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ABSTRACT

In this paper the optimal precursors for wintertime Eurasian blocking onset are acquired by solving
a nonlinear optimization problem whose objective function is constructed based on a blocking index with
a triangular T21, three-level, quasi-geostrophic global spectral model. The winter climatological state is
chosen as the reference basic state. Numerical results show that the optimal precursors are characterized
by a baroclinic pattern with a westward tilt with height, which are mainly located upstream of the blocking
region. For an optimization time of 5 days, these perturbations are mainly localized over the Northeast
Atlantic Ocean and continental Europe. With the extension of the optimization time to 8 days, these
perturbations are distributed more upstream and extensively in the zonal direction. Wave spectrum analysis
reveals that the optimal precursors are composed of not only synoptic-scale (wave numbers 5–18) waves,
but planetary-scale (wave numbers 0–4) waves as well. The synoptic-scale optimal precursors are mainly
located in the mid-latitude area, while the planetary-scale optimal precursors focus primarily on the high-
latitude region. The formation of a strong planetary-scale positive blocking anomaly is accompanied by
the reinforcement of synoptic-scale perturbations and further fragmentation into two branches, in which
the northern branch is generally stronger than the southern one. The eddy forcing arising from the self-
interaction of synoptic-scale disturbances is shown to be crucial in triggering the dipole blocking anomaly,
and the planetary-scale optimal precursor provides the initial favorable background conditions for blocking
onset.
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1. Introduction

Atmospheric blocking has long been recognized to
have a profound impact on weather and climate, in-
ducing extremely high or low temperatures and severe
precipitation over its surrounding areas (Rex, 1950a, b;
Wang et al., 2009). However, weather forecasts during
blocking onset still frequently suffer from a rapid loss
of predictability (Frederiksen et al., 2005). Therefore,
it is important to capture the precursors to blocking
onset and understand its mechanism of development,
so as to provide a better weather forecast.

Many observational studies have been devoted to
exploring the factors related to blocking onset, such
as background flow, planetary-scale and synoptic-scale
waves and external forcing (Berggren et al., 1949;
Colucci, 1985, 1987; Nakamura and Wallace, 1993; Liu

et al., 1996; Nakamura et al., 1997; Michelangeli and
Vautard, 1998; Colucci, 2001; Dong and Colucci, 2005;
Han et al., 2011). Theoretical work has also been car-
ried out. Frederiksen (1998) explored the precursors to
the Pacific–North American and North Atlantic block-
ings with an explicit matrix inversion using a two-level
tangent linear model with time-dependent basic states
taken from observations. The results showed that the
precursors are upstream of the blockings. Li et al.
(1999) described the dynamics of adjoint sensitivity
perturbations that excite block onsets over the Pacific
and Atlantic Oceans using a hemispherical, primitive
equations, θ-coordinate, two-layer model. The results
showed that for both the Pacific and Atlantic block-
ings, sensitivity perturbations expressed in terms of
vertical vorticity displayed a Rossby wave train struc-
ture mainly found on the southward flanks of the Pa-
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cific and Atlantic jets. Li et al. (2001) identified the
location and structure of optimal perturbations favor-
able for the development and maintenance of the Ural
blocking in the rainy season using the adjoint method.
The authors showed that the growth of the ridge over
the Ural Mountains tends to organize transient ed-
dies into the region upstream from the central North
Atlantic to coastal Western Europe. The study also
demonstrated that the optimal sensitivity perturba-
tion approach is based on a linear framework, which
may not be applicable in an episode of long duration.
Luo et al. (2001) and Luo (2005) examined the interac-
tion between antecedent planetary-scale envelope so-
lution blocking anticyclones and synoptic-scale eddies,
pointing out that both the antecedent synoptic-scale
eddies that induce a low/high eddy forcing pattern,
and the weak background westerly flow that allows a
quasi-stationary preblock ridge to form, are two nec-
essary preconditions for the onset of a blocking an-
ticyclone. Jiang and Wang (2010) explored the pre-
cursors to blocking anomalies over two oceans in cli-
matological flows by using the theory of conditional
nonlinear optimal perturbations. They pointed out
that the precursors are baroclinic wave train distur-
bances, which mainly focus on the northward flanks
of the corresponding Atlantic and Pacific upper-level
jets, taking on a northeast–southwest trend.

The present study was motivated by Luo et al.
(2001) and Luo (2005). We extend the work reported
by Jiang and Wang (2010) and explore the planetary
and synoptic-scale behaviors of the optimal precursors
for the Eurasian blocking onset in the winter season.
Based on this, we further investigate the interaction of
the planetary- and synoptic-scale waves, and hope to
capture the main dynamical process dominating the
blocking onset.

The outline of the paper is as follows. In section 2,
we summarize the model and present the correspond-
ing nonlinear optimization problem. Section 3 presents
the numerical results, and a zonal harmonic decompo-
sition is performed on the optimal precursors. Conclu-
sions are summarized in section 4.

2. Preparation: model and method

2.1 Model and the definition of blocking

A triangular truncation T21L3 (three layers: 200
hPa, 500 hPa and 800 hPa), quasi-geostrophic global
spectral model was used for this study. This was cho-
sen because it is simple, but also able to generate a
very realistic winter climatology in a long nonlinear
integration. Furthermore, two regimes (blocking and
strong zonal flow), similar to those observed (Marshall
and Molteni, 1993) could be modeled.

There are many criteria for identifying a blocking
flow (Lejenäs and Økland, 1983; Tibaldi and Molteni,
1990; Lupo and Smith, 1995; Pelly and Hoskins, 2003;
Diao et al., 2006). Here, the blocking index B, in-
troduced by Liu (1994), is adopted to measure the
resemblance of a particular circulation pattern to the
blocking regime, an approach that has been success-
fully used in many sensitivity analysis and predictabil-
ity studies (Oortwijn and Barkmeijer, 1995; Oortwijn,
1998; Li et al., 1999).

B =
< ψb,ψd >

< ψb,ψb >
, (1)

where ψb (ψd) is the specified stream function block-
ing anomaly (daily stream function anomaly) over the
climatological mean. The angle brackets denote the
Euclidean inner product on a sphere, integrated over
height

〈x, y〉 =
∫∫∫

xydV , (2)

where V represents the integration over the whole at-
mosphere. A circulation pattern with B larger than
some threshold is defined as a blocking flow. Note that
a larger positive B corresponds to a more pronounced
blocking flow.

2.2 Description of the nonlinear optimization
problem

To obtain the optimal precursor triggering block-
ing onset, we first construct a nonlinear optimization
problem related to it, similar to the approach used
by Jiang and Wang (2010). The winter climatological
flow is chosen as a reference trajectory, and the ob-
jective function is constructed according to the above
blocking index. The difference is that here we investi-
gate a Eurasian blocking weather event. Therefore, the
Atlantic blocking anomaly pattern obtained in Jiang
and Wang (2010) is shifted to the Eurasian continent
from about 45◦E to 135◦E, which can be referred to
in Oortwijn (1998) and Li et al. (1999).

As in Jiang and Wang (2010) the nonlinear opti-
mization problem in the present study has been illus-
trated clearly, and can be simplified as follows. As-
suming the dynamical system equations of T21L3 and
the initial state Q0 are known exactly, the future state
at time T can be written as

Q(T ) = MT(Q0) , (3)

where Q denotes the column vector of quasi-geostropic
potential vorticity spectral coefficients, and MT rep-
resents the nonlinear propagator of the T21L3 model
equation.

The optimal precursor that triggers the blocking
onset is the initial perturbation q∗0 , which satisfies the
initial constraint condition ‖q∗0‖ 6 σ and causes the
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Fig. 1. (a) The 500-hPa stream function (m2 s−1; con-
tours) and zonal wind (m s−1; shaded) of the climatolog-
ical flow. (b) The blocking anomaly over the Eurasian
continent (gpm).

objective function J(q0) to achieve the maximum
value. Here, we define

J(q∗0) = max
‖q0‖6σ

J(q0) , (4)

and

J(q0) =
< F [MT(Q0 + q0)]−ψc, ψb >

< ψb,ψb >
, (5)

where ψc is the steam function climatological flow. F
is an operator that transforms the potential vorticity
of the basic state to the stream function field, Q0 is
the initial potential vorticity field of reference state,
and q0 is a randomly assigned initial potential vortic-
ity perturbation that satisfies ‖q0‖ 6 σ. A presumed
positive constant σ represents an upper-bound of the
initial perturbation magnitude.

The above nonlinear optimization problem can
be solved numerically. The optimization algorithm
known as “spectral projected gradient 2” (SPG2) (Bir-
gin et al., 2000) is employed, which can calculate the
least value of a function subject to initial constraint

conditions. Then, the above constructed objective
function is transformed to another new objective func-
tion, which is the negative of the original objective
function.

Similarly, the linear optimal precursor is obtained
by maximizing a modified version of the objective
function, which is acquired by replacing the nonlinear

Fig. 2. The optimal precursor (gpm) triggering the
blocking onset for an optimization time of 5 days at three
levels: (a) at 200 hPa; (b) at 500 hPa; (c) at 800 hPa.
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Fig. 3. Same as Fig. 2, but for an optimization time of 8
days.

evolution of the reference initial basic state plus the
initial perturbation with the nonlinear evolution of the
reference initial basic state plus the tangent linear evo-
lution of the initial perturbation, which can be referred
to Mu and Jiang (2008).

3. Numerical experiments

In the following numerical experiments, the initial
constraint condition σ = 4.0×105 m2 s−1 is chosen, so
that the amplitude of initial geopotential height per-
turbation at 500 hPa is within 20 geopotential meters
(gpm). The optimal precursors are computed with
an optimization time interval of 5 and 8 days, re-
spectively. Figure 1a shows the 500-hPa stream func-
tion and zonal wind of the climatological flow, which
is constructed from an 1800-day (corresponding to 20
winters) integration using the T21L3 quasi-geostrophic
model with the initial conditions of the European Cen-
tre for Medium-Range Weather Forecast’s analysis of
0000 UTC 1 December 1983. The simulated winter
climatological flow is identical to the observed, with
three low troughs and three high ridges. The Eurasian
blocking anomaly pattern is shown in Fig. 1b, which
has a strong positive anomaly lying over the Ural
Mountains.
3.1 Optimal precursors to blocking onset

Figure 2 presents the optimal precursors for an op-
timization time of 5 days at three levels. It is clear
that these perturbations are characterized by a baro-
clinic pattern with a westward tilt with height. In ad-
dition, in the zonal direction these perturbations show
localization, being mainly located over the Northeast
Atlantic Ocean and continental Europe. In the merid-
ional direction, the localization characteristics of these
perturbations are strongest at 800 hPa, mainly focused
on the mid-latitude region. At 500 hPa, they extend
northward to high-latitude areas, and at 200 hPa they
are distributed from high to mid latitudes and even
into the tropics.

If we extend the optimization time, what charac-
teristics will these perturbations exhibit? Figure 3
presents the optimal precursors for an optimization
time of 8 days at three levels. It can be seen that these
baroclinic wave trains are located more upstream than
those with an optimization time of 5 days. Moreover,
localization for these perturbations becomes weak, be-
ing found not only over the whole of the northern At-
lantic Ocean and continental Europe, but also over the
East Asian continent and the Northwest Pacific Ocean.

Linear optimal precursors with an optimization
time of 5 and 8 days at 500 hPa are shown in Fig. 4. It
can be seen that the linear optimal precursors are also
wave trains located upstream of the blocking region;
however, there are great differences between them and
the optimal precursors with the same optimization
time. That is to say, the linear approximation has
some limitations when the optimization time is not
too short.
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Fig. 4. The linear optimal precursor (gpm) triggering
the blocking onset at 500 hPa for an optimization time
of (a) 5 days; (b) 8 days.

3.2 Wave spectrum analysis

In order to see the dominant modes of optimal pre-
cursors, we perform a zonal harmonic decomposition,
shown in Fig. 5. It is clear that the optimal precursors
are composed of not only synoptic-scale (wave num-
bers 5–18) waves, but also planetary-scale (wave num-
bers 0–4) waves. However, wave numbers 5 and 6 may
be the dominant modes for the initial optimal precur-
sors. This finding is different from that of Frederiksen
(1998) and Li et al. (1999), who reported that the sen-
sitivity perturbations are smaller-scale wave train and
Rossby wave train structures, respectively.

According to the definition of Rex (1950a), the
width of blocking must extend over at least 45◦ of lon-
gitude, which corresponds to wave number 4 in the
zonal direction. Therefore, the evolution of the block-
inganomaly can beclearly revealed from the planetary-

Fig. 5. The energy spectrum of the optimal precursor
(J kg−1) as a function of the total wave number for the
optimization time of 5 and 8 days.

scale part of the nonlinear evolution of the optimal
precursors. Figure 6 presents the nonlinear evolution
of the optimal precursor and its respective planetary-
and synoptic-scale parts at 500 hPa for an optimiza-
tion time of 5 days. It can be seen that the synoptic-
scale optimal precursors are mainly located in the mid-
latitude area, while the planetary-scale optimal pre-
cursors focus primarily on the high-latitude region.
With time, the planetary-scale parts amplify from the
high- to mid-latitude area. At the optimization time,
a very strong positive anomaly around the Ural Moun-
tains forms, and three negative anomalies accompany
it in its western, southern and eastern directions, re-
spectively. Meanwhile, the synoptic-scale parts prop-
agate downstream and amplify with time. At the final
time, the wave trains are distributed almost entirely
in the zonal direction, except over the North Ameri-
can continent. The nonlinear evolution of the optimal
precursor and its respective planetary- and synoptic-
scale parts at 500 hPa for an optimization time of
8 days are shown in Fig. 7. The evident differences
are that the planetary-scale positive anomaly over the
Ural Mountains becomes stronger and the synoptic-
scale waves divide into two branches over the blocking
region with time, in which the northern branch is gen-
erally stronger than the southern one.

To see the effect of the optimal precursor on the
basic state, we present the perturbed stream function
field at the optimization time at 500 hPa in Fig. 8. It
can be seen that for an optimization time of 5 days,
only a strong meridional flow over the Eurasian con-
tinent forms, and for an optimization time of 8 days
we may observe a Eurasian blocking high. In conclu-
sion, the planetary-scale optimal precursor may pro-
vide the favorable background conditions for the for-
mation of a strong meridional flow and/or a block-
ing high, whose development meanwhile accompanies
the reinforcement and furthermore division into two
branches of synoptic-scale perturbations.
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Fig. 6. The nonlinear evolution of the optimal precursor and its respective planetary- and synoptic-
scale parts at 500 hPa for an optimization time of 5 days: (a) the perturbation; (b) the planetary-
scale part; (c) the synoptic-scale part.

3.3 On the interpretation of blocking onset

From the above subsection, we know that the opti-
mal precursors consist of two parts: a planetary-scale
and a synoptic-scale part. What are the contributions
of these two parts to blocking onset? How do the ini-
tial optimal precursors develop into a positive anomaly
over the Ural Mountains? In this subsection, we try

to provide an explanation from the potential vorticity
point of view. Firstly, the streamfunction is decom-
posed as

ψi = ψ̄i + ψ′i ,

where ψ̄i is the reference basic state, and ψ′i is the per-
turbation. Thus, the perturbation evolution equation
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Fig. 7. Same as Fig. 6, but for an optimization time of 8 days.

is

∂q′i
∂t

= −J(ψ̄i, q
′
i)− J(ψ′i, Q̄i)− J(ψ′i, q

′
i)−D′

i , (6)

where i = 1, 2, 3 represents three levels, and Q̄i(q′i) is
the potential vorticity of the reference basic state (the
perturbation).

Furthermore, the perturbation ψ′i(q
′
i) contains two

parts: time-dependent planetary-scale disturbances
ψ′ip(q

′
ip) (wave numbers 0–4) and synoptic-scale dis-

turbances ψ′is(q
′
is) (wave numbers 5–16). Then, the

decompositions

ψ′i = ψ′ip + ψ′is ,

and

q′i = q′ip + q′is ,

can be made according to Luo (2005), allowing us to
obtain
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Fig. 8. The perturbed streamfunction field (m2 s−1) at
the optimization time at 500 hPa: (a) for an optimization
time of 5 days; (b) for an optimization time of 8 days.

∂q′i
∂t

= −J(ψ̄i, q
′
ip + q′is)− J(ψ′ip + ψ′is, Q̄i)−

J(ψ′is, q
′
ip)− J(ψ′ip, q

′
is)−

J(ψ′ip, q
′
ip)− J(ψ′is, q

′
is)−D′

i .

(7)

It is obvious that the evolution of perturbation
is dominated by interaction of the disturbances and
the basic state [the first two terms on the right hand
side of Eq. (7)], interaction of the planetary-scale and
synoptic-scale disturbances [the third and fourth terms
on the right hand side of Eq. (7)], self-interaction
of planetary-scale disturbances [the fifth term on the
right hand side of Eq. (7)], self-interaction of synoptic-
scale disturbances [the sixth term on the right hand
side of Eq. (7)], and the dissipation D′

i. Because the
dissipation term always displays an anomaly pattern
that is opposite to the anomaly of the potential vortic-
ity, we focus on the advection terms, which have more

interesting behaviors. To observe the effect of poten-
tial vorticity advection on planetary-scale perturba-
tion evolution, we calculate the time mean planetary-
scale (wave numbers 0–4) projections of the above po-
tential vorticity advection terms for an optimization
time of 5 and 8 days, the results of which are shown
in Figs. 9 and 10, respectively. Comparatively, it is
evident that the self-interaction of synoptic-scale dis-
turbances presents a low/high pattern between 20◦N
and 70◦N over the blocking region and is upstream for
the optimization time of both 5 and 8 days, as shown
in Figs. 9d and 10d, respectively. The negative (or
positive) value region over north (or south) of 40◦N
represents anticyclonic (or cyclonic) vorticity advec-
tion, which means that the anticyclonic (or cyclonic)
vorticities induced by self-interaction of synoptic-scale
disturbances are injected into the high (or low) pres-
sure blocking region. The vorticity then promotes the
development of the anticyclone (low pressure) of the
dipole blocking anomaly. Furthermore, for the op-
timization time of 5 days, though the patterns be-
tween 20◦N and 70◦N induced by interaction of the
planetary- and synoptic-scale disturbances, and self-
interaction of the planetary-scale disturbances, exhibit
low/high structures over the Ural Mountains, they
are weak whether in terms of strength or spatial size
(shown in Figs. 9b and c). Moreover, the potential
vorticity transport induced by interaction of the dis-
turbances and the basic state exhibits a strong neg-
ative anomaly around 40◦N over the blocking region
(Fig. 9a). The effect of this on blocking onset is com-
plex. However, for the optimization time of 8 days, the
potential vorticity transport induced by the interac-
tion of the planetary- and synoptic-scale disturbances
around 90◦E presents a strong positive anomaly along
45◦N, which may play a negative role in blocking onset
(Fig. 10b). Furthermore, the potential vorticity trans-
port induced by self-interaction of the planetary-scale
perturbation mainly focuses on the high-latitude areas,
exhibiting cyclonic vorticity advection north of 40◦N
around 90◦E, thus prohibiting the evolution of the pos-
itive blocking anomaly (Fig. 10c). Similarly, the poten-
tial vorticity transport induced by interaction of the
disturbances and the basic state is also complex, ex-
hibiting cyclonic (or anticyclonic) vorticity advection
east (or west) of 90◦E north of 40◦N (Fig. 10a). In con-
clusion, the self-interaction of the synoptic-scale parts
of optimal precursors indeed plays a primary role in
triggering the onset of blocking.

4. Conclusions

In this paper, we have explored the optimal precur-
sors for Eurasian blocking onset in winter by numeri-
cally solving a nonlinear optimization problem, which
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Fig. 9. The time mean planetary-scale projection of vorticity transport (in 10−11 s−2) for an opti-
mization time of 5 days: (a) interaction of the disturbances and the basic state; (b) interaction of the
planetary- and synoptic-scale disturbances; (c) self-interaction of the planetary-scale perturbation;
(d) self-interaction of synoptic-scale disturbances.

was constructed according to a blocking index. The
winter climatological flow was chosen as a reference
trajectory, and the results for an optimization time of
5 and 8 days have been presented.

The results showed that there were great differ-
ences between the optimal precursor and its linear
counterpart, illustrating that linear approximation has
some limitations. The optimal precursor was com-
posed of not only planetary-scale (wave numbers 0–4)
waves, but synoptic-scale (wave numbers 5–18) waves
as well, which were characterized by a baroclinic pat-
tern with a westward tilt with height. The synoptic-
scale optimal precursors were mainly located in the
mid-latitude area, while the planetary-scale optimal
precursors mainly focused on the high-latitude region.
For an optimization time of 5 days, these perturbations

were mainly located over the Northeast Atlantic Ocean
and continental Europe. With time, a planetary-scale
positive anomaly formed over the Ural Mountains, ac-
companied by the propagation and amplification of the
synoptic-scale wave trains over this area. At the opti-
mization time, a strong meridional flow could be ob-
served. When the optimization time was extended to
8 days, the optimal precursors were found to be more
upstream and their tendency to be localized became
very weak. With time, a stronger planetary-scale posi-
tive anomaly formed over the Ural Mountains, and the
synoptic-scale wave trains amplified and then divided
into two branches over this area, in which the northern
branch was generally stronger than the southern one.
For this case, one could see a blocking high forming.

We may conclude that the formation of a strong
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Fig. 10. Same as Fig. 9, but for an optimization time of 8 days.

meridional flow is accompanied by the reinforcement
of synoptic-scale waves, and the formation of a block-
ing high is accompanied by the division in north-south
direction of synoptic-scale waves over the blocking re-
gion. Jiang and Wang (2010) pointed out that self-
interaction of the disturbances plays an important role
in triggering the blocking onset. In this research, by
further calculating the potential vorticity transport of
the planetary- and synoptic-scale wave parts, we have
found that the self-interaction of the synoptic-scale
wave part in the self-interaction of the disturbances is
the most fundamental in triggering the strong merid-
ional flow and even the blocking onset, which is con-
sistent with Luo et al. (2001) and Luo (2005).
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