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Key Dynamic function K-sat
• Hydraulic conductivity can be defined as a measure of the ability of 

soil to transmit water. Under saturated conditions this parameter is 
usually denoted as K-sat  or (Ks) and is assumed to be constant  for 
a given space and time within a soil (Amoozegar and Wilson, 1999).

• The knowledge of K-sat for a specific soil is too important for 
instance in drainage design, the saturated hydraulic conductivity is 
used to compute the velocity in which water can move toward and 
into the drainlines below the water table (Amoozegar and Wilson,
1999).

• Laboratory determined values rarely agree with field measurements, 
the differences often being on the order of 100 fold or more. Field 
methods generally are more reliable than laboratory methods due to 
the closer approximation to natural conditions (Scott, 2000).





Key-challenges for K-sat

• K-sat measurements are typically point 
measurements.  How can we do the 
integration of the point measurements 
over an area??

• Frequency of measurements??

Presenter�
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Scales 
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After Papanicolaou (2006), Geomorphology



Key-questions towards the 
spatial/temporal integration

This collaborative investigation between UI and the Iowa State 
University (ISU) will examine the following research questions (Qs):

Q-1) Is the increase (decrease) in the hillslope gradient going to
have an adverse (inverse) effect on the conductivity magnitude?

There are contradictory findings concerning the effects of slope
gradient and landform geometry on infiltration rate.  For example, 
Zaslansky and Sinai (1981) found that the infiltration rate decreased 
as the slope increased while Poesen (1986) reported an increase in 
infiltration as the slope increased.  



Key-questions towards the 
spatial/temporal integration

Q-2) How slope, soil type and management practices collectively 
affect infiltration?

The effects of slope on infiltration rate for different soil types and 
land-use have not been thoroughly examined (Kidwell et al. 1997).  
More work is required to evaluate the cumulative effects of 
management practices and soil type on infiltration for different
slopes.  Furthermore, the role of soil microstructure on infiltration 
rate needs to be examined carefully as most of the studies thus far 
have focused only on the macroscopic properties of soil.





Key-questions towards the 
spatial/temporal integration es and 

Tasks
Q-3) Rainfall intensity and raindrop size relate to the rate of 
infiltration by affecting the porous microstructure of the soil. Do 
changes in rainfall intensity and therefore raindrop terminal velocity 
affect significantly the rate of infiltration?  How significant these 
changes need to be in order to cause delay or acceleration of the 
infiltration process?

Conductivity relations that account for the changes in rainfall 
intensity and the kinetic energy of the raindrops need to be 
developed.



Key-questions towards the spatial/temporal 
integration

Q-4) There is still a need to define spatial variability of infiltration 
and runoff along a hillslope using new research methodologies and 
techniques.



Hollistic approach

• Use geospatial tools and watershed 
models as a first step to identify the 
hotspots and address spatial/temporal 
variability.

• Perform continuous measurements using 
sensor technology at the hotspots to refine 
our existing understanding.

• Integration of point measurements.



•South Amana catchment of Clear Creek watershed, IA
•The area of the catchment is approximately 6400 acres
•Primarily agricultural, with 60% of land cover being 
row crops and about 20% in pasture/hay

Study Site



The Clear Creek Testbed, IA





DEM: National Elevation Dataset 

Hydrography: National Hydrography Dataset 
River networks for 8-digit HUC watersheds

Stream data: National Water Information System 
Discharges and stream gage locations

Rainfall data: Iowa Environmental Mesonet &
Nexrad NOAA

Data sources: third-party geo-physical 
measurements

Topography (10m and 30m resolution)

Clear Creek Digital Watershed

Rainfall estimates



Upper Middle

Lower

Data source 1: Iowa Mesonet (daily)

DW Application: 
Rainfall from 

NEXRAD 

Clear Creek Digital Watershed

Data source 2: NOAA (5 min)



Soil type: STATSGO
• USDA-NRCS Soil Survey Division
• IDNR - Iowa Geological Survey (30-m grid)

Land use/cover:
• National Land Cover Dataset
• USDA-NRCS office, Williamsburg (IA)

Data sources: third-party geo-bio-chemical 
measurements

Water Quality:
• IowaStoret - DNR
• IowaWater

Clear Creek Digital Watershed

Year 2004 Year 2005Year 2004 Year 2005



Table : Crop Rotations in South Amana Catchment. 
 

Rotation Code Areal Extent in Watershed 
Fall Till Corn -> No-Till Bean FTC-NTB 31.1 % 
No-Till Bean -> Spring Till Corn NTB-STC 25.1 % 
No-Till Corn -> Fall Till Bean NTC-FTB 22.8 % 
Spring Till Corn -> No-Till Bean STC-NTB 4.5 % 
Fall Till Bean -> Spring Till Corn FTB-STC 4.1 % 
 



DW Application: Water Quality

992002Clear Creek/Jasper Street(Tiffin)

948057Clear Creek South Trib

952019Clear Creek at Tiffin

952008Clear Creek(up)

952009Clear Creek(down)

952024Clear Creek

Station NumberStation Name

Iowa Storet: 8 long-term stations and 24 newer stations (snap-shots)

Clear Creek Watershed

* FlowTemperature, air

* Stream width measurePrecipitation

* Precipitation Phosphate

Weather CommentspH

Water appearance Nitrogen, Nitrite (NO2)

TransparencyNitrogen, Nitrate (NO3)

Temperature, waterDissolved oxygen (DO) 

* FlowTemperature, air

* Stream width measurePrecipitation

* Precipitation Phosphate

Weather CommentspH

Water appearance Nitrogen, Nitrite (NO2)

TransparencyNitrogen, Nitrate (NO3)

Temperature, waterDissolved oxygen (DO) 

Measured Parameters

* Not always available

Clear Creek Digital Watershed



USGS Stream discharge network

Oxford(0545200)

Near Oxford(0545220)

Coralville(0545280)

Near Coralville (0545200)

Clear Creek

Instantaneous and daily
discharges are acquired real-time 

from NWIS

Clear Creek Digital Watershed



South Amana Soil Types – SoilView



Interface Overview



Preliminary coupling scheme

- iterated process

30 arc-sec
DEM

Soil 
loss- original input data

- data processing
Iterated for sampled slopes

- data for WEPP-HE 
- intermediate data

Daily
climate 
forcing

Hourly
precipitation

30m DEM

Slope 
profile

Soil &
vegetation

Adjusted erodibility,
friction factors, & 

random roughness

WEPP-HE Code

WEPP model

ArcGIS

Precipitation
& runoff
output

VIC





Hotspots







Clear Creek sensors

In-situ data collected with conventional and custom-built 
instruments & laboratory analysis (selection):

• Wireless sensor network for moisture and water quality data (Nitrates)
• Non-intrusive stream flow monitoring techniques (ADCP and LSPIV)
• Sources of sediment & pathways (stable isotope tracers & radionucleids)
• Rainfall (disdrometers, rain gages)
• Bed load and suspended sediment (ISCO, sedimeters)
• Permeability
• Hydraulic conductivity (via in-situ instrumentation and lab-based CT)
• Enrichment ratio
• Phosphorus (particulate and dissolved)



Double-ring infiltrometer

Ongoing Field Work

Presenter�
Presentation Notes�
Semi-automated (inner ring is automated) with the data logger.�



Tensiometer & soil moisture probes

Ongoing Field Work



Watershed Soil Characterization

37.6847.0038.5938.0736.34%Liquid Limit
24.3632.3524.2027.0026.70%Plastic Limit
2.502.542.462.732.56---Specific Gravity

18.3516.125.3620.021.5%Water Content
6.903.606.406.105.10%Sand
26.726.430.334.729.5%Clay
66.470.063.359.265.4%Silt

Geological
BankFloodplainCRPSoybeanCornUnitsProperty

Presenter�
Presentation Notes�
Soil texture, specific gravity, cation exchange capacity, organic matter. They agree well with the ISPAID and SSURGO soil maps. �



Watershed Soil Characterization

0.0170.0210.0180.0100.013g/kgMn
0.0880.1400.1160.0980.070g/kgFe
0.00160.00520.00110.0040.0021g/kgZn 
0.040.030.050.100.07cmol/kgExch. Na
2.983.362.183.263.63cmol/kgExch. Mg
12.0012.5210.8231.1321.21cmol/kgExch. Ca
0.2481.1540.4310.6390.749cmol/kgExch. K
7.137.006.707.357.30---Buffer pH
6.956.456.057.757.70---pH

Chemical
BankFloodplainCRPSoybeanCornUnitsProperty



Watershed Soil Characterization

------C3C3C4---
Photosynthetic 
Pathway

Biological 
0.01350.01230.02050.02360.0191√(cmol/kg)SAR
15.26617.06917.08935.12025.660cmol/kgCEC
0.00800.00500.00400.01400.0013g/kgNH4-N
0.00380.00270.00260.00220.0036g/kgNO3-N
1.6383.4962.6721.9642.061g/kgTotal N
16.7140.9629.5930.0523.85g/kgTotal C
30.5274.7053.8554.8543.55g/kgOrganic Matter

Chemical
BankFloodplainCRPSoybeanCornUnitsProperty





DSD Generated by the Rainfall Simulator
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Fig. 3. Field measurements.



Hollistic approach

• Use geospatial tools and watershed 
models as a first step to identify the 
hotspots and address spatial/temporal 
variability.

• Perform continuous measurements using 
sensor technology at the hotspots to refine 
our existing understanding.

• Integration of point measurements using .



Ensembled averaging at the hillslope scale 
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Problem Statement and Background
A baseline effective conductivity, Kb, (mm/hr) is measured as 
function of the soil properties such as cation exchange capacity
(CEC) and clay content (Onstad et al. 1984):

)a1(CEC46.11)sand100(0086.0265.0K 75.08.1
b −−−−−−++−= −

For clay content ≤ 40%

For clay content > 40%

)b1(e0066.0K )clay/44.2(
b −−−−−−−=

where Kb is the baseline effective hydraulic conductivity, sand and 
clay are the fractions (%) of sand and clay, and CEC (meq/100g) is 
the cation exchange capacity of the soil. 



Problem Statement and Background
If Kbare (mm/hr) denotes the effective conductivity for any given 
event, then Kbare is given by the following relation:

[ ] )2(e)CF1(CFKK )04.0/RR1(E.C
bbare

te −−−−−−−−−+= −−

where Kb is the baseline hydraulic conductivity (mm/hr), CF is the 
crust factor which ranges from 0.2 to 1.0, C is the soil stability factor 
(m2/J), Ea is the cumulative kinetic energy of the rainfall since the 
last tillage operation (J/m2), and RRt is the random roughness of 
soil surface (m).



Problem Statement and Background
Because the canopy cover and plant root density affect the path of 
flowing water in a hillslope, the effective conductivity of the bare 
area, Kbare , is corrected for the percentage of the plot that is 
covered by vegetation (Kidwell et al. 1997): 

Ke = Kbare (1-scovef) + (c rain scovef) ----------- (3)

where Ke denotes the effective conductivity of the covered area 
(mm/hr), c is a regression coefficient and rain is the storm rainfall 
amount (mm).  This equation assumes that Ke for any given area 
can be conceptualized as the area-weighted average of Kbare and 
Ke in the covered area.  For the fallow case, above eqn. reduces to 
Ke = Kbare



CN & Kef Relationships

Table 1. Relationships for calculating curve number optimized Green 
and Ampt Effective Conductivity for fallow conditions, Kef (=1/2 Ksat)

Ke for the cropped conditions is related to the curve number by the 
equation

Kef = 0.34D

Kef = 0.50 + 0.032 x %sandC

Kef = 1.17 + 0.072 x %sandB

Kef = 14.18A

FormulaHydrologic Soil Group

2
051.01
82.56

062.0

286.0

−
+

= CN
ef

e e
K

K

where Kef is the effective conductivity for fallow conditions and CN is 
curve number.



Outlook for the Holistic Approach

Advanced specialized cyber-tools and methods (sensors, sensing networks, 
numerical and data models) are increasingly available, and sufficiently developed to 
aid quantifiable understanding of the watershed processes and their 
interactions with the bio-geo-chemical and socio-economical activities dependent on 
them.

Parallel advances in high-performance computing, communication technologies, 
GIS along with innovative statistical, data-driven, and knowledge discovery models, 
enable characterization of physical-biochemical habitat with increased 
spatial resolution over large-scale areas.

Collectively, these advances facilitate adoption of a “information-centric”
investigative and management approaches enabling to understand and predict 
watershed ecosystem changes, protect the environment, and prevent natural and 
human disasters through knowledge-based adaptive management.  

The time is ripe for WM and WS communities to coordinate and 
synergistically integrate their efforts in a long-term, mutual-gain collaboration 



Field Site and In-situ Instrumentation

Figure 6 (a) An Amoozemeter 
(side view). 
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Figure 6 (b) The Amoozemeter method 
for determining Ksat



Water Cycle (including internal & external interactions)

Critical issues 

Watershed water balance

Water pathways, residence times, 
vertical and horizontal fluxes over a 
variety of spatial-temporal scales

Water cycle interaction and feedback 
with chemical reactions, microbial 
activity, food chains, ecological 
evolution, and human land and water 
choices
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INTEGRATED OBSERVATORIES TO SUPPORT INTEGRATED ENVIRONMENTAL SCIENCE 

 

                                                                                                            L. Douglas James

                                                                                                            January 10, 2005

 

 WATERSHED SCIENCE

            The surface of the Earth is exposed to diverse forces (but largely originating in solar radiation or gravity) operating at different scales that drive physical and chemical change.  Water is a key agent.  Fresh water is a resource that continually moves among many storages throughout the entire Earth surface environment.  Amounts and residence times vary greatly among these storages.  Residence times vary from fractional seconds to centuries and longer.  The water fluxes among storages move and interact in highly irregular patterns and carry sediments and chemicals.  These properties at a given time define the environment for chemical reactions, microbial activity, food chains, ecological evolution, and human land and water choices.  Over time, the resulting change dynamics modify distributions of the physical and chemical properties of the surface of the solid Earth. Over geologic time, the process sequences and distributions have given the Earth a highly heterogeneous surface.   

 

It is within this setting that water continually travels physical pathways through the atmosphere, over land surfaces, within soils and rocks, down streams and rivers, and across coastlines to the open sea.  We can track these pathways, define conditions along the routes and the evolving characteristics of both the water and the surrounding media and use the results to code models for hydrologic simulation.   Since alternate pathways through a given medium aggregate at different scales, a major science challenge arises in quantifying the fluxes across connections between media; however, recent advances in instrumentation now enable us to observe the velocity distributions needed to begin to understand the processes and quantify the fluxes as water moves from one medium to another.  Such research shows that chemical reactions alter the media, change the fluxes, modify the pathways, and add a new dimension to assess, a new dimension that requires that the pathways be tracked in much more detail.

 

That dimension is chemical cycling.  Nitrogen, carbon, metals (where iron and manganese are primary actors), and organic substances take on different forms (e.g., N2, NH4, NO2, NO3) in progressions dependent on pH, oxidation state, temperature, etc. and these properties themselves depend on relationships with water.  Here, it becomes critical to track a chemical and not just a locational state.  Elements cycle among relatively few chemical forms, and the cycling processes are often reversible.  In the highly heterogeneous settings found in Earth surface materials, cycling processes vary in time and space (where definition of the determining setting introduces additional scaling issues).  Different movements within a cycle take place at different rates.  Chemicals of a given form are held in storage at various locations and are later exposed to conditions that lead to their release.  The chemical substances have their own cycles, and these are interdependent.  Hence, many properties must be observed at many locations to gain understanding of the complex, dynamic geochemical system.

 

This dynamic physical-chemical context at surface Earth provides the habitat for microbes that interact within populations and among species and collectively become important agents in chemical and physical change.  The dynamic habitat with its continually perturbs the microbiological system that supports life sequences in which local environments attract microbes, stimulate growth, or inflict harm.  Life sequence processes are fundamentally different than chemical cycling processes in that they are irreversible.  Also, observations at still different scales must be used to define how species in complex natural settings interact, evolve, and change the media that support them.   Different cultures function in different sequences with varied interdependencies.  Terrestrial and aquatic flora and fauna introduce multiple additional life forms, interdependencies, and changes to track.

 

Superimposed on this complexity in nature, people change their uses of land, construct projects that alter water flows, generate and discharge chemicals at different places in different time patterns, and manufacture new chemicals that eventually reach natural systems where they are dissipated at varying rates.  Human development (both building and operating) alters natural pathways, cycling, and life sequences; physically, chemically, and biologically.  It exposes natural systems to nutrients that stimulate and to poisons that destroy life.  The fundamental distinction of human-managed processes is that they result from conscious decision making among alternatives.   People are motivated by economic and social drivers, and these vary with culture.  Hence, Observatories must also track drivers that generally operate at larger spatial scales and changes to the built environment and human practices in operating facilities, using land and water, and discharging wastes.

 

We have long recognized this great complexity in the Earth surface system.  Scattered studies have defined hydrologic pathways, chemical cycling, life sequences, and human development and identified interactions among them.  However, it is only recently that rapidly advancing sensing and information technology have provided the means to characterize and quantify all of these in the detail needed to study the total system.  We have much to learn about monitoring attributes, changes and ties among them so that we can deduce processes in the highly complex natural environment at larger scales.  We are still in the formative stages of learning how to go about compiling the data needed to address interactions among their vastly different scales of operation.   The formation of effective Observatories is a learning process.

 

INTEGRATED OBSERVATORIES 

The goal of an integrated Observatory is to support systematic collection and recording of data on the characteristics of the total system with its many interactive physical pathways, chemical cycles, biological sequences, and decision trees.    Such an approach would add to environmental science the much-needed dimension of moving out of the laboratory and small field plots to watershed and larger scales.  The tracking would document fluxes with widely varying travel rates, storages with widely varying residence times, and drivers operating in different patterns and at different scales.   

 

However, we cannot enter all aspects of this vast domain at once.  Order may be given to the growth process by using hypothesis testing.  Diverse hypotheses on how this complex system functions can be used to build a common framework that scientists in all relevant specialties can use to define the pathways, cycling, sequences, and decision trees related to fluxes of water, sediment, nutrients, toxic materials, etc. at the fine spatial and temporal scales necessary to enhance understanding and predictability.

 

The organizing concept would be to start Observatory design with a hypothesis in watershed science that cannot be resolved by laboratory and field experiments nor by presently available data on watershed processes.   Specifically, the hypothesis should cross the dimensional boundaries described above on an issue that cannot be addressed without an Observatory.

 

That hypothesis should then be used to identify a set of needed sensor types and a network for sensor deployment.  Initial testing at the watershed scale should begin with pilot studies to ascertain feasibility before going to expensive large scale monitoring.   Some hypotheses can doubtlessly be resolved by judicious deployment of existing sensor technology.  Others will require “new” sensors.  Some needs can be satisfied by a sensor that provides direct measurement of a desired property; others will have to be calculated by developing algorithms for estimating the desired properties indirectly from secondary data.

 

Observatory design needs several hypotheses.  The additional hypotheses will suggest other sensor types and deployment networks.   Data common to hypotheses on two or more issues would then provide “core data” for collection by the Observatory.  Additional sensors that complement the network to support the testing of hypotheses on individual issues would then be used in that testing, form a basis for publication, and then be added to the core data for other to use soon afterwards.  Observatory management will need to decide which measurements to continue after primary studies end.

 

DIGITAL WATERSHEDS

Observatory data are to be assembled under the banner of a “Digital Watershed.”  The needed Digital Watershed system would be designed by following guidance provided by research in cyberinfrastructure.  A Digital Watershed would logically start by organizing data already being collected (or having been collected in the past) by agencies, companies, etc. and germane to the hypotheses selected to guide Observatory development.   The vision should be to work toward a coverage (a framework that can be readily expanded to accommodate) that encompasses the range of physical pathways, chemical cycles, life sequences, and human decision trees germane to watershed science.

 

Many major challenges must be overcome to bring watershed data from many sources into a common framework in space and time.  Some of the most difficult challenges will be in developing a common protocol for presenting meta data.  Diverse scientists will have to have a common framework for effective communication among a wide variety of sciences.  The initial major challenge in Digital Watershed development would be to find an effective and efficient way to bring this together in a system where all relevant disciplines would have easy access to understandable information in a convenient form.

 �


