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ABSTRACT 

Two studies of microbunt forecasting were conducted in order to demonstrate the utility of applying theoretical 
and methodological concepts from judgment and decision making to meteorology. A hierarchical model of the 
judgment process is outlined in which a precursor identification phase is separated from the prediction phase. 
In the first study, forecasters were provided with specific, unambiguous precursor values and were asked to 
provide judgments regarding the probability of a microburst. Results indicated that the meteorologists’ forecasts 
were adequately predicted by a linear model. Modest agreement was observed among the forecasters’ judgments. 
In the second study, forecasters viewed storms under dynamic conditions representative of their usual operational 
setting. They made judgments regarding precursor values, as well as of the probability ofa microburst occurring. 
The forecasters’ agreement regarding microbunt predictions was found to be lower than in the first study. 
Surprisingly, agreement regarding the (subjectively) most important precursor value was near zero. These results 
indicate that there are indeed practical advantages to be gained from a better understanding of the precursor 
identification and prediction phases of the forecasting process. 

1. Introduction 

From the point of view of research and operational 
meteorologists, the subjective forecasting of any 
weather phenomenon first requires an understanding 
of the relevant physical processes which generate a par- 
ticular weather event (Doswell 1986; Smith et al. 
1986). It generally is assumed that the forecaster de- 
velops a conceptual model of the phenomenon from 
an understanding of the physical processes. This con- 
ceptual model is then applied to an operational setting 
(see, e.g., Mueiler et al. 1989; Roberts and Wilson 
1989). 

When involved in the forecast process the opera- 
tional meteorologist observes, evaluates, and thinks 
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about a stream of weather information, which is 
changing continually with time. Thus, there are a 
number of activities which directly involve the cogni- 
tive processes of the meteorologist. The data from nu- 
merous information sources must be perceived and as- 
similated by the forecaster. These data must be inte- 
grated and their significance for a particular weather 
event must be assessed. The forecast must then be 
made, often within strict time limits, with limited un- 
derstanding (imperfect conceptual models), and with 
limited information. 

Inaccuracies in weather forecasts result because of 
errors, inconsistencies, or lack of understanding in all 
of the above (Doswell 1986; Smith et al. 1986). Con- 
siderable effort in the past has been placed on improv- 
ing the basic understanding of the physical processes 
and the development of conceptual and objective (i.e., 
phqsical/dynamical and statistical) models underlying 
a particular weather event as well as on providing im- 
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proved weather information and displays. But as Mur- 
phy and Winkler ( 197 1 ) state: “If meteorologists want 
to make this process more ‘efficient,’ then they must 
become as concerned with the nature of this process 
as they are with the nature of the physical processes in 
the atmosphere” (p. 239). And as Smith et al. ( 1986) 
have observed, “A growing science based on decision 
theory seems likely to help forecasters arrive at more 
objective decisions” (p. 43; see these sources for reading 
on decision theory: Arkes and Hammond 1986; Baron 
1988; Hogarth 1980; Kahneman et al. 1982; von Win- 
terfeldt and Edwards 1986 ). 

It is the issue of judgment and decision making in 
weather forecasting to which the present efforts are di- 
rected. Specifically, this paper has two goals: 1 )  to in- 
troduce particular theoretical and methodological 
concepts from the judgment and decision field, and 2) 
to apply those concepts to a forecasting problem in 
order to demonstrate their practical utility. The re- 
search was conducted in the context of forecasting mi- 
crobursts-brief, localized wind storms. 

We have investigated cognitive activity at stages of 
a schema that represent both the physical environment 
of a storm and the perceptual and cognitive activities 
of the forecaster. The hierarchical model that depicts 
steps between the environment of a storm and a judg- 
ment about microbursts is presented in Fig. 1. This 
framework is derived from social judgment theory, 

which is a model describing the relationship between 
two systems: the task system in the environment and 
the cognitive system of the decision maker (for de- 
scription of model and application see: e.g., Hammond 
et al. 1975; Brehmer and Joyce 1988). The environ- 
ment of the microburst forecasting task is represented 
as Phases A, B, and C in Fig. 1. Phase A represents the 
physical mechanisms that underlie the weather phe- 
nomenon at Phase B. The weather produces objective 
data from Doppler radar at Phase C. The cognitive 
system of the forecaster begins operating at Phase D. 
After examining the radar data ( a  perceptual task) at 
Phase D, the forecaster must extract the cues that are 
hypothesized precursors of microbursts at Phase E and 
integrate them into a judgment about the occurrence 
of a microburst at Phase F. The decomposition of the 
final microburst judgment incorporates and separates 
perceptual and conceptual cognitive activities. Percep- 
tual activities are represented at Phase D. Forecasters’ 
conceptual understanding of how those data combine 
to indicate precursors and how the precursors are com- 
bined to arrive at a microburst prediction are repre- 
sented in Phases E and F. 

The hierarchical nature of the model implies that 
error at any phase can be passed on to later phases. 
Therefore, the quality of the final judgment depends 
on perceptions and judgments at each prior phase. 
Anthes’ (1986) argument that “any error, no matter 
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FIG. 1. Sequence of phases in microburst forecasting. 
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how small, will eventually grow and contaminate even 
a perfect model’s forecast” (p. 637), should, of course, 
be applied to forecasters’ perceptions and judgments 
as well as meteorological observations and models (see 
Tribbia and Anthes 1987). 

Two studies were conducted investigating the dif- 
ferent phases of the microburst prediction task. In 
Study 1, judgment analysis was used to investigate mi- 
croburst prediction at Phase F. Following the proce- 
dures of social judgment theory, we first identified the 
cues (precursors) that forecasters use to identify mi- 
crobursts. We then generated a sample of cases rep- 
resenting hypothetical storms. For each case, forecasters 
judged the probability of a microburst. From analyses 
of those judgments we determined a model of how the 
forecasters integrated the cues into a judgment. In ad- 
dition, we assessed intra- and inter-forecaster consis- 
tency in judgments, and individual differences in fore- 
casters’ integration of the cues. 

In Study 2 we investigated the microburst prediction 
task in a setting representative of the real-time situation 
in which forecasters normally operate. Forecasters ob- 
served Doppler radar scans of storms over time (some 
of which produced microbursts and some of which did 
not) and made judgments regarding precursor values 
and the probability of a microburst. This study assessed 
the overall degree of agreement among the forecasters 
in Phases D, E, and F of Fig. 1 in order to determine 
at which phase in the judgment process disagreement 
may be occurring. In addition, the effect of updated 
information over time on agreement was assessed. 

2. Study 1: Judgment analysis of microburst nowcasts 

The method and analyses reported follow the pro- 
cedures of social judgment theory (Hammond et al. 
1975; Stewart 1988). We began our research program 
by investigating the conceptual models forecasters used 
to make microburst nowcasts (0  to 30 min forecast; 
Roberts and Wilson 1989) when provided with pre- 
cursor data. This allowed us to determine the degree 
to which forecasters’ judgments agree when they are 
provided with the same data, and the degree to which 
disagreement was due to a different conceptual model, 
and/or due to inconsistency in the application of the 
conceptual model. Finally, the linear model from our 
judgment analysis was compared to a model provided 
by the forecasters during a discussion. Another example 
of applications of these procedures to meteorology may 
be found in Stewart et al. ( 1989). 

a. Procedure 

1 ) PROBLEM STRUCTURING 

Problem structuring, which includes defining the 
judgment of interest, describing the forecast scenario, 

identifying the most important cues, defining the cue 
ranges, and describing relations among the cues, was 
the focus of an initial meeting with the forecasters. A 
proposed structure, based on Roberts and Wilson 
( 1987) and on previous discussions with one of the 
forecasters, was presented. The three forecasters present 
discussed the proposed structure and suggested a few 
changes to the scenario and an extension of the range 
of one cue. They agreed on the problem structure de- 
scribed below. 

( i )  The judgment. The judgment of interest was de- 
fined as the probability (0-1 00%) that a microburst 
will be produced by the storm under observation within 
5- 10 min. 

(ii) The scenario. The judgment scenario describes 
the conditions leading up to the forecast. It was con- 
structed by fixing the values of certain variables that 
are expected to influence forecasting strategy. (The ef- 
fect of the scenario variables on the forecasting strategy 
is an empirical question that can be addressed by vary- 
ing scenarios.) The present scenario was presented as 
follows to the forecasters: 

The morning sounding was favorable for micro- 

0 There has been a pattern of moderate storms in 

0 Microbursts have been observed with other storms 

0 The temperature is still near the convective tem- 

0 The event under observation is a mature storm 

* The level of reflectivity of the event is moderate. 

(iii) The cues (precursors). The cues included in 
the storm cases were: 1 )  descending reflectivity core, 
2)  collapsing storm top, 3 )  organized convergence 
above cloud base, 4) organized convergence/diver- 
gence near cloud base, 5) reflectivity notch, and 6 )  
rotation. 

The ranges for these cues are presented in Fig. 2, an 
example of a case that the forecasters judged. Abstract 
scales were used for cues 1,2,5, and 6 because physical 
measures for these features were not available at the 
time this study was conducted (see Roberts and Wilson 
1989, for a discussion of these radar features). 

(i) Relations among the cues. The forecasters agreed 
that no combination of values was physically impos- 
sible but that collapsing storms without descending 
cores were uninteresting when microbursts are being 
forecast. They also said that divergence near the cloud 
base would be possible but rare. 

(ii) Generation of hypothetical cases. Because real 
microburst cases were not available in sufficient num- 
bers at the time this study was conducted, hypothetical 
microburst cases were generated. Each case consisted 

bursts. 

the vicinity. 

earlier in the day. 

perature. 

that is isolated, but possibly multicellular. 
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of a different mix of values for the six cues. The prop- 
erties of the cases conformed to the problem structure 
previously described. 

The POLICY-PC program (Executive Decision Ser- 
vices 1986) was used to generate hypothetical cases. 
This program generates random-integer cue values with 
specified ranges. Of 50 cases initially generated, eight 
were eliminated because they indicated collapsing 
storms without descending cores (i.e., the value of col- 
lapsing storm was more than three points higher than 
the value for descending core). In addition, eight of 
the original 50 cases indicated divergence near cloud 
base. Because the forecasters had indicated that this 
would rarely occur, half these cases were selected at 
random and dropped. Twelve new cases were generated 
randomly to bring the number of cases back to 50. The 
resulting intercorrelations among the cues were low; 
the highest was between collapsing storm and descend- 
ing core ( . 3  1 ). The same procedure was used to gen- 
erate 25 new cases for the second session. 

2) COLLECTION OF JUDGMENTS 

Each of five forecasters from the National Center 
for Atmospheric Research (NCAR) in Boulder, Col- 
orado judged 50 cases in individual sessions lasting 
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FIG. 2. Example of a microburst case. 

TABLE 1. Study I :  Means and standard deviations 
of forecast probabilities. 

Forecaster Mean Standard deviation 

A 45.87 28.10 
B 70.93 30.17 
C 63.27 17.43 
D 51.73 26.35 
E 73.0 1 20.53 
F 54.33 29.12 
G 5 1.27 24.54 

from 20 to 45 min. Approximately one week later, the 
same forecasters judged another set of 50 cases. The 
second set of 50 consisted of 25 new cases followed by 
25 repeated cases from the first session. The 25 new 
cases were included for cross-validation; that is, so that 
the model derived from the first session could be tested 
on a new sample of cases. The 25 repeated cases were 
the even-numbered cases from the first session pre- 
sented in a random order. These cases were included 
to assess the reliability (consistency) of the forecasters' 
judgments. 

Two forecasters from Lincoln Laboratories (MIT) 
judged the same cases, but the interval between Session 
I and Session I1 for them was a few minutes instead of 
a week. 

b. Results 

1) AGREEMENT 

Correlation coefficients are utilized as a measure of 
agreement in this research because they provide a mea- 
sure of linear association between judgments. Because 
they are independent of the mean and standard devia- 
tion of the forecasts, they do not reflect differences in 
bias among forecasters. Differences in bias are reflected 
in the means and standard deviations of the forecasts, 
which are included in Table 1. The correlation between 
two forecasters' judgments may be thought of as the 
potential agreement that would result if both forecasters 
were unbiased (or  if they both had identical biases). 

Correlations among the seven forecasters' judgments 
are presented in Table 2. They range from .45 to .90, 
with a mean of .74, indicating moderate agreement 
among forecasters. The correlations for Forecaster E, 
however, range from .45 to .64, with a mean of S O ,  
suggesting that Forecaster E differs from the other fore- 
casters. 

' All mean correlations reported in this article were computed by 
first converting the correlation coefficient to a Fisher :, computing 
the mean z, and converting the mean z back to an r .  When corre- 
lations are used as dependent variables it is recommended (Cohen 
& Cohen, 1983: Judd & McClelland 1988) that they first be trans- 
formed to Fisher's z .  
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TABLE 2. Study 1: Agreement and consistency 
correlation coefficients. 

A B C D E F G  

B .78 
C .82 .81 
D .75 .72 .76 
E .52 .49 .45 .64 
F .80 .90 .84 .75 .45 
G 3 5  3 0  .81 .71 .45 .81 

Consistency .8 I .92 .79 3 9  .76 .95 .98 

2) CONSISTENCY 

Consistency’ indicates the extent to which a fore- 
caster makes similar judgments when the same infor- 
mation is presented on different occasions. It was mea- 
sured by correlating the pairs of judgments made on 
the 25 repeated cases. The consistencies are reported 
in the last row of Table 2 .  

The consistencies are moderate to high. Forecaster 
E has the lowest consistency, which explains in part 
why his forecasts do not agree with those of the other 
forecasters. The two forecasters from Lincoln Labo- 
ratories ( F  & G )  have the highest consistencies, prob- 
ably because of a memory effect; their judgments were 
repeated within a few minutes. 

3) REGRESSION MODELS OF JUDGMENTS 

In a variety of fields of expertise, simple algebraic 
models have been found to reproduce the judgments 
of experts (Brehmer and Joyce 1988; Dawes et al. 1989; 
Hammond et al. 1987; Slovic and Lichtenstein 1973). 
Often a simple linear model predicts the judgments of 
experts as well as or better than more complex models 
(Dawes and Comgan 1974). As a result, multiple 
regression analysis has often been used to model the 
judgments of experts ( Arkes and Hammond 1986: Pitz 
and Sachs 1984). 

Models of the following form were fitted statistically 
to the forecasts made by each forecaster: 

YfJ = c, + b,,X,I + b,2& + 4 3 x 3  

+ bjdfi;4 + b j A 5  + b]6/k;6 + e, 
where 

I.;,= the forecast made by forecaster j based on 

C, = a constant for forecaster j ,  
b,?, = the weight for cue k, 

case i, 

The term “consistency” in this paper refers to what psychoiogists 
mean by “reliability.” It is typically measured by the correlation coef- 
ficient which ignores biases. Consistency is used here to avoid con- 
fusion of reliability with the term ”calibration.” 

Xjk = the value of cue k on case i, and 
efj = the residual for forecaster j on case i. 

The parameters (c, and the b,ks) of the model were 
determined so that the sum of the squared differences 
between the predictions of the model and the actual 
forecasts were a minimum; that is, for forecasterj, the 
sum of the ( eu)2 over all the cases is minimized. 

The correspondence between the statistical model 
forecasts and the actual forecasts is given by the mul- 
tiple correlation (R) which can range from 0 to l ,  with 
1 indicating perfect fit. The squared multiple correla- 
tion ( R 2 )  indicates the proportion of variance in the 
forecasts that is accounted for by the model. 

Table 3 shows that the regression models account 
for 68 to 9 1% of the variance in the forecasts. In other 
words, these simple linear models can reproduce the 
forecasts with a fairly high degree of accuracy and ac- 
count for most of the consistent variation in forecasts. 

4 )  RELATIVE WEIGHTS 

Relative weights derived from the regression models 
of each forecaster are presented in Figure 3.  These 
weights, which are based on the standardized regression 
weights (beta weights) adjusted to sum to 100, indicate 
the relative importance of each cue to each forecaster. 
(See the Appendix for details on the derivation ofthese 
weights.) Six of seven forecasters placed the greatest 
weight on descending core. The weights for Forecaster 
E differ substantially from the others. This forecaster 
placed little weight on the descending core cue and had 
the largest weight ofany ofthe forecasters for the notch 
cue. This pattern of weights (along with the consisten- 
cies discussed above) explains the differences, apparent 
in Table 2, between Forecaster E and the other fore- 
casters. 

5 ) AGREEMENT BETWEEN COMPONENTS OF JUDG- 
MENTS 

The regression model of each forecaster can be used 
to decompose each forecast into the linear component 
and nonlinear components. Correlations between each 
of these components of judgment are presented in Ta- 

TABLE 3. Study t :  Multiple correlations. 

Forecaster R R’ 

3 9  
.92 
.89 
.86 
.82 
.95 
.88 

.I9 

.84 

.80 

.73 

.68 

.9 I 

.7 7 
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____ 

Descending core 

Not 
(1-3) 

Questionable 
(4-7) 

Obvious 
(8-10) 

TABLE 4a. Study 1: Agreement linear additive component (G). 

A B C 

Low Low Low 
Probability Probability Probability 

D E F 
Low 

Probability 

G H I 

A B C D E F 

B .93 
C .96 .96 
D .93 .87 .92 
E .7 1 .59 .64 .85 
F .93 .98 .94 .85 .53 
G 1 .oo .93 .97 .93 .69 .94 

ble 4a and Table 4b. The correlations among the linear 
components of the forecasts (labeled G by Hursch et 
al. 1964) are very high, but the correlations between 
the nonlinear components of the forecasts (labeled C 
by Tucker 1964) are quite low. 

The G coefficients in Table 4 measure the agreement 
that forecasters would achieve if they applied the rel- 
ative weights described in Fig. 3 with perfect consis- 
tency. Note, for example, the G of 1.0 between fore- 
casters A and G reflects their virtually identical weight- 
ings on cues. The differences between the values of G 
and the agreement correlations reported in Table 2 in- 
dicate the amount of disagreement due to lack of fit 
of the linear model to the forecasts. 

The C coefficients measure agreement in the non- 
linear part of the forecasts. The low values of C indicate 
that if forecasters are using nonlinear processes to or- 
ganize the cues into a microburst forecast, the results 
of those processes differ across forecasters. Until further 
research is conducted, plausible interpretation of the 
low C coefficients is that most of the nonlinear com- 
ponent of the forecasts is unreliable, or “error,” vari- 
ance. 

6 )  A NONLINEAR MODEL 

When the results of this study were presented to the 
NCAR forecasters, they insisted that the linear model 
was not an adequate representation of the way they 
forecast microbursts. The most important nonlinearity 
that the forecasters described involved the use of cutoffs 
on descending core and collapsing storm. They indi- 
cated, both in discussion and in writing, that they used 
a two-stage process in forecasting. If descending core 

TABLE 4b. Study 1: Agreement nonlinear or nonadditive 
component (C). 

A B C D E F 

B .09 
C .21 .I2 
D .I9 .I9 .23 
E .02 .19 -.09 .14 
F .05 .38 .29 .37 .2 1 
G .33 .29 .25 .04 -.I8 .I8 

and collapsing storm were low, then the probability of 
a microburst would be low, regardless of the other cues. 
On the other hand, high values of descending core and 
collapsing storm would indicate a downdraft, and the 
forecasters would look at the other cues to determine 
the strength of the downdraft. 

To test the ability of this nonadditive model to  ex- 
plain the forecasters’ judgments, the sample of 75 cases 
was divided into nine subgroups: 

Collapsing storm 

Question- 
Not able Obvious 

(1-3) (4-7) (8-10) 

(This table was developed by the forecasters.) 
Next, for each forecaster, the mean judgment for all 

cases falling in Cells A, B, C, or D (a  total of 18 cases) 
was calculated. The cell mean was considered the pre- 
dicted judgment for every case falling in that cell. Then 
a linear regression equation for the remaining cases, 
those falling in Cells E, F, G, H, or I was computed. 
For each forecaster the predicted scores from linear 
regression were combined with the means to create a 
variable that includes predicted scores for all 75 cases. 
The predicted judgments based on this model were 
correlated with the actual judgments. 

A comparison of the correlations between this non- 
linear model and the multiple correlations presented 
in Table 3 showed that the linear model was superior 
for six of the seven forecasters. For Forecaster F, the 
nonlinear model and the linear model were equally 
accurate. Thus, the forecasters’ judgments were repro- 
duced better by the simple linear model than by the 
nonlinear process suggested by the forecasters. 

3. Study 2: Judgments of precursors and microbursts 
in a displaced real-time setting 

Our next step was to investigate judgments regarding 
the precursor values (Phase E) that are combined to 
yield the final forecast. In doing so, we employed a 
situation that was representative of that in which the 
forecasters typically operate. 
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a. Procedure The judgments regarding precursor values and 
probability of a microburst were made on the same The participants in this experiment were four of the scales as in Study l .  In addition, to the right of each five NCAR microburst forecasters who participated in rating scale was a blank for the forecasters to insert 

In Phase 1 the forecasters each viewed one microburst forecasters, instructions regarding confidence judg- and one null case. The procedures were then revised confidence may 

in a shorter period Of precursor judgment is correct. A zero probability would 
indicate that you are cetain you are nor correct and a 
probabiity of 100% would indicate you are certain you 
are correct. A confidence value of 50% indicates your 

Study The experiment was conducted in two phases. their confidence in their precursor judgments. In Phase 

ments included the following: (as described in Order to increase the amount be expressed as the probability you believe that your 
Of data that be 
time. 

1 )  OVERVIEW 

During each experimental session, the forecaster was 
seated in front of a large computer terminal used to 
present color Doppler radar displays. The experimenter 
was seated in front of another computer terminal that 
was used to run the experimental session. At the first 
session of each phase of the experiment, the forecasters 
read instructions regarding how the experiment would 
proceed. The forecasters were presented with a volume 
of radar data, after which they made judgments of pre- 
cursor values and the probability of a microburst. The 
presentation of data and making of judgments were 
repeated until completion of each case. 

2 )  THECASES 

Six cases were used to generate the data in this study: 
two in the first phase and four in the second phase. 
Half of the cases in each phase were null cases and half 
were microburst cases. 

Each case consisted of a set of Doppler radar volume 
scans (or volumes) of reflectivity and velocity data, 
presented chronologically. The volumes each com- 
prised two and one-half minutes of real time data, con- 
sisting of 13 scans, starting with either the 0.5 or 1.1 
degree elevation scan and terminating with either the 
34.8 or the 39.9 degree scan. In the first phase, Case 1 
included six volumes. The data for Case 2 spanned 
eight volumes. However, one volume was skipped be- 
cause of faulty data. In addition, one volume in Case 
2 only included the lower seven scans. However, judg- 
ments were still collected for that short volume. In the 
second phase, all cases included four volumes of data. 
Each case terminated before the microburst was evident 
on the lowest scan or before any obvious or substantial 
decrease in the intensity or height of the cell in the null 
cases. 

3) THE JUDGMENTS 

The forecasters were asked to make judgments of 
the six precursor values they had indicated to be the 
cues in Study 1: descending core, collapsing storm, 
convergence above cloud base, convergence/diver- 
gence at or below cloud base, notch, and rotation. In 
addition, forecasters made judgments of the probability 
of a microburst occurring in the next 5 to 10 min. 

precursor judgment is as likely to be incorrect as cor- 
rect.” In the second phase, the instructions stated: “We 
would like to clarify what those confidence judgments 
mean. Your confidence may be expressed on a scale 
from 0 to 100. A zero rating would mean that you have 
no confidence at all in your judgment, a rating of 100 
would mean that you are completely confident, and a 
rating of 50 would mean that you are half-way in be- 
tween. A rating of 75 (or  25 ) would of course indicate 
greater (or lesser) confidence than the midpoint of 50.” 
The rating sheet is shown in Fig. 4. 

In the first phase, judgments were made after each 
volume. Therefore, judgments were made six times for 
Case 1 and seven times for Case 2. In the second phase, 
judgments were made after all but the first volume. 
Thus, three judgments were made for each of the four 
cases in the second phase. 

4)  THE EXPERIMENTAL SESSION 

At the beginning of the first session in each phase, 
the forecasters were provided with written instructions 
which explained that each case would consist of several 
volume scans, over time, of a cell that did or did not 
produce a microburst, starting with the lowest scan at 
the earliest time. When they finished observing each 
scan, the forecasters were instructed to tell the exper- 
imenter that they were ready for the next level scan. 
The forecasters were given up to 30 seconds to view 
each scan. After completion of a volume in this man- 
ner, the forecasters filled in the rating sheet. In addition, 
the instructions stated, in part: 

At the time of the first volume you can assume that 
a microburst is not presentlj3 occurring. Please assume 
before observing the first scan, that on the basis of prior 
information (morning soundings, etc.) you have al- 
ready reached the conclusion that the likelihood of a 
microburst on this day is 0.50. Then adjust your prob- 
abilities of a microburst after observing the radar data. 
Each case will terminate prior to evidence of outflow 
from a microburst or evidence that the storm is ob- 
viously dissipating. 

Finally, the forecasters were given instructions to think 
aloud and their verbalizations were recorded. 

The instructions for the second phase explained the 
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RATING SHEET 
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CONFIDENCE (“A) 
DESCENDING 
REFLECTIVITY 
CORE 

COLLAPSlNG 
STORM 

ORGANIZED 
CONVERGENCE 
(DIVERGENCE) 
ABOVE CLOUD 
BASE 

ORGANIZED 
CONVERGENCE 
(DIVERGENCE) 
AT OR BELOW 
CLOUD BASE 

REFLECTIVITY 
NOTCH 

ROTATION 

1 2 3 4 5 6 7 8 9 10 
I I I I I I I I I I 
NOT QUESTIONABLE OBVIOUS 
DESCENDING 

1 2 3 4 5 6 7 8 9 10 

NOT COLLAPSING QUESTIONABLE OBVIOUS 

2 1  0 -1 -2 -3 -4 -5 -6 -7 -8 

LOW CONVERGENCE HIGH CONVERGENCE 
(1Oms-1 /5km) (40ms-1 /5km) DIVERGENCE 

2 1  0 -1 -2 -3 -4 -5 6 -7 -8 
J I I I I I I I I I 1 

LOW CONVERGENCE HIGH CONVERGENCE 
(10rn-s-1 /5km) (40ms-1 /5km) 

1 2 3 4 5 6 7 0 9 10 

NO NOTCH QUESTIONABLE OBVIOUS 

1 2 3 4 5 6 7 8 9 10 
L I 1 I I I I 1 I I 

NONE AMBIGUOUS WEAK TIGHT 

probability (0.0 - 1 .O) of 
microburst within 5 - 10 minutes: 

PLEASE LIST ON THE BACK OF THIS PAGE ANY OTHER FACTORS 
YOU CONSIDERED WHEN MAKING YOUR MICROBURST JUDGMENT 

FIG. 4. Study 2: Precursor judgment scales. 

changes in the experimental procedure. The forecasters 
were informed that they would receive the noon 
sounding data, view only four volumes of data, and 
make judgments as in the first phase after the second 
through fourth volumes. In addition, the instructions 
explained that the scans within each volume would be 
presented continuously and that they did not need to 
think aloud. 

The forecasters were provided with blank paper for 
taking notes and felt tip pens to mark the screen. The 
date for each case was masked on the computer screen. 
At the beginning of each case, forecasters were provided 
with the coordinates of the storm cell of interest. 

In the first phase, half of the forecasters were pre- 
sented with Case 1 first, and half were presented with 
Case 2 first. In the second phase, the cases were ar- 
ranged on a tape in a fixed order. Each forecaster began 
with a different case, but otherwise the order of pre- 
sentation was fixed. 

b. Results 

1 ) OVERALL AGREEMENT AMONG FORECASTERS 

Analyses were conducted to determine the degree of 
agreement between forecasters’ judgments of precursor 
values and agreement between forecasters’ judgments 
of the probability of a microburst. The data used in 
these analyses were the judgments made after each vol- 
ume. Thus, 25 data points are possible for each fore- 
caster (some analyses have a slightly lower number of 
data points in instances where forecasters did not pro- 
vide ratings). The correlations between the judgments 
of each pair of forecasters were computed for each pre- 
cursor and are presented in Table 5 .  Similarly, the cor- 
relations between judgments of the probability of a mi- 
croburst were computed and are presented in Table 6. 

Tables 5 and 6 clearly indicate significant disagree- 
ment between forecasters regarding both the precursor 
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TABLE 5. Study 2: Agreement correlation coefficients for 
judgments of precursors. 

Descending core Collapsing storm 

A B D A B D 

B .14 B .69 
D -.06 .12 D .47 .53 
E .10 .35 -.I4 E .57 .40 .I7 

Convergence above Convergence at/or 
cloud base below cloud base 

A B D A B D 

B .65 B .54 
D .71 .49 D .43 .76 
E .58 .53 .4s E .77 .59 .45 

Notch Rotation 

A B D A B D 

B .38 B .06 
D .51 .25 D .12 .39 
E .61 .57 .34 E .51 -.Ol .26 

the considerable disagreement regarding precursor val- 
ues, it is important to determine the extent of agree- 
ment regarding perception of the data one step previous 
in the judgment process at Phase D in order to ascertain 
whether such disagreement is cumulative upward in 
the judgment hierarchy. The velocity (in ms-’) and 
reflectivity (in dBZs) data from the Doppler radar are 
both presented as colored images. Three of the four 
forecasters took extensive notes regarding the dBZ val- 
ues and these notes were utilized to asses the agreement 
regarding forecasters’ translation from colors to nu- 
merical data. The number of times each pair of fore- 
casters agreed and disagreed on the dBZ values in their 
notes was counted (agreement was defined as values 
within 5 dBZs of each other). An agreement score for 
each pair of forecasters was calculated by dividing the 
number of agreements by the sum of the agreements 
and disagreements. For Forecasters A and B this score 
was 9670, 93% for Forecasters A and E, and 99Y0 for B 
and E. This result indicates that 1 )  forecasters are in 
agreement regarding the raw reflectivity values and 2)  
disagreement occurs when combining these values into 
precursor judgments. 

and probability judgments. Comparison of the level of 
agreement for the different precursors in Table 5 in- 
dicates a higher degree of agreement on some precur- 
sors than on others. Particularly noteworthy are the 
low and even negative correlations for judgments of 
descending core. This result is particularly important 
because this precursor is the one which forecasters 
weighted most heavily in arriving at microburst prob- 
ability judgments (as indicated in Study 1 ) . 

Agreement regarding precursor values was highest 
for the two convergence precursors, second highest for 
collapsing storm and notch, and lowest for rotation 
and descending core. The different levels of agreement 
between precursors are probably due to the different 
levels of abstraction or stages necessary to make judg- 
ments of the precursor values. For example, the two 
convergence precursors are probably the precursor val- 
ues most directly obtained (from the radar velocities). 
In contrast, the descending core judgment requires that 
the forecaster combine information about maximum 
reflectivity values over times and heights. 

The above results regarding agreement concern 
judgments at Phase E in our hierarchical model. Given 

2) AGREEMENT OVER TIME 

Did agreement increase over time? The answer to 
this question is important because it indicates whether 
increasing information over time does or does not lead 
to converging judgments. For each precursor and the 
microburst probability judgments, the correlations were 
computed between each pair of forecasters for each of 
the last three volumes separately. The initial data for 
these analyses were judgments for each of the last three 
judgment times (volumes) in each case. Specifically, 
“Time 1” included judgments from volume 4 for Case 
1, volume 6 for Case 2, and volume 2 for the other 
four cases. Likewise “Time 2” included judgments 
from volume 5 for Case 1, volume 7 for Case 2, and 
volume 3 for the other cases. Finally, “Time 3” in- 
cluded data from the last volume of each case. This 
resulted in three correlation matrices for each of the 
three times. The mean r values for each time are pre- 
sented in Table 7. 

As can be seen from Table 7, the degree of increased 
agreement over time varies by precursor. Agreement 

TABLE 7. Study 2: Mean agreement correlation coefficients 
over time. 

TABLE 6. Study 2: Agreement correlation coefficients for 
judgments of probability of a microburst. 

A B D 

B .60 
D .88 .45 
E .3 I . I5  .I9 

Time 1 Time 2 Time 3 

Descending core .G9 .19 . I8  
Collapsing storm .28 .36 .8 1 
Convergence above .44 .68 .75 
Convergence below .5 1 .74 .85 
Notch .69 .58 .83 
Rotation -.06 .34 .so 
Probability .40 .s4 .60 
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clearly increases for the precursors collapsing storm, 
rotation, and the two convergence precursors. But for 
descending core (the most highly weighted precursor), 
notch, and the probability of a microburst it is less 
clear that agreement increases over time. 

3) CONFIDENCE IN JUDGMENTS 

The mean confidence ratings across all six cases are 
presented in Table 8 separately for each precursor and 
probability judgment. (Note that the confidence ratings 
for the probability judgments were collected only for 
the last four cases.) It is clear from Table 8 that fore- 
casters were generally at least 50% confident in their 
judgments, indicating at least some degree of confi- 
dence in their ratings. In fact, Forecasters B and E were 
very confident in their judgments. Thus, although the 
forecasters were making markedly different judgments, 
each expressed rather high confidence in the accuracy 
of their judgments. 

4. General discussion 

Our goal in this research was to study cognitive pro- 
cesses underlying microburst forecasting and to dis- 
cover how research in judgment and decision making 
could help forecasters make better forecasts. Thus, we 
devised a conceptual framework (see Figure 1 ) of the 
phases involved in arriving at a judgment of the prob- 
ability that a storm will produce a microburst. The 
model directed us to study forecasters’ perception of 
the radar data (Phase D), extraction of the cues (Phase 
E) ,  and judgment of a microburst (Phase F). Thus, 
the model was useful both theoretically and method- 
ologically. The results, however, must be interpreted 
in light of our limited sample of both forecasters and 
cases. 

Study 1 provided a “best case scenario” for the fore- 
casters. That is, if it is true that the best available pre- 
cursors of microbursts are those identified by the fore- 
casters and used in the study, then the forecasters were 
making judgments on the basis of error-free informa- 
tion because the forecasters did not have to determine 
the cue values perceptually. From Study 1 we learned 
that a simple linear model is a good descriptor of fore- 
casters’ judgments. In addition, the results of Study 1 

TABLE 8. Study 2: Mean confidence ratings. 

A B D E ALL 

Descending core 
Collapsing storm 
Convergence above 
Convergence below 
Notch 
Rotation 
Mean 
Probability 

.43 

.50 

.57 

.62 

.60 

.5 I 

.54 

.48 

.95 

.92 

.90 
2 9  
.95 
.97 
.93 
.90 

.54 

.50 

.50 

.60 

.50 

.56 

.53 

.54 

.79 .68 

.79 .68 

.95 .73 

.9s .17 

.94 .75 

.92 .14 

.89 

.83 .69 

indicated that when provided with a best case scenario 
the forecasters disagreed with one another regarding 
their microburst judgments and demonstrated incon- 
sistency in their own judgments. 

Study 2 indicated an even greater degree of disagree- 
ment regarding microburst judgments than did Study 
1. This is contrary to what many people might expect, 
especially those who assert that the format for the pre- 
sentation of cases used in Study 1 (Figure 2 )  “rob” 
individuals of information they typically use when 
making judgments. Study 2 was designed in a manner 
to be representative of the real time situation in which 
the forecasters normally operate. But their performance 
was wtme than with the profile cases (Study 1 ). For- 
tunately, the design of the research (specifically the 
collection of cue judgments) made available the data 
appropriate for determining the basis of the disagree- 
ment. Utilizing the hierarchical model, the degree of 
disagreement was traced back through successive nodes 
in the judgment hierarchy. Considerable disagreement 
was found regarding precursor judgments at Phase E, 
with the amount of disagreement varying by precursor. 
Moving back one phase further in the judgment process 
to Phase D, considerable agreement was found regard- 
ing forecasters’ perceptions of reflectivity values. For 
example, when the objective radar data (Phase C) is 
perceived by the forecasters (Phase D),  they perceive 
the same reflectivity values. However, when those val- 
ues are integrated over time and height to generate a 
judgment of descending core, considerable disagree- 
ment appeared. 

The prevalence of such disagreement and its impli- 
cations for weather forecasting are unclear. Previous 
research on probability of precipitation forecasts in- 
dicates higher agreement correlations than those in the 
present study ( Winkler, Murphy, and Katz 1977). The 
two studies differ in many uays, however; future re- 
search needs to clarify how widespread such disagree- 
ment is and to delineate the conditions which promote 
or alleviate it. 

In the present situation, to alleviate disagreement, 
we recommended that the forecasters construct a clear 
operational definition for each precursor. The proce- 
dure for producing definitions should include first, sci- 
entific knowledge of physical mechanisms, and second, 
a framework outlining the phases from those mecha- 
nisms to the judgment of a precursor value similar to 
the one we have been utilizing. That is, once an explicit, 
public theoretical definition of the physical processes 
has been agreed upon, a model should then be devel- 
oped that describes how the physical mechanisms are 
manifested on the radar displays, and how those mech- 
anisms, once perceived by a forecaster, can provide 
data for each microburst precursor. Then at each phase 
of the model, empirical tests of agreement should be 
employed. Finally, a formal training program could be 
established which utilizes the model developed during 
the definition process in training exercises that track 
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TABLE A. Unstandardized regression coefficients (standard error in parentheses). 

A B C D 

Descending core 
Collapsing storm 
Convergence above 
Convergence near 
Notch 
Rotation 
Constant 

7.38 (.64) 9.49 (39) 5.10 (.38) 
1.74 (.60) 1.42 (.56) 0.72 (.36) 
3.61 (.63) 1.34 ( S 8 )  0.78 (.38) 
1.34 ( S O )  1.26 (.46) 1.51 (.30) 

1.89 (.61) 0.46 (.56) 1.09 (.37) 
-.39 (.53) 1.03 (.49) -.29 (.32) 

-5 1.44 (8.06) -26.6 1 (7.46) 5.05 (4.85) 

4.96 (.67) 
3.39 (.63) 
1.98 (.66) 
2.36 (52) 
0.75 (S6) 
2.42 (.64) 

-46.24 (8.43) 

E F G 

6.51 (.58) 1.14 (S7) 9.71 (.43) 
2.76 (S4) 1.00 (.41) 1.28 (S5) 
3.22 (S7) I .59 (.43) 2.80 ( .58)  
2.41 (.44) 0.49 (.34) 1.26 (.45) 
1.83 (.48) 0.98 (.36) 
0.38 (S5) 2.25 (.41) 2.27 (S6) 

-.23 (.49) 

4.35 (7.22) -49.13 (5.49) -36.01 (7.35) 

performance and provide appropriate feedback. The 
“replay” capacity of the modern workstation brings 
these steps within practical means. 

5. Conclusions 

This research process was intended, first, to assist 
cognitive psychologists in increasing their understand- 
ing of judgment and decision making processes in dy- 
namic (i.e., changing) task conditions; and second, to 
assist meteorologists in increasing their understanding 
of the cognitive aspects of meteorological judgments 
with the aim of improving those judgments. It is our 
view that these goals were achieved to a limited but 
nontrivial extent. Results pertinent to psychological 
research on dynamic tasks are discussed elsewhere 
(Lusk and Hammond 1990): but it is clear that specific 
information that would not have been otherwise ob- 
tained was brought to bear on a specific forecasting 
problem. The results pointed directly to steps that could 
be taken to improve the process. 
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APPENDIX 

Derivation of Relative Weights 

The raw regression coefficients and their standard 
errors for each forecaster are presented in Table A. In 
their raw form, it is difficult to directly compare the 
regression coefficients to ascertain different weightings 
of cues because the values of the coefficients are in the 

original scale units and the cues were measured on 
different scales. Therefore we transformed the regres- 
sion coefficients into relative weights so that compar- 
isons can be made between cues and between fore- 
casters. Computation of the relative weights proceeded 
as follows. First the standardized regression coefficients 
(the beta weights) were computed. The standardized 
form of the regression equation compensates for dif- 
ferences in units by transforming each variable so that 
its mean is 0.0 and its variance is 1.0 in the sample. 
Then we computed relative weights. For each fore- 
caster. the beta weights were summed and each beta 
weight was divided by that sum. Finally, each relative 
weight was multiplied by 100, which makes the inter- 
pretation of the relative weights much clearer than ei- 
ther the raw or beta weights. 
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