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INTRODUCTION
Recognizing the limitations of the current modes of ﬁeld
research, the hydrologic science community, through the
Consortium of Universities for the Advancement of Hydrologic Science, Inc. (CUAHSI), has been exploring the utility
of large-scale infrastructure to make fundamental advances
in its science. Having identiﬁed the interfaces between traditional sub-disciplines of hydrology (such as groundwater
and surface water or the land surface and atmosphere) and
between hydrology and closely related disciplines (such as
biogeochemistry, geomorphology, and ecology) as the most
promising areas of research (Smith et al., 2002), the fundamental requirement to advance the science is to collect coherent, multidisciplinary data at multiple spatial scales. Although
large environmental data sets currently exist, they are often
are incoherent—streams gaged in one location, observation
wells monitored in another location, chemical and biological
measurements taken in a third location—so that hypotheses
cannot be tested. Where more-integrated studies are performed, such as at Long-Term Ecological Research sites or
at study sites run by federal science agencies, they are often
at a small scale (order of tens of square kilometers) and in
headwater locations. Studies of larger-scale phenomena (e.g.,
regional groundwater and river exchange) and of human inﬂuences on these systems are diﬃcult or impossible.

These HOs would be supported with three additional program elements: informatics, instrumentation, and synthesis.
Collectively, the program is known as HydroView, the ﬁrst
comprehensive, large-scale infrastructure for hydrologic science.
CUAHSI received a grant from the National Science Foundation (NSF) to further develop the hydrologic observatory
concept by performing a “paper prototype” study of the Neuse River, North Carolina (Reckhow et al., 2004) using a large
team of scientists both local to the basin and from across the
country. The central challenge faced by this team was balancing the “network” aspects of HOs (i.e., how commonalities
among HOs were deﬁned and enforced) and “local” aspects
of HOs (i.e., how the observatory design team (ODT) for an
HO was able to advance its own research agenda). Ultimately, this team rejected a common set of design questions as
impractical, at least for the initial few HOs, and instead endorsed a characterization of the site, deﬁned to be the mass,
ﬂuxes, ﬂowpaths, and residence-time distribution of water,
sediment, nutrients, and contaminants across a range of spatial scales. This characterization is believed to be fundamental
to a broad class of hypotheses, and, hence, useful to the community. Although the ODT is free to design around a locally
chosen set of hypotheses, it must provide the community
with the data and models that provide this characterization.
These data and models form the “core data” and are the community data product that will be freely available to everyone
with no ﬁrst-publication rights.

To overcome these limitations, the concept of hydrologic observatories (HOs) emerged, envisioned as calibrated river basins with an area on the order of 10,000 km2. Although never
before achieved, technological advances in instrumentation,
cyberinfrastructure, and remote sensing make this vision
possible today. Ideally, basins will be chosen where extensive data sets have already been collected and where research,
monitoring, and assessment activities are ongoing. By strategically investing in additional data collection and adding infrastructure to make the site accessible to non-local researchers, the vision for hydrologic observatories could be achieved
at a feasible budget.

Selection of the ﬁrst HOs, therefore, shifted from an emphasis on response to a common set of design questions to a
demonstration that the core data set proposed by the ODT
will, in fact, be useful to the broad community. A central
metric of success for an HO will be the number of scientists
outside the ODT who perform research at the site. Further
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Table 1. List of potential HO basins proposed
by the community

description of the ﬁndings of the Neuse Prototype study is
included in the Background section of the report.

Alaskan North Slope/ Kuparuk

STRUCTURE OF THE WORKSHOP

High Plains Aquifer
Apalachicola, Chattahoochee, Flint

Following the release of the draft Neuse report in June 2004,
a two-day workshop was convened to further develop these
concepts. The workshop was structured around marketing
potential HO basins to the community. What were the attributes, including physical setting, existing infrastructure, and
local community support, that would make this site attractive to researchers from across the country and around the
world to travel there? Research “prospectuses,” limited to 10
pages, were solicited from the community and posted on the
CUAHSI web site. A total of 24 prospectuses were submitted from teams around the country (Table 1).

Flathead River Basin
Illinois River Basin
Connecticut River
Great Salt Lake Basin
Mississippi Embayment
Delaware River
Paciﬁc Northwest
Mississippi Headwaters/ Red River
Greater Santee River Basin
Rio Grande

The ﬁrst day of the workshop consisted of presentations to
the entire group of the Neuse Paper Prototype, a discussion
of the design status of the other HydroView elements, and
an update from the National Science Foundation about the
HO competition schedule. In the afternoon, a poster session
was held to allow the participants to discuss the various sites.
This was followed by an election of a network of ﬁve HOs by
the participants. This election forced an active consideration
by the participants of what they wanted in an HO network
and emphasized the community nature of the HOs—these
are sites to be used by the entire community and not simply research sites for the ODT. This network has no meaning beyond this workshop, does not imply endorsement by
CUAHSI, and was simply a way to construct a speciﬁc, albeit hypothetical, network for consideration on the second day
of the workshop. The ﬁve basins elected to the hypothetical
network were the Potomac, Suwannee, Illinois, Great Salt
Lake, and Paciﬁc Northwest (Willamette/Deschutes).

Ozarks Plateau
Sierra Nevada
Platte River Basin
Potomac River
Spokane River Basin
Republican River/High Plains Aquifer
Susquehanna River Basin
San Antonio/Guadalupe
Suwannee River
South Platte River
Yazoo River Basin

ﬂux, ﬂowpath, and residence time of water, sediment, nutrients, and contaminants. This report assumes that the
ODT will propose a series of conceptual models across
scale to estimate these characteristics. What do you need,
as someone not familiar with the HO site, to be able to
utilize this information? Will this characterization be
useful to your research?

Two sets of break-out sessions were held on the second day.
The ﬁrst set considered each of the chosen basins and addressed the following topics:
1. The Neuse Prototype Report concludes that a useful
characterization of an HO would be describing the mass,
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2. The Neuse Report did not include much on energy budgets. Although point measurements of radiation, for example, will be part of micrometeorological stations and
enhanced observing arrays, constructing an energy budget
of a complex terrain at large scale is a complex undertaking, but critical to understanding climate and hydrologic
interactions. What kind of energy measurements should
be part of core data (as opposed to investigator-driven science projects) or, conversely, what proportion of the core
data budget should be allocated to energy measurements?

sediment, nutrients, and contaminants). Do you agree that
integration can occur at this level?
2. All core data will be collected according to published protocols. These protocols will be made as uniform as possible
across HOs, given variations in local conditions. While
this is suﬃcient for data comparability at some level, integrating data series across very diﬀerent sites is always
diﬃcult. Must CUAHSI develop a set of cross-observatory hypotheses to design an eﬀective network of HOs? If
so, how should such a set of hypotheses be chosen? As an
NSF-run competition? By a CUAHSI committee?

3. What “static” information (e.g., land use/land cover, digital elevation models) do you expect to be available at an
HO? How frequently should these be updated?

3. A set of ﬁve HOs were presented to you as a network.
How eﬀective were these sites at addressing your science
topic? Would you choose a diﬀerent set of ﬁve sites from
the 24 prospectuses? If so, which ones and why? If not, is
this set acceptable for the questions or do you not have
enough information to decide? What other information
do you need?

4. HO core data will necessarily include standard hydrologic
time series of precipitation, snowpack water equivalents,
discharge, groundwater levels, and water quality data (although their number, spatial orientation, etc. is subject to
design). Fewer “standard” data will also be included, such
as NEXRAD space-time series, time series of NDVI or
other remotely sensed data, and more exotic water-quality indicators (dual isotopes of nitrogen, DNA sequences
of pathogens). What proportion of the core-data budget
should be devoted to “pushing the envelope” and developing non-standard data series or should these eﬀorts be
reserved for the science projects performed at the HO?
What are the guidelines you can provide to determine
suitability for inclusion of a data type in core data from
this perspective?

Each break-out session was held in duplicate to allow for
smaller groups and, thus, to encourage more discussion. Discussion leaders were identiﬁed and reporters recorded the
ﬁndings of the group. In this report, the duplicate group reports are combined.
Finally, four focus groups were formed during a working
lunch to consider the following topics concerned with implementing HOs:
• Evaluation criteria for HO proposals
• Management structure of HOs
• Metrics of success for HOs
• Data collection protocols and standards

The second set of break-out sessions considered the ﬁve selected basins as a network and were organized by ﬁve science
topics: Understanding hydrologic extremes, fate and transport
of contaminants, biogeochemistry, hydrologic inﬂuences on
ecosystem functioning, and sustainability of water resources.
The topics addressed by this set of break-out groups were:

Although there was not suﬃcient time to come to consensus on all of these issues, the reports of the breakout and
focus groups give a sense of the community’s feelings and
concerns. The intent of this report is to record these ﬁndings so that future discussions of these complex issues will
be better informed.

1. Although each HO will be individually designed, the
Neuse Report concludes that the data can be integrated
at the level of the four fundamental characteristics of the
basin (mass, ﬂux, ﬂowpath, and residence time of water,
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BACKGROUND
The development of large-scale environmental observatories
to advance scientiﬁc inquiry into a broad range of problems
from climate change eﬀects to eutrophication to loss of biodiversity has been the subject of debate in the United States
during the past ﬁve years. The larger scale of these ﬁeld facilities will revolutionize the science in two important ways:
• direct study of intrinsically large-scale phenomena such as exchange of groundwater and surface water at the river-basin scale
• easier testing of transferability of concepts developed from
small-scale studies by providing a broader range of wellcharacterized locations

Figure 1. HydroView Elements

Hydrologic scientists bring a unique perspective to developing large-scale environmental observatories by applying the
hydrologic cycle as an organizing principle to landscapescale studies. Applying the concepts of conservation of mass
and energy budgets allows for quantitative tests of our understanding at these large scales. From this perspective, the
catchment emerges as a natural unit of the landscape, with
boundary conditions that are convenient for hypothesis testing and model development. Because water serves as a solvent, as a transport vector, and as a critical factor in determining species distribution, the catchment is a meaningful
landscape unit for a broad range of disciplines beyond physical hydrology including geomorphology, biogeochemistry,
and ecology.

The goal of HydroView is to dramatically advance society’s
ability to estimate the terrestrial distribution of water and associated biogeochemical elements at any scale. This step forward requires innovative scientiﬁc concepts, measurements,
and models. HydroView will take this step by implementing
an unprecedented observing strategy focused on critical environments. The focus on observations arises from the recognition that hydrologic science has many concepts and models
of these concepts that have not yet been rigorously tested.
The integrated, multi-scale data to be collected at hydrologic
observatories will provide the more powerful test required to
advance the science.
Through a series of community workshops, CUAHSI has
identiﬁed improving the predictive understanding of the following ﬁve science topics as the top priority:
• Linking hydrologic and biogeochemical cycles
• Sustainability of water resources
• Hydrologic and ecosystem interactions
• Hydrologic extremes
• Fate and transport of chemical and biological
contaminants

SCIENCE VISION
Through a series of community workshops, CUAHSI has
identiﬁed an integrated set of infrastructure elements, called
HydroView, to support hydrologic observatories as well as
the community at large. Hydroview consists of informatics,
instrumentation, and synthesis facilities (Figure 1).
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Each of these topics can be addressed by three cross-cutting
themes:
• Forcing, feedbacks, and coupling
• Scaling
• Prediction and limits to predictability

origin are less hypothesis-dependent and data farther from
the origin are more hypothesis-dependent (Figure 2a).
For example, radar reﬂectance, which can be interpreted as
precipitation rates, have complete spatial coverage and a high
sampling frequency, placing them near the origin in the xy plane, but may have a coarse spatial resolution, placing it
somewhat up the z-axis. LIDAR measurements of topography are high resolution and have complete spatial coverage,
but are measured only infrequently; while, soil moisture measurements made by a TDR probe may have high resolution
and high temporal frequency, but a very limited spatial extent.

The integrated data collected hydrologic observatories will
address all of these topics in a cost-eﬀective manner because
of the degree of overlap in the data required. Consider, for
example, the measurement of evapotranspiration. Currently,
an ecologist measures water ﬂow in the xylem of a tree in
one place, a hydrologist measures soil moisture and energy
ﬂuxes in another place, and an atmospheric scientist uses an
eddy covariance tower to estimate evapotranspiration in a
third place. By bringing these measurements together in one
place, each can still pursue his or her scientiﬁc question, but
the power to test which factors control evapotranspiration is
vastly increased by the redundancy of the measurements. Furthermore, measurement of carbon dioxide concentrations on
the eddy covariance tower can be added at a small incremental cost, but the ecologist or carbon modeler also has all the
hydrologic data at her disposal to place those carbon ﬂuxes
into a larger context. This is the power of integrated data.

Viewed in this manner, the challenge in the design of a hydrologic observatory is determining the boundary between
core data and investigator data (Figure 2b).
Many multidisciplinary environmental networks have foundered on the deﬁnition of core data. A simple concatenation
of each scientist’s wish list for data rapidly becomes infeasible. On the other hand, how is the utility of any feasible data
set for advancing the science determined?
In the prototype study, we recognized that virtually all hypotheses that we considered required the characterization of
four basic properties of the catchment, where each property
refers not only to water, but also to sediment, nutrients, and
contaminants:
• Mass in each “store”
• Residence time within stores
• Fluxes between stores
• Flowpaths among the stores

DESIGN CONCEPTS
Core Data
A signiﬁcant challenge in the design of hydrologic observatories is the designation of “core data,” deﬁned as data that
provide a characterization of the catchment that is useful for
a broad range of questions. However, any characterization
that is truly hypothesis-independent could easily consist of
tens of thousands of physical, chemical, and biological measurements that are taken continuously in time and space. Because this is clearly not feasible with limited resources, any
feasible characterization will necessarily be dependent upon
the hypotheses considered. Of course, there is a spectrum
of dependence. If one considers a three-dimensional space
whose axes are spatial coverage of data, temporal frequency
of sampling, and resolution of the data, where the orientation
of the axes has the most complete coverage, highest frequency and highest resolution at the origin, then data near the

In all cases, “stores” refers not only to surface and subsurface areas of the catchment, but also the atmosphere. In our
discussions of the Neuse basin, we considered the control
volume to be the entire catchment area in the horizontal dimensions and extending 1 km below land surface to 15 km
above land surface in the vertical.
Therefore, our proposed deﬁnition of “core data” is those data
that contribute to the quantitative estimation of these properties at a range of spatial scales. Particularly at large scales,
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Figure 2. (a) Spectrum of hypothesis dependence. (b) Boundary between core data and investigator data.

these properties cannot be directly measured and must be
inferred. We recognize that, in many cases, estimating these
properties is a challenging research topic in its own right.

The observatory staﬀ will provide site coordination, secure
necessary permits, and enforce any permit restrictions.
4. Local support will be provided to make the site attractive
to remote investigators including laboratory facilities,
ﬁeld vehicles and other logistical support. Professional
staﬀ will assist in collection of investigator data where resources permit.

Hydrologic Observatories as Community
Resources
To justify the level of investment a hydrologic observatory
will require (our base scenario was an annual operating budget of US$3M and a capital budget of US$10M), these facilities must serve as community resources attracting a large
number of scientists across a range of disciplines. To ensure
high usage, the following design principles were adopted:

Size and Scope of Hydrologic Observatories
Hydrologic observatories must be of a suﬃcient size to permit the examination of all interfaces in the hydrologic cycle,
including the land-surface and atmospheric interface. The
minimum size for studying mesoscale atmospheric processes
is on the order of 10,000 km2, roughly two orders of magnitude larger than typical instrumented basins. This design
size is not meant to be a rigid constraint. In some settings,
particularly in the arid western United States, signiﬁcantly
larger basins must be considered. In other settings, such as
the West Coast, smaller parallel basins must be used. Elsewhere, topographic divides have little hydrologic meaning
and eﬀective basins must be deﬁned by groundwater divides.
In all cases, the critical factor is the choice of boundaries that
enable estimation of the four fundamental properties listed
above in the most eﬃcient and most precise manner.

1. A professional staﬀ, headed by a PhD-level scientist, will
operate the hydrologic observatory. This staﬀ is accountable to the community through a CUAHSI governing
body.
2. Core data will be immediately available to everyone using
a common data model across all hydrologic observatories.
The primary duties of the observatory staﬀ will be to collect the core data and to populate the common data model.
3. Site access will be on an equal basis for all scientists, subject
only to coordination constraints among existing projects.
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A national network of hydrologic observatories is also envisioned. This will require a coordination of eﬀort to ensure
comparability of data. A common data model, common protocols, and metadata standards will be required for this eﬀort
to succeed. These tasks will require substantial investment
and coordination with government science agencies, such as
the U.S. Geological Survey, U.S. Forest Service, the USDA
Agricultural Research Service, and National Resource Conservation Service. The prospect is daunting, but advances in
informatics and technology services make this feasible. The
CUAHSI Hydrologic Information Systems group is currently at work on the data model and anticipates that a prototype
will be available well in advance of the establishment of the
ﬁrst hydrologic observatory.

In this manner, the observatory design team performs a
community service (by deﬁning the core data), and receives
an incentive for that service (the ability to advance their own
science with ﬁrst-publication rights to critical data). In this
way, we are also assured that the data are suﬃcient to answer
some scientiﬁc questions. The core data, it must be stressed,
are made immediately available to all scientists.
The observatory design team develops a speciﬁc work plan
for the collection of the core data. This work plan is subject
to review by a CUAHSI governing body to ensure compliance with network data standards and completeness.
CUAHSI may add additional parameters to enhance data
comparability across observatories, but the observatory design team will be assured of getting the data necessary for
their hypotheses. The approved work plan is then given to
the Observatory Staﬀ to execute. The observatory design
team does not control the collection or access to the core
data. Periodic meetings between the Observatory Staﬀ and
the design team will be necessary to assess progress.

Although our current focus is on the United States, the data
model and all data protocols will be made available to all interested parties through our web site. We seek to coordinate
our eﬀorts with studies in other nations and to work closely
with groups such as the International Association of Hydrologic Science’s Prediction in Ungaged Basins (PUB) initiative.

EVALUATION CRITERIA
Observatory Design Team
Because the design approach allows for local variation and
encourages creativity on the part of the observatory design
team, criteria for evaluating proposals for hydrologic observatories are needed. We have developed the following criteria:

Given the design concepts and broad science topics described above, an observatory design team’s role is to pick
a set of hypotheses of interest to them and to deﬁne a data
set that will test those hypotheses. If our contention is correct, these hypotheses will require the estimation of the four
fundamental catchment properties described above. The observatory design team must articulate how to delineate the
basin into stores (e.g., the number of vertical layers, horizontal compartments), designate which data are required to estimate these properties, and propose an analytical approach
to convert the data into estimates of these properties. These
data become the core data, which are the community product. Presumably, these data alone will not be suﬃcient to test
the hypotheses and additional data will be collected. These
additional data are “ﬁrst publication” data that the investigator retains the right to publish, although they will be released
to the public after a speciﬁed period.

1. Hypotheses posed. Do the design hypotheses address at least
three of the ﬁve priority topic areas? Are the cross-cutting
themes addressed? Are the hypotheses interdisciplinary?
Are they innovative and exciting?
2. Design. Does the design provide estimates of the fundamental catchment properties across a range of spatial
scales, including the entire basin (or basins)? How are intensively instrumented sub-basins combined with more
extensive survey or synoptic data? What proportion of
the data funded by this eﬀort will be designated as “core
data”? Is the design justiﬁed through quantitative analysis?
Are benchmarks speciﬁed to gage increase in understand-
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ing through this eﬀort? Is there the adaptive use of models to guide ﬁeld data collection?
3. Existing data. How are existing data (including those collected at research sites and monitoring data collected by
government agencies) leveraged in the design? Is full advantage taken of them?
4. Institutional support. Is there evidence of active support
by government agencies and non-governmental organizations in the hydrologic observatory? Do stakeholder
groups, such as basin commissions, support the eﬀort and
will they assist with access to private lands and other permitting issues?
5. Education and outreach opportunities. Have these opportunities been identiﬁed and is there a credible plan for pursuing these opportunities?
Although CUAHSI will not make funding decisions (such
decisions are reserved by the funding agencies), these criteria capture the key aspects which we believe are necessary for
the successful operation of a hydrologic observatory.

CONCLUSIONS
At the outset of this prototyping eﬀort, a more centralized
approach was envisioned for HO design. However, the complexity and myriad peculiarities of individual basins render
such an approach ineﬀective. Instead, we determined that
design teams who are intimately familiar with the basin are
needed to design the core data collection, but that these data
must be cast in terms of transferable, fundamental properties
of the catchment. The design challenge becomes one of balancing the interests of the observatory design team with the
network requirements of comparable data.
As of this writing (August 2004), a pilot network of ﬁve observatories are planned for funding. The ﬁrst two observatories will begin operation in the fall of 2005, followed by a
third in 2008, a fourth in 2009, and a ﬁfth in 2010. This staggered implementation will allow operational experience to be
gained and will help to ensure the success of hydrologic observatories in meeting the goals we have set for them.
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REPORTS OF HO BREAKOUT GROUPS
POTOMAC RIVER BASIN
The Potomac design team members provided an overview
of this proposed HO, highlighting the inclusion of a large
urban area, fringe watersheds that drain to Chesapeake
Bay, and heterogeneity in physiography that make the HO
unique. Observatories where numerous detailed studies have
previously been carried out (such as the Potomac) have a
clear advantage on start-up because baseline data have already been established. A conceptual model for observatory
can build on previous studies as a starting point, for example
the USGS Potomac NAQWA study. Some decisions about
the choice of what will be considered as core data may be
dependent on the conceptual model developed for the HO.
One of the most challenging problems for the Potomac is to
quantify the ﬂuxes of sediments and nutrients to the Chesapeake Bay and determining their land-based sources. Recommended core data will most likely include the need to calculate ﬂuxes of water and associated constituents leaving the
study area, which requires measurements of ﬂow rates and
concentrations at outlets. In this case, sampling protocols
cannot rely solely on baseline sampling and will also need to
include event-based monitoring because a large fraction of
total load is associated with the largest ﬂow events. A conceptual model should include planning for measurement of
attributes that will be useful in characterizing ﬂuxes as well
as in developing predictive capability.
Two principal features that will make an HO attractive as a
community resource are (a) the richness and availability of
baseline data sets, and (b) other attributes such as the physical facilities that make it a desirable place to work.
Regions characterized by spatially rich data sets such as the
Potomac may be able to utilize information to begin to address the question of scale. Starting at a scale at which there
are well-deﬁned data sets and understood governing prin-

ciples in the basin, one could test the idea of moving across
scales (scaling up) in the HO. One example is the availability of high-resolution LIDAR in selected areas, with a topographic resolution of 1 m. Small urban channel hydrologic
models need this as input, but for the entire Potomac this
may not be necessary. It may be feasible to obtain LIDAR
for selected other areas of the basin and an appropriatelydeveloped conceptual model would dictate where to do that.
Deciding how to allocate resources for expensive data collection over a large region will be a challenge; allocation of resources will be expected to be part of the HO proposal.
An example of data that could be used in cross-observatory
testing might be Nexrad data (the next generation of radar)
to address the question of whether a standard protocol could
be developed to link Nexrad data with actual ground-based
precipitation amounts across a variety of regional hydrologic
conditions. In this case, Nexrad data could be considered essential core data and resources could be allocated to ﬁlling in
existing networks.
Attributes that will be key to attracting researchers to work
in an observatory include interesting or unique physical features (e.g., geology, climate patterns, long-term gaging records; dense networks of instrumentation in place), good
researchers to work with at the host facilities, easy access
(roads, airports, proximity to participating schools), and good
brick-and-mortar facilities being available to researchers. Facilities include dormitories, a central or central-plus-satellite
ﬁeld oﬃces housing ﬁeld equipment, and a computer/modeling/study center where researchers can interact. Facilities
should also have the ability to host visiting groups for training and lectures. Plans for the HO need to include providing
access to ﬁeld vehicles (vans, boats as appropriate) and technicians to maintain equipment and collect core data. In some
cases it may be possible to take advantage of existing but underutilized facilities of several member universities. In large-
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basin HOs such as the Potomac, it seems as though satellite
ﬁeld facilities would be essential since it would be a ﬁve-hour
drive from one end of the basin to the other. Insofar as an
operating model is concerned, CUAHSI may want to look to
the LTERs or ﬁeld biological stations as examples. In many
cases, the PI needs to raise funds to travel to the stations but
the stations would provide some basic support services such
as sample analysis.
The question of QA/QC of the core data was also discussed.
Presumably, the HO facility will provide this function and
also post new data as soon as possible. The HO ﬁeld oﬃce
should also provide access to sites and study areas, such as
private property, and help identify public vs private lands.
Handicap accessibility should be taken into consideration
from the beginning in designing new facilities. This would
include ﬁeld vehicles and handicapped-accessible labs.

HOs as a Network
The break-out group felt that the network of HOs should
be as diverse as possible to best represent continental variability in climate, geology, vegetation, and land use, particularly if the objective is to address hydrologic issues of national signiﬁcance. Relevant considerations include spanning
the range of physiographic types and topographic structure,
natural water stores, and understanding of chemical and biological as well as physical processes. The general theme of
quantifying stores, ﬂuxes and pathways for water, energy and
water-transported constituents is fundamental and an appropriate cross-cutting theme for the observatories. In general,
larger basins such as the ones represented at the workshop
(most much larger than 10,000 km2) are preferable to smaller
basins because there is a better opportunity to answer more
of a variety of questions and incorporate a suite of nested/
paired sub-basin designs within the large basins. In addition,
the choice of large basins would encourage mesoscale climate
modelers to be involved as participants.
The group was of the opinion that the ﬁve observatories selected as a strawman sample network from this meeting
would make a workable network, but that there could be

other equally plausible locations chosen to form a network
backbone. Concern was expressed regarding how a network
will be put in place if the observatories are chosen one-at-atime—this would make optimizing a best set diﬃcult.
Careful thought needs to be given to what kinds of questions will be appropriate to address across all HOs and how
these questions will be formulated and adopted/evaluated by
the HOs. Example cross-HO problems might include: (1)
quantifying land surface-climate feedback and (2) evaluating the sustainability of water resources. These are challenging problems across the continent that would be expected to
have various components of the hydrologic cycle play a more
prominent role that others depending on the region in which
the problems are being evaluated. The HOs and key questions also need to be selected so that there is visible payoﬀ in
results in ﬁve to ten years such that the value of the observatories is apparent to the funders. Concern was expressed
as to whether there would be enough funds allocated in the
HO budgets to answer cross- network questions, in addition
to questions that may be more regionally-speciﬁc.
The collection of core data and connection of the HOs as a
cyber-network of nodes is also of fundamental importance
to the network concept. Collection of a common data set
should be linked to a conceptual model and be driven be answering a speciﬁed set of questions that are relevant across all
HOs. Using the tools being developed by the HIS team will
allow one-stop shopping for modelers seeking high-quality
data sets at one or more HOs, which will greatly expand the
pool of researchers using the observatories beyond those involved in ﬁeld work.

ILLINOIS RIVER BASIN
This group tried to address two questions: (1) How can we
network HOs? and (2) How do HOs attract outside researchers? We used the Illinois River Basin as an example
for discussion, but looked for solutions that would be generally applicable.
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Networking study sites can suﬀer from two opposite problems: study sites can become isolated or so many resources
are devoted to coordination that scientiﬁc inquiry is not
advanced. (LTERs perhaps suﬀered from the former and
NAWQA from the latter.) A balance needs to be struck between networking and science needs.

Another possible inhibition of traveling to another site for
ﬁeld research is the concern that your expertise is already
available at the site, and additional contributions aren’t needed. HOs should encourage additional collaboration by suggesting data gaps, posting questions (on the web or listservs),
and visiting other campuses to talk about possible research.

To assist networking, overarching questions should be posed.
CUAHSI plays an important role in identifying questions
that cross cut sites. Common equipment and data collection
protocols have frequently been mentioned to improve networking. Nonetheless, some data collection needs will be site
speciﬁc. To this end, the core data set could consist of two
parts: (1) core data for comparison across sites and (2) core
data to assist individual site investigators that propose work
at a given site. Our group thought CUAHSI should provide
a template for the former data set before proposals are submitted, rather than individual groups coming up with slightly diﬀerent versions of shared (core) data.

Another avenue to consider is suggesting that researchers
do comparative studies between their own ﬁeld site and the
HO. An example from the Illinois River Basin is comparing diﬀerent agricultural practices in Illinois and Nebraska.
Some collaboration that does not involve external funding
could also be encouraged (experiments of opportunity).
We would like to see HOs with high levels of outside collaboration receive additional funding for support services. This
would encourage the time-consuming outreach necessary to
bring about collaboration.

SUWANNEE RIVER BASIN
Some common themes show up on everyone’s list of attributes to attract “outside” researchers to an HO. For example,
researchers will want professional technical staﬀ to help deploy instruments, ease of access to existing instruments and
data, student facilities so that they can stay at the site for a
period (good logistics, low cost or free), and an atmosphere
that encourages multidisciplinary research.

This group addressed ﬁve questions about how an observatory will function as a part of a network and what attributes
will make an observatory a true community resource. The
group used their proposed basin as a speciﬁc example for discussions, but focused on attributes and features that could be
used for any proposed observatory.

Our group tried to identify additional strategies to encourage
oﬀ-site researchers to propose work at an HO. Land access
for ﬁeld research was one of the top concerns. Field research
is often plagued by lack of access, vandalism, or interruptions
in data collection due to changes in access. We’d like to see
the HO provide a map showing location of study areas, what
the access would be, how safe the equipment would be, and
existing data. HOs should be responsible for obtaining permits and permission for property use, informing appropriate authorities, and keeping local researchers and the general
populace informed.

HOs as a Community Resource
1a. What are the attributes of an eﬀective conceptual
model?
An eﬀective conceptual model:
• should be useful in designing experiments and testing
hypotheses
• should be ﬂexible, adaptive
• should be modiﬁed as data are collected in an iterative
way
• should support research at multiple scales
• may include paired watersheds
• should address some site speciﬁc issues also
• should include history of land use and climate
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1b. Will core data, without a conceptual model or, alternately, a conceptual model that isn’t meaningful to you,
provide an eﬀective baseline characterization of the site
to enable you to conduct your research more eﬃciently
than going to a diﬀerent ﬁeld site? Is this advantage great
enough to overcome disadvantages of the site (e.g., distance)?

Measurements of sap ﬂux in representative vegetation types
would also be valuable. Energy-budget measurements should
also include soil-moisture and soil water-pressure measurements to estimate evapotransporation (ET) from subsurface
measurements. Lower atmosphere boundary-layer measurements should be included that would provide a link to
general circulation models (GCM) grids. The measurement
network should be designed to link with satellite remotesensing approaches for estimating ET. Depending on the
HO, energy exchanges with deeper groundwater and geothermal budgets may also be critical core data.

A conceptual model is as important as the core data for PIs
to develop and test new hypotheses.
2. Are there critical services that the HO should provide,
beyond the core data, to make it an attractive place to work?
Basic requirements include ﬁeld vehicles, laboratory space for
setting up and testing ﬁeld equipment, chemical laboratory
facilities to analyze water samples, mobile chemical labs for
ﬁeld use, meeting rooms, sample storage facilities (including
refrigeration), computers and dataloggers.
We assumed that much of the equipment would be made
available through the Hydrologic Measurement Facility or
would be provided by the PI.
Providing staﬀ to assist with ﬁeld studies is critical. Staﬀ
should be able to assist with site access, liaison with other local state, federal, or nongovernmental organizations that may
provide equipment, lab facilities, or expertise in diﬀerent research areas. It would be beneﬁcial to have a pool of students
who could be used for intensive ﬁeld campaigns.
3. What kind of energy measurements should be part of
core data (as opposed to investigator-driven science projects)? Conversely, what proportion of the core data budget
should be allocated to energy measurements?
Core data should include micrometeorological measurements of ET (Eddy covariance and/or Bowen ratio) in representative land use settings. Short and long-wave net radiation should also be measured. Water vapor and carbon ﬂuxes
should be included in Eddy Covariance system.

The percentage of the core budget allocated to monitoring
the energy budget would depend on the prioritization of this
task relative to the conceptual model for the HO but should
not exceed 10%.
4. What “static” information do you expect to be available
at an HO? How frequently should these be updated?
Static information should include:
• Compilation of all existing and published data on land
use/land cover, hydraulic properties of soils and aquifers.
• LIDAR topographic map of the HO
• Hydraulic properties of soils (including saturated hydraulic conductivity and water retention functions) for representative soils
• Hydraulic properties of aquifers including hydraulic conductivity and storativity
• Groundwater age dating
The goal would be to populate the geovolume database to
the best ability. A database of all static measurements made
in various studies in the HO should be developed and constantly updated. More detail should be provided in focus
areas determined from conceptual model. Updates of static
data would depend on developments in technologies or measurement devices and research requirements.
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5. What proportion of the core-data budget should be devoted to “pushing the envelope” and developing non-standard data? How would the suitability of these eﬀorts be
determined?

sis. The hypotheses should be provided for general guidelines.
Data collection and analyses should formulate new hypotheses that were not considered prior to data collection. Fundamental measurements often imply cross-network hypotheses.

Less than 5% of core-data funds should be devoted to cutting
-edge technologies and high-risk data collection. Funds allocated to this kind of work should be allocated to “proof-ofconcept” work, through a competitive process driven by individual PIs judged by an independent advisory panel, perhaps
organized by CUAHSI. Additionally, staﬀ at HOs should try
to obtain external funds for these kinds of projects.

3. Is the Neuse “ﬂux/store/pathways” paradigm eﬀective
for integration across the network?
The Neuse paradigm is eﬀective at a minimum. It may not
be detailed enough in some cases; therefore, we must make
sure we address processes within boxes and have appropriate
control volumes.

HOs as a Network

GREAT SALT LAKE BASIN

1a. How eﬀective was this network at addressing your science topic?

Like the other groups, this group addressed ﬁve questions
about how an observatory will function as a part of a network and what attributes will make an observatory a true
community resource. The group used their proposed basin as
a speciﬁc example for discussions, but focused on attributes
and features that could be used for any proposed observatory.

HOs did not seem to emphasize impact of urban areas on
hydrology. The selected network could address urban issues
across US. Selected network seemed to sample a range of
climate, land use, and geology and appeared to be representative. The group did not have time to address other science
topics.
1b. Would you choose a diﬀerent set of 5 sites from the 24
prospectuses?
Some suggested Alaska should be included in the network
because of its sensitivity to global change while others suggested arid regions are even more sensitive to global change.
The purpose of the network should be to increase the scale
of the research; geographical criteria not necessarily as appropriate as range of scientiﬁc questions (e.g. global change,
urbanization).
2. Must CUAHSI develop cross-observatory hypotheses
to design an eﬀective network?
CUAHSI should develop a set of hypotheses. Many hypotheses should be transferable among observatories; however,
each HO should not be required to work on every hypothe-

1. What are the attributes of an eﬀective conceptual model?
Will core data, without a conceptual model or, alternately,
a conceptual model that isn’t meaningful to you, provide an
eﬀective baseline characterization of the site to enable you
to conduct your research more eﬃciently than going to a
diﬀerent ﬁeld site? Is this advantage great enough to overcome disadvantages of the site (e.g., distance)?
Despite some confusion, most agreed that the scale of this
site’s conceptual model should be a transect from lake to
ridge crest. This was likely to reasonably capture the essential hydrology of the site, and yet was general enough to be
adaptable most research projects. Further, some recognized
that a generalized conceptual model of the site would greatly
aid in interpreting results, particularly when testing models
and concepts across a network of sites. The group agreed that
it was essential to include any impacts of water management
within the conceptual model. All the proposed HO’s (except
perhaps Alaska) likely are aﬀected to greater or lesser extent
by water management. Explicitly including management will
facilitate the transfer of HO science to society.
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2. Are there critical services that the HO should provide,
beyond the core data, to make it an attractive place to work?
The group identiﬁed the following facilities as essential:
• Aﬀordable housing near ﬁeld sites
• Field vehicles
• Lab space for basic analyses
• Professional staﬀ
The group identiﬁed the need for professional staﬀ to assist
with the following:
• Collection core data
• Consultation with (prospective) PIs regarding experimental design (e.g., sampling locations) appropriate to speciﬁc
basin.
• Acquisition of appropriate access, permits, etc. to sampling
sites.
In addition, to promote collaboration, the host institution
should provide the following:
• Hosting of annual meetings for all users of facility to promote collaborations and identify links among projects.
CUAHSI should host similar meetings at national professional meetings for all users of all sites.
• Host institution should allow visiting graduate students
to enroll in appropriate courses so that graduate students from other institutions may continue their education while being present to collect data. Classes open to
the community might attract others to the HO just for
the opportunity to take specialized classes not available at
their home institution. This could be part of the HO’s educational outreach.
3. What kind of energy measurements should be part of
core data (as opposed to investigator-driven science projects)? Conversely, what proportion of the core data budget
should be allocated to energy measurements?
Energy measurements are critical and oﬀer an opportunity
for an HO of develop a novel resource—extensively gaged
basins already exist, but a well designed HO could be the
ﬁrst site to accurately close the energy budget. This would be

attractive to many researchers, such as those whose interests
depend on, for example, ET. This is the type of infrastructure
that would both attract external researchers and yield novel
core data that would be essential to inter-basin comparisons
of energy budgets. The group noted that in addition to installing new sensors (e.g., eddy towers), some existing sensors
may need to be upgraded. And there should be plans to complement ground-based point measurements with regionally
averaged, remotely sensed data. However, energy measurements oﬀ all types may be diﬃcult at the Salt Lake HO due
to the steep gradients. Finally, the group noted that it was essential that the HO reach out to NCAR and other agencies
to inquire about cooperative eﬀorts in this important area.
4. What “static” information do you expect to be available
at an HO? How frequently should these be updated?
Critical data essential to attract external researchers include:
• Basic GIS data layers for land use, etc. that includes both
present-day and as much historical data as possible.
• LIDAR
• Repository for archived samples of both water and cores.
5. What proportion of the core-data budget should be devoted to “pushing the envelope” and developing non-standard data? How would the suitability of these eﬀorts be
determined?
The group thought that the infrastructure for much of the
core data likely already exists (e.g., stream gages, wells). To
the extent that this infrastructure is supplemented, the installation design should be deﬁned by the science drivers.
At Salt Lake, supplemental gages, for example, should be
focused along the proposed transect. The group suggested
that the HO investigate the use of the new generation of
low-cost micro-sensor technologies as an alternative to traditional sampling protocols, such as the use of embedded micro-pressure transducers rather than full-blown USGS-type
stream gages.
The group thought that installation of additional equipment
to collect traditional data was less likely to have immediate
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payback in results than would be obtained by devoting funds
toward installing equipment to collect more cutting-edge
types of data. The group thought that the HO should consider what emerging data types are likely to become “standard” over the next decade. For example, ten years ago, eddy
towers might have been considered cutting-edge”, whereas
many now consider them standard. Other emerging data
types that may be applicable to the Salt Lake HO include
groundwater age and novel isotopes (e.g., nitrogen).

• Storage/Flows
• Water quality parameters (TMDL constituents)
• DEM (LiDAR)

Land Cover/ Land Use
Other data that would be useful for the PNW observatory
are delineating the rain/snow boundary and employing transects along elevational and directional gradients.

The deﬁnition of the core data set should consider those that
might bring researchers from other disciplines to the site.
For example, sediment transport data might attract geomorphologists while nutrient cycle data (e.g., carbon, nitrogen)
could appeal to biogeochemists.

PACIFIC NORTHWEST BASINS
The Paciﬁc Northwest Observatory group tried to address
two main issues: (1) How will individual HOs function as
part of a network and (2) What attributes make an individual HO a community resource. The group used the proposed
Willamette/Deschutes paired basin design as an example for
these discussions.

HOs as a Network
The exact location of observatories is not as important as the
science the site will enable.
Energy budgets, in addition to being of scientiﬁc value, are
also an important piece of information when comparing different observatories.

HOs as a Community Resource
To make these sites a useful resource, a critical service will be
student and training support.
Some example core data include:
• Input precipitation (snow/rain)
• Hydrologic Fluxes (sublimation/ ET)
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REPORTS OF SCIENCE TOPIC GROUPS
BIOGEOCHEMISTRY
The group’s focus included formulation of the statement that
the understanding of biogeochemical cycles will aid in understanding the hydrology of the observatories.

Core Data
Identiﬁcation of what should be designated core data was
the primary discussion topic of the breakout group. Many in
the group are interested in understanding the stores, ﬂuxes
and mass balances of biologically important major elements.
They would like to use the core data to estimate budgets. The
group believed that collection of a broad set of core data will
allow integration across the network to determine the mass,
ﬂuxes, ﬂow paths and residence times. Additional integration
can be achieved by nested watershed sampling design in every watershed to facilitate scaling studies.
Measurements of water quality are of great importance to
those in this breakout group. Most in the group believed that
convincing the HO community of the need to measure water quality was one of our primary charges if the HOs are to
serve our needs.
Core data identiﬁed by the group included:
• Major ions
• Dissolved organic carbon
• Major nutrients
• Silica
• Total suspended solids
• Isotopes of water
• Microbiological measurements
Data collection should be directed at development of high
capital investment, low personnel measurements of much
of the core data. Development of novel ways of data col-

lection will require close cooperation with those involved
in the Hydrologic Measurement Facility (HMF). For example, the measurement of nitrate needs to be faster and
cheaper. Development of better methods, possibly remotely
sensed or remotely collected nitrate data, in collaboration
with the HMF facility, will provide a great service to the
biogeochemical community represented among the attendees of the breakout group.
Design of the core data and infrastructure of the hydrologic
observatories to serve the biogeochemical studies of those in
the hydrologic community would require sampling and analysis of water-quality samples in a variety of media in addition
to streams, such as groundwater, throughfall, and rainfall.
Observatory design should probably include an intensively
instrumented sub-basin of approximately 1 km2 at each site.
Nested designs at every HO site will facilitate cross-observatory comparisons and assist in the determination of universal
scaling laws.
The HOs should be designed to provide a sample archive,
with samples collected and preserved in such fashion to
make them useful for biogeochemical analysis in the future.
The HO should include infrastructure to ensure the core
sampling is conducted routinely and broadly and that the
samples are preserved appropriately. Funds to provide core
services of for sampling and analysis should be included as
part of every observatory.
The group estimated that approximately 10,000 samples
for biogeochemical analysis should be collected and analyzed annually at every observatory. The group estimated
that approximately $1M of the annual operating budgets
should be directed towards the sampling and analysis of the
biogeochemical samples. The group did not come to a conclusion about how much of the capital costs should be re-
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served for biogeochemical facilities. The group thought, however, these required a signiﬁcant investment of funds.

Non-data Facilities
The group was in agreement that providing places for long
and short term students stays would enhance the usefulness of the HOs. Training for students in ﬁeld sampling and
analytical techniques would also enhance the usefulness of
the HOs.

should be pursued with questions that address the impact of
ecological processes on hydrologic processes. An interaction
between proposed NEON observatories and CUAHSI HOs
may be the best way to proceed because there may be a certain amount of redundancy in the two approaches. The group
felt that HOs must incorporate measures that are traditionally ecological. Examples of these kinds of data included:
• Nutrient cycling
• Land use/land cover
• C3 vs. C4 plants
• Precipitation recycling by plants

Additional Questions Discussed by the Group
The group discussed some of the questions they considered
to cut across several of the sub-disciplines of hydrology, including hydrologic and ecosystems interactions. The group
felt that societal relevance should be the ultimate driver.
Some of the cross-cutting themes included:
• Water resource management
• Water supply
• Water quality
• Land use changes
• Climatic variability

• What does biogeochemistry tell about ﬂow?
• What are the concentration/discharge relationships?
• Determine the diﬀerences and similarities of the chemical and hydrographic dynamics in diﬀerent systems at different scales. What do these tell us about ﬂow paths? This
question implies sampling at a variety of scales and over
diﬀerent events.

ECOLOGY
The group did not discuss the speciﬁc questions but rather
began with a discussion of the parameters that should be addressed by a network and if the selected pseudo-network addressed those parameters. Some of the types of parameters or
characteristics of a network included: urban, agricultural, and
natural ecosystems and upland aquatic zones. In addition, at
each HO or across the network there needs to be a gradient
of precipitation (wet/dry), temperature (hot/cold), environmental, and setting (continental/marine/boreal). Other important considerations are the steepness of the gradient and
temporal variation.
The group thinks that a regionalization scheme as a way to
determine the location of a network was not a good starting
point. The selection process must be hypothesis driven with
those questions informing the development of a network.
For hydrologic and ecosystem interactions these questions
should address the ecology/hydrology interface. Collaboration between the ecological and hydrological communities

The hydrologic community must be challenged to address
new objectives with innovative approaches (i.e., beyond the
normal ways of doing business such as increased numbers of
stream gages). The group suggested that some of these objectives include:
• Higher-resolution land use and land cover data
• Better understanding of the distribution of temperature
including micro- temperature proﬁles
• Better understanding of energy budgets
• Ecological-hydrological connections and the human impact on those interactions
• Extreme events
• Impacts of exotic species on hydrological processes
• Disease sites and vectors as related to hydrology
• Disturbance events such as massive forest die oﬀ as aﬀected by changes in hydrologic processes
• Changes in hydrologic parameters caused by ecological
disturbance
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The group thought that HOs need to address the collection
of new ecological data that could be used for advancing the
knowledge of ecosystem-hydrology interaction. The network
broad deﬁnitions, however, should be used for deﬁning science questions. Each HO needs to develop its own approach
to answering those questions.

dedicated to political, social, and economic science appropriate and applicable to the HOs is warranted.
To determine the suitability of the selected HOs and the
pseudo network to be eﬀective in meeting science topics, the
HOs and science topics were tabulated (Table 2), and each
HO was ranked (1 = low, 3 = high) as to how they met the
needs of a particular science topic. Ideally, the HO network
would be eﬀective if there were at least two or three 3’s in all
rows of Table 2.

The group felt that the HO network must emphasize human
interaction with ecological and hydrological systems, integrate existing data throughout the system and from other
sources, have good management, and be smaller than those
HOs that are presently proposed.

Overall, the general sentiment was that an appropriate network of ﬁve HOs can address the major sustainability issues
and that the proposed pseudo-network is workable. Does
the pseudo-network address sustainability? The reality is that
the ﬁve HO candidates comprising the pseudo-network, nor
the pseudo-network itself, probably were not selected (in the
voting process) with an emphasis on sustainability. Thus, this
criterion will require clear delineation, documentation, and
metrics if it is to be used as one of the pillars for selection of
an HO or the HO network.

SUSTAINABILITY
This session initially spent some brief time discussing and
deﬁning sustainability. For the purposes of this break-out
group, sustainability was broadly deﬁned as the ability of water resources to meet intended uses.

1. Effectiveness of the pseudo-network
The ﬁve selected HOs forming the network were assessed
for their ability to meet science topics of interest to the audience members of this group. Some science topics could not
be adequately addressed by the pseudo-network (e.g., insufﬁcient latitudinal variation in each of the selected HOs to
address climate science questions). Additionally, groundwater
sustainability seemed to be a pervasive problem in that the
selected HOs may not have demonstrated how robust they
could quantify that aspect of the hydrologic budget.
The sustainability context was believed to be a socioeconomic as well hydrogeologic issue and, therefore, a political appreciation of the HO network outcome is important. For example, “What political settings exist at each HO?” or “How
might political or socioeconomic research be addressed by
the HO network?”
Planning issues, directed at sustainability issues, could be addressed via a conference/workshop prior to the ultimate selection of individual HOs or the entire network. A workshop

The workgroup developed a list of the major challenges facing the sustainability issue for the HOs which are as follows:
Major challenges in socio/political water management
• Sustainable groundwater extraction/use
• Surface water quality visa-vise agriculture, industry, mining
• Optimization of water utility within western (or eastern)
water law
• Flood, hurricanes, natural strategies/science needs
• Eﬀects of climate change on critical processes; supplies,
ecosystems, people
• Urbanization issues/eﬀects on water supply/quality
• Irrigated agriculture
• Drought
• Reservoir management
• Constraining State laws/water rights
• Conservation practices/programs
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Table 2. Rating of HO Pseudo Network

PNW

GSL

Illinois

Suwannee

Potomac

Sustainable GW extraction/use

2

2-3

2-3

2

1

Surface water quality visa-vise Ag,
Industry, Mining

2

2

3

3

3

Optimization of water utility within
western water law

3

3

0

2

0

Flood, hurricanes, natural strategies/
science needs

1

1

1

3

3

Eﬀects of climate change on critical
processes; supplies

2-3

3

3

2

2

Urbanization issues/eﬀects on water
supply/quality

2

3

3

1

3

Irrigated agriculture

3

3

1

3

1

Drought

2

3

2-3

2

2

Core data required to support major challenges
• Regional long-term stores, ﬂuxes
• Project future demand on water; support these requirements
• Capture extreme events with societal impact
• Uses of water within basin: ecological; human
• Instream ﬂow history
• Water quality vulnerability/susceptibility assessment
• Projected water demands
• Instream ﬂow rights
• Waste water/return ﬂows
• Demographics
The discussion on this topic went back and forth between the
actual core data needs and the science hypotheses that they
could address. Example scientiﬁc questions are as follows:
The group strongly believed that a CUAHSI Workshop on
integrating social science/economic data gathering in HOs
was necessary prior to the HO selections to insure that sus-

Comment

west vs.
east

sea-level
change

tainability issues are adequately addressed. For example,
“How should policy and management be incorporated in
HOs?”
Global hypotheses and research questions
• Ecosystem water demand - Are ecosystems on a downward trend/spiral? How susceptible to stresses are the ecosystems (global change)?
• Changing public interest in water issues – How does the
public aﬀect the sustainability of water resources?
• Water limitations to growth – Is water truly a limit to
growth? What are the local expressions, responses, or lack
of interest/response?
• Political context by region/HO (varies signiﬁcantly) –
How is the political body represented by the HO geography open to management?
• Human factor data collection as changes (incentives
vs. regulation promoting sustainability) occur: Political
changes could entail experiments (possibility)
• Historic reconstruction/trajectory – Can HO data be used
to recreate pre-human inﬂuence hydrographs?
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Can data integration occur?
For integration of all HO data to occur, socioeconomic data
will be necessary to add to the core data (four fundamental
characteristics) to eﬀectively address broader issues of sustainability. This means that it is important that social sciences are involved in each HO. Sustainability interest groups
(physical-social sciences) will be necessary in each HO in order for eﬀective data integration to occur across the network.
Data scales must be appropriate for each area and discipline.
These scales will need to be clearly delineated and details on
their scalability should be known (as for hydrologic scalability issues).
HO groups working on sustainability will need to work with
HIS teams to incorporate socio-economic data. Ultimately,
the HOs and the HO network should be viewed as platforms
from which social scientists can perform non-hydrologic and
non-CUAHSI research (demographics, health, etc.).

HYDROLOGIC EXTREMES
Discussion in began with a review to determine what was
meant by “extremes”—some suggested that any abrupt
change in condition, whether in vegetation cover, ecosystem
characteristics, anoxic events, mass wasting events, etc. should
be included. It was recommended that one approach is to
think of land and vegetation as the “substrate” and water as
the “change agent.” Focus was placed primarily on extremes
deﬁned as the tails of the frequency distributions of precipitation, streamﬂow, or other hydrologic parameters, with consequent eﬀects on ecosystems considered as a secondary impact. It was pointed out that hydrometeorology is only one
of the drivers that may result in extreme events, and that a
proper assessment of causative mechanisms also requires understanding of the physiographic and geologic controls on
watershed hydrologic response, the impacts of anthropogenic
modiﬁcation of the landscape, and direct intervention in the
hydrologic system, for example, by impoundment and diversion of ﬂows, construction of levees and other ﬂood control
structures. Furthermore, there are cascading series of events

that may generate extreme consequences. For example, forest
ﬁres may alter precipitation-runoﬀ relationships by creating
hydrophobic soil layers and also increasing the likelihood of
mass wasting, thus allowing triggering of catastrophic debris
ﬂows even if the associated precipitation event is not extreme.
Other components of the conceptual framework for studying hydrologic extremes include a focus on the consequences
of the timing and sequencing of events, the joint probabilities of less extreme events that may combine synergistically
to trigger an extreme response, the tendency of extremes to
occur in association with large-scale cyclical patterns (e.g.,
ENSO), the possibility of secular trends in climate or of
land-surface characteristics that might cause long-term alteration of frequency distributions for hydrologic extremes, and
the relative importance of hydrologic extremes with respect
to the long-term cumulative ﬂux of water, sediment, nutrients or contaminants. For example, the 1993 ﬂoods in the
upper Mississippi drainage caused very large nutrient and
contaminant loads. Economic and planning aspects of ﬂoods
and droughts are clearly important and require social-science
input, as the workgroups discussing sustainability of water
supply also recommended. Important issues of allocation under conditions of shortage are related to the reigning legal
doctrine—for example, prior appropriation vs. riparian rights
—and to the cultural norms for resolving disputes.
If hydrologic extremes are characterized as opposite tails of
the frequency distribution—ﬂoods and droughts—we need
to recognize that ﬂoods and droughts are diﬀerent in fundamental ways and that the attempt to design a monitoring protocol requires an understanding of those diﬀerences.
Floods are short-lived and often develop rapidly, requiring
rapid and ﬂexible response in order to collect adequate data
to describe them. In many cases it may not be physically possible to put people on site while the ﬂood is in progress, and
even if it is possible to reach the site it may not be possible
to make the relevant measurements, either because of the
physical diﬃculty of measurement or the speed with which
the parameters to be measured change. Conversely, droughts
develop slowly and are recognized as extreme only by virtue
of their duration. The extent to which a drought is “extreme”
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is a function of the shortage of precipitation to replenish
supplies, the water demand exerted by natural processes and
human uses, and the buﬀering capacity of the water supply
system. Adequate monitoring requires characterization of
spatially extensive patterns of atmospheric conditions, energy budgets, vegetation condition, snow and its ablation,
soil moisture, ground water, and stream ﬂow, as well as ﬂuxes
across all of the relevant interfaces. Detailed hydrogeologic
mapping to characterize groundwater systems will be expensive, but important in understanding drought inﬂuences. Although droughts may not require the rapid response that is
needed for ﬂoods, they may require a much longer time base
of sequential observations, because of a relatively long time
lag between the precipitation deﬁciency and the drought response of the basin.

Additional recommendations are that we should develop protocols for assessing changes in frequency of ﬂoods over time
as a function of human inﬂuence on the hydrologic system
and on geomorphology, and that we should seek to examine
gradients of hydrologic response to the same storms under
conditions of diﬀering physiography and geology. We should
also recognize the spectrum of ﬂood-generating mechanisms
(e.g., convection cells, tropical cyclones, rain-on-snow) and
make sure that the network includes as many of these as possible. Scaling issues are also important, and diﬀerent response
mechanisms may be responsible for the most extreme events
at diﬀerent spatial scales—for example, intensity associated
with convection may be dominant in small drainage areas,
whereas a large fraction of basin area contributing at lower
ﬂux rates may be dominant at large drainage areas. The fullﬂood hydrograph is of concern at all scales.

It is important to quantify uncertainty measures explicitly in
all observed states and ﬂuxes.

Many scientists typically think of ﬂoods in the context of
channel networks, but what about other kinds of hydrologic
settings – e.g. karst or wetland environments? Also, what
about mechanisms that are not easily studied in the continental United States, for example, glacial outburst ﬂoods?

1. Is the selected pseudo-network of ﬁve Hydrologic Observatories eﬀective to address the issue of hydrologic extremes? If not, are there other combinations you would
recommend?
a. Floods: There was general agreement that this network adequately represents the range of precipitation extremes and
mechanisms of runoﬀ generation. There was some sentiment
favoring the inclusion of an Arctic site to capture processes
and patterns that are dominant in cold regions, and a suggestion that this might be substituted for one of the two western sites or one of the two mid-latitude sites. One person
suggested that it would also be desirable to include a site affected by the southwestern monsoon. Another suggested that
we should seek to study areas where naturally occurring extremes have largely been eliminated by management activities, chieﬂy through dam construction. Members of group A
felt that ﬁve sites might not be enough to capture the range
of conditions associated with hydrologic extremes; members
of group B felt that they would be adequate if the area of inquiry were conﬁned to the continental United States.

b. Droughts: The time scales of interest are on the order of
many decades, several years, within year, and within season,
depending on climatic regime and human biological adaptation. With respect to droughts, it is not as clear that we have
enough basic information to assess whether any particular
network is adequate. Groundwater reservoirs typically have
20-30 times the storage capacity of surface reservoirs in a
basin; in some environments those reservoirs wax and wane
over time, whereas in others (such as the high plains aquifer) we are mining groundwater that is thousands of years
old. This setting, where drought is a direct reﬂection of the
rate of resource consumption in an environment that would
be relatively dry in the absence of deep wells, is represented
in the pseudo-network only in the GSL HO. Karst systems
are yet another type of hydrogeologic setting. Some karst
areas are represented in the network, though not necessarily all major varieties. Another issue of concern is whether
the HOs allow us to assess the feedback eﬀects of droughts
on climate; the spatial scale of the HOs probably is still too
small for this purpose.
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c. General: We may need to think beyond the boundaries of
the HOs to allow for rapid deployment of resources to respond to extreme events in areas that are not already part
of an HO. Should HO resources be use for this purpose?
Should HO-based expertise in designing response plans be
used to inform such plans for other areas? The spatial extent
of a severe drought covers an area considerably larger than an
HO. HO design needs to consider how measurements and
characterization within the HO would inform less spatially
well recorded information that is of considerable interest to
large-scale modelers and to society.
Although there are various measures for assessing magnitude
or intensity of a drought or ﬂood, their impacts are a function both of natural factors and of the ways that human societies have adapted to these phenomena. Therefore, to the extent that we are concerned with their societal signiﬁcance, we
need to incorporate understanding of the strategies diﬀerent
communities have developed (or not developed) to cope with
these events when they occur.
2. Does CUAHSI have to develop a set of cross-observatory hypotheses in order to design an eﬀective network? If so,
how should such hypotheses be selected and by whom?
Group A participants generally agreed that we do need a set
of cross-observatory hypotheses in place to ensure that individual network proposals view their own ﬁeld areas within
the broader context. Each proposal should be able to characterize the range of conditions represented by its particular
study area and to assess that range of conditions in relation
to the broader range that might characterize the network as
a whole. For example, we must make sure that the human
impact and the role of urbanization are included in the scope
of investigation, but this does not mean that every HO in a
larger network would need to incorporate an urban area. The
network of HOs must cover the range of important problems
they are designed to address, but not every HO needs to address every problem. Instead, we must make sure that each
HO rigorously address the problems that the selection process identiﬁes for it. The cross-observatory hypotheses should
give some guidance about the function of individual HOs

within the network, but should still allow ﬂexibility on the
part of individual design teams to respond to their own speciﬁc circumstances.
An example was discussed as a way of looking at how a
cross-observatory hypothesis might help to set the research
agenda for individual observatories: Regionalization of ﬂood
peaks has a long history in hydrology. Rainfall-runoﬀ modeling also has a long history, and at least some rainfall-runoﬀ
modeling is process-based. Flood-peak regionalization is frequency based. How are these related? This has not been answered. How might HOs help us answer this question? Both
the dominant processes and the frequency distributions will
be diﬀerent from one HO to another, and only by comparing
across the network might it be possible to detect larger-scale
relationships.
With a limited temporal scope of measurements, we may
ﬁnd it easier to answer process-based questions than to collect enough years’ worth of data to resolve frequency questions, hence the desirability to locate HOs in areas with
some long-term data available. Furthermore, the application of statistical models may require that certain assumptions about the data series be satisﬁed, whereas process-based
measurements do not require the same assumptions. On the
other hand, a network may allow us to substitute space for
time through the greater variety of hydrologic settings and
the diﬀerent frequency distributions observed for extreme
events. We might be able to improve on existing regionalization approaches, whereas under present circumstances we
often do not have enough gauged watersheds to be able to
generate regional curves. We might need to invest in ﬁnding
proxy paleoclimate data to augment instrumental records. Finally, the investigation of process will help us to account for
changing landscape response to hydrometeorological drivers,
thus improving statistical models.
Other network-level hypotheses might address the uncertainty of existing stage-discharge relationships for assessing ﬂood peaks. Because of the diﬃculty of measuring ﬂood
ﬂows, the upper ends of most rating curves are based either
on indirect discharge measurements or on simple extension
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of the relationship derived for much lower ﬂows. USGS is
already engaged in attempts to assess accuracy of extreme
ﬂood peaks derived from indirect estimates. A cross-observatory initiative might focus on developing improved protocols
for assessing ﬂood peaks and temporal and spatial pattern
of inundation. These in turn could contribute to improved
approaches for assessment of ﬂood hazards—including frequency analysis and innovative mapping procedures—at national and regional levels.
Should CUAHSI, NSF, or some other body decide on what
should be the cross-observatory hypotheses? Group A participants suggested that for practical reasons, it would be
desirable to take a ﬁrst cut at this in time to provide some
guidance for the ﬁrst round of proposals to be completed
in spring 2005. The suggestion was that example questions
might be developed by network design teams and posted to
the CUAHSI web site for general consideration. It was also
suggested that CUAHSI might want to provide NSF reviewers some general guidelines about the range of conditions and processes that ought to be represented in the network.
3. Do you agree that eﬀective integration can occur at level
of mass, ﬂux, ﬂowpath, and residence time?
It was generally agreed in group A that these four characteristics are the appropriate ones to consider, but that the three
cross-cutting themes—scale, feedback and coupling, and prediction and limits to prediction—ought to be explicitly incorporated in the discussion. An example was the question
of how many direct precipitation measurement stations are
needed to calibrate weather radars, and the extent to which
the density needed varies across physiographic boundaries.
Experimental design might itself be an object of research,
for example, by deploying a network of portable radars and
a dense network of rain gages to gather enough data to develop an eﬀective network for a more permanent installation.
We often lack adequate data on the spatial gradients and
range of variability that we are trying to monitor. Thus, we
may need diﬀerent networks for characterization of patterns
as compared with networks for estimation of the properties

of those patterns. Not every HO team will have the same
level of expertise on every such technical question and, therefore, we may need to have portable equipment and expertise
to allow training and transfer of expertise in areas that may
not originally have been recognized as important.
A key aspect of the discussion also focused on the need for
adaptive monitoring—altering the spatial and temporal
monitoring design to account for changing circumstances
and to take advantage of opportunities as they arise. Partnerships with the atmospheric modeling community might also
help to improve the sampling design, for example, of precipitation measurement stations. In more general terms, it
was agreed that there is a need to develop strong integration
of measurement and modeling. Only adequate data can be
used to test models, but in many cases models are essential to
ﬁll in gaps at locations or times where data are not available.
Furthermore the improvements in science need to be shared
with the monitoring agencies for improvement of agencybased monitoring networks.
Another point recognized by group A was the need to identify appropriate scales for measurement in diﬀerent landscapes and to determine how to scale up from point-based
observations to spatially valid representations. For example,
it was suggested that the resolution of soil-moisture datasets
needs to be on the order of a 1-km2 grid; yet we know that
soil moisture content and saturated hydraulic conductivity
may vary tremendously within distances of only a few meters. There is also a need to move from the notion of characterizing frequency distributions at isolated points or nodes in
a network vs. characterizing the spatially extensive patterns
throughout a network—such as looking at the frequency
distributions or temporal patterns of stage or discharge at
a single location during a ﬂood, as compared with the spatial heterogeneity and temporally dynamic pattern of ﬂood
inundation and its inﬂuence on changing discharge in the
longitudinal direction as well as the time dimension. One
comment suggested that we need to use data to change the
science rather than simply to make marginal improvements
in existing models.
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Remote sensing is recognized as a natural tool for bridging
scales, for example in assessing soil moisture or snow cover.
For soil moisture, however, the promise has not yet been
realized, and the natural variability and patchiness of soil
moisture are very diﬃcult to characterize in the lateral direction; three-dimensional proﬁle characteristics are even more
diﬃcult to characterize. If we can ﬁnd ways to bridge these
scales, can they be applied at more than one observatory?

ECOLOGY AND HYDROLOGY
1. Is the selected pseudo-network of ﬁve Hydrologic Observatories eﬀective to address the issue of hydrologic extremes? If not, are there other combinations you would
recommend?
In general, the selected pseudo-network can be eﬀective at
addressing the interactions between hydrology and ecologic
health. The group did not choose a diﬀerent set of ﬁve sites,
but rather recommended that there should be diversity within
sites and across the network. Thus, it is important to have urban areas and undeveloped areas; a variety of land uses; a variety of ecosystems; a variety of climates; and controlled and
uncontrolled rivers. In addition, researchers should be able to
make recommendations for areas where no HO exists. Research from the HOs should assist in making recommendations that can address societal problems across the nation.
It was noted that the pseudo-network does not include Sonoran, Chihuahuan, or Mojave deserts; Arctic systems; or
short-grass prairies. It was also noted that the network does
not include a presence of large reservoirs. The pseudo-network includes large urban areas located in upper and lower
parts of the watersheds. A wide variety of land uses and climates are represented; although the lower latitudes of the
United States are not captured.
The group agreed that the most important consideration to
initiate the network is the ability of the ﬁrst two HOs to
succeed, so that the network will expand and continue.
Furthermore, once two HOs are selected it is imperative
that all immediately move from a spirit of competition to
one of cooperation.

2. Does CUAHSI have to develop a set of cross-observatory hypotheses in order to design an eﬀective network? If so,
how should such hypotheses be selected and by whom?
This discussion was the most opinionated with one researcher immediately objecting to the idea of a certain set
of hypotheses driving network design. The key word, may be
“level” in that some general, high-level hypotheses could be
appropriate for most proposed networks while more-speciﬁc
(lower-level) hypotheses could be addressed only by individual observatories. Most agreed that an NSF-run competition
or a CUAHSI committee would not be necessary to develop
a set of hypotheses. Instead, the HO proposals will include
hypotheses, some of which will be cross-observatory hypotheses. Hypotheses should deal with climate change, scaling
issues, urban development, conservation practices, water development, water protection, and land management. The type
of general, high-level question that would be appropriate for
driving network design is, “How is the partitioning of water
in diﬀerent stores related to ecological health?”
Several participants discussed that the hydrologic community has an obligation to help change policy. One person noted
that eastern U.S. water law is changing dramatically. Another
noted that HOs could be used to help set appropriate Total
Maximum Daily Loads (TMDLs) for agencies. The work
done at one HO should have impact on policy at a national
level. Some examples of these considerations are wetlands
and endangered species. Protection of wetlands has become a
national issue. Threatened and endangered species databases
should be included in the HIS component of the HO. There
is so much diversity in landscape that it is hard to generalize but we want to be able to apply what we learn from one
place to another.
Collecting similar data across a network of HOs will facilitate the testing of hypotheses that could not be tested otherwise. One person noted that Eagleson could not test his
hypotheses, but that his hypotheses could be tested with an
HO network. Another participant noted that the network
can provide a uniform way to test things like the ‘minimum
disturbance’ hypothesis. Tree ring and spring data are two
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speciﬁc examples of useful data facilitation or collection by
HOs. It would be useful if the HOs made tree-ring data
available, and HOs could install instruments at springs, as
this is relatively inexpensive.

examples of research questions that could be answered by
having an HO network.

3. Do you agree that eﬀective integration can occur at level
of mass, ﬂux, ﬂowpath, and residence time?
There was general agreement that data can be integrated at
the level of the four fundamental characteristics of the basin
(mass, ﬂux, ﬂowpath, and residence time of water, sediment,
nutrients, and contaminants). Several participants noted that
energy and carbon should be explicitly included. Several
commented that the Nuese prototype does not address ecology or biology at all and most believed the conceptual model
needs to include some reference to ecology. The focus of the
observatories on hydrology will naturally lend themselves to
expanded ecology research, because all ecology shares the dependence on water. We should encourage ecologists to work
at the HOs, and thus include them in some of the planning,
but hydrology should still be the main driver.
There was some discussion about the beneﬁts of LTER sites
in the basin. Some were concerned that LTERs do not share
data/information, but several others pointed out that NSF
recently mandated that LTERs share data and be open to
outside researchers. Assuming coordination with LTERs, an
HO with an LTER would certainly be advantageous for researching questions dealing with the interactions of hydrology and ecology. In addition, some upfront coordination with
NEON would be extremely useful.
In general, the research of hydrologic and ecologic interactions requires detailed characterization of shallow groundwater, biotic mapping, and water quality data. In addition,
the hydrologic (both surface water and ground water) regime
needs to be well deﬁned at multiple scales and its relationship to land use/land cover/land alteration.
Similar to some of the discussions for the individual HOs,
there was discussion of strategically placing instruments to
understand “hot spots.” The group was asked to give some

The example questions are as follows:
• What are the interactions of surface and groundwater in
karst systems and how does that impact the fauna that
rely on nutrients via the transport of water?
• What is the hydrologic response to diﬀerent activities in
the basin? What is the impact on stream health?
• Do wetlands and ﬂoodplains really help improve stream
water quality? What is the connectivity between wetlands
and rivers and how does it vary for diﬀerent ﬂow rates?
• Can you restore the riparian areas?
• What is the resilience of a watershed after disturbance?
• Can conservation design protect ecosystems?
• What are nutrient requirements? State agencies have to
come up with nutrient requirements. Agencies need standards (i.e., what is normal versus what is elevated).

FATE AND TRANSPORT OF
CONTAMINANTS
Given this major driving issue, the goal of a hydrologic observatory network (with respect to contaminant fate and
transport) is to:
• Examine water-quality issues across land use contrasts
(diﬀering extents of particular land use types), and land
use change contrasts (diﬀering rates of change between
land use types).
• Examine water-quality and ﬂow-path issues across geologic contrasts, which control the time scales of groundwater and surface water transport, sediment loads, and
solid-phase reactivity.
• Examine water quality issues across climatic contrasts,
which control precipitation and recharge rates and, hence,
also transport times and storages.
The core data collection activities would/could include:
• Characterization of the hydrologic system via geophysical,
geologic, hydrologic techniques (of course).
• Characterization of groundwater ages and transport times
via environmental tracers (e.g., tritium, He, CFCs).
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• Monitoring of atmospheric inﬂux of major contaminants
(e.g., PAHs, Hg, nitrogen, chemistry of precipitation)
• Monitoring of major surface water and ground water discharge points of system (e.g., major municipal or other
wells) since these locations act as integrators (e.g., basin
mass discharge, groundwater age, quality).
• Monitoring of land and water use via on-ground methods
in concert with remote sensing methods.
• Identiﬁcation of critical hydrologic zones (e.g., recharge
areas, biogeochemically important areas) a prerequisite to
evaluating eﬀect of development on water quantity and
quality.
• Target water quality monitoring strategically, for example,
transect extending up-, across-, and down-gradient of an
urban system.
• Target instrumentation across gradients in land use (to
capture spatial and temporal changes).
Important emerging issues and opportunities in contaminant
fate and transport that could be addressed within the framework of a hydrologic observatory include:
• Comprehensive monitoring of known contaminants (e.g.,
de-icing salts, nitrate) to elucidate ﬂow paths in the system (opportunity tracers).
• Salinization of groundwater due to irrigation and over
drafting.
• Widespread occurrence of pharmaceuticals, health care
products, and other compounds with uncertain biological
signiﬁcance.
• Lack of monitoring of water quality in inﬁltration basins
in urban areas, lack of knowledge of ﬂow paths to receiving water bodies down-gradient of urban areas.
• Eﬀects of dam removal on downstream water quality.
• Fracture, karst, and other preferential ﬂow pathways.
• Catchment-to-basin transport of contaminants. Scaling
transport processes between deﬁned units within the basin.
• Comprehensive stormwater urban runoﬀ monitoring over
long term. Characterize ﬁrst ﬂush mass discharge and
compare to baseline mass loads.
• Groundwater quality monitoring below urban, urbanizing,
or suburbanizing areas. Characterize transitions in water
quality.

27

CUAHSI TECHNICAL REPORT #7

REPORTS OF FOCUS GROUPS
Four focus groups were formed to identify and discuss outstanding procedural or operational issues that were not addressed in the scientiﬁc focused portion of the workshop.
The ﬁrst focus group was on observatory proposal evaluation
criteria. The group identiﬁed key components of a proposal
and gave relative rankings to them.

EVALUATION CRITERIA
Purpose of HO: To provide the scientiﬁc community with
a ﬁeld facility that is well characterized by core data and
provides the necessary services to enable its utilization by
researchers across the country and around the world.

A. Core Data (40%)
1. Conceptual basis for design. The conceptual basis for the
design should have the following characteristics:
a. Hydrologic Cycle. Embraces the entire hydrologic cycle and enables research at the boundaries between traditional subdisciplines
b. Breadth. Provides a characterization useful to a
range of disciplines including physical hydrology,
biogeochemistry, geomorphology and ecology.
c. Scalable. Provides a strategy for testing hypotheses
across a range of scales, up to and including the entire
proposed HO.
2. Hypotheses posed. The core data should be justiﬁed on
the basis of a set of hypotheses that will enable resource
allocation decisions to be justiﬁed among the competing
demands. Discussion should include an objective basis for
delineating core data from investigator data.
a. Breadth. As a set, the hypotheses should address at
least three of the ﬁve priority science topics identiﬁed
by CUAHSI.

b. Speciﬁcity. The hypotheses should be suﬃciently speciﬁc to enable design decisions to be made, such as the
location of sampling points, precision and resolution
of data to be collected. Fundamentally, the hypotheses
establish the scientiﬁc value of the data. Have quantitative models been proposed to allow for evaluation of
the relative utility of diﬀerent data series?
c. Scientiﬁc creativity and importance. Hypotheses will
be evaluated based upon how fundamental they are and
how innovative they are.
d. Testability. Can the hypotheses posed by rejected by
the proposed data? Are alternate hypotheses stated?
How objective are the proposed tests?
3. Utility. Will the proposed core data be useful to the community at large? Has a suﬃcient context been developed
to allow “outsiders” to understand what the data represent?
4. Leveraging of Existing Data.
a. New data collection. Has an analytical approach been
speciﬁed that uses existing data to justify new data collection?
b. Value added. What is the relative value of the existing
data that will be used for characterization of the proposed HO and the new data to be collected? In general,
new data collection should enable larger bodies of data
to be used for scientiﬁc purposes.
5. Evaluation of Core Data. Have suﬃcient resources been
requested to evaluate whether the data collected meet
their intended uses? At what time intervals will such evaluations been accomplished?

B. Data (20%)
Although the HIS eﬀort will provide a search tool (“HydroViewer”), specify the structure of data ﬁles, and provide
metadata standards, it is the responsibility of the HO to assure data quality, to track samples that are collected for labo-
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ratory analysis, and to assemble data series meeting the speciﬁed structure, and to host one node of the Federated Digital
Library of HOs.
1. Quality Assurance Plan. Although detailed QAP’s do
not have to be speciﬁed in the proposal, does the proposing team have experience in developing such QAP’s and/
or demonstrate knowledge of the content and structure of
these plans.
2. Data Management System. Are suﬃcient labor and computing resources requested to deliver authoritative core
data in a timely manner? Have targets been set for release
of reviewed data?
3. “Real-time” Data. Has a mechanism been proposed for
streaming sensor-collected data directly to the web?
4. Derived data products. Have derived products (such as
material ﬂuxes) that will be provided by the HO been
identiﬁed? What is the proposed delay between delivery
of these products and the release of the data? Are there
suﬃcient resources to deliver these products as promised?
5. Site Description. For HOs to be successful, potential users must be able to understand the site. Extensive descriptions of the site, including both text (e.g., land use history,
settlement patterns, etc.), maps (e.g., geological setting,
geomorphological development) and multimedia products
(e.g., actual or virtual ﬂy-overs of the basin, 3-D renderings of the basin, and interactive tools for exploring the
basin) are critical. What are the plans for developing such
a library of products? How will a new user get oriented
and understand the HO?
6. Data Archiving and Back-up. Have mechanisms been
speciﬁed to maintain the integrity of the data base?

C. Management Plan (20%)
CUAHSI will provide a management plan to provide community input into the annual work plan collecting core data
and coordination of HOs. Proposing teams may accept
CUAHSI management at this level or propose an alternative
mechanism if they do not wish to have CUAHSI manage
the HO network. All proposals, however, must specify internal management of the HO.

In this discussion, the following terms will be used:
• Science PI: The principal investigator of the NSF proposal who has led the design eﬀort
• Site Director: The person who oversees the day-to-day
operation of the HO
• HO Executive Committee: The group of co-PI’s and
other senior personnel who are receiving salary from the
grant
• User Committees: Committees of various user groups,
potentially chaired by a member of the HO Executive
Committee, whose time is uncompensated.
The generic model for HO management consists of the Science PI who is responsible for meeting the terms of the
grant. The Site Director reports to the Science PI; the professional staﬀ, in turn, report to the Site Director. A major
concern under this model is that there is suﬃcient oversight
by CUAHSI that the Science PI does not co-opt the HO to
meet his or her own research agenda. Proposals should indicate what checks exist on the power of the Science PI and
how community input will be received and acted on.
1. Duties and Lines of Authority. Have the duties for each
of the constituent parts of the HO team (Science PI, Site
Director, HO Executive Committee and User Committees) been speciﬁed and their authorities delineated?
2. Evolution of and Changes to Core Data. Have processes
been speciﬁed to change the core data? Who makes that
decision and at what intervals can changes to the core
data be considered?
3. Project Management System. Has a management system
been speciﬁed that will collect the data necessary to evaluate whether the HO is delivering its products on-time and
on budget? [Note: CUAHSI plans to oﬀer project management services to HOs, but will require the cooperation
of HO teams to collect the necessary data.]

Services (10%)
HOs must be able to accommodate non-local scientists to
achieve the goal of making them a community resource.
1. Access Permits. Has the proposing team made provisions
for acquiring permits to access private lands and to place
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instruments in public lands? Is there a mechanism for enforcing permit restrictions on users of the HO, such as the
development of a User’s Handbook or orientation session
for users?
2. Facilities. What laboratory, oﬃce, library, and computing
facilities will be available for use by visiting scientists and
students? What vehicles (cars, trucks, boats) will be available for visitors? Will insurance be provided for visitors?
Will students be able to access university resources, such
as auditing or taking classes?
3. Housing. What assistance will be provided for short-,
medium-, and long-term visitors to ﬁnd housing?
4. Environmental Health and Safety. Are orientation classes available to users of the HO, whether for ﬁeld work
(e.g., wilderness survival, ﬁrearms training, ﬁrst aid) or for
laboratory work? Have liability concerns been thought
through for users of the facility (e.g., what insurance
should users provide, what is the host university liable for).

Education and Outreach (10%)
To assess the broader impacts of a project, NSF requires a
statement of the educational opportunities aﬀorded by each
proposed project. Clearly, HOs oﬀer many possibilities. All
areas of education (K-12, 13-16, Graduate, and Informal)
should be considered. CUAHSI will request a full-time
E&O Coordinator as part of its management budget to assist the HO network to achieve a strong E&O component.
Past experience has shown that both a bottom-up and topdown approach must be pursued simultaneously for an eﬀective E&O program.

HO MANAGEMENT
• Need dialog between PIs and focus groups so recommendations for management plan are not developed in a vacuum.
• Need to provide two levels of information: (1) guidelines
on management principles (objectives) and (2) guidelines
on structure.
• Need to deﬁne the relationship among the following
(Figure 2):

- PI (scientiﬁc leadership, tenure track faculty member)
- ODT (co-PIs from host institutions)
- OPS (site director, Ph.D. scientist non-tenure track
- Non-local PIs (cooperating investigators)
- Science Advisory Board (locally focused)
- HO standing Committee (works for CUAHSI)
- CUAHSI E&O standing committee
- CUAHSI HIS standing committee
- NSF
- CUAHSI Headquarters staﬀ
• Need ﬂexibility so that can adapt to change (i.e., when
funding comes through CUAHSI rather than NSF).
• Need a mechanism to add outside collaborators to ODT.
• Need a mechanism to track observatory use by others.

METRICS OF SUCCESS
Three-year metrics
• Progress in installation of core data, accessibility of data,
prompt archival of data
• Physical facilities to support mission are in place
• Integration with HMF/HIS activities has been achieved
• Survey hydrologic science community on value of HO, including level of interest in HO; also establish structure for
regular survety/feedback
• Reporting requirements for HO – success in implementing objectives, marketing eﬀorts, business plan implementation, new courses and curriculum development
• Site visit by CUAHSI/NSF team at three years
• Administrative eﬃcacy – Is staﬃng complete? Evaluation
of personnel performance?
• Linkages to static info, other auxilliary data, other agency
data
• Quality of data, QA/QC protocol development
• Improvements in conceptual model of hydro. system, integration with modeling eﬀorts

What should be achieved in five-year cycle?
• Strong evidence if having engaged community (hydrologic
and broader societal, other scientiﬁc disciplines, demon-
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•

•
•
•
•

•
•

•
•
•

strate increasing trend of interest level,
geographic diversity of users)
Generation of core data, what fraction of
sensor network has been installed and is
functioning (100%)
First publications should be coming out
Publications of data, studies that use the
data
High level of integration with HIS/HMF
Strong evidence of impacts on education
(grad student research through outreach
partners—college /K-12)
Strong evidence of integration/coordination with network of HOs
Clearly distinguish contribution of HO
infrastructure (new/scientiﬁc accomplishments) that would not have been possible
without the HO)
Well-deﬁned plan for second cycle of
funding and long-term plan
ﬁve-year synthesis report
Strong evidence of having addressed all
CUAHSI science themes

A

B

Long-term metrics
Quantitative measures
• Hits on website
• Data downloaded; how to track data
downloads
• Publications
• Use by outside PIs/outreach
• Use of data in papers
• Track service to outside researchers (hours?
number of projects
• Non-NSF resources acquired
• Number of visiting scientists, sabbaticals,
graduate students from the outside

C

Long-term
• Enhancement of HOs by partnership with
other agencies, other communities

Figure 2. Possible HO management models.
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• Evaluation of societal impacts
• Adaptation of HO model at other levels (local scale)
• Contribution to advancing science, improving forecasts of
hydrologic quantities
• Attracting young people/researchers to go into the ﬁeld of
hydrology
• Integration/real establishment of networks

teams running these testbeds to share information and interact with the HMF. Core data would have more stringent
requirements. The investigator speciﬁc data would be less
stringent.
Other issues to be dealt with by the Obsevatory Standing
Committee include standardizing the reporting units used
(e.g., nitrogen-nitrate). Each observatory team would have
to commit to one procedure for core data so that the broader
community could reliably use that data. Quality assurance
and control are obviously big services the observatory staﬀ
would have to perform, but deciding on what methods to ensure data quality would also have to be decided. A protocol
establishing communication guidelines for sensors would also
be important if a researcher wanted to use a sensor in multiple observatories. The HMF will take the lead in determining
these standards and training all cognizant people at each site.

DATA COLLECTION PROTOCOLS
Observatories are envisioned to have many scientists and
research teams working at multiple sites. Therefore, to be
broadly useful, the data from these observatories should be
collected by employing citable methods. Having standards
and protocols to ensure data comparability is essential for
observatories to function properly. There is a long current list
of citable methods to use for the myriad of environmental
data that will be compiled. Where possible, it would be better to use a predeﬁned set of methods and protocols than to
have CUAHSI deﬁne new ones. However, if there are competing standards, it would be necessary for the Hydrologic
Measurement Facility team to provide a mechanism to decide on one.
A list of current citable methods include:
• USGS
• Nexrad
• ASTM standards
• EWRI
• EPA Water Quality Methods
• LIDAR
• Ameriﬂux
• Other NSF Observing initiatives
There are some data that do not have guidelines and therefore need more urgent attention. For example, derived indices that could be part of the core data, like surface roughness.
One possible way to overcome these diﬀerences is to have
testbeds with cross-validation of the same sensors in diﬀerent environments and with diﬀerent probes using the same
calibration techniques. It would be essential for observatory
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CONCLUSIONS
The workshop was instrumental in coalescing hydrologic science researchers around a truly community oriented platform
to transform the science. In addition to elaborating on the
incentives of a platform (versus a speciﬁc research tool such
as standard instrument packages), it also pointed out the insuﬃciency of current plans to operate such a large-scale network eﬀectively in the immediate future. There are many issues to be resolved at many levels.
To this end, a small number of testbeds (n equal to or greater than 2) could, for a relatively small investment, resolve a
great number of standards, sensors, and management issues.

Additional findings:
1. Providing high spatial and high temporal resolution data
collected at frequent intervals (wall to wall data) would
be more beneﬁcial and less costly to researcher than more
dynamic types of data.
2. Having a community organization such as CUAHSI is essential for managing the open and equitable research platform that observatories will be.
3. Despite pointing out the many issues to be resolved, the
workshop was a smashing success because it laid a more
solid foundation for hydrologic science researchers to build,
manage, and deliver a successful community resource.
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APPENDIX 1. WORKSHOP AGENDA
DESIGNING HYDROLOGIC OBSERVATORIES AS A COMMUNITY RESOURCE
CUAHSI National Workshop, Logan, Utah, August 24-25, 2004
Tuesday August 24
7:30 – 8:30 Registration. Continental breakfast provided.
Plenary Session. Room ENGR103. Webcast overﬂow in ENGR101.
8:30
Kermit Hall (USU president): Welcome
8:45
John Wilson: Opening remarks
9:00
Rick Hooper: Charge to Workshop
9:30
Jay Famiglietti: Neuse River Prototype Observatory
10:00
Break
10:30
John Selker: CUAHSI HMF and HOs
11:00
David Maidment: CUAHSI Data Model and HOs
11:30
Doug James: What Makes a Good Proposal?
12:00
Lunch: Taggart Student Center
1:30
Poster Session: Poster Area. ENGR building 3rd ﬂoor
4:30
Election closes
Plenary Session ENGR 103
4:30
Peggy LeMone (NCAR). GLOBE and HOs
5:00
John Wilson. After the Neuse: Opportunities to get involved with CUAHSI
Discussion of volunteer opportunities in various CUAHSI committees, including
1. HIS Standing Committee
2. HIS Users Committee
3. VP Editorial Board
4. HO Focus Groups
a. Proposal Evaluation Criteria
b. HO Management Structure
c. Metrics of Success
d. Concepts for Data Collection Protocols, Lab Methods, and Data Standards
5:30
Announcement of Election Results
6:00
Shuttle buses depart for Conference Dinner at the Copper Mill Restaurant.
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Wednesday August 25
7:30

Continental Breakfast

Plenary Session. Room ENGR103.
8:00
Rick Hooper: Charge to Break-out Groups
Breakout Sessions in rooms ENGR 104, 106, 201, 202, 203, 204, 205, 206, 238, 328
8:15
Breakout Sessions by HO: Core data to attract non-local scientists
10:15
Break
10.30
Break-out sessions by science topic: What hypotheses can be answered with a Network of HOs?
• Linking Hydrologic and Biogeochemical Cycles
• Sustainability of Water Resources
• Hydrologic and Ecosystem Interactions
• Understanding of Hydrologic Extremes
• Fate and Transport of Contaminants
12:30
Working Lunch
• Leaders/Recorders of 10 HO break-out groups summarize/synthesize results
• Leaders/Recorders of 10 science topic break-out groups summarize/synthesize results
• For all others who are interested in writing advisory white papers there will be an initial
meeting of 4 focus groups.
- Proposal Evaluation Criteria
- HO Management Structure
- Metrics of Success for HOs
- Concepts for Data Collection Protocols, Lab Methods, and Data Standards
Closing Session ENGR 103
2:00
Summary of HO break-out
2:15
Discussion
2:45
Summary of Topical break-out
3:00
Discussion
3:30
Doug James: Workshop Observations
4:00
John Wilson: Summary and Next Steps
4:30
Adjourn
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APPENDIX 2. WORKSHOP PARTICIPANTS

First

Last

Aﬃliation

Email

Rick

Allen

University of Idaho

rallen@kimberly.uidaho.edu

Carlos

Alonzo

USDA-ARS

Jerry

Anderson

University of Memphis

jlandrsn@memphis.edu

Mike

Annable

University of Florida

manna@eng.uﬂ.edu

Eliot

Atekwana

U Missouri- Rolla

eliota@umr.edu

Mark

Bain

Cornell University

Mark.Bain@Cornell.edu

Roger

Bales

University of California Merced

rbales@ucmerced.edu

Tom

Ballestero

University of New Hampshire

tom.ballestero@unh.edu

Mike

Barber

Washington State University

meb@wsu.edu

Enriqueta

Barrera

NSF

ebarrera@nsf.gov

Chris

Barton

University of Kentucky

barton@uky.edu

Luis

Bastidas

Utah State U

luis.bastidas@usu.edu

Tom

Boving

University of Rhode Island

boving@uri.edu

Dave

Bowling

U Utah

bowling@biology.utah.edu

Rob

Bowman

New Mexico Tech

bowman@nmt.edu

Beth

Boyer

State University of New York - ESF

ewboyer@syr.edu

Pat

Brezonik

NSF

brezonik@umn.edu

Paul

Brooks

University of Arizona

brooks@hwr.arizona.edu

David

Brown

Cal St Univ Chico

dlbrown@digitalpath.net

Bret

Bruce

USGS

bbruce@usgs.gov

Steve

Burges

University of Washington

sburges@u.washington.edu

Anne

Carey

Ohio State University

carey@geology.ohio-state.edu

Dave

Chandler

Utah State U

dchandle@mendel.usu.edu

Alex

Cheng

U Mississippi

acheng@olemiss.edu

Julie

Coonrod

University of New Mexico

jcoonrod@unm.edu

Rachel

Craig

NSF

rcraig@nsf.gov

Richard

Cuenca

Oregon State U

cuenca@engr.orst.edu

Gayle

Dana

Desert Research Institute

Gayle.Dana@dri.edu

Gregg

Davidson

University of Mississippi

davidson@olemiss.edu

Ralph

Davis

University of Arkansas

ralphd@uark.edu
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First

Last

Aﬃliation

Email

Rand

Decker

Northern Arizona Univ

Randdecker@aol.com

Joe

Delﬁno

University of Florida

jdelf@eng.uﬂ.edu

Dave

Dewalle

Penn State U

d9d@psu.edu

Jeﬀ

Dozier

University of California Santa Barbara

dozier@bren.ucsb.edu

Kevin

Dressler

Penn State U

kxd13@psu.edu

Claude

Duchon

University of Oklahoma

cduchon@ou.edu

Chris

Duﬀy

Pennsylvania State University

cxd11@psu.edu

Jon

Duncan

CUAHSI Program Manager

jduncan@cuahsi.org

Bill

Eichinger

U Iowa

william-eichinger@uiowa.edu

Jay

Famiglietti

University of California Irvine

jfamigli@uci.edu

Vonetta

Faulkner

CUAHSI Business Manager

vfaulkner@cuahsi.org

Xiahong

Feng

Dartmouth

Xiahong.Feng@Dartmouth.EDU

Ty

Ferre

University of Arizona

ty@hwr.arizona.edu

Douglas

Flewelling

SUNY Buﬀalo

dougf@geog.buﬀalo.edu

Graham

Fogg

U California Davis

gefogg@ucdavis.edu

Eﬁ

Foufoula

University of Minnesota

eﬁ@umn.edu

Katie

Fowler

Clarkson University

kfowler@clarkson.edu

Dave

Genereux

North Carolina State University

genereux@ncsu.edu

Phil

Gerla

University of North Dakota

phil_gerla@mail.und.NoDak.edu

Mike

Gooseﬀ

Colorado School Mines

michael.gooseﬀ@usu.edu

Rao

Govindaraju

Purdue

govind@ecn.purdue.edu

Wendy

Graham

University of Florida

wgraham@uﬂ.edu

Vijay

Gupta

University of Colorado at Boulder

guptav@cires.colorado.edu

Robyn

Hannigan

Arkansas State University

hannigan@astate.edu

Andrew

Harmon

CUAHSI Staﬀ

aharmon@cuahsi.org

Ed

Harvey

University of Nebraska

feharvey1@unl.edu

John

Helly

San Diego Supercomputing Center

hellyj@ucsd.edu

Kyle

Hoagland

U Nebraska Lincoln

khoagland1@unl.edu

James

Hogan

University of Arizona

jhogan@hwr.arizona.edu

Rick

Hooper

CUAHSI President/ Exec Director

rhooper@cuahsi.org

Jan

Hopmans

U California Davis

jwhopmans@ucdavis.edu

Bill

Hu

Florida State University

hu@gly.fsu.edu

Dave

Hyndman

Michigan State University

hyndman@msu.edu

Paul

Imhoﬀ

University of Delaware

imhoﬀ@ce.udel.edu

Jennifer

Jacobs

Univ New Hampshire

Jennifer.Jacobs@unh.edu
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First

Last

Aﬃliation

Email

Doug

James

NSF

ldjames@nsf.gov

Steve

Jennings

University of Colorado Colorado Springs

sjenning@uccs.edu

Bill

Johnson

University of Utah

wjohnson@mines.utah.edu

Carol

Johnston

South Dakota State University

Carol.Johnston@SDSTATE.EDU

Pierre

Julien

Colorado State University

pierre@engr.colostate.edu

Douglas

Kane

University of Alaska-Fairbanks

ﬀdlk@uaf.edu

Brian G.

Katz

USGS- FL

bkatz@usgs.gov

Richard

Keim

Louisiana State University

rkeim@lsu.edu

Carol

Kendall

USGS-Menlo Park

ckendall@usgs.gov

Jim

Kirchner

University of California Berkeley

kirchner@geomorph.berkeley.edu

Jerry

Klazura

Argonne Natl Lab

jklazura@anl.gov

James

Koelliker

Kansas State U

koellik@ksu.edu

Witold

Krajewski

University of Iowa

witold-krajewski@uiowa.edu

Praveen

Kumar

University of Illinois

kumar1@uiuc.edu

Venkat

Lakshmi

University of South Carolina

venkat-lakshmi@sc.edu

Manu

Lall

Columbia University

ula2@columbia.edu

Peggy

LeMone

UCAR

lemone@ucar.edu

David

Lesmes

Department of Energy

david.lesmes@science.doe.gov

Linda

Lilienfeld

Independent Film & Media Producer

David

Maidment

University of Texas Austin

maidment@mail.utexas.edu

Danny

Marks

USDA-ARS

danny@nwrc.ars.usda.gov

Jon

Martin

University of Florida

jmartin@geology.uﬂ.edu

Jeﬀ

McDonnell

Oregon State University

Jeﬀ.McDonnell@orst.edu

Thomas

Meixner

University of California Riverside

thomas.meixner@ucr.edu

Andrew

Miller

University of Maryland, Baltimore County

miller@umbc.edu

Horace

Moon

Young Villanova

h.keith.moo.young@villanova.edu

David

Mulla

University of Minnesota

mulla003@umn.edu

Ann

Mulligan

Woods Hole Oceanographic Institute

amulligan@whoi.edu

Larry

Murdoch

Clemson University

lmurdoc@clemson.edu

Ed

Oaksford

USGS- FL

oaksford@usgs.gov

Fred

Odgen

University of Connecticut

ogden@engr.uconn.edu

Alfredo

Olivaz

Autonomous University Ciudad Juarez, MX

agranados@uacj.mx

Aaron

Packman

Northwestern University

a-packman@northwestern.edu

Thanos

Papanicolaou

U Iowa

apapanic@icaen.uiowa.edu

Mark

Parsons

University of Colorado Boulder

parsonsm@colorado.edu
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First

Last

Aﬃliation

Email

Michael

Piasecki

Drexel University

Michael.Piasecki@drexel.edu

Tom

Piechota

University of Nevada Las Vegas

piechota@unlv.nevada.edu

Nicholas

Pinter

Southern Illinois University

npinter@geo.siu.edu

Ken

Potter

University of Wisconsin

kwpotter@facstaﬀ.wisc.edu

Karen

Prestegaard

University of Maryland. College Park

kpresto@umd.edu

James

Pushnik

Cal St Univ Chico

jpushnik@csuchico.edu

Hari

Rajaram

University of Colorado Boulder

hari@colorado.edu

Jorge

Ramirez

Colorado State University

ramirez@engr.colostate.edu

Todd

Rasmussen

University of Georgia

Rasmus@ucar.edu

Roy

Rasmussen

NCAR

Rasmus@ucar.edu

Dave

Reckhow

University of Massachusetts

reckhow@ecs.umass.edu

Kelly

Redmond

Desert Research Institute

krwrcc@dri.edu

Carl

Renshaw

Dartmouth College

Carl.Renshaw@Dartmouth.edu

Bob

Rice

U California Merced

rrice@ucmerced.edu

Zohrab

Samani

New Mexico State University

zsamani@nmsu.edu

Andrew

Sansom

Southwest Texas State University

andrewsansom@swt.edu

Bridget

Scanlon

University of Texas Austin

bridget.scanlon@beg.utexas.edu

Mark

Scheemckle

Arizona State University

Mark.Schmeeckle@asu.edu

Art

Schmidt

Univeristy of Illinois Urbana Champagne

aschmidt@uiuc.edu

John

Selker

Oregon State University

selkerj@engr.orst.edu

Jim

Shuttleworth

University of Arizona

shuttle@hwr.arizona.edu

Bill

Simpkins

Iowa State University

bsimp@iastate.edu

Jim

Smith

Princeton University

jsmith@princeton.edu

Kip

Soloman

U Utah

ksolomon@mines.utah.edu

Abe

Springer

Northern Arizona University

abe.springer@nau.edu

Tammo

Steenhuis

Cornell Univ

tss1@cornell.edu

Marc

Steiglitz

Georgia Institute of Technology

marc.stieglitz@ce.gatech.edu

Dave

Steward

Kansas State University

steward@ksu.edu

Tom

Strong

CEMRC

tstrong@cemrc.org

Dave

Tarboton

Utah State University

dtarb@cc.usu.edu

Bruce

Thomson

University of New Mexico

bthomson@unm.edu

Geoﬀ

Thyne

Colorado School of Mines

gthyne@mines.edu

Geoﬀ

Tick

University of Alabama

gtick@wgs.geo.ua.edu

Laura

Toran

Temple University

ltoran@temple.edu

Tom

Torgeson

NSF

ttorgers@nsf.gov

First

Last

Aﬃliation

Email

Samuel

Traina

UC Merced

straina@ucmerced.edu

Scott

Tyler

University of Nevada Reno

tylers@unr.edu

Sushel

Unniyara

NASA/GSFC

Sushel.Unninayar@gsfc.nasa.gov

Richard

Vogel

Tufts University

richard.vogel@tufts.edu

John

Warwick

Desert Research Institute

warwick@dri.edu

Allen

Wehrmann

Univeristy of Illinois Urbana Champagne

alex@uiuc.edu

Markus

Weiler

University British Columbia

mweiler@ubc.edu

Claire

Welty

University of Maryland Baltimore County

weltyc@umbc.edu

Don

Whittenmore

University of Kansas

donwhitt@kgs.ukans.edu

John

Wilson

New Mexico Tech

jwilson@nmt.edu

William

Woessner

University of Montana

william.woessner@umontana.edu

Nam

Woo

Yonsei U, South Korea

ncwoo@ysgeo.yonsei.ac.kr

Chun

Wu

University of Wisconsin

chinwu@engr.wisc.edu

David

Yates

NCAR

Yates@ucar.edu

George

Yeh

University of Central Florida

gyeh@mail.ucf.edu

Paul

Ziemkwicz

West Virginia University

pziemkie@wvu.edu
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