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ABSTRACT

Blocking regimes simulated in a spectral 3-level quasi-geostrophic model have been examined
and compared with observations. A control experiment and perturbation experiments have been
performed using different constant and time-varying external forcing fields. The main emphasis
of this paper is to determine the signal to noise ratio of the effects of anomalous external forcing
and the natural variations in blocking activity. Forcing the model with the climatological winter
mean external forcing, a control experiment has been carried out for 500 winters. The model
simulates accurately the structure of the blocking pattern, as well as its effect on the transient
weather systems. It also produces approximately the same number of blocking days as in the
observations. However, the average duration of the simulated blocking regimes is about one day
shorter than the observed one. The interannual variability in blocking activity is similar to the
observations. The model also produces substantial long-term variations in blocking activity on
a time-scale of decades. The observed climatological intrasecasonal variations in the external
forcing field appear to have a negligible effect on the mean blocking activity and its interannual
variability. Observed interannual changes in the forcing configuration significantly affect the
probability for a blocking circulation to occur. However, if we include the year-to-year changes
in external forcing, the model generates only slightly larger interannual variations in blocking
activity as compared to the control experiment with constant climatological forcing. So it seems
that the observed interannual variability of blocking in winter is predominantly internally

generated and changes in external forcing fields are of secondary importance.

1. Introduction

A significant part of atmospheric low-frequency
variability is that associated with the interannual
variations in the occurrence of blocking. The
character of individual months or even seasons can
be predominantly determined by the occurrence or
non-occurrence of blocking in middle and high
latitudes. The observed interannual variations in
the occurrence of blocking may be considered to
consist of two parts. One part simply reflects the
complex dynamical properties of the atmosphere.
Low-frequency variability can arise naturally as a
result of the nonlinear internal dynamics of the
atmosphere. The other part results from changes in
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the boundary conditions, which is referred to as
the external forcing in this paper. Although earlier
studies have indicated that both the external forc-
ing and the internal dynamics of the atmosphere
may play a role in causing interannual variations
in the occurrence of blocking, a clear picture is still
lacking. Namias (1964) suggested that anomalies
in the North Atlantic sea surface temperatures
(SST) and the cold-season snow cover over
Scandinavia are important ingredients for the
frequent and persistent blocking activity over
Northern Europe during all seasons from late 1958
through early 1960. White and Clark (1975) have
related the blocking activity over the North Pacific
to the sensible heat flux from the underlying water.
They found them to be negatively correlated. In a
general circulation model (GCM) experiment,
Mullen (1989) investigated the impact of Pacific
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SST anomalies on blocking activity over the
North Pacific ocean. He found that Pacific SST
anomalies do not strongly affect the total number
of blocking days in the North Pacific basin, but
they do affect the preferred regions where blocking
ridges are likely to occur in the basin. Although
these studies indicate that anomalies in external
forcing do play a role in generating interannual
variations in blocking activity, the signal to noise
ratio of the effects of external forcing as compared
to the natural low-frequency variability of block-
ing is not investigated. Many studies (Lau, 1981;
Manabe and Hahn, 1981; Chervin, 1986) have
shown that even without any anomalous external
forcing, a GCM produces a considerable amount
of low-frequency variability in middle and high
latitudes. These results seem to indicate that the
observed interannual variations in the occurrence
of blocking can to a substantial part be considered
as a manifestation of the natural variability of the
atmosphere.

In this paper, blocking regimes over the North
Atlantic are studied within the context of a spectral
3-level quasi-geostrophic (QG) model. A control
experiment and a few sensitivity experiments have
been carried out using different external forcing
fields. In the control experiment, the QG model is
forced by the climatological mean forcing fields
of ten winter seasons (1982/83 to 1991/92). The
control experiment has been carried out for
500 winters. The ability and limitations of the
QG model to produce and maintain the blocking
regimes have been investigated. The interannual
variations in blocking activity as simulated by the
model have been analysed and compared with the
observed variability. As the control experiment
was carried out with perpetual climatological
forcing, the simulated interannual variations can
be considered to reflect the natural variability of
the model atmosphere.

Observational studies (Lamb and Johnson, 1966;
Lamb, 1972; Schuurmans, 1975; Makrogiannis
etal,, 1982; Bardossy and Caspary, 1990) have
shown that blocking activity exhibits significant
long-term variations on time scales up to a few
decades. The model simulated secular variations in
blocking activity have been analysed to determine
whether or not these observed long-term varia-
tions in blocking activity can be generated inter-
nally.

Liu (1994) has shown that a strong zonal flow
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regime over the Atlantic has approximately the
same anomaly pattern as the Atlantic blocking
regime but with opposite sign. The average dura-
tion of both regimes is about the same. The strong
zonal flow regime as simulated by the model
has also been analysed and compared with the
observations.

The results of the control experiment are pre-
sented in Subsection 3.1. In order to investigate
the sensitivity of the model simulated blocking
activity to the climatological intraseasonal varia-
tions in external forcing, we have performed a
model experiment in which we include these intra-
seasonal variations. The results of this experiment
are presented in Subsection 3.2. In Section 4,
10 sensitivity experiments are performed to
investigate the sensitivity of the model-simulated
blocking activity to the precise configuration of the
seasonal mean external forcing field. In order to
determine the effect of the year-to-year changes in
external forcing on the interannual variations in
blocking activity, we have integrated the model
changing the forcing from one winter to another.
The results of this experiment are presented in
Section S. Finally, the summary and conclusions
are presented in Section 6.

2. Model description and experimental design

The numerical results described in this paper
were obtained using a spectral 3-level quasi-
geostrophic model developed by Molteni. The
horizontal resolution of the model is triangular 21
(T21). The model has been discussed in detail
in Marshall and Molteni (1993). Here we briefly
summarize the model equations and the method
of deriving the forcing terms of the model. The
model integrates prognostic equations for quasi-
geostrophic potential vorticity at three levels. The
equations have the form:

0q,
= _—J(Y,, q)—D,+F,,
at ('ﬁl’ql) l+ 3

where the index i=1, 2, 3 refers to the pressure
level of 200 hPa, 500 hPa and 800 hPa respec-
tively. g¢; is potential vorticity. i, is streamfunction.
D; is a linear operator representing dissipative

terms and F; the forcing term. Potential vorticity g,
is defined as:
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@ =V, =R —¥2) + f,
=V + R W —¥2) — R — Y3) + f,
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where f =2Q sin ®. R, (700 km) and R, (450 km)
are Rossby radii of deformation appropriate to the
200-500 hPa layer and the 500-800 hPa layer
respectively.  is the orographic height and H, a
scale height (9 km).

The dissipative terms D, include the contribu-
tions from the effects of temperature relaxation
with an e-folding time scale of 25 days. Linear drag
on the 800 hPa wind with a time scale of 3 days
over the oceans, 2 days over the low-altitude land
and 1.5 days over mountains above 2 km. A strong
scale-selective horizontal diffusion damps har-
monics of total wavenumber 21 on a 2 days time
scale.

In order to be able to simulate the atmospheric
mean state and its variability on various time
scales for a certain period, the net forcing acting on
the large-scale must be known. Computing the
forcing directly from the observations would be a
tremendous if not impossible task. We therefore
chose a sort of inverse technique as in Roads
(1987). Using the observed path in phase space for
an extended period of time, assuming that the
model is a perfect copy of the atmospheric large-
scale circulation and that the net forcing acting
on the large-scale circulation can be considered
constant over the period, the external forcing can
be computed as the residue of the various time-
average terms in the equations:

F=J(y,q)+DW)+J(', q'),

where the overbar denotes a time mean and a
prime denotes a deviation from the time mean.
The mean and transient eddy terms representing
the external forcing in the control experiment are
computed from the daily (12 UTC) European
Center for Medium Range Weather Forecasts
(ECMWF) streamfunction analyses for a period of
10 winter seasons from 1982/83 to 1991/92. As an
example, the external forcing field at 500 hPa is
displayed in Fig. 1. It has been converted into a
streamfunction forcing and multiplied by dr=1
day. Thus Fig. 1 represents the external forcing
applied to the streamfunction fields of the atmo-
sphere per day. In the middle and high latitudes,
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Fig. 1. The climatological mean external forcing for the
10 winter seasons from 1982/83 to 1991/92. It has been
converted into a streamfunction forcing and multiplied
by dz=1 day. Contour interval 0.8 x 10° m?%/s.

the external forcing has two negative centers over
the Asian and North American continents and two
positive centers over the Pacific and Atlantic/
European regions. This corresponds well to the
main climatological troughs and ridges of the
observed atmosphere. Forcing the QG model with
this external forcing, a perpetual winter integra-
tion has been carried out for 50000 days after a
spin-up period of 270 days. These 50000 days are
divided into 500 independent winters of 90 days
duration by omitting the first 10 days of each 100
day period and retaining the next 90 days. The
model output in streamfunction is converted into
geopotential height using the linear balance
equation.

The model results at 500 hPa have been com-
pared with observations. The observational data set
contains the Northern Hemisphere daily (12 UTC)
500 hPa geopotential height analyses from the
ECMWEF for the 10 winter seasons from 1982/83 to
1991/92. The winter season consists of December,
January and February. For detailed information
about the observed data set, we refer to Liu (1994).

In order to investigate the sensitivity of the
model atmosphere to the climatological intra-
seasonal variations in external forcing, we have
performed a model experiment in which we include
these intraseasonal variations. The external forcing
is computed in the same way as in the control
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experiment but on a daily basis. For each day of a
particular winter, the monthly mean and transient
eddy terms representing the monthly mean exter-
nal forcing centered around that particular day is
computed from 31 days of ECMWF analyses. For
example, the forcing centered around 1 December
1982 is computed from the ECMWF streamfunc-
tion analyses of 15 November to 15 December
1982. The climatological mean external forcing for
a particular day is then computed by averaging the
forcing fields of that day over the 10 observed
winters. The model experiment has been carried
out for 100 independent winters. A winter contains
90 days, each of them is forced by the climatologi-
cal mean external forcing for that particular day.

In Section 4, the results of ten sensitivity experi-
ments are described that have been performed to
investigate the sensitivity of the model simulated
blocking activity to the precise potential vorticity
forcing configuration. Instead of using the climato-
logical mean forcing fields we compute the forcing
fields for the 10 individual winter seasons of
1982/83 to 1991/92. Forcing the model with the
forcing fields of each of the individual winters, ten
experiments have been performed. Each of them
has been carried out for 10000 days and, similar to
the control experiment, from this data set 100 inde-
pendent winters of 90 days duration were formed.

In order to investigate the effect of the year to
year changes in external forcing on the interannual
variations in blocking activity, we ran the model
with the forcing changing from one winter to
another in Section 5. For the forcing fields we
randomly pick one of the ten observed forcing
fields as computed for the winter seasons of
1982/83 to 1991/92 and generate a data set of 500
independent winters. In practice, we randomly
select 500 simulated winters from the ten sensi-
tivity experiments as described above and consider
this one possible realisation of a time series of 500
independent winters.

3. Climatological forcing

3.1. Perpetual climatological forcing: the control
experiment
3.1.1. Comparison of observed and simulated
statistics. Fig. 2a,b shows the observed and model
simulated mean 500 hPa geopotential height
fields for the Northern Hemisphere. The observed
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Fig. 2. Northern Hemisphere mean 500 hPa geopoten-
tial height fields for (a) observations and (b) model
simulation. Contour interval 80 m.

planetary-scale stationary features are well repro-
duced. The main climatological troughs and ridges
are in the right position and have approximately
the correct amplitudes. Fig. 3 shows the observed
and simulated standard deviations of the daily
500 hPa geopotential heights. There is general
agreement in the overall structure of the variance
fields. The model is able to simulate the maxima
over the Pacific and Atlantic ocean. There are,
however, some deficiencies. The simulated Pacific
maximum is slightly too strong and the Atlantic

Tellus 47A (1995), S, 2
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Fig. 3. Northern Hemisphere standard deviation of daily
geopotential height at 500 hPa for (a) observations and
(b) model simulation. Contour interval 15 m.

maximum is located too far to the north. The
simulated high and low-frequency variance pat-
terns and the principal empirical orthogonal func-
tions (EOFs) at 500 hPa have also been computed
(not shown). They are all in good agreement with
their observed counterparts.

Liu (1994) has shown that observed blocking is
associated with large positive 500 hPa geopoten-
tial height anomalies and strong zonal flow with
large negative anomalies centered at about 60°N.
The longitudinal distribution of large positive and
negative 500 hPa geopotential height anomalies
at 60°N has been computed for the observations
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and model simulation. For each day of the obser-
vations and model simulation, the geopotential
height anomaly from the corresponding climato-
logical mean has been computed at each longi-
tudinal point at 60°N. We call this time series
ZA60(4), where A represents longitude. Fig. 4a, b,
respectively, show the mean number of days
per winter that satisfy ZA60(4)=>100m and
ZA60(1) < —100 m as a function of A. The solid
line is for the observations and the dashed line for
the model simulation. The model reproduces
approximately the observed longitudinal distribu-
tion of large geopotential height anomalies at
60°N. Particularly, it simulates the two preferred
regions for blocking and strong zonal flow over the
northeastern Atlantic and northeastern Pacific
with only minor deficiencies. The discrepancy with
the observations is relatively small and may partly
be attributed to sampling errors of the observa-
tional data set, as we are comparing a 500-winter
model simulation with only a 10-winter observa-
tional data set. We will discuss this sample
problem in detail in Subsection 3.1.5.

3.1.2. Structure of the model simulated blocking.
Liu (1994) has investigated the spatial structure
of the observed Atlantic blocking by analyzing
the composite mean and anomalies in 500 hPa
geopotential height for the days with large positive
geopotential height anomalies at 60°N. The same
analysis technique has been applied to the model
simulation. For each model day, the latitudinal
mean anomaly of 500 hPa geopotential height
over the Atlantic and western European areas has
been computed at 60°N. We call it ZA60. It is
computed by averaging the daily geopotential
height anomalies at 16 grid points from about
55°W to 30°E:

16

Y ZA60(i)

i=1
ZA60 = T ,
where i =1 to 16 represents longitudinal points of
A=155°W to 30°E.

In the same way as in Liu (1994), 10000 days
(out of 45000 days) with the largest positive
anomalous values of ZA60 have been selected. The
mean state of these 10000 days and its anomalies
from the climatological mean of the model simula-
tion are shown in Fig. 5a, b. They are very similar
to the fields derived from the above mentioned
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Fig. 4. Number of days per winter that satisfy (a) ZA60(4)> 100 m and (b) ZA60(4) < —100 m as a function of
longitude. The solid line is for observations and the dashed line for the model simulation.

observational data set (Fig. 2a, b of Liu, 1994).
Fig. 5a displays the typical blocking pattern of Rex
(1950) over the North Atlantic ocean. The center
of the blocking high is located at about 50°N. The
anomaly pattern of Fig.5b is dominated by a
strong positive anomaly centered at about 60°N
and a negative anomaly south of it. It has also
approximately the same amplitude as the observed
anomaly pattern. The band-pass filtered (2 to 6
days) standard deviation of the daily 500 hPa
geopotential heights for these 10000 days has been
computed (not shown). We find that the activity of
the transient weather disturbances is weakened
near the center of the blocking high and enhanced
north of it. This is also in agreement with observa-
tions (Liu, 1994). So it appears that the QG model
simulates quite well the blocking pattern as well as
its effect on the transient disturbances.

Fig. 6a, b shows the composite mean and anom-
alous 500 hPa geopotential height field for the

10000 days with the largest negative anomalous
values of ZA60. Again, they are in very good agree-
ment with observations (Liu, 1994). The mean
field is a typical high zonal index flow over the
North Atlantic and western European areas. The
simulated strong zonal flow regime has approxi-
mately the same anomaly pattern as the blocking
regime but with opposite sign. It is characterized
by a large negative anomaly centered at 60°N and
a positive anomaly south of it.

3.1.3. The frequency and persistence of the model
simulated blocking. As blocking and strong zonal
flow regimes over the North Atlantic and western
European areas are associated with approximately
the same anomaly pattern with opposite sign, a
single blocking index is used to measure the resem-
blance of a particular circulation pattern with the
blocking regime or the strong zonal flow regime.
To do this, each of the daily 500 hPa geopotential
height anomaly fields has been projected onto the

Tellus 47A (1995), 5, 2
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Fig.5. (a) The mean and (b) its anomalies from the
climatological mean of the 500 hPa geopotential height
for the 10000 days with the largest positive anomalous
values of ZA60. Contour interval is 80 m in (a) and 20 m
in (b).

simulated blocking anomaly pattern of Fig. 5b.
The projection area is the Atlantic-European area
from 10°N to 85°N and from 90°W to 60°E. We
call it blocking index (BINX). Following Liu
(1994), the blocking index is defined as:

<zb5 Zd>

BINX = .
<zbs Zb>

where z,, is the blocking anomaly field in geopo-
tential height and z, the daily geopotential
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height anomaly field. The angle brackets denote a
squared norm inner product. To filter out the brief
transient interruption, the blocking index has been
smoothed by applying a S5-day running mean
smoother.

Table 1 gives the total number of blocking days
and events for the model simulation, normalized to
10 winters. A blocking day is defined as a day with
BINX >0.5 and a blocking event is defined as a
period of consecutive days for which BINX >0.5.
For comparison, the number of blocking days
and events for the observations are also given
in Table 1. They are computed from the 5-day run-
ning mean blocking index data for the observed
10-winter period (Liu, 1994). Note that in order
to achieve consistency, the blocking index for
the observations is computed by projecting the
daily geopotential height anomaly fields onto the
observed blocking anomaly pattern (Fig.2b in
Liu, 1994). This observed blocking anomaly pat-
tern differs slightly from the simulated blocking
anomaly pattern of Fig. 5Sb. However, this dif-
ference is very small. Table 1 shows that the QG
model produces approximately the same number
of blocking days as observed in the 10-winter
period. However, the model produces too many
short-lived blocking events and consequently,
the average duration of the simulated blocking
regimes (8.1 days) is about one day shorter than
the observed one (9.3 days).

The same analysis has been applied for the strong
zonal flow regime (BINX < —0.5). The results are
summarized in Table 2. Again, the model produces
approximately the same number of strong zonal
flow days as observed, but the average duration of
the simulated strong zonal flow regimes is about
one and half day shorter than the observed one.
Also, the model produces approximately the same
number of blocking and strong zonal flow days.

Table 1. Number of blocking days and events
(BINX = 0.5, normalized to 10 winters), and the
average duration of the blocking regimes in obser-
vations and the control experiment

Observations Model

no. blocking days 233 226
no. blocking events 25 28
average duration of blocking 9.3 8.1
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Table 2. Number of strong zonal flow (SZF)
days and events (BINX < —0.5, normalized to 10
winters), and the average duration of the strong
zonal flow regimes in observations and the control
experiment

Observations  Model
no. SZF days 242 229
no. SZF events 26 30
average duration of SZF 9.3 7.6

This corresponds to the results for the observed
10 winters dataset (Liu, 1994). We notice that the
model simulated strong zonal flow regime is
slightly less persistent than the simulated blocking
regime. However, the difference is small (0.5 days).

Computations have also been done using dif-
ferent blocking index threshold values from 0.6 to
0.9. Still, the model produces approximately the
same number of blocking and strong zonal flow
days as in the observations and the average dura-
tion of the simulated regimes is slightly shorter
than the observed. To test the sensitivity of our
results to small changes in the structure of the
blocking anomaly pattern, we have also projected
the daily anomaly patterns to the strong zonal flow
anomaly pattern of Fig. 6b. The results remain
almost identical as summarized in Table 1 and 2.

Summarizing, the QG model produces approxi-
mately the same number of blocking days as in the
observations. However, the probabilities for long
lasting regimes are substantially lower than in the
observations. This discrepancy may partly be
attributed to sampling errors in the 10-year
dataset. As can be shown both from observations
and our model simulation, there exists substantial
decadal variability in the occurrence and per-
sistence of blocking.

3.1.4. The interannual and decadal variations in
blocking activity. Fig. 7a, b displays, for observa-
tions and the first 10 winters of model simulation,
the number of blocking (BINX >0.5) and strong
zonal flow (BINX < —0.5) days over the North
Atlantic and western European areas per winter.
It is evident that the interannual variations in
blocking and strong zonal flow activity are sub-
stantial both in the observations and the model
results. From the 10 observed winters, the 1989/90
winter has the lowest number of blocking days (8),
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Fig. 6. Same as Fig. 5, but for the 10000 days with the
largest negative anomalous values of ZA60.

while the winter of 1991/92 has 39 days of blocked
flow. The mean of the 10 observed winters is 23.3
blocking days with a standard deviation of 10.4
days. For the model simulation, the number of
blocking days varies from 3 days in model winter
8 to 36 days in model winter 5. The mean of the
10 model winters is 14.7 blocking days with a
standard deviation of 11.3 days. For the entire
period of 500 model winters, the number of block-
ing days of each winter varies from 0 to 82 days.
The mean is 22.6 blocking days and the standard
deviation is 15.3 days.
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Fig. 7. The number of blocking and strong zonal flow
days per winter over the North Atlantic and western
Europe for (a) observations and (b) the first 10 winters
of the model simulation.

Observational studies (Lamb and Johnson, 1966;
Lamb, 1972; Schuurmans, 1975; Makrogiannis
etal, 1982; Bardossy and Caspary, 1990) have
shown that the occurrence of blocking exhibits
long-term variations on various time scales up to a
few decades. These studies indicate that blocking
activity over North Atlantic has been relatively
frequent in the last 20 years of the 19th century and
since about 1950, with more zonal circulations
predominating in the intervening period. Fig.38
shows, for the 500 winters of the model simulation,
the number of blocking days over the North Atlan-
tic and western European areas per winter. The
dashed line represents the number of blocking days
at each winter. The thick solid line is the 11-year
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running mean. The thin solid line represents the
average number of blocking days per winter for
the whole period of 500 model winters (22.6 days).
Fig. 8 shows that while the number of blocking
days exhibits strong random fluctuations from
one winter to another, long-term variations in
blocking activity occur on various time scales up
to a few decades which are similar to the observed
variations. For example, the model has generated
a pertod of about 40 winters (from about model
winter 45 to winter 85) with stronger than normal
blocking activity and a period of about 50 winters
(from about model winter 200 to 249) with weaker
than normal blocking activity. The average num-
ber of blocking days per winter is about 30 during
the first period and 18 during the second period.
The decadal variations in blocking activity are
even larger. For the 11-year running mean data,
the average number of blocking days per winter
varies from 13.5 days in model winter 434 to 444
to 38.3 days in model winter 66 to 76. Power
spectrum analysis (not shown) indicates that the
simulated fluctuations in the number of blocking
days can be represented approximately as a white
noise process. So it is not necessary to assume
some very low-frequency anomalous forcing to
explain decadal variability in blocking activity.

Fig. 9 shows the secular variation in blocking
duration for the 500-winter model simulation. The
dashed line represents the average duration of
blocking at each winter. The thick solid line is the
11-year running mean. The thin solid line repre-
sents the climatological mean blocking duration of
the model simulation (8.1 days). Again, long-term
variations in blocking duration occur on various
time scales up to a few decades. For the 11-year
running mean data, the average duration of the
blocking regimes varies from 4.9 days in model
winter 289 to 299 to 16.9 days in model winter 263
to 273.

As the QG model accurately simulates the
observed blocking structure as well as the inter-
annual and decadal variations in blocking activity
without any anomalously imposed external forcing,
we conclude that blocking is predominantly an
internally generated phenomenon. However, this
result does not exclude the possibility that inter-
annual variations in external forcing are also
significantly contributing to the interannual varia-
tions in blocking activity. We will investigate this
in the following sections.
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Fig. 8. The number of blocking days per winter for the 500 winters control run. The dashed line represents the number
of blocking days at each winter. The thick solid line is the 11-year running mean. The thin solid line represents the
average number of blocking days per winter for the whole period of 500 model winters.

3.1.5. Discussion of GCM results. The simula-
tion of blocking in GCMs has been examined in
many studies. While all of these studies have
demonstrated that GCMs can produce realistic
blocking patterns, they disagree with respect to the
ability of GCMs to reproduce the observed
climatology of blocking. Shukla et al. (1981) found
that the climate model of the Goddard Laboratory
for Atmospheric Sciences does not simulate the
location, intensity and duration of the observed
blocking events. Mansfield (1981) examined the
blocking in the British Meteorological Office
GCM. He showed that the model reproduces the
observed distributions of blocking in both time
and space. The main failing in the model is its
inability to maintain blocking. Blackmon et al.
(1986) examined blocking in a 1200-day perpetual
January run of the NCAR’s Community Climate
Model. They showed that the model reproduces
the observed persistence of blocking over the
Atlantic and Pacific oceans. It also produces a

realistic number of blocking events over the Pacific
ocean. However, the model does not produce the
observed number of blocking events over the
Atlantic ocean. Dugas and Derome (1992) noticed
that the Canadian Climate Center GCM can not
simulate the correct frequency of the occurrence of
persistent anomalies. Anderson (1993) showed
that for the winter season, the Medium-Range
Forecast Model of the U.S. National Meteorologi-
cal Center produces a realistic number of blocking
events over the Atlantic and Pacific oceans, and
the simulated blocking events persist slightly
longer than the observed blocking events.

While many possible factors have been sug-
gested for causing the different results of the above
GCM experiments (Shukla, 1982; Tibaldi and
Molteni, 1990; Anderson, 1993), it is important to
bear in mind that only relatively small samples of
data have been analysed in the above mentioned
studies. We have shown that even without any
anomalously imposed external forcing, a QG
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Fig. 9. The average duration of the blocking regimes at each winter for the control experiment. The dashed line
represents the average duration of blocking at each winter. The thick solid line is the 11-year running mean. The thin
solid line represents the climatological mean blocking duration of the model simulation.

model internally generates substantial decadal
variations in blocking activity. This is not only
true for the number of blocking days, but also for
the mean duration of blocking. As the observed
and GCM simulated data sets of the above men-
tioned studies are in general not much longer than
a decade, the controversial results may partly be
caused by unrepresentative sampling and can not
totally be attributed to model errors or errors in
the boundary conditions.

3.2. The inclusion of the climatological intra-
seasonal variations in forcing

In order to investigate the sensitivity of the
model atmosphere to the climatological intrasea-
sonal variations in external forcing, we performed
a model experiment in which we included these
intraseasonal variations. As described in Section 2,
we computed the climatological mean external
forcing fields on a daily basis. The model experi-
ment has been carried out for 100 independent
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winters. A winter contains 90 days, each of them is
forced by the climatological mean external forcing
for that particular day. The model simulated a
mean of 23.0 blocking days per winter with a
standard deviation of 14.4 days. This is almost
the same as in the control experiment. It also
generated almost the same decadal variations in
blocking activity as in the control experiment.
So with respect to the mean and interannual
variations in blocking activity, the effect of intra-
seasonal variations in external forcing is negligible.

4. Impact of the seasonal mean forcing

We next investigated the sensitivity of the model
simulated blocking activity to the precise potential
vorticity forcing configuration. Instead of using the
climatological winter mean forcing field, we have
forced the model with the forcing fields of the ten
individual winters. Each of the ten experiments has
been carried out for 100 independent winters.
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For each of the ten experiments the blocking
index is computed by projecting the daily 500 hPa
geopotential height anomaly fields (with respect to
the climatological mean state of the control run)
onto the blocking anomaly pattern of Fig. 5b.
Same as in the control experiment, the blocking
index is smoothed by applying a 5-day running
mean smoother and the number of days satisfying
BINX = 0.5 has been computed for each of the ten
experiments.

The number of blocking days simulated in these
experiments are given in Table 3. There are large
differences in model simulated blocking activity.
The model simulates a mean of 15.1 blocking days
per winter when it is forced by the forcing field of
the 1983/84 winter, and a mean of 48.6 blocking
days per winter when it is forced by the forcing
field of the 1987/88 winter. This result indicates
that blocking in the quasi-geostrophic model is
sensitive to the forcing configuration and that
changes in the forcing can have quite a substan-
tial impact on the probability for blocking to
occur. Comparing the simulated mean number of
blocking days for the ten winters with the actually
observed number of blocking days in those
winters, it appears that 6 of the 10 are within one
standard deviation from the simulated mean. This
is what can be expected if we do a random drawing
from the simulated data set for those ten years. So
the model results of Table 3 are not contradicted
by the observations.

The strong sensitivity of the model simulated
blocking activity to the forcing configuration as

Table 3. The mean and interannual variations in
blocking activity simulated in the 10 sensitivity
experiments ; these experiments are forced with the
Sforcing fields of each of the 10 individual winter
seasons of 1982/83 to 1991/92

Blocking days per winter Standard deviation

82/83 20.7 10.8
83/84 15.1 12.1
84/85 373 184
85/86 235 14.3
86/87 16.6 11.2
87/88 48.6 16.2
88/89 396 18.2
89/90 233 153
90/91 25.9 13.8
91/92 20.1 139
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demonstrated in this section does not necessarily
mean that the interannual variations in external
forcing will significantly change the interannual
variability in blocking activity as compared to the
result for the climatological seasonal mean forcing.
As shown in Table 3, each of the experiments also
generates strong interannual variations in block-
ing activity and is carried out for 100 winters
keeping the forcing constant. In reality, the exter-
nal forcing is changing from one winter to another.
We have investigated to what extent interannual
variations in the seasonal mean forcing affect the
mean number of blocking days and its interannual
variability. The results are described in the follow-
ing section.

5. Interannual variations in the forcing

In order to investigate the effect of the year to
year changes in external forcing on the interannual
variations of blocking activity, we performed a
model experiment with the forcing changing from
one winter to another. This is done by randomly
selecting 500 simulated winters from the ten sen-
sitivity experiments of Section 4 and consider this
as one realisation of a time series of 500 inde-
pendent winters.

Again, the blocking index is computed by pro-
jecting the daily 500 hPa geopotential height
anomaly fields (with respect to the climatological
mean state of the control run) onto the blocking
anomaly pattern of Fig. 5b. Using the same pro-
cess and the same blocking index criteria as in
the control experiment, the average number of
blocking days and the interannual variations in
blocking activity are computed. The results are
given in Table 4 together with the results of the
control experiment. The mean number of blocking
days of this experiment (27.3 days per winter) is

Table 4. The mean and interannual variations in
blocking activity in the control experiment and the
experiment including the year to year changes in
external forcing ( perturbation experiment)

Blocking days  Standard

per winter deviation
control experiment 22.6 153
perturbation experiment 273 172
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larger than that in the control experiment (22.6
days per winter). This may partly be due to the fact
that in the control experiment, the strength of
the external forcing is weakened by averaging the
forcing fields for ten winters. The model also
generates more blocking than in the observations.
However, the observed mean number of blocking
days (23.3 days per winter) is well within one
standard deviation from the simulated mean
(27.3 +£5.8 days per winter). The standard devia-
tion of 5.8 days is derived from the 500 winters
dataset by dividing it into 50 periods of 10 winters.
It is then computed from the average number of
blocking days per winter for each of the 10-winter
periods.

Including the year to year changes in external
forcing, the model generated slightly larger inter-
annual variations in blocking activity (17.2 days)
as compared to the control experiment (15.3 days).
However, the change is relatively small. So
although the external forcing does have a sub-
stantial impact on the probability for blocking to
occur, the interannual variations in forcing do
not strongly change the interannual variability in
blocking activity as compared to the experiment
with constant climatological forcing. It seems that
the observed interannual variability of blocking in
winter is predominantly internally generated and
changes in external forcing have only a small
modifying effect.

The model also generated almost the same
decadal variations in blocking activity as in the
control experiment. The experiment has been
repeated for ten times with different samples of
500 random winters. They all result in the same
conclusion.

6. Summary and conclusions

Blocking regimes simulated in a spectral 3-level
QG model have been examined and compared
with observations. The main emphasis of this
paper is to determine the relative importance of
changes in external forcing and internal dynamics
of the model atmosphere for causing interannual
variations in the occurrence of blocking over the
North Atlantic.

Forcing the model with the climatological winter
mean external forcing, a control experiment has
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been carried out for 500 winters. The model
simulates accurately the structure of the Atlantic
blocking pattern, as well as its effect on the tran-
sient weather systems. It also produces approx-
imately the same number of blocking days as in the
observations. However, the average duration of
the simulated blocking regimes is about one day
shorter than the observed one. This may be partly
due to sampling problems caused by the rather
short observational data set.

The same analysis has been applied to the strong
zonal flow regime. The model also produces
approximately the correct number of strong zonal
flow days, but again the average duration of the
simulated strong zonal flow regime is shorter than
observed. The model simulated strong zonal flow
has approximately the same anomaly pattern as
the simulated blocking regime but with opposite
sign. Also, the model simulates approximately the
same number of blocking and strong zonal flow
days and the difference between the average dura-
tion of the blocking and strong zonal flow regimes
is very small. This is in agreement with the results
for the observations (Liu, 1994).

We have shown that the interannual variability
in blocking activity of the control experiment is
similar to the observations. It also produces sub-
stantial long-term variations in blocking activity
on a time-scale of decades. As the QG model
reproduces the observed blocking phenomenon as
well as the interannual and decadal variations
in blocking activity without any anomalously
imposed external forcing, we conclude that block-
ing is to a large extent an internally generated
phenomenon. This is even true for the observed
secular variations in blocking activity.

We have investigated the sensitivity of the model
atmosphere to the climatological intraseasonal
variations in external forcing. With respect to the
mean number of blocking days and interannual
variations in blocking activity, the contribution
of intraseasonal variations in external forcing is
negligible.

Ten sensitivity experiments have been carried
out which are forced by the forcing fields of each of
the ten individual winters of 1982/83 to 1991/92.
We found that blocking in the quasi-geostrophic
model is sensitive to the seasonal mean forcing
configuration and that changes in the forcing can
have quite a substantial impact on the probability
for blocking to occur.
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In order to investigate the effect of the year to
year changes in external forcing on the interannual
variations of blocking activity, we performed a
model experiment with the forcing changing from
one winter to another. Including the year to year
changes in seasonal mean external forcing, the
model generates slightly larger interannual varia-
tions in blocking activity as compared to the con-
trol experiment. However, the effect is relatively
small. We therefore conclude that blocking in
winter is predominantly an internally generated
phenomenon and that changes in external forcing
have a relatively small modifying effect on the
interannual variability of blocking.
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