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1. Introduction

Recent extreme weather events have demonstrated vividly that the nation's human and
economic resources are increasingly sensitive to a wide variety of weather phenomena. Rapidly
growing population in urban and coastal areas, and the concomitant increase in property values
renders the U.S. especially vulnerable to damage and flooding from intense convective and
coastal storms. More than ever, the nation stands to benefit from more timely and accurate
weather information.

Fortunately, the U.S. is well-positioned to produce the desired increase in forecast
accuracy, but it must capitalize on its large investment in the modernization of the National
Weather Service's observing tools and forecast offices and take additional steps to improve its
numerical weather prediction capability. Though excellent progress has been made in the
numerical prediction of synoptic-scale weather systems, significant deficiencies exist in our
ability to forecast accurately the spatial and temporal distribution of precipitation, especially
from intense or small-scale storms. The U.S.Weather Research program (USWRP) was created
to help determine what research priorities, observing systems and field experiments are
necessary
to best realize the needed gains in forecast accuracy. The initial foci of the USWRP are the
hurricane landfall problem (discussed by Frank Marks and coauthors in the February 1998 issue
of Bulletin of the American Meteorological Society, pp. 305-322), quantitative precipitation
forecasting and the optimal mix of atmospheric observing systems.

Improved quantitative precipitation forecasts (QPF) are the key to reducing the loss of
life and property noted in the opening paragraph. Damaging floods, whether caused by coastal
storms, severe thunderstorms, or long-lived convective systems, are responsible for much of the
human suffering and economic loss caused by these often poorly predicted weather events.
Heavy precipitation in the form of snow or ice also causes much distress and financial loss, as
evidenced by events in the upper Midwest in December 1998. Although the economic value of
improved forecasts of such events is not the subject of this report (another component of the
USWRP is addressing this issue), it is noted that, in a better-forecast winter storm during 1997
over the East Coast, airlines saved hundreds of millions of dollars by canceling or rerouting
flights in advance of the storm.

How does one improve QPF accuracy? First, by observing well the important variables,
such as moisture, that contribute to the generation of heavy precipitation. The spatial and
temporal variability of moisture is poorly known, and the observing systems needed to remedy
this must be fully exploited or newly developed. Second, detailed measurements of wind,
temperature, surface and cloud properties are needed as well. Many detailed measurements are
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made now by radars, satellites and other systems, but not necessarily of the variables used in the
prediction models. Thus the need exists not only to determine the optimal mix of observing
systems (one of the three USWRP objectives), but also to make more intelligent and complete
use of the measurements currently available. Finally, researchers must learn how to incorporate
all these old and new measurements into the prediction models used by the National Weather
Service (NWS). Using observations effectively in prediction models is the subject of Data
Assimilation, and good data assimilation is a major key to improving QPF.

The purpose of this document, therefore, is to provide the scientific rationale and
justification for a five-year research plan for the assimilation of meteorological observations into
numerical weather prediction models. In the broadest sense, meteorological data assimilation is
partly the incorporation of atmospheric measurements into computer models that predict
atmospheric behavior and partly the accommodation of such models to a set of observations.
The goal of data assimilation is to produce a regular, physically consistent, four-dimensional
representation of the atmosphere from a heterogeneous array of in situ and remote instruments
which sample imperfectly and irregularly in space and time. Models and observations are
inextricably linked in building this representation. Though data assimilation seldom receives
public notice, it is true that today's computer forecasts would be impossible without it.
Moreover, improvements in data assimilation are just as important as improvements to the model
itself for accurate forecasts. For example, it is estimated that at least half the error in a two-day
forecast of wind, temperature, or pressure is due to errors in the initial analysis.

Meteorological data assimilation addresses a number of problems that will be introduced
here and treated more thoroughly in Sections 2 and 3.

a. Advanced data assimilation methods

An atmospheric model state is defined by a set of numbers, either spectral coefficients or
gridpoint values, which represent atmospheric conditions within the context of that model. Far
from being arbitrary, the state must be completely consistent with the dynamical equations and
prescriptions for physical processes that govern the model. Additionally, the model evolves
from one state to another deterministically, except for models that have stochastic elements. The
fundamental problem in data assimilation, addressed in this plan, is to find a model state that
best fits current observations, or a succession of states that best fit a time series of observations.

A pervasive problem in data assimilation is the collection and use of comprehensive error
information, in particular, standard deviations of errors, and correlations among errors associated
with the assimilating models and the observations that they assimilate. This research plan
addresses how best to obtain error statistics for the assimilating model. Such statistics
traditionally come from a performance history of the assimilating model and are currently fixed,
at least for a given season. Ideally, however, they should be situation dependent. Ensemble
forecasts, to be discussed later, may be a source of situation-dependent statistics. Developing
better forecast error statistics is one of the preeminent problems in data assimilation.

Because observations come from many types of instruments and measure different-sized
volumes of the atmosphere in various ways, this plan also stresses the need to develop statistics
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of observation error.

Many quantities measured in the atmosphere do not match those predicted in numerical
models. Examples are the intensity of radiation in a specific wavelength interval measured by
satellite; the radial component of the three-dimensional wind measured by a Doppler radar, or
the total precipitable water vapor in a column inferred from analyzing signal delays from Global
Positioning System satellites. Should these observations be ignored merely because they give no
explicit information about the state being analyzed? Certainly not. Section 2 of this plan
examines the estimation of observed quantities from variables in the assimilating model
[subsection b, part 2)] and, conversely, methods for inferring model variables from observations
[subsection b, part 3)].

Finally, uncertainties in the initial state invariably grow as the forecast period lengthens
until the forecast eventually loses all skill. By determining the limits of predictability for various
phenomena, it is possible to focus efforts where a good return on research investment is likely.
It would be fruitless, for example, to try to predict a microburst on the north-south runway at the
Denver International Airport 30 hours in advance. On the other hand, it may be reasonable to try
to predict the position of a rain-snow line across Iowa, a feature of tomorrow's winter storm.

b. Observations and observing strategies

Meteorological observing systems provide information about the atmospheric state
through direct measurement. New observing systems are deployed as instrument technology
matures. However, an overall strategy for observing the atmosphere in ways that maximize the
accuracy of numerical predictions does not exist, and questions regarding the best mix of
observing systems in different parts of the world, the best variables to measure, and the optimum
spatial coverage and temporal frequency must be carefully addressed.

Sensitivity tests measure the effect on forecast accuracy of withholding an existing
observing system from the initial analysis or adding a new one. They show the importance of
that observing system relative to the overall mix under a variety of real weather situations. In
contrast to sensitivity tests, simulations are necessary to gauge whether a proposed new
observing system will improve forecasts enough to justify the cost. Producing realistic
simulations of new observing systems remains a formidable scientific challenge. To answer
questions posed in the preceding paragraph, this plan proposes specific sensitivity tests and
simulations.

The idea of summoning observing resources when and where needed has gained recent
prominence. This plan addresses several questions related to targeted observations: How does
one decide where and when observations are needed? For example, where should extra
observations be taken to improve the forecast of an expected winter storm in the central Great
Plains four days from now? Or the forecast of thunderstorms over Alabama 12 hours from now?
And what kind of observations are best in a given situation? Numerical experiments and field
tests have made progress toward answering such questions. This plan proposes two follow-up
field experiments designed not only to improve targeting but also the ability to assimilate
targeted observations and make them count in the model forecast. These field experiments will
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also lay the groundwork for judging which types of observations are most cost-effective.

c. Origin and context of this plan

This plan has been prepared under the auspices of the USWRP, whose overarching
objective is to improve the specificity, accuracy, and reliability of weather forecasts for high
impact weather. By definition, high-impact weather changes behavior and results in a decision
or action. High-impact weather may be a threat to life and property or temporarily disrupt
normal activity, but it can also have great economic value, as in a well-timed gentle rain falling
just as the seeds for a crop are germinating, or a cool summer obviating the need for extra power
generation.

The USWRP formed 10 Prospectus Development Teams of experts, each charged with
examining the potential for breakthroughs in a specific meteorological discipline. The findings
of these teams have been published in the Bulletin of the American Meteorological Society
starting in July 1995. As a result of these deliberations, the USWRP Science Steering
Committee recommended three initial research foci:

* studies related to the importance and mix of observations
* studies related to quantitative precipitation forecasting
* studies related to hurricane forecasts near landfall

NSF, NOAA, NASA, and the Office of Naval Research have already awarded many research
grants to address these problems, but data assimilation is so strongly linked to all three, that the
USWRP elected to generate a comprehensive research proposal emphasizing assimilation
methods and their dependence on observational input.

In December 1997, the USWRP sponsored a Workshop on Data Assimilation in
Monterey, California to develop a five-year plan for research related to data assimilation with the
objective of improving numerical predictions from zero to five days. Discussions covered the
following topics:

* Advanced assimilation techniques for very short to medium range forecasts with
emphasis on non-conventional observations

* Determination of error statistics needed in data assimilation
* Role of ensemble forecasts in data assimilation
* Predictability of high-impact weather as a function of observational input and data

assimilation strategies
* Appropriate roles of observations from space, remote sensors at ground level, and in situ

measurements
* Strategies for targeting observations

Three days of discussion during the workshop provided the material for this research plan.
Appendix A includes the workshop agenda and a list of attendees.

d. Preview

The main body of this report provides a detailed discussion of the two major issues:
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advanced data assimilation strategies (Section 2) and observations and observing strategies
(Section 3). Each section attempts to identify the most important problems, explain why they are
important, and recommend research appropriate for addressing them.

Section 4 introduces two field experiments that will support data assimilation research
and help achieve forecast improvement goals. One is planned for the North Pacific to determine
the observing systems and sampling strategies needed to optimize the skill of forecasts of Pacific
storms affecting the western U.S. This also involves the science of ensemble forecasting (see
Section 2) and targeted observations. The second field experiment is needed over the continental
U.S. during the warm season to study the initiation and evolution of flood-producing convective
systems. The primary objectives here are to address the moisture measurement problem, to
determine the optimal mix and use of radar, satellite and other observing systems and to identify
the key physical mechanisms that produce floods. Additional justification and practical benefits
of these two experiments are detailed in Section 4.

Recommendations for research priorities are in bold face.

2. Advanced Data Assimilation Methods

a. An overview of data assimilation

Data assimilation produces a regular, physically consistent, four-dimensional
representation of the atmosphere from a heterogeneous collection of in situ and remote sensing
instruments that sample imperfectly and irregularly in space and time. Initially, data
assimilation systems were based on simple heuristic schemes. Today, estimation theory is used
in data assimilation schemes to yield the statistically mostprobable analysis based on available
information (e.g., observations, a forecast from the previous analysis time, dynamical and
physical constraints) and statistics associated with the information. Although statistical
estimation theory has been applied successfully in many other fields, the application of its
techniques to atmospheric and oceanographic data assimilation presents several unique
challenges. The nonlinear physical processes, the large number of degrees of freedom (currently
-10 million) and the diverse and irregular observing system make the direct and complete
application of the theory difficult. This section provides a cursory overview of data assimilation
intended primarily as a basis for the later discussion but certainly not as a survey of the subject
area. An extensive survey of modem data assimilation can be found in Data Assimilation in
Meteorology and Oceanography: Theory and Practice, a special issue of the Journal of the
Meteorological Society of Japan edited by M. Ghil et al., 1997.

1) THREE-DIMENSIONAL VARIATIONAL ANALYSIS

Many of the important components of data assimilation and the relevant terminology can
be defined by examining a three-dimensional variational analysis system. While the description
here will be for the 3-D variational scheme, most of the terminology and basics are also relevant
for 4-D variational schemes and Kalman filtering. Most operational data assimilation centers are
either using or developing a 3-D variational system. For this presentation, it is assumed that the
analysis is based on a forecast from the previous analysis time (the background field), a set of
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observations, and a set of constraints.

It is generally assumed that the analysis and observations are unbiased, the errors are
normally distributed, and the errors in the observations are uncorrelated with the errors in the
forecast and the dynamical constraints. These assumptions are probably invalid in many cases,
and accountingfor biases and non-normal error structure is a focus of data assimilation
research. However, if these assumptions are made, then the analysis problem can be stated as
minimizing a measure of the total distance of the analysis from the prior information, with the
sources of prior information weighted by the inverses of their associated error covariances. This
measure, J, is referred to as the objective function, penalty function or cost function, and can be
defined as

J = (X--Xb)T '(X-Xb) + (H(x)-y) T E-(H(x)-y ) + C(x)T DC(x) (1)

where
x is the analysis vector
Xb is the background vector (this field is also known as the "first guess")
B is the background error covariance
H is a forward operator which transforms the analysis into the form of the

observations
y° is the observation vector
E is the observational and representativeness error covariance
C is a set of constraints
D is the error covariance associated with the constraints.

Note that the ( )T represents the transpose of a vector or matrix, and ( )"' the inverse of a matrix.
Formulation of the 3-D variational analysis is equivalent to the Optimal Interpolation (OI)
analysis formulation when no data selection is done and observation operators are included.

The objective function (J) is minimized using nonlinear minimization (programming)
techniques. The minimization procedures for more than a few variables require the calculation
of the gradient of J. In this case, the gradient is:

aJ/ox = B-I(x-xb) + H TE-(H(x)-y° ) + C TD'C(x) (2)

where
HT is the transpose of the linearization of H around x (or the adjoint of H)
CT is the transpose of the linearization of C around x (or the adjoint of C).

Thus, the adjoints of both the forward operator and the constraints are required for the
calculation of the gradient of the objective function (J). Also, the differentiability of the H and C
operators with respect to x is required. The various terms on the right hand side of the analysis
equation (1) are discussed in more detail below.

(i) The background term
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The first term on the right-hand side of (1) measures the fit of the analysis to the
background. The background should be the best estimate of the state of the analysis (e.g., a
short-term forecast), and the background error covariances are the associated error statistics for
that estimate. Thus, if the background state is changed significantly, the background error
covariances should be modified to reflect the statistical properties of the change.

The analysis vector does not have to be the ame as the initial conditndions for the forecast
model, but it must be possible to uniquely transform the analysis vector into the initial model
state. Flexibility in the choice of analysis vector can be very useful: clever choice of the analysis
vector can lead to a simplified definition of the background error covariance. For example,
analysis systems at the National Centers for Environmental Prediction (NCEP) and the European
Centre for Medium Range Weather Forecasts (ECMWF) combine the balanced part of the flow
from the velocity field and the temperature field into a single analysis vector, allowing simpler
descriptions of cross-correlations between the velocity and temperature fields.

The weighting implied by the background error covariance is extremely important in
determining the quality of the analysis. The information in the observations is distributed
spatially in the vertical, horizontal, and among analysis variables based on the structure of the
background error covariance. In most operational systems, the background error covariance is
static (i.e., the same background error covariance is used at all analysis times) or quasi-static (the
variance changes with time). The use of static or quasi-static background error covariances is
not a good approximation in many situations, especially in rapidly changing (e.g., mesoscale)
situations.

(ii) The observation term

The second term on the right-hand side of (1) measures the fit of the analysis to the
observations. The forward operator (H) transforms the analysis vector into the same form as the
observations. For example for radiosonde data, the analysis is transformed into temperature,
moisture and wind profiles at the observation locations. For satellite radiances, the analysis is
transformed into satellite-measured radiances at the observation locations. Therefore, in this
case, the use of radiances requires an additional computational step, which is the application of a
radiative transfer algorithm to temperature and moisture profiles, to produce radiances at the
observation locations.

The observational and representativeness error covariance matrix determines the relative
weighting of observations with respect to other observations and with respect to the background
and constraints. The representativeness error is an important component of this matrix since it
represents the inability of the analysis to represent the observation. For example, if the analysis
is produced at a resolution of -200 km and a radiosonde is launched through a thunderstorm, the
observations may be accurate, but they represent scales smaller than the scale of the analysis and
should not be represented in the analysis. For analysis of observations requiring forward
models, such as radiative transfer or cloud models, the representativeness error includes errors in
the forward model. Because these errors can be quite large for some observations, they
introduce additional biases and correlations that must be considered.
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The observational and representativeness error covariance matrices are generally defined
empirically, with the lower bound being the quoted instrument accuracy and the upper bound
being the fit of the background to the observations. The matrix is generally assumed to be
diagonal (except in the case of height profiles and satellite retrievals). This assumption is not
valid in many situations, especially due to presence of correlated representativeness error.

(iii) The constraint term

The third term on the right-hand side of (1) measures the fit to constraints. These
constraints can vary considerably: dynamical constraints (divergence tendency equations),
physical constraints (e.g., limiting moisture to be positive), or statistical relationships among
variables. Again, the error covariance matrix associated with the constraints determines the
relative weighting of a particular constraint versus other constraints and against the background
and observations. Currently in most systems, this term is smaller than the background and
observational terms.

2) FOUR-DIMENSIONAL VARIATIONAL ANALYSIS

In theory, 4-D variational analysis is very similar to 3-D variational analysis. In 4-D
variational analysis, the observations are distributed over some time interval and the analysis is
performed over the same time interval. Over the time interval of the analysis, the forecast model
used in the assimilation is usually assumed to be perfect. (In some formulations this assumption
is relaxed, allowing the introduction of some simple error modes in the forecast model or
modification of the error statistics of the forward model.) Because of this assumption, the
forecast model can be incorporated in the forward operator (H) and thus the initial conditions
determine the solution throughout the analysis interval. The problem is then reduced to finding
the initial conditions to the forecast model which best fit the background, the observations over
the assimilation interval, and the constraints. Note that even though the solution is found at the
initial time, the solution fits the data over the entire analysis interval with weighting specified by
the observational and representativeness error covariances. There are research opportunities in
the development of adjoint and tangent linear codes required for 4-D variational analysis. A
priority should be the development of accurate, differentiable physical parameterizations.

3) KALMAN FILTERING

Kalman filtering and smoothing represent important alternatives to 4-D variational
techniques. The Kalman filter is a sequential algorithm in which the analysis is created using
the data at the analysis time, a forecast spanning the time between past and current analyses, and
a background error covariance. The background error covariance is estimated by using the
model equations (or a linearization of the model equations) to extrapolate forward in time the
analysis error covariance while including a model error covariance term. The major differences
from the 4-D variational technique are that the model is assumed to be imperfect, and, since the
algorithm is sequential, theoretically the analysis interval can extend arbitrarily far back in time.
These differences should give Kalman filtering an advantage over variational approaches in
meteorological data assimilation. However, application of the complete Kalman filter in this
context is very difficult because of the huge computational demand for prediction of the
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covariance matrix, inadequately defined forecast error covariances, and nonlinear effects of the
dynamics and physics in the assimilation system. Currently, no operational data assimilation
system uses the Kalman filter, though several institutions are attempting to develop one. The
NASA Goddard Space Flight Center has developed a chemical constituent assimilation system
using Kalman filtering. Substantial additional theoretical and numerical development is
necessary for Kalman filtering to become practical in operational numerical weather prediction.

Note that Kalman filtering is closely related to 4-D variational analysis. For a linear
problem, the solution at the end of the analysis interval from the Kalman filter would be
equivalent to the variational problem defined in (1) if the dynamics of the forecast model were
included in the constraint term. By contrast, in 4-D variational analysis, the forecast model is
included in the operator H. It is very possible that eventually the computationally feasible
analysis technique will be a hybrid of the 4-D variational and Kalman filter techniques.

The extrapolation of error covariances forward in time in Kalman filtering is extremely
important. If no data are incorporated, the prediction of the error covariance is a measure of
model forecast skill. Likewise, with the inclusion of the data, the error covariance provides a
measure of the amplitude and structure of the expected error in the analysis and can be used in
initializing ensemble predictions.

b. Focalpointsfor research

1) IMPROVE ERROR STATISTICS

Error statistics in a data assimilation system play an extremely important role in
determining the relative weighting of the observations, constraints, and background; the error
statistics determine the spatial interpolation of analysis increments. Also, biases in the
observations and background are difficult to remove properly without special attention. Because
of the extremely important role of the error statistics, it is quite possible that a simple algorithm
with good error statistics can outperform a sophisticated algorithm with poor statistics.

The current techniques for determining and specifying the statistics are rather crude. The
observational and representativeness error covariances are specified quasi-empirically with a
lower bound from the data provider and the upper bound from the fit to the background. The
background error covariance in the variational system has often been specified by a technique
devised at NCEP. In this technique, the background error covariances are specified using
differences between 24- and 48- hour forecasts valid at the same time. Though this practice has
provided useful results, it cannot be justified theoretically, and there are many counter examples
when it will not work. In addition, in most current systems the statistics are static or quasi-static
in time. It is clear that substantial improvements can be made to the analysis using situation-
dependent or time-dependent error covariances.

It is generally assumed that the bias in the background is zero. This is clearly not true,
and an improved specification of the bias (probably situation-dependent) is needed. For
observations, the biases are also generally assumed to be zero, except for the satellite radiances
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and for radiation corrections to the radiosonde. Without the removal of the biases from the
satellite radiances, the data would not be useful because the biases are often larger than the
signal. For the satellite radiances and radiation corrections, considerable additional work is
necessary to improve the current algorithms.

Because statistics used in the analysis practically determine its skill, several important
research priorities are directed toward improving the representation of the statistics. The highest
priority is improved estimation of the background error covariance. However, it is unclear
which technique for specifying the error covariance would produce the best results. For this
reason, four projects are proposed: estimation and validation of error covariances from
model/observation differences, coupling of ensemble prediction and error covariance
estimation, time-dependent error covariance estimation from Kalman filtering, and flow-
dependent error covariance estimation through transformation of coordinate. In addition
to improving specification of the background error covariances, it is important to remove the
effects of bias in the model background and improve the specification of the observational and
representativeness errors; this is the focus of projects (v) and (vi) in the list below.

(i) Estimation and validation of error covariances from model/observation differences

The background error covariances are difficult to estimate because the truth is
imperfectly known. Since the advent of 3-D variational schemes, the number of degrees of
freedom in the representation of the background error covariances has increased substantially
over that used in optimum interpolation systems. Because observations are incomplete and
contain errors, a large sample of observations is required to populate all of the degrees of
freedom of the error covariances. Most operational centers calculate the necessary information
within their assimilation cycle, but these statistics are not always used to generate the error
covariances. Only a few incomplete studies have been directed toward using these data to
validate error covariances derived using other means. It is possible that the best format for
producing the model/observation differences may be in the reanalysis mode.

The differences between the observations and simulated observations from the
background (using the forward operator) are referred to as innovations. The innovations
collected from each instrument can be used to estimate the innovations covariances. For
radiosondes, it is straightforward to use these innovation covariances to separately estimate the
background and observation error statistics. This technique has been used in the past (and still is
at some centers) to obtain good estimates of background (and observation) error variances and
correlations over well-sampled areas such as North America or Europe. Unfortunately, this
technique is more difficult to apply with space-based instruments because of the forward
operator, spatially correlated observation error, and variable observation locations. Nonetheless,
the required information on background and observation error statistics is implicitly
contained within these innovation covariances, and methods must therefore be found to
extract this information.

(ii) Time- or situation-dependent error statistics obtainedfrom ensembles

Ensemble forecasting entails running multiple forecasts, usually starting at the same
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time; it is based on the premise that weather forecasting is fundamentally stochastic, not
deterministic. The primary goal of ensemble forecasting is to provide a reliable, useful estimate
of the evolution of some properties of the probability density function (PDF) of the atmospheric
state. A direct.outcome of ensemble forecasting is explicit, probabilistic information on forecast
uncertainties obtained from the dispersion of ensemble members.

The relation of ensemble forecasting to data assimilation is through the analysis,
background, and forecast error covariances.- The ensemble forecast system attempts to estimate
forecast error covariance from the ensemble. The analysis error covariance should feed into the
ensemble forecasts, and estimates of forecast error covariance from the ensemble forecast system
(the so-called ensemble Kalman filter) can be used for background error covariance in the data
assimilation procedure (if the estimate is good enough). Error covariances are needed that
reflect the spatial distribution, temporal variability, flow dependence, size and structure of
analysis uncertainty, and ensemble forecasts are one way to get them.

The consensus of workshop participants is that this type of coupling between ensemble
forecasting and data assimilation has potential, but certain pitfalls must be avoided. The optimal
ensemble for medium-range prediction may not be the optimal ensemble to provide short-range
estimates of forecast error covariance for data assimilation. It is probably best to err on the
conservative side - since detailed, but erroneous background error covariances will lead to
erroneous analyses.

A chaotic system exhibits sensitivity to initial conditions. Because the atmosphere is
chaotic, small errors in the initial conditions of any numerical weather prediction model will
amplify as the forecast evolves. An atmospheric state is defined to be predictable in the
deterministic sense for as long as the error variance remains less than twice the climatological
variance. How long a particular meteorological feature remains predictable depends primarily
on its characteristic temporal and spatial scales, with small and short-lived features typically
being the least predictable. Because the atmospheric state can never be measured exactly, initial
analyses will always contain errors whose size and structure can only be estimated. Hence there
is no single solution, or truth to use for verification, but a spectrum of possibilities - even with a
perfect model.

Ensemble forecasts can be run as a function of plausible uncertainties in the initial state
and/or model formulations. The goal is to adequately sample the PDF with the minimum number
of ensemble members and with a realistic level of analysis uncertainty. What constitutes the
most efficient or effective way to perturb initial analyses when the model space is of dimension
106-107, but computational limitations restrict ensemble sizes to 10'-102 members? The answer
is currently unknown. A research topic of great practical interest is whether the value lies in
increasing the number of ensemble members or increasing the model resolution. The
answer clearly depends on the forecast objective and weather elements of interest.

Construction of an effective ensemble prediction system requires addressing three issues
that should be the focus of research supported in the USWRP: (1) Design effective initial
perturbation fields that are properly constrained by estimates of analysis uncertainty. (2)
Determine the minimum ensemble size required to robustly sample the evolution of the
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probability density function. (3) Determine the best way to exploit the wealth of
information contained in the output of the ensemble prediction system. These three issues
are clearly interdependent, and outcomes will vary according to the specific forecasting
objectives. The ensemble method of choice is likely to be different when considering, for
example: short-range estimates of forecast covariances versus medium- to long-range prediction;
prediction of a field such as 500 hPa height versus precipitation; or an explosive cyclone versus
a severe thunderstorm. Despite increasing awareness of its promise, ensemble prediction is still
far from a mature subject.

Several methods, including dynamically conditioned singular vectors, bred vectors, and
random perturbations are currently used in the generation of ensemble initial states, and the
perturbations generated by these methods have widely different characteristics in terms of
structure and amplitude. Ensemble initial perturbations, whether dynamically conditioned or
statistically generated (e.g., Monte Carlo, or random), should be properly constrained. Studies
should be performed to develop and compare methods for generating initial perturbations
in global, regional, and storm scales, and for short- and long-term prediction. Perturbation
strategies for mesoscale models that attempt to resolve convective-scale circulations warrant
special attention.

The method chosen for ensemble initial perturbation strongly controls dispersion of the
PDF during the linear perturbation growth phase, out to approximately four days for large-scale
flow. The perturbation strategy is largely unimportant for medium- and long-range prediction,
when growth is strongly nonlinear.

In contrast, the perturbation strategy is critical if ensembles are used to provide short-
range (less than 5 days) forecast statistics to be used in the formulation of background error
covariances in a data assimilation procedure. For example, covariance information from an
ensemble will not be accurate if the ensemble initial perturbations lack the proper structure. The
issue of the ensemble perturbation strategy is critical in any application that relates an ensemble
prediction system to data assimilation.

Introduction of stochastic physics into ensemble forecasting requires careful
consideration of the appropriate amplitude, and spatial and temporal scales for each source of
model error. Comprehensive guidance on this topic is not currently available, although some
encouraging results have been obtained. A prime subject for continuing research is the
development and evaluation of ensemble forecasting using perturbations of the model
dynamics or physics (or several choices of a physical parameterization), stochastic forcing,
or multiple- (as opposed to single-) model ensembles.

No single statistical measure is adequate for evaluating all the information provided by
an ensemble forecasting system. Because each provides important information on performance,
results should be evaluated by a variety of appropriate measures. Methods must be developed
to improve the extraction and presentation of information from ensemble forecasts.

For a variety of reasons, certain phenomena are less predictable than others by
operational forecast models. Examples include: (1) medium-range forecasts of regime
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transitions, especially onset of blocking; (2) short-range forecasts of explosive cyclogenesis; and
(3) severe convection, which is hypersensitive to initial condition uncertainty. A major
expectation of ensemble forecasting is that it can provide more useful information regarding the
likelihood of extreme weather events such as heavy precipitation and flash flooding due to
convection; to date, however, strong evidence is lacking.

(iii) Time-dependent statistics obtainedfrom Kalman filters

The feature that distinguishes a Kalman filter from any other assimilation algorithm is
that it explicitly propagates the forecast error statistics forward in time using the estimated
analysis error covariance, the tangent linear model and its adjoint, and an estimate of the error
covariance of the model itself. This operation can be performed through brute force (extended
Kalman filter) although it is very expensive, ensemble techniques (ensemble Kalman filter), or
the use of a small set of singular vectors from the unstable manifold of the model (if it has an
unstable manifold). The last technique is being tested at the ECMWF to try to provide an
improved estimate of the background error covariance at the beginning of the assimilation period
for their 4-D variational algorithm.

Kalman filters have been tested for the assimilation of stratospheric chemical constituent
observations from the Upper Atmosphere Research Satellite in a two-dimensional context (along
isentropic surfaces) and for some small-scale oceanographic problems. They are still much too
expensive for practical data assimilation. However, the error propagation aspect of the algorithm
does provide a very useful experimental tool for understanding the properties of background
error covariances under realistic conditions. Such error covariances have an enormous amount
of structure that arises from the propagation by the model. It is not yet clear how much of this
structure is either correct or necessary for data assimilation purposes. The Kalman filter also
provides a platform for investigating the effect of model error, which is ignored in the standard
4-D variational algorithm.

(iv) Time-dependent statistics obtained through coordinate transforms

Flow-dependent error statistics can be obtained with Kalman filters and singular vectors,
but perhaps the simplest way is through simple coordinate transformations. In this technique the
background is used to define a new coordinate; the background error covariance is then
generated from simple models in this new coordinate. Simplicity of the statistical model in the
transformed coordinate is the main virtue of the technique. When such covariances are
transformed back into the original coordinates, they have much more structure than if the same
models had been used in the original coordinates. For example, if isentropic coordinates are
used instead of pressure coordinates, then the background error covariances become sensitive to
the static stability; boundary layers capped by inversions; and the locations of the jet stream,
tropopause, and baroclinic zones. Of course, the validity of this extra structure in the
background error covariance depends on the accuracy of the transform and hence on the
accuracy of the background field itself. So far, isentropic and semi-geostrophic transforms have
been examined, and a transform using the background ozone field has been suggested for, the
ozone assimilation problem. Other transformations are undoubtedly possible.

(v) Biases in the background
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In most cases, assimilation theory assumes that the background is unbiased. Since most
background fields are from a forecast model which is biased, this assumption is not satisfied.
Biases in some quantities can be quite large, such as moisture, ozone and precipitation. In the
long term, biases in the background can be reduced by improving the forecast model. Until they
are eliminated, however, they must be accounted for in the data assimilation. The most
straightforward strategy is to remove biases before the analysis, but spatially varying and
situation-dependent biases are notoriously difficult to estimate. Techniques for estimating
time-mean biases that ignore situation dependence have been proposed and partially
tested, but further work to account for biases in the background is strongly encouraged.

(vi) Improved observational and representativeness error statistics

The observational and representativeness error statistics are very important to any
assimilation system because they determine the weight of an observation relative to the
background, constraints, and other observations. In addition to the basic variances, for many
observation types it is important to properly account for biases and correlated error between
observations. For example, the biases in the comparison of the simulated observations from the
background and the actual observations can often exceed the signal, necessitating removal of the
bias before use. For the satellite data, there is also probably a strongly correlated error between
channels at a particular location for physical reasons such as imperfect cloud detection. For all
types of observations, significant error correlations can arise from representativeness error, i.e.,
the inability of the analysis to represent the observation through the forward operator (see Eq.
(1)).

The observation error distributions are generally not Gaussian, which violates a common
assumption in the assimilation theory. This problem is probably most obvious in the case of
specific humidity, whose range is limited by zero and the saturation value. It may be possible,
however, to make the error distributions Gaussian in some cases by transforming the
observational variable. Observational error distributions can also be non-Gaussian due to gross
errors in the data created by transmission errors and other sources. Quality control procedures
generally are applied prior to the analysis to reduce or eliminate these errors. Inclusion of the
non-Gaussian errors in the definition of the error statistics results in the inclusion of the quality
control in the analysis procedure.

When assimilation of observations requiring highly approximate forward models is
attempted, characterization of the representativeness errors associated with the forward model
will require greater attention. An accurate observation will not be useful in an assimilation
scheme if the only available forward model is inaccurate. For example, before statistically
useful results can be obtained, assimilation of precipitation may require substantial improvement
in parameterized or explicit precipitation schemes. Even for observations whose error statistics
are simple to describe, those of the corresponding forward model may not be. Flaws in the
forward model can result in significant biases and complicated correlations that render the
simplicity of the observation error valueless.

The recommended research priorities for improving observational and
representativeness errors are: define the biases and correlated errors in satellite radiances;
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for all types of observations, estimate and include in the analysis correlated errors resulting
from lack of representativeness; estimate and/or account for non-Gaussian errors; and
include quality control in the analysis procedure through the definition of the observation
and representativeness errors.

2) IMPROVE FORWARD OPERATORS

In many cases, practical experience demonstrates that it is better to assimilate the raw
observation directly than to create a more familiar observation first. A good example is the
manufacture of temperature and moisture soundings from satellite infrared radiances. The
assimilation of these retrieved soundings seldom led to forecast improvements in NCEP's global
spectral model, and yet the direct assimilation of radiances into the same model led to
immediate, substantial improvements. Moreover, it is much easier to quantify errors when the
observation is the raw signal from the instrument rather than a construct of the raw signal,
questionable approximations, and supplemental information, sometimes even a prediction
model.

Whenever it is desired to assimilate a raw observation, a forward operator uses the model
variables to estimate the observed quantity at the time and place of observation. Residuals
between observed and estimated quantities govern the adjustment of model variables. Through
the adjoint of the forward operator, the information contained in the residuals is propagated back
to the model variables on the model grid. Developing or improving forward operators and their
adjoints is central in data assimilation research. A few of the more vexing problems are noted
below.

(i) Satellite data

Satellite observations pose difficulties because of their high volume and the complicated
relationships between the parameters measured by satellite instruments and parameters carried in
the model. Though the forward models are complex, they and their adjoints must be fast
because they are used so often.

The direct assimilation of infrared radiances under clear sky conditions is largely
successful, though several nagging problems remain. When radiation from the earth's surface
and atmosphere both contribute to the radiance measured in a given channel, the surface
contribution, which depends upon the skin temperature and surface emissivity, must be isolated.
Surface emissivity, in turn, depends upon the type of surface (water, bare soil, shrubs, or forest,
and whether the surface is snow- or ice-covered). If the assimilating model cannot supply this
information for the forward calculation, then it must be obtained from independent sources,
preferably not the same satellite that measures the radiances. This problem is much less
troublesome over the ocean than over land.

Clouds thicker than a few hundred meters (except tenuous cirrus) radiate approximately
as black bodies in the infrared, and so the infrared channels of satellite radiometers receive no
information from below the cloud tops. When clouds are present, forward models have the
fundamental difficulty that the model clouds, defined on scales of a few tens of kilometers, are
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coarser than the satellite clouds. (The resolution of visible and infrared images ranges from one
to several kilometers depending upon the instrument.) Moreover, for purposes of computing
outgoing infrared radiation, model cloud predictions are poor. For this reason, most radiances
with a cloudy field of view are eliminated from consideration.

Microwave radiation penetrates clouds, leaving open the possibility that atmospheric
conditions within and below clouds can be inferred. As is the case with infrared radiation,
surface emissivity over land and the effects of cloud liquid water or precipitation on the
measured radiances are not precisely known, thus leading to uncertainties in the forward
calculation.

A measure of success for the forward model is how closely it can match the observed
channel radiance. The match is better than 1 K (measured in terms of brightness temperature)
for cloud-free infrared radiances over the ocean. When the oere is a mismatch, the cause is not
usually obvious. It may lie in the assimilating model (a poor cloud forecast, for example), a flaw
in the forward model; or, on the satellite side, it may lie in the radiometer, the calibration applied
to the raw signal, or ground processing. Quality control is important in that it can prevent a
forward calculation when the assimilating model has little chance of simulating the observation.

Images from geosynchronous satellites contain features that retain their identity in
successive frames. If these features are tracked, their displacement per unit time is a proxy
measurement for the horizontal wind vector. Problems arise if the features do not move with the
wind (a standing wave cloud, for example), if they are not confined to a narrow altitude range, or
if that altitude range is uncertain. Clouds are tracked in both infrared and visible images.
Features in the water vapor image are tracked in clear air. At present, cloud- and vapor-drift
winds with height assignments are directly assimilated with mixed success, depending upon the
model and assimilation system used. Do forward models have a role to play here? For example,
should a forward model simulate a vertically averaged wind based upon the depth of the
radiating layer depicted in a water vapor image?

New methods of satellite remote sensing are being proposed: Doppler lidar for wind-
finding by satellite in clear air; interferometric observations in the infrared, yielding the
equivalent of thousands of channels instead of the present tens of channels; atmospheric
sounding from mid-troposphere to the ionosphere by occultation of signals from Global
Positioning System (GPS) satellites. Each of these proposed systems demands sophisticated
instrumentation high bandwidth communications, careful calibration, and wicom anplex
mathematical processing. Observing System Simulation Experiments (OSSEs) are
recommended in the section on Observations and Observing Strategies, but forward models must
be developed before the OSSEs can begin. The forward models must be developed
collaboratively by the engineers who design the instrument, the physicists who understand
precisely what is being measured, and the meteorologists who want to assimilate the
observations.

(ii) Radar data

Doppler radars, especially the operational WSR-88D network, will become an
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increasingly important data source for numerical weather prediction as the resolution of regional
models increases. Forward models for converting model data to radial velocities in radar
coordinate space are straightforward and have been used in research and operational analysis
systems. A variety of techniques, though, are possible in the subsequent use of the corrected
radial velocities (discussed in the following section on retrievals). Optimal use of the radar
reflectivity field Z is a much more difficult problem. Though model rainwater, cloud water and
ice estimates and an assumed drop size distribution function can be used to create a forward
model for Z, the use of the corrected Z to infer the observed moisture and hydrometer
distributions is extremely difficult owing to the great sensitivity (6th power) ofZ to drop size,
the large uncertainty in drop-size distributions for different types of precipitation events, the
simultaneous presence of different hydrometeor types and other sources of error in the
measurement of Z. The development ofmulti-parameter, dual-polarimetric radars may provide
hydrometer distribution estimates and reduce precipitation rate errors. Research into
development of forward models involving Z data should occur for these new radars as well as
the operational ones.

The foregoing discussion argues for the following specific research projects:
* Refine forward models for clear-sky radiances to account for surface emissivity and

skin temperature.
* Develop forward models for infrared radiation when clouds are present.
* Refine forward models for microwave radiation.
* Refine quality control procedures that determine whether a forward calculation

should be performed to match an arbitrary observed radiance.
* Develop a forward model for wind determination by satellite Doppler lidar.
* - Develop a forward model for infrared interferometric measurements.
* Develop a forward model for GPS occultation measurements.
* Improve forward models for reflectivity, as measured by WSR-88D radars.
* Develop forward models for polarization diversity radars.

3) ASSIMILATING INFORMATION RETRIEVED FROM THE RAW OBSERVATIONS

How far should the forward model be brought toward the raw signal from an observing
platform? Conversely, how much should the raw signal be processed so that the output is closer
to variables carried in the assimilating model (defined here as the process of retrieval)? A
specific example from GPS occultation will clarify these ideas. In GPS occultation, the signal
from a Global Positioning Satellite passes through the atmosphere and is received by a low-
earth-orbiting (LEO) satellite. The path through the atmosphere is nearly horizontal and is
approximated by a tube hundreds of kilometers long. The atmosphere refracts (bends) the
signal, causing a slight but measurable delay in its receipt. This is the raw signal measurement.

Should the forward model stop with profiles of temperature and humidity, a profile of
refractivity, or with ray tracing from the GPS satellite through the atmosphere to the LEO?
Conversely, how much data processing should be performed to produce a quantity suitable for
assimilation? Is this quantity the signal delay (equivalent to ray tracing), a refractivity profile, or
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a temperature profile? If the data processing is not independent of other information sources, for
example, a model background, it becomes very difficult to estimate the accuracy of the retrieved
observation. This section addresses research problems related to processing the raw signal so
that the assimilated quantity is more compatible with the model variables.

(i) Inferring winds, latent heating, and microphysics from Doppler radar data

As mentioned above, a model's radial velocity field (from a forward model) near a single
radar location can be frequently and accurately corrected by observations if good quality control
of the radial velocity data is exercised (e.g., removal of ground clutter, velocity folding,
anomalous beam curvature). However, this does not automatically lead to accurate estimation of
the updated u, v, w wind components needed for numerical weather prediction (i.e., the cross-
beam velocity components are also needed). Additional radars or bistatic receivers in the same
vicinity would obviously help, but they are normally available only in field research programs.
Thus there is a need for research in single Doppler velocity retrieval (SDVR) techniques to
optimize use of individual radars to obtain the 3-D velocity field. (These velocity fields can be
subsequently used in retrievals of in-cloud temperature, pressure, and buoyancy fields.) Many
methods have been developed and tested, ranging from simple variational adjustment to the use
of the full model equations and their adjoint. Considerable work is needed to determine which
techniques are both accurate and efficient enough to benefit regional analysis systems.

As mentioned above, there is great difficulty in using direct measurements of reflectivity
to determine unique distributions of cloud water, cloud ice, and other hydrometeors as well as
latent heating fields. Much simpler methods have been used to date, including moistening the
columns where Z exceeds certain thresholds, use of adiabatic liquid water calculations, and
crude estimation of latent heating rates, all of which have proved beneficial. However, use of
rain water estimates from Z (which is physically closer to what is being measured) will cause
harm in a data assimilation system if they are not provided with physically consistent buoyancy
and vertical motion fields. Use of rain gauge data will help improve estimates of column latent
heating rates, but the vertical distribution of heating is still a problem since the profiles of Z and
condensational heating are not highly correlated on the cloud scale. Cloud-to-ground lightning
distributions may prove very useful in the absence of radar data, insofar as crude clouds can be
created if they do not exist in the background fields. Given the current state of knowledge, the
primary research goals for use of operational WSR-88D and research dual-polarimetric Z data
should be two-fold: to continue to develop improved indirect methods for approximation of
observed moisture, hydrometer, and heating distributions, and to begin the development of
sophisticated forward models to use Z directly.

(ii) Retrieving precipitable water vaporfrom analysis of GPS signals

Dual frequency GPS receivers scattered throughout the United States have been receiving
GPS signals for some time. Until recently, however, the value of these signals in meteorological
applications has remained untested. With the addition of basic surface observations of
temperature, pressure, and humidity at the receiver site, it is possible to retrieve a value of total
precipitable water vapor accurate to within two millimeters. This accuracy is attainable only
with very accurate orbit information for the GPS satellites.
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The signal delay measured by the receiver is caused by atmospheric refraction. That, in
turn, depends upon the free electrons in the ionosphere and the densities of dry air and water
vapor in the path of the signal. The delay caused by electrons can be determined through an
analysis of the dual-frequency signals. The so-called dry delay can be approximated with the
help of an accurate observation of surface pressure. The remaining portion of the delay is a
function of path-integrated water vapor, which can be related to the water vapor in a vertical
column. This is a useful simplification of reality; in precise work, it is difficult to separate the
effects of dry air and water vapor on the signal delay.

A simple forward model and its adjoint can distribute the precipitable water vapor among
the computational levels in a model, but is it advantageous to carry the forward model beyond
this simple step and, for example, calculate from the model variables the signal delay due to the
neutral atmosphere? In other words, how much retrieval is desirable?

(iii) Retrieving vertical moisture gradients from profiling radar data

Scientists at the Environmental Technology Laboratory have proposed a method for
inferring vertical gradients of specific humidity from simultaneous wind profiler and Radio
Acoustic Sounding System (RASS) measurements. Information is required from all three
moments of the wind profiling radar: returned power (zeroth moment), radial velocity (first
moment), and spectrum width (second moment). Because forward models are not yet capable of
simulating the moment data, most of the necessary radar parameters must be retrieved from the
raw output. The importance of additional boundary layer moisture data dictates that this work be
further pursued.

Specific recommendations for research:

* Refine methods for the assimilation of radar radial winds.
* Continue to develop improved indirect methods for approximation of observed

moisture, hydrometer, and heating distributions.
* Begin development of sophisticated forward models to use Z directly.
* Develop methods to assimilate precipitation amounts determined from rainguage,

WSR-88D, and satellite data.
* Further refine processing of raw GPS signals toward the goal of real-time

assimilation of data related to total precipitable water vapor.
* Subject the theory for the retrieval of moisture gradients from RASS and wind

profiler observations to a practical test, including data assimilation into a model.

4) SPECIAL CONSIDERATIONS FOR STORM-SCALE DATA ASSIMILATION

Although many of the principles and techniques of data assimilation hold for all scales of
motion, additional difficulties arise as one approaches the storm scale (<10 kn). Some of these
problems are:

* The balance between the mass and wind fields on the storm-scale is not well understood.
At larger scales, constraints such as geostrophy, thermal wind and linear balance apply,
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but these approximations fail at the storm scale. Here the relationship between the mass
and wind fields is given by the full nonlinear, time-dependent primitive equations of
motion, and hence any data assimilation technique that seeks dynamically compatible
mass and wind fields on the storm-scale must utilize these equations or close
approximations to them.

Phenomena at these scales are generally nonlinear and highly intermittent. There is also
a wide range of phenomena, each with different time scales, mass and wind structures,
and predictability. The large intermittency and variety of phenomena and the
accompanying precipitation distributions make it extremely difficult to estimate error
covariance statistics.

The data assimilation problem is generally underdetermined at the stormscale. Although
this issue exists at all scales, it is particularly problematic here, where neither of the two
variables (reflectivity and radial velocity) measured by the primary observing tool,
Doppler radar, are model variables. This requires that the data assimilation techniques be
capable of retrieving all the unobserved fields and that good background fields are
available. (Either the model accurately forecasts storm-scale evolution or "filling"
techniques will be needed in unobserved regions.)

* It is likely that phase errors on the scale of the phenomena will occur in eve the omenioshort-
range forecasts used for background fields. Thus, techniques will be needed to remove or
shift features (e.g., convective cells) from incorrect locations and to reconstruct them in
the locations where they are observed.

* During data assimilation, it must be taken into account that the predictability of storm-
scale phenomena is quite sensitive to both surface and lateral boundary conditions.

* The intrinsic predictability of storm-scale phenomena is not well known. Although work
on practical predictability (improving forecast skill) is the primary goal of USWRP,
fundamental research is needed on how chaos ultimately limits predictability of specific
storm-scale phenomena, especially the details of precipitation. Without this research, we
might inadvertently tackle "impossible" problems in data assimilation and prediction.
Ensemble prediction on the storm scale is relevant to this problem.

5) COMPUTATIONAL CONSIDERATIONS OF ADVANCED ASSIMILATION TECHNIQUES

Advanced assimilation techniques offer the possibility for improved utilization of the
information in the data. Two advanced schemes have received the most attention, 4-D
variational schemes and Kalman filtering. Huge computational demands have been a major
impediment to progress. The 4-D variational schemes are currently the most computationally
feasible; the ECMWF is able to run a reduced resolution 4-D variational system over a 6-h
period operationally. However, because U.S. operational centers do not have the computational
power of ECMWF and must run their analyses in smaller time windows, 4-D variational analysis
is not yet feasible here. Nor are complete Kalman filter systems feasible because they require
prediction of the error covariance matrix. Several techniques for Kalman filtering are being
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investigated that have a covariance matrix with fewer degrees of freedom. Improved algorithms
that enhance either the efficiency (e.g., improved schemes for minimizing the cost function) or
performance (e.g., including model error in a 4-D variational system) of realistic advanced
assimilation systems are a high priority for progress in data assimilation. Computational
limitations in the U.S. may demand that code scalability becomes a primary consideration in the
design of algorithms.

Because of computational limitations, it is often necessary to make compromises in data
assimilation. Some examples are: the analysis scheme may be run at lower resolution than the
forecast model (as at ECMWF); some satellite data are ignored; and approximations may be
introduced in the balance equations or the error covariances. Therefore, it is not always clear
that a more expensive advanced scheme will perform better than a simple scheme with fewer
approximations. For example, it is not clear that a 4-D variational scheme run at lower
resolution will outperform a 3-D variational scheme run at full model resolution using the same
types of data. In addition, the quality of the statistics is very important for determining the
success of a system. Experiments quantifying the relative importance of improvements to
the assimilation system, statistics and observing system are of high priority.

Increased computational power is required for serious application of new data
assimilation and numerical weather prediction techniques required to address quantitative
precipitation forecast problems. Actions that increase the demand for computational resources
are:

* increasing model resolution substantially in all three dimensions
* using 4-D variational or other sophisticated data assimilation techniques
* generating a large ensemble of forecasts
* increasing the domain size of regional models to minimize the problem of lateral

boundary conditions
* incorporating more sophisticated physics in models (especially cloud microphysics and

surface physics)
* processing in real time all wideband radar and satellite data
* transmitting short-term forecasts to users more rapidly because they are so perishable

Each of the first three items above requires a 20- to 50-fold increase in today's capacity. The
combination of all implies a staggering computational need for operational centers, but much
less so for research groups working on specific aspects of the total problem.

3. Observations and Observing Strategies

a. Overview

Accurate and comprehensive observations are essential to numerical prediction because
they define the initial atmospheric state, guide nowcasting of high impact weather, and
continually verify the predicted atmospheric evolution.

An effective "mix" of observational types is required to improve the analysis and forecast
of high-impact weather events on a regular basis. The precise definition of this mix will vary by
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location and season, the size and longevity of the weather feature, the ability of a particular data
assimilation system to incorporate disparate types of observations, and even the realism of the
physics in the prediction models. In many forecast applications, the problem is not one of
correcting the largest analysis error, but rather one of correcting smaller magnitude analysis
errors that have the potential for large amplification during the forecast. It is also important to
consider observing system cost and, in the case of targeted observations, the best platform for
delivering the measurements.

This section recommends the evaluation of specific observing systems and an assessment
of how they fit into the overall mix of observing systems. Two tools are commonly used in such
evaluations: sensitivity experiments, which compare the performance of forecasts in which the
observing system in question is first included but then withheld, and Observing System
Simulation Experiments (OSSEs), which deal with the potential effects of observing systems not
yet developed or deployed. Some OSSEs conducted to date have yielded unrealistically
optimistic results because 1) the model providing the "truth" and the one used in the experiments
were the same or very similar, 2) the observing system under consideration was treated in
isolation from other observing systems, 3) the operating characteristics (bias, spatially correlated
error, frequency and geographical distribution of measurements) were not properly simulated or
4) some combination of the above problems. Guidelines for credible OSSEs appear in this
section.

The following subsections explore ways to exploit existing observations more fully and
to prepare for the observing systems of the future.

b. Better use of existing observations

Not all recommendations in this section pertain to research. Many pertain to the
improvement of the infrastructure whereby existing sources of observations are made more
dependable and the data are collected and checked for accuracy. A healthy infrastructure
underpins operational services and facilitates the practical application of research.

1) SURFACE-BASED AND IN SITU MEASUREMENTS NOT FULLY EXPLOITED OR IN JEOPARDY

WSR-88D Doppler radars. The effective use of reflectivity and radial velocities in data
assimilation is a highly challenging research problem and is still in an experimental stage. The
volume of high-resolution data still precludes rapid exchange beyond the nearest Weather
Forecast Office. Continued research in the assimilation of WSR-88D radar data for storm-
scale prediction is encouraged. The success of this research depends, in part, upon rapid
access to wideband data, effective quality control (removal of ground clutter, detection of
range folding and velocity folding, allowance for attenuation, etc.), and continuing to
obtain clear-air data when the radar is being used for storm detection (a matter of
increasing the dynamic range).

Maintaining the NOAA Wind Profiler Network. The 404 MHz profilers operate under an
experimental frequency assignment with no protection. The U.S. government is likely to sell the
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frequency band including 404 MHz to a commercial bidder, most likely a Mobile Satellite
Service. When this happens, the current NOAA network can no longer operate. Profilers have
been designated for primary use at 449 MHz, but the antennas and receivers have to be
redesigned to operate at this new frequency. Conversion of NOAA Network profilers to 449
MHz frequency must occur soon, before the current network is shut down.

Boundary-layer wind profilers. Dozens exist, mostly in large metropolitan areas, where
they are used for pollution studies, especially along the West Coast. Most sites are far from the
NOAA network in the central U.S. and complement that network well. These data have recently
been included in the operational assimilation cycle at NCEP. Not all of these sites are
permanent, but the continued feed of boundary-layer profiler information into operational
models is vital.

Radio Acoustic Sounding System (RASS). Operating in conjunction with a number of
wind profilers, these devices measure virtual temperature profiles in the boundary layer at least
hourly. Local variations in virtual temperature and the associated density discontinuities often
control the initiation and subsequent propagation of organized convection.

GPS Integrated Precipitable Water. Analysis of signals received from GPS satellites
results in estimates of vertically integrated precipitable water. U.S. government agencies
collectively operate over 200 high-quality, dual-frequency GPS receivers across the country.
The only additional information needed at most of these sites for a determination of integrated
precipitable water is a surface measurement of temperature, pressure, and humidity. Because
RASS and GPS moisture measurements help define the thermodynamics of the boundary
layer at frequent intervals, sensitivity tests should be conducted to assess their value in
short-term predictions.

A CARS (Aircraft Communications Addressing and Reporting System). ACARS provides
tens of thousands of wind and temperature reports per day over the U.S., most from aircraft en
route between 25,000 and 41,000 feet but also at lower altitudes from ascents and descents.
Moisture sensors are being added experimentally to a few aircraft, but progress is halting.
Efforts to install moisture sensors aboard more aircraft should be redoubled. Distribution
of real-time ACARS data is restricted at the request of the airlines. The frequency, coverage,
and accuracy of ACARS data have proven their worth in operational mesoscale prediction over
the U.S., and yet the availability of this information source is still negotiated almost year by
year. The NWS, the Federal Aviation Administration (FAA), and commercial airlines
should negotiate a long-term agreement whereby ACARS becomes a dependable
component of the U.S. observing system.

Surface mesonets. Dozens of mesonets, some very sophisticated and some loosely
organized, cover many regions of the country. Major problems associated with the collection of
some of these data are: lack of information about their existence, proprietary nature of some
data, substandard or nonexistent maintenance, poor or nonexistent documentation of site
locations and instrument exposure, diverse formats and communications protocols, and lack of
quality control. Several regional inventories of mesonets have already been conducted. As an
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additional step, a national inventory of local mesonets should be compiled. As a minimum,
the inventory should include the owner and operator; locations, types, accuracy, and exposure of
instruments; maintenance schedule, if any; frequency of measurement; and method of
dissemination. Additionally, efforts should be undertaken to collect these data nationally in
real time for input to prediction models.

2) OBSERVATIONS FROM SPACE

Satellites are a critical component of the global observing system. They provide data
over the oceans, remote land areas, and in the stratosphere with good spatial coverage and
temporal frequency. The operational use of satellite data in the U.S. has increased markedly in
the past few years. NCEP now assimilates routinely:

* Infrared and microwave radiances from NOAA and Defense Meteorological Satellite
Program (DMSP) polar orbiting satellites

* Total precipitable water vapor measurements from NOAA and DMSP satellites
* Scatterometer data from ERS-1 for deriving sea-surface wind fields
* GOES-8 clear radiances in the global model (over ocean only)
* Retrieved GOES sounder precipitable water; in three separate layers, in the Eta model,

over land and ocean
* GOES-8 and GOES-10 high-density satellite winds (high-level infrared cloud winds,

high-level water vapor cloud winds, low-level infrared cloud winds)
* GMS-5 low-density wind data from the Japan Meteorological Agency

As of this writing, assimilation of GOES radiances is about to begin. Because of the uniformity
of the ocean surface and the complexities of the land surface, operational use of these
observations is primarily over the oceans.

Several types of satellite observations should be further exploited in data assimilation and
prediction, as follows.

Wind data from geostationary satellites. The National Environmental Satellite, Data, and
Information Service (NESDIS) produces a wide variety of high-density wind estimates from
GOES-8 (western North Atlantic) and GOES-10 (eastern North Pacific). There are high-level
infrared cloud winds, high-level water vapor cloud winds, high- and mid-level water vapor clear-
sky winds, mid-level water vapor winds (from the sounder), low-level infrared cloud winds, and
low-level winds from visible cloud images. wind estimates in clear air derived from tracking
features in water vapor images. In addition, low-density wind data from GMS-5 are available
over the western North Pacific. Experimental assimilation of these data have met with mostly
positive but sometimes mixed results. These winds are representative of layer-average motion,
and the top and bottom of the layer are sometimes ill-defined. Further sensitivity tests with
these data sources are recommended, particularly with regard to the method of
assimilation.

Image data. Images provide the highest resolution data available from satellites, and yet
images have not yet been used quantitatively in the analysis of cloud or water vapor fields. A
comprehensive solution to this problem requires accounting for differences in resolution between
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model grids and the image data, preserving sharp humidity gradients at cloud edges in the
analysis, identifying cloud type so that the vertical depth may be inferred, discerning multiple
cloud layers when the topmost layer is not a solid overcast, and building forward models that
allow for both water and ice saturation. As a start on this problem, methods for assimilating
GOES image data for cloud and moisture analysis should be investigated; the sensitivity of
forecasts to this additional source of information should be assessed.

Microwave data from polar orbiting satellites. Microwave data from NOAA's polar
orbiting satellites and the Defense Meteorological Satellite Program (DMSP) from areas with
thick clouds or precipitation are still mostly unused in numerical prediction. These data are
known to contain information on hydrometeor types and precipitation. Sensitivity experiments
should examine the effects on forecasts of assimilating microwave satellite data drawn from
regions of disturbed weather.

Ozone data. For some channels, ozone can account for up to 0.6 K of the signal in
brightness temperature. For accurate computation of outgoing radiance in these channels,
forward models must account for the vertical distribution of ozone. This implies that the
assimilating model includes ozone concentration as a predictive variable, a problem in its own
right. There are several sources of information on ozone. The Nimbus-7 satellite provides
observations of total ozone through the Total Ozone Mapping Spectrometer (TOMS). NOAA
polar orbiting satellites carry two instruments for inferring ozone profiles: the Solar
Backscattered Ultraviolet Spectrometer (SBUV) for retrieving profiles and the TIROS
Operational Vertical Sounder (TOVS) which has a channel near the 9.6 etm ozone absorption
band, and other channels useful for inferring total ozone. The SBUV data are sparse and not yet
available in real time. Because total column ozone is a matter of public health and the three-
dimensional distribution of ozone is important in the forward calculations for radiance, it is
recommended that the inclusion of ozone concentration in operational prediction models
and the assimilation of satellite ozone data be completed.

The North American Atmospheric Observing System (NAOS) Program was established
to provide the scientific, technical, and administrative bases for governmental decision processes
on how to meet the evolving needs for atmospheric observations over the region of North
America and adjacent ocean areas in support of the prediction and assessment of weather and
associated climate services. Any proposed reconfiguration of observing systems relevant to
North American weather services will be evaluated through sensitivity tests.

The NAOS Program has proposed these guidelines for sensitivity tests:

* Both global and regional data assimilation systems should be used.
* +++The experiments should be performed at several operational and research centers using

different data assimilation systems.
* Each center should use a common mix of observing systems as a baseline, including

satellite data, and common evaluation criteria.
* Evaluations should include synoptic and mesoscale phenomena, high-impact weather,

and precipitation.
* Evaluations should be performed over different seasons and synoptic flow regimes.
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c. Preparingfor the observing systems of the future

Ground-basedprofiling. NOAA operates a the Wind Profiler Network in the central U.S.
Profiling radars were deliberately located in between rawinsonde sites so that the hourly wind
profiles could optimally supplement the twice-a-day wind, temperature, and humidity profiles
provided by rawinsondes. Since installation of the wind-profiling radars, RASS (for boundary-
layer virtual temperature profiles) and GPS receivers (for inferring total precipitable water) have
been added at a number of sites. The scientific concern is to what extent expansion of the
present profiling network over the entire U.S. would improve mesoscale forecasts, particularly of
precipitation. An OSSE should be designed to investigate the benefits of an expanded
profiler network with wind, temperature and moisture observations. The OSSE should
simulate wind profiles to mid-troposphere or lower stratosphere, boundary-layer temperature
profiles, profiles of vertical moisture gradient, and a single value of total precipitable water.
Several different network configurations could be tested.

Measuring water vapor. As noted earlier, the water vapor field is severely
undersampled. Several instruments have been developed that can sample water vapor or cloud
water/ice fields at high spatial and temporal resolution. Scanning and non-scanning Raman and
DIAL (differential absorption) lidars sample water vapor in the boundary layer at high
resolution. Microwave radiometers measure cloud liquid water and total precipitable water.
Ground-based interferometers measure precipitable water and give additional information on the
vertical distribution of moisture. Analysis of moment data from the NOAA wind-profiling
radars, coupled with RASS, allow inference of vertical gradients of moisture in the boundary
layer. Radiometric data from satellites allow detection of cloud ice. Experimental Doppler
radars providing reflectivity and polarization diversity measurements give information on
hydrometeor characteristics in precipitating clouds. It is proposed that as many of these systems
as possible be deployed in the continental field experiments, but OSSEs may be the only way to
test optimal combinations of these systems for different locations and seasons.

Carefully designed OSSEs are especially important with regard to future satellite
instruments because of their extreme cost and lengthy development period, usually a decade.
The results of OSSEs should guide decisions about future satellite instruments. Three highly
recommended OSSEs (first mentioned in Section 2) are described here in greater detail.

Wind-finding lidar. Although engineers and atmospheric physicists still debate about the
appropriate technology for measuring winds by lidar, there is little doubt that three-dimensional
tropospheric wind observations from remote areas will improve forecasts. The major question
is: "By how much and at what cost?" A valid OSSE for this observing system will require an
understanding of the candidate technologies for measuring wind by lidar, specification of the
orbit, a strategy for deriving the horizontal wind from measurements of radial motion, spatial
density and vertical reach of the observations, and expected error characteristics.

Interferometric techniques for atmospheric sounding. Interferometers have already been
tested on the ground and in high-flying airplanes. They deliver the equivalent of thousands of
channels of radiometric data and hold the promise of increasing the vertical resolution and
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accuracy of the inferred temperature and humidity profiles. The volume of data delivered by
interferometers will be huge even by today's standards in satellite communication. Algorithms
that create a meeting ground between forward models and processing of the raw data must be
developed so that the potential of this information source for improving forecasts can be
assessed. Clouds will figure very heavily in the data processing because an infrared
interferometer cannot see through clouds.

NASA is designing an Advanced Infrared Sounder (AIRS), a radiometric device with
over a thousand channels, for the PM1 satellite, scheduled for launch in 2000. AIRS data will
permit for the first time sensitivity tests with radiometric data at high spectral resolution, thereby
providing a basis for realistic simulations of interferometric measurements.

GPS occultation. From a vantage point aboard a LEO satellite, a GPS satellite passes
frequently behind the limb of the earth. As the GPS satellite approaches the horizon, its signal
passes through successively lower layers in the atmosphere. Refraction (bending) of the signal
path by the atmosphere causes a measurable delay in receipt of the signal. The meteorological
problem in GPS occultation is to derive information about the vertical distribution of the index
of refraction, and from that infer temperature or moisture profiles. Early experiments with GPS
occultation indicate that accurate temperature profiles with roughly 1-km vertical resolution can
be obtained where the atmosphere is cold (and consequently low in water vapor concentration) -
in the upper troposphere and throughout the stratosphere, where observations of any kind are
sparse. Development of a forward model for GPS occultation (recommended in Section 2) is a
prerequisite for simulation of the approximately 4000 soundings per day expected from eight
LEO satellites.

In summary, carefully designed OSSEs are needed to assess the potential benefits of
three major satellite observing systems: wind-finding by lidar, thermodynamic profiling by
means of radiometric observations at high spectral resolution, and profiling by GPS signal
occultation. Results of these OSSEs should be used to guide (or discourage) instrument
development for satellites.

The NAOS Program has provided guidelines for credible OSSEs:
* The nature run should be made with a state-of-the-art model.
* The simulation of observations should include a realistic bias and spatial correlation of

errors.
* The model used for the nature run and generation of hypothetical observations should be

different from the model run that performs the assimilation of those observations.
* Both models should have been validated in real data experiments.
* Each observing system must be considered in the context of the entire mix of observing

systems, i.e., all major observation sources must be simulated, not just the one under
scrutiny.

4. Field Experiments

a. Introduction
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The three main foci of the USWRP (mentioned in the introduction to this plan) perhaps
belie the complexity associated with evaluation of the observational mix. The most important
forecast problem for which appropriate observational mixes should be considered is landfalling
tropical storms. This problem was treated in considerable detail by the Hurricane Landfall
Workshop Report (Elsberry and Marks, 1998, available from USWRP) and will not be explicitly
discussed further here. Careful consideration of the observational mix is also crucial for accurate
quantitative precipitation forecasts in damaging storms. Though many different types of storms
could have been considered, the Workshop on Data Assimilation was asked to focus on two
principal problems:

* The 1-5 day upstream baroclinic wave prediction problem - associated with heavy
precipitation from both landfalling extra-tropical cyclones of oceanic origin and
continental cyclones

* The 0-24 hour organized continental convection problem- often associated with
excessive precipitation under "weakly forced" conditions.

The upstream problem, by reason of domain size and logistical difficulties, intrinsically
favors remote sensing from space provided that such observations adequately define the initial
state for reliable prediction of baroclinic waves. The scientific debate centers on the
extent to which selected forms of remote sensing alone or possible mixes with targeted in situ
observations can drive forecast accuracy substantially closer to the limits of predictability.
Temporary oversampling of the atmosphere over the North Pacific Ocean would help to settle
this debate and provide a foundation for a wide variety of observing system sensitivity tests for
years to come.

The continental convection problem, whose solution is especially sensitive to lower
tropospheric conditions over a complex land surface, suggests a rather different mix of
observations. The solution is probably sensitive to small-scale variations in water vapor, wind,
and temperature, surface characteristics and topography, as well as the distribution of condensate
and redistribution of momentum from antecedent convection. Such complexity begs for
improved understanding of predictability and the way in which convection organizes itself.
Research observations must be enriched to help effect this understanding. The utility of lower
tropospheric observations from passive instruments in space in the presence of continental
backgrounds must be more fully assessed. Observations resulting from the National Weather
Service modernization, especially reflectivity and radial velocity data from WSR-88D radars,
must be more fully exploited. And careful evaluation is required to determine the most critical
subset of in situ and ground-based remote sensing observations.

b. Pacific dataset

A major priority of this USWRP five-year program is to obtain a definitive winter season
dataset over the eastern North Pacific that is suitable for statistically significant research on next-
generation data assimilation techniques, observational requirements, targeted observing,
sampling strategies, data sensitivities, and improved operational forecasts of high-impact
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weather over North America - primarily for the one- to five-day forecast range. Large
differences among operational analyses produced at various centers suggest that significant gains
in forecast quality can occur if the appropriate instruments are used to provide better
observations over the Pacific basin upstream of North America.

Data impact studies using high-resolution advanced geostationary satellite wind data and
dropsonde observations from 38 targeted observing missions over the Northeast Pacific in
January and February 1998 (the North Pacific Experiment, NORPEX) provide statistical
evidence that better observations over the Pacific can improve forecasts of winter storms over
the U.S. Targeted observations in NORPEX were accomplished using model-derived sensitivity
guidance (singular vectors or ensemble transform) to selectively target the most rapidly growing
analysis errors on a given day with special dropsonde observations, and thereby improve forecast
model initial conditions in critical locations. In some cases, the special observations added in
NORPEX were able to add nearly a full day of forecast skill. However, the aircraft operations in
NORPEX were able to provide observational data only over limited sections of the Northeast
Pacific, and not every day; thus, target areas were not always surveyed in sufficient detail.

The proposed Pacific Experiment should be designed to improve on NORPEX by
providing a larger number of dropsondes on a daily or near-daily basis in a zone extending
from Hawaii to the Aleutian Islands, and eastward to the North American coastline. The
concept can be described in general terms as "100 sondes 100 days," or "100 x 100." The
experiment should continue for 100 days, not necessarily consecutive, to achieve statistical
significance and to provide confidence that the types of fast-growing analysis errors that
cause major forecast failures have in fact been well- documented.

A key concept of the proposed Pacific Experiment is the idea of oversampling - to
provide in situ data coverage over as large an area as possible, and from as many sources as
possible (independent measurements give information on observational error characteristics).
This oversampling will provide a unique opportunity to evaluate the strategy of complete
reliance on satellite remote sensing over the oceans and to find out what in situ enrichments of
the observational mix are absolutely necessary or highly desirable. It may be discovered that in
situ enrichments have permanent value or that they are vital only in special situations (targeted
observations). Situations may also exist when either remote or in situ observations are of little
value or cannot be made at all. Continental proxies of this field experiment (by means of data
denial experiments over the western U.S., for example), would treat satellites unfairly because of
the difficulties in using radiance data influenced by emission from the ground and because of the
strong influence of complex topography on forecast evolution. Such problems can be avoided
only over the oceans.

A complete and (more or less) evenly distributed data collection is needed to assess the
importance of all existing oceanic data sources and to determine the optimal mix of (a) data from
permanent observing platforms and (b) targeted observations, to improve forecasts of high-
impact weather over North America.

In addition to extensive and frequent dropsonde coverage, the Pacific Experiment should
involve comprehensive evaluation of all existing (and emerging) observational data sources
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(including satellite, in situ, and surface-based) that can be used over the Pacific basin. Ideally,
such an experiment will involve at least U.S. and Canadian participation. A mesoscale
observing component along the U.S. and Canadian Pacific coasts would be an important
addition to such an experiment, as it would permit more detailed verification of forecast
changes caused by the addition of targeted observations upstream over the Pacific Ocean.

The dataset created from the Pacific Experiment described here will be a lasting resource
for sensitivity tests and simulations involving many different mixes of observing systems:
research and operational satellites and in situ observations such as dropsondes, unpiloted aircraft,
or balloons. Such studies can be repeated (and may yield different results) as data assimilation
techniques and models evolve. They are also valuable for testing and improving strategies for
targeted observations.

The logistical challenges and expense of a "100 x 100" type field program should not be
underestimated: the program will require major commitments of time and resources from
civilian and defense agencies. Plans for such a field program should be closely tied to
improvements in data assimilation techniques (described earlier in this report) and also should
have a special focus on methods to improve the assimilation of satellite data, observations of
moisture, and dropsonde observations of the type that would be obtained over the Pacific Basin.

In preparation for the Pacific field experiment, OSSEs should be designed to replicate
known results of NORPEX. If these OSSEs succeed, then more ambitious OSSEs should be
undertaken to simulate the volumes and types of information envisioned for the field experiment.
The latter OSSEs can aid in experiment design.

c. Continental U.S. dataset

The goal of the continental field experiment is to improve mesoscale short-term (0-48
hour) forecasts of the initiation, strength, and evolution of convective systems producing heavy
precipitation and severe weather. The primary objective of the field experiment will be to
determine the observational requirements for wind, temperature, land-surface properties,
and (especially) moisture data which, when coupled with improved techniques in data
assimilation and numerical modeling, will enable a significant improvement in warm-
season weather prediction in general and in flood forecasting in particular.

1) RATIONALE

Among the meteorological variables needed for numerical weather prediction, water
vapor is the least well-measured and perhaps the most vital to improved quantitative
precipitation forecasting. By nature, water vapor has a very streaky and changeable distribution.
Current conventional observations of water vapor are sparse and infrequent compared to its
natural variability. This contributes to aliasing in the analysis. In addition, there are few
dynamical constraints on the distribution of water vapor, making it difficult to retrieve accurately
from other observations. It is hypothesized that local variations of water vapor (as well as wind
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and temperature) strongly modulate the initiation and evolution of convective precipitation
systems. Supplemental measurements need to be made on as fine a spatial and temporal scale as
possible to determine the local water vapor structure and its effect on the development of heavy
precipitation.

2) PLANNING PHASE

Re-examine data from prior field experiments to assess the adequacies and deficiencies
of available moisture data. For example, how well do we know the spatial spectrum of moisture
data? Examine observing requirements using both OSSEs and data sensitivity tests. Make a
strong effort to have several water vapor observing systems available for the experiment. Use
the results from the upcoming Thunderstorm Initiation Mobile EXperiment (TIMEX) to be
conducted during the spring/summer of 2001 and 2002. Or, if possible, USWRP investigators
could join forces to enhance the TIMEX effort.

3) FIELD PHASE

The emphasis is on testing as many water vapor observing systems or methods as
possible in order to determine what will be sufficient for operational purposes. A concomitant
effort is required to obtain high-resolution wind and temperature data, because it is not clear that
any one data type can replace th other. The objective will be to test how the enhanced
observations of the thermodynamic and kinematic environment lead to better predictions of the
initiation and evolution of heavy precipitation. The importance of knowing land-surface
properties and the associated boundary fluxes in detail should not be overlooked.

The observational backbone of this field experiment will be the observing systems in the
central U.S. provided by the modernized NWS as well as some special networks already
available, for example, the Oklahoma Mesonet, the nearby Atmospheric Radiation Measurement
(ARM) Cloud and Radiation Test bed (CART) site, the Argonne Boundary Layer Experiment
(ABLE) site in southeast Kansas, and mobile facilities operated by the National Severe Storms
Laboratory, the University of Oklahoma, and the National Center for Atmospheric Research.
The following additional systems/capabilities should be employed:

* GPS integrated precipitable water
* scanning and non-scanning Raman lidars
* ground-based and airborne scanning and non-scanning DIAL water vapor systems
* integrated precipitable water from microwave radiometers and AERI (Atmospheric

Emitted Radiance Interferometer)
* supplementary surface and upper-air observations
* observations of surface properties (e.g., albedo, vegetation, soil moisture)
* operational infrared and microwave satellite retrievals
* multispectral radiance measurements
* enhanced water vapor measurements by commercial aircraft
* thermodynamic profiles from RASS or ground-based interferometers
* research aircraft measurements
* water vapor estimates from wind profiling radars
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4) POST FIELD PHASE

Researchers will systematically examine data collected during the field phase in order to:

* Learn how to most effectively utilize the moisture information from remote sensors
* Assess the sensitivity of convective storm initiation and evolution in mesoscale

prediction models to variability of moisture, wind, temperature, and surface properties
* Determine the most effective combination of moisture observing techniques to serve

future operational systems.

In addition, field data will be a valuable resource for conducting mesoscale ensemble forecasts.

An important aspect of this work that also applies to other recommendations in this
report is the need to develop new techniques to verify the accuracy, skill, and value of analyses
and forecasts, especially for mesoscale and storm-scale forecast services. An example is a
forecast that correctly generates a heavy thunderstorm and moves it along a path parallel to that
of a real thunderstorm, but 30 km too far south. Such a forecast has obvious value, but
traditional measures of skill might not reflect this.
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Appendix A: USWRP Workshop on Data Assimilation

a. Agenda

USWRP WORKSHOP ON DATA ASSIMILATION
Monterey, California, 9-11 December 1997

Tuesday, 9 December 1998

0800 Welcomes, preliminaries and "charge"
0830 Predictability of High-Impact Weather - Dave Stensrud
0915 Appropriate Roles of Observations from Space - Greg Mandt
1000 Break
1020 Appropriate Roles of Surface-based and In-situ Observations - Marty Ralph
1105 Advanced Assimilation Techniques for 1-6 Day Forecasts Theoretical Aspects I -

Roger Daley
1150 Lunch
1320 Advanced Assimilation Techniques for 1-6 Day Forecasts, Theoretical Aspects II-

Ron Errico
1405 Breakout sessions begin on topics related to the four subject areas covered by the

overview talks. The discussion leaders are:
Predictability of High-Impact Weather - Joe Tribbia
Appropriate Roles of Observations from Space - Bob Atlas
Appropriate Roles of Surface-based and In-situ Observations - Marty Ralph
Advanced Assimilation Techniques for 1-6 Day Forecasts, Theoretical Aspects

I and II - Ron Errico
NOTE: During the breakout sessions, the two groups discussing observations will
meet separately for an hour or so, after which time Rit Carbone will be the
discussion leader of a joint meeting of these groups for the remainder of the
session.

Breakout groups should discuss what the unresolved problems/issues are, the
research (theoretical, numerical and field programs) needed to resolve these
issues, and the priorities for this research over the next 5-10 years.

1520 Break
1540 Breakout sessions continue
1700 Social hour organized by NRL

Wednesday, 10 December 1998

0815 Satellite Data Assimilation - John Derber
0900 Advanced Assimilation Techniques for Short-term Predictions - Andrew Crook
0945 Break
1015 Ensemble Forecast Techniques in Global and Limited-Area Models - Steve

Mullen
1100 Techniques for Adaptive Observations - Ron Gelaro
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1145 Lunch
1320 Summarizing comments - Michael Ghil
1350 Breakout sessions begin on topics related to the four subject areas covered by the

above overview talks. The discussion leaders are:
Satellite Data Assimilation - Bob Aune
Advanced Assimilation Techniques for Short-term Predictions - Kelvin
Droegemeier
Ensemble Forecast Techniques in Global and Limited-area Models - Jeff
Anderson
Techniques for Adaptive Observations - Chris Snyder

1500 Break
1520 Breakout sessions continue
1700 Adjourn
Evening (not mandatory) Breakout groups prepare their presentations.

Thursday, 11 December 1998

0815 Plenary Session. Discussion leaders present a summary of each breakout
session's recommendations. About 25 min. will be allowed for each, with half
used for presentation and half for discussion. Each group gets feedback on what is
still needed from them.

1000 Break
1020 Resume presentations
1200 Lunch
1330 Break-out session groups (8) reconvene to improve their contributions.

Participants are free to contribute to two or more discussions. Some entire groups
may decide to work together.

1520 Break
1540 Plenary session. Ten minute summaries of revised contributions from each group
1700 Adjourn
Evening Workshop Organizing Team and others meet to assess current status of Workshop

report, decide what else is needed and make assignments

b. Participants and their affiliations

Lead Scientist and Chairmen:

Rit Carbone NCAR
Fred Carr* OU
Rolf Langland* NRL Monterey
Tom Schlatter* FSL

Primary Speakers

Andrew Crook* NCAR
Roger Daley NRL Monterey
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John Derber*
Ron Gelaro
Greg Mandt
Steve Mullen
Marty Ralph
Dave Stensrud
Michael Ghil

NCEP
NRL Monterey
NWS/OM
University of Arizona
ETL
NSSL
UCLA

Discussion Leaders

Jeff Anderson GFDL
Bob Atlas* NASA DAO
Bob Aune* NESDIS
Ron Errico* NCAR
Peter Ray FSU
Alan Shapiro OU
Chris Snyder NCAR
Joe Tribbia NCAR

* Members of the Workshop Organizing Team

Other Participants

Jim Arnold
Jian-Wen Bao
Harriet Barker
Dave Baumhefner
Stanley Benjamin
Thierry Bergot
Craig Bishop
Lance Bosart
Genia Brin
Chris Davis
Dick Dee
Dezso Devenyi
Geoff Dimego
Dick Dirks
Kelvin Droegemeier
Russ Elsberry
Kerry Emanuel
Mike Fritsch
Bob Gall
John Gaynor
Jim Goerss
Paul Hirschberg
Kayo Ide

NASA/IWG
ETL
UCAR
NCAR
FSL
Meteo France
PSU
SUNYA
NASA/DAO
NCAR
NASA/DAO
FSL
NCEP
JOSS
CAPS/OU
NPS
MIT
PSU
NCAR
NOAA/OAR
NRL Monterey
NWS
UCLA
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Eugenia Kalnay
Bill Kuo
Bill Lapenta
John Manobianco
Mike McAtee
Phil Merilees
Steve Nelson
Wendell Nuss NPS
James Purdom
Dick Reed
Steve Rutledge
Scott Sandgathe
Karyn Sawyer
Bob Serafin
Mel Shapiro
William Smith
Jenny Sun
Alan Thorpe
Ricardo Todling
Zoltan Toth
Steve Tracton NCEP
Chris Velden
Qin Xu
Xiaolei Zou

NCEP
NCAR
NASA Huntsville
KSC/CCAS

NRL/IWG
NSF/IWG

NESDIS/IWG
University of Washington
CSU
NRL/IWG
UCAR
NCAR/IWG
ETL
NASA
NCAR
University of Reading
NASA/DAO
NCEP

University of Wisconsin
NRL Monterey
FSU
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Appendix B: Acronyms and Abbreviations

ABLE Argonne Boundary Layer Experiment
ACARS Aircraft Communications, Addressing and Reporting System
AERI Atmospheric Emitted Radiance Interferometer
AIRS Advance InfraRed Sounder
ARM Atmospheric Radiation Measurement
CAPS Center for the Analysis and Prediction of Storms, Norman, Oklahoma
CART Cloud and Radiation Testbed
CCAS
CSU Colorado State University
DAO Data Assimilation Office (NASA)
DIAL DIfferential Absorption Lidar
DMSP Defense Meteorological Satellite Program
ECMWF European Centre for Medium Range Weather Forecasts
ERL Environmental Research Laboratories (group of labs run by OAR)
ERS-1 first in series of European Remote Sensing Satellites.
ETL Environmental Technology Laboratory (an ERL)
FAA Federal Aviation Administration
FSL Forecast Systems Laboratory (an ERL)
GFDL Geophysical Fluid Dynamics Laboratory (an ERL)
GOES Geostationary Operational Environmental Satellite
GPS Global Positioning System
hPa hecto-Pascal, a unit of pressure (same as millibar)
IWG Interagency Working Group (USWRP)
JOSS Joint Office for Science. Support (UCAR)
KSC Kennedy Space Center
LEO Low Earth Orbit (applies to satellites)
MHz MegaHertz (unit of frequency)
MIT Massachusetts Institute of Technology
NAOS North American Observing System (a North American inter-government

program)
NASA National Aeronautics and Space Administration
NCAR National Center for Atmospheric Research
NCEP National Centers for Environmental Prediction (NWS)
NESDIS National Environmental Satellite, Data, and Information Service (NOAA)
NPS Naval Postgraduate School, Monterey, California
NOAA National Oceanic and Atmospheric Administration
NORPEX North Pacific Experiment (early 1998)
NRL Naval Research Laboratory
NSF National Science Foundation
NSSL National Severe Storms Laboratory (an ERL)
NWS National Weather Service (NOAA)
OAR Office of Oceanic and Atmospheric Research (NOAA)
OM Office of Meteorology (NWS)
OSSE Observing System Simulation Experiment
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University of Oklahoma
Probability Distribution Function
Pennsylvania State University
Quantitative Precipitation Forecasting
Radio Acoustic Sounding System (measures virtual temperature in the
boundary layer)
Solar Backscattered Ultraviolet Spectrometer
Single-Doppler Velocity Retrieval
State University of New York at Albany
Thunderstorm Initiation Mobile Experiment

Television and InfraRed Operational Satellite
Total Ozone Mapping Spectrometer

TIROS Operational Vertical Sounder
University Corporation for Atmospheric Research

University of California at Los Angeles
United States Weather Research Program
Weather Service Radar, 1988 (year), Doppler
symbol for radar reflectivity

38

OU
PDF
PSU
QPF
RASS

SBUV
SDVR
SUNYA
TIMEX
TIROS
TOMS
TOVS
UCAR
UCLA
USWRP
WSR-88D
Z



Appendix C: Budget Information

Based in part on the findings and recommendations of the Data Assimilation Workshop,
the USWRP planners have requested incremental funds from the co-sponsoring agencies for
research related to data assimilation and other activities. This request applies to the years FY
2000 through 2004 and is in addition to base program resources presently related to weather
prediction in the agencies. NOAA is the lead agency with the NSF as a major partner. DoD and
NASA are also contributing agencies. Other agencies may join the Program at a later date.

Table C-1 shows the request for incremental funds by program area and year. Research
related to Data Assimilation totals $65M, fully one half of the $130M requested increment.
Within this amount are $40M for 280 "Principal Investigator Years" of research and $25M for
the upstream Pacific Ocean and continental convection field programs. The Pacific experiment
assumes certain basic facilities deployed to obtain a 100-day time series, forming, in effect, a
virtual continent upstream of North America. It is expected, but not assumed in a budgetary
sense, that several other nations under the World Weather Research Programme will also
participate in the field experiment and subsequent research. Similarly, a phased continental field
activity focused on enhanced observation of lower tropospheric water vapor and predictability of
organized convection is also planned as a two-season effort, beginning with observing system
tests.

Table C-1
USWRP Incremental Costs, FY 2000-2004 ($M)

Focus 2000 2001 2002 2003 2004 Total
Hurricane Landfall 4.0 5.0 6.5 6.0 5.5 27

Field 4.0 4.0 0.5 4.0 0.5 13

Total Hurricane 8.0 9.0 7.0 10.0 6.0 40
DA/QPF 5.0 8.0 10.0 9.0 4.6 40

Pac Field 7.1 6.3 0.3 0.2 0.1 14
Cont. Field 0.1 2.1 4.3 4.3 0.2 11

Total DA/QPF 12.2 16.4 14.6 13.5 8.3 65
Other QPF / flood

Mountain (field) 0.6 0.7 0.8(1.3) 0.8 0.8 5
Repres. Convection 0.5 0.6 0.6 0.6 3
Hydro model (field) 0.5 0.7(1.2) 0.6(2.2) 0.6(0.1) 0.6(0.1) 7

Total Other QPF /flood 1.6 3.2 6.0 2.1 2.1 15

Total Social & Econ 2.0 2.0 2.0 2.0 2.0 10

Total 23.8 30.6 29.6 27.6 18.4 130
......~~~~ ~ ~ ~ i i i i i i
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Table C-2 shows the cumulative five-year effort by research topic area within the data
assimilation plan. Brief descriptions of these areas are also provided.

Table C-2
QPF / DA Incremental Costs, FY 2000 through FY 2004

Incremental Research
1. Observations

Existing Data
Pacific Data
Water Vapor
Winds / Mass / Space

PI Project Years

40

20

2. DA Techniques

3. Ensemble Prediction

4. Predictability

5. Verification

Total Project Years
1/2 @ 0.125 each, 1/2 @ 0.160 each

35
35

50

35

40

25

280
$40M

Incremental Field Costs .
Pacific 14

Continent (Water vapor / rain) 11

Total Incremental Field $25M

Total DA/ QPF Program $65M

Notes on Table C-2:

Research Related to Data Assimilation
(for improved QPF and other forecast benefits)

(in brochure terms, winter storms, coastal storms and floods)

Observations & Observational Strategies
* Making much better use of data from the NWS modernization (we're wasting much of

the investment now
* Bridging/filling the Pacific data void--a key to strongly improved West Coast forecasts
* Detecting and using data about water vapor over the continent to improve storm and

flood forecasts
* Simulating and (inexpensively) evaluating forecast impact of advanced observing
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systems in space so that cost effective decisions about the future observing system can be
made in advance of huge outlays

Investigate advanced data assimilation techniques especially as related to 6-24 h QPF
forecasts and targeted observations.

* Complex mathematical techniques to maximize impact of observations on numerical
models both for coastal, winter, and summer storms that cause floods (among other
hazards)

* Knowing where to collect what data saves operational costs while improving forecasts.
* The applied mathematics and some related physics should get us there.

Investigate the formation and utility of ensembleforecasts
* The occurrence of weather is intrinsically statistical in some aspects (e.g. there will be

torrential rain but not all points in the forecast area will experience this).
* Ensemble (multiple numerical) forecasts hold the promise to give accurate probabilities

in specific areas for heavy rains, floods and other heavy weather.
* Many industries are better able to cope with reliable statistical forecasts than a yes or no

forecast doomed to be incorrect much of the time.

Conduct fundamental studies related to predictability
* Some phenomena will prove not to be very predictable at some lead times. Work will

focus on those areas where this intrinsic predictability is high and forecast performance
weak.

Develop new forecast verification tools that relate directly to the impacts of weather as
perceived by users of weather information.

* Present methods to evaluate forecasts don't use metrics that relate to the human or
corporate experience on the ground (heavy rain, wind, hail, etc). Rather, they use
measures of atmospheric state, which often correlate poorly with disruptive weather that
is both patchy and intermittent.

* Develop techniques to use the measures of these patchy/intermittent conditions of the
atmosphere as means to verify forecasts, thereby improving their utility in the long run as
well as serving as an objective basis to measure the progress and impact of USWRP
research.
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