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Abstract: Atmospheric blocking is associated with sensible weather impacts such as 47 
anomalous precipitation and flooding, cold air outbreaks and heat waves. Given the asymmetry 48 
in the persistence characteristics of anticyclones and cyclones, many studies have emphasized 49 
the role of nonlinearities in blocking onset and maintenance. However, previous studies have 50 
demonstrated that both linear and nonlinear dynamics can amplify blocks. In this paper the 51 
structure and evolution of North Pacific blocking on weekly timescales is investigated using two 52 
methods – statistical analysis not requiring linearity, and a linear inverse model (LIM) composed 53 
of tropical outgoing longwave radiation and extratropical streamfunction, which relies on purely 54 
linear (and linearly parameterized) dynamics. Both approaches produce a similar evolution of 55 
North Pacific blocking. Using the LIM, the optimal precursors to blocking are determined, which 56 
at a 14-day lead time include an upper-level east Pacific anticyclone and suppressed convection 57 
over the central tropical Pacific. The tropics and extratropics both contribute to the deterministic 58 
evolution of blocking, with the tropics acting on longer timescales but imposing a weaker 59 
response than that contributed by the extratropics. The tropical contribution was driven by La 60 
Niña-like conditions that produce a hemispheric anticyclonic anomaly, while the extratropical 61 
initial conditions produce an equivalent barotropic, wavelike pattern. The LIM’s ability to 62 
reproduce the observed blocking evolution suggests the predictable evolution of blocking on 63 
weekly timescales can be modeled in a linear framework, and that subseasonal forecasting of 64 
North Pacific blocking needs to consider both tropical and extratropical conditions. 65 

 66 
 67 

1. Introduction  68 

Atmospheric blocking is defined by prolonged periods during which the storm track is 69 

diverted around a persistent, large-scale anticyclone. Often accompanied by cyclones to the south 70 

(Rex or dipole-type block) or flanking it on either side (omega block), blocks dramatically 71 

modify the regional precipitation and temperature by altering not only the atmospheric flow over 72 

the blocking region but upstream and downstream as well (Berggren et al. 1949; Rex 1950; 73 

Carrera et al. 2004; Röthlisberger et al. 2016; Winters et al. 2019). Blocks can last for 1-3 weeks, 74 

and are associated with anomalous storm tracks, extreme wintertime temperatures, and flooding 75 

(Carrera et al. 2004; Lau and Kim 2012) as well as summertime heat waves (Campetella and 76 



 3 

Rusticucci 1998; Matsueda 2011; Parker et al. 2014) through subsidence warming of the 77 

troposphere, sustained solar insolation, and land surface feedbacks (Dole et al. 2011).  78 

Numerous studies have focused on the mechanisms driving the initiation and 79 

maintenance of blocks, often framed in terms of the relative importance of linear and nonlinear 80 

processes. Nonlinear processes can produce a feedback onto the low-frequency circulation to 81 

maintain a block (Shutts 1983; Hoskins et al. 1983), and might preferentially reinforce 82 

anticyclones compared to cyclones (Dole and Gordon 1983; Yamazaki and Itoh 2013). However, 83 

Sardeshmukh et al. 2015 showed that the asymmetry in persistence characteristics of 84 

anticyclonic versus cyclonic anomalies, first explored by Dole and Gordon 1983, can be 85 

reproduced through a linear system forced by correlated additive-multiplicative noise.  That is, 86 

the predictable evolution of blocks may be essentially linear even if nonlinear processes are 87 

large, when the nonlinear processes have a much shorter time scale than the linear processes. 88 

Furthermore, linear processes, such as linear baroclinic and barotropic amplification, have been 89 

demonstrated to amplify North Pacific blocks (Breeden and Martin 2018), while North Atlantic 90 

blocks were found to be substantially driven by nonlinear processes (Evans and Black 2003). 91 

On weekly and monthly timescales, teleconnection patterns, in which circulation 92 

anomalies over a vast region vary in tandem, can also affect North Pacific blocking frequency. 93 

The state of El Niño-Southern Oscillation (ENSO) as well as the phase of the Madden-Julian 94 

Oscillation (MJO) have been shown to affect North Pacific blocking frequency (Renwick and 95 

Wallace 1996; Henderson et al. 2016). Renwick and Wallace (1996) found that North Pacific 96 

blocking occurred more often during winters characterized by the negative phase of the Pacific-97 

North American pattern, which can develop from internal atmospheric variability (PNA; Wallace 98 

and Gutzler 1981; Cash and Lee 2001). Henderson et al. (2017) used a linear baroclinic model to 99 
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demonstrate that MJO teleconnections can be modeled as linear processes in the Pacific. It 100 

therefore appears that blocks developing in the North Pacific and North Atlantic may be driven 101 

by linear and nonlinear processes in different proportions. North Pacific blocks, in particular, 102 

appear to be heavily influenced by linear processes including teleconnection patterns and linear 103 

baroclinic and barotropic amplification. We therefore hypothesize that a linear model could 104 

capture the development of blocks on weekly timescales.  105 

A tangent linear modeling framework has been used to diagnose the optimal initial 106 

conditions that evolve to produce a block within the next few days (Frederiksen 1998; Mu and 107 

Jiang 2008). For lead times longer than several days, however, the assumptions made in a 108 

tangent linear approach do not hold. In this study, we develop a linear stochastic model in which, 109 

with suitable averaging, a nonlinear dynamical system can be approximated by the dynamics of a 110 

stable, linear system forced by stochastic white noise. This method allows for examination of the 111 

optimal precursors to blocking on timescales markedly longer than those attainable through a 112 

tangent linear model approach. Penland and Sardeshmukh (1995) introduced a framework for 113 

determining such a linear system from observations, by constructing a linear inverse model 114 

(LIM), where the dynamics of the system are inferred from the lagged covariance of a reduced 115 

space system state. That study demonstrated that, despite the requirement that the dynamics of 116 

the system be damped in the long-term, monthly-mean tropical sea surface temperature 117 

anomalies could grow via non-normal modal interference for as long as 15 months (note that the 118 

non-normal growth process is a direct result of the non-orthogonality of the system eigenmodes 119 

and should be distinguished from modal growth that might arise from linear instability of a 120 

system eigenmode; Farrell and Ioannou 1993). Non-normal growth is also a characteristic of 121 

realistic geophysical systems with location-dependent linear dynamics, such as might result from 122 
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shear and from boundary-driven diabatic/dissipative processes (Farrell 1984; Barcilon and 123 

Bishop 1998). Previous studies have constructed LIMs to model Northern Hemisphere 124 

atmospheric variability and investigated the most rapidly growing structures that develop via 125 

non-normal interactions on daily and weekly timescales, without any constraint on the final 126 

patterns that the models produced (Cash and Lee 2001; Winkler et al. 2001).  127 

A LIM can also be used to optimize growth towards a prescribed circulation pattern, such 128 

as North Pacific blocking. In that case, growth is defined using a specified norm that represents 129 

the phenomenon of interest (Zanna and Tziperman 2005). Vimont (2012) and Vimont et al. 130 

(2014) used a LIM with specified norms to identify optimal growth of the Atlantic Meridional 131 

Mode (Chiang and Vimont, 2004) and Central vs. East Pacific ENSO variability. The present 132 

study introduces a new application of the LIM, in which, using a LIM similar to that developed 133 

by Winkler et al. 2001, we optimize growth associated with the phenomenon of North Pacific 134 

blocking. Through the LIM approach the predictable and linear evolution of North Pacific 135 

blocking on subseasonal timescales is investigated. In addition to optimizing growth in a given 136 

pattern of interest, we can isolate specific interactions within the model, such as the impact of 137 

tropical heating on the extratropical streamfunction and vice versa. In this manner the relative 138 

contributions to North Pacific blocking from the tropics and extratropics are considered, to 139 

compare to previous studies that have emphasized the role of teleconnection patterns from the 140 

tropics and extratropics in North Pacific block development. 141 

 The intent of this study is to briefly characterize the structure and evolution of North 142 

Pacific blocking events, and determine whether that structure and evolution can be reproduced 143 

within a LIM framework. This paper is organized as follows. Section 2 describes the data used in 144 

this study and the LIM methodology. In Section 3 the characteristics of North Pacific blocking 145 
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events are described using statistical techniques that do not assume linearity. In Section 4, the 146 

approach used to define the blocking norm is described and used to investigate the optimal initial 147 

conditions that amplify into a North Pacific block. The relative influences of tropical heating and 148 

extratropical streamfunction in producing blocking are described as well. Section 5 examines the 149 

dependence of the tropical and extratropical contributions to blocking on optimization lead time. 150 

Section 6 concludes with a discussion of the implications of the results for the predictability of 151 

blocking at subseasonal timescales.  152 

2. Data and Methods 153 

2.1 Data 154 

Daily mean zonal and meridional wind at 200 hPa and 850 hPa from the National Center 155 

for Environmental Prediction – National Center for Atmospheric Research (NCEP-NCAR) 156 

Reanalysis I dataset were interpolated to 2°x2° spatial resolution (Kalnay et al. 1996), and then 157 

smoothed with a 7-day running mean. A daily climatology from 1980-2014 was determined from 158 

each 7-day running mean field as the time-mean plus the first four harmonics of the annual cycle, 159 

and anomalies were then calculated as departures from this climatology. Streamfunction 160 

anomalies were then calculated from these global wind anomalies using SPHEREPACK routines 161 

available through the National Center for Atmospheric Research (Adams and Swarztrauber 162 

1997). For the blocking criteria discussed in Section 3, the streamfunction anomalies were 163 

standardized with respect to the December – February 1980-2014 standard deviation at each grid 164 

point. Outgoing longwave radiation (OLR) was obtained from the National Oceanic and 165 

Atmospheric Administration (NOAA) daily interpolated dataset (Liebmann and Smith, 1996), 166 

and anomalies were computed in the same manner as the streamfunction. OLR anomalies were 167 

not used in the blocking criteria.  168 
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2.2 Linear Inverse Model 169 

The evolution of a system state x can be expressed as follows:  170 

"x
"#
= Bx + N(x), (1) 171 

where x is the system state vector, 𝐁 is the linearized component of the dynamical equations and 172 

N(x) represents the nonlinear component. Here, we assume that x is defined as the deviation with 173 

respect to some climatological average x = X − x-, where the climatological average is taken over 174 

a time interval appropriate for the component of the state vector (e.g., monthly averages of sea 175 

surface temperature, and averages of several days to a week for components of the atmosphere). 176 

To the extent that the critical nonlinearities represented by N(x) operate on time scales that are 177 

short compared to the linear dynamics described by 𝐁𝐱, it is often possible to approximate the 178 

nonlinear terms as a second linear operator acting on the state variable plus temporally (although 179 

not spatially) incoherent noise, yielding the linear model 180 

"x
"#
= Lx + Fs.  (2) 181 

(Penland and Sardeshmukh 1995). We emphasize that L can include linearized dynamics and a 182 

linear approximation of nonlinearities, and 𝑭𝒔 represents white noise forcing.  183 

A linear inverse model (LIM) is an empirical model inferring the linear dynamics of a 184 

system governed by (2) from its lagged covariance statistics; that is, a LIM estimates L and the 185 

covariance of the noise forcing from observations. When approximating (1) by (2), 𝑭𝒔 may 186 

include a linear (“multiplicative”) dependence upon the state x, allowing (2) to generate non-187 

Gaussian variability and asymmetry in the duration of opposite-signed events, even as the 188 

predictable component reflects only linear dynamics (see Sardeshmukh et al. 2015). However, 189 

here we limit 𝑭𝒔 to represent only state-independent (“additive”) noise, which makes using LIM 190 
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to determine (2) from limited observations more tractable (but see Martinez Villalobos et al. 191 

2018). 192 

Solving the homogeneous system from (2) yields  193 

𝐱(𝑡 + 	𝜏) = exp(L𝜏) x(𝑡) ≡ 𝐆;x(𝑡).  (3) 194 

For a given choice of lag 𝜏 = 𝜏<, 𝐆;= can be determined using the covariance matrices of the 195 

system state 𝐱 at lags of zero and 𝜏> days, represented by C0 and Cτo, respectively: 196 

𝐆;= = 	CτoCo
-1       (4) 197 

The dynamical system operator L is then determined from the matrix logarithm of 𝐆;=: 198 

L = 𝑙𝑛(𝐆;=)/𝜏>.  (5) 199 

In a perfectly linear system the model would be insensitive to 𝜏>, an assumption that can be 200 

tested (Appendix Section A., Figure A1; see Penland and Sardeshmukh 1995 for further 201 

explanation). A 𝜏> of five days lies within the range where this approximation is reasonable and 202 

is used in the present study to define a single L from (5), as done in Winkler et al. 2001. An 203 

ensemble-mean LIM forecast is then computed for any chosen lead time 𝜏 from (3), assuming 204 

the subsequent predictable evolution of x remains sufficiently represented as a linear, stable 205 

system.  206 

The state vector for the LIM used here is  207 

x = [OLR		ΨMN<	ΨO<<] .  (6) 208 

Empirical orthogonal function (EOF) analysis was applied to each variable, individually, to 209 

reduce the dimensions of the state vector. The EOF domain for OLR anomalies was 20°S to 210 

20°N, and for 850 and 200 hPa streamfunction anomalies (ΨMN<	and 	ΨO<<) was 20-90°N. All 211 

three variables are global in longitude. We retained 85% of the total variance at each vertical 212 

(pressure) level, corresponding to 18 EOFs of 	ΨO<< and 16 EOFs of ΨMN<. The 20 leading OLR 213 
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EOFs were retained, explaining 53% of the total tropical OLR variance; each additional EOF 214 

contributed less than 1% to the total variance, suggesting they are not crucial to understanding 215 

predictable large-scale OLR variability. Thus, x represents the corresponding principal 216 

components (PCs) of the retained EOFs. In the Appendix it is shown that the LIM constructed 217 

here is stable, and the system described by the state vector is sufficiently linear, a requirement for 218 

successful use of a LIM as outlined by Penland and Sardeshmukh (1995).  219 

Anomaly amplification is possible when the eigenvectors of L are non-orthogonal. 220 

Transient, finite-amplitude system growth can then arise through destructive or constructive 221 

interference between the eigenvectors (Penland and Sardeshmukh 1995). This condition of non-222 

orthogonality is satisfied, for example, in the presence of shear and zonal asymmetry in the flow, 223 

which are both characteristic of the strong boreal winter North Pacific jet (e.g., Borges and 224 

Sardeshmukh 1995). The amount of growth achieved through such non-normal interactions 225 

varies with growth period, or lead time. Farrell (1988) showed that such transient growth 𝜇(𝜏) 226 

over a specified lead time 𝜏 may be calculated as: 227 

𝜇(𝜏) = x(;)RNx(;)
x(<)RDx(<)

= 	 x(<)G(;)
RNG(;)x(<)

x(<)RDx(<)
   ,  (7) 228 

where D and N represent the initial and final norm kernels, respectively. In this study, we do not 229 

specify anything about the initial conditions that maximize growth, so D is the identity matrix. 230 

The final norm kernel can be a measure of the direction in which growth is maximized. Initial 231 

structures optimizing anomaly growth in the direction of the final norm are determined from the 232 

corresponding eigenvalue problem (Farrell 1988; Penland and Sardeshmukh 1995; Tziperman 233 

and Iannou 2002). Under the Euclidean, or ‘L2’ norm, N is also the identity matrix, in which 234 

case the initial structure that maximizes global growth over the time interval 𝜏 is determined 235 

from  236 
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(𝑮(𝜏)V𝑮(𝜏))𝒗(τ) = 	𝜇(𝜏)𝒗(𝜏) , (8) 237 

where 𝜇(𝜏)	is the amplification of the domain integrated variance of x. These structures were 238 

examined by Winkler et al. (2001) for a similar LIM as the one used here. To instead find 239 

maximum amplification of a specified spatial structure, different final norms must be used. Here, 240 

to focus on growth of North Pacific blocks, we determined and implemented a final blocking 241 

norm N, and solved the generalized eigenvalue problem: 242 

(𝑮(𝜏)V𝑵𝑮(𝜏))𝒗(𝜏) = 	𝜇(𝜏)𝒗(𝜏) . (9) 243 

Thus, given knowledge of the deterministic dynamics of the system from 𝑮(𝜏) and specification 244 

of the final norm N, the initial optimal pattern 𝒗(𝜏) that maximizes growth 𝜇(𝜏) can be assessed 245 

by computing the eigendecomposition of 𝑮(𝜏) under N. [The more general singular value 246 

decomposition technique can also be used to determine the optimal initial structures as done in 247 

Winkler et al., 2001].  Each eigenvector now corresponds to the initial condition producing 248 

growth measured by 𝐍, with amplitude eigenvalue 𝜇(𝜏) for a specific lead time 𝜏. The 249 

eigenvector corresponding to the largest eigenvalue, which produces the strongest growth given 250 

𝐍, is referred to as the optimal initial structure (Farrell 1988; Vimont 2012). Note that, for the 251 

final blocking norm specified in this study, 𝜇(𝜏) measures amplification from a unit amplitude of 252 

x in the direction of the initial norm that is potentially spread across all system components, into 253 

the direction of the final norm only, and as such does not equally measure change in all system 254 

components. An explanation of how the norm used in this study was defined is presented in 255 

Section 4.1.  256 

3. Evolution of North Pacific Blocks 257 

In this section, the structure and evolution of North Pacific blocking events are described, 258 

with the intent of providing a baseline against which the LIM-simulated block evolution can be 259 
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compared. Section 3.1 describes the method used for identifying blocks, and Section 3.2 260 

describes the structure and evolution of North Pacific blocking events using composite analysis. 261 

3.1 Identifying North Pacific Blocking Events  262 

There are several methods used to identify atmospheric blocking in the extratropics, 263 

including tracking persistent anticyclones in a fixed geographic area (Dole and Gordon 1983) 264 

and searching for a meridional reversal in the geopotential height or potential temperature 265 

gradient (Tibaldi and Molteni 1990; Pelly and Hoskins 2003). Barnes et al. (2012) compared 266 

three identification methods, based on reversals in 500 hPa geopotential height, potential 267 

temperature on the 2 PVU surface (𝜃O), and 500 hPa zonal wind, finding general agreement in 268 

blocking frequency for the majority of the Northern Hemisphere except in the Pacific region, 269 

where the 𝜃O approach underestimated block frequency compared to the other two metrics.  270 

In this study, we adopt a Dole and Gordon (1983) approach to blocking, which is tailored 271 

to identify persistent, North Pacific wintertime anticyclones and allows definition of blocking 272 

events based upon the streamfunction anomalies in the LIM state vector. During the 35 boreal 273 

winters (December – February), 1980-2014, blocking events were identified as occurring when 274 

the 200 hPa standardized streamfunction anomalies, averaged within the region bounded by 46°-275 

56°N, 186°-206°E (where most frequent persistent anticyclonic anomalies occur; Miller et al. 276 

2019; Dole and Gordon 1983), exceeded 1.25 standard deviations for at least five days. Over the 277 

35 winters, 25 independent cases and 338 days were identified, or 10.7% of all days. This 278 

blocking frequency is generally consistent with previous measures of extratropical blocking at 279 

this longitude (Pelly and Hoskins 2003). Onset dates and durations are in Table 1, showing a 280 

wide range of block duration from 6 – 29 days, with about one third of events persisting beyond 281 

two weeks.  282 
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Anticyclonic anomalies are more persistent than their cyclonic counterparts, which Dole 283 

and Gordon (1983) showed was due, in part, to cyclonic anomalies being more easily interrupted 284 

by transient disturbances associated with an invigorated storm track. Even after low-pass 285 

filtering height anomalies to remove the transient behavior, however, at weak magnitudes and a 286 

duration longer than 15 days, anticyclonic anomalies were more common than cyclonic 287 

anomalies. Dole and Gordon attributed this amplitude and duration asymmetry to nonlinear 288 

processes, but Sardeshmukh et al. (2015) demonstrated that these nonlinear processes might be 289 

well approximated by a system similar to (2), but where the noise is non-Gaussian and has a 290 

linear dependence upon x. Still, Sardeshmukh et al. 2015 showed that, at anomaly values 291 

between 1.4-1.7 standard deviations, negative and positive 250 hPa relative vorticity anomalies 292 

were approximately equally distributed. Thus while there are important processes that can lead to 293 

asymmetry between cyclones and anticyclones, their effects vary according to the strength of the 294 

block. The 1.25 standard deviation blocking amplitude threshold chosen in this study is near the 295 

value at which anomalies are observed to occur in roughly equivalent proportions, so we choose 296 

to defer analysis of blocking duration asymmetry to future work.  297 

3.2 North Pacific Blocking Characteristics  298 

The composite weekly evolution of 200 and 850 hPa streamfunction and tropical OLR 299 

anomalies, with Dayb 0 representing the first day the blocking criteria were met, is shown in Fig. 300 

1 (Dayb –7 and Dayb 0) and Fig. 2 (Dayb +7 and Dayb +14). Features significant at the 99% 301 

confidence level were determined using a two-tailed student’s t-test that did not assume equal 302 

variance between samples and reduced the degrees of freedom in regions where the variance in 303 

the blocked cases and variance of the full data record was substantially different.  304 
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One week prior to central Pacific blocking onset (Dayb -7), weak anticyclonic anomalies 305 

were observed in the east Pacific near 45°N, 120°W at both 850 hPa and 200 hPa, with a second 306 

upper level anticyclonic anomaly near the Tibetan plateau at 45°N, 80-100°E (Fig. 1a,b). A 307 

broad region of suppressed convection (positive OLR anomaly) was located in the central 308 

tropical Pacific (Fig. 1c). At block onset, a potent, equivalent barotropic anticyclonic anomaly 309 

developed south of Alaska (Fig. 1d,e), with an upper level cyclonic subtropical anomaly to its 310 

south, reflective of the Rex or dipole-type block that our blocking definition captures. The 311 

suppressed tropical convection observed one week prior to block onset persisted (Fig. 1f).  312 

Over the following week, the North Pacific upper-level anticyclone underwent continued 313 

intensification, also expanding westward, while the cyclonic subtropical anomaly slightly 314 

weakened (Fig. 2a). At 850 hPa, a cyclonic anomaly developed to the west of Hawaii, which 315 

often coincides with enhanced Hawaiian precipitation (consistent with the enhanced frequency of 316 

‘Kona lows’ that develop during blocks, Otkin and Martin 2004), confirmed by negative OLR 317 

anomalies developing to the east (Fig. 2b,c). Downstream of the block, a trough developed over 318 

western North America (at 45°N) and a ridge over the southeastern United States (at 30°N). At 319 

Dayb +14, the block weakened and continued to retrograde westward, but was still significant 320 

despite the difference in the longevity of the individual blocking events (Fig. 2d-e). The cyclonic 321 

anomalies over the subtropics and North America weakened as well, while the 200 hPa 322 

anticyclone over the eastern United States persisted and remained significant. Suppressed 323 

convection in the central tropical Pacific still remained, while enhanced convection over the 324 

Maritime Continent strengthened (Fig. 2f).  325 

The quadrupole pattern arcing from the central Pacific to cross North America at Dayb 0 326 

and Dayb +7 strongly resembles the negative phase of the PNA (Wallace and Gutzler 1981; 327 
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Barnston and Livezey 1987), with some differences in details involving the relative amplitudes 328 

and positioning of anomaly centers, especially downstream (cf. Figure A3b). To test whether our 329 

blocking criteria have merely reproduced the PNA pattern, a blocking index was computed by 330 

projecting the composite Dayb 0 200/850 hPa streamfunction pattern onto the 35-year record of 331 

the 200/850 hPa streamfunction anomalies, respectively. Correlating this time series and the 332 

second principal component of 	ΨO<<, essentially a time series of the PNA pattern (Fig. A3b), is 333 

0.61, indicates that the PNA, although contributing to blocking (e.g., Renwick and Wallace 334 

1996), explains only about one third of central Pacific blocking variability. Additionally, the 335 

temporal evolution of blocking is not simply due to ENSO: the blocking index is correlated at a 336 

value of only -0.48 with the first PC of tropical OLR, which captures ENSO temporal evolution 337 

(the negative correlation indicates that La Niña conditions correspond to blocks).   338 

 Our blocking composite also captures a key sensible weather impact of North Pacific 339 

blocking, namely, widespread cooling over North America, as found by previous studies. Fig. 3 340 

shows 2-meter temperature anomaly composites before and during blocking. The region of 341 

positive OLR anomalies in the tropics was accompanied by slightly cooler temperatures near the 342 

surface, suggestive of La Niña (Fig. 3a). A warm/cold anomaly dipole from the Bering Strait and 343 

to western North America developed and persisted downstream of the block through Dayb +14 344 

(Fig. 3a-c; see also Carrera et al. 2004 Fig. 7). 345 

A blocking index time series (Fig. 4), defined by projecting each day’s 200/850 hPa 346 

streamfunction composite pattern onto the 200/850 hPa streamfunction Dayb 0 composite 347 

blocking pattern (using only the North Pacific anomalies in Fig. 1de), shows that the composite 348 

block rapidly intensifies for about 10 days, from Dayb -7 through its peak on Dayb +3, followed 349 

by relatively more gradual decay from Dayb +3 to Dayb +15. Daily Hovmöllers of extratropical 350 
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anomalies (Fig. 5a,b) show that just prior to blocking onset, the initial 200 hPa anticyclonic 351 

anomaly retrograded westward while the 850 hPa anticyclone developing beneath it did not (Fig. 352 

5b). This retrogression is consistent with Shutts (1983), who suggested that deformation 353 

upstream of blocks can aid in their maintenance and retrogression. The equivalent barotropic 354 

structure of the resulting block, as well as its persistence from Dayb 0 through Dayb +10, 355 

confirms that our composite captures key characteristics of blocking. Positive OLR anomalies 356 

from about 160°E-170°W were observed to undergo little change throughout the time period 357 

(Fig. 5c), while weakly negative OLR anomalies from 100-140°E began to strengthen about five 358 

days after blocking onset, reaching peak strength at about Dayc +14.  359 

4. Growth and Optimal Structures under Blocking Norms  360 

4.1 Defining a Blocking Norm  361 

Given that our blocking definition captures the essential features of North Pacific blocks, 362 

we use it to define the final blocking norm N [see (7) and (9)] by projecting the Dayb 0 363 

composite 200 and 850 hPa streamfunction anomaly over the North Pacific (Fig. 6a-b, with 364 

anomalies outside of the blocking region set to zero) into the LIM state space (Fig. 6c-d). For the 365 

two streamfunction components of x, the projection of the composite onto the retained EOFs 366 

yields two vectors (𝒓\]^_ and 𝒓\`__) that are inserted into a norm vector 𝒏 in the LIM state 367 

space: 368 

𝒏 = [0	0	0	…		𝒓\]^_ 	𝒓\`__]  (10) 369 

where the zeros indicate the OLR component of the state space (i.e. the final norm places no 370 

weight on development of OLR). The vector 𝒏 is then normalized to unit length and is used to 371 

create the final norm N kernel via: 372 

N = 𝒏𝑻𝒏 + 𝜖𝐈  (11) 373 
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where a small number 𝜖 (we use 10-9) is added to the diagonal for numerical stability. 374 

The pattern that results from projecting the dipole pattern onto the EOFs of the state 375 

vector, plotted in Fig. 6cd, at 200 hPa is associated with weak anomalies outside of the blocking 376 

region, including an elongated structure over the Pacific and eastern Asia, a trough/ridge pattern 377 

over North America, and weak anomalies over the Atlantic and Europe; these features are similar 378 

to those observed in the Dayb 0 composite (Fig. 1d). At 850 hPa, the blocking norm includes 379 

weaker non-local structure than that observed at 200 hPa. Recall that the OLR component of N 380 

was set to zero, so that the norm represents only growth of the block in the 200 hPa and 850 hPa 381 

streamfunction anomalies, and does not measure the associated tropical OLR anomaly evolution.  382 

4.2 Growth and Evolution of North Pacific Blocks in the LIM 383 

Optimal (deterministic) growth under the blocking norm calculated using (7) is greatest 384 

over a 10-day interval, consistent with the observed composite (e.g., Fig. 4), although 385 

amplification can occur over periods as long as about 28 days (Fig. 7). This section will focus on 386 

the structure and behavior of the 14-day optimal initial structure, since this time interval was near 387 

peak blocking growth and outside the reliable range of NWP models. Figure 8a-c shows that the 388 

optimal initial structure in the LIM’s “14-day optimal”, or the initial anomaly leading to 389 

maximum amplification of a central Pacific blocking pattern 14 days later, strongly resembles 390 

the composite anomalies preceding blocking onset (Dayb -7 in Fig. 1a-c). The optimal 200 hPa 391 

streamfunction anomalies include an east Pacific anticyclone in the extratropics lying to the 392 

north of a smaller-scale trough east of Hawaii (Fig. 8a), and a downstream wave-train-like 393 

feature with negative anomalies over eastern North America and positive anomalies over the 394 

Atlantic. The 14-day optimal also includes a dipole structure of 200 hPa streamfunction 395 

anomalies over eastern Eurasia which contrasts with positive anomalies near the same region in 396 
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the Dayb -7 composite. The 14-day optimal 850 hPa pattern has less structure overall, but in 397 

some regions has anomalies opposite to that observed at 200 hPa, including an anticyclonic 398 

anomaly beneath the 200 hPa cyclonic feature in the east Pacific (this feature is shared with the 399 

Dayb -7 composite) and a cyclonic anomaly at 40-75°N over Eurasia beneath the anticyclone at 400 

200 hPa. Overall this indicates a baroclinic initial structure (seen by the vertical variation in the 401 

stream function initial conditions), so that the amplifying block could draw upon the available 402 

potential energy of the extratropical optimal initial structure. The optimal initial OLR anomaly 403 

involves a broad region of enhanced OLR representing suppressed tropical convection from 404 

140°E-120°W, strongly resembling the Dayb -7 OLR composite. 405 

The deterministic evolution from the 14-day optimal structure is calculated from (3) with 406 

Dayo 0 corresponding to the occurrence of the optimal initial structure, to be distinguished from 407 

the composite analysis (Figs. 1-5) where Dayb 0 indicates the day of block onset. The solid black 408 

lines in Fig. 5a and Fig. 9a indicate the time of peak amplitude for a more direct comparison of 409 

the composite-based and LIM-based block evolution. By Dayo +14, when blocking amplification 410 

has maximized via (9), the final evolved structure is largely equivalent barotropic and, not 411 

surprisingly, strongly resembles the target norm (cf. Fig. 8d-e and Fig. 6c-d). Although the 412 

optimal initial condition maximized growth over a 14-day period, the block became established 413 

by about Dayo +7, and persisted for two weeks after its peak on Dayo +12. The LIM evolution of 414 

the 200 hPa streamfunction optimal initial condition compares quite well with the observed 415 

composite evolution shown in Fig. 5a, relative to the peak intensity of the block. In particular, 416 

the LIM captures the observed westward retrogression of the east Pacific anticyclone, subsequent 417 

block amplification, downstream development of the trough over North America, and ridging in 418 

the North Atlantic.  419 
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While tropical OLR is not used in defining the blocking norm, its evolution through (3) 420 

throughout the 14-day time interval, and its related interaction with the extratropical 421 

streamfunction, influenced development of the block. The positive OLR anomaly persisted 422 

through Dayo +14, while a negative OLR anomaly developed at 80°E from Dayo +5 to Dayo +20, 423 

subsequently propagating eastward to 140°E from Dayo +20 through Dayo +35 (Fig. 8f, Fig. 9c). 424 

This tropical evolution is roughly consistent with the transition of the Madden-Julian Oscillation 425 

from Phase 3 to 5 (Wheeler and Hendon 2004). The peak extratropical response to the tropical 426 

initial conditions from Dayo +15 to Dayo +20 coincides with the eastward propagation of the 427 

negative OLR anomaly, as it transitions from destructively to constructively interfering with the 428 

stationary negative OLR anomaly associated with La Niña conditions (Fig. 9d,f). A similar 429 

evolution was found under an L2 norm in Winkler et al. 2001.  430 

4.3 The relative roles of tropical and extratropical initial conditions in block development 431 

To isolate the influence of different components within the state vector on the LIM block 432 

evolution, we initialized the LIM with only the extratropical streamfunction (Figs. 8ab) or only 433 

the tropical OLR portion (Fig. 8c) of the optimal initial structure, and then (3) was used to 434 

determine the subsequent Dayo +14 evolved state. The optimal initial OLR structure alone can 435 

produce a troposphere-deep anticyclonic block in the central Pacific (Fig. 9e-d, Fig. 10a-b), but 436 

with notably reduced amplitude and overall slower growth compared to evolution from the full 437 

optimal. Furthermore, the 850 hPa streamfunction anticyclone is centered slightly farther to the 438 

south than its 200 hPa counterpart. A more zonal pattern is evident at 200 hPa, reminiscent of the 439 

leading L2 optimal (not shown but see Winkler et al. 2001). Likewise, the downstream trough 440 

over North America is no longer present, replaced by a broad anticyclonic anomaly over much of 441 

the continental United States.  442 
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Initializing the LIM with only the initial optimal streamfunction patterns yields an 443 

evolved quadrupole structure at 200 hPa, including an extratropical anticyclone in the central 444 

Pacific that contributes to the block by Dayo +14 (Fig. 9g-h). The evolved structure is similar to 445 

the negative PNA, except for the location of the anticyclone over the southeastern United States 446 

which is centered farther to the west over the Gulf states (cf. Fig. 10d, Fig. A3b). The subtropical 447 

cyclonic anomaly is centered west of Hawaii, which more closely matches the actual position of 448 

the cyclonic anomaly observed in the composite blocking pattern and in the norm (Fig. 1d; Fig. 449 

6c). At 850 hPa an anticyclonic anomaly developed in the central Pacific whose intensity, shape, 450 

and location relative to its 200 hPa counterpart is indicative of a more equivalent barotropic 451 

structure than the evolved structure initialized from the optimal initial OLR. The 200 hPa 452 

streamfunction response to the initial streamfunction conditions peaked around Dayo +10-15, 453 

representing a stronger but shorter-lived impact upon the extratropics and the initial extratropical 454 

structure, than the optimal initial tropical OLR conditions (cf. Fig. 9d, Fig. 9g).  455 

The above results suggest that the full optimal evolution of blocking in the LIM may be 456 

characterized by a combination of an extratropics-induced, wavelike anomaly at shorter lead 457 

times and a tropics-induced ENSO-like response at longer lead times. While the 200 hPa 458 

anticyclonic anomaly produced by each component was similarly located in the central 459 

extratropical Pacific, the vertical structure of the block, subtropical cyclone anomaly location, 460 

and North American evolution all differed substantially. The net response produced a stronger 461 

central Pacific anticyclone (conducive to blocking), weaker trough over the western U.S. and 462 

stronger anticyclone over the southeastern United States.  463 

4.4 Relationship between Optimal Growth and Observed Blocking Events  464 
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In the previous section, we found optimal structures that could lead to maximum 465 

development of North Pacific blocking over a 14-day interval. Here, we test whether observed 466 

blocks do develop in this way. First, we compare the projection of observed anomalies onto the 467 

initial optimal structure (involving both OLR and extratropical streamfunction) with the 468 

projection of the observed anomalies 14 days later onto the blocking norm (involving only 469 

extratropical streamfunction), where the projection is computed as the dot product of the system 470 

state 𝒙 with either the initial optimal structure, or the blocking norm, in PC-space.  The resulting 471 

scatter plot (Figure 11a) shows a fairly linear relationship between the two projection time series, 472 

with a correlation of 0.66. [Note that, although in this paper we do not focus on the evolution of 473 

the oppositely-signed pattern; by construction it too must evolve linearly via the LIM]. The 474 

positive relationship between the two shows that the optimal initial structure can predict the 475 

emergence of a blocked state at a 14-day lead; the amount of scatter is not necessarily surprising, 476 

since the noise in (2), which includes unpredictable nonlinearities in the system, also plays a role 477 

in the (unpredictable) development of blocks. When we instead compare the projection onto 478 

either the optimal initial streamfunction anomaly (Fig. 11b) or the optimal initial OLR anomaly 479 

(Fig. 11c) with the projection onto the blocking norm at Dayo +14, however, the correlation is 480 

substantially reduced. This demonstrates that the combined knowledge of both the tropical OLR 481 

state and the extratropical streamfunction state enhances the ability to anticipate a blocked state 482 

two weeks in advance. 483 

Would knowledge of the initial optimal structure amplitude have been useful to anticipate 484 

the onset of the events used to construct the blocking composite? Table 2 shows the optimal 485 

initial projection amplitudes observed 14 days prior to each block onset, revealing that two 486 

weeks prior to block onset, 18 of the 21 blocking events were preceded by positive projection 487 
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onto the optimal initial state, with nine having an initial amplitude greater than one standard 488 

deviation. That is, as also suggested by Fig. 11a, the likelihood of a block forming two weeks 489 

after a positive projection onto the optimal initial structure is notably enhanced.  490 

The optimal initial structure defined by the LIM maximizes growth under the blocking 491 

norm, thereby representing a theoretical best-case scenario for blocking, but in general not all 492 

features of these patterns will always occur prior to each block’s formation. Figure 12a-c shows 493 

the composite of the 50 independent cases for which the initial optimal structure projected most 494 

strongly onto the state vector at Dayo 0 (red stars Fig. 11a). The plots shown represent the 495 

evolution of the non-EOF truncated stream function and OLR anomalies, so this “optimal 496 

composite” may be compared to the blocking-onset composite in Figures 1-2; the black lines 497 

again indicate significance at the 99% level using a two-tailed student’s t-test. [Recall, however, 498 

that the blocking composite is defined by block onset whereas the optimal composite is defined 499 

by peak block amplitude.] Similar to the optimal initial pattern (Fig. 8a), the 200 hPa 500 

streamfunction optimal composite has an anticyclone in the east Pacific with a subtropical trough 501 

to its south (Fig. 12a). However, the trough over China in the initial optimal structure is not 502 

observed in the composite, which may indicate that this feature is more a result of due to the 503 

effects of EOF truncation on the LIM optimal structure. Other details in the initial composite 504 

generally match those in the optimal initial condition. 505 

 Fourteen days after a strong projection of the state onto the optimal initial structure is 506 

identified, the optimal composite contains a central Pacific block, although its amplitude is 507 

weaker than for the blocking-onset composite (Fig. 12d,e vs Fig. 1b,e), which is likely due to 508 

averaging over many more cases (i.e., spread in red stars along the y-axis in Fig. 11a). Still, on 509 

average a more blocked state is observed to follow a positive projection onto the optimal initial 510 
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structure. The cyclonic anomalies in the subtropical Pacific and over North America are notably 511 

weaker than the LIM-evolved block, and the block composite. These features were developed 512 

from the extratropical initial condition, suggesting that at 14 days the tropical initial condition is 513 

influencing the full-state optimal projection more than the extratropical initial condition. Given 514 

the higher-frequency variability of the extratropics, this result is not surprising but should be 515 

considered when attempting to predict blocking at subseasonal timescales. The reanalysis 516 

composite of tropical OLR remains characterized by positive OLR anomalies in the central 517 

Pacific at Dayo +14, although the anomaly weakened over this period rather than strengthening 518 

as the optimal initial structure evolves in the LIM (Fig. 12f). A more sprawling region of 519 

negative OLR anomalies formed over the eastern Indian ocean and Maritime Continent similar to 520 

that observed in the LIM. 521 

5. Sensitivity to Optimization Time Interval 522 

For the 14-day optimization interval, both the tropics and extratropics affected blocking 523 

growth, and the corresponding block that developed persisted for roughly two weeks, weakening 524 

thereafter. However, the blocks identified in Table 1 had durations ranging from as short as 6 525 

days to as long as four weeks. One question that arises is whether each block’s life cycle is 526 

associated with different contributions from the tropical and extratropical initial conditions. 527 

Therefore, we also determined the optimal structures for 𝜏 = 7-day and 21-day time intervals. 528 

The strength of the block that developed for each optimization interval, using the full-state, 529 

tropical and extratropical initial conditions, was evaluated by projecting the evolved pattern at 530 

each day onto the blocking norm kernel (Fig 6c-d) at each forecast lead time. The resulting time 531 

series provide a measure of the amplitude of the block as it evolves from the optimal initial 532 

conditions (Fig. 13).  533 
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Peak amplitude is similar using the 7-day and 14-day optimals (Fig. 13a-b), while the 534 

block diminished more rapidly when evolved from the 7-day optimal. The downstream trough 535 

that developed from the 7-day optimal is stronger than the 14-day optimal, consistent with the 536 

stronger extratropics-induced pattern (cf. Fig. 14g, Fig. 9g). For a 21-day optimization lead time, 537 

however, the relative contributions from the tropics and extratropics were roughly equal, with the 538 

extratropics-induced amplification peaking a few days earlier than the tropics-induced 539 

amplification (cf. Fig. 13c; Fig. 15). Given substantial overlap between the tropical and 540 

extratropical contributions, the block maintained considerable amplitude from Dayo +10 to Dayo 541 

+30 (Fig. 15a-b). The downstream trough developed by the extratropical initial condition is 542 

much weaker than that observed in the composite block evolution and is negated by the influence 543 

of the tropical initial condition (Fig. 15 a, d, g). The tropical OLR evolution in this case differed 544 

substantially from the 7-day optimization interval and evolved predominantly due to the tropical 545 

OLR initial condition (Fig. 15c, f, i).   546 

6. Discussion and Conclusions   547 

 In this study, we examined the spatial and temporal evolution of North Pacific blocking 548 

events in the NCEP Reanalysis, using composite analysis (in which no assumption of linearity is 549 

necessary) and using a LIM. We found that the LIM can reproduce most aspects of the observed 550 

composite evolution, suggesting the processes that drive North Pacific block development on 551 

weekly timescales are, in part, predictable, and are either linear or can be parameterized as linear. 552 

We emphasize that nonlinear amplification can still contribute to block development via the 553 

noise forcing (see (2)), but this component of the evolution is not predictable on weekly 554 

timescales, nor is it necessary to produce a block. North Pacific blocks can amplify via linear, 555 

non-normal interactions over a period up to four weeks, with growth maximized for a lead time 556 
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of 10 days. The optimal precursors to blocking at a 14-day lead time included an upper-level east 557 

Pacific anticyclone and suppressed convection over the central tropical Pacific. The tropics and 558 

extratropics both contributed to the deterministic evolution of blocking, with the tropics acting 559 

on longer timescales but imposing a weaker response than that contributed by the extratropics. 560 

The tropical contribution was driven by La Niña-like conditions that produced a hemispheric 561 

anticyclonic anomaly, while the extratropical contribution resembled the PNA pattern but with 562 

some clear distinctions. In reanalysis, there is good correspondence between a high projection on 563 

the optimal initial conditions and a blocked state 14 days later. The relative contributions of the 564 

tropics and extratropics are sensitive to the optimization interval, so that extratropical blocks are 565 

largely internally-driven, that is, driven by extratropical dynamics, at a 7-day lead time, but are 566 

equally affected by the tropics and extratropics by a 21-day lead time.  567 

 The LIM’s ability to reproduce the observed blocking evolution suggests that blocking on 568 

weekly timescales is predictably linear (with a noise residual), which is equivalent to a nonlinear 569 

system where the nonlinearities act on timescales substantially faster than linear processes 570 

(Martinez-Villalobos et al. 2018). We note that our results are consistent with nonlinear 571 

dynamics that are predictable on synoptic timescales, just not weekly timescales, which could 572 

also include the ‘threshold’ behavior suggested to initiate blocking by Nakamura and Huang 573 

(2018). While the primitive equations that dictate blocking development are indeed nonlinear, 574 

temporally course-graining these equations essentially averages out the details of nonlinearities 575 

that decorrelate rapidly compared to linearities (Hasselmann, 1976). Additionally, from the 576 

quasi-geostrophic potential vorticity (𝑞) perspective the low-frequency 𝑞 tendency, "h
i

"#
 , is 577 

proportional to the temporal average (over at least several days) of the high-frequency, nonlinear 578 

𝑞 flux convergence ∇ ∙ 𝒗ll𝑞ll------- in the absence of sources and sinks	𝐷  579 
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"hi

"#
+	∇ ∙ 𝒗ll𝑞ll------- = 𝐷  (12) 580 

(Hoskins 1983). Thus the 7-day-averaged anomalies upon which the LIM is based implicitly 581 

include the atmospheric response to the aggregate effect of high-frequency nonlinearities. This 582 

eddy-mean interaction is the basis under which Shutts (1983) postulated that blocks could be 583 

maintained in regions of strong deformation.  584 

Our results provide additional evidence, through an independent and novel approach, for 585 

several preexisting blocking theories:  586 

a) Role of deformation associated with blocking as suggested by Shutts (1983) 587 
b) Teleconnections and the impact of tropical heating on blocking (Renwick and Wallace 588 

1996) 589 
c) Baroclinic and nonmodal processes in North Pacific block amplification (Evans and 590 

Black 2003; Breeden and Martin 2018) 591 
 592 

The east Pacific anticyclone observed in the 14-day optimal retrograded and amplified in the 593 

central Pacific to produce a block. Considering the Shutts perspective, it is possible that the high-594 

frequency synoptic forcing, 𝒗	′′𝑞′′ , (where double-primed notation represents high-frequency 595 

anomalies with respect to the long-term mean) which maintains the low-frequency block via 596 

eddy straining is, in part, a linear function of the block amplitude,	𝒗 𝑞′′ ll~	𝑇𝑞′  (where T is a 597 

scalar quantity and the single prime ` denotes low-frequency anomalies), a relationship which 598 

could be captured in the dynamic operator L. Breeden and Martin (2018) also found, using 599 

piecewise potential vorticity inversion, that deformation (a linear term from this perspective) 600 

contributed to the amplification of a North Pacific block in late February 2006, whose evolution 601 

closely matches that simulated by the LIM.  602 

The contribution of the optimal initial tropical OLR conditions that produce blocking found 603 

in this study provides further evidence for the impact of anomalous tropical heating and 604 

divergence on the circulation of the extratropical atmosphere (Sardeshmukh and Hoskins 1988) 605 
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and specifically blocking (Renwick and Wallace 1996). Our results indicate that the tropics-606 

induced extratropical response amplifies the pattern associated with internal extratropical 607 

interactions, whose dynamics as represented by L are independent of ENSO phase. That is, 608 

internal extratropical dynamics and tropically-coupled dynamics both drive blocking 609 

independently of each other and may be treated additively. Still, it would be interesting to test 610 

whether the dynamics themselves are a strong function of ENSO phase, by constructing new 611 

LIMs based on La Niña or El Niño conditions alone. The MJO teleconnection to blocking was 612 

not clear in this study. While a propagating feature on the timescales of the MJO was observed in 613 

the LIM evolution of tropical heating from the optimal initial condition (Fig. 9c), this occurred 614 

after the block had developed, not before. However, it is possible that the MJO variance is muted 615 

or obscured by the dominance of ENSO in the model, or that the simulated evolution involves 616 

periods of constructive and destructive interference between MJO and ENSO-related heating as 617 

discussed by Winkler et al. 2001. Future work will employ a LIM decoupled from ENSO 618 

dynamics to better distinguish MJO and ENSO-related teleconnections and their effect on 619 

blocking.  620 

Extratropical teleconnections were also found to develop as part of the block, both in 621 

reanalysis and in the LIM. The PNA pattern was produced by evolving the extratropical optimal 622 

initial condition, consistent with the results of Cash and Lee (2001). Franzke et al (2011) 623 

performed a synoptic analysis of the PNA and found a similar precursor east Pacific anticyclone 624 

eight days prior to its negative phase. The PNA alone did not, however, fully explain the evolved 625 

pattern from the extratropical initial condition, most notable over North America where the 626 

trough-ridge pattern was shifted northwest of that associated with the pure PNA (cf. Fig. 10d, 627 

Fig. A3b). These differences indicate that the PNA interacted with other portions of the 628 
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atmospheric state to produce the blocking pattern. Motivated by the connection between east and 629 

central Pacific blocking, we investigated the optimal initial conditions leading to an east Pacific 630 

anticyclone in the LIM for a 14-day lead time but found only weak anomaly growth (not shown).  631 

In the context of the LIM, this suggests that the east Pacific precursor may develop largely 632 

through unpredictable noise forcing, which implies limited prospects for predicting both the east 633 

Pacific precursor and, thereafter, its subsequent central Pacific block development.  634 

The baroclinicity of the optimal initial extratropical streamfunction pattern, which 635 

evolved into an equivalent barotropic block, provides additional evidence for the linear 636 

baroclinic processes that Evans and Black (2003) and Breeden and Martin (2018) found to 637 

heavily contribute to North Pacific block amplification. Breeden and Martin (2018) also isolated 638 

the non-modal, or transient, contribution to blocking amplification, and found that as the vertical 639 

structure of height anomalies transitioned from having a westward tilt with height to an 640 

equivalent barotropic structure, the non-modal term steadily contributed to block amplification. 641 

Given the transition of the baroclinic 14-day optimal which was baroclinic, to the equivalent 642 

barotropic block produced by the LIM (Fig. 8), the LIM may be reproducing the effect noted in 643 

Breeden and Martin (2018). 644 

The optimal structures for the growth of central Pacific blocking in our LIM are 645 

consistent with the results of previous observational analyses of North Pacific blocking. Jaffe et 646 

al. (2011) examined the composite evolution of North Pacific jet retractions, which similarly are 647 

associated with a dipole-type block, finding structures at the tropopause preceding retraction 648 

onset that bear a striking resemblance to the optimal initial structure for central Pacific blocking 649 

identified by the LIM, including the east Pacific ridge. They also observed a statistically 650 

significant zonally-elongated anticyclonic anomaly over eastern Russia/China, poleward of the 651 
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jet entrance region prior to retraction, similar to the anticyclonic anomaly in the optimal (Fig. 652 

8a). Breeden and Martin (2018, 2019) performed a case study of a jet retraction and highlighted 653 

the importance of a Eurasian anticyclone that encountered the poleward side of the jet entrance 654 

region, inducing waves that weakened the jet via the aggregate effect of nonlinear processes over 655 

a 5-day period, consistent with the eddy-mean interaction represented by (12). The subsequent 656 

evolution involved the development of a high-amplitude ridge that reinforced a preexisting 657 

block, which may explain the role of the Eurasian anticyclonic anomaly observed in the 14-day 658 

optimal initial structure.  659 

The inherent timescales of blocking development might limit their predictability for 660 

forecast leads of 2-6 weeks. However, knowledge of the initial optimal conditions can serve as a 661 

guide for knowing which features could lead to a regime shift as represented by these blocks, 662 

which in turn could also degrade forecast skill (Winters at al. 2019). Albers and Newman (2019) 663 

demonstrated that a LIM can be used to predict the skill of subseasonal forecasts a priori, 664 

presenting a method to distinguish periods when these forecasts may or may not be useful. This 665 

approach could be used to determine when blocking may develop versus when the signal-to-666 

noise ratio is too high to have confidence in the forecast. The LIM approach can also be used to 667 

interrogate numerical weather prediction (NWP) errors in blocking prediction, by comparing a 668 

LIM derived from lagged analyses with a LIM derived from the equivalent lagged analysis in 669 

NWP forecasts. Differences in the LIM and optimal initial structures that produce observed 670 

errors in NWP blocking prediction is anticipated as a follow-on study from this work. Finally, 671 

we acknowledge that the impact of variables not included in our simple state vector could, of 672 

course, change the growth characteristics of blocking; expanding this simple model to include 673 
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more information, such as a tropical ocean (e.g. ENSO) or stratospheric component, could be an 674 

avenue of future work.  675 
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APPENDIX 682 

A. Test for linear dynamics 683 

 To determine whether the dynamical system operator is independent of the lag used to 684 

define it, the tau test after Penland and Sardeshmukh (1995) is employed. If the system was 685 

perfectly linear, any time period used to calculate the lagged covariance and dynamic operator 686 

would produce the same results. In reality this is not the case, given the sensitivity of the 687 

dynamics to lags that are half of the period of the normal modes of the system, referred to as a 688 

Nyquist period (Penland and Sardeshmukh, 1995). It is therefore important to verify that the lag 689 

used to develop the LIM is not unduly affected by proximity to time scales of the underlying 690 

eigenmodes, and is within the range at which the lag does not significantly alter the estimate of 691 

L. To this end, L is calculated using varying lags, and the Euclidean norms of L and its 692 

submatrices are then computed. When the norms of the submatrices are constant with varying 693 

optimization time 𝜏>, the dynamics of the system as represented by L are independent of the 694 

𝜏>	chosen to define it. The norm of L in this model is shown in Figure A1 for a range of 695 
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optimization lead times. The results suggest that a lag of six days or less would be appropriate 696 

for calculating L. 697 

 698 

B. Error Growth  699 

 Another test for the LIM is whether error in the model evolves in a manner consistent 700 

with theory. Penland 1989 demonstrated that the global error 𝛿(𝜏) should equal the trace of the 701 

error covariance matrix:  702 

< e(𝜏)e(𝜏)s >	= C(0) − 	G(𝜏)C(0)Gs(𝜏) 703 

 704 

Figure A2 shows the observed error in the LIM compared with error predicted by theory, a 705 

persistence forecast, and a forecast treating the system as a first-order autoregressive (AR(1)) 706 

process. While the observed error in the LIM is slightly higher than theory predicts, it is lower 707 

than both persistence and AR(1) by a substantial amount. The error growth overall follows the 708 

behavior expected under a stable, linear system forced by stochastic noise.  709 

 710 

C. Leading EOFs of the State Vector Variables  711 

 For reference we include the two leading modes of variability for 200 hPa stream 712 

function (Fig. A3) and tropical OLR (Fig. A4), to compare with the patterns observed under the 713 

blocking norm.  714 

 715 
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 904 

 905 

Tables  906 

Date of Block Onset  Duration (days) 

17 January 1982 6    
02 February 1982  10 
20 December 1983 9 
14 January 1984 8 
12 December 1984  18 
01 February 1985 8  
25 December 1988 6  
31 January 1989 29 
15 December 1990 17 
23 January 1991 6 
17 December 1992 28 
12 February 1994 8 
21 January 1996 11 
16 February 1996 11 
19 December 1998 8 
12 January 2000 12 
24 December 2004  18  
20 February 2007 7 
21 January 2008 7 
14 December 2008 15 
14 February 2009 15 
15 December 2010 10 
13 February 2011 16 
11 December 2012 6 
01 December 2013 6 

 907 
Table 1: Dates and duration of the blocking events used to construct norm. 908 

 909 

 910 

 911 
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 912 

 913 

 914 

Date of Block Onset  Duration 
(days) 

Projection onto 
Optimal 14 days 
prior to block onset 

Projection onto 
Norm at block onset  

17 January 1982 6        0.4329     1.4748 

03 February 1982 10     0.9010     1.1658 
20 December 1983 9     0.1407     1.1064 
14 January 1984 8     1.1608     1.3956 
01 February 1985 8      1.0555     1.6366 
25 December 1988 6      1.2332     1.3200 
31 January 1989 29     0.8549     1.5638 
15 December 1990 17     0.9779     1.4101 

23 January 1991  6    -0.9985     1.5638 
17 December 1992 28     0.4815     1.2500 

12 February 1994 8     0.9794     1.5182 
21 January 1996 11     2.0374     1.6350 

16 February 1996 11    -0.2083     1.4450 
19 December 1998 8     1.0588     1.7756 
12 January 2000 12     1.8078     2.2364 

24 December 2004  18     -0.2400     1.1434 
20 February 2007 7     0.3765     1.2795 
21 January 2008 7     1.0722     1.5329 
14 February 2009 15     0.0764     1.3672 
15 December 2010 10     1.3523     1.1695 
13 February 2011  16     1.7744     1.2782 
Mean Projection      0.7775     1.4413 

 915 
Table 2: Correspondence between the blocking events identified to construct the norm, the 916 

projections onto the 14-day optimal initial patterns 14 days prior to block onset, and projection 917 

onto the blocking norm the day of block onset.   918 

 919 
 920 
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 921 
 922 
 923 
 924 
 925 
 926 

Figures 927 

 928 
Figure 1: Composite evolution of 200 and 850 hPa seven-day boxcar averaged streamfunction 929 

(y) anomalies and OLR anomalies, a)-c) seven days prior to block onset (Dayb -7) and d)-f) at 930 

block onset (Dayb 0). The black contours indicate areas where the composite pattern is 931 

significant at the 99% level using a two-tailed student’s T-test. Units are 106 m2 s-1 for the 932 

streamfunction patterns and W m-2 for the OLR patterns.  933 

 934 
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 935 

Figure 2: As in Figure 1 but averaged for a)-c) seven days following block onset (Dayb +7) and 936 

d)-f) fourteen days following block onset (Dayb +14).  937 
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 938 

Figure 3: Composite evolution of 2-meter temperature anomalies a) seven days prior to block 939 

onset through d) fourteen days following block onset.  Note that this plot extends to 20°S, 940 

compared to a southern limit of 0° in Figures 1-2.  941 
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 942 

Figure 4: Time series of the 25-event composite block amplitude beginning 10 days prior to 943 

block onset through 15 days following block onset.  944 
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 950 

Figure 5: Hovmöller diagrams of a) 200 hPa stream function, b) 850 hPa stream function, and c) 951 

tropical OLR, beginning ten days prior to blocking onset through 15 days after block onset.  The 952 

stream function anomalies are averaged from 40° - 60°N, and the OLR anomalies are averaged 953 

from 10°S – 10°N. The black solid line in panel a) marks the time of peak block strength as 954 

indicated by Fig. 4.  955 

 956 

 957 
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 960 

 961 

 962 

 963 

 964 

 965 

 966 

 967 



 46 

 968 

 969 

Figure 6: Composite Dayb 0 streamfunction anomalies at (a) 200 hPa and (b) 850 hPa using the 970 

total [that is, non-EOF-truncated] streamfunction fields as in Fig. 1d,e. Panel (c) shows 200 hPa 971 

and panel (d) 850 hPa stream function patterns projected into the EOF subspace of the LIM, 972 

which is used to create the blocking norm, N.  973 

 974 



 47 

 975 

 Figure 7: Maximum system growth, as a function of optimization lead time, for the leading 976 

singular value under the blocking norm.  977 
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 979 

Figure 8: The optimal (a,b,c) initial and (d,e,f) evolved final structures that most rapidly evolve 980 

into a central Pacific block in the LIM with a 14 day forecast lead time, for (top) 200 hPa 981 

extratropical streamfunction, (middle) 850 hPa extratropical streamfunction, and (bottom) 982 

tropical OLR.  983 
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  984 

Figure 9: Hovmöller diagrams of the LIM evolution of the optimal initial conditions shown in 985 

Figure 7, for the evolution of (a,b,c) the full-state optimal initial structure, (d,e,f) the tropical 986 

OLR component of the optimal initial structure and (g,h,i) the extratropical streamfunction 987 

component of the optimal initial structure. The left panels show 40°-60°N averaged 200 hPa 988 

extratropical streamfunction, middle panels 40°-60°N averaged 850 hPa extratropical 989 

streamfunction, and right panels 10°S-10°N averaged OLR. The y-axis indicates the days 990 

following initialization of the 14-day optimal initial condition. The solid black line in panel (a) 991 

marks the time of peak block intensity (12 days following initialization).  992 
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 993 

Figure 10: The final evolved pattern in the LIM attained by initializing with only (a,b,c) the 994 

tropical OLR component of the optimal initial structure, and (d,e,f) the extratropical 995 

streamfunction component of the optimal initial structure, for a lead time of 14 days.  996 
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 997 

Figure 11: Scatter plots of the strength of the projection of the reanalysis state onto a) the full-998 

state optimal initial structure, b) the extratropical streamfunction optimal, and c), the tropical 999 

OLR optimal, versus the strength of the projection of the reanalysis state onto the blocking norm 1000 

14 days later. Each black star represents this relationship for every day in the data record. The 1001 

red lines indicate the linear fit to the data using a least square approach, with slopes of a) .66,  b) 1002 

0.49, c) 0.51. Red points indicate the top 50 optimal projections, that are separated by at least 14 1003 

days, that project most strongly onto the a) full-state components of the initial optimal structure, 1004 

b) extratropical streamfunction, and c) tropical OLR. 1005 
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 1006 

Figure 12: Composite patterns for the 50 independent reanalysis dates that projected most 1007 

strongly onto the full-state optimal initial structure. Composites are provided for a)-c) Dayo 0, 1008 

when the reanalysis state projected most strongly onto the initial optimal structure, and d)-f) 1009 

Dayo +14, when a blocked state is anticipated. Plots are provided for (top) 200 hPa extratropical 1010 

streamfunction anomalies, (middle) 850 hPa extratropical streamfunction anomalies, and 1011 

(bottom) tropical OLR anomalies. Black contours indicate where patterns are significant at the 1012 

99% level.  1013 
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 1014 

Figure 13: Time series of the block amplitude as a function of lead time, achieved by 1015 

propagating a) the 7-day optimal initial conditions, b) 14-day optimal initial conditions, and c) 1016 

21-day optimal initial conditions forward in time. The solid curves show the amplification using 1017 

the full-state initial condition, the dotted curves using the extratropical stream function initial 1018 

condition, and the dashed curves using the tropical OLR initial condition, for each optimization 1019 

interval.  1020 
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 1021 

Figure 14: As in Figure 9 but for the 7-day optimal initial condition.  1022 
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 1023 

Figure 15: As in Figure 9 but for the 21-day optimal initial condition.  1024 
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Appendix Figures 1028 

 1029 

 1030 

Figure A1: Tau-test for the linear inverse model as in Penland and Sardeshmukh (1995).  Values 1031 

of the norm of the submatrices of the dynamical operator L are plotted against the 𝜏>	used to 1032 

compute the lagged covariance matrix. Each line represents the norm of the submatrices that 1033 

compose L, so for L with NxN dimensions, the norm is determined for L(1,1), L(1:2,1:2), 1034 

L(1:3,1:3) etc., through L(1:N,1:N).  1035 
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 1036 

 1037 

 1038 

Figure A2: Change in error variance with changing forecast lead time predicted by theory (black 1039 

dash), produced by the LIM (open circles), an AR(1) process (solid black) and persistent (open 1040 

squares).   1041 
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 1042 

 1043 

Figure A3: a) EOF1 and b) EOF2 patterns of 200 hPa stream function.  1044 
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 1047 

Figure A4: a) EOF1 and b) EOF2 patterns of tropical OLR. 1048 
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