface
soil moisture measurements relate, when updating the soil moisture model.

12.2 FUTURE DIRECTION

Remmmendations for future research fal into five cdegories, namely:
(i) estimation d the remote sensing olservation depth; (i) measurement of the
nea-surface soil moisture profile from remote sensing; (iii) forecasting d soil
moisture profiles, (iv) system state variance spedfication in the Modified
Kaman-filter; and (v) advances towards operational estimation d the spatia
distribution and tempora variation d soil moisture profiles. Potential reseach in

ead of thesefive cdegoriesis addressed below.

12.2.1 REMOTE SENSING OBSERVATION DEPTH

Whil st the radar observation depth model developed in this thesis agreed
well with experimental observation depth values noted in literature, it has not
been widely evaluated. Hence, it is proposed that a ground based experimental
program could be designed to evaluate the theoretical remote sensing olservation
depth model from badkscatering olservations. Such an experiment would involve
making badkscattering olservations of a soil surface for different soil moisture
contents, wave palarisations and incidence angles, with a metal plate inserted at
incrementally increasing depths. The metal plate would provide a dieledric
discontinuity in the soil, which would have astrong badkscatering response when
locaed within the radar observation depth. Once the plate insertion depth is
incressed beyond the radar observation depth, there would be a significant
reductionin the total badcscatering olserved by the remote sensor.

12.2.2 REMOTE SENSING MEASUREMENT OF NEAR-
SURFACE SOIL MOISTURE

Althoughthe proposed variation onthe Modified IEM alows the nea-
surface soil moisture profile over the observation depth to be measured, it still
contains restrictive aumptions regarding the dielectric constant impaosed for
evaluation d the modified reflection coefficients. By replaang the modified

reflection coefficients with an approximate solution to the Riccdi equation, the
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Modified IEM may be gplied to any delectric profile shape. This would
eliminate the impaosed transition d the dielectric profile in the near-surface ar
layer when using the modified refledion coefficient. It is proposed that
applicaion d the reflection coefficients from the Riccati equation in the Modified
IEM be evaluated with backscatering data ollected at the European Microwave
Signature Laboratory.

In addition to the &owve, application d the Modified IEM for measuring
nea-surface soil moisture ntent in the field may be evaluated from the two
ERS-2 remote sensing chta sets obtained duing the intensive field campaign in
this thesis, and comparison made with the ground measurements. Moreover, the
significance of locd incidence angle on inferring the near-surface soil moisture
content from backscatering olservations with the Modified IEM, may be
evauated by wing the two DEM data sources presented and by assuming a flat

surface.

12.2.3 SIMPLIFIED SOIL MOISTURE MODEL

It has been shown that unless the simplified soil moisture profile
forecasting model was calibrated to extended drying periods, soil moisture in the
dee soil layers was forecast incorrectly, as aresult of the neglect of aroot water
uptake term. However, in simulating field measured soil moisture profiles by
cdibrating to extreme drying events withou the root water uptake term, soil
parameters no longer had the physicd meaning intended. Hence a root water
uptake term shoud be alded to the model, to account for transpiration duing
periods when evapaotranspiration rates exceed the rate of capill ary rise to the upper
soil | ayer.

12.2.4 SIMPLIFIED COVARIANCE ESTIMATION

Soil moisture profile estimation wsing the Modified Kaman-filter was
shown to produwce poa updates of the near-surface soil moisture in some
instances, particularly when model forecasts and olservations were drealy close.
This was aresult of stronglateral correlations with adjacent observations that had
a large difference in soil moisture content between the model forecast and the

observation, and the speafication d a constant system state variance Hence, it is
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suggested that rather than using a @nstant system state variance, the Modified
Kaman-filter update might be improved by estimating the system state variance
from the difference between the observed and forecast estimate of near-surface

s0il moisture mntent, and the variance of the observation.

12.2.5 OPERATIONAL SOIL MOISTURE PROFILE
ESTIMATION

The anphasis of this thesis has been on identifying an appropriate
methoddogy for estimating the spatial distribution and temporal variation d soil
moisture profiles, through the asmilation d near-surface soil moisture
observations from remote sensing in an operational setting. Hence, the obvious
progresson from the work established in this thesis, is to test the soil moisture
profile estimation algorithm with adual remote sensing dita. Moreover, the
eff ects on soil moisture profile estimation from errors in pubished elevation chta,
pudished soils data, and forcing data from only routinely colleded
meteorologicd observations $houd be investigated.

In addition to the @&owe, it has been shown in this thesis that microwave
remote sensing d near-surface soil moisture @ntent is heavily dependent on the
soil temperature, throughthe relationship of volumetric soil moisture content with
dieledric constant. Hence for remote sensing olservations to be useful for
measuring the near-surface soil moisture @ntent, the spatial distribution and
tempora variation d soil temperature profiles must be estimated, in addition to
soil moisture. This has not been thorougHy investigated here, other than for the
one-dimensional synthetic study.

Apart from providing absolute values of nea-surface soil moisture
content, remote sensing cata can be used to estimate the dhange in near-surface
soil moisture @ntent between successve observations through the method d
change detedion. Theinclusion d this type of data for updating d the hydrologic
mode has not been evaluated. Furthermore, pant measurements of soil moisture
content may be used to update the hydrologic model at discrete points. However,
throughlateral correlations in the forecasting model, upciting d the model may
be made for more than just the observed pant. Likewise, nea surface soil

moisture observations for only part of the model domain may provide updeting
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information for more than just the observed portion d the caichment, as a result
of latera correlations in the model. Moreover, pant measurements of soil
moisture may be used to interpolate the spatial measurements of nea-surfacesoil
moisture content, to provide updating information over the entire soil profile, with
an obvious increase in its uncertainty. This type of information may all eviate the
effect of decouding onthe Kalman-filters ability to make arrections to the soil

moisture profile estimation.



