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ABSTRACT

In the literature, the use of analogues for short-range weather forecasting has practically been discarded. This
is because no good matches for today’s extratropical large-scale flow patterns can be found in a 30-year data
library. We propose here a limited-area mode! approach for Analogue-Forecasting (AF). In order to make a
12-hour AF valid at a target point, we require analogy in initial states only over a circle with radius of about
900 km. On a limited area there are usually several good analogues, sometimes to within observational error.
Different historical analogues may be used at different target points.

The usefulness of the limited area approach is first demonstrated with some examples. We then present
verification statistics of 3000 12-hour 500-mb height point forecasts in the Northern Hemisphere winter at
38°N, 80°W (over West Virginia, U.S.A.). In order to beat persistence at 12 hours at this point we need an
analogue which differs by about 40 geopotential meters or less from the base case. This requirement is met
almost all of the time using a 15-year dataset for analogue searching. We find a few percent of the analogue
pairs to be within observational error. In the mean, over 3000 cases the initial discrepancy is 33 gpm. When
averaging over the first five analogues 12-hour AF over the eastern United States can be characterized by a 52
gpm rms error and 0.95 (0.77) anomaly (tendency) correlation. The forecasts have the correct amplitude, i.e.,
no damping, in spite of the averaging over five individual forecasts. We then show an example of a 500-mb
height forecast map on a (roughly) 2000 X 2000 km area over the eastern part of North America. Although
different analogues were used to arrive at the 12 hour forecast at each of the 25 gridpoints, the resulting map
looks meteorological and the forecast is moderately successful. A verification of a large set of 12-hour forecast
maps shows that the height gradients are indeed forecast with some skill. We then proceed to make 24-hour
point forecasts by finding historical limited-area matches to the 12-hour forecast maps. This second time step
indicates that the AF-process holds up, with forecast accuracy increasing its margin over persistence.

Two applications are discussed. Comparing initial and 12-hour forecast error tells us something about “error
growth” and predictability at that spot according to a perfect model. Given that there are usually several good
analogues, Monte Carlo experiments and probabilistic forecasts naturally suggest themselves. In particular we
find the spread of analogue forecasts to be an eminent predictor of forecast skill.

Refinements and applications and extension to longer range forecasts are discussed in the final section.
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1. Introduction

The idea that analogues can be used for forecasting
future weather is indeed very old. The basis for ana-
logue forecasting [ as well as for numerical weather pre-
diction (NWP)] is a very powerful one, namely that
if two atmospheric states are very close initially, they
will remain somewhat close for some time in the future.

The problem with analogue forecasting (AF) has
been that we do not seem to be able to identify any
states in the past that can be considered good matches
to the present large-scale flow pattern. The very best
pair of analogues found by Ruosteenoja (1988) in a
very large dataset of extratropical Northern Hemi-
spheric 500 mb heights are as far apart as a 4-day fore-

~ cast made by a state-of-the-art NWP model is from its
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verifying analysis [i.e., approximately 65 gpm root-
mean-square (rms) difference]. For most flow patterns
observed in the last 40 years, the best “analogue” is
much worse than that, i.e., close to 100 gpm difference.
Lorenz (1969) came to the same conclusion using only
five years of data: that the best analogue is at best only
mediocre. Both Ruosteenoja and Lorenz quote an as-
tronomical number of years that we have to wait until
we can expect to find two atmospheric states that are
within present-day observational error (i.e., 10-20
meters rms difference for 500 mb height). Gutzler and
Shukla (1984) arrived at essentially the same resulits.
Therefore, the reservations expressed by Namias (1951)
seem to remain in effect as long as our historical records
are “‘short”, i.e., short compared to “billions of years”™
(Ruosteenoja 1988).

Starting from two atmospheric states that are initially
not all that close, the AF method right from the start
is at a great disadvantage relative to NWP and to per-
sistence which have small (currently about 15 gpm in
500 mb height) and zero initial error, respectively. This
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disadvantage is so large that any of the intrinsic ad-
vantages that AF (a perfect model) may have, scem
completely irrelevant in practical forecasting. Ruos-
teenoja summarizes the issue by concluding emphat-
ically that “hemispheric 500 mb height analogues are
practically useless in weather forecasting.” It is true
that, except for long-range forecasting where NWP is
less of a fierce competitor (Livezey and Barnston 1988,
plus references therein), AF is no longer used at present
to forecast future atmospheric states.

Here we will make yet another attempt at AF. This
is done not necessarily to beat NWP as it stands today,
but primarily to show that we can do a far better job
with the AF method than suggested in the literature.
Improved AF might help provide insight in the work-
ings of the atmosphere, and it may help readdress pre-
dictability questions discussed originally by Lorenz
(1969). Practical applications such as the forecast of
forecast skill (Kalnay and Dalcher 1987) also seem
possible.

Our optimism to make this new investigation is
based on the following considerations:

(1) In order to make a 12-hour forecast (or more
generally a forward time step Az) we do not need anal-
ogy over the entire Northern Hemisphere; a limited-
area analogue will do. Although it is true that the future
of the atmosphere at any given point ultimately de-
pends on the current state of the atmosphere (and
ocean, etc.) at all other points, we make explicit use
here of the fact that tendencies are determined pri-
marily by quasi-local processes (advection, radiation,
etc.). After all, in NWP, limited-area models (LAM )
have proven to be successful for short-range forecasts
within the limited area.

(ii) Given the success of LAM based on just the
barotropic vorticity equation in the 1950s, we do not
need analogy in all variables at all levels either. Here
we will use 500 mb height, which is the best level, on
average, to apply the barotropic model (Berggren 1958).

(iii) Given that the governing differential equations
are first order in time, we need analogy at one time
level only. In some previous studies (Shabbar and Knox
1986; Dunn 1951) the historical development of the
analogue was considered important, thus reducing the
chances of finding good analogues.

In order to make a 12-hour forecast of 500 mb height
at a gridpoint #, we will first draw a circle of radius r
around that point. The radius has to be small enough
to allow us to find good analogues and yet large enough
to allow us to make a 12-hour forecast for the target
point n. The result of this procedure is no more than
a 12-h 500 mb height point forecast. In much of this
paper we will verify point forecasts of height, so as to
establish whether the first and fundamental step of AF
has any skill over simple control forecasts such as per-
sistence. It is possible to apply AF to a large number
of adjacent gridpoints. For each point » a different his-
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torical analogue may, and often will, be found/used
so that at the end we would have to patch point fore-
casts together in order to arrive at a forecast map. The
spatial consistency of such maps is of some concern
and will be investigated here.

Over a small area (at one level, for one variable) it
is easy to find good analogues even if the dataset avail-
able for analogue search is short. This is a simple matter
of the spatial degrees of freedom involved (Gutzler and
Shukla 1984; Ruosteenoja 1988). In the extreme case
of a single variable at a single point, one can easily find
several perfect historical analogues. However, these are
not necessarily useful for forecasting because the at-
mosphere advects information rapidly. So our task is
to find good analogues over a small area (so that the
initial rms differences are small). This small area,
however, must be large enough to make it impossible
for boundary and more remote effects to travel to the
target gridpoint in a period Az (which will be a 12-hour
period here out of necessity ). There is no a priori guar-
antee that this is always possible with only a few decades
of data available, but as it turns out, there is rarely a
lack of good analogues.

A 12-hour forecast for each point of interest is only
the first step of a larger process. Once the 12-hour fore-
cast map is available we can search for analogues that
match the 12-hour forecast map so as to take the next
“time step.” More generally we would like to present
our procedure as a method to integrate from ¢ to ¢
+ At. Starting from analyses and presenting results
primarily pertaining to the first 12-hour time step may
give the impression that we are in the business of short-
range forecasting only. But we will also present prelim-
inary results of the second 12-hour timestep so as to
emphasize that nothing in the AF procedure, although
working on small areas, limits its application to the
very short-range forecasts alone. Changing analogues
from point to point in space (as well as in time) is the
major feature that distinguishes our effort from all pre-
vious studies on AF. In fact, the AF procedure techni-
cally becomes very much like NWP, except that ten-
dencies are determined empirically from a data library,
rather than from a set of discretized approximate equa-
tions believed to govern the atmosphere.

In section 2 we describe the data, terminology and
the analogue-searching method. In section 3 the main
body of results will be presented. First, we discuss some
examples of the AF method (3a, 3b). Then an extensive
verification of 3000 12-h 500 mb height point forecasts
in winter for 38°N, 80°W (§ 3c). In section 3d we give
a detailed discussion of an example forecast map for
eastern North America, followed in section 3e by a
verification of 15 such maps. This includes verification
of gradients of the height forecast, so as to address the
question whether patching the point forecasts leads to
acceptable spatial consistency. Finally, in section 3f,
fifteen 24-hour forecasts will be discussed. Applications
will be discussed in section 4. This includes a discussion
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of atmospheric predictability, using the atmosphere as
its own model, forecasting forecast skill, etc. Conclu-
sions and discussion are in section 5. Finally, in ap-
pendices, we speculate about the governing equations
of AF and compare the skill of AF to that of NWP.

2. Data, terminology and analogue-searching

The data used here consist of twice-daily 500 mb
height analyses from the National Meteorological
Center, Washington, DC, on a 4° X 5° latitude-lon-
gitude grid over the area 18°N to the North Pole and
around the earth longitudinally. The period is 15 years,
from 1963 to 1977. A few bad and missing data (about
1.1%) have been replaced through linear interpolation,
50 that the resulting dataset has no gaps. The corrections
were made by B. Doty and K. Mo, and this dataset
has been used in Gutzler and Shukla (1984) (only 0000
UTC data) and in many other studies.

The process of finding analogues and using them in
forecasting is almost self-evident. However, to define
the terminology we present the process symbolically
in, Fig. 1. Horizontally we have plotted time ¢, repre-
senting month, day and hour (0000 UTC or 1200
UTC), while the vertical axis refers to the year (1963-
77). The Base is the situation for which the analogues
are sought; operationally this would be the 500 mb
height map valid at the present time, but in research
mode the Base could be anywhere in the 15-year da-
taset. The Analogue (A) is the best match found in
some year at some time. The Verfication and the
Forecast are valid 12 hours after B and A4, respectively.
If necessary more than one Analogue (4,, A5, . . .)
and subsequent Forecasts (F;, F,, . . .) can be con-
sidered. The initial “error” of AF can be measured by
B — A (segment | of Fig. 1) while the forecast accuracy
is measured by F — V (segment 3) which should be
compared to Persistence V' — B (segment 2). By draw-
ing segments 1 and 3 slanted we express that the times
¢ (of the Base) and ¢’ (of the analogue) are generally
not the same. ' '

Analogues are sought here by calculating the rms
difference between the Base height field (ZZ) and the
height field of a Candidate Analogue (Z “?) over all
co-located gridpoints i at or within a circle of radius r

B (Base) —m---==m---= 2 —mmememmmeen Vv (Verification)
\ \

Aa. (Rnalogue)

Fi (Forecast)
Az Fa )

Axo Fao

t (time)

t+12_____9

FiG. 1. An outline of the terminology in the Analogue Forecasting
process. B, A, V and F represent Base, Analogue, Verification and
Forecast. For further description, see section 2.
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around target point n. The quality (Q) of the Candidate
Analogue is defined by

1 1/2
Q= []—V Z (Z8(t, js) — ZiCA(t',jCA))z} (1)

where Z denotes 500 mb heights, j is the year index,
and ¢ and ¢’ denote the time of year (| — ¢'| < about
1 month); N is the number of gridpoints within dis-
tance » from target point #. By limiting |t — ¢'|
< about 1 month, we restrict ourselves to picking an-
alogues from about 1800 candidates in a 15-year da-
taset. The probability of finding worthwhile analogues
outside the one month window is small (Ruosteenoja
1988). In Fig. 2, an example target point is indicated
by an asterisk (at 38°N, 80°W). The other gridpoints
are labeled by their distance to the target point. Dis-
tance r is measured in units of grid-spacing, which is
444 km in the meridional direction; for convenience
we ignore that the grid-spacing in the zonal direction
is slightly different. Note that we use a regular grid only -
for convenience. The AF procedure could be applied
equally well to all observed height values (wherever
they are) within distance r from the target point (an
observational site in that case).

For a given Base there are about 1800 (twice a day
X 60 days X 15 years) Candidate Analogues. So in all
1800 Q in (1) have to be calculated for a given target
point # and given r. The resulting Q are subsequently
ranked from low to high. The lowest Q corresponds to
the best analogue (A ) etc. We realize that techniques
other than rms difference should also be considered
for matching two height fields, but for the sake of sim-
plicity we will present in this paper results based on
(1) only. In Eq. (1) we permit analogues to be found
in the base-year as well as in earlier and later years (in
research mode this can be done). Note also that we
calculate the rms difference over geographically
matching gridpoints. The idea of shifting the area cov-
ered by CA relative to the Base could have some merit,
but is not yet considered. By choosing a circle rather
than some oval shape around the target point we ignore,
for the time being, the fact that midlatitude weather
generally travels from west-to-east; flow dependent re-
finements are possible but are not considered.

It should be emphasized once more that even though
we search for analogues over a circular area, we verify
the forecast only at the target gridpoint. This vital aspect
distinguishes our effort from, for example, Gutzler and
Shukla’s (1984) approach to AF on “small” (in their
case still continental sized) areas. They verified 1-day
forecasts produced by AF over an area identical to the
analogue search area, thus allowing large errors from
the unmatched exterior to propagate into the verifi-

‘cation area.

We check for analogy in 500 mb height only. The
least we can hope for is that analogy-in heights guar-
antees the advection of vorticity to be similar. Since
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F1G. 2. A 9 X 9 portion of a 4° latitude by 5° longitude Northern Hemisphere grid. The target
point near Charleston, West Virginia, is indicated by an asterisk. Surrounding gridpoints are
marked by their distance r (in units of grid distance) from the target point. The interior 5 X §
grid used later on for forecast maps consists of all gridpoints with r < V8.

advection is known to be a major component of the
tendencies at 500 mb (where divergence is normally
at a minimum ) we should be able to make “barotropic”
AF with some degree of success (see Appendix A for
discussion on this point).

Finally, we point out that analogy over a small area
does not imply that we have matched small spatial
scales only. From many studies (example: Blackmon
1976) we know that the bulk of the height variance
resides in the long waves. Therefore the position of the
long waves is critically important.

3. Results
a. Finding analogues

We will first discuss an example here. The target
point is 38°N, 80°W (see Fig. 2) and we choose an
arbitrary date 0000 UTC 30 January 1966 which we
call the Base (see Fig. 1). Analogues were then selected
from all cases with a date between 0000 UTC 5 January
and 0000 UTC 25 February from the 15-year dataset.
Table 1 shows a list of the 12 best analogues for r = 4,
3, 2. In this particular case we do not find truly good
analogues when we take a large circle, r = 4. It has
been the experience of many in the past that if there
are no truly good analogues, the neighbors in time to
the base date (i.e., 0000 UTC 29 January 1966 and
1200 UTC 30 January 1966) will show up highest on

the list. Indeed this is the case for r = 4 and larger r.
If for r = 4, one does not remove the neighbors in time
from consideration, the forecast automatically becomes
persistence, i.e., B itself is the forecast. If for r = 4 one
does remove neighbors in time (as is usually done),
AF automatically degrades to a forecast system worse
than persistence simply because the initial error of the
next best analogue is larger than the 12 h persistence
error. However, as can be seen in Table I, for r = 3
there are already several analogues better than the
neighbors in time and for r = 2 the neighbors in time
have disappeared from the top-12 list. In fact the 12
best analogues are from a variety of years other than
1966, the base year, and they are not clustering in time
as they would for larger r (another well-known problem
of AF so far). Hence for r = 2 we may have a chance
to beat persistence. Persistence may seem a weak com-
petitor, but as a control it is of fundamental importance
because only forecasts better than persistence have skill
in the forecast of the time derivative—the essence of
forecasting.

For r = 2 the best analogue in Table 1 has an rms
difference (4 — B) of 47 meters, probably about twice
the uncertainty in analyzed gridded 500 mb height
fields over the eastern United States in the 1963-77
period. Given that in this area and in this season the
standard deviation of 500 mb height fields is about 170
meters ( varying in space), one would expect that two
randomly chosen cases would be about 170V2 (=239)
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TABLE 1. A list of the 12 best analogues for r = 4 (top), r = 3
(middle) and r = 2 (bottom). The base date is 30 January 1966 at
0000 UTC and the target point is 38°N, 80°W. The unit for rms
difference is geopotential meters. .

Year Month Day Hour Rms
1966 1 30 0 0.0
1966 1 29 12 80.1
1964 2 19 12 84.3
1969 t2 12 0 91.1
1970 1 7 12 92.1
1963 2 13 12 93.6
r=4 1966 1 30 12 94.2
1972 2 19 -0 94.3
1964 2 19 0 94.4
1966 1 23 12 100.0
1977 1 25 12 102.9
1963 2 13 0 103.9
1964 2 8 0 104.6
1966 1 30 0 0.0
1971 2 9 12 61.2
1970 1 7 12 67.8
1977 1 25 12 71.7
1977 1 10 12 73.9
1975 1 26 0 78.1
r=3 1964 2 8 0 79.7
1977 2 20 12 829
1971 2 9 0 86.8
1963 2 13 12 87.2
1963 2 13 0 87.6
1972 2 19 0 90.7
1966 1 29 12 91.0
1966 I 30 0 0.0
1970 1 7 12 472
1975 1 26 0 58.1
1977 1 25 12 66.0
1971 2 9 12 67.0
1977 1 10 12 70.9
r=2 1964 2 8 0 72.1
1969 2 12 . 0 78.3
1969 1 7 0 78.4
1971 1 26 12 79.7
1967 2 23 12 79.8
1977 2 20 12 80.1
1970 1 8 0 80.9

meters apart on the average. So a 47 meter difference
does indeed imply a great deal of similarity. Measured
by the anomaly correlation, the B — C and 4 — C fields
(7 < 2) are correlated by 0.986, where C is the clima-
tological 500 mb height field. [Later we shall see that
the arbitrarily chosen 0000 UTC 30 January 1966 case
is not exceptionally good with regard to initial error
(B — A).] A 47 meter difference in this area of high
variability is much much better than Ruosteenoja’s
very best case, i.e., his initial error of 65 gpm against
the background of a hemispheric saturation difference
of 140 gpm. There is, in fact, rarely a lack of moderate
to good analogues for r = 2.

Collectively the listings in Table 1 for r = 3 and r
= 2 display increasingly better analogues relative to
those found for » = 4 (the 12th best analogue for r = 2
is as good as the very best analogue for r = 4). Of
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course in itself this does not prove that 12-hour fore-
casts through AF are feasible for r = 2. But on the other
hand, large-scale weather (fronts, troughs and ridges
at 500 mb) rarely travels faster than 900 km in 12
hours. Thus we anticipate that r = 2 can nearly always
be used and in cases of weak advection, perhaps r
=V2orevenr=1 [i.e., just five grid-points used to
determine @ in (1)]. It is extremely important to have
data twice a day (at least) as it allows us to use smaller
circles than would be required for data once a day only.

b. Pilot 12-hour 500 mb height point forecast using AF

Figure 3 shows the results of a 12-hour forecast ver-
ifying at 1200 UTC 30 January 1966 at the target point
(38°N, 80°W). As a function of ‘»* we show: 1) the
initial error (B — A), 2) the forecast error (F — V)
and 3) persistence (V' — B). The latter is obviously the
same for all values of 7. The results in this example are
obtained by combining verification scores over the best
10 analogues (excluding neighbors in time for r = 4
and 3) in the following manner:

| 10 1/2
initial error = [ﬁ > (B - A,-)z}
i=1
where A; represents the height of the ith analogue at
the target point, and

) 1 10 1/2
forecast error = [E > (F;— V)2]
i=1

where F; is the forecast height according to the ith best
analogue at the target point.

Figure 3 contains qualitatively almost the entire in-
tent of this paper. It shows that:

(i) when only poor quality analogues are available
(7 = 4; large initial error), the 12-h forecast is equal or
worse than persistence in accuracy.

(ii) when the circle around the gridpoint is chosen
too small, say r = 0 (i.e., the target point only), perfect
analogues can be found, but the forecasts are a disaster,

(iil) somewhere in between, miraculously, there is
an area (r = 1 to 3) where good (but by no means
perfect) analogues can be found, and where 500 mb
forecasts better than persistence can be made in the
first 12-hour time step. Within the range of interme-
diate r values the error growth is considerable though.
In 12 hours the initial mean-square error has grown in
this case by a factor of 2.5 to become the forecast error.

Note that the “initial error” in Fig. 3, evaluated at
the target point only, is smaller than the values shown
in Table 1 which are rms differences over the circular
area. Apparently the similarity is automatically better
at the center of the circle. There is an ambiguity whether
we should calculate the initial error at the target point
only, or over the circle used in the analogue-search
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FIG. 3. Verification scores of 12 hour forecasts valid for 1200 UTC 30 January 1966 at 38°N,
80°W as a function of the radius . The root-mean-square (rms) values for forecast and initial

error are taken over the ten best analogues.

[i.e., @ as in (1)]. We will use the initial error at the
target point in this paper.

Figure 4 is the same as Fig. 3 but for two other ar-
bitrarily chosen dates. In both cases we see analogues
of better quality than in Fig. 3, i.e., much smaller initial
error for r = 2. Forecasts are again considerably better
than persistence for the 1 February 1974 case, and the
error growth is much smaller now than in Fig. 3. How-
ever, the range of r values over which we have predic-
tion capability is narrower, which could be caused by
excessive advective winds in two out of the ten best
analogues. The very best forecasts, in absolute terms,
are for 0000 UTC 31 January 1964 (Fig. 4b). However,
in this case the flow did not change much in 12 hours,
a no-win situation for any forecast model (or fore-
caster) in terms of outperforming persistence.

c¢. Extensive verification of point forecasts at 38°N,
80°wW

We proceeded to make forecasts verifying 12 hours
after the following 20 base dates: 0000 and 1200 UTC
27 January . . . 1200 UTC 5 February for all 15 years
of the dataset. In all, 300 base cases were used, covering
a large spectrum of synoptic flows during winter. In
each of the 300 cases, we made 10 forecasts (based on
‘the 10 best analogues, excluding neighbors in time),
so that the statistics presented here are based on 3000
instantaneous flow forecasts. We kept r = 2 in all cases,
the target point was always at 38°N, 80°W and for all
bases, the window was from 0000 UTC 27 December
through 0000 UTC 5 March. The 3000 cases were
stratified according to their quality, see Eq. (1) i.e., 0
<0< 10,10 < Q < 20, etc. Within each of these bins
we calculated the initial error at the target point as

1 12
initial error = {Xf > (Bi— Ai)z} ’
and similarly the forecast error as
1 1/2
forecast error = [X/ > (Fi— Vi)z]
i

In Fig. 5a, we show the forecast error as a function
of the initial error. The horizontal line at 80.3 meters
signifies the mean error of a 12 hour persistence forecast
at 38°N, 80°W, an area of potent high frequency vari-
ability. The rms error of forecasting always climatology
(C) is 170.4 gpm. The number of cases (N) in each
bin is indicated below the small squares.

The first obvious conclusion derived from Fig. 5a is
that in order to beat persistence (on average at the
target point) we need to find an analogue for which
the 1nitial error B — A4 is about 40 meters or less { quality
about 50 gpm or less). This condition is met 85% of
the time. The best analogue nearly always has an initial
error less than 40 gpm. (We can now see that our ran-
domly chosen example in Table 1, features a rather
large initial error.) So there is potential for forecasts of
some use at the target point nearly all the time, a grat-
ifying result, that differs strongly from the literature
on AF.

The second conclusion to be drawn from Fig. 5a is
that the smaller the initial error the better the forecast.
Although this was to be expected, it is nice to see this
very basic assumption about forecasting empirically
verified for reasonably small and medium sized initial
errors.

Putting the observational /analysis error in B and 4
at 20 meters, we found 83 pairs of 4 and B that resem-
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FIG. 4. As in Fig. 3, but now the base dates at 1200 UTC are | February 1974 (top);
and 31 January 1964 (bottom).

ble each other to within about the observational error,
a result that is in stark contrast to Lorenz (1969). For
these 83 cases the forecasts are very good indeed.

One obtains a complementary impression by cal-
culating the rms error of the 12-h persistence forecast
for each bin separately:

1 N 1/2
persistence rms error = {N > (B- V,-)2} .

i=1

Figure 5bis identical to Fig. 5a but now the persistence
rms error per bin has been added to the figure. We now
see that AF gains over persistence by a somewhat con-
stant amount irrespective of the magnitude of the initial
error. ( Discard the two points on the right which are
based on a small number of cases). Apparently there

is a relationship between persistence and analogue
quality, such that it is easier (harder) to find good an-
alogues for flows that prove to be persistent (transient)
over the next 12 hours. In NWP a similar dilemma
occurs in that predictability seems highest when the
flow persists. It is not obvious why quality and persis-
tence are related. We also note (not shown ) that small
(large) initial errors (B — 4) seem to correlate with
medium (large) anomalies (B — C). Some of these
properties are related to the use of the rms measure for
matching analogues and verifying forecasts.

The data in Fig. 5 can also be used to study error
growth, the principal goal in Lorenz (1969). We will
come back to this point later in section 4a of this paper.

The results in Fig. 5 are negatively influenced by a
small percentage of “busts,” i.e., analogues that lead
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FIG. 5a. The 12-h 500 mb point height forecast error in geopotential meters (gpm) as a function of
the initial error (also in gpm) based on 3000 winter forecasts at 38°N, 80°W. Each case consists of ten
forecasts based on the ten best analogues. The results are summarized for each bin along the horizontal
axis. The numbers just below the small squares indicate how many initial errors fell into that bin.

to very bad forecasts. Under some conditions (e.g., fast
moving flow and strong baroclinic development), a
circle with r = 2 and analogy at 500 mb height alone
would not suffice for making a good 12-hour forecast.
Since these conditions are known beforehand we prob-
ably could do a better job with a flow-dependent r and
requiring other levels to be analogous too. However,
these aspects have not yet been investigated.

One way to improve the forecast would be to com-
bine analogues. After all, we are essentially making one
control forecast (the one based on the best analogue)
+ 9 Monte Carlo cases around it. Analogues 2 to 10
can be interpreted as identical twin experiments, i.e.,

everything is the same as the control except for natu-
rally perturbed initial conditions. We constructed a
weighted mean over the 5 best analogues by

M

1
F* W Fi/Q;

1

i

where Q; is quality, F; is the height forecast according
to the ith analogue and W is the sum of the 1/Q;. In
Table 2 we provide extensive summary statistics for all
3000 point forecasts verified individually (column la-
beled “all”), the best analogues only (300, column
“anal”) and the weighted forecast (300, column
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HG. 5b. Identical to Fig. S5a, but now the persistence errors, evaluated for each bin, have been added.
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“ana5”’).In Table 2 several additional verification sta-

tistics are presented. We define a local anomaly cor-
relation as

(Fi~O)Vi—C)

™M=z

i=1

AC = —x : N
{ZF-0O?Z(V,—C)}y'?
i=1 i=1

(2)

where N is the number of cases (3000 or 300 in Table
2). The tendency correlation (TC) is calculated similar
to (2), the arguments being (V; — B;) and (F; — B;).
It is clear from Table 2 that combining five analogues
gives a dramatic improvement in skill (as measured
by rms error, AC and tendency correlation) over the
single best analogue. Importantly enough, this is
achieved without damping the forecast towards cli-
matology (see (F — C) statistics) as we would expect
to happen if we combined five forecasts that had little
in common. Averaged over all 300 cases the prominent
(anaS) scores are a 51.6 gpm rms error, a 0.95 AC and
a0.77 TC. (The tendency correlation being larger than
0.5 is consistent with an rms error smaller than per-
sistence.) In Appendix B we will compare these statistics
to verification scores of NWP. In that context it should
be pointed out that the initial error (B — A) averaged
over all 3000 cases is 33 gpm, which is certainly more
than the analysis/observational error in B (B — truth),
which would be relevant to the error growth in a sub-
sequent run with a NWP model. In Appendix B we
will therefore consider AF verification statistics based

TABLE 2. Verification statistics (RMSE, AC and. TC) of the 300(0)
12-hour 500 mb point height forecasts, verifying at 38°N, 80°W.
“All” refers to the case where we verify the ten best analogues indi-
vidually, anal when we consider the best analogue only and ana5
refers to a weighted mean over the first five analogues. The symbols
B, A, F and V are explained in Fig. 1; C is climatology. The units
for the Tms SCores are gpm.

all anal anal
Number of cases 3000 300 300
Initial rms error
(B—A) 33.0 24.9 19.1
12-h forecast rms error
(F-7) 72.6 68.8 51.6
12-h persistence rms error
B-Y) 80.3 80.3 80.3
12-h climatology rms error )
-0 170.4 170.4 170.4
12-h rms forecast magnitude
(F-C) 165.1 169.1 161.0
Initial AC
A4-C,B-C) 0.98 0.99 0.99
12-h forecast AC
F-CV-0) 0.91 0.92 0.95
12-h persistence AC
B-C,V~-0C) 0.89 0.89 0.89
Tendency correlation
(F-B,V~B) 0.58 0.63 0.77-
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on two subsets which satisfy the condition that the Q
for the best analogue is smaller than 20 or 15 gpm.

d. An example forecast map valid at 1200 UTC 30
January 1966

By moving the target point around (and with it the
circle over which analogues are sought) we can make
forecasts at any gridpoint and make a map of the re-
sultant field—our forecast map. In Fig. 2 we showed
a 9 X 9 grid. Taking 0000 UTC 30 January 1966 as
the Base date again, we made 12-hour forecasts for
each of the target points on the interior 5 X 5 grid.
Obviously we need data on the entire 9 X 9 grid to do
so. At each of the 25 gridpoints we took r = 2 and a
window from 5 January through 25 February.. To re-
duce the noise in the forecast somewhat, we decided a
priori to combine five analogues (gridpoint. by grid-
point) into one forecast in the manner described in
section 3c. No explicit spatial smoothing is applied.

Figure 6 has six maps: (a) Base map (valid at 0000
UTC 30 January 1966); (b) Verification map (valid
12 hours later at 1200 UTC 30 January); (¢) Forecast
map (valid at 1200 UTC 30 January 1966); (d) Ob-
served tendency map (¥ — B); (e) Forecast tendency
map (F — B); and (f) Forecast error map (F — V).

To judge the case further, verification statistics com-
piled over the 25 gridpoints are presented in Table 3.
Figures 6a and 6b feature a severe cold outbreak over
the southeastern part of the United States. A 500 mb
low moved eastward and developed an intense jet to
the south of the low. The observed tendency, Fig. 6d,
showed a drop in heights of 24 decameters in only 12
hours off the coast of the Carolinas. The forecast ten-
dency, Fig. 6e, has the right pattern (Figs. 6d and 6e
have a pattern correlation of 0.77, see Table 3), but
misses the intensity of the development, particularly
the strong jet south of the lowest heights. Both in rms
error (less than persistence ) and tendency correlation
(higher than 0.50) some real skill in AF is indicated.
Also the anomaly correlation is respectable: 0.97, which
is 0.07 higher than persistence.

Given the maps in Fig. 6, and the verification sta-
tistics in Table 3, we call this forecast moderately suc-
cessful. The map as a whole (Fig. 6¢) also looks me-
teorological, so the tendencies produced pointwise by
AF are reasonably coherent in space. This point will
be further supported by the favorable outcome of the
verification of gradients in section 3e. What seems
missing (in this case) is the baroclinic development,
which is understandable because we required analogy
in 500 mb heights only. So our result here and for the
3000 point forecasts would probably have been better
over midoceans and western parts of the continents
(where the flow is more barotropic) provided that good
quality analogues can be found there too. Requiring
analogy for temperature, as well, is obviously desirable,
but the subsequent increase in the degrees of freedom
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FIG. 6. Six maps pertaining to the 12-hour 500 mb height forecast verifying at 1200 UTC 30 January 1966. (a) the Base (B); (b) the
Verification (V') 12 hours later; (¢) the Analogue Forecast (F); (d) the Observed tendency (¥ — B); (e) the Forecast tendency (F — B);
(f) the Forecast error (F — V'). The units are in geopotential meters and contours are at every 60 gpm in all the maps.

would make it harder to find better-than-mediocre an-
alogues.

Although the methodology allows different historical
analogues to be used at different gridpoints, we do oc-
casionally see the same analogues appear at adjacent
gridpoints (i.e., they are high on the list like Table 1).
Out of a maximum of 25 (i.e., the number of target
gridpoints), only 11 distinct dates are seen in the best
analogues used to construct Fig. 6¢. The large scale
nature of the data is therefore seen to reduce the spatial
independence of the forecast tendencies. Nevertheless,

TABLE 3. Verification statistics (RMSE, AC and TC) of the 500
mb height forecast map, verifying at January 30, 1966 at 1200 UTC,
calculated over the 25 gridpoints of the interior 5 X 5 grid (see Fig.
2). The units for the rms scores are gpm. :

Initial rms error (B — A) 28.5
12-h forecast rms error (F — V) 71.1
12-h persistence rms error (F — V) 107.5
12-h climatology rms error (V — C) 238.6
Initiatl AC(4 - C, B - O) 0.99
12-h forecast AC(F — C, V - C) 0.97
12-h persistence AC(B—C, V- C) 0.90
Tendency correlation (F — B, V — B) 0.77

we use a lot of analogues, many more than a single
one. So how much did we gain (in Table 3) over the
traditional AF situation where the same analogue (and
only a single analogue) would have been used at all
gridpoints? The latter case can easily be investigated
by choosing r = V8 (a 5 X 5 grid centered around
38°N, 80°W), and using the best analogue to make a
forecast at all 25 gridpoints. The result of this experi-
ment is given in Table 4 and as can be seen this is not

TABLE 4. As Table 3, but only the initial RMSE and 12-h forecast
RMSE (in gpm) and TC, for experiments using the best analogue
(anal), weighting over the first 5 analogues (ana5) and different sized
areas for analogue searching. In all 6 cases the verification is over the
same interior 5 X 5 grid. The results in the sixth column (ana5,
moving r = 2) are identical to those reported in Table 3. The r
=V8 (anal) experiment is as equal as possible to previous literature
on AF. )

r=Vs8 r=1V32 moving r = 2
anal ana$ anal ana5 anal ana$
Initial RMSE  61.2 534 94.7 89.7 247 285
12-h RMSE 1322 1182 1168 1079 724 71.1
TC 0.28 0.37 0.57 054 080 0.77
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a very good forecast. The r = Vs (anal) case is, in
experimental design, as similar as possible to the ex-
periments discussed by Gutzler and Shukla (1984)
[except for the size of the area (bigger in their case)
and the forecast lead time (1 day in their case)] and,
to no surprise, our results for r = V8 are in agreement
with the literature, 1.e., you cannot beat persistence.
Therefore, it appears that changing analogues from
point to point is crucial for a successful forecast.

There is, however, another reason for poor skill
in our r = V8 case (as well as in Gutzler and Shukla’s
experiments on “small” areas). By making the verifi-
cation and analogue search area the same, one loses
protection against contamination from the boundaries
and beyond. That is why we alsodid a r = V32 exper-
iment, covering the 9 X 9 grid in our analogue search
(with 38°N, 80°W as the central point), but verifying
the 12 hr forecast based on the best analogue over the
interior 5 X 5 grid only. The results of this experiment
(see Table 4 under r = V32 heading) indicate that al-
though the initial error is larger for larger r, protection
against boundary contamination does indeed reduce
the error growth spectacularly. However, the r = 2
“moving” LAM AF model is far better. Using only the
best analogue or a weighted combination of the first
five appears to be a minor issue in this example.

e. Extensive verification of forecast maps

We went on to make 15 forecast maps, verifying at
1200 UTC 3 February in the years 1963-77, using the
same (ana5) procedure as in section 3d. By summing
over time ( 15 years) and space (25 gridpoints) overall
verification statistics were obtained in a straightforward
manner. As far as rms error and Anomaly and Ten-
dency Correlation are concerned, the results are very
much like those for the 300 point forecasts in Table 2
(ana5 column). That is, AF gives a forecast of the cor-
rect amplitude with clear gains in accuracy over cli-
matology and persistence, particularly so after weight-
ing over the best five analogues. However, since we
have produced forecast maps here composed of point
forecasts based on different analogues, the more chal-
lenging question here pertains to the accuracy of gra-
dients in the forecast height field. On the 5 X 5 interior
grid we calculated all permissible centered differences
(18 in all) and verified them against the observed gra-
dients.
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The verification of height and height gradients is
given in Table 5. Only rms errors are shown as AC and
TC lead to the same conclusions. These scores provide
us with objective evidence that the gradients of the 12-
h 500 mb height forecasts have skill over persistence
and climatology. This finding backs up our subjective
opinion that the forecast map for 1200 UTC 30 January
1966 (Fig. 6¢) looks meteorological. Along the same
lines we conclude that the forecast height errors have
rather high spatial correlation. If the tendencies and
12-h forecast errors were spatially uncorrelated the er-
rors in the gradients would be 55.2 V2 = 78.1 gpm,
and we find them to be only 59.1. (Note that the initial
errors seem to be spatially uncorrelated.) One problem,
however, is some loss of amplitude in the forecast gra-
dients, i.c., 89 versus 112. Apparently weighting five
analogues could be excessive. For the sake of compar-
ison to NWP we also assessed the accuracy of the gra-
dients by calculating the Si score (see Appendix B).

f. 24-hour point forecasts

Given a 12-h 500 mb height forecast map on the.5
X 5 interior grid one can search for historical cases in
the 1963-77 dataset that match the 12-h forecast over
the r = 2 circular area, placing, as before, 38°N, 80°W
in the center as the target point for a 24-h 500 mb
height forecast. This means that not only do we change
analogues from gridpoint to gridpoint to arrive at a
12-h forecast map, we also change analogues from ¢ to
t + At, where At is 12 hours for practical reasons. We
have applied this repeated procedure to the fifteen 12-
h forecast maps, discussed in section 3e, so as to obtain
a (weighted over five analogues) 24-h 500 mb height
point forecast for 0000 UTC 4 February 1963-1977.
Since the 24-hour forecasts are for the target point only,
we will, for comparison, also verify the initial state and
the 12-hour forecast at the same point (38°N, 80°W).
The results are given in Fig. 7. The full line is the error
growth of AF, while the thin line represents persistence.
While at ¢t = 0 persistence is error free, and AF has a
26.2 gpm error, AF outperforms persistence at ¢ = 12
h, and, by an increasing margin, at ¢ = 24 h. [ Contrast
this to Ruosteenoja (1988) who found the AF initial
error to be as large as the persistence error after 2.5
days (his Fig. 5).] The dashed line represents the rms
error of persistence of the 12-hour forecast out to 24
hours. Clearly there is information in the time deriv-

TABLE 5. Verification of fifteen 12-h AF maps in terms of rms height and height difference errors. The maps verify on 1200 UTC
3 Feb 963-77. The verification area is the 5 X 5 interior grid. Units are gpm. In the last column the forecast magnitude is given.

RMSE
Initial 12-h Persist Climate Forecast magnitude
(B—4) F-V) (B-V) -0 (F-C)
Height 18.8 55.2 75.4 120.6 112.7
Height difference 28.5 59.1 80.9 115.0 89.3
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line is for persistence of the initial state, while the dashed line refers to persisting the 12 h forecast.
Statistics based on 15 forecasts originating from 0000 UTC 3 February. Forecasts are a weighted

mean based on the five best analogues.

ative produced by AF in the second time step. So the
procedure of the second At timestep seems to work
fine on this, admittedly, small sample. Implicitly these
results speak well also for the 12-h forecast maps. If
these maps were unmeteorological, it would have been
impossible to find matching historical analogues of ac-
ceptable quality, and the second time step would have
been a disaster automatically. Note also that the fore-
cast at t = 24 h is (as is the 12-h forecast) a linear
combination of five previously observed atmospheric
states and therefore there is no compounding loss of
physical realism of the forecast flow patterns as the AF
procedure is extended to 24 hours (or beyond).

4. Applications

We will discuss two applications of the use of limited-
area analogues. The first is concerned with predict-
ability and the growth of initially small differences. The
second and potentially practical application is an at-
tempt to forecast forecast skill using a collection of
analogue forecasts to measure the local stability of the
flow. These two applications are not unrelated. In this
section we consider individual point forecasts only (i.e.,
no linear combination such as ana5).

a. Predictability

Lorenz (1969) tried to find naturally occurring an-
alogues so as to empirically study the rate of divergence
of two atmospheric states that are initially close. The
strength of this approach is that no simplifying as-
sumptions about the physics of the atmosphere are
needed. But his attempt was considerably frustrated by

the fact that, over the Northern Hemisphere, no two
states can be considered good analogues. As argued
extensively in the above, very good analogue pairs can
be found over a smaller area if one matches 500 mb
heights only. Under those conditions, we do find a few
percent of the analogue pairs (B and 4) to be separated
by a distance comparable to the observational error.
Hence we can study the doubling time of rather small
initial differences. This is done here by reprocessing
the 3000 12-h point height forecasts discussed in section
3c. In fact, we use exactly the same data points as used
in Fig. 5a, but now we plot the ratio of forecast to
initial error as a function of the initial error. The result
is given in Fig. 8. On the right-hand-side the vertical
axis has been rescaled to indicate the doubling time
(in hours) of an initial discrepancy (initial “error” in
the NWP context) as a function of the magnitude of
the initial error. A ratio of 2 (4) implies a doubling of
the rms error in 12 (6) hours. In a flow that “forgets”
its initial state after some time, it is to be expected that
the error growth increases with decreasing initial error.
Indeed, that is what we find in Fig. 8. This is rather
different from Lorenz (1982) who postulated an ex-
ponential increase of small errors with time (i.e., a
constant doubling time). Note that in contrast to Lor-
enz (1969) the error growth of small errors was ob-
tained without any extrapolation. Note also that our
results pertain to one location only. For not-so-small
errors of 60 gpm and larger, the error growth in Fig. 8
is visibly smaller, although saturation should occur only
beyond 200 gpm. In principle, by relabeling the initial
error axis into a forecast lead time axis, we could find
the time 7 at which the error has reached 95% of its
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FIG. 8. Error growth as a function of the magnitude of the initial error. This figure is a rear-
rangement of the data displayed in Fig. 5. A ratio of 2 (4) can be interpreted as a doubling time

of the rms error of 12 (6) hours.

final saturation value (239 gpm ). For a curve suggested
by the small squares in Fig. 8, 7 is finite, no matter
how small the initial error is. We mention three prob-
lems and challenges in interpretation.

One has to remember that we have sought analogues
for 500 mb height only. The initial error in the thermal
field is unspecified and perhaps large. Therefore, the
overall level of error growth in Fig. 8 could be an over-
estimate. Indeed we do not see anything as slow as a
doubling times of 2 days (for small errors on a hemi-
spheric domain!) as reported by NWP-identical twin
experiments (Dalcher and Kalnay 1987). Averaged
‘over all 3000 cases ( Table 2) the initial error (33 gpm)
grows in 12 hours to the 72.6 gpm forecast error. That
points at doubling in less than 12 hours.

There is a problem associated with the uncertainty
of the initial discrepancy B — A. For very good analogue
pairs the uncertainty (i.e., the observational /analysis
error) in B and 4 becomes an issue. Since 4 is selected
to be nearest to B we may, to some degree, have fitted
noise and hence the true value of B — A4 could be larger
than what we have calculated. If that is so the error
growth, displayed in Fig. 8 is overestimated, and in-
creasingly so for smaller values of B — 4. This effect
could partly explain the shape of the curve in Fig. 8.

There is yet another challenge to the interpretation
of Fig. 8. The small (large) initial errors seem to be
associated with persistent (transient) flow. Therefore
it may be worthwhile to consider local predictability

estimates separately for persistent and transient flows. .

When combining data for more than one location into
a Figure like Fig. 8, this interpretation challenge ulti-
mately disappears because on the globe, as a whole,

there are no clear-cut persistent or transient flow pat-
terns.

b. Forecasting forecast skill

Since the skill of medium range NWP forecasts varies
greatly from day to day, the forecast of skill has at-
tracted considerable attention lately (Kalnay and
Dalcher 1987). The underlying question is whether we
can assess the stability of the flow at the initial time,
the assumption being that stable flow patterns are more
predictable. Several strategies have been designed to
measure the stability of the flow, for example, by con-
sidering an ensemble of Monte Carlo forecasts or lagged
operational forecasts (verifying at the same time).
Within the context of analogues, the spread of ten in-
dependent analogue forecasts (the F; in Fig. 1) can
conveniently be measured by:

s [1 by 1
=1 (F,-~F~)}
Ni=1,10 ’

Jj=1,i—1

where N = 45, In the spirit of Kalnay and Dalcher
(1987) we have plotted the 12-hour forecast error as a
function of §, see Fig. 9. In this figure we have used
the same 3000 point forecasts discussed in section 3c.
As before, we have binned the forecast error for bins
of 10-gpm width, i.e., 0 < .5 < 10, 10 < § < 20, etc.
For a given spread, we have verified ten individual
forecasts, i.e., Fy, ..., Fio, so the number of cases in
each bin (given below the small squares in Fig. 9)is a
multiple of 10.



OCTOBER 1989

H. M. VAN DEN DOOL

2243

' SPREAD' vs 'SKILL' based on 3000 analogues
= 120.004 a
g# W . 30
~ 80
% T
17} a
S 280
o 300
& 80.00¢ o
7 620
: ¥
0
- | 520
"
7 o
2 40,00+ 340
a
70
0.00 —— . — . —
0.00 40.00 80.00

SPREAD (gpm)

FIG. 9. The 12-h forecast error (gpm) as a function of the spread (gpm ) of ten analogue
forecasts. Result based on 3000 point forecasts shown in Fig. Sa.

Figure 9 presents rather convincing empirical evi-
dence that spread and forecast skill are related. The
relationship is so strong that one wonders whether an-
alogues can be used to forecast forecast skill of an NWP
model.

The way we measure spread is identical in meth-
odology to what is used in Monte Carlo forecasting
except that, in the latter, the manner in which one
perturbs the initial conditions is somewhat arbitrary
and debatable. The rate of divergence (i.e., the spread)
when using analogues is probably a lot higher (and
realistically so) than when using ten Monte Carlo runs
of an NWP model. A problem of many NWP models
is that the various Monte Carlo solutions often stay
close together, closer than any of them is relative to
the verification. The analogues have no such problem,
since we use the atmosphere as its own model. While
the skill in 12-hour AF is largely due to vorticity ad-
vection, i.e., the barotropic part, the spread of ten AFs
- reflects to a large degree baroclinic processes.

5. Conclusions and discussion

The purpose of this paper is to show that even with
very limited datasets, there is some potential in ana-
logue forecasting (AF), much more so than suggested
in the literature (Lorenz 1969; Gutzler and Shukla
1984; Shabbar and Knox 1986; Ruosteenoja 1988;
etc.). The solution lies in limited-area analogue fore-
casting. In order to make a 500 mb height forecast at
atarget point, we only need analogy in a circle (around
the target point) with a radius of less than 1000 km.
Even with a data library of only a few years, many

moderate to good analogues can be found over a small
area. The circle has to be small enough to find good
analogues and yet large enough to prevent boundary
and remote effects to travel to the center point in 12
hours. By checking for analogy only in 500 mb height
we have made an AF model akin to a barotropic model
(see Appendix A). Hence our expectations regarding
forecast skill have to be modest.

Using a 15-year data library (1963-77), we verified
a multitude of 12-hour 500 mb height point analogue
forecasts in winter valid at 38°N, 80°W. Conclusions
are:

1) For r > 4 (circle with 1800 km radius), the an-~
alogues found are generally too poor a match of the
base to be of much use in practical forecasting (Figs.
3 and 4);

2) For r < 1 (radius 0 to 400 km) near-perfect an-
alogues can be found, but the forecasts are disastrous
because of rapid advection of information from the
unmatched exterior to the target point (Figs. 3 and 4);

3) For V2<r< 3, moderate-to-good analogues can
be found which provide 12 hour forecasts that are gen-
erally able to beat the persistence forecast (Figs. 3 and
4). In other words, we do not have to wait an eternity
before we can do something useful with AF.

4) More specifically, in order to beat, on average,
“persistence” in a region of high variability, such as
that represented by 38°N, 80°W (in January/Febru-
ary), we need to find analogues that are about 50 geo-
potential meters (or less) separated (over the circle, in
rms sense ) from the base case. As shown in Fig. 5 this
can usually be achieved.
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5) The better the analogue, the better is the 12-hour
forecast. This obvious assumption has been confirmed
here empirically for small initial errors. Figure 5 fea-
tures an excellent case which started with an initial
discrepancy of less than 10 gpm and led to a 12-hour
forecast with an error of only 22 gpm.

6) Creating a weighted average over the five best
analogues yields a point forecast of realistic amplitude,
which on average over all 300 cases, has a 51.6 gpm
rms error, a 0.95 AC and a 0.77 TC (Table 2, ana5
column),

Forecasts at 25 adjacent target points were put to-
gether to create 12-hour 500 mb height forecast maps.
At each gridpoint, one final forecast was produced by
weighting the first five analogues by the inverse of their
quality (determined by the initial discrepancy over the
circle). We conclude that:

7) The resulting forecast maps look meteorological
even though the forecasts at adjacent points are based
on developments in different historical analogues (Fig-
ure 6). A verification of the height gradients in 15 AF
forecast maps (Table 5) supports this conclusion.

8) The limited area AF approach appears to be

" holding up in the 2nd time step leading to a 24-hour
forecast (Fig. 7).

We can think of at least four contributing factors as
to why we succeeded in making analogue forecasts with
some degree of success while previous workers (Gutzler
and Shukla 1984; Shabbar and Knox 1986; Ruostee-
noja 1988) did not. These factors are 1) the use of
limited areas or, more generally, the lowering of the
degrees of freedom in finding matching states, 2) pro-
tection against contamination by the boundary con-
ditions (and beyond) by verifying at the target point
only, 3) the use of data every 12 hours so that the
analogue search area is permitted to be reasonably small
and 4) taking a weighted average over the first few
analogues.

Analogue Forecasting as described here has a lot
more skill than envisioned before. In Ruosteenoja
(1988) the mean initial error (B — A) was as large as
the persistence error after 2.5 days, but in our limited-
area version AF beats persistence at 12 hours, and with
an increasing margin at 24-hours. This is a great im-
provement in empirical forecasting and there is some
reason to believe that we could do better still. Nev-
ertheless, a direct application to short-range 500 mb
height forecasting seems unlikely, given that NWP as
of today is far better. In Appendix B we show that AF
(as described here) performs roughly the same, in terms
of 12-hour rms error and S1 score, as NWP in the
1950s and early 1960s. This is to be expected since we
match only 500 mb height and therefore AF should be
skillful in the barotropic component of the tendency
of 500 mb height only. (If we accept a bigger initial
error we could match more than one variable and build
a baroclinic AF. For longer lead times this baroclinic
AF may yield better forecasts.) Even though the veri-
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fication scores of AF and a barotropic model are some-
what comparable, we have not definitively shown that
AF’s skill is due to correct vorticity advection.

Many extensions and follow-up efforts suggest
themselves, some of which have been outlined below.

1) Experiments with the matching system. This is
an almost obvious extension. Rather than rms differ-
ence [used in (1)], gradients could be used to find the
best analogues. Instead of geopotential height, geo-
strophic streamfunction could be used. We could try
to match vorticity advection. Instead of the r = 2 circle
we could use different flow dependent shaped areas for
analogue search.

2) There is obviously a need to consider other geo-
graphical locations, other seasons, and more recent da-
tasets.

3) Given that there are very often several useful an-
alogues, a natural way of Monte Carlo forecasting
seems within reach. In this paper we have, in Fig. 6c,
combined the first five analogues with weights indic-
ative of their quality. Better weighting schemes should
be investigated.

4) Having a concurrent dataset of synoptic weather
observations, such as rainfall, surface air temperature,
etc., probabilistic forecasts of elements such as rainfall
ought to be investigated. Currently such forecasts are
based on only realizations of future flow produced
by NWP. :

5) On the theoretical side we can study error growth
(Lorenz 1969), a central concept in questions pertain-
ing to the ultimate predictability of instantaneous
weather patterns. One example was worked out in sec-
tion 4a.

6) As shown in section 4b there seems to be good
potential to forecast the skill of AF using the spread of
the AFs as a predictor. It would be worthwhile to in-
vestigate whether skill of NWP can be forecast by the
spread of AF.

7) 1t is straightforward to check analogy on the
thickness field as well, so as to mimic a perfect baro-
clinic model. However, a larger area or more variables
naturally reduce our chances of finding good analogues.
We will have to weigh the benefits of reduced error
growth against the disadvantage of a larger initial error.
Maybe extension to other variables is feasible only in
cases of weak flow when r < 2 is allowed, or with da-
tasets available every 6 hours.

8) We have investigated the use of negative analogues
(antilogues, Van den Dool 1987). Antilogues are as
much as possible the opposite of the base, opposite
relative to the climatology. We have found that there
are many good antilogues in addition to the analogues.
Forecasts based on antilogues have 12-hour verification
scores comparable to those of analogues. This issue
will be pursued in a later article.

Finally, we need to mention a problem in interpre-
tation not encountered in the literature so far. In the
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context of AF we would like to interpret the difference
B — A to be the initial error. Apart from an ambiguity
in measuring B — A (over the circle or at the target
point only?) the value of B — A suffers from observa-
tional /analysis error (e) in B and A. Because B and 4
were so far apart in Ruosteenoja (1988) ¢ is a trivial
matter, but in our case B — 4 is numerically sometimes
as small as e. An initial error (B — 4) of 20 gpm may
therefore be not much better than one of 30 gpm. So
“very good” and “near-perfect” analogues cannot be
reliably distinguished. The east coast of the United
States is a well observed area with high day-to-day var-
iablility. That probably helped greatly the results pre-
sented in this paper, in particular Fig. 5. Over the
oceans and some parts of the continents the observa-
tions are less accurate and often missing, and it may
be that 50 gpm is the lowest meaningful difference be-
tween B and A. If that happens to be in an area of low
day-to-day variability (i.e., a low persistence error) AF
may be a failure in short-range forecasting.

Along the same lines of argument, AF will always
be at a disadvantage relative to NWP, even if we have
enough data to find analogues such that B — 4 is on
the order of . In NWP the initial error is ¢, = (B
— truth) while in AF the initial error e, = (B — truth)
+ (A — B). Clearly the latter is larger by a factor
V2 (this is true for very small B — A4).

Most of the results reported in this paper were,
broadly speaking, anticipated before any calculations
were done. This is because the AF procedure is very
much based on existing knowledge about the dynamics
and numerical models. Perhaps empirical NWP would
be a better name than AF. There are a few findings
that were not at all expected. Prominent among them
is that, if the flow is persistent [(B — V') small], it is
much easier to find high quality analogues. This is an
interesting empirical fact. It seems to indicate that lo-
cally persistent flows come in only a few varieties while
transient flows, although at least as common, come in
all shapes and sizes. So a 15-year library is long enough
for some flows, and much too short for others.
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APPENDIX A
The Governing Equations

It is customary, when presenting a model, to write
down the governing equations. In the case of AF, all
we know is that the equations are perfect, albeit un-
known. (In fact, if anthropogenic changes are impor-
tant, a historical analogue no longer provides a perfect
model.) In view of the success of NWP (implying that
we do know the governing equations of the atmo-
sphere) we may however speculate what the “equa-
tions” of AF are. The AF equations are primarily a
function of how we select analogues.

To a high degree of approximation the vorticity
equation (in p coordinates) can be written for mid-
latitudes as:

'(?% ==V V(& + )+ foD

a (A1)
(1) (11)

where vorticity ( {,) and horizontal wind (V,) are geo-
strophic, D is the divergence and f the Coriolis param-
eter. Because of the equivalent barotropic nature of the
atmosphere, D tends to be minimal at some level near
500 mb (although not everywhere all the time).
Therefore, if the atmospheric states have very similar
500 mb height (over a small area) term A has to be
very similar for those two states, and hence the ten-
dencies in {, (or height) have to be similar too.

We cannot think of any other equation in which
analogy in just one variable at one level would guar-
antee similarity in tendency. Technically we could re-
peat all of the above experiments with, say, temperature
at some pressure level. But from the thermodynamic
equation (geostrophically approximated):

oT
Et— =~V VT + ow

(A2)
where T is temperature, o is static stability and w is
vertical motion, it follows that similarity in 7 does not
imply that the advection term as a whole is similar,
and therefore, even if there is a level where w is small,
temperature analogues need not have the same ten-
dencies.

As far as height fields are concerned our one vari-
able/one level AF works best when D is negligible,
which is probably somewhere near 500 mb. Therefore
the governing equations of our AF method (sofar) is
akin to a perfect version of an equivalent barotropic
model with some noise added through the term II in
(Al). By combining five analogues this noise will be
reduced and F will seem to have evolved from A ac-
cording to barotropic vorticity advection.

We can only guess about the ‘numerics’ of the AF
model. Since term I is nonconstant in time we cannot
assume that:
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Afg ==V, V({+ f) X At (A3)
where At = 12 h and term I is held at its ¢ = 0 value.
Equation (A3) would be a better approximation for
small Az. So imagine we had a dataset every 30 minutes.
In that case we could select analogues on the basis of
similarity in vorticity advection and jump At ahead at
each gridpoint, much the same as in a NWP numerical
scheme.

Extending AF to a perfect two level quasi-geostrophic
model suggests itself. Demanding similarity in height
fields over colocated circles at say 300 and 700 mb
implies analogy in both vorticity advection at these
two levels and thermal advection at an intermediate
level.

APPENDIX B
Comparison NWP and AF

A comparison of NWP and AF cannot be avoided.
Here the comparison will be made only in terms of
relative skill. Of course two methods yielding equal
skill are not necessarily producing the same forecast.
Given that our present AF is akin to a barotropic
model, it is fair to first compare the verification statistics
(Table 2, the ana$5 case) to those of barotropic 500 mb
height forecasts. A strictly valid comparison cannot be
made because that would require a lengthy experiment
on an identical set of initial conditions. But we can
give a rough assessment nevertheless.

First we discuss rms errors which were sometimes
reported in the early literature. Experiments done with
the early barotropic models (Staff members 1952)
yielded a 12 h rms height error for an European area
in winter of 58 gpm. Given the much higher standard
deviation of heights over the Eastern United States in
the high frequencies (Blackmon 1976) the 12 h AF
error of 51.6 gpm (Table 2, anaS) compares very much
in favor of AF. Thompson and Gates (1956) report a
64 gpm 24 h 500 mb height error over the United States
(as a whole) for barotropic forecasts run from 60 initial
conditions in January 1953. Linear interpolation be-
tween 64 gpm at 24 h and an initial error of 30 gpm
places the 12 h error at 47 gpm, not very different from
AF’s 52 gpm. It is a known problem that the rms score
favors forecasts that lose amplitude over time. We can
not verify whether the barotropic forecasts lost ampli-
tude with forecast lead time but they probably did. If
so the comparison is a bit more in favor of AF which
loses little or no amplitude. NWP has improved dra-
matically over the years. Several model generations
later Dey and Morone (1985) report a 25 gpm rms
error (averaged over 102 radiosondes in the Northern

Hemisphere) in winter for the 6 h 500 mb height fore-

casts used in the Global Data Assimilation. Currently
that figure is well below 20 gpm. So, in terms of rms
error, AF can only compare to the very early models.
Even the barotropic forecasts have improved over the
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years (Bengtsson 1985), primarily because the initial
states (produced in conjunction with state-of-the-art
baroclinic models) are much better now. It is possible
therefore that the AF results (based on 1963-77 data)
would likewise improve if we use data over the 15 most
recent years.

The AF results in Table 2 indicate that averaged
over 3000 cases the initial error (B — A4) is 33 gpm.
That is quite a bit higher than NWP as of the 1980°s.
Therefore, to place AF and NWP on equal footing as
far as initial error is concerned we created a subset of
analogue forecasts for verification which satisfied Q,
< 20 and Q; < 15 gpm respectively. The results are
given in Table 6. It is clear that with smaller initial
error the 12 h forecast error goes down considerably,
not unlike the decrease of forecast error in the baro-
tropic model from the 1950s to the 1980s ( Bengtsson
1985). However Table 6 could be a bit too flattering
for AF because, as we have seen before, smaller initial
errors are associated with flows of higher persistence.

Many of the older studies report forecast accuracy
in terms of S1 score which measures the relative error
in the gradients. Long records of S1 scores for 500
mb height and sea level pressure are available (Shuman
1972). This forced us to calculate the S1 score of the
15 AF maps discussed in section 3e. We find S1 to be
0.26 for AF, which is very close to the 0.24 value re-
ported by Carstensen (1957) for 12 h 500 mb height
forecasts over the United States in the winter of 1955/
56. According to Shuman (1972) a value of S1 equal
to 0.20 (0.60) indicates near-perfect (worthless) 500
mb forecasts. Assuming an initial S1 = 0.15 in the
1950s and 1960s a linear interpolation using Shuman’s
(1972) record of 36 h S1 value seems to indicate that
AF (that is to say our version of it, using data over
1963-77) would have been competitive with 12 h NWP
forecasts in terms of S1 until 1965 or so. Currently S1
is 0.10 in winter. .

In the older literature the anomaly correlation was
practically never reported. A rare exception is Namias
(1958) who mentions a 0.90 AC at 12 h for operational

TABLE 6. As Table 2 but only 4 selected statistics. Column [ is
identical to the ana5 column in Table 2. Columns 2 and 3 are for a
subset of the 300 forecasts, satisfying O, < 20 and <15 gpm respec-
tively. Units for the rms scores are gpm.

anas anad anas
Threshold for Q, none 20 15
(number of cases) 300 59 - 13
Initial rms error
(B — A) 19.1 10.3 9.2
12-h forecast rms error .
(F-V) 51.6 43.8 33.8
12-h persistence rms error )
B-~V) 80.3 65.6 44.6
12-h forecast AC
F-C,V-0C) 0.95 0.95 0.97
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numerical sea level pressure forecasts over North
America. (At that time the numerical sea level pressure
forecast was considered inferior to the subjective man
made forecasts.) Currently the AC at 12 h for 500 mb
heights is 0.98 or so, which is better than AF’s 0.95
(Table 2, ana$).

A strictly valid comparison between AF and baro-
tropic forecasts would be worthwhile. Not just to com-
pare a variety of skill measures (as we did in the
above), but also to investigate what kind of forecast is
made by AF. Doing this may give us some clues on
model improvement.
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