692

WEATHER AND FORECASTING

NOTES AND CORRESPONDENCE

Climatology, Persistence, and Their Linear Combination
as Standards of Reference in Skill Scores

ALLAN H. MURPHY
Departments of Atmospheric Sciences and Statistics, Oregon State University, Corvallis, Oregon
8 February 1992 and 13 July 1992

ABSTRACT

Skill scores measure the accuracy of the forecasts of interest relative to the accuracy of forecasts based on
naive forecasting methods, with either climatology or persistence usually playing the role of the naive method.
In formulating skill scores, it is generally agreed that the naive method that produces the most accurate forecasts
should be chosen as the standard of reference. The conditions under which climatological forecasts are more
accurate than persistence forecasts—and vice versa—were first described in the meteorological literature more
than 30 years ago. At about the same time, it was also shown that a linear combination of climatology and
persistence produces more accurate forecasts than either of these standards of reference alone. Surprisingly,
these results have had relatively little if any impact on the practice of forecast verification in general and the
choice of a standard of reference in formulating skill scores in particular.

The purposes of this paper are to describe these results and discuss their implications for the practice of
forecast verification. Expressions for the mean-square errors of forecasts based on climatology, persistence, and
an optimal linear combination of climatology and persistence—as well as expressions for the respective skill
scores—are presented and compared. These pairwise comparisons identify the conditions under which each
naive method is superior as a standard of reference. Since the optimal linear combination produces more
accurate forecasts than either climatology or persistence alone, it leads to lower skill scores than the other two
naive forecasting methods. Decreases in the values of the skill scores associated with many types of operational
weather forecasts can be anticipated if the optimal linear combination of climatology and persistence is used
as a standard of reference. The conditions under which this practice might lead to substantial decreases in such
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skill scores are identified.

1. Introduction

Skill in weather forecasting is generally defined as
the accuracy of the forecasts of interest relative to the
accuracy of forecasts based solely on some naive fore-
casting method (Brier and Allen 1951; Murphy and
Daan 1985). In this context, a naive forecasting method
represents a standard of reference (i.e., it establishes a
zero point on the scale on which skill is measured).
Undoubtedly, the two most widely used standards of
reference in the field of forecast verification are cli-
matology and persistence (e.g., see Murphy and Daan
1985; Stanski et al. 1989).

In choosing a naive forecasting method as a standard
of reference in a particular context, it seems appropriate
to adopt the general rule that the method that produces
the most accurate forecasts in that context should be
selected. Although this rule is both sensible and rea-
sonable, it is seldom explicitly applied in practice. At
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best, general guidelines such as “persistence is a more
appropriate standard of reference in measuring skill
for short-range forecasts and climatology is a more ap-
propriate standard of reference in measuring skill for
medium-range and long-range forecasts” are followed.
However, an approach based on these guidelines is
necessarily qualitative rather than quantitative in na-
ture, and it may be quite misleading in some situations
(see section 5).

It is of particular interest here to note that the relative
accuracy of forecasts based on climatology and persis-
tence—where accuracy is measured by the mean-
square error—can be shown to depend solely on the
magnitude of the correlation between the initial (i.e.,
persistence) and final (i.e., observed) values of the
variable of concern and that this result was first reported
in the meteorological literature more than 30 years ago
(Gringorten and Sissenwine 1960). Moreover, it has
also been known for more than 30 years that a linear
combination of climatology and persistence generally
produces more accurate forecasts than either of these
two standards of reference alone (Buell 1958). These
results provide the basis for a quantitative approach in
which the rule of choosing the most accurate standard
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of reference in defining skill scores can be applied in a
rational manner.

Despite their potential significance, the author of
this paper cannot recall any substantive discussion of
these results in the context of choosing a standard of
reference to measure the skill of weather forecasts.
[Daan (1980) represents a notable exception.] More-
over, the results appear to have had little if any effect
on the practice of forecast verification. For example,
rarely has the choice between climatology and persis-
tence in this context been based on a quantitative as-
sessment of their relative accuracy, and the linear com-
bination of climatology and persistence has seldom if
ever been used as a standard of reference in formulating
skill scores for operational weather forecasts.

The purposes of this paper are to present the relevant
results and to discuss their implications for the practice
of forecast verification. Section 2 contains definitions
of climatology and persistence as forecasting methods,
and introduces the linear combination of these two
naive forecasting methods. The measures of accuracy
and skill employed in this paper are the mean-square
error and a skill score based on the mean-square error,
and section 3 includes expressions for these measures
in the cases of reference forecasts based on climatology,
persistence, and the optimal linear combination of cli-
matology and persistence. These expressions are com-
pared in section 4, with particular emphasis on the
conditions under which one of the standards of refer-
ence produces more accurate forecasts than the others
and on the relative magnitudes of various differences
in accuracy and skill. Section 5 consists of a discussion

of the practical implications of these results and section ’

6 contains a brief summary and some concluding re-
marks.

2. Standards of reference: Forecasts

It is assumed here that the verification process, in-
cluding the computation of skill scores involving var-
ious standards of reference, is based on a sample of
data consisting of » pairs of forecasts and observations.
This verification data sample is denoted by the set {(f;,
x;);i=1, -+, n},wheref and x; represent the fore-
cast and observation, respectively, on the ith forecasting
occasion. In this section we describe forecasts based
on climatology, persistence, and their linear combi-
nation in terms of the elements of the verification data
sample and its statistics (e.g., the mean of the x;).

a. Climatological forecasts

A climatological forecast is a forecast based solely
on the mean or average value of the variable of interest,
where the average is computed over an appropriate
data sample. Such a forecast is the same on all fore-
casting occasions in the verification data sample (at
least for those data samples, or portions of data samples,
for which statistical stationarity is a reasonable as-
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sumption ). Thus, a forecast based on climatology in-
dicates that the value of the variable at the valid time
of the forecast will be equal to this average value.

A climatological forecast is usually based on histor-
ical data; however, under the assumption that the ver-
ification data sample is representative and relatively
large, the mean of the sample generally represents a
good estimate of the mean of the historical data. Here,
we take the climatological forecast to be a forecast based
on the mean of the observations in the verification data
sample. In this case, f; = X for all 7, where the overbar
denotes an average. That is, X = (1/n) 2; x; (i = 1,
«+«, n). The pros and cons of using sample clima-
tology as a standard of reference in defining skill scores
are discussed by Murphy (1973).

b. Persistence forecasts

A persistence forecast is a forecast based solely on
the value of the variable of interest at an appropriate
“initial” time. Such a forecast indicates that the value
of the variable at the valid time of the forecast will be
equal to this initial value. If we denote the initial value
on the ith forecasting occasion by x?, then a persis-
tence forecast on this occasion can be expressed as f;
=x¢(i=1, -+, n).

¢. Forecasts based on a linear combination of
climatology and persistence

In considering naive forecasting methods that might
produce more accurate forecasts than either climatol-
ogy or persistence alone, it is quite natural to consider
a combination of these two standards of reference.
Linear combinations of climatology and persistence
have been investigated by several meteorologists (e.g.,
Buell 1958; Gringorten and Sissenwine 1960; Daan
1980; Fraedrich and Leslie 1988). Here we let f;, where

Ji = kx? + (1~ k)x, (1)

denote a convex linear combination of the persistence
forecast (x?¢) and climatological forecast (X) on the ith
occasion (i = 1, + + -, n), where k represents a constant
(0 < k < 1). When k = 0 the combined forecast is
identical to a climatological forecast, when k = 1 the
combined forecast is identical to a persistence forecast,
and when 0 < k < 1 the combined forecast is a linear
combination of climatology and persistence.

3. Standards of reference: Mean-square errors and
skill scores

A skill score measures the accuracy of the forecasts
of interest relative to the accuracy of forecasts produced
by a standard of reference. Thus, to measure skill, it is
necessary to choose a measure of accuracy (as well as
a standard of reference). In this paper the mean-square
error (MSE) serves as the basic measure of forecast
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accuracy. The MSE can be written in terms of the ele-
ments of the verification data sample as follows:

MSE = (1/n) 2 (i—x)% (i=1,--+,n). (2)

A skill score based on the MSE is usually defined as
the improvement in the MSE of the forecasts of interest
over the MSE of the reference forecasts (e.g., see Mur-
phy and Daan 1985). Thus, if we denote a generic skill
score by SS, then

SS = 1 — (MSE;/MSE,), (3)

where MSE,denotes the MSE of the forecasts of interest
and MSE, denotes the MSE of the reference forecasts.
As defined in (3), SS > 0 when MSE, < MSE,, SS
= 0 when MSE,; = MSE,, and SS < 0 when MSE,
> MSE,. Further, SS = 1 when MSE; = 0 (perfect
forecasts).

The primary focus of this paper is the impact that
the choice of a particular standard of reference has on
the value of the skill score SS. Specifically, SS in (3) is
considered to be a function of MSE,, with MSE, fixed
(moreover, attention is restricted to situations in which
SS = 0, or 0 < MSE,< MSE,). In this regard, viewed
as a function of MSE,, SS decreases (increases ) as MSE,
decreases (increases). That is, the skill of the forecasts
of interest decreases (increases) as the accuracy of the
forecasts produced by the standard of reference in-
creases {decreases).

In this section we present expressions for the MSEs
of forecasts based on climatology, persistence, and the
optimal linear combination of climatology and persis-
tence. These expressions were first reported (to the au-
thor’s knowledge) by Gringorten and Sissenwine

“(1960) [see also Daan (1980) and Fraedrich and Smith
(1989)]. The SS’s corresponding to these MSEs are
also defined.

a. Climatology

In the case of climatological forecasts based on the
mean of the verification data sample, f; = X for all {
(see section 2a). If we denote the MSE of such forecasts
by MSE_, substitution of f; = x into (2) immediately
yields

MSE, = 52, (4)

where s2 represents the variance of the observations Xx;
(i=1, , n). That is, the MSE of climatological
forecasts is simply the variance of the observed values
of the variable of interest. The corresponding skill score
SS. is, from (3) and (4),

SS. = 1 — (MSE,/s2) (5)

(MSE = MSE,). Note that SS > 0 when MSE,

< 52, SS. = 0 when MSE, =
MSEf> Sx

s and SS. < 0 when
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b. Persistence

In the case of persistence forecasts, f; = x¢ for all §
(see section 2b). Let the MSE of persistence forecasts
be denoted by MSE,,. Then, under the assumption that
any end effects associated with the computation of the
statistics of the two data series (i.e., the series consisting
of the x? and the series consisting of the x;) are neg-
ligible, it is relatively easy to show that substitution of
/i = x? into (2) yields

MSE, = 2(1 — r)s2, (6)

where r is the correlation coeflicient describing the
strength of the linear relationship between x{ and x;
(i=1, +++, n). (The assumption of negligible end
effects implies that ¢ = X and 52 = s2.) Thus,

—_ 2
r = Sxox/SxeSx = Sxox[S%, (7

where

Syox = (1/n) Z (x? = X)(x; — X)

(i=1, , ) (8)

is the covariance between the initial values x{ and the
observations x;. For convenience, we generally refer
to r as the persistence correlation coefficient (it can
also be viewed as a first-order autocorrelatlon coefhi-
cient).

Values of MSE,, are shown in Table 1 for selected
values of r, under the assumption that s2 = 1. The
expressions for MSE, and MSE, in (4) and (6), re-
spectively, are compared in section 4a. The skill score
corresponding to MSE, is SS,, where

SS, = 1 — [MSE;/2(1 — r)s2] (9)
(MSE, = MSE,). Note that SS, > 0 when MSE, < 2( I

—r)s?, SS, = 0 when MSEf— 2(1 — r)s2, and SS,
< 0 when MSE,;> 2(1 — r)s2.

TABLE 1. Values of MSE,, MSE,,, MSE,,, and DMSE,, for selected
values of the persistence correlation r, under the assumption that
s2 = 1. See text for additional details.

Persistence Linear Decrease in
correlation Climatology Persistence combination MSE
r MSE, MSE, MSE,, DMSE,,

0.00 1.00 2.00 1.00 0.00
0.10 1.00 1.80 0.99 0.01
0.20 1.00 1.60 0.96 0.04
0.30 1.00 1.40 0.91 0.09
0.40 1.00 1.20 0.84 0.16
0.50 1.00 1.00 0.75 - 0.25
0.60 1.00 0.80 0.64 0.20
0.70 1.00 0.60 0.51 0.15
0.80 1.00 0.40 0.36 0.10
0.90 1.00 0.20 0.19 0.05
1.00 1.00 0.00 0.00 0.00
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¢. Optimal linear combination of climatology and
persistence

To determine the value of the constant k (in the
expression for the linear combination of climatology
and persistence) that minimizes the MSE, it is first
necessary to substitute the expression for f; in (1) into
the expression for the MSE in (2). Then differentiating
the resulting expression with respect to k yields the
solution k = r. That is, the optimal linear combination
of climatology and persistence is

fi=rx?+(1 —nx (10)

(to obtain this expression it is necessary to make use of
the assumption of negligible end effects). The expression
for f; in (10) makes intuitive sense, since f; = X when r
=0andfi=x¢whenr=1(i=1, «+ -, n).

Let MSE,, denote the MSE of forecasts produced by
the optimal linear combination of climatology and
persistence in (10). Then, under the assumption of
negligible end effects, substitution of (10) into (2) yields
(after some algebraic manipulation)

MSE,, = (1 — r?)s2. (11)

Values of MSE,, are shown in Table 1 for selected val-
ues of r (once again assuming that s2 = 1). The expres-
sion for MSE,, in (11)is compared with the expressions
for MSE; and MSE,, in section 4b. Finally, the skill
score corresponding to MSE,, is SS,,, where

SS,, = 1 — [MSE//(1 — r*)s2] (12)

(MSE, = MSE,y,). Note that SS,, > 0 when MSE, < (1
— r?)s%, SS,;, = 0 when MSE; = (1 — r?)sZ, and
SS., < 0 when MSE,> (1 — r?)s3.

4. Standards of reference: Comparison of MSEs
and SS’s

a. Comparison of MSE_ (SS.) and MSE, (SS,)

Under what conditions is a cliinatological forecast
more accurate than a persistence forecast (and vice
versa)? Comparison of (4) and (6) reveals that

MSE, = 2(1 — r)MSE,. (13)

Thus, MSE, < MSE, if r < ', MSE, = MSE, if r
=',, and MSE, > MSE, if r > /5. (Since the persistence
correlation—or first-order autocorrelation—of most
weather variables is positive, we restrict our attention
here to values of r between 0 and 1 inclusive.) If the
persistence correlation is relatively low (r < %), chi-
matology outperforms persistence. On the other hand,
if r is relatively high (r > ), persistence outperforms
climatology. Thus, if the rule of choosing the most ac-
curate standard of reference is followed, then this result
suggests that climatology should be used as the standard
of reference when r < Y% and persistence should be
used as the standard of reference when r > Y. For
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further discussion of the implications of this result, see
section 5.

- Combining the expressions for SS, and SS, in (5)
and (9), respectively, reveals that

SS,=1-[(1 —8S.)/2(1 - ). (14)

Examination of this expression reveals that SS, < SS,
when r < ', SS, = SS, when r = !, and SS, > SS,
when r > Y. These relationships are, of course, im-
plicit in the relationship between MSE, and MSE, in
(13) and the basic definition of the skill score SS in
terms of MSEs [see (3)].

b. Comparison of MSE,, (SS.,) with MSE, (SS.)
and MSE, (SS,)

Comparison of MSE,,, in (11 ) with MSE. and MSE,
in (4) and (6) reveals that

MSE,, = (1 — r)MSE, (15)

and
MSE,, = [(1 + r)/2]MSE,, (16)

respectively. Thus, MSE,, < MSE.and MSE,, < MSE,,
with equality only when r = 0 and r = 1, respectively.
Since 0 < r < 1 in general, the optimal linear combi-
nation of climatology and persistence always outper-
forms climatology or persistence alone.

Since MSE, < MSE,, for r < '; and MSE, > MSE,,
for r > ', and a choice is traditionally made between
climatology and persistence, it is of interest to compare
MSE,, with min(MSE,, MSE,). This comparison is
accomplished here by computing DMSE,,,, where

DMSE,, = 1 — [MSE,,/min(MSE,, MSE,)]. (17)

Substituting the expressions for MSE., MSE,, and
MSE,, from (4), (6), and (11), respectively, into (17),
it follows that

2 if OSrS%
DMSE,, =
(1/2)(1 = r) if

(18)

As defined, DMSE,, represents the fractional decrease
in the MSE achieved by using the optimal linear com-
bination instead of climatology or persistence alone
(whichever produces the more accurate forecasts).

The values of DMSE,, in (18) are shown in Table
1 for selected values of the persistence correlation r.
Note that 0 < DMSE,, < 0.25, with DMSE,, = 0 for
r=0or 1 and DMSE,, = 0.25 for r = Y. The optimal
linear combination achieves the largest reductions in
MSE when the value of r is near %, (i.e., when reference
forecasts based on climatology or persistence alone are
relatively inaccurate). These reductions exceed 0.15
(or 15%) when 0.4 < r < 0.6.
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It is also of interest to note that DMSE,, is a non-
linear function or r when r < ' (i.e., when MSE,
< MSE,) and a linear function of r when r> Y% (ie.,
when MSEC > MSE,). That is, DMSE,, increases lin-
early as r decreases from 1 toward ', whereas DMSE,,
increases nonlinearly as r increases from 0 toward Y.
In particular, the initial rate of decrease in the values
of DMSE,, is greater as r decreases from Y% toward 0
than it is as r increases from !, toward 1.

Expressions describing the relationships between the
skill scores—in particular, between SS, and SS,, and
between SS, and SS,,—can be obtained by combining
(5) and (12) and (9) and (12), respectively. These
expressions are
8S; =1 —[(1 = 8S.)/(1 —r?)]

-

(19)
and
SS,,=1—1[2(1 —SS,)/(1 + n]. (20)

Since MSE,, < min(MSE,, MSE,), it follows that SS,,
< min(SS,, SS,). That is, the skill score involving a
standard of reference based on the optimal linear com-
bination is always less than or equal to the skill score
involving a standard of reference based on climatology
or persistence alone.

The values of SS,, for selected values of mm(SSc,
SS,) and the persistence correlation r are shown in
Table 2. (Note that SS. < SS, when r < !, and SS,
> SS, when r > ',.) As indicated previously, SS,,
< min(SS,, SS,) for all r (0 < r < 1). The difference
between min(SS,, SS,) and SS,, is generally less than
0.05 (5%) when min(SS,, SS,) = 0.8 and/or r < 0.2
or r = 0.9. However, the difference between MSE,, and
min(MSE,, MSE,) is larger—in some cases, consid-
erably larger—when min(SS,, SS,) < 0.8 and 0.2 < r
< 0.9. Combinations of values of min(SS,, SS,) and r
for which this difference exceeds 0.10 (10%) are un-
derlined. Moreover, SS,, is negative for some combi-
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nations of values of min(SS,, SS,) (=0) and r. Further
discussion of the contents of Table 2 and their 1mp11-
cations is postponed until section 5.

5. Discussion: Implications of results

What are the implications of the results presented
in sections 3 and 4 for the practice of forecast verifi-
cation in general and the choice of a standard of ref-
erence in defining skill scores in particular? In dis-
cussing these implications, we adopt the general—and
previously mentioned—rule that the naive standard of
reference that performs best in an MSE sense should
be chosen from the set of available standards. The im-
plications of using measures of accuracy other than the
MSE are also examined briefly.

First we consider situations in which the choice of
a standard of reference is restricted to either climatology
or persistence alone. In such situations, it follows from
the results presented in sections 3 and 4 that climatol-
ogy should be selected when the persistence correlation
1s less than one-half and persistence should be selected
when the persistence correlation is greater than one-
half. To what extent is this rule actually applied in
practice and what would be the result of a strict appli-
cation of such a rule?

Since the persistence correlation is seldom if ever
reported in studies involving the use of skill scores, we
can only assume that the choice between these two
standards of reference is at best based on informal es-
timates of the strength of the persistence relationship.
In this regard, general guidelines and/or common per-
ceptions regarding the relative performance of clima-
tology and persistence may be quite misleading in some
situations. For example, even in the case of short-range
weather forecasts, the persistence correlation may be
relatively low (i.e:, r < '4) in situations in which 6~
12-h forecasts are made in the presence of strong diur-
nal variability and/or situations in which 12-36-h

TABLE 2. The skill score for the optimal linear combination of climatology and persistence, SS,,, for selected values of min(SS,, SS,) and
the persistence correlation r. Values of SS,, (rounded to two decimal places) for which min(SS,, SS,) — SS,, = 0.10 are underlined. See text

for additional details.

min(SS,, SS,)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0.0 0.000 0.100 0.200 0.300 0.400 0.500 0.600 0.700 0.800 0.900 1.000
0.1 —0.010 0.091 0.192 0.293 0.394 0.495 0.596 0.697 0.798 -0.899 1.000
0.2 —0.042 0.062 0.167 0.271 0.375 0.479 0.583 0.688 0.792 0.896 1.000
0.3 —0.099 0.011 0.121 0.231 0.341 0.451 0.560 0.670 0.780 0.890 1.000
0.4 —-0.190 —0.071 0.048 0.167 0.286 0.405 0.524 0.643 0.762 0.881 1.000
r 0.5 —0.333 —0.200 —0.067 0.067 0.200 0.333 0.467 0.600 0.733 0.867 1.000
0.6 -0.250 —0.125 0.000 0.125 0.250 0.375 0.500 0.625 0.750 0.875 1.000
0.7 -0.176 -0.059 0.059 0.176 0.294 0.412 0.529 - 0.647 0.765 0.882 1.000
0.8 —0.111 0.000 0.111 0.222 0.333 0.444 0.556 0.667 0.778 0.889 1.000
0.9 —0.053 0.053 0.158 0.263 0.368 0.474 0.579 0.684 0.789 0.895 1.000
1.0 0.000 0.100 0.200 0.300 0.400 0.500 0.600 0.700 0.800 0.900 1.000
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forecasts are made in the presence of substantial day-
to-day variability. In any case, it is quite likely that this
informal approach will sometimes lead to the selection
of the inferior standard of reference. Thus, strict ap-
plication of the rule of choosing the superior standard
of reference can be expected to result in reductions in
the values of MSE-based skill scores in at least some
situations.

When the set of available standards of reference is
extended to include the optimal linear combination of
climatology and persistence, it is clear from the results
presented in sections 3 and 4 that the latter should
always be chosen in preference to climatology or per-
sistence alone, However, with the exception of the study
by Daan ( 1980), the author cannot recall a single in-
stance in which this practice has been followed explic-
itly. Certainly, the use of a linear combination of cli-
matology and persistence as a standard of reference in
measuring skill is the exception rather than the rule.

At this point, it seems appropriate to ask about the
impact that choosing the optimal linear combination
rather than climatology or persistence alone will have
on MSE-based skill scores. The answer to this question
is provided by the contents of Table 2. These results
indicate that the impact will be relatively small when
the skill scores based on climatology and persistence
(SS. and SS,) are both very high or the persistence
correlation (r) is very high or very low. However, sub-
stantially larger impacts occur in situations involving
lower values of SS, or SS, and intermediate values of
r. Reductions in skill—from the situation in which
skill is measured by SS, or SS, to the situation in which
skill is measured by SS,, (the skill score based on the
optimal linear combination)—exceed 10% for a
considerable range of values of the “parameters”
min(SS,, SS,) and r (see underlined entries in Table
2). It should also be noted that when either SS, or SS,
is relatively small and r takes on intermediate values,
the use of SS,, instead of SS, or SS, may “transform”
positive skill scores (SS, or SS,) into negative skill
scores (SS.,).

“Two further comments regarding these results are
warranted. First, many situations encountered in the
real world involve relatively small values of min(SS,,
SS,) and intermediate values of 7 [on the other hand,
situattons involving large values of min(SS,, SS,) are
relatively rare]. Thus, it is quite likely that the replace-
ment of min(SS,, SS,) with SS,, will lead to substantial
reductions in the skill (as measured by skill scores) of
some forecasts. [ Trial calculations made at the Royal
Netherlands Meteorological Institute more than 10
years ago support this tentative conclusion (H. Daan,
personal communication, 1992).] Second, this discus-
sion of the differences between the situation in which
the standard of reference is climatology or persistence
alone and the situation in which the standard of ref-
erence is the optimal linear combination has been based
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on the assumption that the choice between climatology
and persistence is made on the basis of the standard
of reference that produces the most accurate forecasts
(according to the MSE). However, if the choice is not
optimal in this sense, then the aforementioned differ-
ences between min(SS,, SS,) and SS,, are in reality
lower bounds on the real differences. That is, a sub-
optimal choice between climatology and persistence
generally will lead to even larger reductions in skill
(than those indicated in Table 2) when climatology or
persistence is replaced by the optimal linear combi-
nation.

Thus, if the optimal linear combination of clima-
tology and persistence were to be used as the standard
of reference in measuring forecast skill, then the values
of MSE-based skill scores of many operational weather
forecasts would be reduced. In effect, these skill scores
would be measuring relative forecast accuracy with re-
spect to a superior standard of reference. What are the
pros and cons of such a change in current verification
practices? Understandably, this prospect might be
viewed with considerable consternation by many op-
erational meteorologists. On the other hand, making
the process of selecting a standard of reference more
rational and choosing a standard of reference that is
truly representative of the best naive forecasting meth-
ods are both important goals within the overall frame-
work of forecast verification. Moreover, the use of such
a standard of reference should provide a more realistic
assessment of the incremental contributions (in terms
of a reduction of the MSE) of numerical and/or sta-
tistical models and human judgment.

The results presented and discussed in this paper
relate to the choice of a standard of reference for skill
scores in situations in which the underlying measure
of accuracy is the mean-square error. Of course, skill
scores based on other measures of accuracy are used
in some situations. What can be said about the choice
among climatology, persistence, and their optimal lin-
ear combination in these situations? Daan (1980) in-
vestigated this problem for the case of a linear measure
of accuracy (i.e., the mean absolute error) and obtained
qualitatively similar results, although skill scores based
on this measure of accuracy were found to be somewhat
less sensitive to the choice of a standard of reference
than those based on the MSE. Clearly, the extent to
which the results presented here are—or are not—gen-
eralizable to situations involving other measures of
forecast accuracy is a topic worthy of further study.

6. Conclusions

This paper has described various results related to
the use of climatology, persistence, and an optimal lin-
ear combination of climatology and persistence as
standards of reference in determining the skill (i.e.,
relative accuracy ) of weather forecasts. Expressions for
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the mean-square errors (MSEs) of forecasts produced
by these three naive forecasting methods—and the
corresponding MSE-based skill scores (SS’s)—have
been presented and compared. The differences among
the respective MSEs (and SS’s) depend on the corre-
lation between the persistence forecasts and the cor-
responding observations, with climatology (persis-
tence) producing more accurate forecasts than persis-
tence (climatology) when the persistence correlation
is less (greater) than one-half. The optimal linear com-
bination of climatology and persistence provides more
accurate forecasts than either of these two naive fore-
casting methods alone, and achieves fractional reduc-
tions in the MSE (over its closest competitor) exceeding
15% for persistence correlations between 0.4 and 0.6.
Moreover, sets of forecasts produced in situations in
which skill (according to skill scores based on clima-
tology or persistence alone) is low or moderate and
the persistence correlation takes on intermediate values
could “experience” substantial decreases in their MSE-
based skill scores if the optimal linear combination is
accepted as the appropriate standard of reference.

These results appear to have important implications
for the choice of a standard of reference when MSE-
based skill scores are used to evaluate weather forecasts.
In particular, they provide a rational basis for choosing
between climatology and persistence in this context.
More importantly, they demonstrate that the optimal
linear combination of climatology and persistence al-
ways outperforms either climatology or persistence
alone. It follows that the use of the optimal linear com-
bination as a standard of reference in MSE-based skill
scores will lead to reductions in the values of these
scores (in effect, the zero point on the scale on which
skill is measured will be raised ). Of course, this change
in traditional practices might be viewed as inappro-
priate and/ or undesirable in some quarters. However,
it would lead to a more realistic assessment of forecast
skill, where skill refers to the difference between the
accuracy of state-of-the-art forecasts and the accuracy
of forecasts based solely on the best available naive
forecasting method.

This paper has considered the linear combination
of climatology and persistence only in the context of
identifying the most appropriate naive standard of ref-
erence for use in defining MSE-based skill scores. In
particular, it has not been concerned with the general
problem of combining forecasts produced by different
forecasting methods. The differences between the MSE

of the optimal linear combination of climatology and.

persistence and the respective MSEs of climatology or
persistence alone, however, provides a graphic example
of the potential benefits of combining forecasts. The
fact that combining forecasts from different methods
can lead to improvements in forecasting performance
has been demonstrated recently in a variety of situa-
tions (e.g., see Clemen and Murphy 1986; Fraedrich
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and Leslie 1988; Fraedrich and Smith 1989; Thompson
1977). A comprehensive review of the so-called com-
bining literature in many different fields has been pro-
vided by Clemen (1989).

In order to obtain realistic and credible estimates of
the skill (i.e., relative accuracy) of weather forecasts,
appropriate standards of reference must be chosen to
define the scale (in particular, the zero point) on which
skill is measured. The basic results described in this
paper and first reported in the meteorological literature
more than 30 years ago provide the quantitative in-
formation needed to make a rational choice among
climatology, persistence, and the optimal linear com-
bination of these two common standards of reference,
at least in those situations in which the mean-square
error is the underlying measure of accuracy. Thus, these
results—and their application in operational and ex-
perimental contexts—should help to place the mea-
surement of skill, an important overall characteristic
of forecasting performance, on a sound scientific basis.
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