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Abstract. The impact of various model formulations on
model climate during boreal winter is studied using en-
sembles of seasonal integrations for four different ver-
sions of the ECMWF NWP model. The model ver-
sions, cycles 36, 46, 48 and 12r1, differ primarily in the
representation of physical parametrization. In addi-
tion, higher vertical resolution was used for the 12r1
integrations. In the more recent cycles (48 and 12r1) a
strong systematic overestimation of zonal flow over the
northeastern Pacific has been dramatically reduced,
contributing to a more realistic representation of the
Pacific block. This improved representation of block-
ing, particularly in cycle 12r1, is linked to a more effi-
cient diabatic response of the model to the warm SSTs
in the western tropical Pacific. In contrast, over the At-
lantic/European region a slight deterioration of block-
ing frequency in cycle 12r1 is associated with the
strengthening of the Atlantic jet. The improvement in
the Southern Hemisphere circulation, already evident
in cycle 46, is not seen in the Northern Hemisphere, so
it is argued that the impact of radiation changes intro-
duced between cycle 36 and cycle 46 (inclusive) is in-
fluenced by seasonal cycle. A strong cooling of the
southern (summer) polar stratosphere has been steadi-
ly reduced and in cycle 12r1 is about half of that seen
in cycle 36. A reduction of errors in zonally averaged
zonal wind and eddy kinetic energy is also clearly seen.
In the tropics, the Hadley circulation has become more
intense with the later cycles. This is associated with an
intensification of convective rainfall within relatively
narrow tropical convergence zones. Finally, it was
found that the representation of interannual variations
between strong positive and negative ENSO-index
winters was most successful in cycle 12r1.

1 Introduction

A knowledge of the climate of a global numerical
weather prediction (NWP) model or a general circula-
tion model (GCM) is nowadays essential to assess the
model’s performance and its deficiencies. The model
climate is normally derived from a number of relatively
long, extended-range model integrations. The depar-
ture of the model climate from some observed or ana-
lyzed mean state of the atmosphere largely depends on
the nature of the deficiencies in the model formulation.
Systematic differences (errors) with respect to the real
atmospheric state may also be influenced by “external”
factors, such as the way the lower boundary forcing is
formulated. However, we consider here only the errors
induced by deficiencies intrinsic to the model. In short-
or medium-range forecasts, model systematic errors
may not always manifest themselves strongly enough
to be detectable with high statistical significance; there-
fore the study of model errors on longer time scales
may help to better define and understand the systemat-
ic effects of errors in model formulation, and eventual-
ly lead to their correction. On the other hand, relative-
ly strong systematic errors in the short or medium-
range period may be due to a relatively fast “adjust-
ment” of the model atmosphere, and a simple extrapo-
lation of these errors in time may not necessarily lead
to an appropriate estimate of the equilibrium model
climate. Figure 2 in Palmer et al. (1990) demonstrates
this “two-way” relationship between medium-range
systematic errors and “long-term” errors from a rela-
tively large set of European Centre for Medium-Range
Weather Forecasts (ECMWF) monthly forecasts.

In the continual effort to improve the accuracy of
NWP, it is necessary to modify frequently the formula-
tion of a numerical model in order to introduce more
efficient numerical schemes and more accurate or de-
tailed parametrizations of physical processes. Changes
to the model formulation necessarily influence syste-
matic errors and ultimately model climate. Scientific
literature discussing causal relationships between cli-
matologies of various models and their formulation is
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abundant. Various aspects of model numerics, horizon-
tal and vertical resolutions, physical parametrization or
representation of orography, are usually addressed
(see, for example, WMO 1988; WMO 1991; Le Treut
1996). In the past decade or so a number of studies
comparing a specific modelling aspect in different mod-
els has been increased. For example, Slingo et al.
(1996) studied intraseasonal oscillation in 15 atmos-
pheric GCMs from the Atmospheric Model Intercom-
parison Project (AMIP). The main objective of these
studies is to try to identify deficiencies common to
many models and to possibly formulate hypotheses
about the causes of such deficiencies.

Relatively few studies deal with evolutionary im-
provements in model climates. Sirutis and Miyakoda
(1990) discussed the impact of the four different sub-
grid scale parametrization packages on January inte-
grations of the GFDL model. The four model versions
were formulated by accumulatively increasing the ela-
boration and the sophistication of the physics. The su-
periority of the more complex version of the model
physics is evident in the last 10 days of the one-month
forecasts. Hurrell (1995) comprehensively documented
model climates and biases of the four versions of the
widely used NCAR Community Climate Models
(CCMs). The models were integrated for 10 years at
relatively low horizontal resolution. Overall, the
CCM2 version, which included more recent develop-
ments in physical parametrization and semi-Lagran-
gian transport scheme for advecting water vapour,
seems to be superior to the other models.

In this study we assess various aspects of the impact
of some modifications to the formulation of the
ECMWF NWP model on the model climate during the
northern winter. Four versions of the ECMWF opera-
tional model were studied. These model versions are
denoted as model cycles 36, 46, 48 and 12r1 with cycle
12r1 being the latest. For each cycle of the model, the
model climate was derived from seasonal integrations
in a consistent fashion. Our study was, to a certain ex-
tent, constrained by ECMWF operational require-
ments and, as noted by Hurrell (1995), diagnosing a
straightforward relationship between model errors and
specific change(s) in model formulation may be diffi-
cult without conducting carefully planned sensitivity
experiments.

In the following section a brief summary of meteor-
ological changes introduced with model cycles 36, 46,
48 and 12r1 is given. In Sect. 3 the organisation of ex-
periments used in estimating the model climate is de-
scribed. Section 4 deals with upper-air wintertime cir-
culation, mainly in terms of errors and differences
among the four model cycles. The blocking frequency
and circulation regime statistics are given in Sect. 5.
The impact of model changes on precipitation is dis-
cussed in Sect. 6. In Sect. 7 some aspects of the simula-
tion of interannual variations are shown. Section 8 con-
cludes the work with a summary and discussion of our
results.

2 Summary of changes to model formulation

Detailed descriptions of various numerical, physical
and technical changes to the ECMWF model formula-
tion are found in relevant ECMWF Research Depart-
ment documentation. We summarize the model
changes introduced with model cycles 36, 46, 48 and
12r1. Some emphasis on the most important changes is
given, and the motivation for implementing them in
the model is briefly discussed. Other changes to both
physical and dynamical ECMWF model formulations
were also introduced over the period since cycle 36
came into operations; the principal changes are listed
in Table 1. Many of them were mainly of technical na-
ture, and some, as for example the semi-Lagrangian
dynamics and related modifications, are not relevant
for this study as all runs are at T63 resolution and use
an Eulerian time scheme (see the next section on or-
ganization of experiments).

2.1 Cycle 36

Cycle 36 of the model (hereafter referred as CY36)
was introduced in operations on 5 June 1990 and in-
cluded several changes (see ECMWF Research De-
partment Memos R2314/2618 and R2314/2617). This
model cycle was used for much of ECMWF experi-
mentation on the seasonal time scale. A detailed de-
scription of the CY36 climatology is given in Ferranti
et al. (1994a), and extended range predictability using
3-member and 9-member ensembles respectively was
discussed by Branković et al. (1994) and Branković
and Palmer (1996).

Parametrization of surface fluxes at low wind speed
over the sea

From preliminary experimentation with enhanced
SSTs in the western Pacific and Indonesian region, a
remarkable model sensitivity was found. Such a forcing
was applied in the warm pool region, where wind
speeds are relatively low; further experiments con-
firmed that the model was deficient in parametrizing
evaporation at low wind speeds. The formulation of
the transfer coefficient for moisture between the sur-
face and the lowest model level has been improved and
consequently the latent heat flux was increased. With
this modification, a more realistic rainfall pattern in
the tropics was produced and easterly wind error was
reduced (Miller et al. 1992).

Radiative effects of non-precipitating convective clouds

Before CY36, the convective cloud cover was depend-
ent on time-averaged precipitation rate, and non-preci-
pitating convective clouds (like trade wind cumuli and
fair weather cumuli) were not represented in the radia-
tion calculation. The convective cloud formulation was
therefore modified to use a dependency on the con-
densation rate rather than the precipitation rate. The
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Table 1. Principal changes to the model formulation from cycle
36 to cycle 12r1

Model
cycle

Date Modifications

36 5 Jun 1990 Surface fluxes for low wind speed over
sea
Convective cloud formulation
Implicit gravity wave drag introduced

37 12 Feb 1991 Technical changes

38 9 Apr 1991 Maximum overlap of cloud layers
Cooling to space above 10 mb
Vertical diffusion above PBL
Revised convection

39 17 Sep 1991 Semi-Lagrangian scheme, reduced
grid, T213 model, 31 levels
New horizontal diffusion (T213 only)
Cloud scheme modified
Timestep-dependent convective mass
flux limit
Partially implicit normal mode initiali-
zation

40 26 Nov 1991 Corrected bug in longwave radiation

41 7 Jan 1992 Horizontal diffusion modified (T213
only)
Time-stepping algorithm for cumulus
momentum transfer changed

42 13 May 1992 Mass flux limit in convective parame-
trization corrected
Treat sea ice as land in free convective
regime
Virtual temperature as spectral varia-
ble
Optimized semi-Lagarangian trajecto-
ry calculations, optimized radiation

43 17 Aug 1992 Vertically non-interpolating semi-La-
grangian scheme, smaller time filter
Explicit time scheme for cumulus
momentum transfer
Changes to sea ice parametrization
Modified treatment of low-level inver-
sion clouds
Consistent interpolation between full
and half level temperatures in radia-
tion

44 1 Sep 1992 Technical changes

45 7 Dec 1992 Technical changes

46 1 Feb 1993 Include shortwave optical properties
for ice and mixed phase clouds
Revise clear sky absorption
Pure del 4 horizontal diffusion (T213
only)

47 21 Apr 1993 Technical changes

48 4 Aug 1993 Entrainment at top of PBL
Increased entrainment in shallow con-
vection
Modified roughness length and air-sea
transfer coefficients
New parametrization of soil pro-
cesses

49 5 Oct 1993 Changes to skin and 2 m temperature
profile function

Table 1. (Continued)

Model
cycle

Date Modifications

11r7 2 Mar 1994 New closure in shallow convection
Inclusion of latent heat release due to
freezing of condensate in convective
updrafts
Distinction between water and ice
clouds in radiation scheme changed

12r1 23 Aug 1994 Technical changes

effect of the change is an increase of the total cloud
cover, enhancement of evaporation over subtropical
oceans and a reduction of precipitation over the conti-
nents.

The third modification in CY36 was the introduc-
tion of an implicit formulation of gravity-wave drag pa-
rametrization; this model modification had negligible
meteorological impact.

2.2 Cycle 46

Cycle 46 (CY46) was introduced in operations on 1 Fe-
bruary 1993 (see ECMWF Research Department Me-
mos R60.6.1/4/PA, R60.6.1/5/PA and R60.6.1/AS/302).
The main modifications were introduced to the cloud
and radiation parametrization (Morcrette 1993). Also,
the horizontal diffusion was modified, but this is rele-
vant only for the operational (T213) resolution of the
model.

Revision of the cloud radiative properties

The diagnostics of the model performance indicated an
excessive radiative cooling below the tropopause at
high-latitudes, with clouds playing an important role in
this cooling. In addition, the heating over the conti-
nents in summer was found to be overestimated. In the
new formulation, the scattering properties for ice
clouds were introduced in terms of the ice water path.
Modified shortwave cloud properties increased heating
by absorption of solar radiation in the higher level
clouds (where the ice fraction is dominant) and de-
creased downward solar radiation below these clouds.
The reduction of the net radiative cooling in the high
clouds was particularly evident in summer hemi-
spheres.

Revision of the clear-sky absorption coefficients

An outdated definition of absorption coefficients for
the radiation scheme was replaced by a new one, based
on a more recent spectroscopic data. Also, the long-
wave and shortwave radiative effects of a climatologi-
cal distribution of aerosols were revised. All these
changes led to an overall increase in the atmospheric
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shortwave absorption and a decrease in downward
shortwave radiation at the surface.

2.3 Cycle 48

Cycle 48 (CY48) was introduced in operations on 4
August 1993 and included four changes to the parame-
trization of surface and planetary boundary layer
(PBL) processes (see ECMWF Research Department
Memo R60.6.1/145/PA). Some of the pre-CY48 model
deficiencies related to those processes could be sum-
marized as the following: the total heat flux was too
large over land surfaces with a large phase error in the
diurnal cycle, the boundary layer depth was too shal-
low and too moist indicating a lack of boundary layer
entrainment, soil moisture was strongly influenced by
the model climate layer, evaporation from the surface
was too large in wet conditions, and the runoff
amounts were relatively large even when the soil was
dry. The CY48 changes have been also discussed by
Beljaars et al. (1996).

Enhancements to the parametrization of the soil
processes and skin layer temperature

The new soil scheme has four prognostic layers for soil
moisture and soil temperature (Viterbo and Beljaars
1995). The hydrologic diffusivity and conductivity are
defined as non-linear functions of the soil moisture,
and the runoff is mainly due to the gravitational drai-
nage. The skin layer with no heat capacity was intro-
duced in order to have a faster adjustment of the sensi-
ble and latent heat fluxes to the radiative forcing. Sep-
arate roughness lengths for momentum and heat were
assumed. With the new scheme, the evaporation is
maintained for longer periods and the soil dries out
less quickly.

Introduction of entrainment at the top of the PBL

In the unstable regime, an entrainment parametriza-
tion was introduced by specifying the diffusion coeffi-
cient in the capping inversion so that the buoyancy flux
in the entrainment layer is proportional to the surface
buoyancy flux. In the stable regime, the old scheme is
used but with less diffusion at large Richardson num-
bers. (The old scheme was based on stability-depend-
ent exchange coefficients as a function of the Richard-
son number below the inversion, and on Monin-Obuk-
hov formulation above the PBL height.) These changes
have an overall effect in increasing the depth of the
PBL.

Other changes

Two additional changes have been also introduced: en-
trainment in shallow clouds was increased and rough-
ness length together with air-sea transfer coefficients

were modified. For a discussion on the latter modifica-
tion see Beljaars (1995). The shallow convection
change makes the convection less deep and enhances
the mixing across the inversion thus moistening the
levels around 850 mb.

The multi-year integration with CY48 changes
yielded more realistic annual cycle of soil moisture and
soil temperature with decreasing amplitude with depth
and a correct phase lag. Also, a general reduction of
the model systematic errors, mainly in the tropics, was
seen.

2.4 Cycle 12r1

Although cycle 12r1 was introduced in operations on
23 August 1994, it represented per se only some minor
technical modifications to the previous cycle (11r7)
which had been in operations since 2 March 1994 (see
ECMWF Research Department Memo R60.6.1/21/
PA).

Changes to the convection scheme

For the closure of the shallow convection scheme, the
sensible heat flux is taken into account in addition to
the latent heat flux. This modification caused an en-
hancement in the convective activity resulting in an in-
crease in the tropical specific humidity.

The second change was a correction of the latent
heat release due to freezing of condensate in the con-
vective updrafts together with a simple mixed-phase
partitioning depending on temperature. In addition,
the distinction between water and ice clouds in the ra-
diation scheme was changed to be consistent with the
distinction in the convection scheme. The effect of
these modifications was a weak warming of the model
atmosphere.

In addition to the modifications in the model phy-
sics, our experiments with cycle 12r1 also included 31
levels in the vertical (see next Sect.). However, this 31-
level model and all earlier model cycles studied here,
which were run with 19-levels, extended in the vertical
to the same height in the stratosphere, up to 10 mb.
With 31 levels an approximate doubling of vertical re-
solution between the boundary layer and stratospheric
model levels was achieved. It is important to empha-
size that such an increased vertical resolution in the
model certainly contributed to the changes in the mod-
el climate. However, based on the experience with fur-
ther ECMWF experimentation, we assume that the im-
pact of model physics modifications introduced with
cycle 12r1 is dominant over that due to increased verti-
cal resolution. Cases when this assumption is not ap-
propriate will be explicitly discussed.

3 Experiment design

The experiments reported here with CY36, CY46 and
CY48 were run at T63L19 model resolution. For cycle
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12r1 there were 31 levels in the vertical, i.e. the model
used was T63L31. (It has to be noted that 31 levels
were introduced in the ECMWF operational model
with model cycle 39, see Table 1.) The length of simu-
lations was approximately 120 days, depending on ini-
tial date. The experimentation covers five winter sea-
sons (DJF), from 1986/87 to 1990/91. For each winter
three integrations initiated on the same calendar dates,
1, 2 and 3 November, were carried out. All experi-
ments were run with Eulerian dynamics and on a full
model grid.

In the runs with CY36, CY46 and CY48, the ob-
served sea surface temperature (SST) was updated ev-
ery 5 days throughout the integration. In 12r1 on the
other hand, the SST boundary forcing was updated in
the model daily by interpolating from monthly average
SSTs. It is assumed that this relatively small inconsis-
tency in the SST forcing in 12r1 has less important im-
pact on seasonal time scale integrations compared to
the impact arising from the changes to the model for-
mulation.

For each model cycle considered, the model climate
was computed from the average of all 15 experiments.
Only the last three months, corresponding to the con-
ventional winter calendar season, were analyzed. The
ensemble (seasonal) averages were computed from
seasonal averages of respective individual experiments.
For verification purposes the (ensemble) seasonal av-
erages from the 5-winter ECMWF analyses were also
calculated. Such a verification may be more “biased”
towards earlier model cycles, in particular in data
sparse regions, since the analyses were made with an
earlier and therefore more similar version of the model
(see also discussion in Sect. 4.5).

The changes to the parametrization of soil processes
in CY48 made obsolete the use of deep climatological
soil-moisture and soil-temperature fields. However, no
re-assimilation for the initial data has been done; the
initial data for CY48 and 12r1 were obtained from op-
erationally archived data using standard ECMWF pro-
cedures.

Since the size of our ensembles may suggest sam-
pling inadequacy, for each model cycle we computed a
t-statistic to test the significance of the mean difference
between 15 model runs and 5 winter analyses. The t-
statistic determines the statistical significance of the
model error, i.e. it indicates how systematic is the mean
error computed from a limited sample. In particular,
the spatial distribution of t-values clearly indicates the
regions where the impact of model deficiencies is
larger than sampling errors associated with the internal
variability of the atmosphere. When evaluating these
results, it should be pointed out that the statistical sig-
nificance is mainly affected by the small size of analysis
sample, rather than by the size of the model sample.
As a consequence, three-member ensembles provide
satisfactory estimates of the model climate for the pur-
poses of our study.

Figure 1 shows the global field of 500 mb height t-
values for all four model cycles considered in this
study. The contours 2.1 and 2.9 correspond to 95% and

99% confidence levels respectively. The sign of the t-
value is ignored, because we are primarily interested in
the magnitude of the t-statistic. In CY36 (Fig. 1a), the
largest t-values are found in the subtropics of both
hemispheres and in the southern high-latitudes. The
northeastern part of North America is an additional re-
gion with prominent t-values, and somewhat weaker
values are seen over eastern Asia and around the Ber-
ing Strait.

In CY46, t-values in the subtropics are somewhat
reduced and in the tropics are dramatically increased
(Fig. 1b). In the latest two cycles, CY48 and 12r1, the
tropical t-values continue to dominate, and over much
of the extratropics t-values are reduced below 95%
confidence level. In other words, the emphasis in the
model systematic error has shifted from the extratro-
pics in CY36 towards the tropical regions in the later
cycles.

Figure 1 indicates that for large parts of the globe
there is, in statistical sense, a relatively good agree-
ment between the model climate and verifying analy-
sis. This is true in particular for CY48 and 12r1, where-
as the poorest agreement is for CY46.

4 Model errors in upper-air fields

4.1 Wintertime circulation

The model error maps (simulated ensemble mean min-
us analyzed mean) of 500 mb height for the DJF sea-
son in the Northern and Southern Hemisphere are
shown in Fig. 2. In the Northern Hemisphere, the error
pattern and error amplitude in CY36 and CY46 are
very similar (Fig. 2a, b). A strong positive-negative er-
ror dipole over the northern Pacific-Alaskan region,
which indicates a model tendency to smooth out plane-
tary scale waves, is greatly reduced in CY48 (Fig. 2c)
and further reduced in 12r1 (Fig. 2d). This is due to a
stronger and more realistic ridging in the 500 mb flow
over the Alaskan region in CY48 and 12r1 than in
CY36 and CY46 (not shown). Whereas in the two ear-
lier model cycles the Pacific jet extends too far east
(thus indicating too strong zonal flow), in CY48 a
weaker north-south gradient over the eastern Pacific is
associated with an enhanced diffluence and a stronger
northerly flow component downstream into the North
American mainland. In 12r1, the meridional gradient
in the eastern Pacific is weakened even further.

Over the eastern Atlantic-European region, the
trough-to-ridge amplitude of the error dipole in Fig. 2
is slightly weaker in CY48 relative to the earlier cycles,
and the gradient in the error field between Iceland and
the western Mediterranean is weakened as well. This
error dipole has been strengthened in 12r1 (Fig. 2d),
thus indicating a stronger Atlantic jet than in the anal-
ysis. This Atlantic jet intensification is associated with
a somewhat deeper low over the Canadian Arctic in
12r1 relative to the earlier cycles.

In the Southern Hemisphere, a different model be-
haviour is found (Fig. 2e–h). A large reduction in mod-
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Fig. 2a–h. Northern Hemisphere ensemble mean error fields of DJF 500 mb height for model cycle: a CY36, b CY46, c CY48, d 12r1. e
to h as a to d but for the Southern Hemisphere. Solid lines positive errors, dashed lines negative errors. Contours every 2 dam
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Fig. 2. (Continued)

el error is seen from CY36 to CY46. The error pattern
in Fig. 2e indicates that CY36 overestimates the cir-
cumpolar vortex (also discussed by Branković and Fer-
ranti 1992). CY46 makes this vortex more realistic,
while both CY48 and 12r1 show a tendency to further
decelerate the southern circulation so that it is under-
estimated in these two cycles. In CY46 and CY48 a
weak negative geopotential height error dominates in
low-latitudes and is slightly more negative in 12r1.

It was noted in Sect. 2.2 that one of the effects of
CY46 changes, the reduction in the radiative cooling
by high clouds, was especially evident in summer hem-
ispheres. This may explain why CY46 shows an im-
provement over CY36 in the Southern but not simulta-
neously in the Northern Hemisphere. The impact of
the revised cloud shortwave optical properties intro-
duced with CY46 is strongly seasonally dependent, i.e.
their beneficial impact is primarily seen in the summer
hemisphere over the high-latitude region with semi-
permanent daylight when the absorption of solar radia-
tion by the high-level clouds is strongest. However,
other changes introduced between CY36 and CY46
may have contributed to such an improvement as
well.

Hemispheric differences in the error pattern at
1000 mb (not shown) are similar to those at 500 mb. In
the Northern Hemisphere, the main improvement in
CY48 comes from a better representation of the sub-
tropical high between the Hawaiian Islands and the
western coast of North America. In CY36 and CY46
this high was overestimated, displacing the Aleutian
low too far north and causing strong surface westerlies
over the northeastern Pacific. Despite the fact that the
Atlantic subtropical high is better simulated in 12r1
than in the other cycles, the north Atlantic/European
surface westerlies are found to be overestimated. This
is mainly due to a somewhat too deep Icelandic low in
12r1. (Additional discussion on model mean height er-

rors with respect to interannual variation is given in
Sect. 7.2.)

The error structure in zonally averaged zonal wind
(Fig. 3) is consistent with the height error pattern dis-
cussed already. In the Northern Hemisphere in all cy-
cles, a positive u-wind error north of 30 7N, and a nega-
tive error in the subtropics and tropics, are mainly a
consequence of poleward displacement of the wind
maximum relative to the analysis. Although a north-
ward shift is seen in all model cycles, it is smallest in
12r1. In both CY48 and 12r1 the Northern Hemisphere
westerly error is confined to the upper troposphere
and lower stratosphere. However, in cycle 12r1, the po-
lar night jet near the top of the model is too strong and
consequently the westerly error is larger than in the
other cycles. A relatively large negative error in the
tropics at the tropopause level in CY46 (Fig. 3c) ac-
counts, in addition to the jet poleward shift, for too
strong tropical easterlies (seen to a much lesser degree
in the other three model cycles).

In the Southern Hemisphere, a large westerly error
in CY36 is, similar to the Northern Hemisphere, a con-
sequence of both strengthening of zonal wind and its
poleward displacement. In all later model cycles this
error is greatly reduced and reflects the progressive de-
celeration of the circumpolar vortex with each cycle
(see also Fig. 2e–h).

The error in the model eddy kinetic energy is grad-
ually reduced with each cycle, especially in the tropical
upper troposphere and lower stratosphere (not
shown). A large positive error in eddy kinetic energy
in the Southern Hemisphere midlatitudes in CY36 is
very likely associated with large error in zonally aver-
aged circulation (Fig. 3b).
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Fig. 3a–e. Zonally averaged cross sections
of ensemble mean DJF zonal wind for: a
ECMWF analysis 5-year mean. Errors for
model cycle: b CY36, c CY46, d CY48 and
e 12r1. Solid lines westerlies and positive
errors, dashed lines easterlies and negative
errors. Contours every 5 msP1 in a and ev-
ery 2 msP1 in b–e
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Fig. 4a–d. Zonally averaged cross sections
of ensemble mean DJF temperature error
for model cycle: a CY36, b CY46, c CY48
and d 12r1. Solid lines positive errors,
dashed lines negative errors. Contours ev-
ery 2 K

4.2 Temperature errors

The error pattern in zonally averaged temperature has
been substantially changed from one model cycle to
the other (Fig. 4). In the model tropical upper atmos-
phere, a very small error in CY36 (Fig. 4a), is modified
to relatively large errors in CY46, alternating in sign
with height (Fig. 4b). Such an error pattern, but with
somewhat reduced amplitude is also found in CY48
(Fig. 4c), while in 12r1 (Fig. 4d) the warming of the
model tropical upper atmosphere reaches as much as
5 K. It seems plausible to ascribe some of these errors,
in particular warming above 150 mb, to the changes in
radiation and cloud parametrization introduced with

CY46, as discussed in Sect. 2.2. Indeed, a similar error
pattern in the tropical stratosphere as in Figs. 4b–d is
seen at mean forecast day 10 (D10) for March 1993
ECMWF operational forecasts (not shown). In Janua-
ry 1993, i.e. prior the introduction of the CY46
changes, D10 upper atmosphere temperature error
pattern was different from that in Fig. 4b with a weak
cooling throughout the tropical upper troposphere and
lower stratosphere.

In Fig. 4 in the polar stratosphere of both hemi-
spheres, a large negative temperature error is seen, the
error being larger in the summer hemisphere. While
the erroneous cooling in the Northern Hemisphere is
almost unchanged in various model cycles, in the
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Southern Hemisphere it has been reduced by about
7 K (or nearly 50%) from CY36 to 12r1. This polar
stratospheric cooling is a common feature of many
GCMs and its origin is not well understood (Boer et al.
1991). Lary and Balluch (1993) suggested that taking
into account the effects of spherical geometry in the
parametrization of radiation processes (rather than the
plane parallel approximation used by almost all
GCMs) would significantly reduce the underestimation
of the solar heating rate, especially in polar regions.
However, in the case of the ECMWF model, the
changes to the formulation of physical parametrization
are partly responsible for the reduction of this error
from CY46 to 12r1. Some of the beneficial impact seen
in the cycle 12r1 polar stratospheric temperature error
may have come from the improved vertical resolution
in this model cycle. This is suggested by comparing
zonally averaged temperature errors in the medium-
range for the 19-level T63 control (unperturbed) fore-
casts from the ECMWF ensemble prediction system
against 31-level operational T213 forecasts. The 19-lev-
el model has a stronger cooling in the DJF southern
polar stratosphere than 31-level model.

4.3 Mean meridional circulation

For reasons of space, mean meridional circulation
comprising zonally averaged vertical and meridional
velocities will be discussed without displaying figures.

In successive model cycles, the intensity of the DJF
lower tropospheric large scale ascent (centred in the
analysis at about 5 7N and mainly associated with the
Pacific intertropical convergence zone, ITCZ), is pro-
gressively increased and its positioning is shifted slight-
ly northwards. This increase varies between about 15%
relative to analysis in CY46 to over than 70% in 12r1.
(Note, however, that the operational analysis itself
may be deficient in this respect, since it was performed
using much earlier cycles of the forecast model.) At the
same time, the intensity of the upper tropospheric as-
cent at about 10 7S, that can be associated with the
south Pacific convergence zone (SPCZ), and the inten-
sity of the descending branch of the Hadley cell be-
tween 15 and 20 7N do not change significantly in the
model (apart from CY46 where the upper air ascent is
much weaker than in the other models and analysis).
Thus the strengthening of the vertical circulation in the
Hadley cell, seen especially in CY48 and 12r1, is pri-
marily due to the enhancement of rainfall within the
Pacific ITCZ (see Sect. 6).

The outflow branch of the zonally averaged merid-
ional wind is weakest in CY46, but is steadily increas-
ing in the later cycles thus indicating an overall
strengthening of the Hadley circulation. It is interest-
ing to note that, when compared with the analysis, all
model cycles show a strengthening of the thermally in-
direct Ferrel cell, the strongest being in CY36. This is
associated with an increased eddy momentum flux con-
vergence in the model, which in turn is associated with
an overall enhancement in eddy momentum flux (not

shown). Such an increase is most pronounced in CY36,
where the eddy momentum flux error in the Southern
Hemisphere middle latitudes amounts to about 50% of
the analysis maximum.

4.4 High-frequency variability

Figure 5 shows standard deviation of DJF 500 mb
heights for the high frequency range (HF) with a peri-
od shorter than 10 days. Essentially, it represents loca-
tions of jet streams and major storm tracks.

The Northern Atlantic maximum is well repre-
sented in the model, and 12r1 (Fig. 5e) has the ampli-
tude closest to the analysis (Fig. 5a). Over northern
Europe and northern Asia the HF variability is under-
estimated by the model, possibly indicating insufficient
penetration of northern Atlantic storms into the Eur-
asian continent. Although a secondary maximum at
60 7E, 55 7N is seen in each model cycle, its amplitude is
reduced relative to the analysis.

In the northern Pacific, the analyzed HF has its
maximum close to the date line. In this region variabil-
ity is generally underestimated by all model cycles. In
the earlier two cycles, an overestimation of HF in the
eastern Pacific region points to a too strong jet extend-
ing from the central into the eastern north Pacific and
North America. Whilst a relative minimum over North
America, between the two storm-track regions, is rep-
resented reasonably well in the model, the Arctic min-
imum is overestimated.

4.5 The largest differences between successive cycles

In this section we focus on some of the DJF ensemble
mean difference fields between CY48 and CY46, be-
cause they were found to be the largest differences be-
tween successive cycles. As indicated in Sect. 2 and Ta-
ble 1, CY46 changes were related to cloud and radia-
tion parametrization, whereas CY48 changes were
mainly in the parametrization of soil processes and
PBL.

Figure 6 indicates a relative change from CY46 to
CY48 for 500 mb height, 850 mb temperature and
850 mb relative humidity. The enhanced ridging over
the Alaskan region in CY48 is seen as a positive differ-
ence in Fig. 6a. This positive difference extends
throughout northern polar latitudes, thus implying an
overall increase of geopotential height in CY48. Over
the Canadian Arctic, this increase results in a more re-
alistic semi-permanent low, which was too deep in
CY46. However, over northwestern Siberia, this posi-
tive difference implies a weaker trough, which in turn
contributes to a weakening of the wave number 3 pat-
tern in high-latitudes.

Negative differences over the Northern Pacific are
indicative of a more realistic trough-ridge system over
the eastern Pacific/Alaskan region in CY48. However,
the extension of these negative differences into eastern
Asia indicates a deepening of the trough over the
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Fig. 5a–e. Standard deviation of the DJF 500 mb geopotential heights for the high-
frequency band (period shorter than 10 days). Contours every 1.5 dam, shading
above 4.5 dam

Kamchatka peninsula and strengthening of the jet off
the coast of Japan. Negative differences over much of
North America indicate a more realistic simulation of
the trough over the eastern USA with CY48.

For 850 mb temperature (Fig. 6b), the difference
pattern between CY48 and CY46 over the north Pa-

cific/Alaskan region is consistent with the height differ-
ences in Fig. 6a. The cooling over the north Pacific is
not necessarily a deficiency of CY48. According to the
ECMWF re-analysis project experimentation, the anal-
ysis based on model cycle 48 (which fits observations
better), would be cooler over the north Pacific in com-
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Fig. 6a–c. Ensemble mean DJF
difference fields for CY48 min-
us CY46: a 500 mb height, b
850 mb temperature and c
850 mb relative humidity. Solid
lines positive differences,
dashed lines negative differ-
ences. Contours every 2 dam in
a, 1 K in b and 5% in c
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Fig. 7a–c. Ensemble mean DJF
200 mb stream function differ-
ence fields for a CY46 minus
CY36, b CY48 minus CY46 and
c 12r1 minus CY48. Solid lines
positive differences, dashed
lines negative differences. Con-
tours every 4!106 m2 sP1
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Fig. 8a–d. Frequency (in %) of occurrence of blocking as defined by Tibaldi and Molteni (1990) for DJF ensembles of model cycle: a
CY36, b CY46, c CY48 and d 12r1. Dashed lines 5-year analysis mean

parison with analysis based on model cycle 46 (Per
Kållberg, ECMWF re-analysis project, personal com-
munication). Thus, negative temperature differences
seen over much of the north Pacific would imply re-
duced errors in CY48 with respect to an improved
analysis.

A striking feature in Fig. 6b is a warming of tropical
and subtropical continents in CY48, with maxima in
tropical South America and Africa exceeding 4 K.
Closely related to such a difference pattern is drying
over the same regions (Fig. 6c). Because of its confine-
ment to the land points, it seems likely that the cause
for such a difference pattern is the new scheme for soil
processes rather than the other changes introduced
with CY48.

A large change in relative humidity at 850 mb over
the oceans in Fig. 6c can be, on the other hand, attri-
buted to a small but significant increase in the height of
PBL. The entrainment at the top of PBL, introduced
with CY48, makes (on average) the model PBL deeper
relative to the depth of PBL in the previous cycles. The
pressure level of 850 mb is (because of its proximity to
the top of PBL) on average more frequently below the
inversion level rather than in the drier air above.

The tropical upper troposphere geopotential height
significantly decreased from CY36 to CY46 (not
shown). This remarkable decrease on the tropical pla-

netary scale is associated with a cooler tropical upper
troposphere in CY46 relative to CY36 (see Fig. 4b and
4a). In terms of stream function differences, the
200 mb equatorial easterlies in CY46 have increased
and weak westerlies have decreased relative to CY36
(Fig. 7a; see also Fig. 3b, c). With the introduction of
CY48 the tropical heights recover, with the tendency to
further increase in 12r1, which is consistent with a rela-
tive warming around the tropopause in the latter two
cycles. The stream function differences in Fig. 7b, c ex-
hibit reversed signs when compared to Fig. 7a. The
12r1 westerlies in the eastern tropical Pacific are com-
parable with the analysis wind field.

5 Circulation regime statistics

5.1 Frequency of blocking

Atmospheric blocking is a phenomenon that has been
continuously scrutinised at ECMWF in the context of
operational analyses and forecasts. The assessment of
frequency of blocking, both analyzed and modelled, is
important in the diagnosis of atmospheric low-frequen-
cy variability and model performance. Our statistic of
blocking frequency is based on the computation of
blocking index described by Tibaldi and Molteni
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Fig. 9a, b. Ensemble mean DJF differ-
ence fields between cycle 12r1 and
CY36 for a precipitation, (contours
B1, B4, B8, B12 and B16
mmdayP1), and b 200 mb stream func-
tion (contours every 2!106 m2 sP1)

(1990). The method essentially utilizes gradients in the
500 mb heights defined for the “northern” and the
“southern” parts of a predefined latitude band. The
flow at a given point is defined as “blocked” if the
southern height gradient is positive, or/and the north-
ern height gradient is weaker than P10 m/deg lat. The
choice of the latitude belt, for which the computation
of blocking index is performed, is somewhat arbitrary,
so the method may not be considered as fully objec-
tive.

Figure 8 shows frequency of blocking occurrence, as
defined by Tibaldi and Molteni (1990), averaged over
the five winters of experimentation. The analyzed fre-
quency (dashed line) has two main maxima, one over
the Atlantic/European region and another over the
eastern Pacific. In all four model cycles, the amplitude
of the Atlantic maximum is relatively close to the anal-
ysis value, but its position is displaced eastward. This
eastward model bias suggests that the mean flow pat-

tern over the central and eastern Atlantic has changed
very little from one model cycle to the next; the Atlan-
tic jet is still overestimated in the model and penetrates
too far east, thus shifting the region of upper-air dif-
fluence into the European continent. A relative im-
provement in CY48 and 12r1 is seen further east where
the location of the secondary maximum at 60 7E (the
Ural mountains) is reasonably well captured in 12r1,
but has a much overestimated amplitude in CY48. In
12r1, in addition to the eastward shift, the Atlantic
maximum has been weakened relative to the analysis
and to the other cycles. This deterioration in the repre-
sentation of blocking frequency can be associated with
the strengthening of the Atlantic jet as discussed in
Sect. 4.1. This is consistent with the results of Kaas and
Branstator (1993), who found that the diffluence over
the Atlantic (and consequently the percentage of
blocks) in the NCAR CCM simulations is greatly re-
duced when the model was forced toward the zonal
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mean state that corresponds to anomalously zonal
flow.

Over the Pacific region CY36 and CY46 substantial-
ly underestimate the frequency of blocking occurrence.
This deficiency is somewhat alleviated with CY48. In
view of the discussion in Sect. 4.1, this improvement
should be associated with a better representation of
the 500 mb ridge in the northern Pacific/Alaskan re-
gion and the reduction of the model errors in CY48.
We note that in their famous study of the 1977 winter,
Miyakoda et al. (1983) showed that sensitivity of their
model to the treatment of PBL was critical for a suc-
cessful simulation of the Pacific blocking event. Fur-
ther reduction of the model mean error over the north
Pacific seen in Fig. 2d, together with a realistic low-
frequency variability (not shown) reflect as a substan-
tial improvement in the representation of blocking in
12r1 (Fig. 8d).

An argument based on a study by Ferranti et al.
(1994b) may explain why 12r1 shows a strong improve-
ment in frequency of blocking over the North Pacific.
Based on experimental evidence, they found that the
strongest impact on the modelled blocking activity in
both Pacific and Atlantic/European regions was due to
an increase of quasi-stationary diabatic heating over
the western tropical Pacific. Such an increase in diabat-
ic heating was introduced into their experiments via an
idealized strong positive SST anomaly defined in the
Indonesian region, which caused an increase in rainfall
over the western tropical Pacific.

Mullen (1989) has found that the combination of
Pacific SST anomalies, a warm anomaly in the tropical
Pacific and a cool anomaly in the extratropical Pacific,
was more effective in modifying blocking activity over
the midlatitude northern Pacific than either anomaly
acting alone. However, in contrast to Ferranti et al.
(1994b) his warm SST anomaly was positioned further
to the east, over the central and eastern equatorial Pa-
cific.

The difference in the rainfall between 12r1 and
CY36 in the western Pacific is shown in Fig. 9a. A rela-
tively large area of positive differences exceeding 4
mm/day (dense stippling) is found over much of the
western tropical Pacific (including Borneo, the Philip-
pines and parts of Papua/New Guinea). This increase
in the 12r1 rainfall amount may be viewed as an equi-
valent to the increase in diabatic heating in the Ferran-
ti et al. (1994b) study. However, unlike their experi-
ments, this increase cannot be linked to changes in the
local SST forcing, since the SST fields in CY36 and
12r1 were essentially identical. Therefore, an increase
in 12r1 rainfall over Indonesia must be attributed to an
improved model efficiency in exploiting existing SST
forcing.

This is demonstrated in Fig. 9b, where the corre-
sponding difference for the 200 mb stream function be-
tween 12r1 and CY36 is shown. In the tropical Pacific,
the upper-air difference flow pattern is typical of Gill’s
(1980) linear model forced steady solution. The posi-
tioning of a pair of anticyclones, straddling the equa-
tor, corresponds to the region of maximum precipita-

tion difference in Fig. 8a (east of Papua/New Guinea
and close to the equator). This flow pattern can be in-
terpreted as the model tropical response to a steady
low-level diabatic heating on the equator.

In the northern central Pacific, the difference in the
stream function indicates the strengthening of the jet in
12r1 relative to CY36 between 207 and 30 7N and its
weakening along 50 7N. The deceleration of the Pacific
jet in mid-latitudes is consistent with the increase in
the frequency of blocking over the Pacific region (Fig.
8d). Miyakoda and Sirutis (1990) also found that a
more sophisticated version of the GFDL model, which
included relatively complex physical parametrizations,
improved the representation of blocking activity when
compared with a model version with a simpler physics.
They suggested that a successful simulation of blocking
was associated with a displacement of the upstream
westerlies towards lower latitudes.

Finally, it should be remembered that the result in
Fig. 9 shows a cumulative effect of the modifications
introduced between CY36 and 12r1, and the rainfall in-
crease in Fig. 9a should not be ascribed to the 12r1
changes alone.

5.2 Planetary-wave regimes

The ability of the different model cycles to reproduce
low-frequency variability in the planetary scale flow is
tested by evaluating the frequency of occurrence of the
five main regimes of 500 mb planetary waves defined
by Molteni et al. (1990) from a 32-winter record of
500 mb height analyses. The regimes were defined as
clusters associated with local maxima in the probability
distribution of the projections of eddy fields onto three
rotated empirical orthogonal functions (REOFs). Fol-
lowing Ferranti et al. (1994a), the projections onto
these three REOFs have been computed using running
5-day mean anomalies from the 15 model integrations,
and each field has been classified in one particular
cluster according to the distance between its position in
the 3-dimensional REOF space and the position of the
centroids of the clusters (the closest centroid has been
selected).

A similar classification has been performed on
ECMWF analyses from winter 1979/80 to 1990/91; the
model frequency will be compared with the analysis
frequencies in either this 12-winter sample or in a
shorter sample including only the five winters, i.e.
those corresponding to the initial dates of the experi-
ments. To test the significance of the comparison with
the latter sample, model frequencies in the three sepa-
rate 5-run sub-samples have also been computed (they
included experiments initiated on the same calendar
day, i.e. on 1, 2, and 3 November respectively in each
year). Given the simpler classification method used
here, a comparison with the long-term climatological
frequencies from Molteni et al. (1990) is not appro-
priate. In evaluating these results, we remind the read-
er that clusters 1 and 2 correspond to anomalies with
positive Pacific/North American (PNA) index, clusters
3 and 5 to anomalies with negative PNA index. Clus-
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Fig. 10a–d. Frequency (in %) of planetary clusters as defined by
Molteni et al. (1990) for DJF ensembles of model cycle (left-
hand, open bars): a CY36, b CY46, c CY48 and d 12r1. Centre

bars (hatched) analysis from 5-year average, right-hand (solid)
bars analysis from 12-year average

ters 2, 4 and 5 represent flows with larger-than-average
planetary wave amplitude, while cluster 1 (the most
populated) includes fields which are fairly close to the
climatological mean state.

The comparison between the modelled frequencies
and the analysis frequencies is shown in Fig. 10. For
each cluster, the modelled frequencies are shown as
the left-hand bars, the 5-year analysis frequencies as
the centre bars and the 12-year analysis frequencies as
the right-hand bars in Fig. 10.

When compared with the 5-year frequencies in all
four model cycles, the frequencies of positive-PNA
clusters (1 and 2) are overestimated, while those of
clusters 3 and 4 are underestimated. The large frequen-
cy of cluster 2 in CY48 is consistent with the strength-
ening of the ridge over the Rockies documented ear-
lier. The significance of these differences is confirmed
by the analysis of model frequencies in the three 5-run
sub-samples (not shown), which consistently reproduce
the behaviour of the 15-run averages. On the other
hand, both CY48 and 12r1 underestimate (the latter
only slightly, Fig. 10d) the frequency of cluster 5 with

respect to the 5-year analysis, which the previous cycles
did not. However, such underestimation is not consis-
tently confirmed by the 5-run sub-samples: very large
differences between sub-samples are found for cluster
5 in these two model versions.

If the 12-winter analysis sample is used as a compar-
ison (the right-hand bars in Fig. 10), a better agree-
ment is noticed between analyzed and modelled fre-
quencies for all cycles, and CY48 turns out to give the
best results, followed closely by CY36 and 12r1. It can
be argued that, since cluster frequencies are subject to
considerable sampling errors, the 12-winter sample
gives a sounder basis of comparison that the 5-winter
one. On the other hand, the 12-winter sample includes
the very strong El Niño event of 1982/83, while no cold
event of comparable intensity to the 1988/89 La Niña is
present. Consequently, the 12-winter sample is more
“biased” towards positive PNA anomalies, and this
may compensate for model systematic errors. Insofar
as the differences between the 12-winter and the 5-
winter samples are a real reflection of differences in
the boundary forcing, it a cannot be concluded that
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Fig. 11a, b. Zonally averaged ensemble mean DJF precipitation:
a total over all points, b convective over sea points only. Units
mmdayP1

CY48 or 12r1 represent an improvement with respect
to CY36 in the simulation of planetary wave regimes.

6 Precipitation

The zonally averaged total rainfall amounts for the
four model cycles and for the DJF climate (Legates
and Willmott 1990) are shown in Fig. 11a. Over much
of the globe there is a broad agreement between the
cycles studied here. The main difference is the larger
tropical precipitation in CY48 and 12r1 than in the two
earlier cycles, particularly at 10 7N and 10 7S which cor-
responds to the ITCZ and the SPCZ respectively. The
largest contribution to such an increase comes from
convective precipitation over the oceans (Fig. 11b),
which may be attributed to the modification in the pa-
rametrization of shallow convection (see Sect. 2 and
Table 1). All models show a northward displacement
of the ITCZ rainfall relative to the DJF climate. De-
spite the shift, the later two model cycles undoubtedly
represent an improvement over the former two cycles.
However, the minimum at the equator is too deep in
the model.

In the extratropics, CY36 is the wettest of the four.
The largest difference is again due primarily to convec-
tive precipitation over the oceans, since the contribu-
tion from the large-scale precipitation to total amounts

is very similar in all four cycles (not shown). In both
hemispheres between 507 and 607, for example, CY36
convective precipitation is almost twice as large as
CY48 (Fig. 10b). In the Southern Hemisphere storm
track (around 60 7S), the climate maximum greatly ex-
ceeds the model values. A similar result is found when
the Jaeger (1976) climate is used as the reference, in
spite the fact that the latter is systematically drier than
the Legates and Willmott (1990) data. Even if the si-
mulated Southern Hemisphere rainfall amounts are
taken as a serious model deficiency, the discrepancy
between the model and observed climatologies is so
large that one may question the reliability of the ob-
served climate data. Both rainfall climatologies are
subject to high uncertainties in the Southern Hemi-
sphere mid-latitudes because of large data void areas.

The global distribution of the DJF rainfall in the
model cycles and for the DJF climate is shown in Fig.
12. The intensification of the Pacific ITCZ and SPCZ
in CY48 and 12r1 relative to the other two cycles can
be seen clearly. The Atlantic ITCZ off South America
has intensified as well. The ITCZ double structure in
the Indian Ocean which straddles the equator in CY46
becomes a broader structure with larger rainfall
amounts in the later two cycles. The Australian rainfall
is, apart from CY36, confined to the northern (mon-
soon rainfall) and eastern parts of the continent. This
may be associated with the use of the new climatologi-
cal albedo field which has a somewhat higher values
over Australia in comparison to that used in CY36.
Another marked change in the rainfall pattern is found
over the Amazon basin immediately to the south of the
equator. Both CY48 and 12r1 exhibit there much re-
duced rainfall amounts compared with CY46. In con-
trast, over southern Africa they produce more rain
than CY46.

In the extratropics, differences between the model
cycles are relatively small, both in amplitude and spa-
tial coverage. Along the Northern storm tracks, some-
what less rain is found in CY48 than in the other three
cycles. In the Southern Hemisphere storm track, CY36
has more rain than the other cycles (see Fig. 11).

The main differences between model and climate
(Fig. 12e) precipitation fields may be summarized as
follows. In the model, regardless of the cycle, the Pa-
cific ITCZ is represented by a relatively narrow band
of rainfall and elongated maximum, while in the cli-
mate the ITCZ is wider with a well-defined rainfall
maximum at about 140 7W. However, an elongated
ITCZ rainfall maximum in observed data, similar to
that seen in the model but with a weaker amplitude, is
found by Dorman and Bourke (1979).

The climatological Indonesian maximum is much
higher than any of the simulated ones; in the model it
is characterized by “spotty” maxima scattered over In-
donesian and Philippine islands with (too low) rainfall
minima between them. It could be said that the simu-
lated rainfall pattern over this region is dominated by
orographic features. The influence of orography is
even more pronounced in the model rainfall amplitude
and pattern over Central and South America. The In-
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dian Ocean ITCZ in the model is more intense than
that in the climate data. In the extratropics, the climate
has somewhat more rainfall than the model in both
Northern storm tracks; in the Southern Hemisphere
the modelled precipitation rate is very much underesti-
mated (see also discussion earlier).

7 Simulation of interannual variability

7.1 Differences between two strong ENSO winters

The impact of different model formulations on simula-
tion of interannual variability is discussed first in terms
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of the modelled differences between two strong ENSO
index winters, DJF 1986/87 and DJF 1988/89. The
former was an El Niño year with a strong positive SST
anomaly in the equatorial Pacific; the latter was a La
Niña year with a strong negative Pacific SST anomaly

(see Branković et al. 1994, for a description of the SST
anomalies in the period 1986 to 1990).

The two strong ENSO events and six model realiza-
tions may seem inadequate to come to a conclusion on
statistical significance of the model response to tropical
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SST forcing; a particular ENSO event can be very dif-
ferent from some canonical composite cases. Neverthe-
less, this “case study” is a good test of the model’s abil-
ity to simulate these extreme climate events. The dif-
ferent solutions within the model ensembles could pro-
vide a measure of uncertainty associated with the inter-
nal variability of the atmosphere, since the “observed
solution” is just one of many realizations under the
same forcing conditions. Although figures will not be
shown for brevity, the average model response dis-
cussed was found to be significant when differences be-
tween individual ensemble members were considered
(see, e.g., Branković and Palmer 1996).

Tropical Pacific. The response of the 200 mb vector
wind to the interannual differences in SST forcing in
the tropical Pacific is presented in Fig. 13. In the anal-
ysis (Fig. 13a), the central Pacific wind differences re-
semble the flow anomaly obtained in the Gill (1980)
linear model when forced with a low-level equatorial
heating. On either side of the equator a pair of closed
anticyclonic circulations is clearly seen, associated with
relatively strong easterlies along the equator. The large
magnitude of the Pacific differential circulation in Fig.
13a reflects the differences in the two anomaly fields
driven by a relative strong SST forcing of the opposite
sign. The cyclonic curvature further north in the
Northern Pacific is indicative of negative geopotential
differences, part of a broader PNA teleconnection
wave train pattern.

In the model ensemble averages, both the shape
and intensity of the Pacific differential circulation are
captured reasonably well with all cycles except CY46,
indicating a correct model response to the low-level
heating anomalies. This circulation is very much under-
estimated in CY46. Both CY48 and 12r1 produce real-
istic equatorial easterlies and differential circulation
south of the equator. CY36 produces more realistic dif-
ferences in the northern subtropical Pacific, particular-
ly southerly wind differences between 150 7E and 1807

and a cyclonic curvature along 30 7N. In all cycles apart
from CY46, the westerly differential flow off the South
America western coast is overestimated, and extends
too far across the South American continent into the
Atlantic.

At 850 mb, over the tropical Pacific, the westerly
differences are dominant, i.e. of the opposite sign to
those aloft (not shown). This feature is well repre-
sented in the model, but with too strong a magnitude,
especially in CY36. This may be interpreted as the ten-
dency of the model to enhance the 850 mb divergence
(or reduce convergence) in the western Pacific. The
weakest wind differences are again found in CY46.

Northern extratropics. The response of the northern
extratropical atmosphere to the strong differences in
the equatorial Pacific SST forcing in winters of 1986/87
and 1988/89 is discussed in terms of 500 mb height dif-
ferences (Fig. 14). In the analysis (Fig. 14e), the wave
train structure extends from the tropical Pacific, over
North America, into the tropical Atlantic. Such a wave

train is typical of a positive PNA teleconnection pat-
tern as described in, for example, Horel and Wallace
(1981). In addition, two further centres are seen: posi-
tive in the north Atlantic, between Greenland and Ice-
land, and negative over Europe. Similar to the wind
field, the height differences are of much larger ampli-
tude than in standard anomaly fields for individual sea-
sons (see Fig. 15a).

The model simulated, ensemble mean height differ-
ences between the two winters are shown in Fig. 14a–d.
Apart from CY46, a well-established wave train over
the PNA region, similar to that in the analysis, is seen
for the other model cycles. The North American maxi-
mum and the adjacent oceanic minima are well located
in CY36 and 12r1 when compared with the analysis,
but displaced westward in CY48. On the other hand,
CY48 as well as 12r1 represent well the negative differ-
ences over Europe, which are underestimated in CY36.
In CY36 and CY48, amplitudes of differences over the
PNA region are somewhat weaker than the analyzed
ones, while in 12r1 they are quite realistic. It has to be
borne in mind that weaker amplitudes in an ensemble
mean may reflect the smoothing due to averaging of
three model realizations for a relatively chaotic extra-
tropical atmosphere.

The CY46 representation of interannual variation
for 500 mb heights is very poor (Fig. 14b). The ampli-
tude of differences is much smaller than in the other
three model cycles. A major deficiency is the almost
complete absence of the north Pacific minimum. The
North American maximum is also much weaker and
confined to the Alaskan region; thus no characteristic
PNA wave train pattern in CY46 can be seen.

Another way to assess the ability of the model to
represent interannual variability is to compare the dif-
ference in the frequency of atmospheric large-scale re-
gimes between the El Niño and the La Niña winters.
For this purpose, the five planetary wave clusters dis-
cussed in Sect. 5.2 have been used. Although sampling
problems certainly affect individual winter estimates,
the predominance of the positive-PNA clusters (1 and
2) in 1986/87 and of negative-PNA clusters (3 and 5) in
1988/89 was simulated in all model cycles except CY46,
with 12r1 having the best agreement with observations
(not shown). This is consistent with well-documented
relationships between SST and extratropical flow ano-
malies.

7.2 Model errors in two strong ENSO winters

In this subsection we investigate the relationship be-
tween model simulated interannual variability for sea-
sons DJF 1986/87 and DJF 1988/89, discussed already,
and model mean errors. This is carried out for CY36,
CY48 and 12r1, because, as inferred from Fig. 14, these
model versions give better representation of Northern
Hemisphere interannual variation than CY46. Ideally,
the model error in each year representing strong inter-
annual variation should be small, and the systematic
error pattern should be insensitive to the observed
anomaly.
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Fig. 14a–d. 3-member ensemble mean 500 mb height difference fields
DJF 1986/87 minus DJF 1988/89 for model cycle: a CY36, b CY46, c
CY48, d 12r1 and for e ECMWF analysis. Solid lines positive differ-
ences, dashed lines negative differences. Contours every 2 dam



Fig. 15a–h. DJF 500 mb height analysis anomaly for a 1986/87, b
1988/89; 3-member ensemble mean DJF 500 mb height error for c
CY36 1986/87, d CY36 1988/89, e CY48 1986/87, f CY48 1988/89,

g 12r1 1986/87 and h 12r1 1988/89. Solid lines positive anomalies/
errors, dashed lines negative anomalies/errors. Contours every
2 dam
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Fig. 15. (Continued)

Figure 15a, b shows analyzed 500 mb height ano-
malies for DJF 1986/87 and DJF 1988/89 respectively.
The relatively large amplitudes and the opposite sign
of anomalies over the PNA and Atlantic/European re-
gions are typical of a mid-latitude atmospheric re-
sponse to a strong and opposite equatorial Pacific SST
anomaly forcing.

CY36 ensemble mean errors in both winters are
very similar (Fig. 15c, d). Despite some differences in
the amplitude of errors, the basic error pattern is com-
mon to both winters: a positive error over the northern
Pacific, a negative error over the Alaskan region and
positive again over the eastern coast of North Ameri-
ca. In the La Niña winter (Fig. 15d), due to a stronger
negative error over Alaska, the Atlantic/European er-
ror dipole is shifted southeastward. The occurrence of
large and similar errors in these two winters, despite
different SST anomaly boundary forcing, is indicative
of a strong systematic bias in CY36 (see also the t-sta-
tistic in Fig. 1a).

On the other hand, the CY48 errors (Fig. 15e, f)
over the PNA region in DJF 1986/87 are different from
those in DJF 1988/89. Positive error over the north Pa-
cific in the El Niño winter (where the analysis anomaly
is negative) is replaced with a relative strong negative
error in the La Niña winter (when the analysis anoma-
ly is positive). Again, over the eastern part of North
America errors in these two winters are of the opposite
sign (and opposite to the analysis anomalies). Overall,
the mean error pattern in CY48 behaves less systemati-
cally in comparison with CY36. The fact that CY48 er-
rors over much of the Northern Hemisphere are al-
most opposite to observed anomalies would imply that
CY48 tends to underestimate the response to SST ano-
malies.

Though cycle 12r1 errors (Fig. 15g, h) may appear
similar to those of CY48, the main differences are the
following. The 12r1 error amplitudes are larger than in
CY48 over the Atlantic/European and Asian regions in

Table 2. The 500 mb height correlation coefficients between anal-
ysis anomalies and model ensemble mean errors for El Niño and
La Niña winters

DJF 1986/87 DJF 1988/89

PNA Atlantic/Europe PNA Atlantic/Europe

CY36 P0.45 P0.67 0.02 P0.48
CY48 P0.68 P0.80 P0.60 P0.56
12r1 P0.15 P0.66 P0.18 P0.35

the El Niño winter and smaller (over the same regions)
in the La Niña winter. A detailed inspection of Fig.
15g, h indicates a slight eastward shift in the position-
ing of the PNA error centres in 12r1 relative to CY48.
The reduced systematic error of 12r1 in the Pacific re-
gion, shown in Fig. 2d, seems to have played an impor-
tant role in a relatively successful representation of in-
terannual variability by this model cycle, as shown in
Fig. 14d.

This discussion is further supported by the 500 mb
height correlation coefficients between analyzed ano-
malies and model errors for the two winters. These are
shown in Table 2 for the PNA and Atlantic/European
regions. (The regions’ boundaries are identical to those
defined in Branković et al. 1994.) If the model error
pattern was identical to the analysis anomaly pattern
but of the opposite sign, the correlation coefficient
would be exactly P1. Table 2 shows that in both win-
ters, CY48 has the strongest tendency to counteract
analyzed anomalies, consistent with the discussion ear-
lier. 12r1 seems to be superior to CY36 because, on
average, it has weaker correlations than CY36.

8 Summary and conclusions

Four different versions (cycles) of the ECMWF NWP
model have been integrated at low (T63) resolution on
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the seasonal time scale in order to study the influence
of various model formulations on model climate. The
model versions, denoted as cycles 36, 46, 48 and 12r1,
differ primarily in the representation of physical pro-
cesses, but in cycle 12r1 a higher vertical resolution was
also used for technical reasons (however, without
changing the model vertical domain). The successive
cycles were introduced in ECMWF operations over the
period of about four years, from 1990 to 1994.

For five northern winter seasons (DJF 1986/87 to
1990/91) three 120-day experiments, initiated from ini-
tial data one day apart, were run for each model cycle.
The four model climatologies were derived as averages
of 15 integrations in each cycle. In the first three cycles
the observed SST was updated every five days
throughout the experiment integration, but was up-
dated daily in cycle 12r1.

With the introduction of cycle 48, an apparent im-
provement in the Northern Hemisphere wintertime cli-
mate of ECMWF model has been observed. A strong
systematic bias in the earlier cycles in the Northern
Hemisphere, associated with an overestimation of the
zonal flow in the eastern Pacific and a weak diffluence
over western North America, was reduced and re-
placed by more realistic ridging over the north Pacific/
Alaskan region. This error has been further reduced in
cycle 12r1. The improvement is associated with a re-
duction in the temperature error over the northeastern
Pacific. A reduction of errors in zonally averaged zonal
wind and eddy kinetic energy is also evident.

While cycle 46 exhibits reduced model errors in the
Southern Hemisphere summer, its contribution to the
Northern Hemisphere winter mean flow is not evident.
It was argued that the impact of the revised cloud
shortwave optical properties introduced with cycle 46
is strongly susceptible to seasonal forcing. However,
other model changes introduced between cycle 36 and
cycle 46 may also have contributed to the reduction of
the Southern Hemisphere errors.

The frequency of blocking with cycle 12r1 is much
more realistic over the north Pacific region when com-
pared with the other three cycles, though it was slightly
improved already in cycle 48. It was argued that this
improved representation of the northern Pacific block
is due to more efficient diabatic response to the warm
SSTs over the western equatorial Pacific. A slight dete-
rioration of blocking frequency in cycle 12r1 over the
Atlantic/European region is associated with the
strengthening of the Atlantic jet in comparison with
the other cycles.

Different possible mechanisms may be considered
to be the cause of an increase in the frequency of
blocking events over the north Pacific region with cycle
12r1. Hoerling and Ting (1994) discussed the relative
importance of tropical Pacific diabatic heating and ex-
tratropical transient forcing in the maintaining the ex-
tratropical wave train over the PNA region. Here, the
main contribution to the anomalous transient forcing
comes from high frequency baroclinic waves associated
with the North Pacific storm track. According to Fig. 5,
the North Pacific high-frequency variability in cycle

12r1 is somewhat weakened in comparison with other
model cycles. On the basis of these simple arguments,
it seems feasible to ascribe an improved frequency of
Pacific blocks in cycle 12r1 to (a more efficient) tropi-
cal forcing. However, a more detailed diagnostics is re-
quired to fully substantiate or otherwise such a hypo-
thesis.

Not all parameters exhibited an improvement in the
climate drift in successive cycles. For example, in the
lower troposphere a negative temperature error has
slightly increased over the oceans from cycle 46 to cy-
cle 48. This is associated with an increase in the lower
tropospheric humidity in cycle 48 relative to cycle 46.
There was a small increase in the height of the PBL in
cycle 48 due to the introduction of entrainment at the
top of the PBL. Such an increase causes, on average,
the 850 mb level to occur more often in or below the
PBL inversion and therefore temperature at 850 mb
decreases and moisture increases. The effect of the en-
trainment in shallow convection also contributes to the
moistening around 850 mb level.

A relative warming over the tropical continents, on
the other hand, implies further drying and larger errors
in cycles 48 and 12r1. A strong polar stratospheric
cooling in both hemispheres is still seen in cycle 12r1,
however, this has been greatly reduced in the Southern
(summer) Hemisphere. A warming of the tropical low-
er stratosphere, which became apparent with the intro-
duction of cycle 46, is still very much evident in cycle
12r1. This error is not unique to seasonal integrations,
it has been also seen in the ECMWF operational me-
dium-range forecasts.

The Hadley circulation, which was somewhat wea-
kened from cycle 36 to cycle 46, has become more in-
tense again with the later cycles. The lower branch of
the large-scale tropical ascent is now overestimated
when compared with the operational analysis (which,
however, is likely to be deficient in this respect). This is
associated with an intensification in convective rainfall
within the tropical convergence zones in cycles 48 and
12r1, particularly over the Pacific, and to a more active
shallow convection in these cycles. Another prominent
feature of the later cycles is the concentration of tropi-
cal precipitation into relatively narrow bands that rep-
resent the main tropical convergence zones. Lack of
observations to provide climatological data makes the
verification of the Southern Hemisphere model preci-
pitation uncertain.

In terms of representing the Northern Hemisphere
circulation, model cycles 36 and 46 are comparable and
cycles 48 and 12r1 can be regarded as improvements
over the former two cycles. Cycle 36 has a relatively
strong systematic bias which is insensitive to analysis
anomalies in winters of 1986/87 and 1988/89. In simu-
lating interannual variability for the two strong and op-
posite ENSO-index winters, cycle 46 is the least suc-
cessful. This interannual variation seems to be most re-
alistically represented with cycle 12r1. The relatively
small mean errors in cycle 48 are explained by a partial
offset between model errors in strong and opposite
ENSO years. Such a model behaviour requires a cau-
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tious interpretation of the model representation of in-
terannual variation in the presence of strong and oppo-
site SST forcings (see also Mo and Wang 1995).

Verifications of modelled low-frequency variability
in terms of frequency of the Northern Hemisphere
flow regimes indicate a reasonable similarity between
analyzed and modelled frequencies for all cycles when
results from the whole set of experiments are com-
pared with the 5-year and 12-year analysis data. The
interannual variability of cluster frequencies between
opposite ENSO phases is reproduced most satisfactori-
ly by cycle 12r1.

Overall, the most recent ECMWF model versions,
cycle 48 and especially cycle 12r1, have generally a bet-
ter wintertime climatology than earlier versions. On
seasonal time scales, some of the model systematic er-
rors have been steadily reduced and the model’s ability
to reproduce interannual variations has been im-
proved. Consistently with the results of other studies
(e.g. Miyakoda et al. 1983; Sirutis and Miyakoda 1990;
Hurrell 1995), we have shown that the development of
more sophisticated physical parametrizations led to
substantial improvements in the ECMWF model cli-
mate. However, despite such improvements the pro-
cess of diagnosing and correcting deficiencies in the
ECMWF model climate still requires considerable ef-
fort and seasonal integrations have proved to be a val-
uable complement to the diagnostics of operational
forecasts.
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