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The relation between the amount and quality of information available to 
meteorologists and the accuracy of their forecasts of a highly uncertain event 
(severe weather) was investigated. In three studies, meteorologists made fore- 
casts under a total of four different information conditions. Forecast accuracy 
was low, and as the amount and quality of the information increased substan- 
tially, there was a modest increase in the accuracy of forecasts. The results 
suggest that subjective factors, particularly the reliability of forecasts, deteri- 
orated with additional information. o 1992 Academic Press, Inc. 

As advances in technology make more and better information available 
to experts and provide new ways to display information, it is important to 
understand how these advances affect their judgment. Prominent exam- 
ples of the impact of technology on the information available for expert 
predictive and diagnostic judgments come from medicine and weather 
forecasting. New diagnostic tests and imaging devices, such as magnetic 
resonance imaging, have increased the amount and quality of information 
available to physicians. Similarly, technological developments such as 
Doppler radar, the Profiler wind sensor, and automated observing sys- 
tems are making massive amounts of meteorological information available 
to weather forecasters for the first time (Schlatter, 1985). The purpose of 
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this study is to examine how an increase in the amount and quality of 
information can affect the quality of expert judgment. 

Because people have a limited capacity to process information, increas- 
ing the amount of information available for making judgments does not 
necessarily help them make better judgments. Studies have found that as 
people were given more information, confidence in their judgments in- 
creased, but their accuracy did not (Arkes, Dawes, & Christensen, 1986; 
Oskamp, 1965). The availability of large amounts of information may 
strain a judge’s capacity to integrate information. Studies of physicians 
(Koran, 1975; Neuhauser & Lewicki, 1975; Ullman and Doherty, 1984), 
accountants (Libby and Lewis, 1982), and insurance agency managers 
(Roose and Doherty, 1976) suggest that experts request far more data than 
they use. Several studies have also found that, regardless of the amount 
of information available, court judges (Ebbeson and Konecni, 1975), med- 
ical pathologists (Einhorn, 1974), and teachers (Brehmer and Brehmer, 
1988) tend to use fewer than 5 cues when making judgments. However, 
senior accounting majors used as many as 10 cues when evaluating job 
offers (Reilly and Doherty, 1989), livestock judges were found to use as 
many as 11 cues when evaluating the quality of hogs (Phelps and Shan- 
teau, ‘1978), and homemakers were able to process information on 16 
attributes when choosing among instant rice products (Malhotra et al., 
1982). Since it is not clear how much information judges can optimally 
integrate, the relationship between the amount of information and the 
quality of judgment remains unclear. 

In the next section a framework for measuring and decomposing fore- 
casting skill is described and some hypotheses about the relation between 
information and skill are developed. Three studies of the forecasting skill 
of meteorologists under different information conditions are then pre- 
sented. 

MEASURING FORECASTING SKILL 
We follow meteorological convention and use the term “accuracy” to 

refer to the degree of match between the forecast and the observed event 
and “skill” to refer to the comparison of the accuracy of a forecast to the 
accuracy of some reference forecast. Various measures of forecasting 
accuracy and skill have been proposed. Prominent methods that have 
been used in studies of expert judgment include Signal Detection Theory 
(SDT, Swets, Tanner, & Birdsall, 1961; Swets 1988), correlation coeffi- 
cients (Stewart, Moninger, Grassia, Brady, & Merrem, 1989), and mea- 
sures based on the mean square error (Yates, 1982; Murphy, 1972a,b). As 
Murphy and Winkler (1987) noted, all the information about forecast ac- 
curacy is contained in the joint distribution of forecasts and events, and 
different measures extract different properties of that joint distribution. 
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Since accuracy is multidimensional, no single measure can capture all the 
important dimensions. 

We adopted multiple measures of forecast skill based on the Brier skill 
score and its various components (Brier and Allen, 1951; Murphy, 1988). 
These included measures of the calibration of forecasts (which are im- 
portant in evaluating probabilistic forecasts and are not provided by SDT) 
and the correlation between forecasts and observed events. The four 
measures used are described below and their properties are summarized 
in Table 1.  

The skill score is defined as 

SS = 1 - (MSEJMSE,), 

where 
MSEy = (l/n) C. (Y; - 0J2, 
MSE, = (l/n) Z (‘li - Oi)2, 
n is the number of forecasts, 
Yi is the ith forecast, 
0; is the observed value corresponding to that forecast (0 = no event, 

0 is the mean of the observed events in the sample. 
For probability forecasts, Yi represents forecast event probability, Oi 

represents event occurrence (0 or l), and MSE, becomes the half Brier 
score (Brier and Allen, 1951), which is a measure of accuracy. MSE, is 
the Brier score that would be obtained by simply giving a constant fore- 
cast based on the sample base rate (a reference forecast). This skill score 
is 1.0 for perfect forecasts, 0.0 if the forecast is only as accurate as the 
base rate forecast, and negative if the forecast is less accurate than the 
base rate forecast. 

Murphy (1988) showed that the skill score can be decomposed as fol- 
lows, 

1 - = event), and 

TABLE 1 
PROPERTIES OF SKILL MEASURES 

Best Worst 
possible possible 

Measure value value Comments 

Skill score 1.0 --m 0.0 is same as base rate 
Squared correlation 1 .o 0.0 “Potential” skill 
Conditional bias 0.0 +-m Bias in standard deviation 
Unconditional bias 0.0 +-m Bias in mean 
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where rYo is the correlation between the forecast and the observed event, 
s, and so are the standard deviations of the forecast and the observed 
event, respectively, and y and 0 are the means of the forecast and the 
observed event. 

For probability forecasts, the correlation is computed between the 
probabilities and occurrence (0 or 1) of the event. The correlation mea- 
sures the ability of the forecast to discriminate occurrence of the target 
event from nonoccurrence, e.g., to distinguish between rainy and non- 
rainy days. Murphy (1988) called the correlation a measure of “potential 
skill” because it indicates what the skill score would be if bias were 
removed from the forecasts. 

Murphy called the second term in Eq. 1 “conditional bias.” It might 
also be called “regression bias” because it indicates how well the stan- 
dard deviation of the forecasts reflects the lack of perfect correlation. In 
order to eliminate this bias, forecasters must account for regression to- 
ward the mean by adjusting the variability of their forecasts so that 

sy = r,o(so>. (2) 
Murphy (1988) called the third term in Eq. 1 “unconditional bias.” It 

depends on the match between the mean of the forecasts and the mean of 
the observations. For probability forecasts, this term could be called 
“base rate bias” because the mean of the observed events is the base 
rate, or, in weather forecasting terminology, the sample climatology. 
Conditional and unconditional bias are measures of the calibration of the 
forecasts. 

Effects of Increasing Information on the Correlation 
In order to examine the effects of increasing information on the corre- 

lation, it is useful to use the lens model equation (Tucker, 1964) to de- 
compose the correlation: 

ryo = GRyR, + C[1 - (Ry)21’/2 [I - (Ro)21’/2, 

where R ,  is the multiple correlation between the forecasts, Y, and a set of 
cues, X ,  available for forecasting; Ro is the multiple correlation between 
the observed events, 0, and X ;  G is the correlation between the regres- 
sion models of Y and 0; and C is the correlation between the residuals 
from the regression models of Y and 0. 

If we assume that the multiple regression model captures all the sys- 
tematic relations between the cues and the forecast (a theoretically useful 
assumption that may not be met in practice), then the residuals from that 
model represent random error in the forecast which is unrelated to the 
observed events. When this assumption is met, C will differ from 0.0 only 
by chance and should generally be quite low. Consequently, the second 
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term in the lens model equation will be small. The following relation then 
holds approximately: 

ryo = G R,R,. (3) 
We can analyze the effect of information on the correlation by analyz- 

ing its effect on each of the components (Lee and Yates, 1990). 
Knowledge. G, which has been called ‘‘knowledge’’ (Hammond and 

Summers, 1972), represents the expert’s ability to integrate information 
according to the requirements of the task (Beal, Gillis, & Stewart, 1978). 
There has been little research on the effects of additional information on 
G. Lee and Yates (1990) argue that, since learning the actual significance 
of a cue is a difficult task, the probability that cues will be misused 
increases as the number of cues increases. The result would be an in- 
crease in cue utilization errors and a corresponding decrease in G as the 
amount of information increases. They provide experimental data that 
support their argument. Schroder, Driver, & Streufert (1967) theorized 
that as the amount of information available increases, the amount used 
increases up to a point of overload and then actually decreases. If present, 
this effect could also lead to a change in G with additional information. 

Reliability. Assuming that the regression model captures all of the re- 
liable variance in the forecasts, the second term in Eq. 3,  R ,  would be 
equal to the square root of the reliability of the forecasts. In practice, R ,  
depends both on reliability and the ability of the regression model to 
capture the underlying judgment process, and reliability is better assessed 
directly by a test-retest procedure as was done by Lee and Yates (1990). 

It is well known that judgments are rarely perfectly reliable and exper- 
tise does not appear to mitigate the problem of unreliability of judgment. 
Physicians (Kirwan, Chaput de Saintonge, Joyce, & Currey, 1983; Levi, 
1989; Ullman and Doherty, 1984), teachers (Brehmer and Brehmer, 1988), 
clinical psychologists (Millimet and Greenberg, 1973), and weather fore- 
casters (Stewart, Moninger, Grassia, Brady, & Merrem, 1989) have been 
shown to be less than perfectly reliable judges. 

It has been suggested that judgments become less reliable as the 
amount of information available increases (Einhorn, 197 1 ; Hogarth, 
1987). Although this seems to be widely accepted among judgment and 
decision researchers, it is an effect that rarely, if ever, occurs to experts 
who do not have a background in statistics or psychometrics. Despite the 
appeal of this suggestion as an explanation for the failure of judgmental 
accuracy to increase with increasing information, we have been able to 
find only one direct empirical test of it (Lee and Yates, 1990). They found 
that increasing the number of cues from two to three resulted in no decline 
in reliability. Some indirect evidence regarding the relation between 
amount of information and reliability of judgment comes from studies 
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showing that greater task complexity is associated with less reliability in 
judgments (Brehmer & Brehmer, 1988). It can be argued that as more 
information becomes available the complexity of the task increases (Ein- 
horn, 1971; Sen and Boe, 1991). 

In a complex task such as weather forecasting, there are two possible 
sources of unreliability . One is perceptual unreliability during the acqui- 
sition of information from visual displays, that is, unreliability in the 
process of encoding subjective cues from data (Lusk, Stewart, Ham- 
mond, & Potts, 1990). Another is inconsistency in the process of inte- 
grating subjective cues to form a forecast. These components of reliability 
are discussed by Stewart and Lusk (1991). It is reasonable to expect that, 
as the amount and complexity of visually acquired information increase, 
both sources of unreliability will increase. 

Environmental predictability. The third term in Eq. 3, R,, is a measure 
of the predictability of the event given the available cues. Assuming that 
it is based on the optimal model of the event, R,  represents the upper 
limit of the correlation (rye). That limit cannot decrease as additional 
information is provided, and it will generally increase, provided that the 
new information has some validity and is not completely redundant with 
the old. 

In summary, the correlation (rye) is the product of two terms that are 
expected to decrease with an increase in information (knowledge and 
reliability) and a third which is expected to increase (environmental pre- 
dictability). The first two terms depend on the forecaster’s judgment pro- 
cess, while the third does not. The effect of amount of information on the 
correlation must be context dependent because it is a function of relative 
changes in the three terms. 

Indirect Indicators of the Effects of Information on ry0 
In laboratory experiments, it is possible to measure components of ryo 

directly when the cues and criterion values are known and reliability can 
be directly assessed. In more naturalistic studies, it may be necessary to 
rely on indirect indicators of the effect of information on the components 
of the correlation. Two such indicators were used in this study: 

I .  Agreement among forecasters. Agreement among forecasters, as 
measured by the correlation between their forecasts, is an indirect indi- 
cator of reliability. If the random errors in two forecasts are independent, 
then the expected value of the correlation between them cannot exceed 
the product of the square roots of their reliabilities (Guilford, 1954). Sam- 
ple values of the correlation between two forecasts will exceed the prod- 
uct of the square roots of the reliabilities only by chance. Therefore, the 
correlations among forecasts can be used to estimate a lower bound on 
reliability. 
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Errors in cue utilization that differ across individuals will also depress 
the correlations among their forecasts. The following hypothesis is based 
on the belief that reliability decreases and errors in cue utilization in- 
crease as information increases: 

HYPOTHESIS 1 .  As the amount of information increases, agreement 
among forecasters, as measured by the correlations among their fore- 
casts, will decrease. 

This hypothesis is referred to as the “agreement hypothesis.” 
2. Comparison of group average forecast to individuals’ forecasts. Av- 

eraging forecasts over individuals increases the reliability of forecasts 
(Kelley, 1925; Stroop, 1932) and averages out unsystematic errors (but 
not systematic biases) in cue utilization. As the reliability of forecasts 
decreases, the improvement in correlation due to averaging should in- 
crease. This leads to our second hypothesis: 

HYPOTHESIS 2. With regard to ryo, as the amount of information in- 
creases, the advantage of a group average forecast over the forecasts of 
individuals will increase. 

This hypothesis is referred to as the “group average hypothesis.” 

Effects of Information on Conditional Bias 
The effect of additional information on conditional bias depends on 

whether the bias is due to the forecast standard deviation that is too small 
or too large (Eq. 2). Overconfidence (in the sense of forecasters’ over- 
confidence in their ability to discriminate events from nonevents (Lich- 
tenstein, Fischhoff, & Phillips, 1982)) will produce forecast standard de- 
viations that are too large. Conditional bias due to large standard devia- 
tions was found by Stewart and Reagan-Cirincione (1991). With additional 
information, the standard deviation of the forecasts might increase if (a) 
reliability decreases, (b) overconfidence increases, and (c) the influence 
of irrelevant cues on forecasts increases. The standard deviation might 
decrease if additional information is combined with the old information by 
an averaging process (Lee and Yates, 1990). If an increase in the standard 
deviation is not balanced by a corresponding increase in rye, conditional 
bias will increase. We therefore formulate the following hypothesis re- 
garding conditional bias: 

HYPOTHESIS 3. As the amount of information increases, the standard 
deviation of forecasts will increase, and that will result in an increase in 
conditional bias. 

This hypothesis will be referred to as the ‘‘overconfidence hypothe- 
sis.’’ 

Effects of Information on Unconditional Bias 

. 

There is no reason to expect that unconditional bias will increase or 
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decrease with increasing amounts of information. Although Lee and 
Yates (1990) report that such bias “often declines as the number of cues 
increases,” we will not hypothesize a relation between unconditional bias 
and amount of information. 

BACKGROUND AND OVERVIEW OF THE STUDIES 
The studies reported here involve meteorologists (M’s) making fore- 

casts of severe weather associated with summer thunderstorms. The 
problem of forecasting severe weather was chosen because it is both a 
problem involving expert judgment that has important consequences for 
society and because technological developments are rapidly increasing 
the amount and quality of meteorological information for forecasting se- 
vere weather. Weather forecasters, unlike most other people studied, can 
make well-calibrated probability forecasts (Murphy and Winkler, 1974; 
Winkler and Murphy, 1979; Murphy and Daan, 1984), but calibration is 
only one component of forecasting skill. The question of whether fore- 
casters could make better use of the information they have remains open. 

In a laboratory study of precipitation probability forecasts made by 
eight Australian meteorologists, Allen (1982) found that weather forecast- 
ers are no more immune to cognitive limitations than are experts in other 
fields. Allen asked the forecasters to make 24-h precipitation probability 
forecasts based on the information contained in five charts, presented 
sequentially. He found that forecasters underestimated the probability of 
rain in low-probability situations and overestimated it in high-probability 
situations, forecasters tended to weigh the first evidence presented to 
them more heavily than evidence presented subsequently, and their prob- 
ability estimates for mutually exclusive and exhaustive events often 
added up to (considerably!) more than 100%. Allen also found little or no 
increase in forecast validity as the forecasters received additional charts, 
although their confidence increased. 

Lusk et al. (1990) have studied meteorologists’ judgments of the prob- 
ability of microbursts associated with thunderstorms. They found that 
agreement among experts was lower in an information-rich simulation of 
field forecasting conditions than in an information-poor paper and pencil 
task, supporting our agreement hypothesis (No. 1). They also found that 
agreement increased as information was updated over time. 

Despite a number of technological developments that have resulted in 
improvements in the quantity and quality of weather information, studies 
of the accuracy of weather forecasts show only slight improvement since 
the 1970s (Charba and Klein, 1980; Ramage, 1982; Murphy and Brown, 
1984; Kerr, 1985; Sheets, 1990). Current plans for modernization of the 
National Weather Service include installation of Doppler radar and ad- 
vanced weather forecasting workstations which will greatly increase the 
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amount and quality of information available for operational weather fore- 
casters. 

We conducted three studies. Study 1 investigated forecasting skill un- 
der two extremely limited information conditions. In Study 2, a subset of 
five M’s who participated in Study 1 made forecasts using the full capa- 
bilities of a computer workstation to simulate the information available 
for operational forecasting. In Study 3, a different subset of seven M’s 
made forecasts based on detailed weather information presented in pho- 
tographs of the computer-generated displays. The same weather cases 
were used in all three studies, making possible comparisons among M’s 
and across the four information conditions. 

The Forecasting Problem 
M’s were asked to make 60-min probability forecasts (called “now- 

casts” in meteorology) of significant and severe weather and tornados for 
12 counties along the Colorado front range. Three different forecasts were 
defined, in order of weather severity, as follows: 

1 .  Probability of significant or severe convection (0-100%). This is a 
forecast of the probability of occurrence of at least one of the following 
events: 

, 

a. Hail diameter greater than or equal to 0.25 in. 
b. Surface winds greater than or equal to 35 knots 
c. Rainfall rate greater than or equal to 2 in. per hour 
d. A funnel cloud (aloft) 
2. Probability of severe convection ( M O O % ) .  This is a forecast of the 

a. Hail diameter greater than or equal to 0.75 in. 
b. Surface winds greater than or equal to 50 knots 
c. Tornado 
3 .  Probability of tornado (0-100%). 
These forecasts involve rare events produced by erratic and sometimes 

rapidly changing thunderstorms, and are considered extremely difficult 
relative to more typical forecasts of temperature and precipitation. New 
weather forecasting technology (such as the observing systems and work- 
stations used in this study) is expected to improve the skill of severe 
weather forecasts. Although the National Weather Service issues severe 
weather warnings to the public, it does not currently attach probabilities 
to those warnings. The probability forecasts used in this study are similar 
to forecasts studied by the Program for Regional Observing and Forecast- 
ing Services (PROFS) of the National Oceanic and Atmospheric Admin- 
istration in forecasting experiments designed to evaluate new weather 
forecasting workstations and to examine the state of the art of weather 
forecasting. 

probability of occurrence of at least one of the following events: 
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The Weather Data 
The weather data were selected from data generated during a weather 

forecasting exercise that was conducted by PROFS during the summer of 
1987 in northeast Colorado. During the exercise, weather data was saved 
in a form that could be replayed on a computer workstation as it had 
unfolded in real time. Forecast verification data were obtained by up to 
five specially trained chase teams that were deployed in automobiles each 
day to detect the occurrence or nonoccurrence of severe weather. 

Two active weather days typical of summer days when weather fore- 
casters might issue severe weather warnings to the public were chosen for 
the study. A total of 36 thunderstorms occurred in the study area on these 
2 days, including seven tornados and multiple reports of hail up to 1 in. 
in diameter. 

In each information condition, M’s made a sequence of 1-h forecasts at 
specified times (2000, 2100, 2200, 2300, and 0000 UTC; 2:OO to 6:OO PM 
local time) for each of the 12 counties indicated on the accompanying 
maps (Fig. 1). Forecasts for one county were eliminated due to the fre- 
quency of missing data (some M’s often overlooked El Paso county be- 
cause it was a very small area at the bottom of the map) and forecasts 
were made at only four times on one of the days due to missing weather 
data. This yielded a sample of 99 (11 counties X nine hourly periods) 
60-min forecasts for each M. For these 99 county forecasts, the base rates 
were 0.32 for significant or severe convection, 0.22 for severe convection, 
and 0.05 for tornados. We will report only the results for forecasts of 
“significant or severe weather.” Forecasts of “severe weather” were 
highly correlated with these forecasts, and, because of the low base rate, 
statistics based on tornados are highly unreliable. 

STUDY I-LIMITED INFORMATION 

Participants 
Twenty-nine M’s from Boulder, Colorado, Albany, New York, and 

Hanscom Air Force Base, Massachusetts, volunteered to participate in 
this study. None of the M’s were operational meteorologists at the time of 
the study, although 16 had operational forecasting experience. Twelve of 
the M’s had previous experience forecasting in Colorado. Eight were 
atmospheric science students at the University at Albany (7 graduate, 1 
undergraduate). 

Information Conditions 

ogists, both were severely limited for forecasting purposes. 
Two Information conditions were used. In the opinion of the meteorol- 

Maps. In this condition (maps), M’s were given a set of nine maps (one 
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MAP 1 Nowcasts based on maps only 

Enter 60 minute nowcasts of significant-severe convection for the unshaded portion of each of 
the I2 couniy-areas within the radar Circle 

*IT--- 

,= ,:, 6: 

+ 

Rate your overall confidence in these nowcasts (0-100): 

FIG. 1. Sample map showing storm contours (50 dBZ), storm tracks, and county forecast 
areas. 

for each of the nine forecast times) in random order showing 50 dBZ radar 
reflectivity storm contours and 5-min tick marks indicating storm tracks 
during the previous 20 min (see Fig. 1 for an example map). Radar re- 
flectivity is a measure of storm intensity and the 50 dBZ contour marks 
the area of the most intense activity. The storm contours and tracks were 
sketched by experienced meteorologists from Doppler radar displays. 
Only storms showing maximum reflectivity greater than 50 dBZ were 
represented on the maps. 

Maps with specified cues. For this condition (maps plus cues), M's 
were given the same maps used in the previous condition plus a set of 
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“storm profiles” containing information about selected features of each 
storm on each map (see Fig. 2 for an example profile). Storm profiles were 
designed to provide information about storm intensity that could not be 
gained from the maps alone. Normally this information is derived by 
visual inspection of radar images and other displays of weather data. We 
wanted to remove the perceptual reliability factor from the subjective 
forecasting process by presenting the information in a clearly specified 
form. Note that these profiles apply to storms, while the forecasts apply 
to counties. As many as five storm profiles accompanied a single map. 

The information in the profiles was obtained from cue judgments made 
by three research meteorologists, all of whom were familiar with the 
workstation, radar data, and Colorado front-range weather. The cues 
were chosen through a series of interviews and discussions. The meteo- 
rologists then examined data about the storms (Doppler radar displays at 
0.7 and 4” tilt, profiler, Skew T, and radiometer products) and rated the 36 
storms occurring on the 2 study days on each of the cues. The median cue 
ratings were used in the storm profiles. 

Storm A 
Feature Unrts 

Reflectivity (7) = 60 

Change (10 min) = 10 

MaxShear (.7) = 4 

Reflectivity (4.0) = 55 

Size (4 .0~s.  .7) = 4 

Max Shear (4.0) = 2 

Significant Tilt = 4 

40 75 

Much smaller 

10 

Convergence Line = 1 I (1-7) 

Intersect. Bound. = 5 (1 -7) 

Stab. chg. (1 h) = 6 (1 -7) 

No evidence Obvious 

No evidence Obvious 

Less unstable No More unstable 
Change 

FIG. 2. Example storm profile. 
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Procedure 

M’s were asked to complete a biographical information sheet regarding 
their current position and past meteorological experience. Although 
groups of two to six M’s participated at once in a classroom, they worked 
independently and no interaction was allowed. They were given a set of 
instructions and nine maps, in a random order. Based only on the infor- 
mation in the maps, M’s made forecasts of the probability of significant or 
severe convection for the areas of each county that were not shaded. 
Shaded areas were either outside the range of the radar or in the moun- 
tains (where good verification data were not available). M’s recorded 
their forecasts directly on the maps, writing them within the appropriate 
county area. Since maps did not contain enough information to support 
the severe convection or tornado forecasts, we did not obtain those fore- 
casts in the “maps only” condition. After completing all the forecasts for 
a map, they rated their confidence in those forecasts (0-100). 

After completing the map forecasts (20 - 45 min) M’s were given a 
second set of the same nine maps, in a different random order. Each map 
was accompanied by profiles describing each storm on the map. After 
examining a map and the storm profiles, M’s made the three forecasts 
described above for the areas of each county that were not shaded. Before 
going to the next map, they rated their confidence in the forecasts. The 
second set of forecasts took 30-90 min. 

Results of Study 1 

Skill and experience. As in all three studies, skill scores and compo- 
nents of skill were computed separately for each M based on his (all M’s 
were male) 99 forecasts. The components of skill scores were correlated 
with student vs nonstudent status, years of previous operational forecast- 
ing experience (operational forecasting is defined as producing forecasts 
that are disseminated to the public), and whether or not the M had pre- 
vious experience forecasting in Colorado. The only significant correla- 
tions were between student status and unconditional bias (r = - S25, p 
= .003 in the maps condition; r = - .378, p = .043 in the maps plus cues 
condition), indicating that students, as a group, had less unconditional 
bias than nonstudents. Experience forecasting in Colorado and years of 
operational experience were not significantly related to skill. 

Colorado forecasting experience could mediate the relation between 
information and skill because (a) local experience is generally thought to 
be valuable in forecasting, particularly for mesoscale phenomena such as 
thunderstorms, and (b) the M’s with Colorado experience also had expe- 
rience using the computer workstation which was used to obtain the data 
for all studies and was used for the full information forecasting condition 
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0.00 2 
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in Study 2. M’s were therefore divided into two groups based on Colorado 
forecasting experience. M’s with Colorado forecasting experience in- 
cluded all 10 of the Boulder M’s and 2 others who had participated in 
forecasting exercises in Colorado. None of the other M’s (and, in partic- 
ular, none of the students) had ever forecast in Colorado. The M’s with 
Colorado experience had an average of 2.6 years of operational experi- 
ence vs 2.0 years for those without Colorado experience (t  = .366, df = 
26;p = .718). 

Skill and information. The data from Study 1 were analyzed in a 2 (local 
experience vs no local experience) x 2 (information condition) ANOVA 
with repeated measures for information condition. Separate ANOVAs 
were computed for skill scores and the three terms of the skill decompo- 
sition (Eq. l), confidence ratings, and agreement. The results for the skill 
score and its decomposition are plotted in Fig. 3. There were no signifi- 
cant interactions. The main effect for information was significant for skill 
scores (F = 6.49; df = 1, 27; p = .017; 20 of 29 M’s improved with 
additional information), squared correlations (F = 8.64; df = 1, 27; p = 
.007; 22 of 29 M’s improved with additional information), and uncondi- 
tional biases (F = 4.59; df = 1,27; p = .041; 18 of 29 M’s improved with 
additional information). 

In the map condition, unconditional bias generally resulted from fore- 
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cast means that were too low relative to the event mean (20 out of 29 M’s). 
Unconditional bias improved in the maps plus cues condition for 18 M’s. 
This was the result of an increase in mean forecasts for 13 M’s and a 
decrease for 5.  

Conditional bias became significantly worse with additional informa- 
tion ( F  = 4.91; df = l ,  27; p = .035; 19 of 29 M’s did worse with 
additional information). For nearly all of the M’s (26 of 29) conditional 
bias was the result of forecast standard deviations that were too large 
relative to the correlations (Eq. 2). Of the 19 M’s who had greater con- 
ditional bias in the maps plus cues condition, 18 also had higher standard 
deviations in that condition. This supports the overconfidence hypothesis 
(No. 3). 

Although the group with local experience performed better on all three 
components of skill, the only significant main effect for local experience 
was for the overall skill scores (F  = 6.96; df = 1 ,  27; p = .014). This 
result seems inconsistent with the lack of correlation between compo- 
nents of skill and Colorado experience; however, the ANOVA across 
information conditions provides a more powerful test than the correla- 
tions within information conditions that were reported above. 

Confidence, information and skill. The main effect of information on 
confidence is significant (F = 18.19; df = 1,  27; p = .OOO; 21 of 29 M’s 
indicated greater confidence with maps plus cues). The interaction and 
the main effect for experience was not significant ( F  = 2.52; df = 1 ,  27; 
p = .124). In addition, there were no significant correlations between 
confidence ratings and any component of skill in either information con- 
dition, indicating that confidence is unrelated to skill. This result lends 
indirect support to the overconfidence hypothesis (No. 3 ) .  

Agreement. The level of agreement among the M’s within each expe- 
rience and information condition was measured by correlations between 
all possible pairs of M’s. The relation between agreement and information 
condition was not significant’ (sign test, p = .263). The agreement hy- 
pothesis (No. 1) is not supported by these results. 

Group average forecast. In all studies, the group average forecast is an 
equally weighted average (within a particular information condition) of 
the standardized individual forecasts. In order to determine whether the 
group average forecast performed significantly better relative to the indi- 
vidual forecasts when more information was provided, the ratio of the 
3 ,  for the group average forecast to the ?yo for each individual M was 

’ The results of significance tests for agreement should be interpreted cautiously because 
the observations are clearly not independent. We have used nonparametric tests, but these 
still require independence and so do not provide exact significance levels. 
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formed within each information condition.’ These “correlation improve- 
ment ratios” represent, for each M, the proportional improvement in ?, 
that would result from using the group average forecast instead of the M’s 
individual forecasts. These ratios were compared over information con- 
ditions using the nonparametric Friedman test (Siege1 & Castellan, 1988, 
pp 174-183). 

For 20 of 29 M’s, the improvement ratio was higher in the maps plus 
cues condition than in the maps condition, indicating that the group av- 
erage performed better relative to the individuals in the higher informa- 
tion condition (Friedman test, x2 = 4.17, p = .041), supporting the group 
average hypothesis (No. 2). 

STUDY 2-FULL INFORMATION WITH 
WORKSTATION CAPABILITIES 

Participants 

Five of the 10 M’s from Boulder who participated in Study 1 also 
participated in Study 2. They were all research meteorologists who had a 
strong interest in forecasting and were highly regarded as forecasters. 

Information Condition 

Much more information was available for forecasting in the full infor- 
mation condition of Study 2 than in either of the limited information 
conditions in Study 1.  M’s had use of an advanced weather forecasting 
workstation called the Denver AWIPS-90 Risk Reduction and Require- 
ments Evaluation-Part 1 (DARE-I) Workstation located at the PROFS 
facility in Boulder, Colorado. This was a duplicate of the workstation 
used operationally at the Denver Weather Service Forecast Office from 
1986-1989. The system incorporated RAMTEK graphics and VAX hard- 
ware. One of the three monitors was used strictly to display menus, while 
the other two were used to display products (graphics and images). The 
system was mouse-driven, with track pads to control looping (animation), 
zooming, and other capabilities. Disk storage limitations for Displaced 
Real-Time (DRT, that is, replaying previously stored weather data) cases 
made it necessary to limit the set of products available to the M’s in this 
study. However, none of the products eliminated because of the storage 
constraint were essential to the forecasting task at hand. This study sim- 
ulated the full information that will be available to operational forecasters 
in the near future. The product set available to M’s included upper-air 
analyses at five levels, skew-t and profiler plots, observations from the 
PROFS mesonet, radar imagery (reflectively and velocity) at two eleva- 

Skill scores and biases are not relevant when standardized forecasts are aggregated. 
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tion angles, satellite imagery (visible and infrared), and numerical model 
output (Nested Grid Model and the Mesoscale Analysis and Prediction 
System). It was possible to generate several hundred different displays of 
weather information at a given moment-over 12,000 in a day (Heideman, 
Walker, & Flueck, 1989). 

To the M’s, the full information simulation represented the information- 
rich environment which is the future of weather forecasting, while the 
limited information conditions used in Study 1 were seriously deficient. 
Since much of the information provided by the workstation was in the 
form of images, many of which were color coded, perception and pattern 
recognition were expected to play a greater role in the acquisition of 
information than in the limited information conditions. Furthermore, use 
of a workstation allowed the M’s to search for the information they 
wanted, overlay different types of information for comparison and inte- 
gration, zoom in on areas of interest in order to see more detail, and 
‘ ‘loop” information to produce animated displays which reveal patterns 
over time. In addition, the forecasts were made in time order so that M’s 
could make use of dynamic information about trends and changes in 
conditions. This procedure also provided a kind of feedback that was not 
available in the limited information conditions because M’s could observe 
the development of storms on radar after they made their forecasts. Be- 
cause of the rich information base available, M’s took much more time to 
make forecasts than in the limited information conditions and they were 
probably more motivated to perform well. 

Procedure 
M’s worked alone at the workstation and made all the forecasts for the 

two cases included in this study in two 2- to 5-h sessions held on different 
days. The two sessions were separated by 1 to 6 weeks, depending on our 
ability to find a time when the workstation and an M were both available. 
Before making the forecasts for a given day, M’s prepared ‘‘convective 
outlooks” which were probability forecasts of afternoon severe weather 
given the weather data available in the morning. In making the convective 
outlooks (which have not been analyzed for this paper), the M’s became 
familiar with the larger scale weather patterns that might affect thunder- 
storms at the local level. This activity simulated the procedure that an 
operational forecaster might follow in the field on days when severe 
weather threatened. 

A research assistant was present during each forecast session to ensure 
that proper experimental procedure was followed. Before each case, M’s 
were given the date and year of the case they would be working with. 
Based on that information, they were instructed to fill out the first part of 
the “Weather Recall Form.” This form consisted of three parts, each 

” 
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asking whether the M’s remembered any significant or severe weather 
events on the day in question. The second and third parts were filled out 
after completing the convective outlooks and after completing all fore- 
casts, respectively. The purpose of this was to determine whether an M 
remembered any important weather events in the case they were about to 
consider. The recall problem was potentially significant for Boulder M’s 
because the cases involved weather events that occurred relatively close 
to Boulder (although 2 years before the experiment). No M’s reported 
remembering any weather events on the days in question. 

M’s made the forecasts described above for the same times, dates, and 
counties used in Study 1.  There was no time limit set for submission of 
each forecast, but M’s were only permitted to evaluate data on the work- 
station for the hour leading up to the issuance of each forecast. For 
example, for a forecast due at 2100 UTC, M’s could look at data exclu- 
sively between 2000 and 2059 UTC. This eliminated the possibility of M’s 
seeing what actually transpired during the valid period of their forecasts 
prior to issuing the forecasts. Once a forecast was submitted it could not 
be returned to the M. 

Results of Study 2 
Skill and information. Since the five M’s who made forecasts in Study 

2 under the simulated full information condition also made forecasts un- 
der the two limited information conditions, their results provide a direct 
comparison of skill under the three information conditions. Figure 4 de- 
scribes differences across information conditions for these five M’s. Al- 
though there is a general trend toward greater skill with increasing infor- 
mation, the trend is not statistically significant (Friedman test, n = 5 ,  df 
= 2; for skill scores, x2 = 3.60, p = .165; for squared correlations, x2 = 
2.80, p = .247). Two of the five M’s actually achieved greater skill in the 
maps plus cues condition than with full information. There were also no 
significant differences among bias terms across information conditions. 

Agreement. Mean agreement in the full information condition (mean r 
= .68) was less than in the limited information conditions (mean r = .77), 
supporting the agreement hypothesis (No. 1). For 8 of the 10 possible 
pairings of the five M’s, agreement was lowest in the full information 
condition. The relation between information condition and agreement was 
statistically significant (Friedman test, x2 = 8.60, df = 2, p = .014). 

Group average forecast. The improvement in correlation of the group 
average forecast is represented by the heavy line in Fig. 4. The figure 
indicates that the improvement in the group average forecast over the 
forecasts of the individuals is greatest in the full information condition, 
supporting the group average hypothesis (No. 2). Note that the group 
average forecast is better than the best individual forecast, indicating that 
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casts of significant or severe weather made by five experienced meteorologists. 

the M’s have not reached the limit of environmental predictability. How- 
ever, the relation between information condition and improvement ratios 
was not significant (Friedman test, x2 = 1.6, df = 2, p = .449). For three 
of five M’s, the improvement ratio was greatest in the full information 
condition. 

STUDY 3-FULL INFORMATION PRESENTED WITH SLIDES 

Participants 

also participated in Study 3. Only one had local experience. 
Seven of the 10 M’s from Hanscom AFB who participated in Study 1 
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Information Condition 

In order to run an analog to the full information condition for M’s in 
Study 1 who were not in Boulder and, therefore, did not have access to 
the workstation, photographs were taken of many products displayed on 
the workstation and made into slides. Of course, the slides could not 
replicate many workstation features such as animation and zooming, nor 
could they provide many of the products available on DARE-I. However, 
they collectively provided a cross section of fundamental products crucial 
to severe weather forecasts, including radar reflectivity and velocity, sat- 
ellite imagery, and mesonet data, and they provided far more information 
than was available in the limited information conditions. 

Procedure 

As in Study 2, the M’s began by making convective outlook forecasts. 
The forecasting procedure was similar to Study 2, except that slides were 
used instead of a workstation and no weather recall form was used. Ap- 
proximately 30 slides were available each hour and were generally limited 
to satellite and radar imagery and mesonet data. M’s were able to manip- 
ulate the slides as they wished (forward or backward in time) up to the 
hour before their forecast was valid. 

Results of Study 3 

Skill and information. The results were similar to those of Study 2. An 
improvement in skill was obtained with the slides, but it is not significant 
for any measure (Friedman test, n = 7, df = 2; for skill scores, x2 = 4.57, 
p = .102; for squared correlations, x2 = 4.57, p = .102). Two of the seven 
M’s performed worse with slide information than with maps plus cues. 

Agreement. Agreement was significantly lower (Friedman test, x2 = 
18.667, df = 2, p = .OOO) for the slide condition (mean r = .60) than for 
the limited information conditions (mean r = .75), supporting the agree- 
ment hypothesis (No. 1). For 18 of the 21 possible pairs of M’s, agreement 
was lowest in the full information condition. 

Group average forecast. The correlation for the group average forecast 
was higher than that for any individual only in the slide information con- 
dition. This would support the group average hypothesis (No. 2). How- 
ever, the improvement ratio was highest in the slide information condition 
for only four of seven M’s, and the relation between information condi- 
tion and improvement ratio was not significant (Friedman test, x2 = .286, 
df = 2 ,  p = 367). 

Comparison of skill in Studies 2 and 3 .  Since the M’s in Study 2 had 
access to a state-of-the-art forecasting workstation and had the local ex- 
perience thought necessary to make use of it, they should produce 
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better forecasts. Mean skill scores, correlations, conditional bias, and 
unconditional bias were better in the full information condition (Study 1) 
than in the slide condition (Study 2). None of the differences were sta- 
tistically significant, however. 

Combined Results of Studies 2 and 3 

Since the results of Study 3 were similar to those of Study 2, the data 
from the two studies were combined to determine whether an increased 
sample size would result in significant information effects. The combined 
data were analyzed in a 2 (local experience vs no local experience) X 3 
(information condition) ANOVA with repeated measures for information 
condition (Table 2). There were no significant interactions. In general, the 
results are similar to those obtained in Study 1. Performance was better 
for the group with local experience and it improved with additional infor- 
mation. Significantly higher skill scores and correlations for M’s with 
local experience may reflect, in part, the availability of the workstation to 
five of the six experienced M’s and to none of the inexperienced ones, but 
when the workstation (full) and slide conditions were compared directly, 
no significant difference was found. 

TABLE 2 
ANOVAs FOR COMBINED STUDY 2 AND STUDY 3 DATA 

Main effect for local experience 
Means (n = 6) 

Dependent No local Local Standard 
variable experience experience error F 

Skill score - .031 .074 .025 8.73* 

Conditional bias .074 .035 .020 1.82 
Unconditional bias .080 .051 ,024 .72 

Squared correlation .123 .159 .011 5.47* 

Main effect for information condition (repeated measure) 
Means (n = 12) 

Dependent Maps + Full/ Standard Contrasta 
variable Maps cues slide error F r 

Skill score - .022 .006 .080 .003 2.48 - 
Squared correlation .lo3 .139 .181 .014 1.69** 3.49** 
Conditional bias .051 .077 .034 .010 5.10* 2.57* 
Unconditional bias .074 .055 .068 .023 .17 - 

a Mean of full/slide condition vs means of the other two conditions combined. 
* p  < .05. 

* * p  < .01. 
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The main effect for conditional bias did not follow the pattern found in 
Study 1. The lowest level of bias was found in the full/slide information 
condition, indicating that conditional bias improved with additional infor- 
mation. For 8 of 12 M’s, conditional bias was lower in the full/slide con- 
dition than in the maps plus cues condition, but standard deviations were 
lower for only 4 of the 8. In fact, standard deviations were higher in the 
full/slide condition than in the maps plus cues condition for only 7 of 12 
M’s (sign test, p = .387). This suggests that the improvement in condi- 
tional bias reflects an increase in correlations rather than a decrease in 
standard deviations. The overconfidence hypothesis (No. 3) is not sup- 
ported. 

LIMITATIONS OF THE RESEARCH 
For several reasons, some caution must be taken in interpreting the 

results of these studies. The reader should be aware of the following 
concerns, each of which will be addressed in future research. 

First, differences among experts are pervasive, and in this research 
they increased as the information improved. The relation between infor- 
mation and skill was not the same for all M’s. We have checked to be sure 
that the mean results reflect the dominant pattern among the M’s and that 
the results are not influenced by the problems that can result when indi- 
vidual results are aggregated (e.g., Simpson’s paradox (Blyth, 1972)), but 
they do not represent all M’s. Where individual results are not shown, we 
have indicated how many M’s fit a given result. 

Second, only one forecasting problem has been studied. It is one of the 
most difficult problems that weather forecasters face, and their results 
reflected that. Even with large amounts of information, skill in forecasting 
severe weather is not impressive. It is possible that M’s were approaching 
a ceiling in this study (although Fig. 4 suggests that improvement was 
possible for most of the M’s). 

Third, the results are based on a limited sample of forecasts. The days 
were picked to be interesting, but they may not be representative of all 
days when severe weather could be a concern. Although 99 forecasts 
were obtained, they were subject to temporal and spatial autocorrelation, 
so the effective sample size of the forecast set is much smaller. The 
resulting instability of the skill measures could result in inflated error 
terms in the ANOVAs. 

Fourth, Studies 2 and 3 suffered from small sample sizes because they 
required a significant amount of time from each expert. This problem was 
mitigated somewhat by the inclusion of Study 1 and by the analysis of the 
combined results of Studies 2 and 3. 

Fifth, information conditions varied both the amount of information 
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and other factors that might influence forecasts, such as the kind of in- 
formation and the way it was displayed. In laboratory studies, amount of 
information is varied by providing different numbers of cues. In a natu- 
ralistic setting, the concept of “amount of information” is not so straight- 
forward because the expert is able to select information and may not 
examine all the information that is available. Furthermore, the type of 
information provided is important. For example, the amount of informa- 
tion that can be acquired and integrated perceptually (e.g., through visual 
images) could be different from the amount of information that can be 
acquired through other types of displays. The use of computer worksta- 
tions with the capability to animate and overlay images introduces an- 
other dimension of information quality. For these reasons, differences 
among information conditions are best described as “improvement in 
information quality,” rather than simply as increases in amount of infor- 
mation. 

Four information conditions (in order of increasing quality of informa- 
tion: maps, maps plus cues, slides, full) were used in the three studies. 
They have the following properties: 

1. The information contained in each level was a subset of the infor- 
mation contained in the next higher level, i.e., amount of information 
increased. 

2. Each level added new information and should have provided a sig- 
nificantly improved information base for forecasting. In particular, the 
limited and full information conditions were markedly different in terms 
of the quality of the information. 

3. The information conditions differed with respect to the degree to 
which the information was specified (in the form of clear, unambiguous 
information displays) or had to be perceived from visual images. In the 
map information, perception was dominant. In the other conditions, both 
specified and perceived information was present. 

4. The time taken to produce forecasts increased with each level of 
information. 

Finally, the order of conditions was not counterbalanced. In Study 1, 
the maps condition had to be run before the maps plus cues condition in 
a repeated measures design for obvious reasons. In Study 2, the full 
information condition was run about 9 months before the limited infor- 
mation conditions. It is unlikely that contamination occurred, however, 
because the M’s reported that they were not even aware that the same 
weather data was used in the full and limited conditions. In Study 3, the 
slide condition was run last, about 5 months after the limited information 
condition. Since no feedback was given in the limited information condi- 
tion, however, the M’s could not have learned the correct forecasts. 

’ 
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SUMMARY 

In four different information conditions, ranging from paper maps 
showing only storm location, size, and track to numerous color displays 
presented on a computer workstation with animation and overlay capa- 
bility, forecasting skill increased as the information improved, but that is 
only part of the story. Meteorologists were able to make use of additional 
information and the display capabilities provided by the workstation, but 
the improvement in skill was modest, and the detailed results suggest that 
the improvement could have been even greater if subjective components 
of the forecasting process had not interfered with the optimal use of 
information. In particular, the results are consistent with the hypothesis 
that the reliability of forecasts and skill in the use of information de- 
creased as the information improved. 

Three specific hypotheses were derived from the theory that subjective 
components of forecasting skill (reliability, knowledge, and calibration) 
decline as the amount of information increases. The major findings were: 

1. Less agreement among meteorologists was found as the information 
available approached field conditions. Agreement declined with increas- 
ing information (Hypothesis 1) in the two studies that included the great- 
est improvement in information (Studies 2 and 3), but not in Study 1,  
which included only severely limited information. 

2. The advantage of a group average forecast over the forecasts of 
individuals increased with improvement in information (Hypothesis 2) in 
all three studies, but the improvement was statistically significant only in 
Study 1.  

3. The relation between confidence and information found in the labo- 
ratory did not generalize to a more representative simulation of field 
conditions. In Study 1 ,  which amounted to a laboratory experiment, over- 
confidence, as measured by the standard deviation of the forecasts rela- 
tive to the correlation and the standard deviation of the events, increased 
with increasing information (Hypothesis 3), resulting in an increase in 
conditional bias. Furthermore, as in previous laboratory studies, confi- 
dence ratings increased with improved information, but, within informa- 
tion conditions, confidence ratings were not related to skill. When field 
conditions were simulated in Studies 2 and 3, however, conditional bias 
improved with improved information. (Confidence ratings were not ob- 
tained in Studies 2 and 3.) 

CONCLUSION 

We suggest that Fig. 5 schematically depicts a reasonable model of the 
relation between information and skill based on the theory, supported in 
our studies and previous research, that the theoretical limit of skill in- 
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creases with information while the subjective components of skill de- 
crease. The figure indicates that, as the amount of information increases, 
the theoretical limit of skill (R,) increases at a faster rate than actual skill 
( S S )  achieved by experts. As a result, the gap between actual skill and the 
theoretical limit widens as the amount of information increases. For an 
individual, the size of the gap depends on reliability (Ry), knowledge (G), 
and calibration. The line representing actual skill is curved to suggest that 
skill may actually decline with additional information at some point. 

The theoretical limit of skill that can be obtained by optimal use of the 
available information obviously depends on the quality of the information 
available and on the specific event being forecast. The line representing 
theoretical skill is curved to represent the diminishing marginal utility of 
additional information. Theoretical skill never reaches perfection because 
of irreducible uncertainty in the environment. 
If the relationships depicted in Fig. 5 prove valid for a particular fore- 

casting problem, then greater improvement in forecasting might be ob- 
tained by devoting resources to improving the use of information than by 
devoting those resources to increasing the amount of information. Fur- 
thermore, as the amount of information increases, improving the use of 
that information becomes even more important. 

The results of the present studies suggest that the relation between 
information and skill in forecasting severe weather is complex. The in- 
formation conditions we studied fall at a point on the curve in Fig. 5 where 
skill is still increasing with improved information, but at a slow rate. The 
implications of these results for operational forecasting depend on (a) the 
size of the gap between actual skill and the theoretical limit of skill, and 
(b) the cost, feasibility, and effectiveness of training and improved fore- 
casting procedures for reducing the size of the gap. 
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