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ABSTRACT

A form of the critical success index (CSI) is used by the National Weather Service to indicate the value of
warnings. This verification statistic assumes that the times when an event was neither expected nor observed
are of no consequence. It can be shown that the CSI is not an unbiased indicator of forecast skill but is proportional
to the frequency of the event being forecast. This innate bias is demonstrated theoretically and via example.
An unbiased verification statistic appropriate for forecasts of rare events is presented and applied to severe
convective weather warnings. Comparisons of this score to the CSI show the extent of the penalty the CSI
extracts from forecasters who work in areas that are not climatically prone to given events.

1. Introducticn

A form of the critical success index (Donaldson et
al, 1975), the CSI, is used by the National Weather
Service (NWS) as an indicator of the value of severe
thunderstorm warnings (National Weather Service
1982). This verification statistic considers only those
situations where a forecasting problem existed. In using
the CSI, it is assumed that instances when an event
was neither expected nor observed are of no conse-
quence.

The CSI, under other names, has been proposed as
a verification tool for over a century. One of its early
applications was to the tornado forecasts reported by
Finley (1884). In Finley’s forecast experiment, sched-
uled tornado forecasts were produced for 18 geographic
regions during the spring of 1884. A total of 2803 pre-
dictions were made. Of these, 100 were for tornadoes
and the remainder were for “no-tornadoes.” The as-
sociated storm data showed that 28 of the tornado
forecasts and 2680 of the no-tornado forecasts verified.
Accordingly, Finley claimed a verification rate of 96.6%
(2708 /2803). Gilbert (1884) noted that because this
statistic was dominated by the no-tornado cases, it was
not indicative of the skill of the forecasts. In fact, the
verification rate would have increased to 98.2% (2752/
2803) if all the experimental forecasts had been for
no-tornadoes. In an effort to overcome this problem,
Gilbert proposed using a score that ignores non-oc-
curence forecasts that verify. Gilbert called this score
the “ratio of verification,” but its defining formula is
the same as the one for the CSI.

Much later, Palmer and Allen (1949), while ex-
amining categorical precipitation forecasts, found that
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even in wet climates a vast majority of cases are no-
precipitation-forecast / no-precipitation-observed epi-
sodes. Because of this, they felt that a verification score
must ignore non-episodes. The “threat score” that they
developed is the same statistic that had been used by
Gilbert.

The question is whether ignoring no-forecast/no-
event cases is fair to the forecaster. At times, the non-
issuance of a warning (or forecast) is far from a mind-
less task. For instance, one of the factors that motivated
Lemon to develop his radar severe thunderstorm iden-
tification criteria (Lemon 1977) was the frequent over-
warning associated with conventional radar signatures
of severe thunderstorms.

Further, as emphasized by Mason (1989), there is
a strong dependence of the CSI on the occurrence fre-
quency of the forecast event. In this paper, some of the
work originally presented by Gilbert will be developed.
It is demonstrated that the CSI is not an unbiased in-
dicator of forecast skill. An unbiased version of the CSI
is then developed and used to show the penalty that
the CSI extracts from forecasters who work in areas
that are not climatically prone to given events.

2. The CSI

Consider a set of forecasts that can have only two
alternatives (e.g., yes, no). Let:

X denote the number of positive (yes ) forecasts that
correspond to an occurrence of the event,

Y denote the number of events that occurred in
conjunction with a negative forecast,

Z denote the number of positive forecasts that were
not accompanied by an event, and

W denote the number of negative forecasts that did
not have any associated events.

If only forecasts of event occurrence are considered
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significant, X is the number of hits, Y is the number
of misses, and Z is the number of false alarms. A four-
cell contingency table can be constructed which depicts
the relationship between the forecasts and the events
(Table 1). Further, as can be seen from Table 1, the
total number of positive forecasts (P) is

P=X+Z. (1)
The total number of events (E) is

E=X+Y. (2)
The total number of cases (T°) is

T=X+Y+Z+W, (3)

and the frequency (F) of the event is
F=E/T.

These counts are used to form several standard ver-
ification statistics. The probability of detection (POD),
or the prefigurance (Panofsky and Brier 1965), is sim-
ply the ratio of events that are correctly forecast to
occur to the total number of events:

POD = X/(X+ Y)= X/E. 4)

Simply stated, the POD is the percent of events that
are forecast. ]

The false alarm rate (FAR ) is a measure of the failure
of the forecaster to exclude non-event cases, and is the
ratio of the number of false alarms to the total number
of predicted events. More formally, it is the ratio of
unsuccessful positive forecasts to the total number of
positive forecasts:

FAR=Z/( X+ Z)=Z/P. (5)

Stated positively, rather than negatively, the success
ratio (SR), or post agreement, is defined as the ratio
of hits (correct positive forecasts) to the total number
of event forecasts:

SR=X/(X+Z)=X/P=1-FAR.

The CSI (or ratio of verification or threat score) is
simply the ratio of successful event forecasts (X) to
the total number of event forecasts that were either
made (X + Z) or needed (Y):

CSI=X/(X+Y+2Z)=X/(P+E—-X). (6)
In the simplest of terms, the CSI is the ratio of the

TABLE 1. Four-cell contingency table—see text for details.

FORECASTS
YES NO
EVENTS YES X Y E=X+Y
NO VA w T=X+Y+Z+W
P=X+2Z
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number of hits to the number of events plus the number
of false alarms. It varies directly with the number of
correct event forecasts ( hits), and varies inversely with
both the number of incorrect event forecasts (false
alarms) and the number of missed events (Y'). How-
ever, as has been previously noted, the number of cor-
rect nonforecasts of the event (W) does not affect
the CSI.

With a little algebraic manipulation, the CSI formula
can be expressed in terms of the false alarm rate and
the probability of detection as:

CSI = [(POD)™' + (1 — FAR)™' = 1]".  (7)

While this formulation shows that the dependence of
the CSI on either the FAR or the POD is highly non-
linear, it can give the false impression that the CSI is -
undefined if either the POD equals zero or if the FAR
equals unity. This is not the case! For either a zero
POD or a unit FAR, the value of X must be zero (there
are no hits) and the CSI is uniquely equal to zero.

However, there is a problem with the CSI when it
is used as a tool for comparative verification of fore-
casts. Since (3) can be written as

X+Y+Z=T-W,
the first formulation of (6) is equivalent to
CSI = X/(T — W).

The CSI is functionally related to the relative size of
W as compared to 7. As events become more frequent,
(T — W) decreases and the CSI increases. Conversely,
as events become rarer, (7" — W) increases and the
CSI decreases. The CSl is a biased score that is depen-
dent upon the frequency of the event that is forecasted.

3. A skill dependent CSI

As defined in the Glossary of Meteorology (Huschke
1959), a skill score is “an index of the degree of skill
of a set of forecasts, expressed with reference to some
standard such as forecasts based upon chance, persis-
tence, or climatology.” The comparison of the forecasts
to a reference is the most significant feature of a skill
score. It removes the element of serendipity from ver-
ification.

If forecasts are made at random, some number (C)
will verify by chance. Accordingly, if skill is to be con-
sidered, the verification statistics must be modified to
account for hits due to chance. Counting only the hits
not due to chance, the skill corrected success ratio (SR;)
is:

SR, =(X—-CO)/(X—-C+Z)=(X—-C)/(P—-C).

If only forecasts for event occurrence are considered,
SR; is the same as the Heidke Skill Score (Brier and
Allen 1951). Similarly, the POD can be modified to
account for chance verification. The skill corrected
POD is:
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POD,=(X-C)/(X—=C+Y)=(X-C)/(E~-C).

A skill corrected CSI, which we will name the Gilbert
Skill Score, is obtained by substituting (X — C) for X
in (6). Its formulation is:

=(X-O/X-C+ Y+ Z)
=(X-C)/(P+E-X-C). (8)

This score is simply the number of correct forecasts in
excess to those that would verify by chance, divided
by the number of cases when there was a threat that
would not have been foreseen by chance. Examination
of (8) shows that zero skill occurs when the number
of correct positive forecasts (X) is the same as the
number of hits by chance (C). Also, negative skill oc-
curs when X is less than C (i.e., the forecaster actually
has a negative impact). The maximum score is unity,
and is obtained when events and forecasts of the event
correlate perfectly. (Only positive forecasts are asso-
ciated with an event, and all events occur with a positive
- forecast, i.e., X = Z=10.)

The number of fortuitously correct forecasts (C) is
simply the event frequency (E/T) multiplied by the
number of forecasts of event occurrence:

C=P-E/T=(X+Y)(X+2Z)
X+Y+Z+ W) (9)
Inserting this into (8) gives the Gilbert Skill Score as:
=[X—-P-(E/T))/
[(P+E~-X)—P-(E/T)]. (10)

It can also be expressed in terms of the cells of the
contingency table:

=(X-W-Y-Z)/[(Y + Z)
X(X+Y+Z+W)+(X-W—-Y-2)]. (11)

From (11) it can be shown that the minimum GS oc-
curs when (1) no correct forecasts are made (X = W
= 0), and when (2) the number of missed events is
equal to the number of bad forecasts (Y = Z). Since
there is no readily apparent reason why the second of
these conditions should indicate the least possible skill
~ in a set of forecasts, the fact that the minimum GS is
—Y; rather than —1 is not particularly troubling. In
interpreting negative Gilbert Skill Scores, it is sufficient
to note that the more negative the score, the worse the
forecaster performed relative to chance at foreseeing
the event.

As an aside, it is also possible to compute a skill
score considering only forecasts of no-event (W + Y)
and observations of no-occurence (W + Z). It can be
shown that the GS for negative forecasts is also given
by (10). The Gilbert Skill Score is the same if either
positive or negative forecasts are considered.

The Gilbert Skill Score has the property of having
a value of zero if either an event is always forecast (P
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= T so that X = E), or if an event always occurs (F
= T'so that X = P). This is not the case with the CSIL.
Also for extremely rare events, (E/7T') approaches zero,
lim GS=X/(P+E-X)=CSL
E/T -0

Thus, the Gilbert Skill Score approaches the CSI as the
event forecast becomes rarer. However, the Gilbert Skill
Score must always be lower than the CSI. The event
frequency (E/ T') determines how close the two scores
are to each other. Because the fraction obtained by
subtracting the same quantity from both the numerator
and denomintor of a positive proper fraction is smaller
than the original fraction, (10) demonstrates that for
a given CSI, the skill decreases as the forecasi event
becomes more frequent.
4. A numerical example , i

To get an idea of the amount of the bias, letjus ex-
amine Finley’s 1884 forecast experiment in detail. As
previously noted, Finley made 100 tornado forecasts
(P), of which 28 verified (X) and 72 did not (z ). He
also made 2703 no-tornado forecasts, of which 2680
were correct (W) and 23 were wrong (Y). A contin-
gency matrix based upon these numbers is shawn in
Table 2. According to the basic definitions, the gxper-
iment produced the following verification statistics:

POD = 0.549, |
. FAR = 0.720,
CSI = 0.228. |

Using the 1.8% tornado frequency that was observed
during the experiment, we see that if the 100 tornado
forecasts had been made purely at random, 1182 of
them would have been correct; i.e., |

C=1.82. !

Thus, Finley’s Gilbert Skill Score was !
GS = 0.216. !

f

This score is only 0.012 lower than the CSL "Ihls is
not unexpected since the ratio (E/T) is only 0. 018

In contrast, let us consider what would have hap-
pened if the frequency of tornadoes during leey s
forecast experiment had been 11.8% rather than 1 8%.!
Further, let us assume that forecast methods used by
Finley would have resulted in exactly the same POD ,
FAR, and CSI. This amounts to mamtammg the CSI
statistics while amﬁmally increasing the frequency of
the event. This is done by changing 7 from 2803 to
432. The contingency table for this thought experlment

! Court ( 1970) notes many significant sources of underestimation
in tornado enumerations. When the population and communications
of the 1880s is considered, this fictitious frequency might very well
be closer to reality than the “official” one.
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TaBLE 2. Contingency Matrix for Finley’s Experiment.

FORECASTS
YES NO
EVENTS YES X=28 Y=23 E =351
NO Z=172 W = 2680 T =2803
P =100

is given in Table 3. Using the table values, we note
that the number of serendipitous occurrences increases
so that

C=11.8,
and that the Gilbert Skill Score decreases to

GS = 0.146.

Remember, we held the CSI at the value Finley re-
ceived:

CSI = 0.228.

The large increase in event frequency caused the skill
to decrease markedly even though the CSI remained
constant.

Now let us consider how the CSI would have to
change in this second environment (where the event
frequency is 11.8%) in order for Finley to maintain his
Gilbert Skill Score (GS = 0.216) over the same number
of positive forecasts and observations. The event and
forecast distributions required to obtain the desired
frequency and Gilbert Skill Score (GS) are shown in
Table 4 (the entries in the table have been rounded to
integers). From this contingency table, the statistics of
the forecasts would be:

POD = 0.667,
FAR = 0.660,
CSI = 0.291:

Because of the higher frequency, a 27% increase of the
CSl is required for the set of forecasts to have the same
skill as Finley’s.

TABLE 3. Contingency Matrix if the tornado frequency during
Finley’s Experiment had been 11.8% rather than 1.8%.

FORECASTS
YES NO
EVENTS YES X=28 Y=23 E =351
NO Z=12 W = 309 T=432

P=100
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TABLE 4. Contingency Matrix for a tornado frequency of 11.8%
with the number of positive forecasts (100) and events (51) reported
by Finley.

FORECASTS
YES NO
EVENTS YES X=34 Y=17 E =351
NO Z =66 W =315 T=432
P=100

5. Estimation of local severe thunderstorm potential

In order to compute an inclusive verification score,
a count of no-event forecasts which verify (W) is
needed (Flueck 1987). However, this quantity is
known only for routinely issued yes/no forecasts at
specific points. In contrast, many products, such as
severe thunderstorm and tornado warnings (truly yes/
no forecasts), are issued only when and where they
are needed. However, if some assumptions are made,
it is possible to estimate how often the non-issuance
of a warning requires a conscious decision. This count
can then be used to obtain an approximation to the
Gilbert Skill Score.

Radar observations play an important role in the
warning process. In a study of New England storms,
Donaldson (1958) noted that most damaging wind-
storms and tornadoes are associated with parent echoes
that extend above 40 000 feet. Further, Darrah (1978)
found that only about 1% of thunderstorms with radar
tops lower than 40 000 feet were severe (including
storms producing hail of at least % inch diameter).
However, a problem with using this height as a thresh-
old for severe weather potential is that non-severe
thunderstorms frequently grow to great heights in re-
gions south of the mean track of the subtropical jet
stream where a high tropical tropopause is the norm
(Lee and Galway 1956). Thus, if Florida and the im-
mediate coastal areas of the southeast United States
are excluded, the existence of radar echoes at heights
greater than 40 000 feet can be used as a primitive
discriminator of conditions during which severe con-
vective storms are possible.

Because of the necessity to continually determine
the exact geographic location of storms, check their
motion, forecast their short term trajectories, compose
the warning messages, etc., it is not unreasonable to
postulate that warnings are issued at a maximum rate
of once every 10 min. Thus, for all but the extreme
southeastern United States, a crude approximation is
that about six warning decisions are required for every
hour that a radar echo above 40 000 feet is observed
within an office’s area of responsibility. While one can
argue the details of this estimate (i.e., there is often
more than one severe storm in existence at the same
time; individual warnings often last for an hour), it
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does provide a basis for gauging the frequency of warn-
ing decisions at various offices around the country.

6. Severe convective storm warning Gilbert Skill
Scores.

The NWS routinely computes verification statistics
(i.e., Grenier et al. 1989) for combined severe convec- -
tive storm warnings (a combination of severe thun-
derstorm and tornado warnings). Among the statistics

‘are the number of severe thunderstorm events (E in
Eq. 2), the number of events during which a warning

was in effect (X in Eq. 2), the POD, and modified -

versions of the FAR and CSI. The modifications are
necessary because warnings are issued for areas rather
than individual points. In computing the FAR, the
NWS assumes that the basic unit of area is the county,
and the number of warnings or positive forecasts (P
in Eq. 1) is equivalent to the total number of counties
warned -during the period of consideration (Pearson
and David 1979). The modified CSI reported in the
verification statistics is computed via (7).

From these statistics and the local radar climatology
it is possible to estimate the values needed to construct
a four-cell contingency table for individual offices. As
noted, X is given. Y is obtained from (2). An estimate
of Z comes from inverting (5), using X and the mod-
ified FAR. Finally, the climatological frequency dis-
tribution of the existence of radar echo at 40 000 feet
and above, within a 100-mile radius of various stations,
(Grantham and Kantor 1967) gives an estimate of the
total number of warning decisions made at an office
(T). Equation 3 will then yield W, and the Gilbert
Skill Score can be evaluated using (8) and (9). These
operations are summarized in Table 5.

As an example, consider Minneapolis, Minnesota.
This is a typical noncoastal station that is subject to
occasional severe convective storms, but is not in the
climatological area where severe thunderstorms are
most frequent (Kelly et al. 1985). At Minneapolis, ra-
dar echo at 40 000 feet is observed on 3.3% of all hourly
observations. Thus, to a first approximation, 1734
warning decisions are implicitly, or explicitly, made
. per year (T in Eq. 3). During 1988, there were 35
severe convective storms within the Minneapolis area
of responsibility. Warnings were issued for 21 of these

TABLE 5. Source of Contingency Table Elements for estimation of
Gilbert Skill Score for NWS warnings.

FAR is given in Grenier et al. (1989).

E is the number of events given in Grenier et al. (1989).

T comes from radar echo climatology (see section 5).

X is the number of verified warnings given in Grenier et al..(1989).
Y=E - X- .. (from Equation 2).

Z = [FAR/(1 — FAR)]- X.- - + (from equation 5).
W=T-(X+Y+2)
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TABLE 6. Contingency Matrix for the severe thunderstorm/tornado
warnings issued by WSFO Minneapolis, Minnesota during 1988
(numbers have been rounded to integers).

FORECASTS
YES NO
EVENTS YES X=21 Y=14 E=35
NO Z=49 = 1650 T'=1734
P=170

storms. The office had a FAR 0f0.702, a POD 01 0.600,
and a CSI of 0.250. Table 6 gives the resulting c ontin-

‘gency matrix for aneapohs 1988 severe thunder-

storm /tornado warnings. Because of the large * 51ze of
the no forecast/no event category, 1.4 correct wammgs
could have been issued by random selection alone. The
GS for the warnings is 0.237. Since T is much‘ larger
than P and E, the CSI only inflates skill by 5.5%.
The potential magnitude of the difference between
the CSI and the Gilbert Skill Score is shown lby ex-
amining the data from the office that encountered the
most severe convective storm activity dunng 11988.

* Oklahoma City, Oklahoma’s area for warning respon-

sibility recorded 405 severe weather reports. The office

.had a POD of 0.810 and a FAR of 0.347. These sta-

tistics yield a CSI of 0.566 (Table 7). On thehother
hand, the radar climatology indicates the presence of
a 40 000 foot echo on 5.3% of hourly observatlons

This implies that the frequency of events (E/|T) is
14.5% and the ratio of warnings to warning snu«'itions
(P/T)is 18.0%. Thus 7 is much less than an order of
magnitude larger than both E and P, and the Gilbert
Skill Score should be significantly lower than the CSI.
Indeed, working through the mathematics shows the
GS equals 0.504 which is 0.062 smaller than the CSI.

For this hlgh -frequency severe weather region, CSI in-
flates warning skill by 12.3%. {

7. Discussion
I
It has been demonstrated that the CSI is not an un-
biased measure of forecast skill. The CSI is an pver- -
estimate of the skill, and the magnitude of the pver-

TasLE 7. Contingency Matrix for the severe thunderstorm/t('ymado
warnings issued by WSFO Oklahoma City, Oklahoma durinj; 1988
(numbers have been rounded to integers). |

FORECASTS
YES NO .
EVENTS YES X =328 Y=177 E = 405
NO Z=174  W=2201  T=2786
P =502







