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ABSTRACT

For routine forecasts of temperature and precipitation, the relative skill advantage of human forecasters with
respect to the numerical–statistical guidance is small (and diminishing). Since the relationship between forecast
skill and the value of those forecasts is complex, the authors have examined their value across a range of real-
world user contexts. It is found that although in most cases the meteorological information possessed considerable
value to the users, human intervention in making those forecasts (as measured by National Weather Service
forecasts) has generally led to minimal gains in value beyond that which is obtainable through direct use of
numerical–statistical guidance. An important exception is the use of meteorological information by gas utilities
during peak wintertime periods; in those circumstances, the value of human intervention was considerable. The
presence of information in the National Weather Service forecasts independent of that contained in the numer-
ical–statistical guidance was also established. Despite this, application of the additional information through a
combined National Weather Service/guidance forecast provided only a small gain in value in most cases. In the
most successful forecast context ( the gas utility) , the combined approach led to a loss of value relative to the
unaltered National Weather Service forecasts.

However, recent trends toward increased skill in probability of precipitation forecasts have led to some gains
in the relative value of the National Weather Service forecasts, concurrent with a shift toward smaller optimal
cost–loss ratio distributions, findings that are significant with respect to practical business considerations. Fur-
thermore, all of the applications studied showed the potential for considerable further growth in forecast value
with continued increases in forecast skill. The relevance of our findings to the future of public and private
meteorological forecasting is briefly discussed.

1. Introduction

There exists ample evidence substantiating the claim
that synoptic-scale forecasts have shown significant in-
creases in skill over the past three decades (e.g., Landis
1994; Kalnay et al. 1990; Shuman 1989). These im-
provements, reported largely in terms of measures of
skill in forecasting height fields and associated winds
at 500 and 250 hPa, also appear to be reflected in part
in surface-based forecasts of temperatures and proba-
bility of precipitation, hereafter referred to as POP
(Landis 1994). However, these latter skill improve-
ments appear to have slackened considerably since the
mid-1980s (see also section 3), an aspect that is par-
ticularly evident in the slow growth of skill in fore-
casting warm season POP (Fig. 2 of Landis 1994) and
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thunderstorm activity (Bosart and Landin 1994).
Roebber and Bosart (1996) provided evidence that
POP forecast skill at the 24–36-h range is now close
to saturation (with respect to current model capabili-
ties) , whereas gains at shorter range (12–24 h) are
likely being obtained through the application of specific
knowledge concerning local controls on precipitation.
Accordingly, the relative skill advantage of human
forecasters with respect to the model output statistics
(MOS) is small (and diminishing) and now largely
reflects the ability of human forecasters to recognize
those instances in which the MOS approach, which
seeks to minimize forecast error by correcting for the
systematic bias in the numerical model forecasts taken
as a whole, does not account for bias that is specific to
certain synoptic situations. Thus, further gains in POP
forecast skill at 12-h and longer timescales will likely
require significant improvements in operational nu-
merical model forecasts on the mesoscale, such that
forecasters will be able to recognize and account for
smaller-scale flow features relevant to the occurrence
of precipitation. Such gains in the numerical models
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would also be applicable to the MOS approach, and
thus it is not clear a priori that such forecast gains
would translate into continued human advantage with
respect to the guidance. However, history suggests that
such a continued advantage is likely. Olson et al.
(1995) indicate that quantitative precipitation forecast-
ers at the National Centers for Environmental Predic-
tion (formerly known as the National Meteorological
Center) have maintained their relative advantage in
threat score with respect to numerical–statistical guid-
ance throughout three decades of numerical model ad-
vances.

The issue of forecast value is related to the slow
growth of skill in recent years and the diminishment in
the skill gap between human forecasters and MOS
(Sanders 1986; Roebber and Bosart 1996). Given
small skill differences, one may ask whether routine
National Weather Service (NWS) POP and tempera-
ture forecasts have any value above MOS. It is impor-
tant to note that in this paper we shall address only
routine NWS forecasts and do not seek to address the
issue of quantitative precipitation forecasts (QPF) or
public safety, two key forecast areas that hold consid-
erable potential for economic impact. Further com-
ments on this aspect are provided in the concluding
discussion (section 4).

Studies of forecast value must consider explicitly the
user context, which in its simplest form is expressed in
terms of a cost–loss analysis. Murphy (1977) has
shown from a theoretical basis that at the cost–loss
extremes no-skill forecasts such as climatology and
weather-independent decisions (always protect and
never protect against adverse weather) approach the
value of perfect forecasts. Since value is a function of
decisions that are changed by the forecast, rather than
necessarily the extent of the change, the relationship
between forecast skill and value is, in general, complex.
Readers interested in a concise overview of this issue
should consult Murphy (1994) and the references listed
therein. Accordingly, in section 2 we will discuss the
techniques used for estimating forecast skill and fore-
cast value for a range of real-world user contexts, along
with a description of the forecast and verification data-
set used for the subsequent analyses. Section 3 presents
the details of the specific user contexts and presents the
results of the analyses of skill and value for each of
those cases. Finally, we will discuss the implications of
the results in section 4.

2. Procedure

a. Analysis of skill

A skill score (SS), defined with respect to the mean
square error (MSE) of a reference forecast that is the
mean of the variable being forecast (climatology given
a sufficiently long time series and a stationary climate,
denoted here as MSEc) , can be written as

MSEfSS Å 1 0 , (1)
MSEc

where the MSEf is
N1 2MSE Å ( f 0 O ) (2)∑f i iN iÅ1

and fi and Oi are the i th forecast and observation, re-
spectively. Correspondingly, the MSEc is defined by
the substitution of climatological values for the fore-
casts, fi , in (2) , such that

N1 2
UMSE Å (O 0 O ) , (3)∑c iN iÅ1

where the (mean) climatological forecast is defined by
N1

UO Å O . (4)∑ iN iÅ1

The skill score defined by (1) is 1.0 for perfect fore-
casts, 0.0 for forecasts that are only as accurate as the
reference (climatology), and negative for forecasts less
accurate than the reference. Murphy (1988) discusses
a further decomposition of this skill score, which al-
lows for an examination of some of the properties of
the joint distribution of forecasts and events (Murphy
and Winkler 1987). However, in this study, our interest
is to examine the relationship between forecast skill and
value rather than the individual elements (such as bias)
composing the skill score; accordingly, we shall report
skill scores defined by (1) without recourse to further
decomposition.

b. Analysis of value

For the purposes of examining the value of the fore-
casts, we shall restrict our analysis to decisions that are
optimal from the point of view of expected return. In
other words, we shall consider the prescriptive ap-
proach (how the forecasts should be used) rather than
the descriptive approach (how they are used); thus, our
analysis will present the maximum expected return for
decisions based on the forecasts and the reference (cli-
matology). It should be noted that nonoptimal decision
making (a chronic feature of the real world) would in
general lead to lower economic returns for both the
forecasts and the reference. Consequently, the value of
the forecast, defined with respect to the baseline mea-
sure, can sometimes be greater than is the case for that
associated with optimal decision making, even though
the expected return of the latter is greater. Thus, one
should consider the values as reported in this paper to
represent potential value, rather than actual value,
which may vary in either direction as a result of non-
optimal constraints on the decision making process.
Further discussion of these issues can be found in Katz
and Murphy (1996).
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FIG. 1. The structure of the basic payoff table with outcomes
a, b, c, and d.

The most general description of value for a two-
event, two-decision model takes the form of a payoff
table, as shown in Fig. 1. Two events (adverse or non-
adverse weather, for example, frost in a citrus farming
application) and two decisions (protect or do not pro-
tect against the possibility of adverse weather, for ex-
ample, spraying crops with water to protect against
freezing) are provided, allowing for the possibility of
four outcomes, each with an associated payoff. An op-
timal decision rule can then be constructed, which then
takes the form of

(b 0 d)
p (event) §

(b 0 d) / (c 0 a)

r take protection, (5)

where p Å the forecast probability of the event, aÅ net
payoff for adverse weather and no protection, b Å net
payoff for nonadverse weather and no protection, c
Å net payoff for adverse weather and protection, and d
Å net payoff for nonadverse weather and protection.
Note that a net payoff in (5) , which is an expense, is
negative, such as might typically be the case for a , c ,
and d . In this rule, the expected return is optimized if
the user protects against adverse weather when the
forecast probability of such an event (p) exceeds the
ratio defined by (5). For the special circumstances of
c Å d Å the cost of protection and a Å loss (where the
average net profit for each occasion, exclusive of the
cost of protection or the losses suffered, is subtracted
out such that b Å 0), (5) reduces to the familiar cost–
loss ratio [C /L or d /a in Eq. (5)] . A series of forecasts
then produces a set of optimal decisions, based upon
the assigned values of a , b , c , and d , and associated

payoffs. The total payoff for the series of forecasts can
then be computed according to

N

total payoff Å G , (6)∑ i

iÅ1

where N is the number of forecasts and Gi is the payoff
associated with the i th decision, which takes on one of
the values from a to d . Specific examples of these types
of evaluations are presented in sections 3a and 3b. The
determination of the value of that set of forecasts is
then made by subtracting from (6) the total payoff
when decisions are based upon forecasts produced by
the standard of reference (e.g., climatology or MOS).

In some cases, it is more appropriate to express the
value of a set of forecasts in terms of utility rather than
in purely economic terms. For example, in many north-
ern regions of the United States, municipal parks de-
partments set up outdoor ice skating rinks in winter.
This activity is effectively supported by local taxes and,
where admission is not charged, it is generally not pos-
sible to assign dollar values to the four outcomes (a ,
b , c , and d) . Here, a utility function can be defined,
expressing the relative desirability of the outcomes. A
specific example of this type of scenario will be dis-
cussed in section 3c.

Frequently, the above approaches, defining so-called
static decision making, are not justified. More complex
scenarios involving sequential decisions, in which ac-
tions taken and events occurring at a given point affect
options and the consequences of those options at a later
stage are often more appropriate; a specific example of
such is discussed in section 3d.

In some circumstances, one wishes to evaluate cost
savings rather than direct economic gains. Thus, costs
associated with forecast errors are computed using a
variety of forecasts (e.g., NWS, MOS, climatology,
etc.) ; the value of such forecasts is defined by the cost
savings, relative to the basic standard. An example of
the cost savings approach is discussed in section 3e. It
should be noted that the ‘‘cost savings’’ and ‘‘payoff
gains’’ frameworks are fundamentally equivalent, since
costs are simply negative payoffs for risk-neutral de-
cision makers.

c. Forecast and verification data

The initial impetus for this study was provided by
questions arising from the analysis of the skill of POP
and temperature forecasts from the forecast contest at
the State University of New York at Albany
(SUNYA), as reported by Roebber and Bosart (1996).
In documenting the small differences in skill between
various constituent forecast groups, stratified according
to education and experience, we became interested in
whether these skill differences were meaningful in a
more practical context such as forecast value. However,
because of the constraints of the academic year, specific
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FIG. 2. The time series of NWS forecast skill for the period 1970–
93 at Albany, New York, for 24–36-h POP (solid) and maximum
temperature (dashed). The vertical dashed lines indicate the period
of extensive data loss (January 1982–October 1983) cited in the text.

forecast periods are missing from the SUNYA data; for
example, the contest is not held during the summer
months (May–August) , nor during the winter recess
(mid-December–mid-January).

Consequently, we have turned to a dataset compiled
by the NWS for the purposes of forecast verification,
covering the period April 1966 through March 1994 at
approximately 100 locations across the continental
United States (Carter and Polger 1986; Landis 1994).
For this study, we have extracted the following NWS
and MOS forecasts ( issued from the 1200 UTC forecast
cycle) along with the accompanying observations for
Albany, New York (ALB), for the period January
1970 through March 1994: (a) 12–24-h POP, (b) 12–
24-h minimum temperature, (c) 24–36-h POP, and (d)
24–36-h maximum temperature. In addition, the NWS
and MOS 12–24-h POP forecasts issued from the 0000
UTC cycle were extracted in order to focus on those
people whose work activities the following day might
be affected by precipitation and who might use this as
the last forecast that they would hear before the work-
day began. Monthly climatological values of both POP
and temperature for the associated 12-h periods were
derived directly from the observations for the complete
29-yr period (1966–94). These values were then used
as the basic reference for computing skill in (1) and
also to define a baseline for the value calculations.

One limitation to our application of the forecast
value analysis to forecasts and users specific to Albany
is the necessary reduction in the generality of our re-
sults. However, given our experience in forecasting for
other sites, we suspect that the basic results of this study
are germane to the more general forecast problem and
that many of our conclusions would hold across a wide
variety of sites. A second question is whether our re-
sults would hold for a more general cross section of
users than was possible to study in this paper. In section
4, we have made a preliminary attempt at testing the
sensitivity of our results to arbitrary user cost–loss dis-
tributions.

Another limitation of the dataset is the application of
a rain/no-rain methodology to situations in which the
amount of precipitation may also be a determining fac-
tor. Since the NWS does not routinely make a public
forecast of QPF, we are precluded from incorporating
this aspect into our analysis. However, we suspect that
QPF may indeed have considerable utility for many
users and, as such, may be an interesting component in
the debate concerning the future of forecasting. One
application of QPF forecasts for specific users, proba-
bilistic quantitative precipitation forecasts for river ba-
sins for use in NWS River Forecast Centers, has been
discussed by Krzysztofowicz et al. (1993).

3. Results

Figure 2 shows the trend of annual NWS forecast
skill score [defined by Eq. (1)] for 24–36-h POP and

24–36-h maximum temperature at ALB for the period
1970–93. A major computer change in January 1982
caused an extensive loss of data until October 1983
(Carter and Polger 1986); consequently, skill scores
during this period are not robust, and this time is indi-
cated in the figure by the vertical dashed lines. Excluding
1982–83, the respective regression equations for the two
forecast variables are skill (POP) Å 0.239 / 0.008
(year-1970); skill (TMAX)Å 0.976/ 0.000474 (year-
1970), which yield an overall rate of improvement of
about 0.8% per year for POP and 0.05% per year for
maximum temperature.

It is obvious that skill in forecasting maximum tem-
perature is well ahead of that for POP, a result consis-
tent with 1) forecaster experience, 2) Brier score ver-
ification results from ALB and Boston (see Roebber
and Bosart 1996; Sanders 1986; Bosart 1983) that have
shown that POP skills are lower than temperature skills
at comparable time periods and fall off more rapidly
with time, 3) similar results showing that QPF skills
are less than POP skills for the same time periods, and
4) spatial autocorrelation functions of temperature,
height, and relative humidity/specific humidity from
radiosonde data (Boyle 1981; Thiebaux 1975), which
show that moisture drops off most rapidly with dis-
tance, indicating the inherently more mesoscale nature
of moisture distributions.

Given the complex relationship between forecast
skill and value and the substantial level of skill evident
in temperature forecasts, one must wonder whether
these slow advances have any practical utility. To in-
vestigate this question, we turn to the analysis of spe-
cific user contexts in the next several sections. Over the
period 1970–94, a variety of numerical weather pre-



/3q06 0224 Mp 548 Tuesday Nov 12 10:57 AM AMS: Forecasting (December 96) 0224

548 VOLUME 11W E A T H E R A N D F O R E C A S T I N G

TABLE 1. Summary of model and guidance stratifications for the period 1970–94, for ALB Weather Service Forecast Office (WSFO)
24–36 h maximum temperature and POP forecasts.

Period Parameter Guidance Model

Jan. 70–Jul. 73 Temp Subjective/perfect prog. Six-layer primitive equation (6L PE)
Aug. 73–Mar. 80 Temp MOS 6L PE
Apr. 80–May 93 Temp MOS Limited fine mesh (LFM)
Jun. 93–Mar. 94 Temp MOS Nested grid model (NGM)
Jan. 70–Dec. 71 POP Subjective 6L PE
Jan. 72–Mar. 80 POP MOS 6L PE
Apr. 80–May 93 POP MOS LFM
Jun. 93–Mar. 94 POP MOS NGM

TABLE 2. Skill and value analysis of forecasts (1970–93) for
concrete contractor. Negative values are enclosed in parentheses.

Forecaster Skill score
Payoff
per job

Value
(above MOS)

Perfect forecast 1.000 $1330.27 $332.84
Climatology 0.000 $1009.18 $11.75
ALB WSFO 0.409 $1007.94 $10.51
MOS 0.382 $997.43 $0.00
NWS/MOS 0.421 $1052.76 $55.33
Always pour — $1009.18 $11.75
Never pour — ($700.00) ($1697.43)

diction (NWP) models and associated guidance fore-
casts have been operationally available (Table 1). In
the subsequent analyses, we shall refer generically to
this guidance as MOS. The reader should also be aware
that all dollar amounts are expressed in constant 1994
dollars, except where otherwise noted. Finally, the time
series of skill and value for each of the applications are
presented for the years 1970–93, 1994 is excluded as
it represents only a 3-month dataset. However, sum-
mary information presented in Tables 3–5 includes the
data from 1994.

a. Concrete (flatwork) contractor: Norton Home
Builders

Telephone interviews with a local contractor (Nor-
ton Home Builders) allowed us to determine the man-
ner in which meteorological information is used for
flatwork concrete pouring (sidewalks, patios, basement
floors, etc.) . Specifically, the contractor must decide
whether to risk pouring, given the possibility of rain,
which can ruin the job at great expense and inconven-
ience. Through consultation with the contractor, it was
determined that the payoff table approach described in
section 2b was applicable to this situation. Specific dol-
lar values were assigned to the analysis: the loss asso-
ciated with rain ruining a concrete pouring job (which
would entail the necessity of redoing the job after re-
moving the ruined concrete) , a , equals $5500; the
value of a successful pour, b , equals $2000; the cost of
protection (do not pour) against adverse weather

(rain) , c and d in this context, equals the cost of keep-
ing the crew labor idle (about $700). The decision rule,
defined by Eq. (5) , was then applied such that for fore-
cast probabilities greater than or equal to 36%, the con-
crete was not poured. Some additional constraints were
applied: the value analysis was run only for those days
during the contracting season (April–October) on
which daytime maximum temperatures exceeded 4.47C
(407F).

The 12–24-h POP forecast issued from the 0000
UTC forecast cycle was used as the basis for this anal-
ysis. The lack of QPF forecasts renders the analysis
somewhat simplistic, since the curing properties of the
flatwork require relatively substantial precipitation (or-
der 0.10 in. as opposed to the 0.01 in. used to verify
measurable precipitation) for damage to ensue. How-
ever, since this is warm season work, convective rather
than stratiform precipitation events would dominate,
and local amounts might typically be relatively high
for verifying episodes. We find further justification of
our approach in the assurances of the contractor that
the primary variable used to determine their pouring
decisions was the NWS POP forecast.

Other weather-related effects could complicate the
analysis. For example, a temperature dependence also
exists for extreme high temperatures (Ç1007F or
37.87C). Under such conditions, the quality of the con-
crete work deteriorates, yet the developing flaws are
not evident until a couple of years later. Thus, the value
of a joint forecast ( temperature and precipitation) un-
der such circumstances also requires some lagged com-
ponent, since the poor work in real-world markets
might affect the contractor negatively at some later
date. However, we note that the maximum temperature
at Albany exceeded 957F (357C) on only 20 days dur-
ing the period 1970–94 and was as high as 997F
(37.27C) on only 1 day in this period.

The results for the complete period from 1970–93
are shown in Table 2; the trend in annual value and
skill of those forecasts is plotted in Fig. 3. Note that
1994 is not included since our data ends in March 1994.
For this case, the meteorological information did not
add value relative to climatology, which in this exam-
ple was equivalent to the simple procedure of always
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FIG. 3. The time series of the relative value of NWS forecasts (with
respect to climatology, solid) and skill (dashed) for the period 1970–
93 at Albany, New York, for the concrete flatwork application. The
value is expressed as dollars per pouring job. Payoff table details are
provided in the text.

pouring the concrete, regardless of the forecast. How-
ever, the value of perfect forecasts (relative to clima-
tology) was $321.09, suggesting that improvements in
forecast skill might allow such forecasts to improve
their value. Unfortunately, Fig. 3 provides little com-
fort in that regard, with only very marginal gains in
value in evidence over the past quarter century of op-
erational forecasting. Worse still, an examination of the
value of the NWS forecasts relative to MOS (Table 2)
suggests that human intervention in this context has
yielded little benefit to date.

In spite of these discouraging results, one should not
necessarily conclude that the forecast enterprise is use-
less for this application. Interviews with the contractor
revealed that he found the forecasts useful, because he
is quite risk averse and preferred to avoid unsuccessful
pouring jobs (even if this meant losses associated with
missed opportunities) . There is additional reason for
hope: it is important to note that comparative perfor-
mance and independent information content are two
quite different concepts. Our analysis has shown that
the NWS forecasts have limited value relative to MOS
in this user context, but it may well be that the NWS
forecasts possess significant independent information
(which might represent itself in terms of value) from
that contained in MOS. Clemen et al. (1995) have de-
scribed the underlying conceptual and methodological
frameworks for assessing independent information
content. One means for assessing the presence of in-
dependent information is to examine whether combin-
ing two forecasts produces a consensus forecast of
greater skill (or value) than the individual components

(e.g., Vislocky and Fritsch 1995). In order to evaluate
this aspect, we reran the analysis, using the combined
forecast defined as the simple arithmetic average of the
NWS forecast and the MOS forecast on each day. The
resultant forecast (denoted as NWS/MOS in Table 2
and subsequent analyses) yielded a payoff per job of
$1052.76, which represents a value with respect to cli-
matology (MOS) of $43.58 ($55.33) per job. Thus,
the presence of independent information in the NWS
forecasts allows the possibility of obtaining additional
value over that possible through direct application of
either forecast alone.

b. Newspaper delivery: The Albany Times-Union

Most newspaper customers would like to avoid hav-
ing their daily newspaper delivered in a soggy state;
thus, precipitation poses a risk to newspaper delivery.
Court (1982) attempted an analysis of this problem but
found that the cost–loss analysis was complicated by
the fact that a large percentage of customers would not
complain and request a new delivery, but would simply
seek to dry the existing paper (perhaps pausing only to
curse the deliverer) . In order to determine the value of
forecasts in this context, we need controls for two un-
known variables: the complaint rate, denoted by a, and
the loss associated with precipitation ruining the paper
and requiring a replacement (accounting for the costs
associated with the extra delivery) , denoted by b. Since
the value of a successful delivery, with no protection
against precipitation, b , equals $0.50 (the price of the
newspaper) , the net payoff for adverse weather and no
protection, a , is 0ab / $0.50(1 0 a) . The factors c
and d in this context represent the payoff associated
with protecting against adverse weather, which equals
the value of a successful delivery ($0.50) minus the
cost of wrapping it in plastic ($0.04, a cost obtained
directly from the Albany Times-Union) or $0.46. A
payoff table analysis [using the decision rule defined
by Eq. (5) to determine whether or not to wrap the
papers] was then run for all the days in the period from
1970–94 to assess the value of the forecasts for this
user; the sensitivity of the results to the complaint rate
(a) and replacement costs (b ) was also tested. Again,
the 12–24-h POP from the 0000 UTC forecast cycle
was used to simulate the last information that would
have been available to the newspaper carriers before
delivery.

In order to determine whether the meteorological in-
formation adds value in this context, we have plotted
(as a function of the two unknown variables, a and b )
in Fig. 4 the difference in the daily payoff (based upon
102 717 daily deliveries, as reported directly by the Al-
bany Times-Union) between the NWS forecasts and
climatology. The relative value of the NWS forecasts
is maximized along the bold-dashed line in Fig. 4. It is
apparent that substantial value is added but only within
a fairly narrow range of complaint rates for a fixed
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FIG. 4. The relative value of NWS forecasts (with respect to cli-
matology) at Albany, New York, for the period January 1970 through
March 1994 for the newspaper delivery application. The relative
value is expressed as dollars per day, based upon 102 717 daily de-
liveries, as a function of complaint rate (a) and replacement cost (b).
Payoff table details are provided in the text. The bold-dashed line
denotes the axis of maximum relative value.

FIG. 5. The time series of the relative value of NWS forecasts (with
respect to climatology, solid) and skill (dashed) for the period 1970–
93 at Albany, New York, for the newspaper delivery application. The
value is expressed as dollars per day, based upon 102 717 daily de-
liveries, with complaint rate aÅ 5% and replacement cost b Å $6.00.

replacement cost. For moderate replacement costs
(e.g., a 30-km round-trip at $0.20 per km yields b
Å $6.00), the forecasts quickly lose value with falling
complaint rates (a conclusion that is circumstantially
reinforced by the observation that wrapping newspa-
pers is not a universal procedure) . Gains in value with
respect to the numerical–statistical guidance are small;
for example, when the MOS payoffs are subtracted
from the NWS payoffs, the resultant values along the
dashed line of Fig. 4 are in the $25–$50 range, while
peak values within a plausible range of a and b fail to
exceed $125. Nonetheless, with improvement in the
forecasts, significant further gains in value are possible
(e.g., the relative value of perfect forecasts with respect
to NWS forecasts is $1615.92 for a Å 5% and b
Å $6.00) and these gains are in evidence across a wide
range of complaint rates and replacement costs (not
shown). However, the trend in value and skill of those
forecasts, plotted in Fig. 5 (with 1994 excluded due to
partial data) for a Å 5% and b Å $6.00, suggests that
little gain in value has occurred in concert with the skill
improvements in POP since the early 1980s (Fig. 2) .

The question as to whether independent information
in the NWS forecasts added value beyond MOS was
also addressed. Some potential gain would appear pos-
sible, given that POP skill scores were 0.428, 0.404,
and 0.444 for NWS, MOS, and NWS/MOS, respec-
tively. In fact, the NWS/MOS forecast added $50.71
of value for a Å 5% and b Å $6.00, while peak values

within a plausible range of a and b ranged upward to
$225.

c. Outdoor skating rinks: Town of Colonie, New York

In this example, the Colonie, New York, Parks and
Recreation Department, through its general funds (ul-
timately supplied through local taxes filtered through
the town budget for all recreational activities) , sets up
and maintains a series of outdoor skating rinks during
the winter months. Because admission is not charged,
it is difficult to analyze the forecast value using a payoff
table approach. Instead, we turn to measures of relative
utility by assigning numbers (on a scale of zero to one,
with one representing highest utility) to the combina-
tions of decisions with weather conditions. The deci-
sion is whether to flood the rinks with water, which
under the appropriate conditions, provides a pleasant
skating surface. The best weather for flooding is asso-
ciated with temperatures below freezing and no precip-
itation. If the decision is to flood under these prime
conditions, we have assigned a utility of 1.0. If the flood
choice has been made with temperatures above freezing
or precipitation occurring, we assign a utility of 0.0
(since this wastes labor and ruins the ice surface) .
More difficult is the assessment of the utility of the final
two decisions and weather events. Although nonopti-
mal choices may occur, an important consideration to
the operations of the town of Colonie is the ability to
use such workers for other tasks within the department.
For example, for the choice to not flood the ice under
good conditions (temperatures below freezing and no
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TABLE 3. Skill and utility analysis of forecasts (1970–94) for
maintenance of town outdoor ice skating rinks. The utility function
is a Å 0.00, b Å 1.00, c Å 0.75, and d Å 0.25, as defined in Eq. (5).

Forecaster POP skill Temp skill Utility

Perfect forecast 1.000 1.000 0.847
Climatology 0.000 0.000 0.525
ALB WSFO 0.397 0.774 0.735
MOS 0.374 0.742 0.723
NWS/MOS 0.408 0.782 0.735
Always flood — — 0.389
Never flood — — 0.56

FIG. 7. The difference in utility between the forecasts from the
NWS and MOS, for the period 1970–94, for the outdoor skating rink
application, as a function of variable utility assignments for the poor
condition/no-flood and good condition/no-flood situations. Details
are provided in the text.

FIG. 6. The time series of NWS forecast utility (solid) and skill
(dashed) for the period 1970–93 at Albany, New York, for the out-
door skating rink application. The utility is expressed on a scale of
zero to one. Details are provided in the text.

precipitation) , it is reasonable to set the utility to a
nonzero value, since although an opportunity has
been missed and the ice quality is degraded, the labor
can still be applied elsewhere. If the choice is made
to not flood the ice, and weather conditions are ad-
verse, a utility less than unity is plausible, since al-
though the proper choice has been made given the
circumstances and the labor can be applied else-
where, the most desirable outcome (a pleasant skat-
ing surface) has not been achieved. Initially, we will
choose fixed utility values of 0.25 and 0.75 for these
latter two choices, respectively. However, we shall
also examine the sensitivity of our results to variable
utility assignments. In keeping with seasonal consid-
erations, we have restricted the analysis to the
months December through February and because the
labor assignments are made a day in advance, we
have used the 24–36-h POP and maximum temper-
ature forecasts issued from the 1200 UTC forecast
cycle to analyze this case.

The results for the complete period from 1970–94
are shown in Table 3. Here, the meteorological infor-
mation has considerable utility (as compared to the
nonmeteorological strategies of always flood or never
flood and the combined climatological probability of
precipitation and subfreezing temperatures) . In addi-
tion, there is room for growth in utility as forecast skill
improves. However, the differences in utility between
the NWS and MOS forecasts are fairly small, and no
measurable gain is achieved by forming the combined
NWS/MOS forecast. Figure 6, which shows the trend
in the annual utility and skill of the NWS forecasts
(with 1994 data excluded), demonstrates little growth
in either variable for this user context during the entire
period of record, a conclusion which does not appear
to be very sensitive to reasonable modification of the
utility assignments discussed above. As a final check
on this statement, we have analyzed the difference in
utility between the NWS and MOS forecasts across a
complete range of utility assignments for the poor con-
ditions/no flood and good conditions/no flood cases
(Fig. 7) . The results provide some encouragement in
that the relative NWS forecast utility is maximized for
reasonable ranges of these variables; however, the ab-
solute differences are quite small, and there is little
room for improvement by simply adjusting utility as-
signments.

d. Class AA baseball: The Albany–Colonie Yankees
at Heritage Park

We have also examined the value of forecasts for
Albany to a user with a more complicated decision
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FIG. 8. The decision tree structure for the Class AA baseball ap-
plication. Parameter values used in the analysis are R Å $10,000.00,
m1 Å $35.00, m2 Å $140.00, D Å $240.00, and n Å $70.00.

structure than can be studied using a simple payoff ta-
ble approach. Here, we are concerned with the value
of forecasts to the local minor league baseball team (the
Class AA Albany–Colonie Yankees at the time of the
study). In this case, the grounds crew must decide
whether to protect the infield against rainfall by un-
rolling the tarp. These choices are made for the over-
night period, which makes the field available for prac-
tice the following day, and during the day, which pre-
serves the field for the regularly scheduled evening
game. We have restricted the analysis to the period of
the Class AA season, roughly 10 April through 5 Sep-
tember and have used the 12–24-h POP (for the over-
night period) and the 24–36-h POP (for the following
day) from the 1200 UTC forecast cycle. These choices
were driven by the scheduling needs of the Town of
Colonie Parks and Recreation Department, which over-
sees the maintenance of the playing field.

A number of complications arise in performing such
an analysis. In principle, a fully dynamic model of the
decision process would need to incorporate the cumu-
lative impact (on a seasonal timescale) of the number
of rainouts on travel schedules and postseason com-
mitments. In practice, it has been our observation that
Class AA leagues take a more ad hoc approach to re-
scheduling missed games than in the more familiar ex-
ample of Major League Baseball. Rescheduling is at-
tempted on a priority basis for contending teams, sub-
ject to a myriad of other logistical considerations.
Likely, the only means for accurately reconstructing
such scheduling effects would be to research the com-
plete sequence of games played in each of the studied
seasons. Since such an analysis is beyond the scope of
this study, we have adopted a sequential, decision tree
approach for the 24-h period of each game sequence
(overnight period and day of game). Thus, actions
taken and events occurring at a given point in a se-
quence of decisions affect options, as well as the con-
sequences of those options, at later stages in the over-
night and following day periods but are not considered
to impact decisions at later dates in the season. This
simplification means that our projected losses due to
rainouts are probably greater than would actually be
experienced, since some of the missed games could
eventually be replayed. We further assume that the de-
cision makers are cognizant of the potential conse-
quences of each of the options selected at decision
points and choose the options that give the highest ex-
pected return (based upon the forecast POP). Deci-
sions are then evaluated with respect to the weather
conditions that actually occurred, and the payoffs are
tabulated. The basic structure of the decision tree for
this example is shown in Fig. 8.

An additional complication arises in this analysis
since we must consider the value of practice. We know
that it has some value, or the field would never be
tarped overnight, since the overnight tarping preserves
only the practice option, while tarping during the day

preserves the evening game (at the expense of prac-
tice) . To handle this complication, we suppose that if
R represents the revenue attached to the game/practice
combination, then aR is the practice value and bR is
the game value, where a / b Å 1. We will examine
two options: the first representing the case where the
practice and game are equally valuable (aÅ b Å 0.50),
and the second (likely more realistic) case where the
game is much more valuable than the practice (a
Å 0.25; b Å 0.75).

The results of the analysis for the period from 1970–
93 (with 1994 excluded since our data ends in March
1994, prior to the start of the Class AA season) are
presented in Table 4. Again, although the meteorolog-
ical information is quite valuable in both scenarios, in
neither case does human intervention as represented by
the NWS forecasts serve to add substantial value be-
yond that gained through direct use of the MOS fore-
casts. However, considerable further gains are possible
with improving forecasts, and there is some evidence
that the growth in skill since the early 1980s has led to
corresponding increases in value over the same period
(Fig. 9) . Furthermore, the presence of independent in-
formation in the NWS forecasts can contribute to ad-
ditional gains in value relative to the simple-minded
application of the MOS forecast.

e. Gas utility

Suchman et al. (1979) have discussed the use of me-
teorological information by gas utilities. We have ap-
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FIG. 9. The time series of the relative value of NWS forecasts (with
respect to climatology, solid) and skill (dashed) for the period 1970–
93 at Albany, New York, for the Class AA baseball application. The
value is expressed as dollars per game, with b Å 0.75. Details are
provided in the text.

TABLE 4. Skill and value analysis of forecasts (1970–93) for class AA baseball club. Shown for each forecaster are the payoff (per game)
and the value (relative to MOS) as a function of the relative importance of the game (b). Negative values are enclosed in parentheses.

Forecaster Skill score

b Å .50

Payoff Value

b Å .75

Payoff Value

Perfect forecast 1.000 $8635.28 $974.20 $9244.00 $980.58
Climatology 0.000 $7434.90 ($226.18) $7409.34 ($854.08)
ALB WSFO 0.328 $7678.08 $17.00 $8258.92 ($4.50)
MOS 0.311 $7661.08 $0.00 $8263.42 $0.00
NWS/MOS 0.344 $7699.75 $38.67 $8296.94 $33.52
Always tarp — $4691.44 ($2969.64) $7161.05 ($1102.37)
Never tarp — $7434.90 ($226.18) $7434.90 ($828.52)

plied their approach, using values representative of a
moderate-sized utility in the northeastern United States,
to the Albany forecast data. Accordingly, the value re-
sults in this section should be interpreted as constant
1979 dollars.

The utilities seek to limit costs associated with ad-
ditional demand during peak wintertime periods. These
costs arise because the utility can only draw so much
gas from the pipeline, and demand above this amount
must be drawn from alternative and, generally more
costly, sources (such as liquid natural gas, propane, or
storage supplies) . The controlling factors are the crit-
ical point, that is, the degree-day value above which
alternative sources are needed and tolerance, the
amount of error that can be accommodated without in-
curring cost. Errors that result in costs may arise in two
situations: 1) the observed degree day exceeds the crit-
ical point, and the forecast error is in excess of the
tolerance (in the case of an overforecast, excess gas is
generated at expense while in the case of an under-
forecast, the alternative supplies are tapped); and 2)
the observed degree day falls below the critical point,
but the forecast exceeds the critical point and the fore-
cast error is in excess of the tolerance (again resulting
in the generation of excess gas) .

For this analysis, we have assumed a critical point
of 53 degree days (corresponding to a daily mean tem-
perature of 011.17C or 127F), tolerance of 0.67C
(17F), usage of 53.1 1 103 m3 (1875 1 103 ft 3) per
degree day, and a cost factor of $123.60 (1000 m3)01

($3.50 (1000 ft3)01) . Accordingly, we have limited the
analysis to those days in which the critical point was
exceeded (observations or forecasts) , for the period
1970–94. The number of such days in any season
ranged from 1 (1990) to 27 (1970), with a mean of
10.5 yr01 . Clearly, the overall value of such forecasts
is strongly dependent on the ‘‘opportunity’’ provided
by exceedances of the critical point, with warm winters
such as 1990 limiting the seasonal value of such fore-
casts. However, we note that no secular trend is appar-
ent in the data and that January through March 1994
featured the second greatest number of exceedances in
the entire period of record. The 12–24-h minimum

temperature and 24–36-h maximum temperature fore-
casts issued from the 1200 UTC cycle were used for
this analysis.

The overall results are summarized in Table 5. In
this user context, it is clear that the meteorological in-
formation has tremendous value and, further, that hu-
man intervention has led to significant gains beyond
MOS. As a result, in this application, the use of com-
bined NWS and MOS forecasts degrades the value of
the forecasts relative to NWS alone. Although MOS
does forecast extreme values, experienced forecasters
are well aware of the tendency for MOS to underfore-
cast deviations from climatology during anomalous
temperature regimes. Thus, in this user context, NWS
forecasters are capable of producing forecasts of con-
siderable value. We observe that progress in forecast
skill could lead to further gains in the already substan-
tial value of this information, although such gains will



/3q06 0224 Mp 554 Tuesday Nov 12 10:57 AM AMS: Forecasting (December 96) 0224

554 VOLUME 11W E A T H E R A N D F O R E C A S T I N G

TABLE 5. Skill and value analysis of forecasts (1970–94) for a moderate-sized northeastern U.S. gas utility. Shown are the value with
respect to climatological forecasts and MOS. All dollar amounts are expressed in constant 1979 dollars and give the total cost (value) per
heating season. Negative values are enclosed in parentheses.

Forecaster Skill score Cost
Value

(Climatology) Value (MOS)

Perfect forecast 1.000 $0.00 $1,181,241.51 $365,559.30
Climatology 0.000 $1,181,241.51 $0.00 ($815,682.21)
ALB WSFO 0.904 $273,898.65 $907,342.86 $91,660.65
MOS 0.849 $365,559.30 $815,682.21 $0.00
NWS/MOS 0.895 $287,382.45 $893,859.06 $78,176.85

become increasingly difficult given the currently high
levels of skill exhibited for the degree-day forecasts.

4. Concluding discussion

The complex relationship between skill and value
has been demonstrated, both across forecast systems
(e.g., NWS, MOS, climatology) within a particular
user context, and for a particular forecast system within
a range of years. For example, in the concrete pouring
application, although climatology was the lowest
ranked of the five forecasts in terms of skill, it outper-
formed two of the higher-ranked forecasts in terms of
value. Such shifts were also apparent for the outdoor
ice rink and the Class AA baseball applications. When
the annual time series of the NWS forecast skill is cor-
related with the value (relative to climatology) of those
same forecasts, linear correlations ranged from .566
(gas utility) to .750 (newspaper delivery) . Thus, the
ability of the skill score to predict ( linearly) the value
of a set of forecasts for a particular application is quite
limited.

Accordingly, we have examined the value of the Al-
bany NWS forecasts across a selected set of user con-
texts, in an effort to assess the meaning of the small
(and diminishing) skill advantage that human fore-
casters currently enjoy over the numerical–statistical
guidance represented by MOS. We have found that al-
though the meteorological information in most cases
possessed considerable value to the users, human in-
tervention has generally led to minimal additional gains
beyond that provided by MOS. An important exception
was the use of meteorological information by gas util-
ities during peak wintertime periods; in those circum-
stances, the value of human intervention was consid-
erable. The presence of information in the NWS fore-
casts independent of that contained in MOS was
established. However, application of this additional in-
formation through a combined NWS/MOS forecast led
to mixed results: in most cases, the use of this infor-
mation provided a small gain in value, while in the most
successful forecast context—the gas utility—this ap-
proach led to a loss of value (relative to the unaltered
NWS forecasts) .

One aspect of this issue that we have not addressed
is the sensitivity of our results to the full cross section

of users in the population. Our sampling of users has
undoubtedly left out many important sectors, whose
cost–loss factors differ significantly from those that we
have studied. One approach to answering this question,
on a preliminary level, was suggested to us by A. Mur-
phy (1995, personal communication). This approach
is based upon modeling the distribution of user cost–
loss contexts and examining the value of forecasts as
a function of the distributions so defined. Accordingly,
we have followed Murphy (1969) and assumed that
the cost–loss distribution of users takes the form of a
beta distribution:

G(a / b ) a01 b01f ( x) Å x (1 0 x) , (7)
G(a)G(b )

where x is the cost–loss ratio ranging from 0 to 1 and
G is the factorial function. Since the POP forecasts are
reported in 10s of percent (0%, 10%, etc.) , we have
computed cost–loss user distributions based upon 10
equal-sized bins of width 0.1 (centered on the mid-
point) , ranging from 0.05 to 0.95. For example, the
percentage of users in the economy with a cost–loss
value of 0.05 is determined by the integral of (7) on
the interval 0–0.1. The distribution parameters a and
b were varied from 0.5 to 5 to represent a wide range
of cost–loss distributions. Examples of the form of the
beta distribution determined in this way as a function
of the parameters a and b are shown in Fig. 10. Readers
should note that the beta distribution exhibits a peak at
x Å a / (a / b ) and the variance is ab / (a / b / 1)(a
/ b )2 ; thus for a Å b, the distribution is symmetric
( the limiting case of a Å b Å 1 yields the uniform
distribution), while for a greater ( less) than b, the dis-
tribution is skewed to the left (right) .

We then computed the value of the 24–36-h POP
forecasts for the period 1970–94 for each of these ide-
alized cost–loss distributions, with the results scaled
such that perfect forecasts take the value of $1000 and
climatological forecasts have zero value (Fig. 11). Fig-
ure 11a shows that over the period 1970–94 the NWS
POP forecasts have added value across a wide spectrum
of user contexts; this value is maximized in the region
where a is small and b is large, representing the cases
where the majority of user cost–loss ratios are small.
However, the relative value of human intervention
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FIG. 10. Examples of hypothetical cost–loss distributions
in the user community, modeled after a beta distribution. The
parameters a and b are varied, with b Å 1 denoted by O, b
Å 3 by h, and b Å 5 by D, for (a) a Å 1, (b) a Å 3, and (c)
a Å 5.

(with respect to MOS, defined as NWS value minus
MOS value) is fairly small throughout the entire cost–
loss distribution space (Fig. 11b), with maximum ben-
efit (order $14) falling approximately along the line a
Å b / 1. These distributions represent the cases where
cost–loss ratios are centered somewhat above 0.5. We
have also tried modeling the cost–loss distribution us-
ing the conceptually simpler Gaussian (normal) distri-
bution, based upon a range of mean population cost–
loss ratios with variable variance. Our results (not
shown) were comparable to those obtained using the
beta distribution, namely, that the relative value of the
NWS forecasts (with respect to MOS) was maximized
in a focused distribution region near mean cost–loss
ratios of 0.5 with small variance.

We suspect that the generally modest improvements
in value (despite measurable advantages in skill ) that
human intervention has demonstrated beyond MOS re-

flects the overall sensitivity of many users to precipi-
tation, and the corresponding (relative) lack of skill in
this forecast area. Skill improvements in precipitation
forecasting have been demonstrably slow, and skill lev-
els remain fairly low. In contrast, skill levels in fore-
casting temperatures are quite high, and thus decisions
based upon this criteria can be finely tuned (e.g., in the
case of the gas utility) . This point is reinforced by in-
spection of the changes in 24–36-h POP forecast value
during the past decade (1985–94; Figs. 11c and 11d).
The increases in POP skill during this period have led
to some increases in the overall value of the NWS fore-
casts, both with respect to climatology (Fig. 11c) and
with respect to MOS (Fig. 11d). Furthermore, the max-
imum benefits during this period appear to fall along a
line near a Å b, suggesting that there has been a shift
in the optimal cost–loss ratio distribution toward lower
values in recent years. This result has some practical
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FIG. 11. The relative value of NWS forecasts with respect to climatology and to MOS at Albany, New York, as a function of user cost–
loss distribution for 24–36-h POP. Value is scaled such that a perfect forecast is $1000.00 and a climatological forecast is $0.00. Shown are
(a) value relative to climatology for the period January 1970–March 1994, (b) value relative to MOS for the period January 1970–March
1994, (c) value relative to climatology for the period January 1985–March 1994, and (d) value relative to MOS for the period January 1985–
March 1994.

importance, since high cost–loss ratios represent a dif-
ficult operational environment from a business stand-
point ( the cost of protection is too high to maintain
financial stability) . As another check on these results,
we have performed a similar analysis, using the 12–
24-h POP issued from the 0000 UTC forecast cycle.
Figure 12 shows the overall value of the NWS forecasts
with respect to climatology (Fig. 12a) during the
1985–94 period and the value of the NWS forecasts
with respect to MOS (Fig. 12b) for the same period.

Except for an enhancement of the overall value of the
forecasts (consistent with, although not guaranteed by,
a concomitant increase in skill level) , these results are
in agreement with our findings for the 24–36-h POP
forecasts. The presence of independent information in
the NWS forecasts was found to be a source of some
small additional value in several user contexts. As a
check on these results, we show in Fig. 13 the overall
value of the combined NWS–MOS forecast (relative
to the MOS forecast alone) for a range of hypothetical
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FIG. 12. As in Fig. 11 but for 12–24-h POP issued from the 0000 UTC forecast cycle. Shown are (a) value relative to climatology for the
period January 1985–March 1994 and (b) value relative to MOS for the period January 1985–March 1994.

FIG. 13. The relative value of the combined NWS–MOS POP forecasts with respect to the MOS forecasts alone at Albany, New York,
for the period January 1970–March 1994 as a function of user cost–loss distribution. Value is scaled such that a perfect forecast is $1000.00
and a climatological forecast is $0.00. Shown are (a) relative value for 24–36-h POP, issued from the 1200 UTC forecast cycle and (b)
relative value for 12–24-h POP, issued from the 0000 UTC forecast cycle.

cost–loss distributions. The results for the 24–36-h
forecasts (Fig. 13a) and the 12–24-h forecasts (Fig.
13b) are similar and provide mild encouragement: the
independent information adds some value across a wide
range of user distributions, with maximum effect oc-
curring for small a and large b (corresponding to dis-
tributions with peak frequencies at small cost–loss ra-
tios; Fig. 10a).

A component of value that we have not attempted to
quantify here is the ability of the user to interact with
the provider of those services. Such interactions often
allow the user to better assess the degree of certainty
in the forecasts and, even more basically, to draw out
specific information that is pertinent to their concerns.
One might also argue that such interaction would allow
providers of forecast information to better tune their
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forecasts to the users’ needs. H. Brooks (1995, personal
communication) has pointed out that Fig. 11 hints at a
possible increase in the role of the private sector in
meteorological forecasting. Because it is difficult to add
value for a wide range of users with different needs, it
might be possible for private forecast services to
achieve greater success than has been demonstrated by
the NWS, by providing specific forecasts within narrow
customer bases, and so maximizing the potential value
of those forecasts. The value of such user–forecaster
interactions is demonstrable (in part) by virtue of the
fact that many users of weather information subscribe
to private providers of forecast services, although all
providers of meteorological information (public and
private) rely on identical information, and likely pos-
sess comparable levels of skill.

Thus, while the absolute magnitude of the value
added by human intervention has been and continues
to be small, recent trends in improved forecasting of
POP have resulted in encouraging trends in the value
of those forecasts, which might bode well for the future
(a point underlined by the fact that all of the specific
users studied in this paper showed that improvements
in forecast skill could lead to substantial increases in
value) . Whether humans will be able to exploit the
same kind of pattern recognition techniques for POP
and QPF that are currently employed for temperature
(see Roebber and Bosart 1996) to the same advantage
over MOS, remains to be seen.

Regardless of future potential, we wish to emphasize
that our results should not lead to the conclusion that
human intervention in weather forecasting currently
adds little or no positive value to the economy as a
whole. Although we have studied a range of users, we
have focused narrowly on user contexts pertaining
largely to the rain/no-rain scenario and have not ad-
dressed issues related directly to QPF or public safety,
a fundamental task of the NWS forecast enterprise.
Hudlow (1993) reported that 75% of presidentially de-
clared natural disasters result from floods. A recent,
dramatic example of such an event is the Great Flood
of 1993 (U.S. Department of Commerce 1994), in
which damages exceeded $15 billion and 48 fatalities
were attributed to the disaster. Numerous additional ex-
amples were noted by Olson et al. (1995). It is likely
that improvements in the skill of QPF would lead to
comparable improvements for the river forecast sys-
tem, which should yield substantial economic value
throughout the user community. Evidence already ex-
ists that improvements in the forecasting of hurricanes
and tornadoes has led to significant reductions in the
fatalities resulting from these natural disasters (Sheets
1990; Ostby 1992). Clearly, these forecast tasks are of
considerable value and represent a role that has not as
yet been superseded by the independent performance
of numerical models. We believe that our results serve
to emphasize the conclusions of Roebber and Bosart
(1996) that the most profitable means of retaining hu-

man involvement in the forecast process would be to
provide the primary focus on those weather situations
that pose a significant threat to public safety, with a
complementary effort toward an emphasis of nowcast-
ing on the local and regional scale. Shifting the focus
of forecasting from routine to critical tasks (public
safety and/or specific user needs) would appear to be
an effective means of maximizing forecast value in an
era of shrinking scientific resources.
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