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1. INTRODUCTION

This paper presents initial results from the Weather
Prediction Uncertainty Management And
Representation (PUMAR) project sponsored by the
Army Research Laboratory, White Sands Missile Range
in New Mexico. The goal of the PUMAR project was to
cognitively engineer a user-friendly software tool to
effectively communicate weather forecast uncertainty to
a decision-maker assessing weather impacts.

2. BACKGROUND

One of the greatest challenges in meteorology is
quantifying and communicating the uncertainty in
weather forecasts, especially those forecasts based on
numerical weather prediction (NWP) information.
Weather decision aids, widely used in military
operations, are often exploited to "translate" the NWP
information into actionable weather intelligence.
However, unrepresentative or erroneous environmental
observations, errors in the data assimilation process,
and inaccurate or imprecise microphysics or numerical
analysis techniques can lead to uncertainty in the NWP
output data. Extensive, on-going research on each
segment of the NWP process is leading to the
development of better analytical techniques, but the
issue of quantifying the uncertainty remains a challenge.
Ensemble techniques applied to NWP have proven to
be valuable forecast tools but interpreting the output is
often difficult, and they have demonstrated sensitivities
to initial conditions. Bayes' Theorem and Bayesian
Hierarchical Model (BHM) techniques have recently
been applied to the NWP process with documented
success at quantifying weather forecast uncertainty
(Wikle et al. 2003, Berliner et al. 2003, Berliner et al.
1998).

The development of the PUMAR software began by
establishing a representative scenario related to US
Army operations—using a tactical unmanned aerial
vehicle (T-UAV) for reconnaissance, surveillance, and
target acquisition. The domain of the T-UAV
reconnaissance scenario was limited to a portion of the
White Sands Missile Range (WSMR) in central and
southern New Mexico. The PUMAR demonstration
focused on a specific 36-hour window in which specific
targets needed to be imaged by the T-UAV.

The meteorological conditions used for the scenario
covered a subset of the period of low clouds and heavy
precipitation over New Mexico from 2-5 April 2004
(Figure 1). During this period, several cities in New
Mexico recorded over 2.5 inches of precipitation. The
Air Force Weather Agency (AFWA) provided the NWP
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information based on their operational implementation of
the National Center for Atmospheric Research
Pennsylvania State University Mesoscale Model (MM5).
The PUMAR demonstration included several different
NWP variables that could impact T-UAV operations, but
for this paper we used the relative humidity (RH), cloud
water (CW), cloud ice (Cl), cloud snow (CS), and cloud
rain (CR) mixing ratios to predict clouds—specifically
cloud ceiling. Cloud ceiling, which dictates the ability of
the T-UAV to image ground targets, most easily
demonstrates the feasibility of the PUMAR application to
military decision aids.

Figure 1. A representative meteorological infrared
satellite image and 500 hPa geopotential height
contours (courtesy of the California Regional Weather
Server, http://www.squal.sfsu.edu) from 4 April 2004 at
0000 UTC depicting a cut-off low over Arizona and
extensive clouds and precipitation over New Mexico.

The PUMAR demonstration incorporated the BHM
approach using the commercially  available
BNet.Builder® software package, which allows the user
to graphically interact with the NWP information to
represent the types and sources of uncertainty in the
forecast process (BNet.Builder® is available from
Charles River Analytics Inc., http://www.cra.com/bnet).
It was beyond the scope of this paper, however, to
explore the use of BHM to address all the factors in the
NWP process leading to uncertainty.

3. BAYESIAN HIERACHICAL MODEL (BHM)

The BHM formalism, based on probability theory
developed by Thomas Bayes published posthumously in
1763 (http://www.bayesian.org/bayesian/bayes.html), is
expressed as:
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where [H|E,c] is the POSTERIOR probability distribution
of a hypothesis (H) given the evidence (E) and the
background context (c), [E|H,c] is the LIKELIHOOD
probability distribution of the evidence given the
hypothesis, [H|c] is the PRIOR probability distribution
alone, and [E|c] is a normalizing distribution to allow the
POSTERIOR probability to be between zero and one.
The hierarchical aspect of the BHM is the application of
Bayes’ Theorem to several variables, arranged
hierarchically, that express some causal influence on
the forecast variable (and on each other).

The POSTERIOR distribution for this paper is the
probability of cloud given the MM5 NWP evidence (i.e.
RH, CW, ClI, CS, and CR). The shape of the probability
distribution quantifies the uncertainty assessment. The
LIKELIHOOD  distributions are the probability
distributions explicit to the MM5 NWP model based on
data assimilation of observations, microphysical
parameters, and numerical analysis techniques. The
PRIOR distribution as captured in the Conditional
Probability Table (CPT) of BNet.Builder® is based on
expert knowledge of cloud formation. The PRIOR
“probability distribution” is indicative of the inherent
uncertainty in the expert’'s knowledge.

4. BNET.BUILDER® ANALYSIS

The BNet.Builder application, graphically depicting
the hierarchical nature of the cloud analysis (Fig. 2),
was executed on each grid point (spatially and
temporally) throughout the PUMAR domain. The
PRIOR distribution (Conditional Probability Table
independent of NWP) shown in the lower portion of
Figure 2 related the a priori knowledge of the cloud
variables (e.g. CW, CR, CS, and CI) to the cloud
condensate, and the cloud condensate distribution
combined with the relative humidity distribution (thus the
hierarchy) determined the overall PRIOR cloud
distribution. The PRIOR distributions were based on
expert knowledge and did not include NWP intelligence,
nor did the PRIOR distribution account for increased
uncertainty with forecast hour. Since the focus of this
paper was on the application of the BHM information to
influence graphical interpretation of the data, the PRIOR
cloud condensate and relative humidity distributions
were discretized to high, medium, low, or none. For
example, the cloud condensate PRIOR distribution was
skewed to the high end if all the cloud variables were
considered high, and it was skewed to the low end if all
the cloud variables were considered low.

The LIKELIHOOD cloud condensate and relative
humidity  distributions (evidence) were likewise
discretized to high, medium, low or none. The evidence
for each cloud variable was provided by AFWA’'s MM5
data. The discrete category of each variable was
based on AFWA'’s threshold value for each mixing ratio.
For example, the cloud water (CW) mixing ratio was
considered high if the grid point value was greater than
or equal to 0.025 g kg'1, medium if CW was between
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0.025-0.015 g kg™, low if CW was between 0.015-0.001
g kg™, and none if CW was equal to zero.

The LIKELIHOOD distributions (evidence), based on
the NWP information of cloud condensate and relative
humidity, combined with the PRIOR distributions of
cloud condensate and relative humidity provided the
input to BNet.Builder®s inference engine (based on
Jensen’s Junction Tree Algorithm [2001]). The output
was the POSTERIOR distribution of cloud (simplified to
true or false) at each grid point and a quantitative
assessment of uncertainty. The minimum height of
cloud (a value of “true”) determined the cloud ceiling.
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Figure 2. Graphic sample of the BNet.Builder software
as applied to the determination of cloud and forecast
uncertainty. The Conditional Probability Table in the
lower panel of the image is the PRIOR distribution. The
values on the left panel to the right of the bar graphs
represent the LIKELIHOOD distributions (evidence), and
the values to the left of the bar graphs represent the
POSTERIOR distribution.

5. COGNITIVE ENGINEERING AND VISUALIZATION

A critical aspect of the approach taken during the
PUMAR project was the use of cognitive engineering
techniques such as Cognitive Task Analysis (CTA) to
aid in the system’s design (Shraagen et al. 2000). This
approach encourages the design to focus on supporting
the user's tasks through relevant information in an
appropriate method. Several recent case studies have
demonstrated the power of CTA in driving the design of
novel visualizations of abstract domain concepts and
the subsequent improvement in performance (Roth et
al. 2001, Bisantz 2002, Potter et al. 2003). In PUMAR,
we used CTA to identify key types and sources of
uncertainty information impacting the decision-maker
and focused our efforts on quantifying that uncertainty.

An area of active research in the cognitive
engineering community is the development of
visualizations of uncertainty (Basapur 2003, Finger &
Bisantz 2002). Presenting supplemental uncertainty
information to the decision-maker can improve their
situational awareness, and improve their trust in the
display system and underlying predictive models. While
some methods for representing uncertainty have been
developed, they need to be carefully tied, via CTA



techniques, to the specific decision-making domain. In
the PUMAR project, we developed specific
visualizations for understanding the impact of uncertain
weather forecast information on military operations.

6. RESULTS

The benchmark for the results of the PUMAR
demonstration was the current capability of the
Department of Defense Integrated Weather-Effects
Decision Aid (IWEDA) as described by Sauter (2000).
The IWEDA-like spatial (not shown) and temporal
display (Fig. 3) of information gives the decision-maker
an adequate indication of the NWP situation. The often-
used red (severe impact), yellow (marginal impact) and
green (minimal impact) “stop-light” displays, however,
lack the critical meta-information about the underlying
uncertainty of the NWP forecasts. The PUMAR
demonstration, on the other hand, expanded upon the
“stop-light” displays by experimenting with different hues
(colors), transitions between hues, and transparency to
represent NWP forecast uncertainty (Fig. 4).

The IWEDA-like temporal display (Fig. 3) indicates
severe impact to T-UAV operations at the particular
location during the early periods of the forecast, and
then conditions improve to marginal on the way to
minimal impact. The “cause” of the severe or marginal
impact can be identified by looking at the impacts of the
individual components (IWEDA rules). The “low cloud
ceiling” rule fired from the initial time period through 27
forecast hours, as depicted by the yellow “pixels”,
indicating the cloud ceiling was below a certain
threshold. In addition, the “very low cloud ceiling” rule
fired from the initial time period until the 12-hour
forecast, as depicted by the red “pixels”, indicating the
cloud ceiling was well below operational thresholds.
The overall system impact is simply the worst-case
component (rule). In this IWEDA-like display the
operator is not able to decipher the uncertainty or the
magnitude of the impact (e.g. how red is red).

The PUMAR temporal display of the same NWP
information (Fig. 4) does allow the operator to assess
the uncertainty (either by hue or transparency) of the
specific component (rule). In this display the aggregate
or system “pixels” are colored (hue) based on the
number of component rules that fired, and the
transparency is based on the uncertainty. The color
(hue) of the cloud ceiling “pixels” are the same as the
IWEDA-like display, but the transparency decreased
with time indicating the uncertainty in the low and very
low cloud ceiling forecasts. Since the PRIOR
distribution used in this demonstration did not include
temporal variability, the transparency (uncertainty) was
likely the result of a higher cloud base forecast. The
overall system impacts were marginal in the IWEDA-like
display from 21 through 27 forecast hours (Fig. 3), but
using the PUMAR display the operator could see that
only a single rule fired during this period (the low cloud
ceiling rule), and due to the uncertainty of the forecast
the overall system impacts are green (actually light
green indicating lower confidence in the minimal
impact).

A similar discussion is also applicable for the spatial
displays of IWEDA-like products (Fig. 5) and the
PUMAR display of the same data (Fig. 6). The cloud
ceiling severely impacted the T-UAV operations at this
particular time, but the operator did not have access to
the uncertainty information in Figure 5. If the operator
was given the uncertainty information as in Figure 6 the
outcome of the decision could be different. The light red
or pink “pixels” indicate the very low ceiling rule fired for
those locations, but there was a significant level of
uncertainty in the forecast. Seeing the light red next to
the yellow at several locations, the operator could
assume some risk and execute the mission.

The uncertainty information available during the
PUMAR project allowed us to experiment with several
different NWP display techniques to try to communicate
additional forecast intelligence and eliminate information
saturation. Using the display techniques demonstrated
in the PUMAR study and limiting the display to two
variables (for example magnitude and uncertainty)
seemed to work best.

7. CONCLUSION

The goal of the Weather Prediction Uncertainty
Management and Representation (PUMAR) project was
to develop a technique to quantify the uncertainty of
numerical weather prediction (NWP) output and to
display weather impact information in a cognitively
congruent manner for easy interpretation by an
operator. We quantified the NWP uncertainty of cloud
forecasts using a simplified Bayesian Hierarchical Model
(BHM) technique (BNet.Builder). We demonstrated that
the existing Integrated Weather-Effects Decision Aid
(IWEDA) display could be enhanced by including
intelligence about the level of uncertainty of the input
information.

For this paper we simplified the distribution of cloud
variables by quantizing the cloud constituents and
relative humidity. An obvious extension of this work
would be to use the complete/continuous distributions of
cloud variables and to modify the PRIOR distribution
temporally to account for variable forecast skill in the
BHM process. In fact, the strength of the BHM process
is the ability to account for uncertainty in all stages of
the NWP process. The focus of this paper was on the
post-processed variables, but the BHM technique could
be applied in the data assimilation process as well as
exploring the uncertainty of sub-grid scale processes
(e.g. turbulent mixing, cloud microphysics, etc.).
Similarly, additional uncertainty visualization techniques
could be developed for additional types of uncertainty in
NWP process. These additional visualizations may
require additional cognitive engineering efforts to
understand the impact of this information on the
decision-making process.



Systems fo [+ |2 13 |a |5 |6 [z [a [ [1o J11 12 [13 |14 [15 [16 [17 [18 [1a |20 [21 [22 [23 [24 |25 |26 [27 |28 |20 [30 a1 [32 [33

|34 [as

Ea— EEERENRE
o samim EESEEEEE

Systems fo [t [2 |3 |¢ |5 [6 |7 |8 |9 [10 |11 [12 [13 [14 [15 [16 |17 [18 [19 |20 |21 |22 [23 |24 |25 [26 |27 [28 |29 [30 |31 [32 |33

|34 |35 |

9 AllSystems

@ ARMYUAV

Very Cold

Surface Wind Speed
Wind Speed

Low Visibility

Very High Pessure System
Low Cloud Ceiling
Very Low Cloud Ceiling
Fog

Rain

Heavy Rain

Icing

Turbulence

Figure 3: Current IWEDA-like temporal display showing the predicted T-UAV capabilities (top), and the exp
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tree view showing the results of the individual rules (bottom) extracted from one particular grid point within the

PUMAR domain. The NWP forecasts extended for 36 hours (the intervening hours were persisted for display
purposes). The red, yellow and green “pixels” were assigned based on operational T-UAV weather sensitivities.
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Figure 4. The same display as in Fig. 3, except for the application of cognitive engineering techniques to change the

hue (color) and transparency of the mission impacts based on the uncertainty of the predicted NWP variables.

Figure 5: Current IWEDA-like spatial display showing Figure 6: The same display as in Fig. 4, except for the
the cloud ceiling at one particular time over the PUMAR application of cognitive engineering techniques to

domain. The black stars were points of interest during change the hue (color) and transparency of the

cloud

the T-UAV demonstration scenario. The red, yellow, ceiling impacts based on the uncertainty of the predicted

and green “pixels” were assigned based on operational cloud ceiling.
T-UAV cloud ceiling sensitivities.
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