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ABSTRACT

Temporal variability in skill of operational medium-range forecasts in the winter of 1988/89 is examined.
The primary concern is to examine the performance of the Japan Meteorological Agency (JMA ) global spectral
model, which began daily 8-day forecasts in 1988. The model’s forecast skill exhibits considerable low-frequeney
(~a week or longer) temporal variability. During the period under study, root-mean-square error (rmse) of
500-mb height showed a pronounced temnporal maximum at the end of January 1989, when the atmosphere
over the North Pacific underwent a remarkable transition from zonal to blocked circulation.

The consecutive forecasts during this period showed large dispersion among one another. A linear measure
of forecast spread, or phase-space divergence of atmospheric trajectories, is also evaluated after Lorenz using a
nondivergent barotropic model. It shows a temporal maximum concurrent with rmse. Therefore, it is likely
that the zonal-to-blocking transition was associated with higher-than-average instability of the atmosphere. This
impression is strengthened by the fact that the models at two other centers, the European Centre for Medium-
Range Weather Forecasts (ECMWF) and the U.S. National Meteorological Center (NMC), showed similar
features.

The forecast dispersion prior to the blocking is studied in detail. A set of forecasts initialized every 6 h is used
to complement the operational dataset. The principal spatial pattern of the spread showed sensitivity over the
blocking high. In addition, it is noted that all three models examined show considerable “reluctance” to enter
the blocked regime unless they are initialized 5 days or less prior to the blocking. Once the block is established

in the model, however, it tends to persist.

1. Introduction

By now it is well-known that numerical weather pre-
diction (NWP) models show large temporal variation
in skill in medium-to-extended range (e.g., Branstator
1986; Curtis et al. 1988; Tracton et al. 1989). Conse-
quently, it is increasingly becoming an important sub-
ject to predict the reliability of individual or ensemble
forecasts in these forecast ranges (Kalnay and Dalcher
1987; Tennekes et al. 1987). Although there already
exist several mainly statistical studies on the feasibility
of the skill prediction (Kalnay and Dalcher 1987;
Dalcher et al. 1988; Palmer and Tibaldi 1988; Chen
1989), more studies are necessary in order to under-
stand the nature of the problem, especially from theo-
retical and synoptic points of view.
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Under a theoretical, perfect-model assumption, the
forecast error growing from a small uncertainty in the
initial condition is due to intrinsic instability of at-
mospheric flows. This instability is the divergence of
phase-space trajectories passing the neighborhood of a
“true” initial state. As long as a small error is assumed,
temporal evolutions of a cloud of points around the
reference trajectory can be followed by a tangential
linear equation of the system. If the initial error dis-
tribution is assumed to be hyperspherical, the subse-
quent evolution deforms it to a hyperellipsoid, with
the longest axis pointing to the most likely error pattern
(without polarity information since the computation
is linear; Lorenz 1965). Even in this idealized context,
the temporal variation in error or predictability as a
function of circulation seems extremely difficult to
study since no general rule is available for the relation
between characteristics of the initial state and the
evolving hyperellipsoid (Mukougawa et al. 1991).
Furthermore, the theoretical computation of tangential
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linear growth involves a matrix of size N X N, where
N is the degrees of freedom of the system. Therefore,
even the linear estimates may be feasible only with
models of moderate size.

In the context of operational med1um-range forecast
(MRF), the small-error assumption may no longer
hold. Moreover, the initial distribution of error is un-
known. The Monte Carlo approach (Leith 1974; Hoff-
man and Kalnay 1983) seems practical but is still
computationally expensive if we are to study temporal
variation in predictability using state-of-the-art nu-
merical weather prediction (NWP) models. The fact
that these models are far from perfect adds considerable
difficulty to the studies of operational forecast skills. It
is likely that theoretical studies (Farrell 1990; Mukou-
gawa et al. 1991), statistical analyses of the largest ex-
isting dataset (e.g.,, ECMWF archive; Palmer and Ti-
baldi 1988; Tibaldi and Molteni -1990), mechanistic
model studies (e.g., Legras and Ghil 1985; Roads 1987,
1988), and intensive case studies (Tibaldi and Ji 1983;
Tracton 1990) need to complement each other to ul-
timately increase our understanding of this subject.

So far, several attempts have been reported inves-
tigating possible predictors for the skill variation. These
include (i) forecast agreement (or spread; Kalnay and
Dalcher 1987; Dalcher et al. 1988; Palmer and Tibaldi
1988), (ii) persistence of forecast flow (Palmer and
Tibaldi 1988; Chen 1989), and (iii) large-scale circu-
lation patterns (Palmer 1988; Palmer and Tibaldi
1988). The motivation for the use of (i) is the hope
that it serves as a proxy for the phase-space divergence.
In the cases of (ii) and (iii), some relations with the
stability of the flow appear to be expected. Depending
on the period and geographical regions under study,
some of these predictors showed modest correlation
with observed NWP model skills in terms of a root-
mean-square error (rmse) or an -anomaly correlation
coeflicient. However, in the above studies, the reasons
for success or failure have not been fully addressed
although Palmer (1988) and Palmer and Tibaldi
(1988) speculated that the positive correlation between
the Pacific-North American (PNA ) teleconnection in-
dex (Wallace and Gutzler 1981) and the model skill
over the North Pacific may be related to the dependence
of barotropic instability on the signed amplitude of the
index.

The purpose of this study is to describe skill vari-
ability in the first winter of operational MRF run every
day up to eight forecast days at the Japan Meteorolog-
ical Agency (JMA). Forecasters realized immediately
after the start of the everyday operation that the day-
to-day performance of the model fluctuates consider-
ably so that a conventional rule, that of the latest fore-
cast being the best, is frequently violated in the medium
range. This motivated us to look into the nature of skill
variability. Since only one winter is studied, we focus
more on inquiries into the possible nature of the skill
variation rather than trying to establish useful measures
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of skill prediction. In order to avoid being misled by
features specific to the JMA model, we complement
the analysis by also examining forecasts produced at
the European Centre for Medium-Range Weather
Forecasts (ECMWF) and at the U.S. National Mete-
orological Center (NMC) in" the same period. Since
Palmer ( 1988) and Frederiksen ( 1989) have suggested
that a barotropic model may be useful in investigating
flow instability on some occasions, we use it to aid the
description of the full model results. In this study, we
refer to the divergence of trajectories as instability (cf.,
Lorenz 1965; also section 4b below).

Section 2 describes the data used in this study. Sec-
tion 3 documents the low-frequency skill variation in
the winter of 1988/89. A comparison of the forecasts
produced at the different centers immediately reveals
that a considerable portion of the low-frequency vari-
ability is independent of the forecast-analysis system
used. In particular, a prominent temporal maximum
at the end of January 1989 is shown to have been as-
sociated with a transition in the North Pa01ﬁc from
zonal to blocked circulation regimes. Section 4 shows
that forecast spread and a linear measure of atmo-
spheric instability attained temporal maxima concur-
rent with that in rmse. In section 5, we study the nature
of the forecast dispersion prior to the onsét of blocking
in more detail. A series of forecasts by the JMA T63
model initialized every 6 h and by a T42 version of
the same model initialized every 12 h during the period
are used to complement the operational dataset. Sec-
tion 6 discusses the results, followed by a summary
and concluding remarks in section 7.

2. Data

A 16-level global spectral model with triangular 63
truncation (T63) was introduced in March 1988 at
JMA and is described by Sugi et al. (1990). Operational
8-day forecasts were produced every 1200 UTC starting
I March 1988. The forecast data were stored every
24 h. A T42 wave archive of 500-mb geopotential
heights and 300-mb winds were used in this study, and
90 verification dates starting 1 December 1988 are in-
vestigated. Data slightly before and after this “winter”
period are also utilized when temporal filtering is ap-
plied. The forecast skill and some circulation indices
are evaluated using the 500-mb data. The 300-mb data
are used for the barotropic model computation to be
presented in section 4. Additional runs were made by
the JMA model during the onset of blocking and will
be described in section 5.

The ECMWF data consist of daily 10-day forecast
fields of 500-mb geopotential height verified during the
same 90 days. The forecasts were initialized at 1200
UTC every day, as in the IMA model. NMC forecasts
started at 0000 UTC and extended to 10 days. Here
500-mb heights for the same period will be utilized.
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During this period, ECMWF and NMC used T106,
19-level and T80, 18-level models, respectively.

The rmse measure of skill is used throughout this
study and is evaluated using the 500-mb field. Another
common measure, anomaly correlation coefficient,
corresponds to the cosine of an angle in phase space
between forecast and observed states with respect to
the climatological mean. The rms measure is simply a
distance in phase space. Therefore, rmse is generally
preferred for the ease of interpretation in the context
of predictability theory. Generally both measures show
similar temporal variability.

3. Skill variation in the 1988 /89 winter

Figure 1 shows average growth of rmse computed
over the Northern Hemisphere (NH) north of 20°N
as a function of forecast day. Ninety JMA forecasts
starting from the one initialized at 1200 UTC 1 De-
cember were used. The shaded area indicates day-to-
day variability of rmse in terms of the average, plus or
minus-one standard deviation. It is seen that not only
the rmse itself but also the variability increases with
respect to forecast time. A practical consequence is that
beyond 6 days or so the latest forecast may no longer
be the best.

Also shown in Fig. 1 by a horizontal, dashed line is
the climatological standard deviation of the observed
500-mb heights. It is evaluated using the 90-day winter
sample and has a value of 114.6 m. A practical limit
of predictability can be defined as the time when the
model rmse surpasses that of the climatological fore-
cast. It is seen in the figure that this limit is reached in
about 7 days.

Figure 2 illustrates temporal variability of the rmse

ZSOO_Winter Mean RMSE
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0 1 2 3 4 5 6 7 8

Forecast Day

F1G. 1. The rmse of 500-mb geopotential height averaged over the
NH north of 20°N. The thick line shows the temporal average over
90 initial dates starting from 1 December 1988 as a function of forecast
day. The shaded area indicates the mean plus or minus one standard
deviation. For the JMA model. The horizontal dashed line represents
the climatological standard deviation.
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FiG. 2. Day 3, 5, and 7 rmse’s of 500-mb geopotential height for
the JMA model. The abscissa denotes initial date of forecast, day 1
being 1 December 1988. Thin lines are daily values of rmse. Thick

ones are their 5-day running averages. The rmse is taken over the
NH north of 20°N as in Fig. 1.

on forecast days 3, 5, and 7 for the JMA model. The
day number in the abscissa refers to the tnitialization
date, 1 being 1200 UTC 1 December 1988. Thin lines
are daily values and the thick lines show corresponding
5-day running averages. It is seen that in the-early part
of the MRF, for example, day 3 curve in Fig. 2, the
temporal variation in rmse appears more or less ran-
dom showing little low-frequency variability. However,
as the forecast proceeds into day 5 or more, existence
of low-frequency variation in the rmse skill becomes
more evident.

Figure 3 compares 5-day running averaged rmse’s
over the NH for day 7 forecasts from the three centers.
In this and subsequent figures, the day numbers in the
abscissa refer to the verification date, again with 1200
UTC 1 December 1988 being day 1. Curves for the
NMC forecasts are shifted by one-half day since they
start at 0000 UTC. The figure shows that some simi-

NH-RMSE (5day running mean)
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FI1G. 3. Day 7 rmse of 500-mb height averaged over the NH north
of 20°N for the JMA (thick solid line), ECMWF (dashed line), and
NMC (thin solid line) models. The abscissa refers to the verification
date, day 1 being 1 December 1988. A 5-day running average is
applied for the rmse values.
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larity exists among the three curves. Correlated features
among all the different models may imply that they
are related to the observed circulation characteristics.
While all the NWP models could exhibit common de-
ficiencies for particular circulation patterns, it is also
likely that they reflected temporal variations in at-
mosphere’s predictability. One of the rotable features
that appears worthy of discussion is a temporal max-
imum seen in all the rmse curves around verification
dates between 55 and 65.

By examining observed atmospheric evolution dur-
ing this winter, it was immediately noticed that the
rmse maximum was related to a striking development
of a blocking in the northeastern Pacific near the Gulf
of Alaska, which occurred in the last pentad of January
1989. This is demonstrated by a zonal index defined
by the 500-mb geopotential height difference between
40° and 60°N (cf., Lejenis and Qkland 1983) averaged
over the longitudes between 160°E and 110°W, as
shown in Fig. 4. An abrupt transition from zonal to
blocked circulation regimes in the above region, as ex-
emplified by the striking drop of the index around day
60 in Fig. 4, corresponds well to the maximum in rmse
over the NH as seen in Fig. 3. This correspondence is
also visible even when a zonal average is adopted over
all longitudes in the definition of the zonal index (not
shown). Thus, although considerations on regionality
in atmospheric circulation and in model skills are gen-
erally important (Dalcher et al. 1988; Kalnay and
Dalcher 1987), they may not be seriously demanded
for this outstanding event.

The association between the maximum in the rmse
and the blocking transition is further confirmed by Figs.
5 and 6. Figure 5 shows a measure of transience of the
observed atmospheric evolution over the NH. The
transiency index shown is defined by the rms differ-
ence between two 500-mb geopotential height fields
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FIG. 4. Observed zonal index, that is, the difference of the 500-
mb geopotential heights at 40° and 60°N, averaged over the longitudés
between 160°E and 110°W. The abscissa is the same as in Fig. 3.
The daily values are shown by the thin solid line. The thick line is
the 5-day running averages.
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F1G. 5. Transiency index of observed 500-mb fields, defined by
the rms difference between consecutive daily analyses. The rms dif-
ference is computed over the NH north of 20°N as before. Thin and
thick solid lines show daily and 5-day running averaged values. The
abscissa is the same as in Fig. 3.

observed 24 h apart. The thin solid curve represents
the raw daily values, and the thick solid one shows 5-
day running averages. The local maxima in the curve -
indicate that the observed circulation underwent rapid
changes, while minima are characterized by relatively
slow evolutions, that is, by persistence. A distinct max-
imum characterizing large transiency is seen slightly
before day 60 in Fig. 5, intervened by two well-defined
minima around day 49 and 68. Figure 6 shows 500-
mb geopotential height maps on four characteristic
days, that is, day 49 (1200 UTC 18 January 1989;
hereafter abbreviated as 1812, with the first two digits
denoting the calendar date and the last two referring
to the maptime) near the bottom of the transiency
curve in Fig. 5, day 56 (2512) and 61 (3012) during
the “transition” and day 65 (0312) near the bottom
of the second transiency minimum. On day 49 (Fig.
6a) the circulation over the North Pacific was zonal
with no significant meander. This zonal flow started
meandering several days later as seen in Fig. 6b (day
56). A meridional elongation of the disturbance seen
in Fig. 6¢ (day 61) lead to the formation of the Gulf
of Alaska block in the beginning of February (Fig. 6d,
day 65).

The association between the transiency and NWP
model skill observed here during the onset of blocking
is similar to the results reported by Palmer and Tibaldi
(1988) and Chen (1989). However, this association is
not evident for the whole winter. Between days 50 and
90, the transiency curve tends to lead rmse by 2 days.
But before day 50, they appear to have a weak anti-
correlation without lag.

Operational blocking forecasts by the ECMWF
model have recently been investigated by Tibaldi and
Molteni (1990) for seven winters. They showed that
the model was not, on average, satisfactory in simu-
lating onsets of blocking in the medium range. On the
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FIG. 6. The 500-mb geopotential heights observed at 1200 UTC of the following dates; (a) 18 January (day 49),
(b) 25 January (day 56), (¢) 30 January (day 61), and (d) 3 February (day 65) 1989. Contour interval is 100 m.

JMA analyses are used.

other hand, Frederiksen ( 1989 ) indicated, by perform-
ing a three-dimensional, linear instability analysis of
observed synoptic flows, that an intrinsic atmospheric
instability may have been associated with the onset of
a Gulf of Alaska blocking occurring in November 1979,
Furthermore, his auxiliary computations suggested that
barotropic processes may have been an important fac-
tor for this instability. The next two sections will try
to show how these two factors, the model deficiency
and the atmospheric instability, contributed to the rmse
maximum in our case.

4. Forecast spread and atmospheric instability
a. Forecast spread

Figure 7 shows 5-day-averaged time series of the
rms differénce between 7- and 8-day forecasts verified

on the same day for the JMA, ECMWF, and NMC
models. An index similar to this was used as a measure
of forecast spread by Dalcher et al. (1988), Palmer and
Tibaldi (1988), and others. It is seen that a distinct
temporal maximum occurs in the JMA curve (thick
solid line) between days 57 and 67, which is concurrent
with the rmse maximum seen in Fig. 3 above. The
ECMWEF and NMC curves also show similar bumps
relative to adjacent minima, although they do not reach
as high a level as the JMA curve. The JMA and
ECMWF models show another bump around day 17,
a few days prior to rmse maxima of the JMA and NMC
models. It is noted that the magnitude of the spread
index of the NMC model is consistently smaller than
those of the other two centers. These qualitative features
did not change when the spread was computed using
some other forecast days (not shown).

The correlation between rmse and forecast spread is



—
(=2
o
—

Spread between 7- & 8-day Forecasts

160
we— gpread_JMA
.......... spread_ECM
140 1 spread_NMC

RMS difference (m)

Jan Feb
Verification Date

Dec

F1G. 7. The rms difference averaged over the NH north of 20°N
between the day 7 and day 8 forecast 500-mb heights verified on the
same verification dates. Thick solid, thick dashed, and thin solid lines
are for the JIMA, ECMWEF, and NMC models, respectively. A 5-day
running average is applied. The abscissa is the same as in Fig. 3. The
thin dotted line is explained and discussed in section 5.

not so high for the winter as a whole. Neither is the
covariability among the three centers. However, both
are definitely better around day 60 than any other pe-
riod in this winter. The relative maximum in forecast
spread common to the three models suggests that the
atmospheric instability played an important role during
the onset of blocking.

b. A linear measure of forecast spread

Lorenz (1965) presented a theoretical framework
with which one can obtain a linear measure of forecast
skill within the context of a perfect model. It has also
been discussed recently by Farrell (1990) and by Mu-
kougawa et al. (1991) and is briefly outlined below.

An evolution equation of a (discrete) nonlinear dy-
namical system is written symbolically as

x = f(x), (1)

where the dot denotes a time derivative and fis a non-
linear function of N-dimensional state vector x. The
evolution of a small “error”, that is, the distance ()
from the reference trajectory x(¢), is governed by tan-
gential linear equation of (2):

. Df

é= 7 [x(]e, (2)
where Df / Dx is the Jacobian matrix and is a function
of x(z). Lorenz (1965) showed that those points that
lay on a unit hypersphere |e| = 1 at time ¢ = £, evolve
to lie at time ¢ = fy + 7 on a hyperellipsoid centered
at x(¢yp + 7). The principal axes of this ellipsoid are
given by the eigenfunctions of the error covariance
matrix X defined as

X = AAT, (3)
where the N X N matrix A maps «(Zo) to e(o + 7) and
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is dependent on the initial time #, as well as the forecast
time 7. The superscript T denotes transpose. Writing
eigenvalues of Xas I'; (i = 1, « « -, N), the rmse growth
rate, or Lorenz index, o(t; ), is defined by

1 N 1/2 1 1/2
o(t;7)= (]Tf > I‘,-) = [Ntrace(X)] . (4
A i=1

Obviously, « is also a function of initial state x(z,) and
the forecast time 7. Although the relation between «
and x(Z¢) is not trivial, Mukougawa et al. (1991) dis-
cusses a simple relation between the transiency |x|
and « when N = 1.

While the Lorenz index is theoretically appealing as
a measure of error growth, it is difficult to evaluate it
with a full NWP model because of the large matrices
involved. Use of a full model may not only be im-
practical but also inappropriate since rapid small-scale
instabilities that saturate in a matter of days may con-
taminate the assessment of larger-scale signatures (cf.,
Mukougawa et al. 1991). Therefore, in this practical
study, the Lorenz index is evaluated using a simple,
hemispheric nondivergent barotropic model with T21
truncation (N = 231) and with 300-mb streamfunction
fields, observed or forecast by the NWP model, as ref-

_erence trajectories. The barotropic model has no to-

pography, and an Ekman damping of 10-day relaxation
time and a very weak V* hyperviscosity (2 days at the
truncation wavenumber) are included.

The Lorenz index (LI) was computed using both
observed and JMA forecast 300-mb streamfunction ¢
fields as the reference. The reference y field was linearly
interpolated in time using the 24-h archive. Simply
keeping it constant for one day did not change the
results. The time integration of (2) is performed using
a forward scheme with a time step of 15 min. It is
noted that LI is dependent on the choice of inner prod-
uct (3). Here the areal average of the product over the
NH is chosen. Figure 8 shows the results for - = 7 days.
The solid line is for the observed ¢, and the dashed
one for the forecast. No running mean is applied. The
day number refers again to the verification date. The
LI with the observed reference state shows some re-
semblance to the rmse or the spread curves shown in
Figs. 3 and 8, except for a large bump slightly before

- day 50. Another bump after day 60 appears to corre-

spond to the rmse and spread maxima. While this cor-
respondence gives another support to the involvement
of atmospheric instability during the onset of blocking,
such an association cannot be claimed for the rest of
the period.

The LI with forecast reference states (dashed line)
shows a good correlation with the one based on ob-
served reference, but it is much noisier when reflecting
the sensitivity of the LI computation to the reference
states. Note that in the case of forecast reference states,
the daily values are evaluated along separate trajecto-
ries, while with the observed reference states they are
computed along a single trajectory throughout. Un-
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FIG. 8. Lorenz index integrated up to forecast day (= 7) 7 using
observed (solid) and JMA forecast (dashed) reference states. The
abscissa refers to the verification dates as in Fig, 3. The ordinate is
the rms growth rate [ cf., Eq. (5)]. No temporal smoothing is applied
to the curves.

fortunately, the dashed line shows excessive error
growth during the blocked circulation and misses the
maximum around day 60. This may have resulted from
poor representation of the blocked circulation in the
NWP model. It appears that the predictive utility of
the index is limited, at least with the simple compu-
tational setting adopted here. Neither the inclusion of
divergent components in the reference state nor the
use of other norms, that is, kinetic energy and enstro-
phy, changed the qualitative nature of both of the
curves shown in Fig. 8.

5. Model behavior during the onset of blocking

This section focuses on the NWP models’ behavior
during the onset of blocking. In order to complement
the operational dataset, 10-day forecasts initialized ev-
ery 6 h between 2412 and 2806, inclusive, were gen-
erated by the JMA model. A T42 version of the model
was also integrated starting every 12 h between 2412
and 2712. As will be seen below, a JMA operational
forecast initialized at 2612 showed an exceptional per-
formance in simulating the onset of blocking. Two
perturbed runs were produced using this integration,
called the 2612 run. The first perturbed run was ini-
tialized with an arithmetic average between 2612 initial
condition and a 6-h forecast initialized at 2606. The
second one used an average between the 6-h forecast
of 2612 run and 2618 analysis as the initial state. In
effect, the analysis increments of the 2612 and 2618
initial conditions have been halved. These perturbed
runs will be denoted by 2612 and 2618, respectively.

A diagram shown in Fig. 9 conveniently summarizes
the features that are discussed. All the available fore-
casts on day 65, that is, 41 JMA and ECMWF runs
verified at 0312 and 10 NMC runs verified at 0300,
are plotted according to their zonal-index (ZI) and
rmse values computed over the Pacific sector between
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160°E and 110°W. Referring back to Figs. 4, 5, and
6, this verification date corresponds to the establish-
ment of the blocking. Those with forecast days 7 < 5,
5<7<7,and 7 < 7 < 10 are denoted by open and
closed circles and open squares, respectively. The ver-
ifying analysis at 0312 is denoted by an open circle on
the ordinate. Observed ZI value at 0300 is only 18 m
greater than that of 0312 and is omitted.

One of the distinct features seen in Fig. 9 is that the
points tend to cluster in two branches, the upper and
the lower. The dashed and dotted lines are attached to
them for reference. The upper, more-zonal branch ac-
companied by the dashed line consists of runs that ex-
tended more than 5 days, while the lower, blocked
branch with the dotted line is formed by those run for
5 days or less, with an exception to be discussed later.

In the forecast time-range of 6—10 days, most of the
forecast ZIs did not drop to the level of the verifying
analysis; that is, the MRFs tended to remain zonal.
Three closed circles lying in the middle of two branches
and another one in the lower branch are 5- and 6-day
forecasts. A notable exception to this i§ an 8-day op-
erational JMA forecast initialized at 2612 denoted in
the figure by (a). This forecast has the lowest value of
ZI and a fairly small value of rmse. Figure 10a shows
500-mb height field of this forecast verified at 0312,
The verifying analysis is shown in Fig. 6d. Figure 10b
is the same but for the JMA 2712 forecast, which was
initialized 24 h later. The clearest contrast can be seen
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FI1G. 9. A scatter diagram of forecasts verified at 0312 (day 65) in
terms of rmse (abscissa) and zonal index (ordinate), both of which
are computed over the Pacific sector between 160°E and 110°W.
The verification time 0300 is used in the case of NMC forecasts.
Forecasts of 4 days duration or less are denoted by open circles, while
those between 5 and 7 days have closed circles. Forecasts of 8 days
or more are shown by open squares. The zonal index of the verification
map is indicated on the ordinate. Letters (a), (b), (¢), and (d) refer
to those forecasts shown in Fig. 10. The JMA T42 run initialized at
2612 is also indicated by an arrow. The dashed and dotted lines mark
the upper and lower branch discussed in the text.
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FIG. 10. Forecast 500-mb geopotential height fields for 0312 (day 65). Initialization times are (a) 2612, (b) 2712,
(c) 2618’, and (d) 2618. The forecast shown in (c) was started from an average between 2618 analysis and a 6-h
forecast initialized at 2612. Numerical values in the bottom right corners denote rmse scores averaged over the North
Pacific (160°E-110°W) in the top and over the entire NH in the boitom, respectively.

between them in the blocking region. The former
managed to simulate the split flow, but the latter failed.

Shown in Figs. 10c and 10d are 2618 and 2613
forecasts, respectively. The 2618 (Fig. 10d) remained
zonal and looks quite similar to the 2712 in Fig. 10b,
while the perturbed run 2618’ (Fig. 10c) is more
“plocked.” The forecasts shown in Fig. 10 are denoted
in the scatter diagram, Fig. 9, by the corresponding
letters. It is noted that the 2618 forecast (Fig. 10d)
having relatively large ZI and rmse values was brought
down along the upper branch to have smaller, therefore
better, values in the perturbed run 2618 (Fig. 10c).
This pair serves to demonstrate the large sensitivity to
the initial conditions during this period. It was also
seen that a lower-resolution T42 run initialized at 2612
(indicated in Fig. 9 by an arrow ) was much better than
some of the T63 runs initialized later, both in terms
of rmse’s and synoptic impressions.

While the operational 2612 run was exceptional, it
did not affect the qualitative aspect of the spread curve
of the JIMA model shown by the thick solid line in Fig.
7. The thin dotted line of Fig. 7 is the spread computed
using the much poorer 2618 forecast in the upper
branch in place of the 2612. This replacement did not
make the bump disappear. Since no operational JMA
forecasts initialized prior to 2612 entered the lower
branch, it is concluded that the temporal maximum
in the forecast spread discussed in section 4a refers to
the scatter of the points in the upper branch of Fig. 9.
Within this branch, points are not aligned chronolog-
ically along the dashed line, as can be seen by the mix-
ture of closed circles and open squares. Therefore, al-
though the forecasts in the range 6-10 days were sys-
tematically deficient in attaining the observed low ZI
value, they showed higher than average sensitivity on
initial conditions.
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In order to confirm that the principal spatial patterns
among the forecasts were related to the blocking in a
more objective manner, empirical orthogonal functions
(EOFs) of an ensemble of 39 500-mb height maps were
computed using 5-10-day forecasts that appeared in
Fig. 9. The spatial pattern of the first EOF is shown in
Fig. 11. This is associated with 21.1% of the total NH
variance around an ensemble average. Clearly, one of
the maximum sensitivities is seen over the Gulf of
Alaska near the center of the blocking high. (The po-
larity is arbitrary for an EOF.) The second EOF mode
has a much smaller variance of 15.4%. The pattern of
the leading EOF is virtually unaltered when three 5-
day forecasts and the JMA 2612 run are excluded from

' the computation.

It is discussed in the Introduction that an ensemble
of points, spherically distributed in phase space, evolves
initially into an ellipsoid. The ensemble average would
coincide with the observed state if the model were per-
fect. If an NWP model ensemble correctly captures the
principal axis of the ellipsoid and if the eccentricity of
the ellipsoid is sufficiently large, the projections of in-
dividual members of the ensemble on this axis should
be correlated with their rmse values. The sign of cor-
relation depends on which side of the axis they reside.
When the projection is approximated by ZI, the two
branches seen in Fig. 9 may be interpreted as a man-
ifestation of such a feature. The difference in the slope
between the branches may suggest asymmetry in prob-
ability density distribution around the verifying obser-
vation. Forecasts longer than 4 days may have repre-
sented the spread on one side of the density distribu-
tion.

1st mode 21.1%

—

F1G. 11. The leading eigenfunction of an error covariance matrix
estimated by taking an ensemble average of 39 forecasts generated
by the JIMA, ECMWE, and NMC models verified at 0312 (0300 in
the case of NMC). Contour interval and polarity are arbitrary.
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FIG. 12. Zonal indices of observed (closed circles) and forecast
(solid and dotted lines) 500-mb heights as defined in Fig. 4. The (a)
JMA, (b) ECMWEF, and (c) NMC models and analyses are used.
Only those forecast that are operational and initialized before 0300
are plotted. The solid and dotted lines denote forecasts initialized
before and after 2900, respectively. The abscissa refers to the calender
dates from 24 January to 13 February 1989. Tick marks are placed
at 0000 UTC.

The forecasts in the lower branch in Fig. 9 have def-
initely smaller rmse and ZI values than those in the
upper branch. However, it is discouraging, from the
point of view of forecasting, that they only consist of
forecasts extended for less than 6 days except for the
JMA 2612 run. This tendency of the NWP models,
that is, the “reluctance” to enter the blocking regime,
is also noted by Tibaldi and Molteni (1990) and may
be related to a common deficiency of the models. We
note, however, that the simulated blockings tended to
persist once they were established. Figure 12 shows time
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evolutions of ZI in the observation and operational
forecasts in the three centers separately. The observed
values are denoted by closed circles. Only operational
forecasts initialized prior to 0312, that is, those that
appeared in Fig. 9, are plotted. In Fig. 12, forecasts
that had open circles in Fig. 9 are shown by dotted
lines, and others are drawn by solid lines. In all panels,
the discrete nature of zonal and blocked circulations
is suggested; that is, the forecast blockings tended to
persist once they were established, while those forecasts
that failed consistently remained zonal. Forecasts that
had ZI values around 200 m or less at 0312 continued
to stay so until 0712 or longer.

Finally, in order to investigate critical synoptic fea-
tures that lead to the zonal-or-block dispersion, all the
forecasts that were integrated at least up to 0312 were
examined and grouped into two according to their ZI
values. In the first “successful” group of runs, the ZI
values remained around or below 200 m during a ver-
ification time range between 0312 and 0712. Nine runs
satisfied this criterion, and another 30 formed the sec-
ond group. These two groups’ 500-mb height patterns
during the onset of blocking are examined in Fig. 13.
The two panels show the averages of the “successful”
and “unsuccessful” runs, respectively, at a verification
time 3012. Note that this verification date lies slightly
before the “bifurcation” point in Fig. 12. The largest
difference between the two maps is seen along 40°N
between 170° and 150°W where weaker westerly and
significant deformation prevailed in the “successful”
composite (Fig. 13a). In forecasts that had this feature,
subsequent synoptic disturbances entering this region
were deformed in the north—south direction and trans-
ported warmer air mass northward ahead of the cy-
clones, in such a way as to strengthen the cutoff high
(figures not shown). In contrast, the poorer forecasts
lacked the deformation region as seen in Fig. 13b and
were characterized by a much stronger jet between 170°
and 150°W. Disturbances were ducted through this
westerly toward the east without being subject to sig-
nificant north-south stretching. Therefore, the cutoff
high being formed in Fig. 13 got detached from the
westerly, could not maintain its strength, and weakened
considerably by 0312. The positive-feedback mecha-
nism of the synoptic disturbances (e.g., Shutts 1983)
seems to have been turned off in the forecasts that
ended with zonal circulations.

6. Discussion

In a probabilistic sense, the study of forecast skill
involves a comparison of density distribution in phase
space between model and real atmospheres. Therefore,
one has to face an inherent difficulty since reliable es-
timates are hard to obtain even for the former, not to
mention the latter. Nevertheless, the foregoing analysis
of the MRFs during the onset of a blocking points to
potentially important aspects for better understanding
of the extended-range predictability.
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FiG. 13. Averages of 500-mb forecast maps verified at 3012 (day
61; 3000 in the case of NMC forecasts) over (a) 9 “successful” and
(b) 30 “poor” ones.

First of all, there are indications that the transition
from zonal to blocked circulation regimes observed at
the end of January 1989 was characterized by an above-
average rate of divergence in nearby atmospheric tra-
jectories. Suppose that the largest rmse observed here
during the transition was in most part due to this in-
trinsic instability of the atmosphere, then one is
tempted to conclude that extended-range forecasting
beyond an occurrence of blocking may be extremely
difficult and may not be practically feasible.

On the other hand, the existence of two distinct
branches in the scatter diagram shown in Fig. 9 is
suggestive of a highly nonlinear nature with regard to
the transition. Furthermore, the rather robust residence
of the NWP models in either one of the regimes seen
in Fig. 12 implies the existence of self-sustaining
mechanisms in each of the regimes and processes sen-



AUGUST 1992

sitive to initial conditions at the boundary between the
two. If the atmospheric evolution can be viewed in this
way, the above pessimism on extended-range predict-
ability should be reserved until such questions are an-
swered as to what their physical and dynamical entities
are, how they are turned on, and how much indeter-
minacy comes into play. Obviously, it is crucial for us
to know whether the models are capable of representing
such processes.

For the purpose of delineating finite-amplitude be-
havior of ensemble averages in the extended-range a
little more physically, their time evolution is written
as follows:

ay
ot

where the bracket { ) denotes the ensemble average,
the prime denotes the deviation from the ensemble
average, and ¢ is the potential vorticity. From (5), it
can be seen that the evolution of ensemble averaged
state acquires the feedback from the primed fields and
deviates from the reference trajectory of the tangential
linear computation. For now, call the ensemble average
a “predictable” component and the deviation an ‘“‘un-
predictable” component. Many of the recent studies
(e.g., Shutts 1983; Illari 1984; Mullen 1987) show that
the synoptic, “unpredictable” component of the flow
feeds back positively to the blocking-type, “predictable”
flows. This process is associated with enhanced down-
scale cascade of enstrophy (Shutts 1983 ) that leads to
the growth of eddy, or “error,” enstrophy. When an
NWP model underscores this effect, it may produce a
biased estimate of density distribution in an ensemble
forecast of a blocking, even if its dynamics for the
“predictable” component (ie., {(v)-V{g) in the
above) is perfectly correct. Thus, a model that lacks
“vigor” in the unpredictable component and/or mis-
represents its interactions with the “predictable” coun-
terpart may be seriously misleading. Several investi-
gators have reported that the onsets of blocking are
very sensitive to the synoptic-scale components of the
flow (Bengtsson 1981; Tibaldi and Ji 1983; Tracton
1990). Such sensitivity is also noted in section 5 with
regard to Fig. 13. More detailed studies are required
to clarify the question of the scale-interaction process
and predictability.

+(v) V) +(v':Vg')y =0, (5)

7. Summary and concluding remarks

In this paper, we examined low-frequency variation
in the medium-range forecast skill of operational nu-
merical weather predictions (NWPs). Forecasts from
three operational centers were analyzed with emphasis
on the Japan Meteorological Agency (JMA) model.
Within the case study period of 1988/89 winter, the
root-mean-square error (rmse) of operational forecasts
showed a pronounced peak during the onset of a Gulf
of Alaska blocking at the end of January 1989. This
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time period was also characterized by a higher than
average transience of the atmospheric circulation. The
rmse and forecast dispersion computed for the three
NWP models showed qualitatively similar temporal
variability during this period, suggesting that the large
error was related to the characteristics of the atmo-
spheric flows. Forecast dispersion and a barotropic
measure of divergence of nearby trajectories in phase
space showed temporal maxima concurrent with the
rmse peak. Therefore, it is likely that the instability of
instantaneous flows intrinsic to the atmosphere con-
tributed to the large rmse. However, these associations
did not hold for other time periods.

The forecast dispersion prior to the blocking is stud-
ied in detail. High sensitivity on initial conditions dur-
ing this period is confirmed by making 6-h and some
other extra runs by the JMA model. The principal spa-
tial pattern of the spread among different forecasts
showed high sensitivity over the blocking region. In
addition, it is noted that all three models examined
show considerable “reluctance” to enter the blocked
regime unless they are initialized 5 days or less prior
to the blocking. Once the block is established in the
model, however, it tends to persist. While the system-
atic underestimation of the blocked circulation in the
medium range (5-10 days) may be due to NWP mod-
els’ deficiency, these sensitivities on initial conditions
may not be ascribed solely to the models.

The generality of the present results has to be re-
served since we have only dealt with one case. The
observations made here that are worth further quan-
tification include (i) the covariability of skills among
different forecast centers, (ii) the generality of associ-
ation between relatively poor skill and circulation
transitions, and (iii) the relative importance of model
deficiency and intrinsic instability of the atmosphere.
Item (i) can be investigated with larger datasets. Item
(ii) may first be investigated with theoretical and
mechanistic models with the perfect-model assump-
tion. Linear computations of the type presented in sec-
tion 4b may be valuable in such studies. It is also of
interest to look at larger operational datasets from such
a viewpoint (cf., Tibaldi and Molteni 1990). Item (iii)
is the most difficult of all and is unlikely to be resolved
thoroughly. However, inquiries into the nature of large
rmse through more detailed case studies or statistical
analyses should give useful insights into the model de-
velopment activities and provide a better scope for the
extended-range predictability.
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