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ABSTRACT

Atmospheric blocking is associated with sensible weather impacts such as anomalous precipitation and

flooding, cold air outbreaks, and heat waves. Given the asymmetry in the persistence characteristics of

anticyclones and cyclones, many studies have emphasized the role of nonlinearities in blocking onset and

maintenance. However, previous studies have demonstrated that both linear and nonlinear dynamics can

amplify blocks. In this paper the structure and evolution of North Pacific blocking on weekly time scales

is investigated using two methods: statistical analysis not requiring linearity, and a linear inverse model

(LIM) composed of tropical outgoing longwave radiation and extratropical streamfunction, which relies

on purely linear (and linearly parameterized) dynamics. Both approaches produce a similar evolution

of North Pacific blocking. Using the LIM, the optimal precursors to blocking are determined, which at a

14-day lead time include an upper-level east Pacific anticyclone and suppressed convection over the

central tropical Pacific. The tropics and extratropics both contribute to the deterministic evolution of

blocking, with the tropics acting on longer time scales but imposing a weaker response than that con-

tributed by the extratropics. The tropical contribution was driven by La Niña–like conditions that

produce a hemispheric anticyclonic anomaly, while the extratropical initial conditions produce an

equivalent barotropic, wavelike pattern. The LIM’s ability to reproduce the observed blocking evolution

suggests the predictable evolution of blocking on weekly time scales can be modeled in a linear frame-

work, and that subseasonal forecasting of North Pacific blocking needs to consider both tropical and

extratropical conditions.

1. Introduction

Atmospheric blocking is defined by prolonged pe-

riods during which the storm track is diverted around

a persistent, large-scale anticyclone. Often accompa-

nied by cyclones to the south (Rex or dipole-type

block) or flanking it on either side (omega block), blocks

dramatically modify the regional precipitation and

temperature by altering not only the atmospheric flow

over the blocking region but upstream and downstream

as well (Berggren et al. 1949; Rex 1950; Carrera et al.

2004; Röthlisberger et al. 2016; Winters et al. 2019).

Blocks can last for 1–3 weeks, and are associated with

anomalous storm tracks, extreme wintertime tempera-

tures, and flooding (Carrera et al. 2004; Lau and Kim

2012) as well as summertime heat waves (Campetella

and Rusticucci 1998; Matsueda 2011; Parker et al. 2014)
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through subsidence warming of the troposphere, sus-

tained solar insolation, and land surface feedbacks

(Dole et al. 2011).

Numerous studies have focused on the mechanisms

driving the initiation and maintenance of blocks, often

framed in terms of the relative importance of linear and

nonlinear processes. Nonlinear processes can produce

a feedback onto the low-frequency circulation to

maintain a block (Shutts 1983; Hoskins et al. 1983),

and might preferentially reinforce anticyclones com-

pared to cyclones (Dole and Gordon 1983; Yamazaki

and Itoh 2013). However, Sardeshmukh et al. (2015)

showed that the asymmetry in persistence characteris-

tics of anticyclonic versus cyclonic anomalies, first ex-

plored by Dole and Gordon (1983), can be reproduced

through a linear system forced by correlated additive-

multiplicative noise. That is, the predictable evolution

of blocks may be essentially linear even if nonlinear

processes are large, when the nonlinear processes

have a much shorter time scale than the linear pro-

cesses. Furthermore, linear processes, such as linear

baroclinic and barotropic amplification, have been

demonstrated to amplify North Pacific blocks (Breeden

and Martin 2018), while North Atlantic blocks were

found to be substantially driven by nonlinear processes

(Evans and Black 2003).

On weekly and monthly time scales, teleconnection

patterns, in which circulation anomalies over a vast

region vary in tandem, can also affect North Pacific

blocking frequency. The state of El Niño–Southern
Oscillation (ENSO) as well as the phase of theMadden–

Julian oscillation (MJO) have been shown to affect

North Pacific blocking frequency (Renwick andWallace

1996; Henderson et al. 2016). Renwick and Wallace

(1996) found that North Pacific blocking occurred more

often during winters characterized by the negative phase

of the Pacific–North American pattern, which can

develop from internal atmospheric variability (PNA;

Wallace andGutzler 1981;Cash andLee 2001).Henderson

et al. (2017) used a linear baroclinic model to demon-

strate that MJO teleconnections can be modeled as

linear processes in the Pacific. It therefore appears

that blocks developing in the North Pacific and North

Atlantic may be driven by linear and nonlinear pro-

cesses in different proportions. North Pacific blocks, in

particular, appear to be heavily influenced by linear

processes including teleconnection patterns and linear

baroclinic and barotropic amplification. We therefore

hypothesize that a linear model could capture the de-

velopment of blocks on weekly time scales.

A tangent linear modeling framework has been used

to diagnose the optimal initial conditions that evolve to

produce a block within the next few days (Frederiksen

1998; Mu and Jiang 2008). For lead times longer than

several days, however, the assumptions made in a tan-

gent linear approach do not hold. In this study, we

develop a linear stochastic model in which, with suit-

able averaging, a nonlinear dynamical system can be

approximated by the dynamics of a stable, linear sys-

tem forced by stochastic white noise. This method al-

lows for examination of the optimal precursors to

blocking on time scales markedly longer than those

attainable through a tangent linear model approach.

Penland and Sardeshmukh (1995) introduced a frame-

work for determining such a linear system from obser-

vations, by constructing a linear inverse model (LIM),

where the dynamics of the system are inferred from the

lagged covariance of a reduced space system state. That

study demonstrated that, despite the requirement that

the dynamics of the system be damped in the long-term,

monthly mean tropical sea surface temperature anom-

alies could grow via nonnormal modal interference for

as long as 15 months (note that the nonnormal growth

process is a direct result of the nonorthogonality of

the system eigenmodes and should be distinguished

from modal growth that might arise from linear insta-

bility of a system eigenmode; Farrell and Ioannou 1993).

Nonnormal growth is also a characteristic of realistic

geophysical systems with location-dependent linear

dynamics, such as might result from shear and from

boundary-driven diabatic/dissipative processes (Farrell

1984; Barcilon and Bishop 1998). Previous studies have

constructed LIMs to model Northern Hemisphere at-

mospheric variability and investigated the most rapidly

growing structures that develop via nonnormal interac-

tions on daily and weekly time scales, without any con-

straint on the final patterns that the models produced

(Cash and Lee 2001; Winkler et al. 2001).

A LIM can also be used to optimize growth toward

a prescribed circulation pattern, such as North Pacific

blocking. In that case, growth is defined using a speci-

fied norm that represents the phenomenon of interest

(Zanna andTziperman2005). Vimont (2012) andVimont

et al. (2014) used a LIM with specified norms to identify

optimal growth of the Atlantic meridional mode (Chiang

and Vimont 2004) and central versus east Pacific ENSO

variability. The present study introduces a new appli-

cation of the LIM, in which, using a LIM similar to that

developed by Winkler et al. (2001), we optimize growth

associated with the phenomenon of North Pacific block-

ing. Through the LIM approach the predictable and linear

evolution of North Pacific blocking on subseasonal time

scales is investigated. In addition to optimizing growth

in a given pattern of interest, we can isolate specific in-

teractions within the model, such as the impact of tropi-

cal heating on the extratropical streamfunction and vice
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versa. In this manner the relative contributions to North

Pacific blocking from the tropics and extratropics are

considered, to compare to previous studies that have

emphasized the role of teleconnection patterns from

the tropics and extratropics in North Pacific block

development.

The intent of this study is to briefly characterize the

structure and evolution of North Pacific blocking

events, and determine whether that structure and

evolution can be reproduced within a LIM framework.

This paper is organized as follows. Section 2 describes

the data used in this study and the LIM methodology.

In section 3 the characteristics of North Pacific blocking

events are described using statistical techniques that

do not assume linearity. In section 4, the approach used

to define the blocking norm is described and used to

investigate the optimal initial conditions that amplify

into a North Pacific block. The relative influences of

tropical heating and extratropical streamfunction in

producing blocking are described as well. Section 5

examines the dependence of the tropical and extra-

tropical contributions to blocking on optimization lead

time. Section 6 concludes with a discussion of the im-

plications of the results for the predictability of blocking

at subseasonal time scales.

2. Data and methods

a. Data

Daily mean zonal and meridional wind at 200 and

850hPa from the National Centers for Environmental

Prediction–National Center for Atmospheric Research

(NCEP–NCAR) Reanalysis I dataset were interpo-

lated to 28 3 28 spatial resolution (Kalnay et al. 1996),

and then smoothed with a 7-day running mean. A daily

climatology from 1980 to 2014 was determined from

each 7-day running mean field as the time-mean plus

the first four harmonics of the annual cycle, and

anomalies were then calculated as departures from

this climatology. Streamfunction anomalies were then

calculated from these global wind anomalies using

SPHEREPACK routines available through NCAR

(Adams and Swarztrauber 1997). For the blocking

criteria discussed in section 3, the streamfunction anom-

alies were standardized with respect to the December–

February 1980–2014 standard deviation at each grid

point. Outgoing longwave radiation (OLR) was ob-

tained from the National Oceanic and Atmospheric

Administration (NOAA) daily interpolated dataset

(Liebmann and Smith 1996), and anomalies were com-

puted in the same manner as the streamfunction. OLR

anomalies were not used in the blocking criteria.

b. Linear inverse model

The evolution of a system state x can be expressed as

follows:

dx

dt
5Bx1N(x) , (1)

where x is the system state vector, B is the linearized

component of the dynamical equations, and N(x) rep-

resents the nonlinear component. Here, we assume that

x is defined as the deviation with respect to some cli-

matological average x5X2 x, where the climatologi-

cal average is taken over a time interval appropriate for

the component of the state vector (e.g., monthly aver-

ages of sea surface temperature, and averages of several

days to a week for components of the atmosphere). To

the extent that the critical nonlinearities represented

byN(x) operate on time scales that are short compared

to the linear dynamics described by Bx, it is often

possible to approximate the nonlinear terms as a second

linear operator acting on the state variable plus tem-

porally (although not spatially) incoherent noise,

yielding the linear model:

dx

dt
5Lx1F

s
(2)

(Penland and Sardeshmukh 1995). We emphasize that L

can include linearized dynamics and a linear approxi-

mation of nonlinearities, and Fs represents white noise

forcing.

A linear inverse model (LIM) is an empirical model

inferring the linear dynamics of a system governed by

(2) from its lagged covariance statistics; that is, a LIM

estimates L and the covariance of the noise forcing

from observations. When approximating (1) by (2), Fs

may include a linear (‘‘multiplicative’’) dependence

upon the state x, allowing (2) to generate non-Gaussian

variability and asymmetry in the duration of opposite-

signed events, even as the predictable component

reflects only linear dynamics (see Sardeshmukh et al.

2015). However, here we limit Fs to represent only

state-independent (‘‘additive’’) noise, which makes

using LIM to determine (2) from limited observa-

tions more tractable (but see Martinez Villalobos

et al. 2018).

Solving the homogeneous system from (2) yields

x(t1 t)5 exp(Lt)x(t)[G
t
x(t) . (3)

For a given choice of lag t5 t0,Gto can be determined

using the covariance matrices of the system state x at

lags of zero and to days, represented by C0 and Cto,

respectively:
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G
to
5C

to
C21

o . (4)

The dynamical system operator L is then determined

from the matrix logarithm of Gto:

L5 ln G
to

� �
=t

o
. (5)

In a perfectly linear system the model would be insen-

sitive to to, an assumption that can be tested (appendix

A, Fig. A1; see Penland and Sardeshmukh 1995 for

further explanation). A to of five days lies within the

range where this approximation is reasonable and is

used in the present study to define a single L from (5),

as done in Winkler et al. 2001. An ensemble-mean

LIM forecast is then computed for any chosen lead

time t from (3), assuming the subsequent predictable

evolution of x remains sufficiently represented as a

linear, stable system.

The state vector for the LIM used here is

x5 [OLRC
850

C
200

] . (6)

Empirical orthogonal function (EOF) analysis was ap-

plied to each variable, individually, to reduce the di-

mensions of the state vector. The EOF domain for OLR

anomalies was 208S–208N, and for 850 and 200 hPa

streamfunction anomalies (C850 and C200 was 208–
908N. All three variables are global in longitude. We

retained 85% of the total variance at each vertical

(pressure) level, corresponding to 18 EOFs of C200

and 16 EOFs of C850. The 20 leading OLR EOFs

were retained, explaining 53% of the total tropical

OLR variance; each additional EOF contributed less

than 1% to the total variance, suggesting they are

not crucial to understanding predictable large-scale

OLR variability. Thus, x represents the corresponding

principal components (PCs) of the retained EOFs. In

the appendix it is shown that the LIM constructed

here is stable, and the system described by the state

vector is sufficiently linear, a requirement for suc-

cessful use of a LIM as outlined by Penland and

Sardeshmukh (1995).

Anomaly amplification is possible when the eigenvectors

of L are nonorthogonal. Transient, finite-amplitude

system growth can then arise through destructive or

constructive interference between the eigenvectors

(Penland and Sardeshmukh 1995). This condition of

nonorthogonality is satisfied, for example, in the pres-

ence of shear and zonal asymmetry in the flow, which

are both characteristic of the strong boreal winter

North Pacific jet (e.g., Borges and Sardeshmukh 1995).

The amount of growth achieved through such non-

normal interactions varies with growth period, or lead

time. Farrell (1988) showed that such transient growth

m(t) over a specified lead time t may be calculated as

follows:

m(t)5
x(t)TNx(t)

x(0)TDx(0)
5

x(0)G(t)TNG(t)x(0)

x(0)TDx(0)
, (7)

where D and N represent the initial and final norm ker-

nels, respectively. In this study, we do not specify any-

thing about the initial conditions that maximize growth,

soD is the identity matrix. The final norm kernel can be a

measure of the direction in which growth is maximized.

Initial structures optimizing anomaly growth in the di-

rection of the final norm are determined from the cor-

responding eigenvalue problem (Farrell 1988; Penland

and Sardeshmukh 1995; Tziperman and Ioannou 2002).

Under the Euclidean, or ‘‘L2’’ norm, N is also the

identity matrix, in which case the initial structure that

maximizes global growth over the time interval t is

determined from

[G(t)TG(t)]v(t)5m(t)v(t) , (8)

where m(t) is the amplification of the domain inte-

grated variance of x. These structures were examined

by Winkler et al. (2001) for a similar LIM as the one

used here. To instead find maximum amplification

of a specified spatial structure, different final norms

must be used. Here, to focus on growth of North

Pacific blocks, we determined and implemented a fi-

nal blocking norm N, and solved the generalized ei-

genvalue problem:

[G(t)TNG(t)]v(t)5m(t)v(t) . (9)

Thus, given knowledge of the deterministic dynamics of

the system fromG (t) and specification of the final norm

N, the initial optimal pattern v(t) that maximizes growth

m(t) can be assessed by computing the eigendecompo-

sition ofG (t) underN. [Themore general singular value

decomposition technique can also be used to determine

the optimal initial structures as done in Winkler et al.

2001]. Each eigenvector now corresponds to the initial

condition producing growth measured by N, with am-

plitude eigenvalue m(t) for a specific lead time t. The

eigenvector corresponding to the largest eigenvalue,

which produces the strongest growth givenN, is referred

to as the optimal initial structure (Farrell 1988; Vimont

2012). Note that, for the final blocking norm specified in

this study, m(t) measures amplification from a unit am-

plitude of x in the direction of the initial norm that is

potentially spread across all system components, into

the direction of the final norm only, and as such does

not equally measure change in all system components.
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An explanation of how the norm used in this study was

defined is presented in section 4a.

3. Evolution of North Pacific blocks

In this section, the structure and evolution of North

Pacific blocking events are described, with the intent of

providing a baseline against which the LIM-simulated

block evolution can be compared. Section 3a describes

the method used for identifying blocks, and section 3b

describes the structure and evolution of North Pacific

blocking events using composite analysis.

a. Identifying North Pacific blocking events

There are several methods used to identify atmo-

spheric blocking in the extratropics, including tracking

persistent anticyclones in a fixed geographic area (Dole

and Gordon 1983) and searching for a meridional re-

versal in the geopotential height or potential tempera-

ture gradient (Tibaldi and Molteni 1990; Pelly and

Hoskins 2003). Barnes et al. (2012) compared three

identification methods, based on reversals in 500hPa

geopotential height, potential temperature on the 2 PVU

(1 PVU 5 1026Kkg21m2 s21) surface (u2), and 500hPa

zonal wind, finding general agreement in blocking fre-

quency for the majority of the Northern Hemisphere

except in the Pacific region, where the u2 approach un-

derestimated block frequency compared to the other two

metrics.

In this study, we adopt a Dole and Gordon (1983)

approach to blocking, which is tailored to identify per-

sistent, North Pacific wintertime anticyclones and al-

lows definition of blocking events based upon the

streamfunction anomalies in the LIM state vector.

During the 35 boreal winters (December–February),

1980–2014, blocking events were identified as occur-

ring when the 200 hPa standardized streamfunction

anomalies, averaged within the region bounded by

468–568N, 1868–2068E (where most frequent persistent

anticyclonic anomalies occur; Miller et al. 2020; Dole

and Gordon 1983), exceeded 1.25 standard deviations

for at least five days. Over the 35 winters, 25 indepen-

dent cases and 338 days were identified, or 10.7% of all

days. This blocking frequency is generally consistent

with previous measures of extratropical blocking at this

longitude (Pelly and Hoskins 2003). Onset dates and

durations are in Table 1, showing a wide range of block

duration from 6 to 29 days, with about one-third of

events persisting beyond two weeks.

Anticyclonic anomalies are more persistent than

their cyclonic counterparts, which Dole and Gordon

(1983) showed was due, in part, to cyclonic anomalies

being more easily interrupted by transient disturbances

associated with an invigorated storm track. Even after

low-pass-filtering height anomalies to remove the tran-

sient behavior, however, at weak magnitudes and a

duration longer than 15 days, anticyclonic anomalies

were more common than cyclonic anomalies. Dole and

Gordon attributed this amplitude and duration asym-

metry to nonlinear processes, but Sardeshmukh et al.

(2015) demonstrated that these nonlinear processes

might be well approximated by a system similar to (2),

but where the noise is non-Gaussian and has a linear

dependence upon x. Still, Sardeshmukh et al. (2015)

showed that, at anomaly values between 1.4 and 1.7

standard deviations, negative and positive 250 hPa rel-

ative vorticity anomalies were approximately equally

distributed. Thus while there are important processes

that can lead to asymmetry between cyclones and anti-

cyclones, their effects vary according to the strength of

the block. The 1.25 standard deviation blocking am-

plitude threshold chosen in this study is near the value

at which anomalies are observed to occur in roughly

equivalent proportions, so we choose to defer analysis

of blocking duration asymmetry to future work.

b. North Pacific blocking characteristics

The composite weekly evolution of 200 and 850 hPa

streamfunction and tropical OLR anomalies, with Dayb
0 representing the first day the blocking criteria were

TABLE 1. Dates and duration of the blocking events used to

construct norm.

Date of block onset Duration (days)

17 Jan 1982 6

2 Feb 1982 10

20 Dec 1983 9

14 Jan 1984 8

12 Dec 1984 18

1 Feb 1985 8

25 Dec 1988 6

31 Jan 1989 29

15 Dec 1990 17

23 Jan 1991 6

17 Dec 1992 28

12 Feb 1994 8

21 Jan 1996 11

16 Feb 1996 11

19 Dec 1998 8

12 Jan 2000 12

24 Dec 2004 18

20 Feb 2007 7

21 Jan 2008 7

14 Dec 2008 15

14 Feb 2009 15

15 Dec 2010 10

13 Feb 2011 16

11 Dec 2012 6

1 Dec 2013 6
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met, is shown in Fig. 1 (Dayb 27 and Dayb 0) and Fig. 2

(Dayb 17 and Dayb 114). Features significant at the

99% confidence level were determined using a two-

tailed Student’s t test that did not assume equal variance

between samples and reduced the degrees of freedom in

regions where the variance in the blocked cases and vari-

ance of the full data record was substantially different.

One week prior to central Pacific blocking onset

(Dayb 27), weak anticyclonic anomalies were observed

in the east Pacific near 458N, 1208W at both 850 and

200 hPa, with a second upper-level anticyclonic anomaly

near the Tibetan Plateau at 458N, 808–1008E (Figs. 1a,b).

A broad region of suppressed convection (positive

OLR anomaly) was located in the central tropical

Pacific (Fig. 1c). At block onset, a potent, equivalent

barotropic anticyclonic anomaly developed south of

Alaska (Figs. 1d,e), with an upper-level cyclonic sub-

tropical anomaly to its south, reflective of the Rex

or dipole-type block that our blocking definition cap-

tures. The suppressed tropical convection observed

one week prior to block onset persisted (Fig. 1f).

Over the following week, the North Pacific upper-

level anticyclone underwent continued intensification,

also expanding westward, while the cyclonic subtropical

anomaly slightly weakened (Fig. 2a). At 850 hPa, a

cyclonic anomaly developed to the west of Hawaii,

which often coincides with enhanced Hawaiian pre-

cipitation (consistent with the enhanced frequency of

‘‘Kona lows’’ that develop during blocks, Otkin and

Martin 2004), confirmed by negative OLR anomalies

developing to the east (Figs. 2b,c). Downstream of the

block, a trough developed over western North America

(at 458N) and a ridge over the southeastern United

States (at 308N). At Dayb 114, the block weakened and

continued to retrograde westward, but was still sig-

nificant despite the difference in the longevity of the

individual blocking events (Figs. 2d,e). The cyclonic

anomalies over the subtropics and North America

weakened as well, while the 200 hPa anticyclone over

the eastern United States persisted and remained sig-

nificant. Suppressed convection in the central tropical

Pacific still remained, while enhanced convection over

the Maritime Continent strengthened (Fig. 2f).

The quadrupole pattern arcing from the central

Pacific to cross North America at Dayb 0 and Dayb 17

strongly resembles the negative phase of the PNA

FIG. 1. Composite evolution of 200 and 850 hPa 7-day boxcar averaged streamfunction (c) anomalies and OLR

anomalies, (a)–(c) seven days prior to block onset (Dayb 27) and (d)–(f) at block onset (Dayb 0). The black

contours indicate areas where the composite pattern is significant at the 99% level using a two-tailed Student’s t test.

Units are 106m2 s21 for the streamfunction patterns and Wm22 for the OLR patterns.
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(Wallace and Gutzler 1981; Barnston and Livezey

1987), with some differences in details involving the

relative amplitudes and positioning of anomaly cen-

ters, especially downstream (cf. Fig. C1b). To test

whether our blocking criteria have merely repro-

duced the PNA pattern, a blocking index was com-

puted by projecting the composite Dayb 0 200/850 hPa

streamfunction pattern onto the 35-yr record of the

200/850 hPa streamfunction anomalies, respectively.

Correlating this time series and the second principal

component of C200, essentially a time series of the

PNA pattern (Fig. C1b), is 0.61, indicates that the

PNA, although contributing to blocking (e.g., Renwick

and Wallace 1996), explains only about one-third of

central Pacific blocking variability. Additionally, the

temporal evolution of blocking is not simply due to

ENSO: the blocking index is correlated at a value of

only 20.48 with the first PC of tropical OLR, which

captures ENSO temporal evolution (the negative cor-

relation indicates that La Niña conditions correspond

to blocks).

Our blocking composite also captures a key sensible

weather impact of North Pacific blocking, namely, wide-

spread cooling over North America, as found by previ-

ous studies. Figure 3 shows 2-m temperature anomaly

composites before and during blocking. The region of

positive OLR anomalies in the tropics was accompanied

by slightly cooler temperatures near the surface, sug-

gestive of La Niña (Fig. 3a). A warm/cold anomaly di-

pole from the Bering Strait and to western North

America developed and persisted downstream of the

block through Dayb 114 (Figs. 3a–c; see also Carrera

et al. 2004 Fig. 7).

A blocking index time series (Fig. 4), defined by pro-

jecting each day’s 200/850hPa streamfunction composite

pattern onto the 200/850hPa streamfunction Dayb 0

composite blocking pattern (using only the North Pacific

anomalies in Figs. 1d,e), shows that the composite block

rapidly intensifies for about 10 days, from Dayb 27

through its peak on Dayb 13, followed by relatively

more gradual decay from Dayb 13 to Dayb 115. Daily

Hovmöllers of extratropical anomalies (Figs. 5a,b)

show that just prior to blocking onset, the initial

200 hPa anticyclonic anomaly retrograded westward

while the 850 hPa anticyclone developing beneath it

did not (Fig. 5b). This retrogression is consistent with

Shutts (1983), who suggested that deformation up-

stream of blocks can aid in their maintenance and

retrogression. The equivalent barotropic structure of

the resulting block, as well as its persistence fromDayb

FIG. 2. As in Fig. 1, but averaged for (a)–(c) seven days following block onset (Dayb 17) and (d)–(f) fourteen days

following block onset (Dayb 114).
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0 through Dayb 110, confirms that our composite

captures key characteristics of blocking. Positive OLR

anomalies from about 1608E–1708W were observed to

undergo little change throughout the time period (Fig. 5c),

while weakly negative OLR anomalies from 1008 to 1408E
began to strengthen about five days after blocking onset,

reaching peak strength at about Dayc 114.

4. Growth and optimal structures under
blocking norms

a. Defining a blocking norm

Given that our blocking definition captures the es-

sential features of North Pacific blocks, we use it to

define the final blocking norm N [see (7) and (9)] by

projecting the Dayb 0 composite 200 and 850 hPa

streamfunction anomaly over the North Pacific (Figs. 6a,b,

with anomalies outside of the blocking region set to zero)

into the LIM state space (Figs. 6c,d). For the two

streamfunction components of x, the projection of the

composite onto the retained EOFs yields two vectors

(rC850
and rC200

) that are inserted into a norm vector n

in the LIM state space:

n5 0 0 0 � � � r
C850

r
C200

h i
, (10)

where the zeros indicate theOLR component of the state

space (i.e., the final norm places no weight on develop-

ment of OLR). The vector n is then normalized to unit

length and is used to create the final norm N kernel via:

N5 nTn1 �I , (11)

where a small number � (we use 1029) is added to the

diagonal for numerical stability.

The pattern that results from projecting the dipole

pattern onto the EOFs of the state vector, plotted in

Figs. 6c and 6d, at 200 hPa is associated with weak

anomalies outside of the blocking region, including an

elongated structure over the Pacific and eastern Asia, a

trough/ridge pattern over North America, and weak

anomalies over the Atlantic and Europe; these features

FIG. 3. Composite evolution of 2-m temperature anomalies

(a) seven days prior to block onset through (d) fourteen days fol-

lowing block onset. Note that this plot extends to 208S, compared to

a southern limit of 08 in Figs. 1 and 2.

FIG. 4. Time series of the 25-event composite block amplitude

beginning 10 days prior to block onset through 15 days following

block onset.
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are similar to those observed in the Dayb 0 composite

(Fig. 1d). At 850hPa, the blocking norm includes weaker

nonlocal structure than that observed at 200hPa. Recall

that the OLR component of N was set to zero, so that the

norm represents only growth of the block in the 200 and

850hPa streamfunction anomalies, and does not measure

the associated tropical OLR anomaly evolution.

b. Growth and evolution of North Pacific blocks in
the LIM

Optimal (deterministic) growth under the blocking

norm calculated using (7) is greatest over a 10-day

interval, consistent with the observed composite (e.g.,

Fig. 4), although amplification can occur over periods

as long as about 28 days (Fig. 7). This section will focus

on the structure and behavior of the 14-day optimal

initial structure, since this time interval was near peak

blocking growth and outside the reliable range of

NWP models. Figures 8a–c show that the optimal ini-

tial structure in the LIM’s ‘‘14-day optimal’’, or the

initial anomaly leading to maximum amplification of a

central Pacific blocking pattern 14 days later, strongly

resembles the composite anomalies preceding block-

ing onset (Dayb 27 in Figs. 1a–c). The optimal 200 hPa

FIG. 5. Hovmöller diagrams of (a) 200 hPa streamfunction, (b) 850 hPa streamfunction, and (c) tropical OLR, beginning ten days prior

to blocking onset through 15 days after block onset. The streamfunction anomalies are averaged from 408 to 608N, and theOLR anomalies

are averaged from 108S to 108N. The black solid line in (a) marks the time of peak block strength as indicated by Fig. 4.

FIG. 6. Composite Dayb 0 streamfunction anomalies at (a) 200 hPa and (b) 850 hPa using the total [that is, non-

EOF-truncated] streamfunction fields as in Figs. 1d and 1e. (c) 200 hPa and (d) 850 hPa streamfunction patterns

projected into the EOF subspace of the LIM, which is used to create the blocking norm, N.
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streamfunction anomalies include an east Pacific an-

ticyclone in the extratropics lying to the north of a

smaller-scale trough east of Hawaii (Fig. 8a), and a

downstream wave train–like feature with negative

anomalies over eastern North America and positive

anomalies over the Atlantic. The 14-day optimal also

includes a dipole structure of 200 hPa streamfunction

anomalies over eastern Eurasia which contrasts with

positive anomalies near the same region in the Dayb 27

composite. The 14-day optimal 850 hPa pattern has less

structure overall, but in some regions has anomalies

opposite to that observed at 200hPa, including an anti-

cyclonic anomaly beneath the 200hPa cyclonic feature

in the east Pacific (this feature is shared with the

Dayb 27 composite) and a cyclonic anomaly at 408–
758N over Eurasia beneath the anticyclone at 200 hPa.

Overall this indicates a baroclinic initial structure

(seen by the vertical variation in the streamfunction

initial conditions), so that the amplifying block could

draw upon the available potential energy of the ex-

tratropical optimal initial structure. The optimal initial

OLR anomaly involves a broad region of enhanced

OLR representing suppressed tropical convection from

1408E to 1208W, strongly resembling the Dayb 27 OLR

composite.

The deterministic evolution from the 14-day optimal

structure is calculated from (3) with Dayo 0 corre-

sponding to the occurrence of the optimal initial struc-

ture, to be distinguished from the composite analysis

FIG. 7. Maximum system growth, as a function of optimization lead

time, for the leading singular value under the blocking norm.

FIG. 8. The (a)–(c) optimal initial and (d)–(f) evolved final structures that most rapidly evolve into a central

Pacific block in the LIM with a 14 day forecast lead time, for (top) 200 hPa extratropical streamfunction, (middle)

850 hPa extratropical streamfunction, and (bottom) tropical OLR.
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(Figs. 1–5) where Dayb 0 indicates the day of block on-

set. The solid black lines in Figs. 5a and 9a indicate the

time of peak amplitude for a more direct comparison of

the composite-based and LIM-based block evolution. By

Dayo 114, when blocking amplification has maximized

via (9), the final evolved structure is largely equivalent

barotropic and, not surprisingly, strongly resembles

the target norm (cf. Figs. 8d,e and Figs. 6c,d). Although

the optimal initial condition maximized growth over a

14-day period, the block became established by about

Dayo 17, and persisted for two weeks after its peak

on Dayo 112. The LIM evolution of the 200 hPa

streamfunction optimal initial condition compares

quite well with the observed composite evolution

shown in Fig. 5a, relative to the peak intensity of the

block. In particular, the LIM captures the observed

westward retrogression of the east Pacific anticyclone,

subsequent block amplification, downstream develop-

ment of the trough over North America, and ridging in

the North Atlantic.

FIG. 9. Hovmöller diagrams of the LIM evolution of the optimal initial conditions shown in Fig. 7, for the evolution of (a)–(c) the full-

state optimal initial structure, (d)–(f) the tropical OLR component of the optimal initial structure, and (g)–(i) the extratropical stream-

function component of the optimal initial structure. (left) 408–608N averaged 200 hPa extratropical streamfunction, (middle) 408–608N
averaged 850 hPa extratropical streamfunction, and (right) 108S–108N averaged OLR. The y axis indicates the days following initialization of

the 14-day optimal initial condition. The solid black line in (a) marks the time of peak block intensity (12 days following initialization).
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While tropical OLR is not used in defining the

blocking norm, its evolution through (3) throughout

the 14-day time interval, and its related interaction

with the extratropical streamfunction, influenced de-

velopment of the block. The positive OLR anomaly

persisted through Dayo 114, while a negative OLR

anomaly developed at 808E from Dayo 15 to Dayo 120,

subsequently propagating eastward to 1408E from

Dayo 120 through Dayo 135 (Figs. 8f and 9c). This

tropical evolution is roughly consistent with the transi-

tion of the Madden–Julian oscillation from Phase 3 to 5

(Wheeler and Hendon 2004). The peak extratropical re-

sponse to the tropical initial conditions from Dayo 115

to Dayo 120 coincides with the eastward propagation

of the negative OLR anomaly, as it transitions from

destructively to constructively interfering with the

stationary negative OLR anomaly associated with La

Niña conditions (Figs. 9d,f). A similar evolution was

found under an L2 norm in Winkler et al. (2001).

c. The relative roles of tropical and extratropical
initial conditions in block development

To isolate the influence of different components

within the state vector on the LIM block evolution,

we initialized the LIM with only the extratropical

streamfunction (Figs. 8a,b) or only the tropical OLR

portion (Fig. 8c) of the optimal initial structure, and

then (3) was used to determine the subsequent Dayo114

evolved state. The optimal initial OLR structure alone

can produce a troposphere-deep anticyclonic block in the

central Pacific (Figs. 9e,d and 10a,b), but with notably

reduced amplitude and overall slower growth compared

to evolution from the full optimal. Furthermore, the

850hPa streamfunction anticyclone is centered slightly

farther to the south than its 200hPa counterpart. A more

zonal pattern is evident at 200hPa, reminiscent of the

leadingL2 optimal (not shownbut seeWinkler et al. 2001).

Likewise, the downstream trough over North America

is no longer present, replaced by a broad anticyclonic

anomaly over much of the continental United States.

Initializing the LIM with only the initial optimal

streamfunction patterns yields an evolved quadrupole

structure at 200 hPa, including an extratropical anti-

cyclone in the central Pacific that contributes to the

block by Dayo 114 (Figs. 9g,h). The evolved structure

is similar to the negative PNA, except for the location

of the anticyclone over the southeastern United States

which is centered farther to the west over the Gulf

FIG. 10. The final evolved pattern in the LIM attained by initializing with only (a)–(c) the tropical OLR com-

ponent of the optimal initial structure, and (d)–(f) the extratropical streamfunction component of the optimal initial

structure, for a lead time of 14 days.
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states (cf. Fig. 10d, Fig. C1b). The subtropical cyclonic

anomaly is centered west of Hawaii, which more

closely matches the actual position of the cyclonic

anomaly observed in the composite blocking pattern

and in the norm (Figs. 1d and 6c). At 850 hPa an an-

ticyclonic anomaly developed in the central Pacific

whose intensity, shape, and location relative to its

200hPa counterpart is indicative of a more equivalent

barotropic structure than the evolved structure initial-

ized from the optimal initial OLR. The 200hPa stream-

function response to the initial streamfunction conditions

peaked aroundDayo110–15, representing a stronger but

shorter-lived impact upon the extratropics and the initial

extratropical structure, than the optimal initial tropical

OLR conditions (cf. Fig. 9d, Fig. 9g).

The above results suggest that the full optimal evolution

of blocking in the LIM may be characterized by a combi-

nation of an extratropics-induced, wavelike anomaly at

shorter lead times and a tropics-induced ENSO-like

response at longer lead times. While the 200 hPa an-

ticyclonic anomaly produced by each component was

similarly located in the central extratropical Pacific,

the vertical structure of the block, subtropical cyclone

anomaly location, and North American evolution all

differed substantially. The net response produced a

stronger central Pacific anticyclone (conducive to

blocking), weaker trough over the western United

States and stronger anticyclone over the southeastern

United States.

d. Relationship between optimal growth and observed
blocking events

In the previous section, we found optimal structures

that could lead to maximum development of North

Pacific blocking over a 14-day interval. Here, we test

whether observed blocks do develop in this way. First,

we compare the projection of observed anomalies

onto the initial optimal structure (involving both OLR

and extratropical streamfunction) with the projection

of the observed anomalies 14 days later onto the

blocking norm (involving only extratropical stream-

function), where the projection is computed as the dot

product of the system state x with either the initial

optimal structure, or the blocking norm, in PC space.

The resulting scatterplot (Fig. 11a) shows a fairly lin-

ear relationship between the two projection time se-

ries, with a correlation of 0.66. (Note that, although

in this paper we do not focus on the evolution of the

oppositely signed pattern; by construction it too must

evolve linearly via the LIM.) The positive relation-

ship between the two shows that the optimal ini-

tial structure can predict the emergence of a blocked

state at a 14-day lead; the amount of scatter is not

necessarily surprising, since the noise in (2), which

includes unpredictable nonlinearities in the system,

also plays a role in the (unpredictable) development

of blocks. When we instead compare the projec-

tion onto either the optimal initial streamfunction

anomaly (Fig. 11b) or the optimal initial OLR anomaly

FIG. 11. Scatterplots of the strength of the projection of the re-

analysis state onto (a) the full-state optimal initial structure, (b) the

extratropical streamfunction optimal, and (c), the tropical OLR

optimal, vs the strength of the projection of the reanalysis state

onto the blocking norm 14 days later. Each black star represents

this relationship for every day in the data record. The red lines

indicate the linear fit to the data using a least squares approach,

with slopes of (a) 0.66, (b) 0.49, and (c) 0.51. Red points indicate the

top 50 optimal projections, that are separated by at least 14 days,

that project most strongly onto the (a) full-state components of

the initial optimal structure, (b) extratropical streamfunction, and

(c) tropical OLR.
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(Fig. 11c) with the projection onto the blocking norm

at Dayo 114, however, the correlation is substantially

reduced. This demonstrates that the combined knowl-

edge of both the tropical OLR state and the extra-

tropical streamfunction state enhances the ability to

anticipate a blocked state two weeks in advance.

Would knowledge of the initial optimal structure

amplitude have been useful to anticipate the onset of the

events used to construct the blocking composite?

Table 2 shows the optimal initial projection amplitudes

observed 14 days prior to each block onset, revealing

that twoweeks prior to block onset, 18 of the 21 blocking

events were preceded by positive projection onto the

optimal initial state, with nine having an initial ampli-

tude greater than one standard deviation. That is, as also

suggested by Fig. 11a, the likelihood of a block forming

two weeks after a positive projection onto the optimal

initial structure is notably enhanced.

The optimal initial structure defined by the LIM

maximizes growth under the blocking norm, thereby

representing a theoretical best-case scenario for block-

ing, but in general not all features of these patterns

will always occur prior to each block’s formation.

Figures 12a–c show the composite of the 50 independent

cases for which the initial optimal structure projected

most strongly onto the state vector at Dayo 0 (red stars

Fig. 11a). The plots shown represent the evolution of

the non-EOF truncated streamfunction and OLR

anomalies, so this ‘‘optimal composite’’ may be com-

pared to the blocking-onset composite in Figs. 1 and 2;

the black lines again indicate significance at the 99%

level using a two-tailed Student’s t test. [Recall, how-

ever, that the blocking composite is defined by block

onset whereas the optimal composite is defined by peak

block amplitude.] Similar to the optimal initial pattern

(Fig. 8a), the 200hPa streamfunction optimal composite

has an anticyclone in the east Pacific with a subtropical

trough to its south (Fig. 12a). However, the trough over

China in the initial optimal structure is not observed

in the composite, which may indicate that this feature

is more a result of due to the effects of EOF truncation

on the LIM optimal structure. Other details in the initial

composite generally match those in the optimal initial

condition.

Fourteen days after a strong projection of the state

onto the optimal initial structure is identified, the opti-

mal composite contains a central Pacific block, although

its amplitude is weaker than for the blocking-onset

composite (Figs. 12d,e versus Figs. 1b,e), which is likely

due to averaging overmanymore cases (i.e., spread in red

stars along the y axis in Fig. 11a). Still, on average a more

blocked state is observed to follow a positive projec-

tion onto the optimal initial structure. The cyclonic

anomalies in the subtropical Pacific and over North

America are notably weaker than the LIM-evolved

block, and the block composite. These features were

developed from the extratropical initial condition,

suggesting that at 14 days the tropical initial condition

is influencing the full-state optimal projection more

than the extratropical initial condition. Given the

higher-frequency variability of the extratropics, this

result is not surprising but should be considered when

attempting to predict blocking at subseasonal time

scales. The reanalysis composite of tropical OLR re-

mains characterized by positive OLR anomalies in the

central Pacific at Dayo 114, although the anomaly

weakened over this period rather than strengthening as

the optimal initial structure evolves in the LIM (Fig. 12f).

A more sprawling region of negative OLR anomalies

formed over the eastern Indian Ocean and Maritime

Continent similar to that observed in the LIM.

5. Sensitivity to optimization time interval

For the 14-day optimization interval, both the tropics

and extratropics affected blocking growth, and the cor-

responding block that developed persisted for roughly

two weeks, weakening thereafter. However, the blocks

identified in Table 1 had durations ranging from as

TABLE 2. Correspondence between the blocking events identi-

fied to construct the norm, the projections onto the 14-day optimal

initial patterns 14 days prior to block onset, and projection onto the

blocking norm the day of block onset.

Date of

block onset

Duration

(days)

Projection onto

optimal 14 days

prior to block onset

Projection

onto norm at

block onset

17 Jan 1982 6 0.4329 1.4748

3 Feb 1982 10 0.9010 1.1658

20 Dec 1983 9 0.1407 1.1064

14 Jan 1984 8 1.1608 1.3956

1 Feb 1985 8 1.0555 1.6366

25 Dec 1988 6 1.2332 1.3200

31 Jan 1989 29 0.8549 1.5638

15 Dec 1990 17 0.9779 1.4101

23 Jan 1991 6 20.9985 1.5638

17 Dec 1992 28 0.4815 1.2500

12 Feb 1994 8 0.9794 1.5182

21 Jan 1996 11 2.0374 1.6350

16 Feb 1996 11 20.2083 1.4450

19 Dec 1998 8 1.0588 1.7756

12 Jan 2000 12 1.8078 2.2364

24 Dec 2004 18 20.2400 1.1434

20 Feb 2007 7 0.3765 1.2795

21 Jan 2008 7 1.0722 1.5329

14 Feb 2009 15 0.0764 1.3672

15 Dec 2010 10 1.3523 1.1695

13 Feb 2011 16 1.7744 1.2782

Mean projection 0.7775 1.4413
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short as 6 days to as long as four weeks. One question

that arises is whether each block’s life cycle is associ-

ated with different contributions from the tropical and

extratropical initial conditions. Therefore, we also

determined the optimal structures for t 5 7- and 21-day

time intervals. The strength of the block that developed

for each optimization interval, using the full-state, tropi-

cal and extratropical initial conditions, was evaluated

by projecting the evolved pattern at each day onto the

blocking norm kernel (Figs. 6c,d) at each forecast lead

time. The resulting time series provide a measure of the

amplitude of the block as it evolves from the optimal

initial conditions (Fig. 13).

Peak amplitude is similar using the 7- and 14-day

optimals (Figs. 13a,b), while the block diminished

more rapidly when evolved from the 7-day optimal.

The downstream trough that developed from the 7-day

optimal is stronger than the 14-day optimal, consis-

tent with the stronger extratropics-induced pattern

(cf. Fig. 14g, Fig. 9g). For a 21-day optimization lead

time, however, the relative contributions from the

tropics and extratropics were roughly equal, with

the extratropics-induced amplification peaking a few

days earlier than the tropics-induced amplification

(cf. Fig. 13c; Fig. 15). Given substantial overlap be-

tween the tropical and extratropical contributions,

the block maintained considerable amplitude from

Dayo 110 to Dayo 130 (Figs. 15a,b). The downstream

trough developed by the extratropical initial condi-

tion is much weaker than that observed in the com-

posite block evolution and is negated by the influence

of the tropical initial condition (Figs. 15a,d,g). The

tropical OLR evolution in this case differed substan-

tially from the 7-day optimization interval and evolved

predominantly due to the tropical OLR initial condi-

tion (Figs. 15c,f,i).

6. Discussion and conclusions

In this study, we examined the spatial and temporal

evolution of North Pacific blocking events in the NCEP

Reanalysis, using composite analysis (in which no as-

sumption of linearity is necessary) and using a LIM. We

found that the LIM can reproduce most aspects of the

FIG. 12. Composite patterns for the 50 independent reanalysis dates that projected most strongly onto the full-

state optimal initial structure. Composites are provided for (a)–(c) Dayo 0, when the reanalysis state projectedmost

strongly onto the initial optimal structure, and (d)–(f) Dayo 114, when a blocked state is anticipated. Plots are

provided for (top) 200 hPa extratropical streamfunction anomalies, (middle) 850 hPa extratropical streamfunction

anomalies, and (bottom) tropical OLR anomalies. Black contours indicate where patterns are significant at the

99% level.
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observed composite evolution, suggesting the processes

that drive North Pacific block development on weekly

time scales are, in part, predictable, and are either linear

or can be parameterized as linear. We emphasize that

nonlinear amplification can still contribute to block de-

velopment via the noise forcing [see Eq. (2)], but this

component of the evolution is not predictable on weekly

time scales, nor is it necessary to produce a block. North

Pacific blocks can amplify via linear, nonnormal inter-

actions over a period up to four weeks, with growth

maximized for a lead time of 10 days. The optimal pre-

cursors to blocking at a 14-day lead time included an

upper-level east Pacific anticyclone and suppressed con-

vection over the central tropical Pacific. The tropics

and extratropics both contributed to the determinis-

tic evolution of blocking, with the tropics acting on

longer time scales but imposing a weaker response

than that contributed by the extratropics. The tropi-

cal contribution was driven by La Niña–like condi-

tions that produced a hemispheric anticyclonic anomaly,

while the extratropical contribution resembled the

PNA pattern but with some clear distinctions. In re-

analysis, there is good correspondence between a high

projection on the optimal initial conditions and a

blocked state 14 days later. The relative contributions

of the tropics and extratropics are sensitive to the

optimization interval, so that extratropical blocks are

largely internally driven, that is, driven by extra-

tropical dynamics, at a 7-day lead time, but are equally

affected by the tropics and extratropics by a 21-day

lead time.

The LIM’s ability to reproduce the observed blocking

evolution suggests that blocking on weekly time scales is

predictably linear (with a noise residual), which is equiv-

alent to a nonlinear system where the nonlinearities act

on time scales substantially faster than linear processes

(Martinez-Villalobos et al. 2018). We note that our re-

sults are consistent with nonlinear dynamics that are

predictable on synoptic time scales, just not weekly time

scales, which could also include the ‘‘threshold’’ be-

havior suggested to initiate blocking by Nakamura

and Huang (2018). While the primitive equations that

dictate blocking development are indeed nonlinear,

temporally course-graining these equations essentially

averages out the details of nonlinearities that decorre-

late rapidly compared to linearities (Hasselmann 1976).

Additionally, from the quasigeostrophic potential vor-

ticity (q) perspective the low-frequency q tendency,

dq0/dt, is proportional to the temporal average (over

at least several days) of the high-frequency, nonlinear

q flux convergence = � v00q00 in the absence of sources

and sinks D

dq0

dt
1= � v00q00 5D (12)

(Hoskins et al. 1983). Thus the 7-day-averaged anoma-

lies upon which the LIM is based implicitly include the

atmospheric response to the aggregate effect of high-

frequency nonlinearities. This eddy–mean interac-

tion is the basis under which Shutts (1983) postulated

that blocks could be maintained in regions of strong

deformation.

Our results provide additional evidence, through an

independent and novel approach, for several preexisting

blocking theories:

1) role of deformation associated with blocking as sug-

gested by Shutts (1983);

2) teleconnections and the impact of tropical heating on

blocking (Renwick and Wallace 1996); and

FIG. 13. Time series of the block amplitude as a function of lead

time, achieved by propagating (a) the 7-day optimal initial conditions,

(b) 14-day optimal initial conditions, and (c) 21-day optimal initial

conditions forward in time. The solid curves show the amplification

using the full-state initial condition, the dotted curves using the ex-

tratropical streamfunction initial condition, and the dashed curves

using the tropicalOLR initial condition, for each optimization interval.
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3) baroclinic and nonmodal processes in North Pacific

block amplification (Evans and Black 2003; Breeden

and Martin 2018).

The east Pacific anticyclone observed in the 14-day

optimal retrograded and amplified in the central

Pacific to produce a block. Considering the Shutts

perspective, it is possible that the high-frequency

synoptic forcing, v00q00, (where double-primed notation

represents high-frequencyanomalies with respect to the

long-term mean) which maintains the low-frequency

block via eddy straining is, in part, a linear function of

the block amplitude,v00q00 ; Tq0 (where T is a scalar

quantity and the single prime 0 denotes low-frequency
anomalies), a relationship which could be captured

in the dynamic operator L. Breeden andMartin (2018)

also found, using piecewise potential vorticity inversion,

FIG. 14. As in Fig. 9, but for the 7-day optimal initial condition.
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that deformation (a linear term from this perspective)

contributed to the amplification of a North Pacific block

in late February 2006, whose evolution closely matches

that simulated by the LIM.

The contribution of the optimal initial tropical OLR

conditions that produce blocking found in this study

provides further evidence for the impact of anomalous

tropical heating and divergence on the circulation of the

extratropical atmosphere (Sardeshmukh and Hoskins

1988) and specifically blocking (Renwick and Wallace

1996). Our results indicate that the tropics-induced ex-

tratropical response amplifies the pattern associated

with internal extratropical interactions, whose dynamics

as represented by L are independent of ENSO phase.

That is, internal extratropical dynamics and tropically

coupled dynamics both drive blocking independently

FIG. 15. As in Fig. 9, but for the 21-day optimal initial condition.
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of each other and may be treated additively. Still, it

would be interesting to test whether the dynamics

themselves are a strong function of ENSO phase, by

constructing new LIMs based on La Niña or El Niño
conditions alone. The MJO teleconnection to blocking

was not clear in this study. While a propagating feature

on the time scales of the MJO was observed in the LIM

evolution of tropical heating from the optimal initial

condition (Fig. 9c), this occurred after the block had

developed, not before. However, it is possible that the

MJO variance is muted or obscured by the dominance

of ENSO in the model, or that the simulated evolution

involves periods of constructive and destructive inter-

ference between MJO and ENSO-related heating as

discussed by Winkler et al. (2001). Future work will

employ a LIM decoupled from ENSO dynamics to

better distinguishMJOandENSO-related teleconnections

and their effect on blocking.

Extratropical teleconnections were also found to de-

velop as part of the block, both in reanalysis and in the

LIM. The PNA pattern was produced by evolving the

extratropical optimal initial condition, consistent with

the results of Cash and Lee (2001). Franzke et al. (2011)

performed a synoptic analysis of the PNA and found a

similar precursor east Pacific anticyclone eight days

prior to its negative phase. The PNA alone did not,

however, fully explain the evolved pattern from the

extratropical initial condition, most notable over North

America where the trough–ridge pattern was shifted

northwest of that associated with the pure PNA (cf.

Fig. 10d, Fig. C1b). These differences indicate that

the PNA interacted with other portions of the at-

mospheric state to produce the blocking pattern.

Motivated by the connection between east and cen-

tral Pacific blocking, we investigated the optimal

initial conditions leading to an east Pacific anticy-

clone in the LIM for a 14-day lead time but found

only weak anomaly growth (not shown).

In the context of the LIM, this suggests that the

east Pacific precursor may develop largely through

unpredictable noise forcing, which implies limited

prospects for predicting both the east Pacific pre-

cursor and, thereafter, its subsequent central Pacific

block development.

The baroclinicity of the optimal initial extratropical

streamfunction pattern, which evolved into an equiva-

lent barotropic block, provides additional evidence for

the linear baroclinic processes that Evans and Black

(2003) and Breeden and Martin (2018) found to heavily

contribute to North Pacific block amplification. Breeden

and Martin (2018) also isolated the nonmodal, or tran-

sient, contribution to blocking amplification, and found

that as the vertical structure of height anomalies

transitioned from having a westward tilt with height to

an equivalent barotropic structure, the nonmodal term

steadily contributed to block amplification. Given the

transition of the baroclinic 14-day optimal which was

baroclinic, to the equivalent barotropic block produced

by the LIM (Fig. 8), the LIM may be reproducing the

effect noted in Breeden and Martin (2018).

The optimal structures for the growth of central

Pacific blocking in our LIM are consistent with the re-

sults of previous observational analyses of North Pacific

blocking. Jaffe et al. (2011) examined the composite

evolution of North Pacific jet retractions, which similarly

are associated with a dipole-type block, finding struc-

tures at the tropopause preceding retraction onset that

bear a striking resemblance to the optimal initial struc-

ture for central Pacific blocking identified by the LIM,

including the east Pacific ridge. They also observed a

statistically significant zonally elongated anticyclonic

anomaly over eastern Russia/China, poleward of the

jet entrance region prior to retraction, similar to the

anticyclonic anomaly in the optimal (Fig. 8a). Breeden

and Martin (2018, 2019) performed a case study of a

jet retraction and highlighted the importance of a

Eurasian anticyclone that encountered the poleward

side of the jet entrance region, inducing waves that

weakened the jet via the aggregate effect of nonlinear

processes over a 5-day period, consistent with the

eddy–mean interaction represented by (12). The sub-

sequent evolution involved the development of a high-

amplitude ridge that reinforced a preexisting block,

FIG. A1. Tau test for the linear inverse model as in Penland and

Sardeshmukh (1995). Values of the norm of the submatrices of the

dynamical operator L are plotted against the to used to compute

the lagged covariance matrix. Each line represents the norm of the

submatrices that compose L, so for L with N 3 N dimensions, the

norm is determined for L(1, 1), L(1:2, 1:2), L(1:3, 1:3) etc., through

L(1:N, 1:N).
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which may explain the role of the Eurasian anticyclonic

anomaly observed in the 14-day optimal initial structure.

The inherent time scales of blocking developmentmight

limit their predictability for forecast leads of 2–6 weeks.

However, knowledge of the initial optimal conditions

can serve as a guide for knowing which features could

lead to a regime shift as represented by these blocks,

which in turn could also degrade forecast skill (Winters

et al. 2019). Albers and Newman (2019) demonstrated

that a LIM can be used to predict the skill of subseasonal

forecasts a priori, presenting a method to distinguish

periods when these forecasts may or may not be useful.

This approach could be used to determine when block-

ing may develop versus when the signal-to-noise ratio is

too high to have confidence in the forecast. The LIM

approach can also be used to interrogate numerical

weather prediction (NWP) errors in blocking prediction,

by comparing a LIM derived from lagged analyses

with a LIM derived from the equivalent lagged anal-

ysis in NWP forecasts. Differences in the LIM and

optimal initial structures that produce observed errors

in NWP blocking prediction is anticipated as a follow-

on study from this work. Finally, we acknowledge

that the impact of variables not included in our

simple state vector could, of course, change the

growth characteristics of blocking; expanding this

simple model to include more information, such as a

tropical ocean (e.g., ENSO) or stratospheric compo-

nent, could be an avenue of future work.
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APPENDIX A

Test for Linear Dynamics

To determine whether the dynamical system operator

is independent of the lag used to define it, the tau test

after Penland and Sardeshmukh (1995) is employed. If

the system was perfectly linear, any time period used to

calculate the lagged covariance and dynamic operator

would produce the same results. In reality this is not the

case, given the sensitivity of the dynamics to lags that are

half of the period of the normal modes of the system, re-

ferred to as a Nyquist period (Penland and Sardeshmukh

1995). It is therefore important to verify that the lag used to

develop the LIM is not unduly affected by proximity to

time scales of the underlying eigenmodes, and is within the

range at which the lag does not significantly alter the es-

timate of L. To this end, L is calculated using varying lags,

and the Euclidean norms of L and its submatrices are then

computed. When the norms of the submatrices are con-

stant with varying optimization time to, the dynamics of

the system as represented by L are independent of the to
chosen to define it. The normof L in this model is shown in

Fig. A1 for a range of optimization lead times. The results

suggest that a lag of six days or less would be appropriate

for calculating L.

APPENDIX B

Error Growth

Another test for the LIM is whether error in the

model evolves in a manner consistent with theory.

Penland (1989) demonstrated that the global error

d(t) should equal the trace of the error covariance

matrix:

he(t)e(t)Ti5C(0)2G(t)C(0)GT(t) .

Figure B1 shows the observed error in the LIM com-

pared with error predicted by theory, a persistence

forecast, and a forecast treating the system as a first-

order autoregressive [AR(1)] process. While the ob-

served error in the LIM is slightly higher than theory

predicts, it is lower than both persistence andAR(1) by a

substantial amount. The error growth overall follows the

behavior expected under a stable, linear system forced

by stochastic noise.

APPENDIX C

Leading EOFs of the State Vector Variables

For reference we include the two leading modes of

variability for 200 hPa streamfunction (Fig. C1) and

tropical OLR (Fig. C2), to compare with the patterns

observed under the blocking norm.
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