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Preface

The Committee on Hydrologic Science (COHS) of the Na-
tional Research Council (NRC) is engaged in studying the priori-
ties and future strategies for hydrologic science. In order to involve
a broad community representation, COHS is organizing workshops
on priority topics in hydrologic science.  These efforts will culmi-
nate in reports from the NRC on the individual workshops as well
as a synthesis report on strategic directions in hydrologic science.
The first workshop—Predictability and Limits-to-Prediction in
Hydrologic Systems—was held at the National Center for Atmos-
pheric Research in Boulder, Colorado, September 21–22, 2000.
Fourteen technical presentations covered basic research and under-
standing, model formulations and behavior, observing strategies,
and transition to operational predictions (see Appendix A for the
agenda).

Understanding the limits of prediction directly impacts the
activities and mission goals of federal, state, and local agencies,
the relevance of research in the academic community, the engi-
neering practices in industry, and the safety and awareness of the
public at large when it comes to water issues.  In many contexts
(be it predicting the dispersion of a subsurface contaminant plume,
the forecasting of a flash flood, the evolution of ecohydrologic
systems, or the seasonal variations in stream water chemistry), data
and models are used to gain insight to an event.  The event may be
in the future (classical forecasting), it may simply be downstream,
or it may be the outcome of a particular perturbation of the system.
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In all these cases, predictions should require (1) fundamental un-
derstanding of the dynamics of the system and propagation of per-
turbations or uncertainty through it, (2) adequate data to charac-
terize the system states, and (3) procedures for producing the ex-
pected evolution of the system including interactions among its
components.  A prediction system additionally requires mecha-
nisms for measuring the accuracy of predictions (often referred to
as forecast skill), communicating the predictions to users in an ef-
fective manner, and using feedback from the users and the sys-
tem’s performance to improve the prediction and prediction deliv-
ery systems.  This brief report is directed to understanding the
common features associated with these issues in hydrologic sci-
ence.

The premise of the workshop was that meaningful and
robust prediction systems are built on basic understanding of
predictability.  Predictability research is directed toward under-
standing (1) remote and local sources of variability, (2) propaga-
tion of uncertainty and variability in hydrologic systems, (3)
strategies for identifying and characterizing memories, information
pathways, and feedback in hydrologic systems, and (4) quantifying
intrinsic and model-derived limits to prediction.

Preceding the workshop the participants were provided
with a white paper on the topic that was prepared by COHS mem-
bers.  The white paper was designed to provoke thinking in several
critical directions among the participants.  In the paper, six main
questions were introduced.  These questions reemerged during the
workshop in order to initiate discussions during three panel-
discussion periods.  The questions are:

1.  Are there predictable aspects of terrestrial hydrology
that can enhance atmospheric weather and climate predictability?

2.  What are the stability and feedback characteristics of
two-way coupled subsurface, surface, and atmospheric hydrologic
systems?  How do they impact predictability?

3.  What are the conceptual and model frameworks required
to define limits-to-prediction in hydrologic systems?

4.  What are the data and records requirements for estimat-
ing the inherent limits-to-prediction directly from observations?
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5.  What are the opportunities for extending the lead time
and accuracy of hydrologic predictions based on predictable
weather and climate patterns so that the predictions meet the re-
quirements of water resource and other applications?

6.  What are the robustness and predictability criteria for
models used in impact studies (e.g., hydrologic impacts of land use
and global change)?

The workshop contained energetic and substantial discus-
sions.  It was evident that the topic resonated with the interests of
the research community and the demands of federal agencies and
international research programs.  There are currently a number of
U.S. agencies—e.g., the interagency U.S. Global Change Research
Program (USGCRP)—and international research programs—e.g.,
World Climate Research Program’s (WCRP) GEWEX and CLI-
VAR—that identify predictability of hydrologic systems as being
among their priorities.  More specific agency examples include
National Oceanic and Atmospheric Administration’s GEWEX
American Prediction Project (GAPP), National Aeronautics and
Space Administration’s Seasonal-to-Interannual Predictability
Project (NSIPP), and National Weather Service’s Advanced Hy-
drologic Prediction System (AHPS).  Representatives from these
and other agencies supporting COHS opened the workshop by de-
fining their program requirements and objectives in predictability
science related to the water cycle.

The report is divided into 4 chapters.  Chapter 1 gives de-
tails of the workshop and provides the motivation for this present
report.  The definitions of three different types of limits-to-
prediction are given in Chapter 2. Chapter 3 builds on the work-
shop presentations and frames the challenges in predictability sci-
ence.  Chapter 4 provides conclusions based on the workshop pres-
entations and committee discussions.  These conclusions present
some of the promising scientific directions that could provide a
starting point for either understanding the predictability of hydro-
logic systems or identifying what the limits to prediction are in
these systems.  The hope of the committee is that both the research
and user communities find the discussions of this report useful
both for implementing research strategies and for identifying the
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ways in which predictability research can be integrated more ef-
fectively into operational activities.

Dara Entekhabi, Chair
Committee on Hydrologic Science
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1

Background and Goals

NRC COMMITTEE ON HYDROLOGIC SCIENCE
1999 REPORT

Predictions of hydrologic phenomena such as floods, sea-
sonal precipitation deficit, aquifer response, subsurface contami-
nant dispersion, land use and global change impacts, etc. are prac-
tical ways of dealing with hazards. Predictions are often the foun-
dations of hazards mitigation strategies.  Predictions begin with a
characterization of the current state of the system, i.e. initialization.
Then the states of the system are predicted into the future accord-
ing to our current understanding of the dynamic behaviors of the
system.  As a result observing systems and conceptual under-
standing are the engine behind operational prediction systems.  In
this way hydrologic science and operational hydrology work to-
gether to reduce the hazards faced by the public.  Better characteri-
zations of the system and more effective observing networks are
needed to improve predictions.  Predictability and limits-to-
prediction are themes in hydrologic science that are at the core of
both the research community and the operational field.

Predictability and limits-to-prediction in the hydrologic sci-
ences emerged as a priority topic for COHS during the develop-
ment of its first report on the hydrologic science content of the
USGCRP plan. The NRC (1999) study titled Hydrologic Science
Priorities for the U.S. Global Change Research Program: An Ini-
tial Assessment was published in September 1999 and it identified
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predictability and variability of regional and global water cycles as
one of its two priority themes (together with coupling of hydro-
logic systems and ecosystems through chemical cycles).  In NRC
(1999) a series of specific science questions are posed in order to
direct hydrology predictability research in a progressive direction.
Addressing these science questions and bringing them to closure
mark milestones in this research path.

NRC (1999) proposes that research in this area should be
driven towards three main goals.  The first goal is the identification
of predictable patterns on all pertinent spatial and temporal scales
in the water cycle.  Because the water cycle is composed of com-
ponents with varying memory (e.g., mean residence time in atmos-
phere is about nine days whereas in the active groundwater system
the memory may be decades), there is a natural dampening and
potential for predictability based on persistence.  The prevalence of
autoregressive and Markovian statistical models in hydrology are
testament to the recognition that the dampening of signals in vari-
ous component of the water cycle may be effectively harnessed to
make useful predictions.  It is now recognized that there may be
even more opportunities for prediction if the climate system as a
whole is considered.  The oceans are the long memory components
of the climate system and their influence on interannual to decadal
climate variability is becoming more clearly understood.  This un-
derstanding may be used to make long-range predictions of re-
gional water cycle processes.  The identification of predictable
patterns and linking them to large memory processes is now
emerging as a promising strategy for understanding predictability
of hydrologic systems and is supporting the development of useful
prediction tools.  It is also recognized that memory in the regional
climate systems may be due to factors other than the inertia of heat
and moisture reservoirs.  Establishment of positive feedback
mechanisms may also have the same effects as memory by pro-
longing an event or excursion.  Box 1.1 lists a number of specific
science questions from NRC (1999) associated with this first goal
of predictability research in the hydrologic sciences.

The second goal identified by NRC (1999) is understanding
the sources of uncertainty and the propagation of uncertainty in
hydrologic systems.  Innovative monitoring and multi-source data
fusion techniques are required to quantify variability and its
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Box 1.1
Science questions on predictability and limits-to-prediction from the

1999 NRC report: Hydrologic Science Priorities for the US Global
Change Research Program:

An Initial Assessment

Distinguish the Predictable and the Unpredictable Patterns of Vari-
ability

•  What type and location of measurements will most enhance
predictability?  To what extent is regional-scale hydrology predictable?

•  Across which regions and seasons can predictability of re-
gional water cycling be enhanced by robust coupled land-atmosphere
modeling?

•  What special physical and statistical features (e.g., process
pathways, influences across scales) can be used to link large-scale cli-
mate and regional-scale hydrology in the case of extreme events and how
are these features different for the case of floods and the case of persis-
tent droughts?

Identify Sources of Variability and their Propagation in Hydrologic
Systems

•  What combination of remote and in situ observations and pa-
leohydrologic records are required to identify shifts in regional and local
hydrologic properties due to both natural and human-induced factors?

•  Are there spatial patterns in the variability in the hydrologic
record that may serve as reliable predictors of the impacts of global
change?

Understanding the Scaling and Linkages of System Components
•  At what scales and for which processes should the spatial

structure of surface heterogeneity be incorporated into the upscaling
strategy for hydrologic models?

•  What physical constraints arising due to coupling of water and
energy cycles with other systems may be used to bound the estimates of
local and regional hydrologic cycles?
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changes with scale.  The focus of the specific science questions
associated with this goal (see Box 1.1) is on the quantitative char-
acterization of the impacts of perturbations in hydrologic systems.
These perturbations may be due to human-induced factors such as
land use change or they may be due to natural variability in climate
forcing.

The third and final major goal posed in NRC (1999) for
predictability research in the unique context of hydrologic sciences
is to understand how variability in hydrologic processes change
with spatial scale.  Heterogeneity in landscape properties (e.g. ge-
ology, ecology, terrain) are ubiquitous in hydrology.  How proc-
esses such as water, energy, and biogeochemical fluxes are de-
pendent on the variabilities in these properties needs to be ad-
dressed to advance understanding.  Box 1.1 also lists a number of
specific science questions for this goal.

The task of developing the full science and implementation
plan for the USGCRP element went to the sixteen-member Water
Cycle Study Group, organized by the federal agencies and chaired
by Dr. George Hornberger (University of Virginia).

THE USGCRP WATER CYCLE INITIATIVE

In June 2001 the USGCRP Water Cycle Study Group pub-
lished a comprehensive report titled:  A Plan for a New Science
Initiative on the Global Water Cycle (Hornberger et al. 2001).  The
report poses several priority science questions as well as several
specific goals for predictability research that are listed in Box 1.2.

In the USGCRP report, a series of research needs are ar-
ticulated that can be mapped to activities that will have to be un-
dertaken by the appropriate federal agencies.  A sampling of these
needs indicates the wide scope of the efforts.

A new program is needed in the science and mathematics
of water cycle predictability to guide applications of atmospheric
and hydrologic theories over a broad range of space and time
scales.  Climate predictions on seasonal and longer time scales
must be made within a probabilistic framework that takes into ac-
count the uncertainty of initial and boundary conditions, as well as
the inherent characteristics of the distribution of possible states that
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Box 1.2
Key elements of A Plan for a new Science Initiative

on the Global Water Cycle
(Hornberger et al., 2001)

Priority Science Questions

1.  What are the underlying causes of variation in the water cycle
on both global and regional scales, and to what extent is this variation
induced by human activity?

2.  To what extent are variations in the global and regional water
cycle predictable?

3.  How will variability and changes in the cycling of water
through terrestrial and freshwater ecosystems be linked to variability and
changes in cycling of carbon, nitrogen and other nutrients at regional and
global scales?

Specific Goals in Predictability and Limits-to-Prediction in Hydro-
logic Systems

1.  Demonstrate the degree of predictability of variations in the
water cycle on a range of time scales (daily to centennial).  This goal is
to be reached through a number of program elements that include: nested
modeling to deal with scales interactions, probabilistic modeling to deal
with uncertainty in modeling, and scaling models for interpreting obser-
vations.

2.  Improve predictions of water resources by quantifying fluxes
between key hydrologic reservoirs using observations, process under-
standing, and numerical modeling.  The program elements required to
reach this second goal include observations using surface networks: pre-
cipitation, basin-scale recharge that links the surface and subsurface res-
ervoirs, stream-aquifer interaction which also is related to these two res-
ervoirs, and evaporation that links the surface and the atmospheric reser-
voirs.

3.  Establish a systems modeling framework for making predic-
tions and estimates of uncertainty that are useful for water-resources
management, natural hazards mitigation, and policy guidance.  The pro-
gram elements for this goal include transfer of information from physical
to socioeconomic models.
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may ensue from the given initial state.  Research is required to
place current ad hoc methods of producing ensemble model pre-
dictions on a firmer theoretical basis.

A systematic approach to model design and development is
needed that will permit determining the scales at which predictive
information should be exchanged within a nested modeling ap-
proach.  This research will be heavily computational, requiring en-
hancements to available national computing capabilities.

The development of coupled land-atmosphere models
should be accelerated through the better use of data assimilation
techniques.  One existing vehicle for this development is the new
U.S. multiagency initiative known as Land Data Assimilation
System, or LDAS.  LDAS should be supported and expanded to
include data representing snowpack and high-latitude glaciers.
Studies should examine whether two-way land-atmosphere cou-
pling or climate modulation by local hydrologic processes results
in predictability that can be exploited through coupled modeling.
For seasonal and longer lead prediction of water fluxes, a modeling
strategy must be developed to minimize the propagation of uncer-
tainty among the components of such predictive models.

Field campaigns and intensive observation programs to bet-
ter understand interactions among land, ocean, and atmosphere are
needed to isolate the effects of fast and slow processes in the hy-
drological cycle.  Enhanced field campaigns should take place over
multiple years to observe large-scale surface conditions, surface
fluxes, and atmospheric variables.  These large-scale observations
would be supplemented with simultaneous observations of the
slower components of the land system, such as groundwater levels.

A continuing effort to use observations to close water
budgets is critical.  New data sets geared specifically for budget
studies are needed.  Because analysis budgets are the main link
between models and observations, they should be rigorously tested
against all observations, especially those hydrometeorological ob-
servations developed to cover broad space and time scales.  New
continental and global hydrometeorological data sets will be re-
quired to support these activities.  These data sets include gridded
(or equivalent) observations of streamflow over continental do-
mains, and gridded high-resolution precipitation data.  Expanded
budget studies covering snow accumulation, melt, runoff, and
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evaporation of snow in continental regions should also be under-
taken to understand how snow contributes to the water cycle.

Satellite observations are needed for hydrological variables
not yet remotely sensed, and for which technology development
may be required.  These include surface soil moisture at high
resolution (~10 km for hydrometeorology applications, ~40 km for
hydroclimatology applications), surface freeze/thaw condition, di-
urnal cycle of precipitation, river and water bodies altimetry, and
snow cover and water equivalent.

An initiative should be designed to integrate users needs
into the development of the research agenda and to ensure that re-
search results are provided in a form useful for users.  Estimates
should be developed of the natural variability of surface hydrologi-
cal processes that can be incorporated into water resource systems
design and management, with reduced dependence on historical
observations.  Ensemble forecast products for operating water re-
source systems should be produced, with a primary focus on reser-
voir systems (or, in some cases, free-flowing rivers), but with im-
plications for groundwater in systems that conjunctively use sur-
face water and groundwater.  Model testing facilities should be
established at existing weather and climate prediction centers (like
National Centers for Environmental Prediction (NCEP)), which
would be charged with facilitating model evaluation and the trans-
fer of methods from the general research to the operational mod-
eling community and vice versa.

THE COHS WORKSHOP

These two reports (NRC 1999 and Hornberger et al. 2001)
summarized above provide context for material presented at the
COHS workshop in Boulder, Colorado.  The workshop addition-
ally served to engage the larger community outside of these two
study groups.  The primary goal was to start along the path defined
by the reports by making contributions in three main areas: 1) pro-
vide concise definitions for predictability and limits to predictabil-
ity, 2) identify the key technical challenges for research advances
in predictability science, and 3) make recommendations to federal
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agencies in implementing a research program in this topic.  These
three contributions are each contained in the sections of this report.

In preparing for the workshop it became necessary to
choose a particular example application from the diversity of top-
ics in hydrologic science to demonstrate the current status and fu-
ture prospects for predictability science in hydrologic systems.
Predictability and understanding the limits-to-prediction are core
elements of research in many specializations in hydrology.  Sub-
surface flow and transport, surface water hydrology and chemistry,
ecohydrol-ogy, snow hydrology, hydrometeorology and hydrocli-
matology as well as other topics in hydrologic science all involve
predictions and predictability in one form or another.  COHS de-
cided that it is preferable to choose one context and delve deeply
into it in order to identify some of the structural issues associated
with predictability research.  Such structural issues include the
criteria for posing science questions and for defining metrics of
progress.  In the workshop the context of hydrometeorology a hy-
droclimatology was used to introduce some of the issues associated
with predictability research.  Nonetheless the findings are applica-
ble to most other contexts in hydrologic science.

In preparing for the workshop it also became necessary to
recognize that the evolution of predictability science and opera-
tional prediction systems are intimately linked.  During the work-
shop it was recognized that the two are complementary and that
together they form a synergistic approach to advancing under-
standing in hydrologic science that is valuable to applications.
Predictability science and the quest to define the limits-of-
prediction may be directed towards the goal of gaining basic un-
derstanding of hydrologic systems.  Alternatively predictability
science may be directed towards the goal of improving operational
predictions in the context of an application.  There are circum-
stances possible where the two goals are aligned together and they
cannot be separated.  Nonetheless the two goals for predictability
research are distinguished here because they often require different
driving science questions, data, and metrics of progress.

Progress in predictability research directed towards im-
proving operational prediction is measured in terms of increased
prediction accuracy or forecast skill.  Such improvements may be
achieved by empirical means that are useful in the application con-
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text but do not necessarily provide added insight for guiding the
research into the future generation of prediction systems.  Similarly
predictability research directed towards basic understanding may
strive to understand a fundamental feature or define a new para-
digm that promises to become the basis for an improved opera-
tional prediction system at a later stage.  In this context the goal is
less to improve the immediate forecast skill but to develop the
foundations for a future system.  In fact, in the short term there
may be a drop in forecast skill as a new paradigm is introduced but
the paradigm shift sets a new trajectory that promises great gains
(see Figure 1.1).

SUCCESS AND FAILURE IN APPLYING
ADVANCES IN PREDICTABILITY SCIENCE

Because policy decisions are often forward-looking, they
are, in part, based on predictions.  In the Workshop Roger Pielke,
Jr. discussed the makings of an effective research and application
program. Under this model there is a parallel undertaking of re-
search and use of predictive models, linked by the communication
between researchers and users of predictions. Success in prediction
depends on the effective communication between these groups,
leading to predictions which, 1) provide the most skill possible
given the available data and modeling capabilities, 2) account for
the stated needs of prediction users, and 3) have effectively com-
municated and understood uncertainties.

Because the linkages among research, prediction and use
involves a series of interacting processes, characterizing success or
failure is difficult. Absolute success in the cycle occurs when a
skillful prediction is communicated efficiently, and used effec-
tively in formulating a decision that has a value to society. Users
communicate their needs to predictors, and the predictors commu-
nicate the predictions and the uncertainties associated with the pre-
diction to the users. The users are then able to make decisions,
which are beneficial to society. The 1997-1998 El Nino event in
California, illustrates the effective interaction between the users
and predictors. During this period the users and the predictors
communicated the importance of identifying the timing and
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FIGURE 1.1: Conceptual figure demonstrating how advances in
predictability science transition to improved operational predic-
tions.  The effectiveness of the predictions is measured with a skill
score.  Prediction systems are based on existing paradigms or sci-
entific understanding. Initially the system has a slow rate of in-
crease in skill.  Errors in implementation, uneven completion of
auxiliary systems, and gradual training of personnel in the predic-
tion system some of the reasons why the initial increase in predic-
tion skill can be modest or even negative. As the prediction system
matures it undergoes a period of rapid improvement in its effec-
tiveness.  As the prediction system and its supporting science para-
digm mature, the system again experiences slower rates of skill
increase with time.  In this phase the prediction system has essen-
tially reached it highest potential for characterizing and predicting
hydrologic phenomena.

potential impacts of the anticipated El Nino.  Through research
programs, assembled data and established models, researchers
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were searchers were able to predict the upcoming El Nino and
were also able to determine that it would cause heavier than nor-
mal precipitation in California.  This prediction was ably commu-
nicated to decision makers, who were involved in the process
throughout the prediction.  Because of the interaction between re-
searchers and users, effective decisions were made and communi-
cated at a local, regional and national scale.  As a result, commu-
nities were able to prepare for and, in some cases, mitigate the po-
tential for disaster. Although the flooding did cause significant
damage, the interaction and communication between the policy
makers and the researchers is believed to have limited the damage
from this event.

It is often more difficult to characterize failure in the sys-
tem.  Effective decisions may be made despite poor prediction and
skillful predictions do not always result in decisions with a value to
society.  This breakdown is often a result of poor communication
between predictors and policy makers.

Catastrophic flood events exact a high toll in lives and
property every year.  For example the 1997 Red River Flood pro-
vides can be used to illustrate the breakdown in the cycle, where
failed communication between predictors and policy makers re-
sulted in a disastrous outcome. During this event, predictions were
made for record-river flooding to take place.  Forecasters gave a
deterministic forecast with a value of 49 feet for the flood crest,
which was slightly greater than the previous record crest for the
river.  This prediction did not effectively convey the associated
uncertainties, rather indicated a fixed value for the flood crest,
which was only marginally larger than the previous high water
mark.  The river crested at a height of 54 feet, resulting in exten-
sive damage to the unprepared communities, which had prepared
for river crests of no greater than 49 feet. (It should be noted that
predicting a new record crest level is a remarkable achievement in
operational prediction.)

Although many elements of the hydrologic system offer
varying degrees of predictability, it is crucial, as evidenced from
the above examples of success and failure, that the uncertainties
and the limits-to-prediction be established and well communicated
to user groups.
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Predictability Science: Definitions

During the workshop, three types of predictability and lim-
its to prediction were identified.  The first two follow from classi-
cal definitions and the third one introduced in this workshop is a
particularly relevant addition for hydrologic systems.

Predictability of the first kind is associated with infor-
mation present in the initial conditions. Its importance can be
assessed by the extent to which the predictions are sensitive to
the initial conditions.  For example quantitative precipitation
forecasts (QPF) remain major challenges for the community.
Various approaches to QPF are each characterized by varying per-
formances at different lead times and aggregation levels.  A com-
plete QPF system will re-quire not only a systematic framework
for the merging forecasts from various approaches but also deeper
insight into precipitation, severe weather, and runoff processes that
ultimately produce floods, which are the most costly (in terms of
human life and property) realization of weather hazard in many
places including the U.S.  Sensitivity to initial conditions is also
charac-teristic of many other hydrologic systems (e.g., surface-
subsurface processes, integrated eco-logical-hydrologic systems)
that involve coupled processes where two-way linkages result in
feedbacks that can amplify errors in initialization.

Predictability of the second kind is associated with in-
formation present in the boundary conditions. Its importance
can be assessed by the extent to which predictions are sensitive
to these boundary conditions.  For example there are known local
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and remote factors (such as ocean surface temperatures) that affect
variability in regional precipitation on intraseasonal to interannual
time scales.  Conditioning long-lead predictions on slower evolv-
ing states of the climate system has been shown to only partially
reduce the uncertainty of forecasts.  There is growing demand for
long-lead predictions that reduce the risk associated with climate-
sensitive activities.  Robust operational prediction systems that
may meet this demand are built on the basic understanding of how
local and remote factors contribute to the total hydrologic variabil-
ity. Increasingly ensembles forecasts are used to identify the bound
on the uncertainty associated with error-prone parameters and in-
puts.  Examples of needed basic research in this area include 1)
increasing the reproducibility of ensemble models, 2) developing
statistically representative ensemble members based on random-
ized inputs, and 3) developing ensembles of cases from each in an
ensemble of models.

Hydrologic systems contain heterogeneous geological, to-
pographic, and ecological fea-tures that vary on multiple scales.
The pervasive nature of nonlinear scale interactions in hydrological
systems was introduced in the Workshop as a third source of pre-
dictability (or, in most cases, loss of predictability).  Predictability
of the third kind asserts that the effective response of systems at
larger scales is not completely determined by scaling local proc-
esses (e.g., scaling up from small scales to larger scales is not a
linear process).  In hydrologic science heterogeneity is a rule and it
cannot necessarily be fully captured by randomization of parame-
ters.  Interactions among microscale features often lead to effects
that are not completely represented in macroscale predictions
based on effective parameters for microscale models.  Examples
include enhanced surface flux due to land-breeze circulations over
heterogeneous patches, on regional recharge and discharge patterns
over complex terrain.  There are processes and conditions when the
effective parameter approach to scaling may be feasible.  In the
remaining circumstances the macroscale and microscale predictive
relations for hydrologic processes may have different functional
forms and dependencies. Furthermore, there may be organizing
principles at work that result in simple procedures for statistically
relating variables across a wide range of scales in the hydrologic
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system.  These scale considerations affect limits to prediction in
hydrologic systems and they place in question traditional ideas in
hydrologic predictions.  For example, spatial and temporal aver-
ages are not necessarily more predictable as traditionally believed
if the averaging covers a scale that contains a strong transition or
change in behavior (analogous to a bifurcation in dynamic sys-
tems).
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Challenges in Predictability Science and
Limits-to-Prediction for Hydrologic Systems

In this report, we derive challenges for predictability sci-
ence examining knowledge gaps and operational needs.  For each
challenge we identify milestones to mark progress.  Finally, we
limit discussion to the subfield of hydrometeorology out of a prac-
tical necessity, with an implied relevance to the broader discipline
of hydrology.

The coupled hydrometeorological predictability problem is
chosen to show how a focused set of challenges in predictability
science and “limits-to-prediction” research may be derived from
current gaps in understanding and from the current operational
needs.  More importantly, milestones need to be defined for these
challenges in order to guide progress in purposeful directions and
establish two-way communications between the research and ap-
plications communities.  Predictability and understanding the lim-
its-to-prediction are, however, core issues in many specializations
in hydrology such as ecohydrology, subsurface chemical fate and
transport, etc.  Advances in understanding predictability and using
that knowledge to improve predictions benefits the nation in a wide
range of applications (Box 3-1).  The purpose of this section, how-
ever, is to focus on one of the predictability problems in hydrologic
science—hydrometeorology—and in the process identify those
structural issues that are common to diverse hydrologic science
applications.

During the past century, many anomalous climate events
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Box 3-1
From Research to Operations

Considerable operational and regulatory hydrology is based
on predictive model output.  Hydrologic models are essential tools
used to characterize the benefits and costs of proposed private and
public actions.

Simulation models used in hydrology attempt to predict the
movement of water, chemicals, and sediment across the landscape.
In this respect there are a number of problems related to the set-
ting—i.e., the natural and built landscape—that are common to all
hydrologic models.  These include underresolved processes (sub-
grid scale effects associated with discretization of processes that
vary on a wide range of scales), incomplete chemical and biologi-
cal parameterizations (shortcomings in characterizing and moni-
toring heterogeneous chemical, surface chemistry, and microbial
processes in the environment), and lack of adequate sampling for
model specification and initialization (failure of sparse monitoring
networks to capture the true variations across the landscape).  Each
type of hydrologic model, nonetheless, has additional problems
that are specific to its construct and application context.

It is not feasible to perform a complete survey of research
needs for all predictive hydrologic models and prediction applica-
tions in the various agencies engaged in these activities.  Here we
present three examples of application areas outside of hydromete-
orology where research in predictability and limits-to-prediction
may have practical impacts and may serve the nation by enhancing
the capability of predicting environmental processes linked to the
movement of water across the landscape.

Erosion and Sediment Transport (USDA)
Problem: We cannot currently predict, to even within orders of
magnitude, how many tons of sediment leave a watershed in a
year.

Critical Issues: The critical issues include development of mecha-
nistic models of erosion to replace empirical predictive models
such as those based on the widely used “Universal Soil Loss Equa-
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tion” and development of models for sediment storage on the
floodplain and resuspension and transport processes in the river.

Watershed Rainfall–Runoff Transformation (NWS, USGS)
Problem:  We cannot currently predict the spatial pattern of water-
shed response to precipitation and cannot quantitatively describe
the surface and subsurface contributions to streamflow with
enough accuracy and consistency to be operationally useful.

Critical Issues:  Initial and boundary conditions are the critical
issues.  Watershed runoff and streamflow are affected by heteroge-
neity in soil hydraulic properties, landscape structural properties
(e.g., hydrogeological layering, compaction of soil horizons, and
soil organic content, roots, and pores), soil moisture profile, sur-
face–subsurface interaction, interception by plants, snowpack, and
storm properties.  Although our understanding of individual proc-
esses is improving, the integration of that body of knowledge in
spatially distributed predictive models has not been approached
systematically.

Groundwater Management in Irrigated Agriculture (USDA,
USGS, BLM)

Problem:  We need to provide sufficient water for the crop plants
and to minimize movement of harmful chemicals to the aquifer
below.

Critical Issues: We do not have reliable means to go from core or
plot scale measurements of hydraulic properties to estimated field
scale hydraulic pathways in predictive models.  We need to replace
empirical parameterizations of chemical and biological fate and
transport in the environment with models based on the results of
fundamental understanding in heterogeneous chemistry, surface
chemistry, and microbiology.
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have disrupted American lives. Persistent droughts like those asso-
ciated with the dust bowls of the 1930s and the recent drought of
1988 ruined Midwest crops and farmland.  The Mississippi floods
of 1927 and 1993 were equally devastating.  Even larger regional
climate variations may occur in the future, especially if the global
climate is seriously influenced by the rise in concentrations of
greenhouse gases, as some models and observations indicate.  In-
creasing the extent to which such events can be predicted is an in-
tegral component of the World Climate Research Programme's
(WCRP) Global Energy and Water Cycle Experiment (GEWEX)
as well as the U.S. Gloabal Change Research Program (USGCRP)
Water Cycle Plan, National Aeronautics and Space Administra-
tion’s Global Water and Energy Cycle (GWEC), and Natiohnal
Oceanic and Atmospheric Administration’s Office of Global Pro-
gram GEWEX Americas Prediction Project (GAPP) programs.

CONCEPTUAL MODEL FOR MAKING PREDICTIONS

The conceptual framework for hydrometeorological pre-
dictability is that of a coupled land–atmosphere–ocean system.  At
the largest time and space scales, the cycling of water over conti-
nental regions can be viewed as net inflow of water vapor to a par-
ticular basin, net transfer of water from the atmosphere to the sur-
face by excess of precipitation over local evapotranspiration, and
net river discharge from the basin, which over the long run must
balance the net inflow of water vapor.  On a continental scale, the
rivers discharge into the oceans, and the oceans are net sources of
atmospheric water, which is transported to the land regions.  The
fluxes and stored amounts of water vary greatly in space and time.
Parts of these variations are regular, following the annual cycle of
solar forcing in time and the physical controls of geography (to-
pography, soil, and vegetation cover) in space.  Superimposed
upon these regular variations are the irregular fluctuations or
changes caused by the chaotic dynamics of the land–atmosphere–
ocean system.  Such chaotic behavior is generated both internally
in the basin and externally (e.g., by the general circulation of the
atmosphere).  Storage processes within soil and vegetation modu-
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late both the regular and the irregular variations in water and en-
ergy fluxes.

During the workshop, Huug van den Dool reported on em-
pirical studies that indicate the tendency toward persistence of
summer droughts and that suggest early-season soil moisture
anomalies as a contributing causal agent.  Recent extreme hydro-
climate events have provided a focal point for studies of land– at-
mosphere interactions, illustrating the complexity of the atmos-
pheric response to surface anomalies.  The heavy precipitation that
caused record-breaking flooding within the Mississippi River basin
in 1993 has been associated alternatively with high and low soil
water anomalies in different areas.  Physical processes invoked in
the alternative explanations include (1) surface-heating effects on
the boundary-layer capping inversion and associated suppression
of deep convection, (2) influences of surface conditions on the
low-level jet in the southern Great Plains.  At the other hydrocli-
matic extreme, initially dry soil conditions in the Mississippi basin
have been put forward as a possible cause of the 1988 summer
drought.

It appears that potential atmospheric predictability associ-
ated with land-surface anomalies could be especially significant
during the warmer part of the year.  During the workshop, Randy
Koster summarized studies (using climate models) that indicate
that land factors are contributors to seasonal precipitation variabil-
ity under a set of conditions that favor strong land–atmosphere
coupling.  Outside of these circumstances, the variations in sea-
sonal precipitation do not appear to be related to antecedent or
concurrent conditions at the land surface.  Remote influences, such
as seasonal to interannual ocean temperature anomalies (e.g., El
Niño-Southern Oscillation), probably outweigh any land influences
during winter and could also be important in setting up the initial
springtime land surface soil moisture anomalies. Similarly, Hong
and Kalnay (2000) showed that the drought of 1998 over Okla-
homa and Texas, once established in early spring by sea surface
temperature (SST) anomalies and by favorable initial conditions,
was maintained by local soil moisture positive feedback.  How-
ever, the influence of all hydrologic anomalies (soil moisture,
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snow extent, soil freezing and thawing) on subsequent weather pat-
terns and short-term climate predictions is still largely unknown.
Observing, understanding, and modeling these coupled hydrome-
teorological processes through the full range of spatial and tempo-
ral scales are essential not only for developing long-range predic-
tive capability, but also for developing basic understanding of the
water cycle.  During the workshop, Kevin Trenberth emphasized
the synergy between models and observations and the water and
energy cycles in addressing one of the key issues in global change
research today: Is the hydrologic cycle changing?

Three important unresolved issues are (1) whether the cou-
pling between the land surface and the climate system is suffi-
ciently strong so that knowledge of the land surface states will en-
hance prediction, (2) whether the accuracy and resolution of cur-
rent and future remote sensing observations are sufficient to pro-
vide information useful for enhanced predictions, (3) and whether
current coupled models are capable of simulating critical proc-
esses. In other words, if we can accurately observe initial land sur-
face conditions, does this result in increased hydro-meteorological
predictability?  When and where is this predictability likely to be
most important? Are present global and regional climate models
capable of simulating and hence predicting coupled features, and
where are the current limitations?  The talks by Adam Schlosser
and Dag Lohmann at the workshop illustrated the range of activi-
ties in the hydrometeorological research community that focus on
these questions with a variety of approaches and atmospheric and
land surface models.

KEY UNRESOLVED ISSUES AND
RESEARCH CHALLENGES

Using predictability in the hydrometeorological system ex-
ample as the context to introduce some key unresolved issues, five
challenges are identified in predictability science and limits-to-
prediction for hydrologic systems.  Each is discussed below along
with associated research milestones identified at the workshop.
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Separating the Predictable and the Unpredictable

Although weather is not predictable beyond a few weeks
because of its inherently nonlinear and chaotic nature, aspects of
climate may be predictable for much longer because of the pres-
ence of low-frequency interannual variations such as El Niño, the
Madden Julian Oscillation, and the Quasi-Biennial Oscillation.
The term “potential predictability” is often used to define that part
of the climate variations that exceeds weather noise.  The idea is
that the variance of seasonal precipitation is made up of a compo-
nent reflecting daily weather (high-frequency random) variations,
which are unpredictable beyond the deterministic predictability
limits of about 2 weeks.  The second component is any additional
or multiplicative variance that is, at least, potentially predictable
because of it links to physical systems with longer-range memory
(e.g., oceans, continental soil moisture).  The first component is
considered noise and is estimated from a statistical model that is
fitted from daily, within-season precipitation.  Estimates of the
climate noise are compared with the total variance, and where the
total variance exceeds the estimated noise, one can conclude that
there is a potential for long-range prediction.

The separation of weather noise and climate signal should
not be interpreted as simply the separation of the effects of initial
and boundary conditions for the land–ocean–atmosphere system.
During the workshop, Roger Pielke, Sr., presented a case example
where the coupled hydrology/ecosystem and climate model
evolves into different equilibria depending on the initial condi-
tions.  Thus, the slowly varying component of the system (the eco-
system in this case) affects the system through both boundary and
initial state effects.

Similar signal and noise separation techniques are required
for other applications in hydrology where predictability associated
with persistence, local factors, and remote influences needs to be
separated.

The research milestones related to separating the predict-
able and the unpredictable include estimation of the time scales
over which hydrologic variables can be predicted in the real world
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and determination of how well these time scales are simulated in
modeling systems.

Characterization of Subgrid Scale (SGS) Processes

The massive development of computational resources has
led to important advances in prediction methods and to a basic un-
derstanding of complex environmental phenomena.  Nevertheless,
the scale disparity intrinsic to linked hydrologic systems (e.g.,
land–atmosphere, surface–subsurface, water–ecosystems–biogeo-
chemical, etc.) makes direct numerical simulation impossible.  The
systems contain variabilities on ranges of scales that are impossible
to resolve on a common computational grid.  As a result there re-
main fundamental issues in the formulation of computational mod-
els, especially in terms of the representation of subgrid scale (SGS)
processes.

In the workshop, Joe Tribbia introduced an example that
demonstrated the effects of SGS parameterizations on error propa-
gation in models and demonstrated how model-based estimates of
limits-to-prediction are affected by the approach to representing
SGS processes.  The example of the sensitivity of atmospheric
forecasts to the SGS representation of moist convection and the
formation of precipitating clouds showed that model results are
highly dependent on subtle and buried assumptions.  Looking at
model results using two different SGS parameterizations provides
a useful diagnostic tool for identifying discrepancies owing to SGS
processes.  Very high-quality observations are needed to choose
the better of the two methods or to improve them, as Dr. Tribbia
showed in the case of a forecasted Gulf Coast storm event.

SGS processes remain the Achilles heel of many prediction
systems.  They represent a limit to predictability (as defined in this
report) brought about by the influence of processes with disparate
scales.  There are a number of other examples where SGS proc-
esses affect the behavior and skill of the parent model.  These in-
clude the representation of atmospheric boundary layer and of its
effects on the exchanges of moisture, heat, and biogeochemical
substances between the surface and the atmosphere.  The represen-
tation of pore scale to plot scale variability in soil characteristics
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has a large impact on the prediction of water movement near the
surface.  At even smaller scales, the molecular diffusion scale to
pore scale characterization of soils significantly affects the predic-
tion of large-scale contaminant plume migration in the subsurface.
As demonstrated by Dr. Tribbia at the workshop, it is the availabil-
ity of high-resolution and reliable observation data sets resulting
from operational networks or field experiments that can identify
discrepancies in predictions due to SGS processes.

Research milestones related to the characterization of SGS
processes include the following:

•  development of systematic ways of defining the relevant
scales for a problem and how to pose models of the right complex-
ity

•  designing experiments that explicitly help formulate
models for unresolved scales

•  use of a hierarchy of models with differing levels of
complexity, and use of ensembles of model simulations that in-
clude uncertainty to explore predictability

•  systematic investigation, quantification, and cross-
comparison of model sensitivities in well-posed and well-directed
intercomparison projects

•  estimation of the degree to which the atmosphere, the
land-surface processes, and the subsurface are coupled together in
the real world, including determination of how the degree of cou-
pling differs among modeling systems.

Benefiting from the Synergy of Models and Measurements

Data assimilation or the merging of models and data is the
application of the set of mathematical techniques that provides
physically consistent estimates of spatially distributed environ-
mental variables.  Inverse problems are closely related to data as-
similation and share many features.  Estimates from data assimila-
tion are often based on merging scattered and/or indirect measure-
ments of states and parameters with dynamic models that impose
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physical consistency constraints.  In this respect data assimilation
is an effective strategy for extracting value (or information) from
measurements that may be incomplete or noisy by themselves but
form effective constraints on models that can provide the connec-
tivity in space and time in between measurements.  Because of its
joint use of observations and models, data assimilation can also
provide efficient tools to capture the multiscale variations of spa-
tial fields in hydrologic systems.

A key consideration in data assimilation is that the models
that provide the so-called background predictions and the systems
that provide the same measurements are both uncertain.  The role
of data assimilation is to merge these two estimates based on their
degree of uncertainty and produce a combined estimate that has
desirable statistical properties (e.g., unbiased, minimum variance,
etc.).  Model calibration, which has a rich history in hydrology, is
distinct from data assimilation in that the former is focused on the
model and the latter on measurements and inference of the system
state.  More importantly, data assimilation is directed toward find-
ing the errors of estimation given all the sources of uncertainty,
whereas model calibration does not typically consider these uncer-
tainties directly.  The development of a data assimilation frame-
work for hydrologic systems remains a major challenge (1) be-
cause of strong nonlinearities in the dynamic behavior of hydro-
logic systems, (2) because of involvement of diverse spatial scales
in the determination of hydrologic events, and (3) because of a lack
of reliable knowledge about the uncertainties of measurements and
models.

During the workshop, Baxter Vieux presented case exam-
ples of predictability research (basin runoff prediction) that show
the need for developing the synergy provided by advanced models
and intensive measurements.  In order to benefit from the synergy
of models and measurements both in the context of data assimila-
tion and in general, it is necessary that models be physically based
and well tested.  Classic hydrologic models that have been opti-
mized for use with point observations (such as precipitation and
streamflow) are inadequate for extension to data assimilation
which is distributed in space.  What is needed are models and
model components for hydrologic processes need to be developed
that can work well with point as well as with mapped observations.
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Models must also follow predefined criteria for parameter parsi-
mony and overall observability.  Observability is a property of a
system that is defined as the degree to which an increasing number
of observations leads to diminishing uncertainty about the state of
the system.  Finally, it should be recognized that models for pre-
diction and for assimilation applications may have significantly
different requirements/characteristics.  The requirements for mod-
els used in prediction and these for models used in assimilation
need to be defined.

Research milestones related to synergy between models
and measurements include the following:

•  improve the initial conditions (and thus take better ad-
vantage of predictability associated with information present in the
initial conditions);

•  allow efficient improvement of the models by compari-
son of short forecasts with the observations

•  provide community data sets on regional hydrologic sys-
tems

•  extend data assimilation systems to take advantage of
emerging satellite data.

Making the Observations that
Accelerate Model Improvements

Accurate, appropriate ground-based measurements of both
the state of hydrologic reservoirs and fluxes between reservoirs are
the single most critical factor that will drive advances in predict-
ability and predictions.  These critical areas illustrate compelling
needs.  First, distributed, well-designed networks that measure
temperature, precipitation (rainfall and snowfall), snowpack, soil
moisture, vegetation properties, radiation, wind, evaporative flux,
and humidity will provide the foundation for improved predictions
of water fluxes at or near the land surface.  Precipitation is one of
the key forcing factors of regional hydrologic systems.  During the
workshop, Witek Krajewski provided an overview of the current
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state of precipitation- monitoring systems and the prospects for the
future enhancement of the networks.  Though some capability is
currently available in the United States and worldwide, to address
each of these measurements, significant improvements will be re-
quired both nationally and internationally if we are to achieve ad-
vances in predictability of the water cycle at the land surface.
Similarly, new measurement technology and network design are
critically needed to improve the predictability and prediction of
chemical fluxes, of transportation, and of impacts on terrestrial
ecosystems and aquatic ecosystems in both inland and coastal wa-
ters.  Finally, new measurements to characterize properties of the
earth’s “critical zone” are sorely needed for both hydrologic sci-
ence and integrative studies linking hydrology with other earth and
environmental sciences.  The critical zone is “the heterogeneous,
near-surface environment in which complex interactions involving
rock, soil, water, air and living organisms regulate the natural
habitat and determine the availability of life-sustaining resources”
(NRC, 2001a).  Measurement networks must be well designed for
emerging research and applications; they cannot simply be exten-
sions of existing networks.  Designs that served the predictive tools
of past decades may not be the most appropriate for integrating
ground-based and remotely sensed measurements for the predictive
tools we will have available in the coming decades.

Better process understanding is the key benefit of intensive
field campaigns and sustained research at long-term experimental
sites.  Although the hydrologic community can point to a number
of successful field campaigns lasting from days to months, the
availability of long-term experimental sites has been limited.  Both
the U.S. Geological Survey and the U.S. Agricultural Research
Service have well-established small-scale research catchments and
have a long-term commitment to maintaining them as research
sites.  However, these only address hydrologic and biogeochemical
issues at scales of a few meters to a few kilometers.  The National
Science Foundation’s Long-Term Ecological Research (LTER)
program is also a resource for understanding processes in the criti-
cal zone at scales of a few kilometers to tens of kilometers.  Efforts
such as NASA’s and NOAA’s Continental-Scale International Ex-
periment (GCIP) and GEWEX America Prediction Project (GAPP)
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efforts have addressed important hydrologic issues at the regional
to continental scale.  However, there is currently a critical need for
sustained investigations at these larger scales as well as at smaller
scales.

During the workshop, Vijay Gupta stressed that sustained,
long-term regionally representative ground-based measurements in
research basins can serve as a test bed for the testing of new scien-
tific hypotheses and instruments.  As hydrologic science develops
further applications of remote sensing, requirements for ground-
based network design are changing.  For example, the current net-
work of index sites for snow water equivalent may not be ideally
located to provide ground data combined with snow-cover area
from satellite remote sensing, to estimate basinwide snow water
equivalence.  Rather, a network of sites with greater topographic
variability in siting may be more appropriate.  Simulation and de-
sign studies with dense measurements from research basins can be
used to evaluate tradeoffs and demonstrate data value.  Research
milestones related to making observations that accelerate modeling
progress include the following:

•  development of benchmarks for monitoring systems, and
implementation of special initiatives in algorithm development and
assessment of new technologies

•  estimates of uncertainty associated with observations
made at different scales and using different measurement tech-
nologies

•  improvement of access to existing data
•  development of a multiagency definition of hydrologic

data requirements, development of strategies for coordinated ob-
servations, and development of effective mechanisms for data
sharing and dissemination

•  estimation of evaporation and recharge on scales that al-
low linking the subsurface, surface, and atmospheric hydrologic
systems

•  use and promotion of paleo/proxy data for insights on
long-term variations.
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Measuring Predictability

Designing metrics for quantifying limits-to-prediction is a
major challenge.  During the workshop, Upmanu Lall provided a
lecture on the state of the art in quantifying predictability and
pointed out some of the more promising future pathways.  He
showed that past efforts aimed at quantitatively determining pre-
dictability in hydrologic systems have been based either on ideal-
ized systems of dynamic equations or on mechanistically and/or
numerically refined model studies believed to be representative of
the “true” system.  In both cases, the approach has been to quantify
predictability intrinsic to the system by employing analogs that en-
able the use of methods such as those of nonlinear dynamics (e.g.,
Lyapunov exponents and information theoretic/entropy) and/or
statistical comparison of model forecasts with observations (e.g.,
threat scores and root mean squared errors).  However, we are still
unable to adequately deal with many predictability measure issues
critical to hydrology.

In the workshop, Efi Foufoula-Georgiou used the example
of Quantitative Precipitation Forecast (QPF) to demonstrate the
difficulties in defining robust and reliable measures for limits-to-
prediction.  These difficulties mostly have to do with the range of
scales over which hydrologic processes vary and with the intermit-
tency in some of the variables.  Traditional metrics such as root
mean squared error or threat scores to often fail to adequately cap-
ture the accuracy of predictions.

Metrics that increase the understanding of the various kinds
of predictability and that help to characterize memories, pathways,
and feedback in hydrologic systems are needed.  Further, persis-
tence effects need to be distinguished from other factors that lead
to predictability (e.g., remote influences and feedback mecha-
nisms).  One approach that can address the above issues is to de-
fine a probabilistic framework that includes the concept of a com-
bined stochastic-deterministic error and allows for its quantifica-
tion.  Such a framework would permit the development of numeri-
cal optimization strategies such as adaptive mesh refinement and
data assimilation that are consistent with the level of accuracy jus-
tified by  the available data.
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During the workshop, Roger Ghanem presented one such
framework.  The framework maintains that a predicted variable has
multiple sources of error.  There are computation-related errors
that can be controlled by refining the numerical approximations.
There are parameter uncertainty errors that can be controlled
through refining a probabilistic approach to model parameters.
There are also initialization and boundary specification errors that
can be controlled through refining the measurements used in pre-
diction models.  Finally, there are model structure errors that can
be refined through improvements in understanding the modeled
processes.  The challenge is to develop techniques for separating
these errors and controlling them individually.

As yet, the hydrologic science community has no com-
monly agreed-upon or widely used techniques for evaluating fore-
cast skill that are robust with respect to other factors such as persis-
tence and intermittency.  For hydrologists, a great remaining re-
search challenge is to properly design tools and techniques so that
the predictability and limits of prediction in hydrologic systems
can be better quantified.  These measures need to be defined in the
context of specific forecast quantities and spatial and temporal
scales.

Research milestones related to measuring predictability in-
clude the following:

•  definition of robust measures of limits-to-prediction that
account for scale and inter-mittency issues and that are capable of
distinguishing persistence effects

•  introduction of methods to infer predictability and limits-
to-prediction from observa-tional data sets.
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Conclusions

The workshop presentations and discussions confirmed the
importance of developing an understanding to the limits of hydro-
logic prediction.  Discussions during the workshop and written
contributions by the participants resulted in defining milestones of
progress in advancing predictability research and understanding
limits-to-prediction in the hydrologic sciences.  These milestones
are valuable for any research initiative because they define the im-
portant and critical research directions.  Additionally, they will al-
low the development of a timeframe for progress by the research
program.  In addition, such objectives are benchmarks for tracking
the maturation of a research area, the vision for advancement of the
area, and the metrics for progress.

While it is recognized that USGCRP agencies have focused
research activities on forecasting and prediction, the workshop
participants indicated that USGCRP agencies should establish pro-
grams to investigate the limits to predictability of the wider range
of hydrologic variables.  For example, current programs tend to
focus on meteorological prediction, while understanding the limits-
of-prediction for groundwater contaminant transport or ecosystem
dynamics have received less attention.  Yet these systems are of
critical importance to the nation. In fact, the NRC report on envi-
ronmental grand challenges (NRC, 2001b) included improved hy-
drologic forecasting among five priorities in environmental sci-
ence.
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The workshop identified the need for furthering the under-
standing between predictability and sub-grid-scale processes.  Re-
cent research suggests that increased resolution of distributed hy-
drological models has not necessarily lead to improved predictions
due to the fact that the lack of understanding and modeling of sub-
grid scale processes is not compensated by improved resolution
data sets.  The increased availability of high-resolution data sets
(e.g., data from space-borne sensors) allows for research programs
that address the relationship among distributed data sets, modeling
hydrological processes across a range of spatial and temporal
scales, and predictability.

The improved availability of data holds the promise of im-
proved predictions, regardless of the concerns about understanding
small-scale processes raised above.  Workshop deliberations
pointed to research aimed at determining how the data can be best
utilized to maximize the predictability from models.  Data assimi-
lation, where observations are merged with models, is well devel-
oped in the meteorology community.  Research into data assimila-
tion in the other areas of hydrologic and environmental sciences
may be used to demonstrate how models can have synergy with
measurements and to evaluate the predictability benefits from such
approaches.

Multi-agency joint projects need to be devised to maximize
the return for the resource investment and to engage a larger cross-
section of the research and user communities.  The fundamental
issues regarding predictability and predictions are not restricted to
a few variables such as precipitation or air temperature, but are
pervasive across hydrologic and environmental sciences.  One of
the important issues identified both at the workshop and in numer-
ous previous NRC reports is the need to reverse the degradation of
existing monitoring systems where it can be demonstrated that the
collection of consistent measurements and observations can lead to
improved predictions of operational importance.

The key to success in research programs on predictability
in hydrologic systems and in operational prediction programs is to
develop strong linkages between research institutions and opera-
tional activities.  Neither can fully realize their potential without
recognizing their mutual synergies.
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The workshop findings are consistent with those from an
earlier COHS report on USGCRP (NRC, 1999) and the USGCRP
Water Cycle Initiative Science Plan (Hornberger et al., 2001).
These reports collectively define needed research that potentially
has wide-spread and deep impacts on society by the incorporation
of improved understanding of predictability into the operational
arena.

In conclusion, discussions during the workshop and written
contributions by the participants resulted in the definition of five
research challenges and associated milestones, as presented in the
previous section, that mark the path towards progress in advancing
predictability research and understanding limits-to-prediction in
the hydrologic sciences.  The definition of such milestones is valu-
able for a research initiative because these milestones describe po-
tential priority areas for research.  More importantly, they define,
in specific terms, where the community wants to see itself at dif-
ferent times along this path.  Such milestones also provide bench-
marks for tracking the maturation of a research area by identifying
a vision for advancement and ensuring that the community has
metrics for progress.
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Committee on Hydrologic Science (COHS)
Workshop on

Predictability and Limits-to-Prediction for Hydrologic
Systems

Damon Room
National Center for Atmospheric Research

1850 Table Mesa Drive
Boulder, Colorado 80305

Thursday September 21, 2000

8:30 a.m. Breakfast available in the meeting room

9:15 a.m. Introduction and strategy for workshop
Dara Entekhabi, MIT

9:30 a.m. Research and operations requirements in
federal agencies
Panel of agency representatives

9:45 a.m. Predictability of regional hydrologic systems
associated with terrestrial coupling
Randy Koster, NASA Goddard Space Flight
Center

10:10 a.m. Observation-based predictability measures
Upmanu Lall, Utah State University

10:35 a.m. Break
 
 11:00 a.m. Hydrologic initialization and forecast in
 Numerical Weather Prediction
 Dag Lohmann, NCEP

11:25 a.m. Operational seasonal prediction of hydroclimate
over the US
Huug van den Dool, NCEP
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11:50 a.m. Predictions, Predictability and Decision Making
Roger Pielke, Jr.

12:15 p.m. Lunch at NCAR Cafeteria

1:15 p.m. First panel discussion of science questions
Chair: Marc Parlange, Johns Hopkins
University

1.  Are there predictable aspects of
terrestrial hydrology than can enhance
atmospheric weather and climate predictability?

2.  What are the stability and feedback
characteristics of two-way coupled subsurface,
surface, and atmospheric hydrologic systems?
How do they impact predictability?

 
 1:55 p.m. Measures of predictability and effects of scale
 on limits-to-prediction
 Vijay Gupta, University of Colorado
 
 2:20 p.m. Characterizing and managing uncertainty
 propagation in models
 Roger Ghanem, Johns Hopkins University
 
 2:45 p.m. Defining measures for predictability and limit-
 of-prediction in hydrology
 Adam Schlosser, Center for Ocean-Land-
 Atmosphere Studies
 
 3:10 p.m. Break
 
 3:35 p.m. Ensembles and predictability in climate and
 hydrologic systems
 Joe Tribbia, NCAR
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 4:00 p.m. Second panel discussion of science questions
 Chair: Christa Peters-Lidard, Georgia Institute
 of Technology

3.  What are the conceptual and model
frameworks required to define limits-to-
prediction in hydrologic systems?

4. What are the data and records
requirements to estimate the inherent limits-to-
prediction directly from observations?

 
 4:40 p.m. Adjourn
 

 Friday September 22, 2000
 
 8:30 a.m. Breakfast available in the meeting room
 
 9:30 a.m. Emerging opportunities in predicting flood and
 flash-flood events
 Baxter Vieux, University of Oklahoma
 
 9:55 a.m. Current status and opportunities in quantitative

precipitation estimation and forecast (QPE and
QPF)
 Witek Krajewski, University of Iowa

 
 10:20 a.m. Extreme precipitation: Characterization of
 multiscale variability and predictability

 Efi Foufoula-Georgiou, University of
 Minnesota

 
 10:45 a.m. Break
 
11:05 a.m. Predictability and limit-of-prediction in the

global water cycle
 Kevin Trenberth, NCAR
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 11:30 a.m. Third panel discussion of science questions
 Chair: Roni Avissar, Rutgers University

5.  What are the opportunities in extending
the lead-time and accuracy of hydrologic
predictions based on predictable weather and
climate patterns so that they meet the
requirements of water resource and other
applications?

6. What are the robustness and predict-
ability criteria for models used in impact studies
(e.g., hydrologic impacts of land use and global
change)?

12:10 p.m. Lunch at NCAR Cafeteria

1:15 p.m. Evolution of regional hydrologic and climate
systems as an initial value problem
Roger Pielke, Sr., Colorado State University

1:40 p.m. Breakout groups to develop science plan and
priorities for three sets of science questions;
Collect and organize contributed bullet points

2:50 p.m. Reconvene as group for general briefing and
closing discussions

3:15 p.m. Agency implementation of research and
applications: Recommendations
Panel of agency representatives [NOAA (NWS,
NCEP); NASA; USGS; U.S. Army Corps of
Engineers]

3:30 p.m. Adjourn

4:00 - 6:30 p.m. NRC Committee on Hydrologic Science meets
to review workshop
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In Hydrologic Systems
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PREDICTABILITY OF REGIONAL
HYDROLOGIC SYSTEMS ASSOCIATED WITH

TERRESTRIAL COUPLING

Randy Koster
NASA Goddard Space Flight Center

Seasonal Prediction: Recent Results From NSIPP

Seasonal prediction of meteorological conditions cannot
rely on the initialization and modeling of the atmosphere alone,
since the timescales over which atmospheric anomalies dissipate
are much too short.  Seasonal forecasting must instead rely on the
modeling of slower components of the earth system—namely, the
oceans and the land surface.  Although the ocean has the longer
memory of the two, various studies (e.g., Kumar and Hoerling,
1995; Trenberth et al., 1998;  Shukla, 1998; Koster et al., 2000)
suggest that ocean conditions have only a limited impact on pre-
dictability over midlatitude continents.  Thus, the memory associ-
ated with land surface soil moisture may turn out to be the chief
source of midlatitude forecast skill.

The accurate initialization and modeling of soil moisture
can contribute to a seasonal forecast only if two conditions are
met: (1) the soil moisture has adequate “memory” (i.e., an anomaly
lasts well into the forecast period) and (2) the atmosphere responds
in a predictable way to the soil moisture anomaly.  Various studies
in the literature have addressed soil moisture memory and atmos-
pheric response, both in the real world and in the modeling envi-
ronment (Delworth and Manabe, 1988; Vinnikov et al., 1996;
Huang et al., 1996; Liu and Avissar, 1999).  In this paper, in place
of a comprehensive literature review, we illustrate some key issues
with recent research performed under the National Aeronautics and
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Space Administration (NASA) Seasonal-to-Interannual Prediction
Project (NSIPP).

Soil Moisture Memory

We recently manipulated the water balance equation at the
soil surface into a relationship between the autocorrelation of soil
moisture and the statistics of the atmospheric forcing, the variance
of soil moisture at the beginning of the time period in question, and
the structure of the land surface scheme used (Koster and Suarez,
in prep.).  The equation, despite its various approximations, suc-
cessfully reproduces, to first order, the spatial distribution of soil
moisture autocorrelation produced by the NSIPP modeling system.
Figure 1, for example, shows that although many fine-scale details
are missed, the equation captures the large-scale structure of the
simulated 30-day-lagged autocorrelation for July.  The equation
works far better than the more traditional “water holding capacity
divided by atmospheric demand” approach.

Further manipulation of the equation reveals four distinct
physical controls on soil moisture memory: (1) temporal memory
in the precipitation and radiation forcing fields, as perhaps induced
by land–atmosphere feedback, (2) nonstationarity in the statistics
of the forcing, as induced by seasonality, (3) reduction in anomaly
size through the functional dependence of runoff on soil moisture,
and (4) reduction in anomaly size through the functional depend-
ence of evaporation on soil moisture.  The relative importance of
each control can be established through analysis of climate model
data; thus, the equation can be used to characterize and explain
geographical variations in simulated soil moisture memory.  For
example, the main physical control on memory loss in the eastern
United States is seasonality of precipitation, and its impact is not
large.  Memory is reduced much more to the West because of the
evaporation effect, which is influenced in part by low water hold-
ing capacities there.  Autocorrelations in the far West increase
again because of precipitation seasonality (acting in the opposite
direction) and precipitation persistence.
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Atmospheric Response to Soil Moisture Anomalies

A recent study of the atmosphere's responsiveness to soil
moisture anomalies focused on two ensembles of simulations with
the NSIPP modeling system (Koster et al., 2000).  Ensemble 1
consisted of 16 45-year simulations with interannually varying sea
surface temperatures (SSTs) and interactive land surface processes.
Ensemble 2 was similar except that land–atmosphere feedback was
effectively deactivated; interannually varying land surface evapo-
ration efficiencies (derived from a single member of Ensemble 1)
were prescribed in each simulation of Ensemble 2.

Figure 2 shows the main result.  The precipitation statistics
from each ensemble were transformed into an index that describes
the robustness of precipitation response to the specified boundary
conditions.  If, at a given point, all members of an ensemble pro-
duce basically the same time series of precipitation, then this index
has a value close to 1, and we say that precipitation at that point is
tied strongly to the surface boundary conditions—precipitation is
predictable if the surface boundary conditions are themselves pre-
dictable (at least for the general circulation model (GCM) climate).
If, on the other hand, the different ensemble members produce very
different time series of precipitation, then the index is close to
zero, and the potential for predictability is low.  In this case, cha-
otic atmospheric dynamics overwhelm any control on precipitation
imposed by the boundary conditions.

The left plot shows this “robustness” index over North
America, as computed from boreal summer data (JJA) from En-
semble 1.  Notice that foreknowledge of SSTs contributes to the
predictability of precipitation only in the tropical areas.  The right
plot shows this index as computed from Ensemble 2.  Foreknowl-
edge of land surface moisture conditions leads to enhanced pre-
dictability over a significant part of midlatitude North America.

The land's contribution to precipitation predictability can be
isolated by subtracting the values in the left plot from those in the
right plot.  Over North America, and in fact across the globe, the
land contributions are highest in the transition zones between hu-
mid and dry areas.
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The low contribution in dry areas appears to reflect the low
flux of evaporated moisture into the lower atmosphere.  Contribu-
tions are low in humid areas partly because evaporation there is
controlled more by atmospheric demand than by variations in soil
moisture.

Unfortunately, Figures 1 and 2 cannot easily be compared,
since the underlying simulations were performed at different reso-
lutions—Figure 1 is based on runs with the 2X2.5 GCM, whereas
Figure 2 is based on runs with the 4X5 version, with a correspond-
ingly different climatology.  Nevertheless, the figures suggest that
land contributions can be high where they need to be—namely in
regions with significant soil moisture memory.  Indeed, soil mois-
ture memory is fostered by land–atmosphere feedback that pro-
motes precipitation persistence.

Two more results, though preliminary, are included here.
The first comes from an idealized experiment in which all surface
boundary conditions, including temperatures, are assumed to be
perfectly known into the future.  The NSIPP atmospheric GCM
was first run for a specific July, using climatological SSTs.  At
each time step in the simulation, the values of all land surface
model prognostic variables were written out to a special file.
Then, an ensemble of 16 Julys using the same SSTs was run.  At
each time step of each member simulation, the updated values of
all land surface prognostic variables were discarded and replaced
by values read in from the special file.  Thus, although the mem-
bers of the ensemble differed because of their different atmos-
pheric initial conditions, each was forced to maintain the same
time series of (geographically varying) land surface prognostic
variables.  By quantifying the variations of atmospheric variables
(precipitation, air temperature, etc.) seen between the ensemble
members, using techniques similar to those used to generate Figure
2, we generate the estimates of land–atmosphere feedback strength
shown in Figure 3a.

Note that this experiment is basically a simple, computa-
tionally cheap version of that which produced Figure 2.  The idea
is to promote an intercomparison of coupling strength among dif-
ferent models.  Shown in Figures 3b and 3c are corresponding re-
sults for two other GCMs (Andrea Hahmann and Paul Dirmeyer,
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personal communication., 2000).  The distinction between the
GCMs is obvious; the NSIPP general circulation model (GCM)
clearly shows a higher land–atmosphere feedback strength than
either the CCM or COLA GCMs.

How do we know which level of feedback strength is most
realistic?  An additional experiment addresses this, though the re-
sults are currently inconclusive.  The “control” in this experiment
is an ensemble of Atmospheric Model Intercomparison Project
(AMIP)-type simulations in which prescribed, realistic SSTs are
used to force the GCM over the time period 1996–1999.  The cor-
responding “experiment” ensemble is identical to the control en-
semble except for one thing—at every time step in a member simu-
lation, the precipitation generated by the GCM over the United
States is replaced by observed precipitation (from a special hourly
dataset generated by Wayne Higgins at National Centers for Envi-
ronment Prediction (NCEP)) just before it hits the ground.  Only
the land surface feels this more realistic precipitation; the GCM's
water vapor fields and the latent heating of the atmosphere are not
replaced.  The land surface presumably develops more realistic soil
moisture states in response to the more realistic precipitation forc-
ing.

Three global precipitation datasets are then compared: (1)
the observed precipitation; (2) the precipitation from the AMIP-
style runs (i.e., precipitation guided only by SST variability), and
(3) the (constantly replaced) precipitation generated by the GCM
in the experiment ensemble (i.e., precipitation guided by both SST
variability and the presumably more realistic soil moistures).  If the
precipitation generated in the experiment ensemble is significantly
closer to the observations than that generated in the AMIP ensem-
ble, then we will have demonstrated a positive impact of more re-
alistic soil moisture on precipitation in the GCM, and we will have
also shown that land–atmosphere feedback is operating in the real
world.  Some improvement is indeed seen in our preliminary
runs—Figure 4 shows significant reductions in precipitation error
over the United States, especially in summer.
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FIGURE 4

Seasonal Prediction:
Science Questions and Research Needs

The results above serve as background for three science
questions related to seasonal prediction.

1.  Over what timescales can soil moisture be predicted in
the real world?  How well can these timescales be simulated in a
modeling system?  The analysis leading to Figure 1 shows that
several factors can influence soil moisture memory.  How relevant
is each factor in the real world, and do GCMs simulate their rela-
tive importance correctly?  Can we specify regions and seasons for
which useful soil moisture memory is essentially unattainable?
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2.  To what degree is the atmosphere “coupled”' to the
land surface in the real world? How does the degree of coupling
differ among modeling systems, and how do we evaluate the real-
ism of this coupling?  The differences seen between modeling sys-
tems in Figure 3 are significant and disturbing.  Because modeling
systems are key to long-term hydrological prediction, differences
in their coupling strength must be quantified, understood, and
evaluated against observations.

3.  Are some hydrologic states more prone to long-term
memory than others?  Why?  The analysis of soil moisture memory
(beyond what is presented above) suggests that some hydrologic
anomalies, such as drought, may have potential for added persis-
tence.  In addition, some meteorological regimes may be more
conducive to land–atmosphere feedback and thus may promote
persistence.  If we find that predictability in a region is generally
poor, can we at least hope to predict the occurrence and/or longev-
ity of certain extremes in the region?

Some New and Relevant Initiatives

Although quantifying land–atmosphere feedback
strength from a strictly observational analysis is very difficult, a
combination of modeling and observations can provide essential
insight.  Two scientific panels, namely the Global Energy and Wa-
ter Cycle Experiment (GEWEX) Global Land-Atmosphere System
Study (GLASS) panel and the U.S. Climate Variability and Pre-
dictability (CLIVAR) Seasonal-to-Interannual Modeling and Pre-
diction (SIMAP) panel, are now promoting a model intercompari-
son experiment similar to the one that produced Figure 4.  The ex-
periment, which would be global in scope and would cover addi-
tional years, would have two phases.  The first phase, the “main-
tained soil moisture” phase, is designed to quantify the impact of
realistic soil moisture contents on precipitation.  In this phase, the
coupled land–atmosphere model is forced to maintain realistic soil
moistures at all times, so that the focus is mainly on atmospheric
response to land conditions (i.e., on the strength of the coupling).
The second phase, the “initialization” phase, is similar except that
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the artificial replacement of precipitation is halted at some prear-
ranged time.  The second phase specifically addresses persistence,
being designed to establish the impact of a realistic land surface
moisture initialization on precipitation forecasts.

The first phase should address the second question above
regarding the degree to which the atmosphere is coupled to the
land surface..  An improvement in simulated precipitation due to
more realistic soil moistures, if it occurs, would serve both to dem-
onstrate the existence of coupling in the real world and to validate
the coupling strength in the modeling system.  The second phase,
in which soil moistures are initialized at realistic values and then
allowed to evolve, will help address the first question regarding the
modeling of soil moisture timescales and will, more generally,
quantify predictability in the participating models.

Such a modeling effort should be supplemented, of course,
by observational studies.  The initialization phase of the above ex-
periment could be improved through application of superior initial
conditions, as obtained through a land data assimilation system
(LDAS) approach.  Also, observational analysis of soil moisture
and meteorological data outside the modeling context will help
establish the real world's prevailing timescales.  Currently, such
observational analyses are limited by the paucity of historical data;
efforts to expand and maintain the observational database are
needed.

The modeling experiment that led to Figure 3 is also being
promoted by the two science panels, though to a lesser degree. The
experiment is highly idealized but at least has the advantage of be-
ing easy and computationally inexpensive to perform.  It thus can
shed light quickly on intermodel differences in coupling.

Role of Federal Agencies

Demonstrating the effectiveness of earth science models for
hydrologic prediction, either through the experiment described in
2.2 above or through some other well-structured model intercom-
parison study, requires substantial computer resources, particularly
because such studies will require ensembles of long-term simula-
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tions to produce the data needed for statistical analysis.  Funding
agencies should be ready to support these needs.  In addition,
maintenance and continuation of observational programs, particu-
larly for soil moisture and meteorological data, are critical for pro-
viding a basis for the evaluation of prediction systems.
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HYDROLOGIC INITIALIZATION AND FORECAST
IN NUMERICAL WEATHER PREDICTION

Dag Lohmann
National Centers for Environmental Prediction (NCEP)

Uncertainty and systematic errors in the prediction of hy-
drologic states and fluxes, such as soil moisture, evapotranspira-
tion, and runoff, are introduced into the forecast system by three
different factors.  This paper will concentrate on the third factor
and how it is addressed in numerical weather prediction, but will
mention the other two as well.  The modeling strategy is high-
lighted in an NCEP-modified “Shukla staircase” (see GAPP sci-
ence plan), with the model hierarchy on the outside, covering the
various spatial scales, and the data assimilation system in the in-
side, for determining the proper initial conditions for the models.

Hydrologic Model Physics and Problems
in Parameter Estimation

Once the physical knowledge about the system is expressed
in a mathematical model, one has to find optimal parameters for
the model.  Hydrological models use many different equations for
their model formulation.  The hydrologic models, which are cur-
rently coupled to atmospheric models, are rather simplistic in the
description of horizontal and vertical water fluxes in the soil, while
they often have a detailed description of vegetation processes.  The
reason is that most of these models originate from atmospheric
modelers, who traditionally place a greater emphasis on the energy
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side of hydrologic processes (turbulent fluxes and ground heat
flux), while hydrologists are more concerned with the water bal-
ance, especially runoff and streamflow.  This led to the develop-
ment of many based on Richards equation 1-dimensional land-
surface models (LSMs), which are used on the scale where hy-
drologists would use conceptual lumped models like the Sacra-
mento model. Only a few LSMs have incorporated “hydrologic
knowledge,” which makes their use for hydrological predictions
promising.  All LSMs and traditional hydrologic models have pa-
rameters, such as hydraulic conductivity and root depth, which can
only be inferred indirectly from modeling exercises or interpolated
from sparse point measurements.

Resolution of the Atmospheric
and the Hydrological Models

Doubling the horizontal resolution of atmospheric models
(such as the NCEP estimated time of arrival (ETA) model) in-
creases the execution time roughly by a factor of eight.  It therefore
will take some time before atmospheric models have a horizontal
resolution of well known “as physical as possible” hydrologic
models; (on the order of 100 meters).  Numerical weather predic-
tion can be shown to benefit from both higher resolution and a
physics upgrade for example the coupled LSM.

Uncertainty in the Initialization of the Models

State variables in many of the models have to be initialized.
This has led to the development of sophisticated variational meth-
ods in atmospheric and ocean sciences, while for operational pur-
poses, methods to initialize land surface models are still in the
early stages of development.  The soil moisture data from the
4-dimensional data assimilation systems (4DDA) of coupled
land–atmosphere models often suffer substantial errors and drift
owing to precipitation, temperature, and radiation biases in the
land-surface forcing of the coupled system.  To constrain such er-
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rors and drift, some developers apply soil moisture nudging tech-
niques in coupled 4DDA, but such nudging can introduce other
undesirable behavior such as over amplified annual cycles of soil
moisture and lack of water conservation.

As an appealing alternative to coupled land-surface 4DDA,
a consortium of Continental-Scale International Experiment
(GCIP)-supported groups has undertaken the development and
execution of an uncoupled Land Data Assimilation System
(LDAS).  The LDAS execution is hosted on an NCEP develop-
mental computing platform and is supported by NCEP in collabo-
ration with NASA/ Goddard Space Flight Center (GSFC), National
Weather Service Office of Hydrology, National Environmental
Satellite, Data, and Information Service/Office of Research and
applications (NESDIS/ORA), Princeton and Rutgers Universities,
the University of Washington and the University of Maryland.

Specifically, these partners are developing, executing, and
validating a prototype national, realtime, hourly, 1/8-th degree,
distributed, uncoupled, land-surface simulation system. This sys-
tem consists of several land-surface models (LSMs) running in
tandem on a common grid and driven by common surface forcing
fields.  The hallmarks of the forcing fields are observed, hourly,
gage/radar precipitation and observed Geostationary Operational
Environmental Satellite (GOES)-based satellite-derived surface
solar insolation.  Additionally, a common streamflow routing
model is being applied to each LSM's gridded runoff on the shared
common grid.  Finally, the  "DA" for "data assimilation" in LDAS
denotes a later "Phase II" thrust that will include the assimilation
of satellite-derived land-surface fields, such as skin temperature,
soil moisture, snowpack, and vegetation density and greenness.
Another future but central LDAS phase will be a forecast compo-
nent, wherein LDAS will be integrated days, weeks, and months
into the future using ensemble surface forcing (including ensemble
quantitative precipitation forecasting (QPF)) from the weather and
seasonal prediction models of NCEP.

With this setup, which is currently under construction, it is
hoped that the state variables will be initialized as well as possible;
first results look promising.
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A number of important questions and discussion points
emerge from the preceeding text.

Priority science questions in predictability of  hydrologic systems:

•  How do we estimate model parameters in hydrologic
models?

•  What is the required complexity / structure for hydro-
logic models?

Required modeling and analysis initiatives and data collection
programs:

•  There is not enough analysis done with the data already
produced.

•  More cross-validation is needed to decide about needed
model complexity.

Roles of federal agencies that fund research and support monitor-
ing:

•  Federal agencies should be funded to implement opera-
tive test-beds for research. This would enable researches of the
academic world and federal and state agencies to bridge the gap
between research and day-to-day operations.
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OPERATIONAL SEASONAL PREDICTION OF
HYDROCLIMATE OVER THE UNITED STATES

Huug van den Dool
National Centers for Environmental Prediction

INTRODUCTION

The Climate Prediction Center (CPC/NCEP) has developed
a physically based soil moisture data set for the United States for
the period 1932 to the present.  This data set is the result of inte-
grating the so-called “leaky” bucket of Huang et al. (1996) for
nearly 70 years with observed forcing, most notably observed pre-
cipitation at 344 Climate Division, but also temperature.  The soil
moisture data set, with daily updates through yesterday 12Z,
thanks to daily precipitation analysis by Higgins and Shi, has been
widely applied for drought and wetness monitoring, the launching
of monthly/seasonal prediction tools, and many research projects.
Other outputs of the model include evaporation, runoff, etc., for all
data from 1932 to the present (lower 48 states only), allowing a
judgment of present conditions in historical perspective, forming
anomalies, etc.

CPC is the organization that issues the official monthly and
seasonal forecasts for the U.S.  Traditionally, the predictands were
time averaged temperature (T) and precipitation (P). Recently, an-
tecedent soil moisture conditions have been used in several emerg-
ing systematic methods to improve T and P forecasts, especially in
summer.  Experimental forecasts for soil moisture itself are also
emerging and the possibility of some kind of probabilistic
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monthly/seasonal runoff prediction is being considered jointly with
Office of Hydrology/National Weather Service (OH/NWS).

Note that in this paper, we are not discussing major NCEP
activities in data assimilation for the shorter-range forecasts.  The
soil plays an important role in these shorter-range forecasts, one
main problem being drift of the data assimilation system due to
biased precipitation input.  We will only mention below the LDAS
activity, which is a modern data assimilation, but observed precipi-
tation is used to avoid such drifts.

As time permits we will present/discuss some or all of the
following:

•  Monitoring of the current situation.  The United States as
a whole is and has been very dry.  This will be discussed by look-
ing at soil moisture anomalies as of mid-September 2000.  Recent
changes will be presented as well.

•  Incorporation of short-term forecasts.  Taking the me-
dium-range forecast (MRF) ensembles at face value, the bucket
model can be integrated 1 and 2 weeks ahead for short-term fore-
casts.

•  The most recent soil moisture anomalies, after recasting
the units where necessary, are used as the initial lower boundary
condition in NCEP’s ensemble of “coupled model” runs for mul-
tiseasonal forecasts.

•  Likewise, the most recent soil moisture anomalies are
used to launch empirical forecast tools.  An example Constructed
Analogue on Soil (CAS) moisture method for JJA2000.  The CAS
method can also be used for process studies on academic initial
conditions in soil moisture.

•  The aftermath of a La Niña in 2000.  This too was a con-
sideration in forecasts made in early 2000.  Some La Niña compos-
ites of soil moisture will be shown.

•  Some comments on empirical evidence of interactive soil
moisture over the United States.  Further analysis: comparing
model runs with and without interactive soil moisture, in terms of
tempera-ture persistence, lagged precipitation–temperature correla-
tion, etc.
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•  The latest Atmospheric GCM used at NCEP for ocean–l
and “coupled” runs.  Analyses of monthly mean temperature, soil
moisture, evaporation, and precipitation in 11 Atmospheric Model
Intercomparison Project (AMIP) global SST forced runs by this
model reveal both strengths and weaknesses.  We briefly discuss
(for the United States only) the mean state, the interannual vari-
ability, spatial degrees of freedom, and various lagged correlation,
prediction skill (model vs. observation) and predictability (model
vs. model).

The Huang et al. (1996) model has also been run for all
other continents, resulting in a global soil moisture data set.  This
data set for 1979–1999 is updated only about once a year, not as
religiously as the U.S. data set, which has operational application.
The global data sets are mainly used for two kinds of applications:
one where soil moisture is a prescribed lower boundary condition,
and the other for various geodetic research activities such as inves-
tigation of the feasibility of detecting soil moisture anomalies by
measuring gravity from satellite and determinations of the annual
cycle of the geoid etc.

Near Future (2-3 years)

The Environmental Modeling Center (EMC) of the NCEP,
as a participant in the multi-agency GCIP Land Data Assimilation
System (LDAS) project, has started to run its model, the NOAH
LSM, in stand-alone mode with observed forcing functions in-
cluding observed rainfall, from spring 1999 forward.  The NOAH
model is physically far more complete than the CPC leaky bucket,
and it has much higher spatial (1/8th of a degree) and temporal
(hourly) resolution. By using observed forcing, one avoids some of
the usual biases of coupled data assimilation.  In this sense, the
philosophy is the same as Huang et al. (1996) model, but LDAS is
far more comprehensive.  The LDAS data set (currently no more
than 2 years) would be extremely useful for climate application if
it covered a multidecadal period.  We think it is feasible to inte-
grate the NOAH LSM from 1948 to the present.  A 1998 pilot, in
concert with Regional Reanalysis, is being prepared.  This would
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require the assembly of many forcing data sets at high resolution
for a very long period.  The pay-off of this endeavor would be (1)
improved soil moisture data for the various CPC prediction and
monitoring tools as well as for the community, (2)superior model
consistent initial conditions for numerical prediction on time scales
ranging from hours to seasons, and (3) model consistent prescribed
lower boundary conditions in AMIP-like experiments to determine
predictability due to soil moisture anomalies.

Priority science questions in predictability are first and
foremost the design of experiments that could give us pertinent in-
formation about hydrology and atmospheric predictability.  Which
one is first—the atmosphere or the soil? If the soil itself is the pre-
diction target, much depends on the precipitation forecast (a very
weak link in the chain).  If the atmosphere is the forecast target, the
characterization of the lower boundary down to some depth is all-
important.  Taking the latter point of view, issues are the mixing of
SST (global or otherwise) and initial soil moisture, the challenging
formulation of lower boundary conditions vs. initial value predict-
ability (is soil moisture the initial value?), and the question of what
we can learn from flawed models (which have overactive land–
atmosphere interaction).  We advocate the design of data studies as
a sanity check on numerical models.

In physics, observations are normally all-important. Note
that the land surface hydrology is plagued by a lack of data.  In
spite of its name, LDAS does not assimilate any data. Precipitation
observations are difficult, precipitation analysis is a challenge, (es-
pecially near orography), soil moisture observations scarce and
problematic, and evaporation observation (over any length of time)
are almost nonexistent.  We need to take a comprehensive look at
what data we have, what we ideally want to try to accomplish, and
how further observations would help.
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PREDICTABILITY OF HYDROLOGIC SYSTEMS
IN THE CONTEXT OF A NEW

 INTERDISCIPLINARY FRAMEWORK LINKING
WATER, EARTH, BIOTA (WEB)

Vijay K. Gupta
University of Colorado, Boulder

WEB Vision

Water, Earth, Biota (WEB) is a new interdisciplinary re-
search and education framework that addresses the central role of
water in linking landscapes, atmosphere and oceans, geochemistry,
and biota in spatial scales from the molecular to the planetary, and
in temporal scales from instantaneous to geologic.  The perspective
of interconnectedness at multiple scales is fundamental for gaining
a holistic understanding of the complexity of nature and of changes
over space and time through interactions with humans.  Increasing
threats to natural environments make this broad vision critical for
the management of water and other natural resources to sustain
growing human populations and modernizing economies.  The
WEB vision does not stop with the importance of the topic and the
definition of science goals; it identifies a path for moving forward.

Key Issues Driving the WEB Imperative

Key issues driving the WEB imperative include the fol-
lowing:
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•  Water is the life-blood of the planet.  The water cycle
comes together at the planetary scale and must be studied as a
planetary process to gain holistic understanding.

•  Regional interests, agency missions, disciplinary training,
and the institutionalization of field experiments have intellectually
partitioned water studies into domains.

•  Scientists working in each domain increasingly recognize
that their findings depend highly on boundary conditions at the in-
terfaces with the other domains.

•  As demands on a fixed quantity of water increase and
adversely impact the environ-ment, water managers are driven to
greater efforts to contain floods, droughts, and contamination while
being increasingly stymied by an inadequate science framework
for quantifying feedbacks among the domains.

•  Research is needed to assess and extend the predictability
of a wide diversity of interconnected hydrologic systems within the
broad framework of WEB at many scales to allow better risk and
vulnerability assessments that support resource management deci-
sions.

•  Progress toward this WEB ideal will require an observa-
tion system that compiles and freely distributes coordinated data
on WEB-related processes at a variety of space and time scales.
Research and measurement must be planned together.

•  Continued progress will also require an interdisciplinary
initiative for education and public outreach that will enable stu-
dents and the general public to think about water issues from both
planetary and local perspectives.

Societal Rationale

Our limited understanding of major couplings of water, en-
ergy, and biota leaves policy makers poorly positioned to guide
natural resource development and management to serve growing
human populations while sustaining environmental quality.  Stakes
are high, as society is making critical decisions on water supply,
floods, and pollution from a fragmented understanding that could
prove to be quite dangerous over time.
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Science Challenges

The WEB framework identifies four main methodological
steps—scaling, coupling, diagnosing, and modeling—to reach con-
sistent conclusions in the face of space–time variability and dy-
namic nonlinearities that confound cross-scale computations and
understanding.  These methodological steps are a key to advancing
predictability and to understanding the limits-to-prediction of a
wide diversity of interconnected hydrologic systems.  The WEB
framework identifies four separate domains—water cycling, en-
ergy, earth structure, and ecology—and the need to understand the
ties among them.  The WEB report (http://cires.colora-
do.edu/hydrology) lists multiple scales for research.  Each scale
has its own level of complexity.  A key scientific challenge is to be
able to cascade across scales and levels of complexity in a self-
consistent manner.  Some examples are offered to explain what
this means at the global scale, continental scale, drainage ba-
sin/aquifer scale, and hillslope scale.  For illustration, we list below
an example of a science challenge at the global scale.  Examples of
sciences challenges at other scales are given in the full WEB re-
port.

Example of a Science Challenge at the Global Scale

Global climate varies over time as a result of complex,
nonlinear couplings involving the water cycle in ocean, atmos-
phere, and land.  The maintenance of a stable environment by the
world's biota is perhaps the most significant phenomenon in ecol-
ogy (Reiners, 1988).  Atmospheric water vapor and the conflicting
effects of clouds on radiation (Webster, 1994) are linked to the hy-
drologic cycle via cloud formation, precipitation, and evapotran-
spiration.  We are far from a quantitative understanding of (1) the
role of the water cycle and biota in critical relationships that gov-
ern natural quasi-oscillatory climate variability at interannual, in-
terdecadal, and longer time scales, (2) the combined effects of
these interactions, and (3) the robustness of world climate to an-
thropogenic impacts.  Large-scale organized components of the
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hydrologic cycle, such as monsoonal systems, significantly influ-
ence seasonal and longer variations in vegetation and may in turn
be influenced by large-scale land use changes.  These issues need
to be investigated to asses the predictability, risks, and vulnerabil-
ity of the hydrologic cycle in the context of the hypothesis that
global climate is a self-regulating emergent phenomena due to
nonlinear coupling between biota and the rest of the earth’s climate
system (Lovelock, 1995).

WEB in River Basins as an Illustrative Theme

River basins integrate physical, chemical, and biological
processes in the spatial and temporal organizations of fluxes and
structures.  Science issues that require focused data collection, hy-
pothesis development, and tests and that have the potential for sig-
nificant cross-disciplinary theoretical advances are identified in a
river-basin context as an illustrative example.  A number of other
settings should be similarly examined.  For the river-basin exam-
ple, major contributions to science could be made through a better
understanding of (1) earth-related processes, (2) atmosphere-
related processes, (3) climate-related processes, (4) geochemical
processes, and (5) ecological processes.  It is argued that we need
to focus on the dynamics of how these processes integrate in the
evolution of planetary structure and life environment.

Suggestive Hypotheses as Examples of Research Challenges

The following list presents some of the working hypothe-
ses, identified by the WEB activities which provide an important
framework for future research.

•  The river basin is a self-organizing system.  The
space/time distributions of water, chemicals, and biota guide the
evolution of land structure, drainage networks, habitats, and life
itself.
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•  River basin-scale processes modulate local processes and
thereby alter weather, geochemical fluxes, habitats, and biodiver-
sity—impacts to be captured in downscaling.

•  River basin-scale processes also impact global climate by
the way they partition land–atmosphere–ocean fluxes and recharge
to/discharge from aquifers—impacts to be captured in upscaling.

•  The water and energy fluxes through ocean, atmosphere,
and land at multiple scales in space and time interact through
strongly nonlinear connections.  These connections must be de-
fined and quantified to simulate planetary environmental dynam-
ics.

•  Human modification to a river basin alters local structure
and fluxes in ways that have significant impacts on both upscaling
and downscaling.

An Interdisciplinary Initiative for Education
and Public Outreach

An interdisciplinary initiative for education and public out-
reach will enable students and the general public to understand the
unique role of the planetary water cycle in the co-evolution of life
and of a habitable climate on Earth for 3.8 billion years and also to
understand and solve the water problems facing society.

WEB Infrastructure

We propose moving ahead by establishing “Natural Labo-
ratories” and a “National Hydrologic Facility” to organize and
analyze comprehensive data sets, both existing and new. We are
seeking an administrative mechanism to facilitate the deployment
of instrumentation; to coordinate data collection, archiving, and
access for integrative large-scale research; and to facilitate educa-
tion and technology transfer.  A multistage approach is necessary
to develop infrastructure over time.  The procedures will take con-
tinuing discussion, and we set forth here a strawman to get think-
ing going.  Our idea is for Phase I to be a pilot project focused on a
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science theme at the river-basin scale.  A WEB Office for Science
Support (WOSS) would be established to reach out to additional
themes and to facilitate mechanisms for cross-coordination.  Some
generic issues related to the selection and management of a net-
work of natural laboratories are described in the full WEB report,
and a brief description of Phase II is given.
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IDENTIFYING AND EVALUATING PREDICTABILITY
FOR LAND–ATMOSPHERE AND HYDROLOGIC

PREDICTION SYSTEMS

C. Adam Schlosser
NASA Goddard Space Flight Center

Where’s the Predictability?

Historically, the term “predictability” has been separated
into two categories (e.g., Lorenz, 1975) and has been applied to the
framework of ensemble predictions (of a physical system that is
inherently chaotic).  What is commonly referred to as the “initial
value problem” is one aspect of predictability.  Given hypotheti-
cally “perfect” information with which to initialize an ensemble
forecast, how can we determine how long that “perfect” informa-
tion will persist into the forecast in the presence of propagating
errors that exist in the prediction system?  The other aspect of pre-
dictability is associated with an externally forced response that is,
to a quantitative degree, ubiquitous among the forecast members of
an ensemble prediction (e.g., all forecast members predict consis-
tent soil-water variations in response to a precipitation anomaly).

To identify predictability within “coupled land–atmosphere
prediction systems” (e.g., operational weather forecast models and
global climate models), previous research has aimed to show
which elements of the land–surface system are central to this cou-
pled mechanism.  It has been exhaustively shown that soil mois-
ture, and its persistence, play a critical role in coupled land– at-
mosphere variations.  Generally speaking, however, it is the liquid
and frozen storage of water on the ground (i.e., snow cover and
interception storage) and in the ground (i.e., soil water that is
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available for exchange processes between the land–surface and
overlying atmosphere) that are central to coupled land–atmosphere
variations.  These coupled variations result from the fact that the
aforementioned terrestrial water storages have a persistence times-
cale that is comparable to or longer than the characteristic times-
cales of the interacting atmospheric processes. Therefore, it fol-
lows that regions of strong persistence of “active” water storage
(i.e., terrestrial water storage available to exchange processes be-
tween the land and the atmosphere) will lead to predictability of
these water storages and potentially impact atmospheric predict-
ability (as shown by Schlosser and Milly, 2000), which can in turn
lead to enhanced land predictability (i.e., predictability via a forced
response).

An important additional source of predictability that is ex-
ternal to local land–atmosphere coupling is the impact of sea sur-
face temperature (SST) variations on remote responses of the at-
mosphere.  Certainly, if a given SST pattern (e.g., El Niño) can
impose a forced, and predictable, response of the atmosphere over
a continental region (e.g., a precipitation anomaly), this could, in
turn, produce a predictable signal in the land-surface (i.e., predict-
ability of water storage).  However, the ability to which the modi-
fied land-surface then imposes a predictable effect on the local
land-atmosphere coupling will be largely dependent on land-
surface persistence.  In other words, when the remotely forced SST
response of the atmosphere abates, to what degree will the result-
ing land anomaly impact subsequent hydroclimatic variability?
Here then, we return to the importance of continental water– stor-
age persistence and of its impact on coupled land–atmosphere
variability and predictability.

With regard to “hydrologic prediction” (i.e., streamflow,
river discharge, and flood/ drought prediction), the challenge lies
in translating the predictable information of a (presumably) fully
coupled ocean–land–atmosphere (i.e., climate/weather) prediction
system (which, in practice, has not explicitly incorporated hydro-
logic networks) to hydrologic prediction/operational systems, and
in assuring that those quantities that are relevant to the information
transfer are predictable.  For example, for a river–routing scheme
to produce a predictable hydrograph, the scheme should receive
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surface and subsurface runoff rates (which could be provided by
gridded land–surface outputs of the climate prediction system) that
are predictable.  This requires that to a large degree, the relevant
simulated quantities of the ocean–land–atmosphere prediction sys-
tem (i.e., precipitation, soil moisture) are predictable in order to
produce predictable runoff rates.  Even still, we must verify that
the resulting runoff rates provided to the hydrologic prediction sys-
tem are predictable.

Is the Predictability for Real?

Continuing with our discussion of predictability through
persistence, if we were to find a region within a modeled climate
that contains a strong potential for predictability (i.e., strong per-
sistence), can we be assured that the persistence of the model is
realistic and therefore is, in a sense, reflecting a “true” potential for
predictability?  For example, if a persistent (and therefore predict-
able) anomaly of soil moisture then creates a predictable response
of the atmosphere (e.g., a corresponding precipitation and/or tem-
perature anomaly), can we be assured that these predictable signals
are real within the coupled model prediction system?  In order to
answer this question in the context of coupled land–atmosphere
modes of predictability, it is necessary to identify whether or not
the relevant components of the prediction system (e.g., the soil
moisture scheme and/or the precipitation scheme) are behaving in
a manner that is consistent to realistic/ observed modes of variabil-
ity.

To that end, we should identify and verify the sources and
controls of the persistence (and therefore the predictability) of ter-
restrial water storage.  The landmark study by Delworth and Ma-
nabe (1988) presented a direct relation between simulated soil
moisture persistence in a “bucket hydrology” scheme to a first-
order Markov process.  This direct comparison was possible due,
in part, to the linear relationship between soil moisture and evapo-
rative stress in the bucket model (among other simplifying assump-
tions).  However, the more complex “big leaf” models that have
been developed within the past decade contain highly nonlinear
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relations between soil water storage and runoff and evaporation
processes.  As a result, an analytical description of the controls of
soil moisture persistence becomes more complex.  However, a re-
cent study by Koster and Milly (1997) was able to effectively ex-
plain the disparity of the simulated annual water budgets of the
participating models of the Project for the Intercomparison of
Landsurface Parameterizations Schemes (PILPS) through linear
approximations of evaporation and runoff controls as a function of
soil moisture.  The results underscore the potential to effectively
summarize and verify the degree and controls of soil-water persis-
tence for the variety of models used to represent the continental
surfaces in weather and climate models.  More importantly how-
ever, we must apply these techniques with corresponding observed
quantities in order to verify that our model-based assessments of
predictability are reflective of what would (hypothetically) occur in
nature.

Similarly for hydrologic prediction, it is crucial that we
evaluate the sources of predictability that contribute to the predict-
ability of a hydrologic prediction system.  For example, if a cli-
mate model were able to provide a predictable forecast of total
runoff rates for grid points that span a hydrologic basin, inputted
into a river routing prediction system, we must be assured that not
only the predictable signal of runoff is robust and realistic, but that
also the partitioning of the runoff rates (between surface and sub-
surface flow) are realistic.  Otherwise, the resulting hydrograph
prediction, while being predictable, could result in low prediction
skill due to the impact of inaccurate runoff partitioning on the re-
sulting streamflow estimates.  The impact of the disparity in runoff
partitioning for streamflow prediction has been demonstrated in the
PILPS 2c simulations by Lohmann et al. (1998).

Therefore, it is important that evaluation of current models
used in hydroclimatological prediction are rigorously continued
and that the diagnostics used in the evaluation not only aim to
identify systematic biases/errors, but also to assess the impacts of
the errors/biases on predictability.  This will ensure that the pre-
dictability that is identified is realistic, and it will build our confi-
dence in the predictive ability of our hydroclimatological predic-
tion systems.
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ENSEMBLES AND PREDICTABILITY IN CLIMATE
AND HYDROLOGIC SYSTEMS

Joseph J. Tribbia
National Center for Atmospheric Research

Ensembles on the Synoptic Scale

The use of ensembles in weather forecasting is an idea go-
ing back to the early attempts to perform stochastic-dynamic fore-
casts.  The moment prediction technique proposed by Epstein
(1969) was seen to be computationally infeasible, so Leith (1974)
proposed a Monte-Carlo method (i.e., a randomly perturbed en-
semble of weather forecasts) in order to provide the two major
benefits afforded in the stochastic-dynamic approach.  The benefi-
cial attributes to be gained are the improved skill (in a statistical
sense) of the mean forecast, which is gained through the nonlinear
filtering of the uncertain forecast degrees of freedom/ variables,
and an estimate of the uncertainty or reliability of the forecast
through the prediction of the variance/ covariance.

Ensemble prediction is now an everyday part of operational
short- and medium-range weather forecasting at European Center
for Medium Range Weather Forecasts (ECMWF) and National
Centers for Environmental Prediction (NCEP), the major global
weather centers.  The professed goal of the ensemble prediction
systems at both centers is more ambitious than that stated above;
the aim is to predict the probabilities of event occurrences at fore-
cast locations.  This elevated goal is not merely desirable but partly
necessitated by the requirement that ensemble predictions be ob-
jectively verifiable.  Because the number of forecasts within an
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ensemble is proportional to computational costs, to date, ensemble
size has been limited to at most 50 members.  Because of these
limitations, elaborate techniques of ensemble member initializa-
tion, using methods imported from dynamic systems theory, have
been used to maximize the information content of the small-sized
ensemble—small, that is, when compared to the phase space di-
mension of an operational forecast model (106).  These methods of
initialization are primarily designed to capture the most uncertain
aspects of the dynamic meteorology within a forecast, with little or
no concern for the uncertainty in the physical processes (e.g., moist
processes) and the skill with which precipitation can be forecasted.
Nonetheless, these techniques can often give reasonable estimates
of the uncertainty of synoptic scale precipitation.

The situation is somewhat different on both the very short
range (<24 hours) and long range (one month to a season).  Be-
cause of the high sensitivity of precipitating mesoscale phenomena
to variations in model formulation and low-level moisture, uncer-
tainty in these aspects will likely require a different approach than
the one taken on the synoptic scale.  At long range, the initial con-
ditions of an ensemble are not treated as elaborately as in the short
and medium range, since at these time scales initial conditions are
nearly completely forgotten, and anomalous boundary forcing is
the sole residual memory driving predictability.  The applications
of ensemble methods in these two forecast problems, with particu-
lar attention to precipitation, are discussed individually below.

Mesoscale Ensemble Prediction

The use of ensemble methods for mesoscale prediction is in
its infancy and should properly be considered a research problem.
The goals of ensemble prediction on this scale include the predic-
tion of probability of precipitation and the probability of extreme
events. Recent research by Crook (1996) and Errico and Stensrud
(2000) demonstrates the extreme sensitivity of predicted precipita-
tion coverage and amount to variations in low-level moisture and
to changes in convection parameterization.  This latter uncertainty
reflects  both the real lack of scientific consensus and understand-
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ing in the  current generation of convective parameterizations and
the stochastic nature of the relationships between convection and
the larger-scale environ-ment.  This being the state of affairs on the
mesoscale, the most rational methodology may be one in which
ensembles include both variations in initial conditions and varia-
tions in formulations.  Such a strategy might be the most accurate
manner of providing threat probabilities, probability of precipita-
tion, and ranges of precipitation amount.

Long-Range Ensemble Prediction

For extended range prediction, the use of ensemble meth-
ods is a necessity since weather systems, and characterizing their
effect on the large-scale, low-frequency patterns for long-range
prediction, are not predictable beyond two weeks.  At the present
time, there is still active research concerning the statistically opti-
mal method of utilizing ensemble forecasting for long-range pre-
dictions.  Operationally, at centers like the International Research
Institute for Climate Predictions (IRI) and European Center for
Medium Range Weather Forecasts, the main use of the ensemble is
as a nonlinear filter to generate the most reproducible components
of a forecast and to determine a signal-to-noise ratio from the en-
semble mean and (ensemble) standard deviation.  With respect to
precipitation, global prediction and climate models have significant
mean climate errors in both the location and magnitude of precipi-
tation.  Because the targeted forecast problem is the response to
boundary anomalies, (frequently tropical ocean sea surface tem-
perature anomalies), both the climate mean and the anomalous re-
sponse are subject to a climate drift.  The presence of systematic
errors and climate drift once again suggests that the most rational
strategy for ensemble prediction will be a multimodel, multi-initial
condition ensemble method.



Copyright © National Academy of Sciences. All rights reserved.

Report of a Workshop on Predictability & Limits-To-Prediction in Hydrologic Systems��� 
http://www.nap.edu/catalog/10337.html

76 Appendix B

Concluding Remarks

Because the current generation of global models and
mesoscale models have strong systematic biases in the monthly to
seasonal timeframe for global models and 3- to 12-hour range for
mesoscale models, the optimal ensemble strategies for precipita-
tion prediction in these time and space scales will include a multi-
model ensemble.  There remains a great need to analyze and rectify
the errors in current methods of parameterization of moist proc-
esses.
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PEDICTABILITY OF FLASH FLOODS USING
DISTRIBUTED PARAMETER
PHYSICS-BASED MODELS

Baxter E. Vieux
University of Oklahoma

Why Distributed Parameter Modeling?

Historical climate modeling practice has been to use
lumped representations of physical processes because of computa-
tional limitations or because sufficient data were not available to
populate a distributed model database.  How one represents the
process in the mathematical analogy and implements it in the hy-
drologic model determines the degree to which we classify a model
as lumped or distributed.  Several distinctions on the degree of
lumping can be made in order to better characterize a mathematical
model, the parameters/input, and the model implementation.

The main advantage of distributed modeling is that the
spatial variability of parameters and rainfall input is incorporated
into the model response.  Each parameter and rainfall input has its
own spatial variability, which can be characterized by informa-
tional entropy (Vieux, 1993). Incorporating spatial variability of a
particular parameter related to vegetative cover, soil infiltration
rates, rainfall, or topographic characteristics may or may not have
important conse-quences on the hydrograph response of the model.
If the parameter has a narrow range of variation or if the parameter
has only a few values represented in the basin, then its spatial vari-
ability may have little effect on simulated hydrographs.
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Mathematical Analogy

A numeric solution of the governing equations in a physics-
based model employs discrete elements.  The three representative
types are finite difference, finite element, and stream tubes. At the
level of a computational element, a parameter is regarded as being
representative of an average process.  Thus, some average property
is valid over the computational element used to represent the proc-
ess of flow.  For example, porosity is a property of the soil me-
dium, but it has no meaning at the level of the pore space itself.
Physics-based models solve governing equations derived from
conservation of mass, momentum, and energy.  Unlike empirically
based models, differential equations are used to describe the flow
of water over the land surface or through porous media to describe,
or energy balance in the exchange of water vapor through evapo-
transpiration.

If the physical character of the hydrologic process is not
supported by a particular analogy, then errors result in the physical
representation.  Difficulties also arise from the simplifications be-
cause the terms discarded may have afforded a complete solution
while their absence causes mathematical discontinuities.  This is
particularly true in the kinematic wave analogy, in which changes
in parameter values can cause discontinuities, sometimes referred
to as shock in the equation solution.  Special treatment is required
to achieve solution to the kinematic wave analogy of runoff over a
spatially variable surface.  Vieux et al. (1990) and Vieux (1991)
presented such a solution using nodal values of parameters in a fi-
nite element solution.  This method effectively treats changes in
parameter values by interpolating their values across finite ele-
ments.  The advantage of this approach is that the kinematic wave
analogy can be applied to a spatially variable surface without nu-
merical difficulty introduced by the shocks. Vieux and Gaur (1994)
presented a distributed watershed model based on this nodal solu-
tion using finite elements to represent the drainage network.

A detailed description of the solution methodology used by
r.water.fea may be found in Vieux (2000).  The naming conven-
tion stems from the original concept of a geographic information
systems (GIS) tool resident within the Geographic Resources
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Analysis Support System (GRASS) GIS for simulating surface
runoff in watershed.

Research Questions

Research questions related to parameter modeling are the
following:

•  Parameterizing a distributed hydrologic model requires
adequate spatial variability. Improved understanding is needed of
the influence on reliability, on calibration, and on prediction biases
caused by data characteristics related to resolution, surrogate
measures, and temporal resolution of input and parameters.

•  New digital elevation datasets are becoming available.
Soon, the Shuttle Radar Topography Mission (SRTM) elevation
data will provide 30-meter resolution digital elevation models
(DEMs) of over 80 percent of the inhabited earth.  DEM resolution
affects the model responsiveness and flow routing properties.  Un-
derstanding the influence of resolution and vertical/horizontal pre-
cision on hydrologic modeling is needed for efficient model pre-
diction.

•  Distributed model calibration is resolution-dependent.
Methods are needed for easily moving from one resolution used in
model calibration/validation to a greater resolution in the operation
of the model.

•  Effects of using parameters and inputs at various resolu-
tions on model uncertainty and reliability need investigation, par-
ticularly when coarse-resolution rainfall is input to a fine-
resolution, distributed-parameter hydrologic model.

Lead-Time and Accuracy of Flood
Forecasts in Small Basins

Radar is a key source of spatially and temporally distrib-
uted rainfall data for hydrologic modeling.  Vieux (2000) describes
the use of weather radar in hydrology with primary emphasis at the
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river basin scale.  Interest in using radar estimates of rainfall in
distributed modeling comes from the desire to reduce errors asso-
ciated with imprecise knowledge of the amount and distribution of
rainfall input to models.

Radar and satellite sensors offer improved spatial pattern
definition to fill in between rain gauges.  However, this source of
data has limitations as well.  Having access to real-time fusion of
rain gauge, satellite, and radar estimates of precipitation would ad-
vance hydrologic prediction. Algorithms and systems that can in-
gest multiple-sensor platforms and produce high-resolution rainfall
estimates in space and time are needed to make flood forecasts.

Research Questions:

Research questions related to flood forecasts in small ba-
sins include the following:

•  How can multisensor rainfall estimates be best fused to-
gether given the range of spatial/temporal scales and inherent un-
certainties?

•  What errors are inherent in each data source, and how do
these data characteristics influence flood prediction?

•  Considering the rainfall estimation errors over a river ba-
sin, what are the considerations necessary to relate space–time
scales of the storm in relation to the spatial extent of the basin?

•  How do basin characteristics combine and interact with
each other to transform rainfall into runoff?

The efficiency of providing warnings in a timely manner
must be considered in relation to the time necessary to measure the
rainfall, compute the response, and issue the warning.  To be of
value, there is a limit to the basin size for which forecasts may be
made in a timely manner. As the basin becomes smaller, the re-
sponse time decreases.  In order to perform real-time flood fore-
casting, the rainfall must be estimated by the radar or other sen-
sors, ingested into a hydrologic, model and then compared to some
flood stage threshold.  Once it is determined that the flood stage is
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likely to be exceeded, then a warning must be issued to residents
and/or emergency personnel.  Feasibility of a real-time flood warn-
ing system based on radar and model results is highly influenced
by the basin size and characteristics coupled with rainfall intensi-
ties, duration, and storm track over the basin.

Research on the relationship between storm and basin scale
and the time necessary to issue warnings that are reliable and of
value is needed so that action can be taken to mitigate flood dam-
ages.

Specific Research Questions:

Specific research questions related to flood forecasts in
small basins are the following:

•  Computational time may be limited when forecasting
small basins.  Can simplified predictive relationships replace phys-
ics-based models in predicting basin response?

•  How can a deterministic model be used to forecast flood-
ing when quantitative precipi-tation forecasts are probabilistic?

•  What is the limit of predictability in terms of uncertainty
in parameters, in model input, and in the resulting model predic-
tions?

•  What is the practicable or feasible limit to issuing warn-
ings for small upland basins?

•  How does DEM resolution affect the model’s predictive
capabilities in relationship to various basin sizes ranging from 1 or
2 km2 to 10, 100, or 1,000 km2?

Interdependence of Atmospheric, Soil Moisture
and Basin Runoff Components

Transforming intense rainfall into runoff depends on the
initial state of the soil.  The degree to which the basin hydrologic
response is affected depends on soil properties, antecedent storm
events, and meteorological factors.  Some basins may produce



Copyright © National Academy of Sciences. All rights reserved.

Report of a Workshop on Predictability & Limits-To-Prediction in Hydrologic Systems��� 
http://www.nap.edu/catalog/10337.html

82 Appendix B

about the same amount of runoff whether the soil is wet or dry if
clayey or impervious soil conditions prevail.  Such basins trans-
form nearly all the rainfall into runoff regardless of initial soil
moisture content.  Other basins can respond very differently de-
pending on soil moisture.  Hydrograph response is also nonlinear
to soil moisture contents less than some threshold.  At soil mois-
ture contents of greater than 50 percent, a greatly amplified re-
sponse to soil moisture conditions results.

Research Questions

Research questions related to the interdependence of com-
ponents include the following:

•  Can adjoint methods used in atmospheric models be ex-
ploited in physics-based hydrologic models to automate calibration
or make real-time adjustments to flood forecasts?

•  Do unique values exist for a river basin and a series of
storm events?

•  What basin characteristics combine to make the adjoint
solution ill-conditioned?  Can regularization of the cost function
improve retrieval of optimal parameters?

•  How can we most efficiently couple atmosphere, soil
moisture, and basin runoff models to provide flood forecasts for
small basins?

•  Using global data sets for elevation, soils, and vegetation,
can specific basin charac-teristics be identified that will improve
model formulations, guide selection of spatial/temporal resolution,
and indicate the existence of weak/strong coupling of hydrologic
cycle components?



Copyright © National Academy of Sciences. All rights reserved.

Report of a Workshop on Predictability & Limits-To-Prediction in Hydrologic Systems��� 
http://www.nap.edu/catalog/10337.html

Appendix B 83

CURRENT STATUS AND OPPORTUNITIES IN
QUANTITATIVE PRECIPITATION ESTIMATION AND

FORECAST (QPE AND QPF)

W. F. Krajewski
University of Iowa

Methods and systems for QPE

Rain Gauge Based Methods

Research continues on the interpolation methods of spatial
patterns but the quantitative differences between different ap-
proaches do not seem to be substantial.  This is because the error of
these approaches is dominated by the spatial sampling error.  The
geostatistical methods seem to be gaining popularity probably due
to their ability to quantify the associated errors.  Surprisingly, the
Thiessen method (essentially a nearest neighbor method) is still in
use although it has been demonstrated many times that its perform-
ance is poor.

Much research focused recently on the problem of rain
gauge measurement accuracy, in particular the wind effect causing
underestimation of rainfall quantities.  Both experimental (inter-
comparison, Legates and DeLiberty 1993; Yang et al. 1998) and
numerical (computational fluid dynamics, Ne_por and Sevruk
1999; Habib et al., 1999) approaches are used to investigate the
problem.  The conclusion is that the underestimation of the long
term totals rarely exceed 5 percent for rainfall while snowfall esti-
mates maybe underestimated by as much as 50 percent.  However,
there are numerous other problems with rain gauge measurements.
All gauge designs require frequent maintenance and are subject to
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mechanical failures while the very popular tipping bucket suffer
from their inability to accurately measure lower rainfall amounts
(Steiner et al. 2000; Habib et al. 1999).  To help in early detection
of these problems Ciach and Krajewski (1999a) proposed to use a
dual-sensor design.  This configuration has been implemented at a
number of experimental sites with great success.

Weather Radar Based Methods

The technology has been in use for almost 50 years, yet
only recently it found its way into operational use.  Currently, the
single radar observable used in quantitative estimation of rainfall
(operationally) is radar reflectivity.  Its conversion to rainfall re-
quires the use of a Z-R relationship.  Much of the published re-
search focused on the problem of Z-R selection ignoring numerous
and often more significant sources of uncertainty.  Relatively little
has been reported on the problem of real-time anomalous propaga-
tion echo detection (Grecu and Krajewski, 2000c, the effects of the
vertical reflectivity profile and their correction, and the effect of
the spatial and temporal gradients in the rainfall processes (Kitchen
et al., 1994; Andrieu and Creutin, 1995; Joss and Lee, 1995;
Anagnostou and Krajewski, 1998; Anagnostou and Krajewski,
1999; Seo et al., 2000).

However, the single most important problem is lack of the
rigorous assessment method-ologies.  There is no system in place
that would systematically monitor progress in the field allowing
quantitative comparison of improvements in algorithms in a statis-
tically rigorous and hydrologically relevant way (Ciach and Kra-
jewski, 1999a,b; Ciach et al., 2000).  Young et al. (2000) attempted
such an evaluation of the hourly product used operationally by the
National Weather Service as input to hydrologic models and con-
cluded that they could not find indepen-dent information.

Another important problem is that for proper assessment of
radar-rainfall errors we need to know the spatial variability of point
rainfall at scales below that of the typical resolution of radar-based
products (i.e., 2 km by 2 km).  Operational networks have inade-
quate spacing and past experimental studies (in the 40s, 50s, 60s,
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and 70s) did not cover such small scales either.  Small-scale clus-
ters of rain gauges should be established operationally to collect
the relevant information for different rainfall regimes.

The upcoming technology of multiple parameter radar has
been demonstrated to be promising but a systematic system for its
evaluation is needed otherwise there is a potential that significant
investments will be wasted.  An experiment Joint Polarization Ex-
periment (JPOLE) planned for 2003 is a major opportunity in this
respect.

Extensive use of radar observation in research (e.g., in the
context of WEB) has been hampered by difficult and costly access
to data.  The National Climatological Data Center (NCDC) that
archives both the data and the products is not set up for efficient
and convenient data distribution.  It takes a considerable effort and
expertise to assemble a radar-rainfall data set for research on other
applications.

Satellite-Based Methods

The research community in the field of rainfall estimation
has been very active in the past 10 years (e.g., see Petty and Kra-
jewski, 1996; Petty, 1995).  The culmination of their efforts was
the Tropical Rainfall Measurement Mission (TRMM) launched in
November 1997 (Simpson et al., 1996; Kummerow et al., 1998).
The mission continues stimulating much of rainfall research, in-
cluding research on new rainfall estimation algorithms and their
validation.  Perhaps the most mature satellite-based rainfall esti-
mation product is the 10 year data set of monthly rainfall produced
by the Global Precipitation Climatology Project (GPCP) with
resolution of 2.5º by 2.5º (Huffman et al. 1997).  An important as-
pect of the project continues to be the validation of its results.
Several algorithm intercomparison projects (AIPs) were conducted
and a center for surface reference data has been established to pur-
sue the validation activities (e.g., Arkin and Xie 1994; PIP-1, 1994;
Krajewski et al., 2000).  The GPCP is being reorganized towards
producing a higher resolution global data set (daily accumulations
at 1º by 1º spatial resolution).
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There are many algorithms documented in the literature and
the previous inter-comparison projects do not indicate a clear
“winner.”  To establish the accuracy of the space-based products
rigorous framework is needed together with adequate reference
data.  Depending on the space/time scale of the products the re-
quirements for the type and accuracy of the reference data may
vary considerably.

The international research community is planning a succes-
sor to TRMM called Global Precipitation Mission (GPM), a con-
stellation of eight orbiting satellites equipped with the same pas-
sive suite of sensors calibrated with a space-borne radar.  The mis-
sion is a major opportunity for studies of global processes and in-
tegrated management of water resources.

Methods and Systems for QPF

Classification of the QPF methods is less obvious.  For the
purpose of this presentation one can distinguish statistical methods
and physically-based methods.  The focus in the discussion below
is on short-term (hours) forecasting methods.  The statistical meth-
ods are based on empirical data for a variety of observing systems.
The methods seek a relation between observed data and the future
precipitation quantities.  A recent review of the methods based on
radar observations was given by Wilson et al. (1998).  Also Grecu
and Krajewski (2000b) conducted a large-sample study of such
methods.

The statistical methods can be (and are) used in operational
environment (Zawadzki et al., 1999; Wilson et al., 1998).  The
main challenge here is to design an experiment that would allow
consistent, statistically sound, long-term evaluation of the per-
formance of these methods.  Also, as follows from the discussion
above on the rainfall estimation methods, it is important to figure
out a way to separate the forecasting error that is due to the method
from that of the observation that serve as the forecast verification.

The second group of methods is mathematical models of
the physical processes involved in generation of precipitation.
These models range from detailed cloud physics models to mesos-
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cale models with parameterized cloud physics to simplified verti-
cally integrated models that focus on the precipitation processes.
The main challenge here is data assimilation.  Major opportunity
exists if the difficulty of assimilating radar data can be overcome
(e.g., Sun and Crook, 1997; Grecu and Krajewski, 2000a).  The
approaches currently being explored focus on variational methods.
In addition to the issues of computational efficiency, these methods
do not explicitly account for the model error.  Kalman filter type
methods provide a framework in which both the modeling error
and the observational error can be acknowledged and quantita-
tively accounted for.  However, at this time feasibility of such
methods is questionable and the potential benefits difficult to as-
sess.  Filtering methods can be used (Georgakakos, 2000) with a
simpler class of physically-based models such as those proposed
by Lee and Georgakakos (1996) and French and Krajewski (1994).
Again, well design comparative experiments are needed to prop-
erly assess the performance of the complex and simple models.

Recommendations: QPE

•  Deploy dual-sensor rain gauge designs in the operational
environment.

•  Establish clusters of rain gauges for observations of
small-scale rainfall variability.

•  Develop benchmarks of radar-rainfall estimation per-
formance for monitoring progress in algorithm development and
assessment of new technologies.

•  Develop methodologies of using rain gauge data based
reference standards for evalua-tion of radar-rainfall estimates.

•  Develop new sensors and technologies that would pro-
vide a better reference standard than the gauges.

•  Improve access to radar-rainfall data for the research
community.
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Recommendations: QPF

•  Develop a set of benchmarks based on large samples of
data.

•  Develop a framework for evaluating the quality of fore-
casts independent of the errors of the reference data.

•  Conduct comparative studies of various models and
methods in a consistent way.
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ISSUES OF SCALE ON PRECIPITATION
PREDICTABILITY

E. Foufoula-Georgiou
University of Minnesota

INTRODUCTION

It is well known that some factors affecting predictability
of atmospheric and hydrologic variables are related to: uncertainty
in the initial conditions, uncertainty in the boundary conditions,
and inadequate knowledge of the system dynamics and multiscale
interactions of the involved variables.  Efforts aimed at quantita-
tively determining the range of predictability in the atmospheric-
hydrologic system have been based either on idealized systems of
dynamic equations or in model predictability studies employing
more elaborate numerical models.  In the first case, methods of no-
linear dynamics (e.g., Lyapunov exponents) or methods of stochas-
tic propagation of uncertainty have been used to assess predictabil-
ity.  In the second case, predictability is assessed by quantitative
comparison of model forecasts with observations (assuming that
the model is completely known and true).  In both cases, several
issues arise that are far from resolved and need a focused research
program to systematically address them.

In this talk, the following questions will be tackled both
conceptually and via examples.  Results are mostly restricted to
those obtained in our group and thus this note is far from compre-
hensive even in the questions that it tries to address.
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Question 1: How do the feedback characteristics of two-way cou-
pled land-atmosphere models impact predictability?

Answer: The feedback characteristics amplify uncertainties (due
to initial conditions, boundary conditions, and incomplete knowl-
edge of small-scale structure) and thus limit predictability.

Supporting Evidence:

It has been found that the nonlinear feedback dynamics of
the coupled land-atmosphere system amplify the small-scale (1-
5km) variability of the forcing variables to create larger-scale vari-
ability on other predicted water and energy fluxes (Nykanen et al.,
2000).  Such an effect imposes limits on the predictive power of
numerical hydrometeorological models even if the interest is at
larger scales (see also the discussion in Lorenz, 1969).  These re-
sults suggest that the small-scale variability of precipitation and its
nonlinear propagation through the land-atmosphere system cannot
be ignored if accurate predictions are desired.  Variability of pre-
cipitation at scales less than 5km can be incorporated in coupled
models in three ways:  (a) explicitly running the models at resolu-
tion of less than 5 km over the whole domain of interest even if
larger scale predictions are requiredd; (b) run nested models which
have lower resolution at the outer domain and less than 5 km reso-
lution in the inner domain which represents the area of interest;
and (c) run the models at a resolution that can account for the
mesoscale atmospheric dynamics (20-30 km) and statistically en-
hance the variability and resolution of precipitation while preserv-
ing large-scale averages and explicitly propagating this enhanced
variability (via fine scale two-way feedbacks) through the land-
atmosphere system.  Option (a) is computa-tionally infeasible in
most of today’s computers and for most researchers and is cer-
tainly prohibiting in operational forecasts.  Option (b) has its own
problems, which remain mostly unresearched to date.  A main
problem is the propagation of boundary conditions (e.g., see Chu,
1999), which manifests itself by giving different predictions de-
pending on the resolution of the outer domain, the convective
prameterization of the outer domain, and the size and position of
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the inner nested domain.  This forms one open problem in which
research has to be accelerated.

It has been found that the small-scale variability of cloud
hydrometeors and precipitation (down to less than 1 km scale) con-
siderably affects the radiative trasfer through simulated clouds (see
Harris and Foufoula-Georgiou, 2000) and thus precipitation re-
trievals from microwave sensors.  Typical algorithms for micro-
wave retrieval of precipitation are based on inversion of a data
base obtained from cloud model simulations (typically run at 3 km
resolution) and simulated brightness temperature computed via ra-
diative transfer.  It has been found that cloud models run at 3 km
resolution miss the proper variability at scales up to five times the
model resolution (see Harris et al, 2000).  Not accounting for this
variability affects the computed brightness temperature and the es-
timated precipitation at large scales (10 to 50 km estimates de-
pending on the channel frequency).  This in turn has an impact on
climate studies which use these tropical rain estimates for data as-
similation or climate model verification.

Question 2: How can the predictive power of models (which re-
mains one practical tool for assessing system predictability) be
assessed based on observations?

Answer: QPF verification methodologies, currently in use, present
problems and new methodologies that account for scale issues
must be developed for an accurate assessment of the predictive
power of models.

Supporting Evidence:

Typical measures of performance, such as threat score (TS)
and root mean square error (RMSE) have been shown to be of lim-
ited power to depict important differences between the forecasted
and observed precipitation.  A suite of multiscale methods for
comparison of forecasted precipitation to observed precipitation
has been developed and has shed some light into shortcomings of
numerical weather prediction models in terms of capturing statisti-
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cal properties of precipitation which are considered important in
the prediction of other fluxes in the land-atmosphere system
(Zepeda-Arce et al., 2000).  Some new measures of forecast verifi-
cation which are more appropriate for highly variable fields have
been explored, such as the Hausdorff distance between two images
and have been found to have potential for further study (Dodov
and Foufoula-Georgiou, unpublished manuscript, 2000).

A popular method of QPF verification based on RMSE
between the outputs of the model and point observations by trans-
forming the areal averages to point values (area to point) or the
point values to areal averages (point to area) has been critically
assessed and has been found to suffer from scale problems.  In
particular, changing the scale of the observations to match the
scale of the model output (point to area) or vice versa (area to
point) imposes a “representa-tiveness error” which is nonzero even
in the case of a perfect model (i.e., a model whose predictions are
indeed the true averages of the underlying field) and moreover is
dependent on scale.  It has been shown that the magnitude of the
representativeness error is significant (it can be up to 50 percent of
the spatial average of the precipitation filed) and has considerable
scale dependency within the typical mesoscale range of 5 to 50 km
(Tustison et al, 2000).  In verification studies in which model per-
formance is assessed as a function of model resolution, ignoring or
mischaracterizing the scale dependent representativeness error can
significantly affect inferences about the model performance as a
function of scale.  This is because the total error is composed on
the observational error, the representativeness error, and the model
error, and thus misspecifying the representativeness error directly
mispecifies the model error and any inferences about the model
performance as a function of resolution and thus predictability in-
ferences in general.  Some new methodologies are under explora-
tion, which are based on multiscale filtering and can explicitly ac-
count for scale effects.

Question 3: Theoretical studies of predictability and uncertainty
propagation across scales require that semi-empirical parameter-
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izations are appropriately scaled such that fluxes are preserved.
How is this to be accomplished?

Answer: Commonly used relationships must be studied to establish
‘’scaling’’ relationships, which depend on the form of the nonlin-
ear relationship and the spatial variability of the involved vari-
ables.

Supporting Evidence:

Through the analysis of a commonly used relationship that
parameterizes surface runoff as a function of soil moisture, it has
been demonstrated how the parameters of the relationship must
change with scale such that spatially averaged predicted fluxes can
be preserved at any scale of interest (Nykanen and Foufoula-
Georgiou, 2000).  Similar analyses can be performed for other re-
lationships such that the parameters are directly related to the
scale-dependent variance of the underlying field and the form of
the parameterization.  In our analysis, data from the 1997 Southern
Great Plains Hydrology Experiment (SGP97) have been used to
quantify the spatial variability of soil moisture and it was shown
that changing the scale (resolution) at which the model is applied
within reasonable ranges (5 km to 50 km) while keeping the pa-
rameterization the same can result in biases up to 30 percent in
predicted runoff.  These issues are not only of practical importance
for more accurate predictions but of theoretical importance too in
studies that will attempt addressing predictability questions based
on the dynamical equations of the land-atmosphere system.
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WHY AND HOW DOES PRECIPITATION CHANGE?

K. E. Trenberth
National Center for Atmospheric Research

INTRODUCTION

Why does it rain?  If a parcel of air rises, it expands in the
lower pressure, cools, and therefore condenses moisture in the par-
cel, producing rainfall—or perhaps snowfall. So key ingredients
are certainly the many and varied mechanisms for causing air to
rise.  These range from orographically uplifted air as air flows over
mountain ranges to a host of instabilities in the atmosphere that
arise from unequal heating of the atmosphere, to potential vorticity
dynamics. The instabilities include those that result directly in ver-
tical mixing such as convective instabil-ities, to those associated
with the meridional heating disparities that give rise to baroclinic
instabilities and the ubiquitous weather systems.  Thus cold air
pushing underneath warmer air (advancing cold front) or warm air
gliding over colder air (advancing warm front), and so on, can all
provide opportunities for air to rise.  These mechanisms for caus-
ing air to rise presumably do not in of themselves change.  They
need to be better understood and modeled, but from a societal
standpoint the fact that their relative importance can change with
time is of more consequence. These aspects have been the focus of
a lot of meteorological research and are only briefly addressed
here.

The other main ingredient in the opening statement about
why it rains is the assumption that there is moisture present.
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Where exactly does the moisture come from?  It is argued here that
this aspect of precipitation is one that has been under appreciated
and is worthy of more attention.  After all it will not rain at all un-
less there is a supply of moisture.

Questions and Issues

1.  Better documentation and processing of all aspects of
precipitation.  The needs include frequency, intensity, and amount.
Trenberth (1998) has argued for the creation of a data base of these
quantities using hourly precipitation amounts.  This time interval
averages over individual cells within a storm but typically allows
the evolution of a storm to be grossly captured.  It is compatible
with the time steps in global models, which are typically two or
three per hour.  It is viable from a data management standpoint.  It
is also viable from many observations, from recording rain gauges
and from radar (e.g., NEXRAD) and satellite (e.g., TRMM,
GOES) estimates.  In fact, remote sensing measures the instanta-
neous rain rate, not amount over time, and this has to be converted
into a daily amount (e.g., by fitting of log-normal distributions;
Short et al., 1993a,b, also Shimizu et al., 1993).  Instead it would
be better converted into an hourly rate, and histograms of the rate
then provide the basic information database.

2.  Increased understanding of the efficiency of precipita-
tion and how it changes with environmental conditions.  “Precipi-
tation efficiency”' is defined as the ratio of the water mass precipi-
tated to the mass of water vapor entering the storm through its base
(e.g., Fankhauser 1988) or the ratio of total rainfall to total conden-
sation in modeling studies (e.g., Ferrier et al. 1996).  These studies
show that in typical storms the precipitation efficiency varies from
about 20 to 50 percent, and 30 percent seems a typical value.  In
one cloud/thunderstorm model, greater moisture content in the at-
mosphere produced more condensation and greater precipitation
efficiency (Ferrier et al., 1996).  However, warmer conditions,
which might accompany greater moister content could also imply
that more moisture might remain if relative humidity is a key fac-
tor, as is likely.  Therefore the rainfall may not increase in direct
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proportion to the moisture convergence because more moisture is
left behind.  The efficiency of precipitation in climate models is
implicit and has not been addressed.  Pollution and aerosols may
influence the microphysics of precipitation processes and also in-
fluence the efficiency of precipitation.

3.  Improved parameterization of convection in large-scale
models.  Parameterization of convection needs to be improved to
appropriately allow Convective Available Potential Energy
(CAPE) build up as observed and may involve “triggers” and
thresholds to initiate convection. This seems to be a scale interac-
tion problem in part, as larger scale motions may suppress or en-
hance the release of CAPE.  As well as the diurnal cycle it may
also be a key in the Madden-Julian Oscillation in the tropics which
has been difficult for models to get right.

4.  Improved observations and modeling of sources and
sinks of moisture for the atmosphere, especially over land.  This
relates to recycling and the disposition of moisture at the surface in
models, and whether the moisture is or is not available for subse-
quent evapotranspira-tion.  It relates to improved and validated
treatment of runoff, soil infiltration and surface hydrology in mod-
els as well as vegetation models.

5.  Improved analysis of precipitation rates.  We have ar-
gued (Trenberth, 1998, 1999a) that increasing the moisture content
of the atmosphere should increase the rate of precipitation locally
by invigorating the storm through latent heat release and further by
supplying more moisture, although what happens to the amount is
less clear, as the duration of a storm may also be shortened.  Some
analysis of model results supports this view but most analyses have
used daily and not hourly or higher frequency data, so they also
highlight the need for more attention to the nature of the analysis
of both models and observational datasets.

6.  Improved analysis of the frequency of precipitation and
changes in weather systems. Changes occur in large-scale atmos-
pheric circulation, extratropical storms and the overall baroclinic-
ity, from year to year and especially as the climate changes.  Held
(1993) notes that extratropical storms are greatly influenced by
moisture in the atmosphere and that one effect of increased mois-
ture content in the atmosphere is to enhance the latent heating in
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such storms and thereby increase their intensity.  On the other
hand, he also notes that more moist air would be transported pole-
wards by transient eddies, reducing the required poleward energy
transports normally accomplished by baroclinically unstable eddies
and the associated poleward down-gradient heat transports.  He
therefore argues that this would contribute to “smaller eddies” and
suggests that this means a decrease in eddy amplitudes.  While
recognizing that both effects are important, Held suspects that the
latter is dominant.  There are other possibilities not considered by
Held.  In particular, individual storms could be more intense from
the latent heat enhancement, but fewer and farther between (Tren-
berth, 1998), and so this relates to the frequency of storms and pre-
cipitation.  Changes in the vertical temperature structure (the lapse
rate) will also play a role in such storms.  Therefore another major
factor worth considering in more detail is the frequency and nature
of precipitation events.  CLIVAR is designed to address other as-
pects of changes and variability in atmospheric circulation.

7.  Improved simulation of the diurnal cycle of precipitation
in models.  This probably also requires improved simulation of the
diurnal cycle of temperature, cloud amount and atmospheric circu-
lation, as well, and especially the build up and release of CAPE.

8.  Improved ocean modeling. Rainfall amounts over the
oceans are also important because of its contribution to the fresh
water budget for the ocean—or equivalently salinity. It is a key in
the potential changes in the thermohaline circulation as the climate
changes (Gent 2000). Part of this also relates to runoff from land,
but it is evaporation and precipitation over the oceans, that is most
important along with mass transports and mixing within the ocean.

9.  Moisture sources for storms.  The above back-of-the-
envelope calculations on how far afield the storm-scale circulation
reaches out to gather in the moisture that fuels the storm and pro-
vides the precipitation probably vary greatly with synoptic situa-
tion, with season, and with the nature of the storm and mechanism
for producing the precipitation.  Can, these numbers be consoli-
dated and refined, and it is worthwhile?
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EVOLUTION OF REGIONAL HYDROLOGIC
PROCESSES WITHIN THE CLIMATE SYSTEM

AS AN INITIAL VALUE PROBLEM:  AN OVERVIEW

R. A. Pielke Sr.
Colorado State University

The "hydrologic system" is an intimately coupled compo-
nent of the Earth's climate system.  It is more appropriate, there-
fore, to discuss hydrologic processes as a component of the cli-
mate, rather than as "a hydrologic system".  Interactions within the
climate system occur at a wide range of temporal and spatial
scales, as discussed, for example, in Pielke (1998).  In the context
of prediction, the interactions that involve water with other com-
ponents of the climate results in an initial value problem, if the
feedbacks are sufficiently large and nonlinear, and occur within the
time period which the forecasts are made for.  A consequence of
these nonlinear interactions is that the climate system is inherently
chaotic.  In my talk, the concept of climate as an initial value
problem will be illustrated with respect to land-atmosphere feed-
backs, first with simple models (Zeng et al., 1990; Pielke and
Zeng, 1994), and then with several more physically realistic cou-
pled regional and global models of the Earth system (Chase et al.,
1999; Pielke et al., 1999; Eastman et al., 2000; Lu et al., 2000).  In
the context of land-atmosphere interactions, these feedbacks range
from short term biophysical, to medium range biogeochemical, to
long-term biogeographical interactions.  Hydrologic processes are
involved on each of these time scales.  These conclusions are being
confirmed by other investigators as reported, for example, in Pit-
man et al. (1999), Chen et al. (2000), and the numerous reference



Copyright © National Academy of Sciences. All rights reserved.

Report of a Workshop on Predictability & Limits-To-Prediction in Hydrologic Systems��� 
http://www.nap.edu/catalog/10337.html

Appendix B 99

citations in Pielke (2000).  Among the major conclusions thus far
are:

1.  Hydrologic processes must be coupled with carbon and
nitrogen processes (and those of other trace gases and aerosols) in
order to develop a realistic understanding of the climate.  The con-
cept of WEB (Water-Earth-Biota; Gupta et al. 2000:http://cires.-
colorado.edu/hydrology), which has been initiated by the Hydrol-
ogy Division of the NSF is an initiative to integrate these processes
within a research framework.

As an example of this need, with respect to the concept of
carbon sequestration (which is designed to reduce the net input of
the radiatively active gas carbon dioxide into the atmosphere),
there has been no assessment of whether water vapor, another ra-
diatively active gas, would have increased input into the air as a
result of this carbon mitigation approach.  The net result of a car-
bon sequestration program that does not also consider the associ-
ated effect on hydrologic processes could be a greater net flux of
radiatively active gases into the atmosphere (as well as a change of
the net radiation at the surface by altering its albedo) than would
occur without carbon sequestration!

2.  The biological effect of CO2 on ecosystem function and
feedback into atmospheric dynamics and thermodynamics must be
included in the assessment of climate and weather prediction.  In
the short time period, for example, locally increased carbon diox-
ide associated with urban pollution can alter the stomatal resistance
to transpiration loss.  This reduction in water flux can influence
convective available potential energy (CAPE), and thus subsequent
rainfall.  On long time scales, the transient evolution to increased
carbon dioxide can affect vegetation species composition (more C3
plants at the expense of C4 plants, for example), which subse-
quently feedbacks to alter rainfall amounts and patterns, as shown
by Eastman et al.  (2000).

3.  Human caused landscape disturbance is a major per-
turber of the Earth's climate system on the global scale.  Indeed, it
appears to already have had an effect on the Earth's climate system
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that is as large or larger than claimed for the radiative effect of
doubled CO2. Landscape change has been accelerating and our
largest alterations have occurred in recent years (Leemans 1999;
O'Brien 2000).  This conclusion requires that we must include
landscape as an initial value within models of the climate.

4.  The success of seasonal weather forecasts has primarily
been a result of the treatment of the sea surface temperatures as a
static lower boundary condition (Landsea and Knaff 2000). These
seasonal "nowcasts" work because the dominant atmospheric-
ocean feedbacks occur over a relatively long time (i.e., longer than
a season).  Similarly, antecedent soil moisture provides a long
enough memory for useful seasonal nowcasts (such an inertia
within the climate system can help explain the persistent of the
Texas drought and heat this summer, since the vegetation in the
region is not transpiring due to poor soil moisture).  The lack of
skilled multi-year SST predictions apparently results because the
forecasts on this time period are no longer nowcasts, but true initial
value problems with the inherent limitation on the ability to fore-
cast the future.

For these reasons, the concept of weather prediction as an
"initial value problem" while "climate is a boundary problem" is
being replaced with the new paradigm that weather occurs over a
short enough time period so that many of the feedbacks within the
climate system do not occur.  Both weather and climate are, in fact,
initial value problems.  "Weather" should be viewed as one subset
of the "climate" system.
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