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ABSTRACT

This project made advances in data assimilation and modeling capabilities for predicting soil moisture states and fluxes at the sub-watershed
scale by using calibration information from a network of high-quality observation sources at a range of scales including remote sensing data
and field sites. The sub-watershed is the semiarid mountain front above Boise, Idaho which has two well-characterized field sites (Boise
Hydrogeophysical Research Site, BHRS, a riparian setting at the base river boundary of the block, and Dry Creek Experimental Watershed,
DCEW, spanning open to forested slopes to the crest of the block). We have added instrumentation and monitored saturated and partially
saturated moisture behavior between river, aquifer, vadose zone, and atmosphere at the BHRS to quantify fluxes and support direct and non-
invasive geophysical (especially radar and electrical) method development for measuring moisture and physical properties and their
spatiotemporal variations at high resolution. Similar activities have taken place at the DCEW as well as model developments and
assessments of DCEW data on the ground and from satellites for validation and verification in data assimilation including downscaling of
fractional snow cover and slope-aspect moisture regimes. Students and collaborators (within Boise State and extramural) are involved in all
aspects of this project.
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* We have continued to focus on the use of remote sensing data to improve knowledge of hydrologic conditions at spatial scales
of hillslopes. Specifically, we have developed a landscape physiography-based downscaling algorithm to downscale MODerate-
resolution Imaging Spectroradiometer (MODIS) fractional snow covered area (fSCA) estimates at spatial scales of 500 m to
produce a binary snow covered area (SCA) map at a spatial resolution of 30 m. The advantage of the MODIS fSCA product
(MOD10A1) is that it provides daily estimates of fSCA in snow-covered regions. The principal disadvantage is the spatial
resolution, which is too coarse for many Army applications. The developed algorithm uses remote sensing information in the
form of 30 m digital elevation models (DEMs) to compute a terrain score within each MOD10A1 pixel. The terrain score is a
simple linear combination of the normalized elevation and normalized slope factor. The slope factor combines slope and aspect
angles and is meant to capture the fraction of direct beam solar radiation a pixel receives relative to a flat pixel for a particular
day. The terrain score-based downscaling algorithm, which is parameterized only by the weights of the normalized elevation
and slope factor and must sum to unity, is calibrated to reproduce a time series of historical Landsat retrievals of SCA at 30 m
resolution. We then validate the algorithm against a Landsat SCA retrieval withheld from the calibration process (blind
validation). While the Landsat SCA retrievals are a much higher spatial resolution, they are very sporadic in time because they
represent remote sensing imagery from a single satellite overpass and are very sensitive to cloud contamination.

* To address the major challenge of the coarse resolution of the forcings, Dr. Flores' research group has begun the effort to
produce a very high-resolution decadal forcing dataset for southwestern Idaho by running the Weather Research and
Forecasting (WRF) model at sub-kilometer resolutions over the entire Boise River Basin, and at 2 km resolution over the entire
Snake River Basin. Recent studies in the Colorado headwaters region found that in complex terrain, WRF simulations were
able to reproduce observed, point-scale precipitation to within 10-15% accuracy when the resolution of the model was 6 km or
finer. We are using WRF to generate hourly hydrometeorological forcings in southwest Idaho for the period from approximately
1984-present. In particular we are performing "production runs" now on the Yellowstone facility at the NCAR Wyoming
Supercomputing Center. We are starting with Water Year 2009 because we have some novel Lidar data to validate simulated
snow depths in Reynolds Creek. But we will be confirming against available point data (AgriMET, SNOTEL, SCAN, etc) and
spatially distributed data (SNODAS, NEXRAD, etc). Once complete, the dataset will be uploaded, along with appropriate
metadata, to a public data archive. This work is supported by a NASA EPSCoR grant (Remote Sensing of the Cryosphere:
Calibration and Validation) and fills a critical gap in our current research interests.

* In late summer 2012, an undergraduate student installed sap flow sensors at a coniferous forest site in the Dry Creek
Experimental Watershed. Sap flow sensors were initially installed in mature Ponderosa pine and Douglas fir trees. We have
been interpreting preliminary sap flow data and transpiration estimates and will make adjustments to sensor placement prior to
the beginning of the Spring 2013 green-up season (see below). On-going results will be used to check and/or calibrate
assumptions and dynamics for ET components in local-scale and hillslope scale hydrologic modeling.

We have installed, in 2013, one set of sap flow sensors in Dry Creek Experimental Watershed and are monitoring several
Ponderosa Pine and Douglas Fir individuals at this site. These data will be invaluable in confirming some preliminary results
from the thesis of Ricci Loughridge that near infrared (NIR) reflectance in August, along with aspect, provides good
discriminatory power for predicting the presence of ponderosa pine in semiarid landscapes. We hypothesize that this
observation arises because Ponderosa Pine are adapted to put down tap roots that are able to extract water from the saturated
zone (causing greater August NIR reflectance) while more shallow-rooted Douglas Fir rely on water from the unsaturated zone.
Since August is the approximate time of highest water tension (lowest moisture content), the contrast between the NIR
reflectance from Ponderosa and Douglas Fir becomes sufficiently large that it allows for discrimination between the species
based, in part, on NIR reflectance. The sap flow sensors will allow us to test this hypothesis. Based on our hypothesis, we
would predict that Ponderosa Pine are able to continue transpiring at a greater rate into the summer than Douglas Fir. To our
knowledge NIR has not previously been identified as being able to discriminate between these coniferous species during
periods of water stress.

* As follow-up to the in-situ infiltration test at the BHRS conducted in 2011, we have analyzed and modeled results to estimate
unsaturated hydraulic conductivity in a vertical series of natural (coarse cobble conglomerate and sand) sediment units as
functions of moisture content and tension, and including geophysical measurements for independent verification of wetting front
movement through the different units. Also the time-lapse GPR and 3D ERT monitoring data from the experiment are available
for joint inversion for lateral variation and calibration to variable moisture content for the local layers and lenses or different
units. Important findings include (a) demonstration that moisture pass-through at high steady (e.g., most-intense storm
equivalent) infiltration rate occurs over extended time periods at significantly less than saturated K, (b) interpretation of
response and Brooks-Corey parameters indicate unsaturated K behavior is dominantly controlled by interconnected matrix with
little influence by the cobbles (i.e., inclusion of cobbles in representative grain size calculations causes overestimation of
unsaturated K), (c) van Genucthen-Mualem parameterization explains the unsaturated behavior of moisture content-tension-
hydraulic conductivity without need for adjustments due to cobble presence or size etc, and (d) results at the infiltration test site
are improved by treating the system as 2D (lateral variation in one of the layers) rather than 1D - which is consistent with the
scale of heterogeneity observed in roadcuts and quarries for this scale of investigation.

Results are applicable to unsaturated fluid (moisture and gas) and heat fluxes in this widely occurring class of deposits (coarse
conglomeratic sediments with minimal silt or clay) such as high-energy fluvial deposits and periglacial deposits. As such these



results can help parameterize models in high-latitude cold regions with sensitive responses to environmental conditions and
climate change - i.e., where high infiltration rates without ponding can be expected even for high-intensity storms. Also
saturated hydraulic parameterization for such high-energy and periglacial deposits can be assisted by findings in the aquifer at
the BHRS (see publications at http://cgiss.boisestate.edu/bhrs/#Publications ).

* Variable head and mass flux river-aquifer boundary conditions are important for quantitative understanding of hydrologic
processes in riparian systems, especially in semi-arid regions which are sensitive to water table fluctuations on daily, seasonal,
and flood-event scales for both the saturated and vadose zone “compartments.” For this project we have been monitoring
temperature and hydraulic head profiles in, adjacent to, and at progressive distances from the river-aquifer boundary in both the
saturated and unsaturated zones and with hydrologic and geophysical methods, Now we are modeling river-aquifer interaction
to quantify mass flux, trace the spatial-temporal distribution of mass flux in the aquifer including vadose zone filling and draining,
include local heterogeneity estimated with geophysical survey assistance, quantify pressure redistribution and mass
displacement for the water table aquifer in detail in the hyporheic-river-edge zone and behavior 10s of meters away from the
river edge including explicit representation of inundation associated with high river stages. Preliminary findings are encouraging
for capturing long-term head and temperature behavior and for responses to more “instantaneous” step rises and drops in river
stage. Heterogeneity based on GPR geophysical profiles is needed to match high-resolution monitoring data near the river-
aquifer boundary. Accurate boundary representation of the river (including inundation) and sub-river is important for detailed
near-boundary response matching. Modeling is nearly complete as of the end of 2013 and will be submitted for publication in a
peer-reviewed journal in 2014.

* A database and database management system have been developed for the monitoring of aquifer-to-atmosphere and river-
aquifer states and fluxes for this project - these are freely available to the public at the BHRS data repository page:
http://cgiss.boisestate.edu/bhrs/bhrs-data/

The manual for use of the database is also available at this site. Data include: aquifer water levels at wells and piezometers;
aquifer temperatures including temperatures at several depths in some wells; vadose zone moisture content, tension, and
temperature profiles; river and sub-river heads and temperatures; and atmospheric temperature and pressure. Most of these
measurements were taken at 15 min intervals during most of the project period from 2010 continuing into 2013.

* We are one of the leading groups in the development of hydraulic tomography. In particular we have developed and are
improving an efficient field, data acquisition, and modeling system for 3D transient hydraulic tomography (3DTHT)that gives
direct estimation of distributed 3D hydraulic conductivity, with uncertainty calculations, at high resolution (approximately 1m*3)
in shallow aquifers including water table aquifers. Equipment from this DEPSCoR and associated DURIP grants have greatly
assisted this development. Results are providing the capability to trace high and low conductivity bodies and interruptions in
their continuity, and to trace variations in hydraulic conductivity within such bodies. This information is important for quantifying
heterogeneity, providing heterogeneity models that can pass upward to the vadose zone, modeling aquifer responses to system
forcing at boundaries and to detailed modeling of fluxes and states, and supporting groundwater contamination remediation
decisions and designs, especially for source zones of difficult contamination sites.

Recent publications document improving capabilities with this method and support new findings on the spatial structure of
saturated hydraulic conductivity - which is different than that for porosity and lithology and electrical conductivity in these coarse
conglomeratic (high-energy fluvial and periglacial) sedimentary deposits. Follow-up demonstration of the 3DTHT method at a
contaminated industrial site with greater hydraulic conductivity range and greater heterogeneity that at the BHRS is in progress;
preliminary results strongly suggest that the method has general applicability in shallow aquifers.

* We have completed development and testing of four algorithms that represent substantial advances in both imaging of the
vadose zone imaging and characterization of hydrologically relevant material properties. Each is described below.

- Joint petrophysical inversion of ground-penetrating radar (GPR), electrical resistivity (ER), and hydrologic data: We
developed this algorithm to estimate porosity, saturation, and Archie’s law parameters in the vadose zone from coincident, time
lapse, multi-offset GPR and ER profiles. With GPR and ER, we can formulate a joint optimization for porosity and saturation
based on GPR velocity and electric conductivity. However, we must solve for a third parameter — the saturation exponent in
Archie’s Law. We can solve this problem by adding the dimension of time to our formulation, assuming that there is significant
change in water saturation over time. In our algorithm, we first estimate GPR velocity using reflection tomography with the
multi-offset GPR data. An integral product of this process is production of an accurate map of reflecting boundaries. Because
these reflecting boundaries necessarily occur at electrical property discontinuities, we incorporate this information into the
inversion of ER data by relaxing the smoothness constraint at the position of the boundaries in the ER inversion. This has two
benefits — first it improves the resolution of the ER inversion, and second since the same reflecting boundaries are explicitly
incorporated into the GPR reflection tomography and ER inversion, it ensures that the two models are structurally consistent.
The final step in the procedure is a joint petrophysical inversion. We form an integrated objective function using Archie’s Law
for the ER model, and the CRIM equation for the GRP velocity model. Porosity and water saturation are common parameters in
the two petrophysical relationships and we invert directly for these distributions. Water saturation varies as a function of time
whereas porosity is time independent. The solution becomes better constrained as the range of water saturations is increased



and therefore long term monitoring over seasonal variations can improve the solution. The inversion is also designed to include
other hydrologic information. For data collected at the BHRS, we integrated the site wide porosity distribution as a constraint in
the inversion. This enables simultaneous estimation of the Archie’s law exponent and improved estimation of the porosity and
time dependent saturation distributions.

- Full-waveform inversion of GPR data for estimation of van Genuchten parameters using a coupled hydrologic and GPR
forward model: The dynamic response of the capillary fringe during a pump test causes the water saturation curve to either
stretch during drawdown or compress during recovery. When the dominant wavelength of a GPR signal is on the same order
as the spatial extent of this dynamic portion of the saturation curve a strong reflection is generated near the point of full
saturation. However, the reflected wavelet is highly sensitive to the shape of the saturation curve and stretching or
compression of the curve causes substantial variations in the amplitude, phase, and spectrum of the wavelet. This sensitivity
then provides the opportunity to invert for the hydrologic parameters that control the dynamic saturation response during a
pump test. In our algorithm, we use a coupled hydrologic and GPR forward model to invert GPR data for saturated hydraulic
conductivity , a and n van Genuchten parameters. Note that the method does not require the van Genuchten model and other
models such as Brooks-Corey can easily be incorporated into the same framework. In the forward step, we use Hydrus 1D to
simulate the dynamic saturation response to drawdown and then model the time-lapse GPR response using a 1D reflectivity
algorithm. The reflectivity algorithm is the exact analytical solution to a finely layered medium, and we simulate a smooth
saturation curve as a stack of discrete layers with variable saturation and each layer is much thinner than the GPR wavelength.
The algorithm uses full frequency dependent electrical properties to simulate the GPR signal. In each iteration of the inversion,
we first simulate the water saturation, then convert the water saturation to a dielectric permittivity and electrical conductivity
model using the CRIM equation and Archie’s Law respectively. With the electrical property model we then simulate the GPR
response and compare to the measured GPR data. The van Genuchten parameters are then updated and the process is
completed until the difference between the recorded and modeled GPR data are minimized. The GPR inversion is carried out
in the time domain using a simplex grid search method, and we simultaneously invert for the effective GPR source wavelet.

- GPR prestack amplitude recovery for radiation patterns using a full wave-equation, reverse-time migration algorithm: While
reverse-time, prestack migration (RT-PSDM) has become a common imaging method in seismic exploration, its use has
remained relatively limited in GPR applications. Antenna radiation patterns have a significant impact on ground-penetrating
radar (GPR) data amplitudes. Radiation patterns must be properly accounted for in quantitative amplitude analysis. We use a
full wave-equation RT-PSDM algorithm to correct multi-offset, ground-penetrating radar (GPR) amplitudes for antenna radiation
pattern effects. By including the earth-air interface in the source wavefield estimation, the radiation pattern effect is removed at
the reflecting interface. Further, geometric spreading and attenuation due to conductivity are naturally corrected in the RT-
PSDM framework. This approach can substantially improve the both the accuracy of GPR images and the amplitude
information which is useful for subsequent estimation of material properties.

- Estimating Debye parameters from GPR reflection data using spectral ratios: In the GPR frequency range, electromagnetic
wave attenuation is largely controlled by dielectric relaxation processes. A primary relaxation commonly occurs in the 10 — 100
MHz range for many earth materials in which the GPR signal propagates effectively. This relaxation leads to strong nonlinearity
in the frequency dependent attenuation and occurs in a frequency range that is often used for groundwater investigations. This
non-linearity complicates data analysis but also may provide additional material property information. We implemented a non-
linear inversion for Debye relaxation parameters directly from GPR reflection data. Our approach includes increasing the
bandwidth of the signal by summing the response from 25 MHz, 50 MHz, 100 MHz, and 200 MHz radar antennas. We first
compute the time-frequency distribution of the GPR data using spectral decomposition, then use the method of spectral ratios to
measure the attenuation vs frequency curve for significant reflection events. We then fit the curve with the multi-parameter
Debye model. Using synthetic and field data we have shown that this approach provides reliable estimates of the primary
relaxation time for a variety of realistic subsurface models. This approach has the potential to improve our understanding of
aquifer material properties. We currently have manuscripts in preparation for each of the above projects and anticipate
submission within the next 6 months.

Technology Transfer



Scientific Progress and Accomplishments

* We have continued to focus on the use of remote sensing data to improve knowledge of hydrologic
conditions at spatial scales of hillslopes. Specifically, we have developed a landscape physiography-
based downscaling algorithm to downscale MODerate-resolution Imaging Spectroradiometer (MODIS)
fractional snow covered area (fSCA) estimates at spatial scales of 500 m to produce a binary snow
covered area (SCA) map at a spatial resolution of 30 m. The advantage of the MODIS fSCA product
(MOD10A1) is that it provides daily estimates of fSCA in snow-covered regions. The principal
disadvantage is the spatial resolution, which is too coarse for many Army applications. The developed
algorithm uses remote sensing information in the form of 30 m digital elevation models (DEMs) to
compute a terrain score within each MOD10A1 pixel. The terrain score is a simple linear combination of
the normalized elevation and normalized slope factor. The slope factor combines slope and aspect
angles and is meant to capture the fraction of direct beam solar radiation a pixel receives relative to a
flat pixel for a particular day. The terrain score-based downscaling algorithm, which is parameterized
only by the weights of the normalized elevation and slope factor and must sum to unity, is calibrated to
reproduce a time series of historical Landsat retrievals of SCA at 30 m resolution. We then validate the
algorithm against a Landsat SCA retrieval withheld from the calibration process (blind validation). While
the Landsat SCA retrievals are a much higher spatial resolution, they are very sporadic in time because
they represent remote sensing imagery from a single satellite overpass and are very sensitive to cloud
contamination.

* To address the major challenge of the coarse resolution of the forcings, Dr. Flores' research group has
begun the effort to produce a very high-resolution decadal forcing dataset for southwestern Idaho by
running the Weather Research and Forecasting (WRF) model at sub-kilometer resolutions over the
entire Boise River Basin, and at 2 km resolution over the entire Snake River Basin. Recent studies in the
Colorado headwaters region found that in complex terrain, WRF simulations were able to reproduce
observed, point-scale precipitation to within 10-15% accuracy when the resolution of the model was 6
km or finer. We are using WRF to generate hourly hydrometeorological forcings in southwest Idaho for
the period from approximately 1984-present. In particular we are performing "production runs" now on
the Yellowstone facility at the NCAR Wyoming Supercomputing Center. We are starting with Water Year
2009 because we have some novel Lidar data to validate simulated snow depths in Reynolds Creek. But
we will be confirming against available point data (AgriMET, SNOTEL, SCAN, etc) and spatially distributed
data (SNODAS, NEXRAD, etc). Once complete, the dataset will be uploaded, along with appropriate
metadata, to a public data archive. This work is supported by a NASA EPSCoR grant (Remote Sensing of
the Cryosphere: Calibration and Validation) and fills a critical gap in our current research interests.

* In late summer 2012, an undergraduate student installed sap flow sensors at a coniferous forest site in
the Dry Creek Experimental Watershed. Sap flow sensors were initially installed in mature Ponderosa
pine and Douglas fir trees. We have been interpreting preliminary sap flow data and transpiration
estimates and will make adjustments to sensor placement prior to the beginning of the Spring 2013
green-up season (see below). On-going results will be used to check and/or calibrate assumptions and
dynamics for ET components in local-scale and hillslope scale hydrologic modeling.

We have installed, in 2013, one set of sap flow sensors in Dry Creek Experimental Watershed and are
monitoring several Ponderosa Pine and Douglas Fir individuals at this site. These data will be invaluable
in confirming some preliminary results from the thesis of Ricci Loughridge that near infrared (NIR)
reflectance in August, along with aspect, provides good discriminatory power for predicting the
presence of ponderosa pine in semiarid landscapes. We hypothesize that this observation arises because



Ponderosa Pine are adapted to put down tap roots that are able to extract water from the saturated
zone (causing greater August NIR reflectance) while more shallow-rooted Douglas Fir rely on water from
the unsaturated zone. Since August is the approximate time of highest water tension (lowest moisture
content), the contrast between the NIR reflectance from Ponderosa and Douglas Fir becomes
sufficiently large that it allows for discrimination between the species based, in part, on NIR reflectance.
The sap flow sensors will allow us to test this hypothesis. Based on our hypothesis, we would predict
that Ponderosa Pine are able to continue transpiring at a greater rate into the summer than Douglas Fir.
To our knowledge NIR has not previously been identified as being able to discriminate between these
coniferous species during periods of water stress.

* As follow-up to the in-situ infiltration test at the BHRS conducted in 2011, we have analyzed and
modeled results to estimate unsaturated hydraulic conductivity in a vertical series of natural (coarse
cobble conglomerate and sand) sediment units as functions of moisture content and tension, and
including geophysical measurements for independent verification of wetting front movement through
the different units. Also the time-lapse GPR and 3D ERT monitoring data from the experiment are
available for joint inversion for lateral variation and calibration to variable moisture content for the local
layers and lenses or different units. Important findings include (a) demonstration that moisture pass-
through at high steady (e.g., most-intense storm equivalent) infiltration rate occurs over extended time
periods at significantly less than saturated K, (b) interpretation of response and Brooks-Corey
parameters indicate unsaturated K behavior is dominantly controlled by interconnected matrix with
little influence by the cobbles (i.e., inclusion of cobbles in representative grain size calculations causes
overestimation of unsaturated K), (c) van Genucthen-Mualem parameterization explains the
unsaturated behavior of moisture content-tension-hydraulic conductivity without need for adjustments
due to cobble presence or size etc, and (d) results at the infiltration test site are improved by treating
the system as 2D (lateral variation in one of the layers) rather than 1D - which is consistent with the
scale of heterogeneity observed in roadcuts and quarries for this scale of investigation.

Results are applicable to unsaturated fluid (moisture and gas) and heat fluxes in this widely occurring
class of deposits (coarse conglomeratic sediments with minimal silt or clay) such as high-energy fluvial
deposits and periglacial deposits. As such these results can help parameterize models in high-latitude
cold regions with sensitive responses to environmental conditions and climate change - i.e., where high
infiltration rates without ponding can be expected even for high-intensity storms. Also saturated
hydraulic parameterization for such high-energy and periglacial deposits can be assisted by findings in
the aquifer at the BHRS (see publications at http://cgiss.boisestate.edu/bhrs/#Publications ).

* Variable head and mass flux river-aquifer boundary conditions are important for quantitative
understanding of hydrologic processes in riparian systems, especially in semi-arid regions which are
sensitive to water table fluctuations on daily, seasonal, and flood-event scales for both the saturated
and vadose zone “compartments.” For this project we have been monitoring temperature and hydraulic
head profiles in, adjacent to, and at progressive distances from the river-aquifer boundary in both the
saturated and unsaturated zones and with hydrologic and geophysical methods, Now we are modeling
river-aquifer interaction to quantify mass flux, trace the spatial-temporal distribution of mass flux in the
aquifer including vadose zone filling and draining, include local heterogeneity estimated with
geophysical survey assistance, quantify pressure redistribution and mass displacement for the water
table aquifer in detail in the hyporheic-river-edge zone and behavior 10s of meters away from the river
edge including explicit representation of inundation associated with high river stages. Preliminary
findings are encouraging for capturing long-term head and temperature behavior and for responses to
more “instantaneous” step rises and drops in river stage. Heterogeneity based on GPR geophysical



profiles is needed to match high-resolution monitoring data near the river-aquifer boundary. Accurate
boundary representation of the river (including inundation) and sub-river is important for detailed near-
boundary response matching. Modeling is nearly complete as of the end of 2013 and will be submitted
for publication in a peer-reviewed journal in 2014.

* A database and database management system have been developed for the monitoring of aquifer-to-
atmosphere and river-aquifer states and fluxes for this project - these are freely available to the public
at the BHRS data repository page:

http://cgiss.boisestate.edu/bhrs/bhrs-data/

The manual for use of the database is also available at this site. Data include: aquifer water levels at
wells and piezometers; aquifer temperatures including temperatures at several depths in some wells;
vadose zone moisture content, tension, and temperature profiles; river and sub-river heads and
temperatures; and atmospheric temperature and pressure. Most of these measurements were taken at
15 min intervals during most of the project period from 2010 continuing into 2013.

* We are one of the leading groups in the development of hydraulic tomography. In particular we have
developed and are improving an efficient field, data acquisition, and modeling system for 3D transient
hydraulic tomography (3DTHT)that gives direct estimation of distributed 3D hydraulic conductivity, with
uncertainty calculations, at high resolution (approximately 1m”3) in shallow aquifers including water
table aquifers. Equipment from this DEPSCoR and associated DURIP grants have greatly assisted this
development. Results are providing the capability to trace high and low conductivity bodies and
interruptions in their continuity, and to trace variations in hydraulic conductivity within such bodies. This
information is important for quantifying heterogeneity, providing heterogeneity models that can pass
upward to the vadose zone, modeling aquifer responses to system forcing at boundaries and to detailed
modeling of fluxes and states, and supporting groundwater contamination remediation decisions and
designs, especially for source zones of difficult contamination sites.

Recent publications document improving capabilities with this method and support new findings on the
spatial structure of saturated hydraulic conductivity - which is different than that for porosity and
lithology and electrical conductivity in these coarse conglomeratic (high-energy fluvial and periglacial)
sedimentary deposits. Follow-up demonstration of the 3DTHT method at a contaminated industrial site
with greater hydraulic conductivity range and greater heterogeneity that at the BHRS is in progress;
preliminary results strongly suggest that the method has general applicability in shallow aquifers.

* We have completed development and testing of four algorithms that represent substantial advances
in both imaging of the vadose zone imaging and characterization of hydrologically relevant material
properties. Each is described below.

- Joint petrophysical inversion of ground-penetrating radar (GPR), electrical resistivity (ER), and
hydrologic data: We developed this algorithm to estimate porosity, saturation, and Archie’s law
parameters in the vadose zone from coincident, time lapse, multi-offset GPR and ER profiles. With GPR
and ER, we can formulate a joint optimization for porosity and saturation based on GPR velocity and
electric conductivity. However, we must solve for a third parameter — the saturation exponent in
Archie’s Law. We can solve this problem by adding the dimension of time to our formulation, assuming
that there is significant change in water saturation over time. In our algorithm, we first estimate GPR
velocity using reflection tomography with the multi-offset GPR data. An integral product of this process
is production of an accurate map of reflecting boundaries. Because these reflecting boundaries



necessarily occur at electrical property discontinuities, we incorporate this information into the
inversion of ER data by relaxing the smoothness constraint at the position of the boundaries in the ER
inversion. This has two benefits — first it improves the resolution of the ER inversion, and second since
the same reflecting boundaries are explicitly incorporated into the GPR reflection tomography and ER
inversion, it ensures that the two models are structurally consistent. The final step in the procedure is a
joint petrophysical inversion. We form an integrated objective function using Archie’s Law for the ER
model, and the CRIM equation for the GRP velocity model. Porosity and water saturation are common
parameters in the two petrophysical relationships and we invert directly for these distributions. Water
saturation varies as a function of time whereas porosity is time independent. The solution becomes
better constrained as the range of water saturations is increased and therefore long term monitoring
over seasonal variations can improve the solution. The inversion is also designed to include other
hydrologic information. For data collected at the BHRS, we integrated the site wide porosity distribution
as a constraint in the inversion. This enables simultaneous estimation of the Archie’s law exponent and
improved estimation of the porosity and time dependent saturation distributions.

- Full-waveform inversion of GPR data for estimation of van Genuchten parameters using a coupled
hydrologic and GPR forward model: The dynamic response of the capillary fringe during a pump test
causes the water saturation curve to either stretch during drawdown or compress during recovery.
When the dominant wavelength of a GPR signal is on the same order as the spatial extent of this
dynamic portion of the saturation curve a strong reflection is generated near the point of full saturation.
However, the reflected wavelet is highly sensitive to the shape of the saturation curve and stretching or
compression of the curve causes substantial variations in the amplitude, phase, and spectrum of the
wavelet. This sensitivity then provides the opportunity to invert for the hydrologic parameters that
control the dynamic saturation response during a pump test. In our algorithm, we use a coupled
hydrologic and GPR forward model to invert GPR data for saturated hydraulic conductivity , a and n van
Genuchten parameters. Note that the method does not require the van Genuchten model and other
models such as Brooks-Corey can easily be incorporated into the same framework. In the forward step,
we use Hydrus 1D to simulate the dynamic saturation response to drawdown and then model the time-
lapse GPR response using a 1D reflectivity algorithm. The reflectivity algorithm is the exact analytical
solution to a finely layered medium, and we simulate a smooth saturation curve as a stack of discrete
layers with variable saturation and each layer is much thinner than the GPR wavelength. The algorithm
uses full frequency dependent electrical properties to simulate the GPR signal. In each iteration of the
inversion, we first simulate the water saturation, then convert the water saturation to a dielectric
permittivity and electrical conductivity model using the CRIM equation and Archie’s Law respectively.
With the electrical property model we then simulate the GPR response and compare to the measured
GPR data. The van Genuchten parameters are then updated and the process is completed until the
difference between the recorded and modeled GPR data are minimized. The GPR inversion is carried
out in the time domain using a simplex grid search method, and we simultaneously invert for the
effective GPR source wavelet.

- GPR prestack amplitude recovery for radiation patterns using a full wave-equation, reverse-time
migration algorithm: While reverse-time, prestack migration (RT-PSDM) has become a common imaging
method in seismic exploration, its use has remained relatively limited in GPR applications. Antenna
radiation patterns have a significant impact on ground-penetrating radar (GPR) data amplitudes.
Radiation patterns must be properly accounted for in quantitative amplitude analysis. We use a full
wave-equation RT-PSDM algorithm to correct multi-offset, ground-penetrating radar (GPR) amplitudes
for antenna radiation pattern effects. By including the earth-air interface in the source wavefield
estimation, the radiation pattern effect is removed at the reflecting interface. Further, geometric



spreading and attenuation due to conductivity are naturally corrected in the RT-PSDM framework. This
approach can substantially improve the both the accuracy of GPR images and the amplitude information
which is useful for subsequent estimation of material properties.

- Estimating Debye parameters from GPR reflection data using spectral ratios: In the GPR frequency
range, electromagnetic wave attenuation is largely controlled by dielectric relaxation processes. A
primary relaxation commonly occurs in the 10 — 100 MHz range for many earth materials in which the
GPR signal propagates effectively. This relaxation leads to strong nonlinearity in the frequency
dependent attenuation and occurs in a frequency range that is often used for groundwater
investigations. This non-linearity complicates data analysis but also may provide additional material
property information. We implemented a non-linear inversion for Debye relaxation parameters directly
from GPR reflection data. Our approach includes increasing the bandwidth of the signal by summing the
response from 25 MHz, 50 MHz, 100 MHz, and 200 MHz radar antennas. We first compute the time-
frequency distribution of the GPR data using spectral decomposition, then use the method of spectral
ratios to measure the attenuation vs frequency curve for significant reflection events. We then fit the
curve with the multi-parameter Debye model. Using synthetic and field data we have shown that this
approach provides reliable estimates of the primary relaxation time for a variety of realistic subsurface
models. This approach has the potential to improve our understanding of aquifer material properties.
We currently have manuscripts in preparation for each of the above projects and anticipate submission
within the next 6 months.





