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Abstract 22 

Much of northern Eurasia experienced record high temperatures during the first three months of 23 

2020, and the eastern U.S. experienced a significant heat wave during March.  In this study, we 24 

show that the above episodes of extraordinary warmth reflect to a large extent the unusual 25 

persistence and large amplitude of three well-known modes of atmospheric variability: the Arctic 26 

Oscillation (AO), the North Atlantic Oscillation (NAO), and the Pacific North American (PNA) 27 

pattern.  We employ a “replay” approach in which simulations with the NASA GEOS AGCM are 28 

constrained to remain close to MERRA-2 over specified regions of the globe in order to identify 29 

the underlying forcings and regions that acted to maintain these modes well beyond their typical 30 

submonthly time scales. 31 

 32 

We show that an extreme positive AO played a major role in the surface warming over Eurasia, 33 

with forcing from the tropical Pacific and Indian Ocean regions acting to maintain its positive 34 

phase.   Forcing from the tropical Indian Ocean and Atlantic regions produced positive NAO-like 35 

responses, contributing to the warming over eastern North America and Europe. The strong heat 36 

wave that developed over eastern North America during March was primarily associated with an 37 

extreme negative PNA that developed as an instability of the North Pacific jet, with tropical forcing 38 

providing support for a prolonged negative phase.  A diagnosis of the zonally symmetric 39 

circulation shows that the above extratropical surface warming occurred underneath a deep layer 40 

of tropospheric warming, driven by stationary eddy-induced changes in the mean meridional 41 

circulation. 42 

  43 
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  44 

1. Introduction 45 

According to the World Meteorological Organization (WMO 2021), 2020 was one of the three 46 

warmest years on record.  The January through March average temperature anomalies over 47 

Europe (+3.20 °C) and Asia (+3.66 °C) were the highest in the 111-year record (NOAA, 2020).  48 

In fact, the large temperature anomalies persisted throughout the three-month period.  Over Asia, 49 

January ranked 2nd (+3.46 °C), February ranked 1st (+4.09 °C), and March ranked 4th (+3.44 °C) 50 

in the 111-year temperature record (NOAA, 2020).  Over Europe, January (+3.16 °C) and 51 

February (+3.86 °C) temperatures ranked second warmest.  During March, most of the Northern 52 

Hemisphere (NH) land areas were unusually warm, with the aforementioned record warmth over 53 

much of Eurasia and with large positive temperature anomalies over most of the eastern United 54 

States1.   55 

 56 

In this study we examine the underlying causes of the record or near-record warmth that 57 

occurred over much of the NH during the first three months of 2020.  As we shall see, this is a 58 

period when extremes occurred in a number of leading modes of atmospheric variability, 59 

namely, the Arctic Oscillation (AO, Thompson and Wallace 1998), the North Atlantic 60 

Oscillation (NAO, Hurrel 1995), and the Pacific North American (PNA, Wallace and Gutzler 61 

1981) pattern.  These modes have well-known associations with surface temperature (e.g., 62 

Hurrell 1995; Hurrell et al. 2003; Thompson and Wallace 2001; Leathers et. al. 1991). 63 

 64 

 
1https://www.ncdc.noaa.gov/temp-and-precip 
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Our focus is on uncovering what drove these modes, believed to be fundamentally internal 65 

subseasonal modes of atmospheric variability (e.g., Feldstein 2000, Riviere and Drouard 2015), 66 

to exhibit unusual persistence and large amplitude.  While we address the causes of a number of 67 

apparently disparate temperature extremes that occurred in the NH during the first three months 68 

of 2020, the unifying goal of this study is to better understand the mechanisms leading to the 69 

persistence of these extremes and, in particular, to elucidate the role played by external forcing 70 

from the tropics.  71 

 72 

Our approach involves the use of regional replay (Schubert et al. 2019b; 2020), in which large 73 

ensembles of simulations with the NASA GEOS Atmospheric General Circulation Model 74 

(AGCM, Molod et al. 2015) are constrained to remain close to the NASA Modern Era 75 

Retrospective-Analysis for Research and Applications, Version 2 (MERRA-2, Gelaro et al. 2017) 76 

over a number of specified regions of the globe.  That is, in a regional replay experiment, we force 77 

the weather patterns in a specified region to match what actually happened there (according to the 78 

reanalysis), and we allow the atmosphere outside the region to evolve freely.  If the prescribed 79 

weather (including all associated heating patterns) inside the specified region has an impact on the 80 

weather (e.g., on heat wave generation) in remote regions through some teleconnection 81 

mechanism, we will see this remote impact in the ensemble average.  A limitation of this approach 82 

is of course that it does not in itself address the nature of the forcing – a subject we however do 83 

address here with a diagnosis of the zonal mean circulation.   84 

 85 

The details of how replay forces a model to track an existing reanalysis can be found in Chang et 86 

al. (2019).  Briefly, the model equations governing replay have the general form:  !"
!#
= f(x) +87 
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	∆x, where ∆x = (analysis − forecast)/6hrs, and f(x) consists of all the dynamics and physics 88 

terms of the model (basically the uncorrected model).  Here, ∆x is recomputed every 6 hours, but 89 

applied (appropriately scaled) at each time step.  We note that this differs from the traditional 90 

nudging approach in that the increments are introduced as a state-independent forcing term, 91 

whereas in the case of nudging the entire model state is relaxed toward an analysis, and the 92 

relaxation time (which can be a function of space and variable) must be specified.  Details of 93 

how these differences between replay and nudging impact the response of an assimilation system 94 

can be found in Bloom et al. (1996).  Nudging has been used as a diagnostic tool for 95 

understanding seasonal variability and, of particular relevance here, for examining the remote 96 

impacts of the tropics.  For example, Douville et al. (2011) examined (via a nudging technique) 97 

the influence of boreal summer monsoons on northern extratropical variability and found 98 

significant tropical forcing of boreal summer midlatitude stationary waves. 99 

 100 

The use of regional replay to help understand what drives extreme events requires some 101 

justification.  One might argue that these extreme events do not require any explanation other 102 

than that they represent the tails of a distribution representing what is largely internally-103 

generated atmospheric variability.   There is in fact evidence that projected increases in heat 104 

wave probability are largely the result of rigid shifts in the probability distribution associated 105 

with a warming world, shifts that can have a large impact on the tails, and thus extremes, of the 106 

distribution (e.g., Guirguis et. al. 2018).  We argue here, however, that while the most extreme 107 

events are indeed associated with internal modes of atmospheric variability, their unusual 108 

persistence and amplitude often lie outside the bounds of what one can expect from internal 109 

variability alone.  Their persistence and amplitude may instead have been enhanced to the 110 
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observed levels by weather conditions in remote areas through some atmospheric teleconnection 111 

mechanism.    As such, replay allows us to examine the following possibilities:  the episodes of 112 

extraordinary warmth of early 2020 were either exceedingly rare manifestations of internal 113 

variability or not-so-rare manifestations of internal variability in conjunction with the impact of 114 

remote teleconnections.  The replayed regions found to be relevant can be deemed potential 115 

sources of the forcing of the extreme event.  We refer to the identification of potentially 116 

important remote teleconnections in the attribution of extreme events as Likelihood 117 

Amplification Through Regional Replay (LATRR). 118 

 119 

Section 2 describes the data sets, the GEOS AGCM, and the various simulations performed for 120 

this study.  Results are shown in Section 3, and the summary and conclusions are presented in 121 

Section 4.   The Appendix addresses the robustness of the regional replay results. 122 

 123 

2. Data and Model Simulations 124 

This study makes extensive use of MERRA-2, a state-of-the-art atmospheric reanalysis.  The 125 

MERRA-2 precipitation used for verification is an observationally corrected product (Reichle et 126 

al. 2011).  As described in Schubert et. al. (2020), the GEOS AGCM used here is essentially the 127 

same as that used to produce MERRA-2 but differs from it in two important ways.  First, it is run 128 

here at a coarser (approximately 1°, compared to 1/2° for MERRA-2) horizontal resolution.  129 
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Second, it includes a tendency bias correction (TBC) that helps alleviate some of the model’s long-130 

term biases (Chang et al. 2019)2. 131 

The runs performed for this study (see Table 1) include simulations in which the AGCM is forced 132 

with observed SST for the time period 1981-2019.  These simulations (NORPL_CLIM) are used 133 

to define the model’s climatology in the absence of replay.  Furthermore, it turns out that tropical 134 

replay acts to correct some of the model’s extratropical climatological biases (including, for 135 

example, a cold bias over Eurasia that remains even with TBC applied, not shown). Thus, it is 136 

necessary to remove separate climatologies (RPL_TR_CLIM, RPL_PAC_CLIM, etc.) for each of 137 

the replay runs for 2020 to compute anomalies.  In that way, the computed anomalies do not partly 138 

reflect a climatological bias correction.  The various sets of replay simulations for 2020 (each with 139 

90 ensemble members) are also forced by observed SST but differ in the specified areas over which 140 

they are constrained to remain close to MERRA-2 (Table 1).  As a cautionary note, we point out 141 

that forcing an uncoupled model with prescribed SST (as we do here) in regions where local 142 

coupled air-sea feedback is important can lead to unrealistic surface fluxes and deep convection 143 

(e.g., Wu and Kirtman, 2004), though whether this is a problem in a replay setting where the 144 

atmosphere is also prescribed is unclear. 145 

Finally, we note that our choice of 90 ensemble members is somewhat arbitrary, and we have 146 

found that this number is more than enough to obtain accurate estimates of the ensemble mean 147 

anomalies.  The primary reason for employing such a relatively large ensemble size is that we 148 

 
2As described in Chang et al. (2019), the TBCs consist of time-averaged (over several decades) 
6-hourly analysis increments (first guess forecast minus analysis) obtained from MERRA-2 
reanalysis data which are added with opposite sign as additional forcing terms to the model 
equations. 
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are interested here in addressing the changes in the characteristics of the ensemble, including the 149 

ensemble spread and extremes, and for that we believe something on the order of 100 is 150 

necessary, though we have not done a statistical analysis to verify that (see, however, our 151 

assessment of the statistical robustness of the estimated probabilities in Tables 5 and 7). 152 

 153 

Figure 1 outlines the four regions over which we carry out the replay experiments (see Table 1).   154 

Note that in the case of RPL_IND, the northern latitude of the replayed region extends further 155 

north (to 40°N) than for the other runs with replay in the tropical regions (RPL_TR, RPL_PAC, 156 

and RPL_ATL, in which the northern boundary is at 25°N).  We found based on our prior work 157 

that extending the IND replay region farther north appears to improve the ability of the AGCM 158 

to simulate the development of the observed downstream circulation anomalies (Schubert et al. 159 

2020; see also Bader and Latif 2005).  In the NORPL simulations the model is free running 160 

(forced only by the observed SST), having no designated area of replay.   Figure 1 also shows the 161 

global distribution of the SST anomalies averaged over the first three months of 2020.  We 162 

discuss the SST anomalies and their possible role in forcing the various anomalies in Section 3 in 163 

the context of our various replay experiments. 164 

 165 

3. Results 166 

After providing some definitions in Section 3a, we focus in Section 3b on January-March (JFM), 167 

a period during which, as seen below, the AO plays an important role in the warming that 168 

extends across much of Eurasia, with the NAO contributing to the warming over Europe and 169 

North America.  Section 3c focuses on March, a month during which the PNA plays an 170 
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important role in the unusual warming that occurred over much of the eastern US.  Section 3d 171 

provides a synthesis of the proposed physical mechanisms by which tropical forcing produced 172 

such exceptional warmth throughout the NH extratropics, with a focus on the zonally-symmetric 173 

component of the circulation. 174 

a) Definitions 175 

We focus here on the 2020 anomalies computed with respect to the 1981-2019 climatology.   In 176 

particular, the MERRA-2 (or observed3) anomaly of a quantity (𝑌$) is defined as 177 

𝑌$% = 𝑌$ − 𝑌$9 ,      (1) 178 

where the prime denotes an anomaly and the overbar is the long term average (1981-2019) based 179 

on MERRA-2/observations.  In the case of the model simulations (𝑌&), each ensemble member 180 

will have the analogous anomaly 181 

𝑌&% = 𝑌& −	𝑌&:::: = 	 〈𝑌&% 〉 + 𝑌&%∗		,    (2) 182 

where the overbar now indicates a long term average (1981-2019) computed from the 183 

appropriate climatology runs (NORPL_CLIM, RPL_TR_CLIM, etc., see Table 1).  Equation (2) 184 

shows that we can decompose the full anomaly (𝑌&% ) into an ensemble mean ( 〈𝑌&% 〉,	an average 185 

over the ensemble members of a replay simulation) and intra-ensemble anomaly (𝑌&%∗	).   Here the 186 

angle brackets denote the ensemble mean and the star denotes the deviation from the ensemble 187 

mean. 188 

 
3In the following we will use the terminology “MERRA-2” and “observations” interchangeably, 
recognizing that reanalysis fields are not strictly observations.   
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  A key aspect of our analysis is to employ a rotated4 empirical orthogonal function (REOF, 189 

Richman 1986) analysis of the 2020 intra-ensemble anomalies (𝑌′&∗ 	) in order to isolate the 190 

leading modes of atmospheric variability that were active during that time.  Associated with each 191 

of those REOFs, we compute two different principal components (PCs).  One set consists of the 192 

traditional PCs computed as the projections of the  𝑌&%∗ values onto the REOFs.  We refer to those 193 

PCs as PCIs to indicate they are based on the intra-ensemble anomalies.  The PCIs have the 194 

properties of having a zero mean and being uncorrelated with each other.   Additionally, we 195 

compute another set of PCs by projecting the full anomalies (𝑌&% = 〈𝑌&% 〉 + 𝑌&%∗	) onto those same 196 

REOFs.  Those PCs therefore reflect both the intra-ensemble and ensemble mean contributions 197 

to the variability associated with that REOF.  We shall refer to those PCs as PCFs, to indicate 198 

those are based on the full anomalies as defined by (2).  Furthermore, we also compute the 199 

observed PCs by projecting the MERRA-2/observed anomalies (1)  onto those same REOFs.  200 

We shall refer to those PCs as PCOs. 201 

As a way of quantifying the results in the context of LATRR (as defined in the Introduction), we 202 

compute the probabilities of the PCFs exceeding the MERRA-2 (PCO) values (hereafter PEM) 203 

for the various replay runs: this is computed simply as the fraction of the 90 ensemble members 204 

that exceed the MERRA-2 value.   205 

It is helpful to clarify the factors that drive the circulation anomalies.   In particular, we can 206 

consider the full forcing (F) to be composed of 207 

 
4 The rotation criterion is varimax, which in our experience produces atmospheric modes that are 
easier to interpret physically, compared with unrotated EOFs. The rotation retains the mutual 
orthogonality in time, but the patterns are no longer orthogonal in space. 



 
 

11 

 208 

𝐹 = 	𝐹(() + 𝐹$*+,-.         (3) 209 

 210 

Here, 𝐹(() is the forcing due to the global SST anomalies as determined from our NORPL runs, 211 

while	 𝐹$*+,- represents the additional forcing from replay–so that part of the total forcing in the 212 

replay region that is not directly tied to SST anomalies.  Accordingly, it is 𝐹$*+,- that differentiates 213 

(acts to increase) the probabilities seen in the replay runs over those seen in the NORPL runs.   214 

 215 
b. JFM  216 

 217 

i. The ensemble mean 218 

 219 

As mentioned in the Introduction, excessive heat encompassed much of northern Eurasia during 220 

the first three months of 2020.  This is illustrated in Fig. 2e, where we show that the average 221 

MERRA-2 T2m anomalies (𝑌𝑜′ ) over that period have large positive (greater than 3°C) values 222 

extending eastward from eastern Europe across much of Russia.  Exceptional warmth also 223 

occurred over much of eastern North America.  Figure 2a shows that in the NH the 250mb stream 224 

function is characterized by negative anomalies north of about 60°, with a tendency for positive 225 

anomalies to occur throughout the middle latitudes, characteristic of a strong positive AO.  In fact, 226 

the AO index for JFM achieved a record positive value in 2020 (based on values tabulated since 227 

1950)5.    Also prominent is a negative PNA-like structure over the North Pacific/North American 228 

region and a positive NAO-like pattern over the North Atlantic and Europe associated with a 229 

 
5https://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao_index/season.JFM.ao.gif 
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positive NAO index that was exceeded only twice in the last 70 years6.  The T2m anomalies are 230 

generally positive (though weak, < 1°C) throughout the tropics, with locally enhanced (> 1°C) 231 

anomalies over some regions, such as at the dateline (Fig. 2e).  In fact, the Oceanic Niño Index 232 

(ONI) was 0.5, just at the threshold of a weak El Niño7 (see also Fig. 1).  The tropical precipitation 233 

(Fig. 2i) shows enhanced positive anomalies in the central Pacific with negative anomalies to the 234 

west and east.  Positive anomalies also occur over the western Indian Ocean.  In the NH 235 

extratropics, the storm tracks show negative precipitation anomalies, with positive anomalies 236 

occurring over the southeast U.S. and small portions of northern and southern Eurasia.  237 

 238 

The tropical replay runs (RPL_TR: Figs. 2b, f and j) reproduce a substantial component of the 239 

MERRA-2 NH extratropical circulation, T2m and precipitation anomalies, though with weaker 240 

amplitude (a result that is not unexpected given these are the averages of 90 ensemble members, 241 

〈𝑌𝑚′ 〉).  The similarity to the MERRA-2 T2m anomalies over northern Eurasia is especially striking.   242 

While RPL_TR does reproduce the positive AO-like structure of the stream function anomalies 243 

(cf. Figs. 2a and 2b), it does less well in reproducing the pronounced negative PNA-like structure, 244 

particularly the large positive anomaly in the North Pacific, and the positive anomalies over the 245 

southeast U.S..  The lack of a strong negative PNA structure in the ensemble mean likely impacts 246 

the simulation of the T2m anomalies over North Amercia.  We will return to this issue (the lack of 247 

a PNA structure) when discussing the results for March (Section 3c).  RPL_TR, to a large extent, 248 

reproduces the MERRA-2 tropical precipitation anomalies, including the positive anomalies over 249 

the central Pacific and the western Indian Ocean (cf. Figs. 2i and 2j).   This is not guaranteed, since 250 

 
6https://www.cpc.ncep.noaa.gov/products/precip/CWlink/pna/season.JFM.nao.gif 
7https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php 
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we do not directly constrain the precipitation during replay (only the prognostic fields), and the 251 

MERRA-2 precipitation shown here is an observationally corrected product (see Section 2).   252 

 253 

The results for NORPL (𝐹$$%) are shown in Figs. 2c, g, and k.  The stream function anomalies (Fig. 254 

2c), while weak, do have some imprint of a positive AO and a negative PNA.  In fact, the 255 

circulation anomalies in the Pacific are symmetric about the equator (Fig. 2k).  As shown later, it 256 

appears the anomalies reflect a local enhancement of the zonal mean zonal wind response to the 257 

tropical warming, where the enhanced warming is maintained by the precipitation anomalies in 258 

the tropical Pacific just north of the equator (see Section 3d).  The T2m anomalies over Eurasia in 259 

NORPL are for the most part a weaker version of the RPL_TR results (cf. Figs. 2f and 2g).  Fig. 260 

2d shows that the impact of 𝐹$*+,- (RPL_TR-NORPL) is to enhance the positive AO, primarily by 261 

producing positive anomalies throughout much of the middle latitudes including a positive NAO-262 

like signal in the eastern North Atlantic.  Over Eurasia, 𝐹$*+,- enhances the warming especially 263 

over western Eurasia including much of eastern Europe (Fig. 2h). In contrast with NORPL, for 264 

which the main positive precipitation anomalies (associated with 𝐹$$%) occur in the Pacific and 265 

straddle the equator, the main tropical precipitation anomalies of  RPL_TR-NORPL (associated 266 

with 𝐹$*+,-) exhibit an east/west structure with positive anomalies over the western Indian Ocean, 267 

negative anomalies over the maritime continent, and again positive anomalies to the east of that 268 

(cf. Figs.2k and 2l).  269 

 270 

Fig. 3 shows the impacts of  𝐹$*+,- from each of the subregions PAC, ATL and IND.  RPL_PAC 271 

contributes only weakly to the warming over Eurasia (mostly less than 0.5°C), acting primarily 272 

to warm Alaska, Canada and Greenland, and cool the western United States (Fig. 3d).  The main 273 
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circulation anomalies in the NH (Fig. 3a) consist of positive stream function anomalies in the 274 

midlatitude North Pacific with negative anomalies to the north, extending over North America. 275 

RPL_ATL produces warming over the northern fringe of Eurasia (Fig. 3e), apparently as part of 276 

an anomalous wave pattern that extends northeastward from the tropical Atlantic across Europe 277 

and Eurasia (Fig. 3b) – a pattern that projects onto the NAO.  RPL_ATL also produces warming 278 

over much of North America.  RPL_IND produces the most widespread warming over northern 279 

Eurasia with local maxima over Europe and eastern China (Fig. 3f).  This is associated with 280 

generally positive stream function anomalies across much of Eurasia and the eastern North 281 

Pacific, including an NAO-like stream function response in the North Atlantic (Fig. 3c) that is  282 

especially prominent during February (not shown).  This is consistent with previous studies 283 

linking forcing in the Indian Ocean region to the NAO (e.g., Hoerling et al. 2001).  Furthermore, 284 

Bader and Latif (2005) conclude that the mechanism linking the NAO with heating/cooling in 285 

the Indian Ocean involves the South Asian jet (via its waveguiding effect) carrying anomalies 286 

that originate in the Indian Ocean region into the North Atlantic sector.   287 

 288 

Interpretation of the above results implicitly assumes linearity in the sense that the sum of results 289 

from replaying the different tropical subregions should be roughly equal to the results obtained 290 

from replaying the full tropical region (something that we have found from our previous work is 291 

not guaranteed, Schubert et al. 2019b, Schubert 2020).  We address this issue further in the 292 

Appendix, where we show that the circulation (stream function) responses do in fact exhibit 293 

substantial linearity, while that is less true for the T2m responses. 294 

 295 

ii. The intra-ensemble variability 296 
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 297 

Referring back to equation (2), we have so far looked only at the model’s three month (JFM) 298 

ensemble mean results, 〈𝑌𝑚′ 〉.  We next examine the intra-ensemble variability (𝑌&'∗), focusing in 299 

particular on the leading modes of monthly intra-ensemble variability that characterized the 2020 300 

January through March variability.  To do this we decompose the monthly mean intra-ensemble 301 

250mb stream function variability into REOFs (see Section 3a).  The covariance matrix used in 302 

the REOF calculation is obtained by pooling together the intra-ensemble anomalies (𝑌&'∗) from the 303 

2020 NORPL and replay runs (see Table 1)8.  As such, we are assuming that to first order the intra-304 

ensemble variability outside the tropical replay regions is not strongly impacted by replay (though, 305 

as discussed later, this is not always the case). The region used in the covariance calculation spans 306 

the entire NH. 307 

 308 

Rather than showing the stream function REOFs, we show instead the correlations between the 309 

associated PCIs and the stream function everywhere over the globe.  The patterns of the 310 

correlations are, not surprisingly, very similar to the REOFs themselves over the NH (not shown).  311 

The correlations with the 250mb stream function associated with the three leading REOFs (Fig. 4 312 

a, d and g) consist of patterns that resemble the PNA (accounting for 8.9% of the intra-ensemble 313 

stream function variance over the NH), the NAO (8.3%) and the AO (6.8%).  In fact, the patterns 314 

are quite similar to the leading REOFs obtained from monthly (JFM) 250mb height fields based 315 

on MERRA data for the period 1981 – 2009  (Schubert and Lim 2013).  One difference is that for 316 

MERRA, ENSO is the first mode (since that analysis included interannual variability) and that the 317 

 
8This results in 1350 monthly mean states used in the covariance calculation: 5 experiments x 3 
months/experiment x 90 ensemble members/month. 
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second, third, and fourth modes are the AO, the PNA, and the NAO, respectively.  We should also 318 

note that the order of the three leading modes can change by including fewer experiments in the 319 

pooled results (not shown), though the spatial structure of the three leading modes is very robust. 320 

 321 

The correlations of the PNA PCI with T2m (Fig. 4b) and precipitation (Fig. 4c) over North 322 

America are generally weak, with a slight tendency for cooling over the northwest coast, and 323 

enhanced precipitation on the west coast of the U.S. during its negative phase.  The negative phase 324 

also produces a tendency for warming over the central U.S., and reduced precipitation along the 325 

U.S. southeast coast.  The T2m correlations for the NAO (Fig. 4e) show that in its positive phase 326 

it is associated with warming over the eastern U.S. and northern Europe, and cooling over much 327 

of northeastern Canada and Greenland.  The positive phase of the NAO REOF is associated with 328 

enhanced precipitation over the eastern U.S., reduced precipitation over northeast Canada, and 329 

enhanced precipitation east of Greenland (Fig. 4f).  The positive phase of the AO REOF is 330 

associated with enhanced warming over much of northern Eurasia and cooling at the pole (Fig. 331 

4h).  The correlations with precipitation (Fig. 4i) show the positive phase of the AO is associated 332 

with enhanced precipitation along much of the northern edge of the Eurasian continent, with a 333 

tendency for reduced precipitation to the south.  Overall these monthly correlations with 334 

temperature and precipitation are consistent with documented observed impacts of the PNA, NAO 335 

and AO (e.g.,  Hurrell 1995; Hurrell et al. 2003; Thompson and Wallace 2001; Leathers et. al. 336 

1991; Schubert and Lim 2013).  The main difference with observations of concern here is the lack 337 

of a clear impact of the PNA on T2m over the southeastern US.  We will come back to this issue 338 

in the next section, where we focus on the March results. 339 

 340 
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Up to this point we have examined separately the ensemble mean (Figs 2-3) and intra-ensemble 341 

(Fig. 4) statistics.  We now examine the full anomalies (𝑌𝑚′ ) to better quantify the contribution 342 

from the forced (〈𝑌𝑚′ 〉) component of the circulation.  The scatter plots in Figure 5 show just that, 343 

for the three leading modes.  Here, as described in Section 3a, we project the full model anomalies 344 

(𝑌𝑚′ ) onto the three leading model REOFs to produce the corresponding PCFs, averaged over 345 

January-March of 2020.  Furthermore, the MERRA-2 anomalies (𝑌𝑜′ ) are projected onto those same 346 

REOFs to produce the analogous “observed” principal components (the PCOs),  allowing a direct 347 

comparison with the PCFs from the model results.   348 

 349 

Figure 5a shows the scatter of the JFM mean PCFs for the PNA (PCF 1) and AO (PCF 3) modes.  350 

(Each small dot represents an ensemble member, color-coded to its replay experiment; the large 351 

dots represent ensemble means.) The preponderance of the red and blue points in the bottom right 352 

quadrant indicates that both the AO and the PNA are in part forced from the tropics.  All three 353 

ocean basins appear to contribute to the forcing of the PNA, while for the AO only the PAC and 354 

IND regions have projections exceeding that obtained from the NORPL results.  Overall, replaying 355 

the tropics makes the observed anomalies of both the AO and PNA more likely to have occurred 356 

compared to the NORPL runs (black dots in Fig. 5a).  These results are quantified in Table 2, 357 

which shows the probabilities of exceeding the MERRA-2 values (PEM) for the various replay 358 

runs.  Here (and in Table 3) the values are the mean and standard deviation of 10,000 PEM values 359 

obtained by randomly subsampling 80 ensemble members from the 90 available ensemble 360 

members.  We note that the mean values of PEM shown in Tables 2 and 3 (computed from the 361 

subsampled 80 ensemble members) are identical (to two significant digits) to the single PEM values 362 

obtained from the 90 ensemble members (not shown).  Those results reflect the relatively small 363 
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standard deviations shown in Tables 2 and 3, and indicate that the PEM estimates are statistically 364 

quite stable.  The results for the PNA (second column of Table 2) show that replaying the tropics 365 

results in a doubling (from 0.18 for NORPL to 0.36) of the PEM, with the IND ocean basin alone 366 

showing an even greater increase (0.53). The results for the AO (third column of Table 2) also 367 

show a substantial impact on the PEM of replaying the tropics.  In this case, the PEM value 368 

increases from 0.0 for NORPL to 0.11, with the PAC and IND regions being the main contributors. 369 

As such, tropical replay changes what is an impossible event (obtaining the observed value of the 370 

AO index) in the model ensemble in the absence of replay, to one that is possible but still a rather 371 

rare event. 372 

 373 

Figure 5b shows, for the NAO (PCF 2) and AO (PCF 3) modes, the scatter of the PCFs for the 374 

individual ensemble members.  Here we see that replaying the tropics has little impact on the 375 

ensemble mean NAO, compared with that for the NORPL runs.  In fact replaying the Pacific region 376 

acts to suppress the ensemble mean.  Nevertheless, replaying the tropics does increase the PEM, 377 

though in this case that it is due to an increase in the intraensemble variability of the NAO (cf. the 378 

scatter of the black dots and those from the replay runs in Fig. 5b).   Table 2 (fourth column) shows 379 

that the PEM for the NAO increases from 0.00 (in NORPL) to 0.12 for RPL_TR, with even larger 380 

values for both RPL_IND (0.17) and RPL_ATL (0.24).   381 

 382 

Summarizing the above results within the context of LATRR, the PEM analysis highlights the key 383 

role of the tropics in forcing negative PNA-like anomalies during the first three months of 2020, 384 

with both 𝐹$$% (NORPL) and 𝐹)*+,- (RPL_TR-NORPL) contributing.  The impact of tropical 385 

forcing is weaker for the AO, yet appears critical to obtaining the observed amplitude in that  386 
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RPL_TR-NORPL  (𝐹)*+,-) changes what is an impossible event in the model ensemble in  NORPL 387 

(𝐹$$%), to one that is possible, though still a rare event.  Furthermore, the analysis highlights the 388 

importance of 𝐹)*+,- 	in the Atlantic and Indian basins in making the observed extreme positive 389 

NAO more likely in the model ensemble, primarily by increasing its intra-ensemble variability. 390 

 391 

c. March 392 

 393 

We now take a closer look at March 2020 (Figure 6).  The MERRA-2 stream function anomalies 394 

(Fig. 6a) show a clear signature of a strong positive AO.   A key difference with respect to the 395 

previous two months (not shown) is the pronounced negative PNA pattern (the PNA index had a 396 

value of -2.64 standard deviations)9.   The MERRA-2 T2m anomalies (Fig. 6e) show warming 397 

throughout much of Eurasia, though weaker and less spatially extensive compared with January 398 

and February (Collow et al. 2021), with some of the largest anomalies limited to western Russia, 399 

and eastern Europe.  In addition, much of the eastern U.S. has positive T2m anomalies.  In fact, 400 

much of the southeast US ranked in the top 5 warmest Marches10.  The precipitation anomalies in 401 

the central Pacific consist of generally positive anomalies just north of the equator and negative 402 

anomalies just south of the equator.  Also, generally positive precipitation anomalies occur in the 403 

Indian Ocean south of the equator and over the maritime continent.  Comparing these anomalies 404 

with the  JFM mean (Fig. 2j), we see that the strong positive anomaly in the central tropical Pacific 405 

is absent: a feature of the precipitation anomalies that was in fact limited to January and February 406 

(not shown).   407 

 
9https://www.cpc.ncep.noaa.gov/products/precip/CWlink/pna/month_pna_index2.shtml 
10https://www.ncdc.noaa.gov/temp-and-precip 
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 408 

The results for RPL_TR are shown in the second column of Fig. 6.   The NH extratropical stream 409 

function anomalies (Fig. 6b) are overall similar in pattern to the observed, exhibiting a tendency 410 

for positive anomalies in middle latitudes and negative anomalies in the polar region, consistent 411 

with a positive AO. The anomalies are, however, considerably weaker in amplitude.  This is 412 

especially true for the PNA-related positive anomaly in the North Pacific which is not only 413 

weaker but also shifted to the west compared with the MERRA-2 results.  Although not shown 414 

here, all three ocean basins (RPL_IND, RPL_PAC, and especially RPL_ATL) contribute to the 415 

NH extratropical positive stream function anomalies seen in RPL_TR.  The T2m anomalies (Fig. 416 

6f) are generally consistent with the observed over Eurasia, but over North America they are 417 

weak, reflecting a much weaker negative PNA structure in the stream function anomalies over 418 

North America (cf. Figs 6a and 6b).  The NORPL results (third column of Fig. 6) show 419 

somewhat stronger negative stream function anomalies in the NH polar region compared with 420 

RPL_TR (Fig. 6c) and generally weak positive T2m anomalies over Eurasia and the United 421 

States (Fig. 6g).  A weak negative PNA anomaly (Fig. 6c), is very similar to (but somewhat 422 

larger in amplitude) the NORPL results for January and February (not shown).   The NORPL 423 

precipitation anomalies in the tropical Pacific (Fig. 6k) are very similar to the JFM mean (Fig. 424 

2k),  presumably reflecting the fact that the SST anomalies change very little during the three 425 

months.  426 

 427 

In analogy to Figure 5, Figure 7 shows the March 2020 scatterplots of the PCFs for the three 428 

leading REOF modes (the same modes described in Section 3.b.ii).  Fig. 7a (PNA versus AO) 429 

shows that replaying the tropics does indeed produce some ensemble members that have PCF 430 
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amplitudes (for both the PNA and AO) that exceed those of MERRA-2. Table 3 shows that for 431 

the PNA, all three regions produce PEM values more than twice those for NORPL (PEM =0.11 432 

for NORPL versus 0.23 for RPL_TR), while for the AO, for which the PEM value is 0.0 for 433 

NORPL, replaying the tropics has for the most part a negligible impact on the PEM values with 434 

the largest impact coming from the IND region (PEM = 0.07).   Fig. 7b (NAO versus AO), 435 

shows that replaying the tropics also produces ensemble members that have PCF amplitudes for 436 

the NAO that are as large or larger than the MERRA-2 (PCO2) value, especially for RPL_ATL 437 

(PEM = 0.17, Table 3).  While NORPL fails to produce any ensemble members with an NAO 438 

PCF amplitude as large as that from MERRA-2 (PEM = 0.00, Table 3), it nevertheless produces 439 

an ensemble mean amplitude that is larger than those from any of the replay runs (Fig. 7b).  This 440 

again indicates that the main impact of the tropical forcing from replay (𝐹$*+,-) is to increase the 441 

intra-ensemble variability of the NAO rather than to affect its ensemble mean.  442 

 443 

Given that the large amplitude of the observed negative PNA is not reproduced with tropical 444 

replay (cf. Figs. 6a and 6b), we will next focus more on the NORPL results (for which the 445 

ensemble mean does show a weak signature of a negative PNA, Fig. 6c).  We look, in particular, 446 

at the most extreme ensemble members, a number of which have PNA amplitudes that exceed 447 

the observed (Fig. 7a).  The last column of Fig. 6 shows an average of the 10 NORPL ensemble 448 

members having the largest projections onto the PNA and AO REOFs (here we choose the 10 449 

ensemble members for which the sum of the squares of the amplitudes of the PNA and AO PCFs 450 

is the largest, with the constraint that PNA PCF < 0, and the AO PCF > 0) .  The results (Fig. 6d) 451 

are, not surprisingly, characterized by a much more pronounced negative PNA structure and 452 

positive AO, with a strong resemblance to the observed stream function anomalies (Fig. 6a), 453 



 
 

22 

although over the eastern U.S., the NORPL composite shows little or no positive anomalies.  We 454 

also now find substantial warm anomalies over the United States that are however centered 455 

somewhat further to the west compared with the observations (cf. Figs 6e and 6h) – a difference 456 

that could well reflect sampling errors (a single realization for the observations versus 90 for the 457 

model).  What is perhaps the more interesting result is that the tropical precipitation anomalies 458 

associated with these most extreme ensemble members differ little from those produced from the 459 

full 90 ensemble member average (cf. Figs. 6k and 6l), as this indicates that the extreme 460 

amplitudes are not driven by more extreme tropical forcing.  Thus we must look to other sources 461 

of energy, especially for the extreme negative PNA. 462 

 463 

The above suggests that we should examine the barotropic conversion of kinetic energy between 464 

the ensemble mean and the intra-ensemble components of the flow in the NORPL runs.  This is 465 

motivated by Simmons et al. (1983), who concluded that much of the low-frequency variability 466 

in the NH winter circulation is associated with disturbances that derive their energy from the 467 

basic state through barotropic instability.  In particular, they found that structures in a global 468 

barotropic model resembling the observed PNA are related to the fastest growing modes 469 

associated with barotropic instability of the zonally-varying basic state.  Following Simmons et 470 

al. (1983) and Schubert et al. (2001), the local ensemble mean barotropic conversion from the 471 

ensemble mean flow to the ensemble mean intra-ensemble kinetic energy, 472 

 473 

𝐼𝐾𝐸 = .
/
〈𝑢∗/ + 𝑣∗/〉,     (4) 474 

  475 

is approximately given by 476 
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 477 

𝐶1 = 	−〈𝑢∗/ − 𝑣∗/〉 𝜕〈1〉
𝜕𝑥
−	〈𝑢∗𝑣∗〉 𝜕〈1〉

𝜕𝑦
	=	𝐸G⃑ 	∙ ∇〈𝑢〉,				   (5) 478 

 479 

where 𝐸G⃑ 	(Hoskins et al. 1983) is a vector with components 480 

 481 

𝐸G⃑ 	= 	 (〈𝑣∗/ − 𝑢∗/〉, −	〈𝑢∗𝑣∗〉).    (6) 482 

 483 

Here, u is the zonal wind, v is the meridional wind, the angle brackets denote an ensemble mean, 484 

and the star indicates a deviation from the ensemble mean.  It is clear from C1 that when  𝐸G⃑  485 

points in the direction of the gradient of the mean zonal wind there is a growth of IKE.   The E-486 

vectors (Fig. 8a) and the associated local barotopic conversion (Fig. 8b) show quite clearly that 487 

the intra-ensemble variability in the North Pacific is gaining energy from the North Pacific jet.  488 

Furthermore, as discussed by Hoskins et al. (1983), the local generation of IKE associated with 489 

the first component of 𝐸G⃑ ,  〈𝑣∗/ − 𝑢∗/〉,	is associated with zonally elongated anomalies in regions 490 

of diffluence, and we see here that this is consistent with the PNA (a zonally elongated anomaly) 491 

extracting energy from the mean flow in the exit region of the North Pacific jet (Fig. 8b).  As 492 

such, we argue that while the tropical forcing may have acted to produce a predilection for a 493 

negative phase of the PNA, the initiation and the subsequent growth of the PNA was the result of 494 

energy that it derived from the basic state through barotropic instability.   495 

 496 

d. Interpretation and Synthesis of Mechanisms 497 
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To facilitate our understanding of the dynamical mechanisms by which the tropics impacted the 498 

extratropics during the first three months of 2020, we focus here on what drove the zonal mean 499 

circulation (including the AO) and on how that increased the temperature in the NH middle 500 

latitudes.  Figure 9 shows the zonal mean u-wind, temperature, and mean meridional circulation 501 

(MMC) anomalies for NORPL, RPL_TR and MERRA-2.  All three results show a somewhat 502 

similar pattern of zonal wind anomalies (left panels of Fig. 9), consisting of a strengthening of 503 

the winds on the equatorward flanks of both subtropical jets, negative anomalies centered at 504 

about 30°N, and positive anomalies centered at about 60N.  The magnitude of the anomalies is 505 

strongest in MERRA-2 (Fig. 9g) and weakest in NORPL (Fig. 9a).  In the case of RPL_TR (Fig. 506 

9d), the MERRA-2 anomalies between 25°S and 25°N are of course reproduced by design.  507 

Nevertheless, RPL_TR also does a reasonable job of reproducing the MERRA-2 anomalies 508 

poleward of 25°N.  The wind anomalies are to a large extent reflected (via the thermal wind 509 

relationship) in the temperature anomalies (middle panels of Fig. 9) with warming occurring in 510 

the tropics (+/- 25° lat), and (focusing on the NH) between about 30°N and 60°N, and with 511 

cooling occurring poleward of about 60°N, although the cooling is mostly in the stratosphere in 512 

NORPL.    513 

 514 

We are particularly interested in understanding the cause of the NH extratropical tropospheric 515 

warming (Fig. 9h) that occurs in approximately the same latitude band as the surface warming 516 

(Fig. 2e), although the latter extends somewhat further north.  One potential mechanism by 517 

which that can occur involves eddy-forced changes in the mean meridional circulation (MMC, 518 

Chang 1995, Seager et al. 2003).  In fact, Seager et. al. (2003) outline a series of events in which 519 

tropical warming leads to strengthening of the equatorward sides of the subtropical jets (similar 520 
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to that in Fig. 9g), which impacts the transient eddy momentum fluxes, creating eddy-induced 521 

changes in the MMC by which different latitude bands experience (via anomalous descent or 522 

ascent) either adiabatic warming or cooling. The right panels of Fig. 9 show that 2020 did indeed 523 

experience changes in the MMC in the NH: the Hadley Cell was strengthened, and the Ferrel 524 

Cell was shifted poleward and strengthened.  The latter change is particularly relevant here in 525 

that the location of the anomalous descending motion (as part of the anomalous Ferrel Cell, Fig. 526 

9i) coincides with the region of tropospheric warming between 30°N and 60°N (Fig. 9h).   527 

RPL_TR  produces similar changes in the MMC (Fig. 9f) although the change in the Ferrel Cell 528 

is weaker.  The changes in the MMC in NORPL (Fig. 9c) are also generally similar though 529 

substantially weaker, consistent with the much weaker middle latitude anomalous warming that 530 

occurs in NORPL (Fig. 9b). 531 

 532 

We next examine whether it is indeed changes in the eddy fluxes that are driving the anomalous 533 

MMC in the extratropics (as outlined by Seager et al. 2003).  A useful diagnostic for examining 534 

the impact of the eddies on the zonal mean flow is the Eliassen-Palm (E-P) flux (F, Eliassen and 535 

Palm 1961).  As described in Edmon et al. (1980), the divergence of F has two components: the 536 

meridional divergence of eddy momentum fluxes and the vertical divergence of eddy heat fluxes.  537 

Furthermore, the average quadratic (flux) terms can be decomposed as (shown here for the eddy 538 

momentum fluxes), 539 

 540 

〈[𝑢,𝑣,]:::::::::〉 = 〈[𝑢:,𝑣̅,]〉 +	〈[𝑢%,𝑣%,]::::::::::〉	    (7) 541 

 542 



 
 

26 

where the square brackets denote a zonal mean and the superscript (e) denotes a deviation from 543 

the zonal mean (the eddy).  Also, the overbar denotes a time (monthly) mean, the prime (‘) denotes 544 

a devation from the time mean, and the angle brackets denote an ensemble mean.  As such, the 545 

first term on the RHS of (7) is the contribution from the stationary eddies, while the second term 546 

is the contribution from the submonthly transients.  547 

 548 

Figure 10g shows that the observed (stationary + transient) E-P flux is generally upward in middle 549 

latitudes (below 300mb), with equatorward flux south of about 60°N, and poleward flux north of 550 

60°N. Flux convergence (negative values) occurs throughout the middle and upper troposphere 551 

both equatorward (between 100mb - 300mb) and poleward (between 300mb – 500mb) of the jet, 552 

acting to decelerate the westerly winds there.  This overall behavior of the E-P fluxes is similar in 553 

NORPL and RPL_TR (Figs. 10a and 10d), giving us confidence that the model is producing 554 

realistic fluxes.  The anomalous E-P flux and anomalous E-P flux divergence are shown in the 555 

middle column of Figure 10.  The results for MERRA-2 (Fig. 10h) show that the upper troposphere 556 

(200mb-500mb) is characterized by a region of anomalous divergence (positive values, producing 557 

westerly acceleration) between about 40°N-65°N together with a region of convergence just to the 558 

south (negative values, producing easterly acceleration), thereby supporting the observed zonal 559 

wind anomalies and a positive AO in the upper troposphere.  The results for RPL_TR (Fig. 10e) 560 

are similar but mostly positive in sign and weaker in amplitude.  In NORPL (Fig. 10b) the 561 

divergence occurs somewhat lower in the troposphere and is even weaker than that of RPL_TR.  562 

The right panels of Fig. 10 show the results for the stationary component of the E-P flux alone.  563 

The similarity between the middle and right columns indicates that the 2020 flux divergence 564 

anomalies are dominated by anomalies in the stationary component.  These results are consistent 565 
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with those of Limpasuvan and Hartmann (2000), who found that the AO is primarily maintained 566 

by the stationary eddies. Furthermore, we found that both momentum and heat fluxes contribute 567 

to the anomalous divergence, with the contribution of the latter occurring primarily below 300mb, 568 

and the former’s contribution centered at about 300mb (separate impacts not shown).   569 

 570 

The collocation of the region of upper tropospheric E-P flux divergence and the upper (return) 571 

branch of the  anomalous Ferrel Cell (cf. Figs. 9i and 10i) is highly suggestive of the atmosphere 572 

acting to balance the eddy-induced westerly acceleration with a coriolis torque (consistent with 573 

Seager et al. 2003) and, by continuity, producing the anomalous Ferrel Cell.   We thus conclude 574 

that it was primarily the stationary eddies that drove the anomalous descending motion that 575 

produces the observed warming in the NH extratropics. Furthermore, the overall similarity 576 

between the results for MERRA-2 and RPL_TR supports the idea that forcing from the tropics 577 

played a key role. 578 

 579 

Note that Seager et al. (2003) found (in the context of El Niño) that it was the changes in the 580 

subtropical jet and associated changes in wave refraction, that acted to alter the transient eddy 581 

fluxes.  In our case, the relevant eddies are primarily stationary (composed of PNA-like and NAO-582 

like structures, Figs. 2a and 6a) and any tropical impact on them appears to be more direct.  583 

Specifically, we have shown that the stationary eddies consist of: 584 

1) A weak but persistent SST-forced (as determined by NORPL, 𝐹(()) negative PNA-like 585 

circulation anomaly in the upper troposphere that occurred throughout the three month 586 

period.  A tropically-forced enhancement of the above weak negative PNA via 𝐹$*+,- 587 

in all three ocean basins, with the IND region playing a key role. 588 
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2) An extreme negative PNA during March resulting from an instability of the North 589 

Pacific jet.   590 

3) A positive NAO, with an intra-ensemble variability (in the model environment) 591 

increased by tropical forcing (𝐹$*+,-), and with an amplitude increased by forcing from 592 

the ATL and IND regions, especially during February. 593 

 594 

Finally, we should point out that the impact of the transient eddies is not insignificant.  A 595 

comparison of Figs. 10h and 10i shows that they are the main contributors to the negative 596 

anomalies (anomalous E-P flux convergence) that occur in the middle and upper troposphere.  As 597 

such, we leave open the possibility that a change in wave refractivity does play a role in altering 598 

those eddy fluxes – something we do not pursue further here. 599 

 600 

4. Summary and Conclusions 601 

In this study we employ a modeling approach involving regional replay (wherein the model is 602 

forced to track nature, as represented by reanalysis, over specified regions) to help us isolate the 603 

underlying physical mechanisms and regions that likely contributed to the exceptional warmth 604 

that occurred over much of the Northern Hemisphere middle and high latitude land areas during 605 

the first three months of 2020.  While by definition this exceptional warmth is a rare event, 606 

regional replay allows us to identify those remote regions that (when specified) significantly 607 

increase its likelihood.  The identified regions are accordingly deemed to be potential sources of 608 

forcing for the exceptional warmth.  We refer to this attribution approach for extreme events as 609 

Likelihood Amplification Through Regional Replay (LATRR). 610 

 611 
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The GEOS AGCM was forced with observed SST in a number of experiments (90 ensemble 612 

members each) in which, for each experiment, the simulations were constrained to remain close 613 

to MERRA-2 over a specific region of the globe.  The regional replay runs are compared to runs 614 

in which the only constraint is the observed SST.  The results show that the 2020 episodes of 615 

extratrordinary warmth reflect to a large extent the unusual persistence and large amplitude of 616 

well-known modes of atmospheric variability: the Arctic Oscillation (AO), the North Atlantic 617 

Oscillation (NAO), and the Pacific North American (PNA) pattern. In particular, we found that 618 

an extreme positive AO played a major role in the warming over Eurasia, consistent with the 619 

findings of previous studies (Overland and Wang 2021,  Collow et al. 2021).  We further show 620 

here that forcing from the tropical Pacific and Indian Ocean regions increased the probability of 621 

such an extreme event occurring in the simulations from essentially zero (i.e., an essentially 622 

impossible event without replay) to 10%.   Forcing from the tropical Indian Ocean and Atlantic 623 

regions increased the probability of the NAO achieving the observed extreme value from 624 

essentially zero (without replay) to roughly 20% percent, partly by increasing its variability, with 625 

forcing from the Indian Ocean region contributing to the excessive heat over Europe. The strong 626 

heat wave that developed over eastern North America during March was primarily associated 627 

with an extreme negative PNA that developed as an instability of the North Pacific jet, with 628 

tropical forcing providing support for a prolonged negative phase.  629 

 630 

In an effort to better understand the underlying dynamical processes by which the tropics 631 

impacted the AO, PNA and NAO and hence acted to warm the extratropics, we diagnosed the 632 

zonally symmetric component of the flow.  In particular, we showed that anomalous stationary 633 

eddy forcing acted to maintain the positive AO [consistent with Limpasuvan and Hartmann 634 
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(2000)].  Furthermore, guided by the analysis of Seager et al. (2003), we showed that those same 635 

eddies forced an anomalous Ferrel Cell, thereby creating subsidence-induced warming of a deep 636 

layer of the troposphere between 30°N and 60°N, roughly coinciding with the latitudes of surface 637 

warming.  While a complete understanding of the nature of the above stationary eddy forcing 638 

and its connection to the tropics has not been established in this study, our results indicate that 639 

the PNA and NAO played key roles, with forcing from the tropics supporting the negative phase 640 

of the PNA and the positive phase of the NAO. 641 

 642 

There are still a number of unresolved issues. For example, the reason for the increased intra-643 

ensemble variability of the NAO when replaying the tropics is unclear.  Feldstein (2003) showed 644 

that NAO growth is driven by both high-frequency (period < 10 days) and low-frequency (period 645 

> 10 days) transient eddy vorticity fluxes.   Presumably, tropical replay is acting to increase the 646 

overall middle latitude transient eddy activity.  A more in-depth evaluation of that including the 647 

implications for predictability of the extratropical circulation is, however, beyond the scope of 648 

this study.   Also, the idea that the stationary eddy flux divergence associated with the NAO is 649 

acting to maintain the AO needs further investigation, especially given the lack of agreement as 650 

to whether these two modes represent distinct physical phenomena (e.g., Ambaum et al. 2001, 651 

Feldstein and Franzke 2006). 652 

 653 

It is also not clear exactly which aspects of the tropical forcing distinguish 2020 from previous 654 

years, though it is very likely that the overall warming of the tropical atmosphere (as a response 655 

to the warm tropical SST) is key, so that global warming is likely playing a role.  There is, in 656 

fact, a tendency for both the AO and NAO to be in their positive phases since the late 1980s, 657 
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though there also appears to be a substantial variability of those modes on decadal time scales11.   658 

The impact of anthropogenic climate change was investigated by Ciavarella et al. (2021).  Based 659 

on the results of a number of different global climate models they concluded that without human 660 

influence the unusually hot temperatures widely experienced in Siberia in the first half of 2020 661 

would have been practically impossible. 662 

 663 

We have also not addressed the link to the stratosphere and the fact that the strong positive AO 664 

during January through March was accompanied by an unusually strong Arctic stratospheric 665 

polar vortex (SPV).    For example, Lee et al. (2020) examined the forecasts of 6 different 666 

seasonal prediction systems for January–March 2020 and demonstrated a strong interdependence 667 

between the accuracy of SPV and AO forecasts. Lawrence et al. (2020) showed that the very 668 

strong and persistent SPV during the winter of 2019/2020 was associated with low tropospheric 669 

planetary wave driving and wave-reflection in the stratosphere that supported the strong vortex. 670 

They highlight this as a particularly extreme example of two-way coupling between the 671 

troposphere and stratosphere.  Overland and Wang (2021) concluded that the proximate cause for 672 

the warm extremes over Siberia from January through April was the record strength of the 673 

stratospheric polar vortex and the associated strong tropospheric westerlies that reduced the 674 

penetration of cold air from the north.  Given the above studies, it seems clear that our focus on 675 

the troposphere likely provides an incomplete picture of the causes of the unusual warming in the 676 

NH during JFM 2020.  Nevertheless, those studies are not inconsistent with our main results 677 

 
11https://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao_index/teleconnections.shtml 
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pointing to the ultimate forcing being in the tropical troposphere, with the caveat that coupling 678 

with the stratosphere may play an important role in facilitating the tropospheric response.  679 

 680 

To end on a general note, we believe that LATRR, as illustrated through replay experiments in this 681 

study, can be an important tool for advancing prediction efforts, especially the prediction of 682 

extremes of societal relevance that occur on subseasonal time scales (e.g., heat waves, floods, flash 683 

droughts).  In theory, and as illustrated in this study, LATRR can be used to identify those regions 684 

and mechanisms most responsible for driving such extremes.  With these regions and mechanisms 685 

identified, we can better prioritize and direct model development efforts aimed at improving our 686 

ability to predict them.    687 

 688 
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APPENDIX 706 

 707 

Robustness of the Results from Replaying the Tropical Subregions  708 

 709 

In our design of the various tropical replay regions, RPL_TR was meant to quantify the overall 710 

impact of the tropics, while replaying the three subregions (RPL_IND, RPL_PAC, and 711 

RPL_ATL, Fig. 1) was intended to give some idea of how each of these regions contributed to 712 

that.  Since our choice of the longitudes that separate the three regions (IND, PAC and ATL) is 713 

rather arbitray, it would be instructive to assess the sensitivity of the results to those longitudes.   714 

Carrying out such a series of sensitivity experiments would however be computationally 715 

prohibitive so, instead, we simply examine here whether replaying a region that encompasses 716 

two adajecent subregions produces essentially the same results as summing the results from 717 

replaying the two smaller adjacent regions. In particular, we compare in Fig. A1 the sum of the 718 

results (𝐹$*+,-) from 1) RPL_IND and RPL_PAC with the results from replaying the region that 719 

encompasses the IND and PAC regions (RPL_IND+PAC), and the 2) the sum of the results from 720 

RPL_IND and RPL_ATL with the results from replaying the region that encompasses the IND 721 

and ATL regions (RPL_IND+ATL). See Table A1 for details of the runs. 722 

 723 

Comparing the first two columns of Fig. A1  we see that the NH circulation (250mb stream 724 

function) responses to replaying the PAC and IND regions of the anomalies are roughly linear in 725 

that the sum resembles that of RPL_IND+PAC (cf. Figs A1a and A1b).  However that is not the 726 

case for T2m for which the sum underestimates the warming over much of northern Eurasia (cf. 727 

Figs. A1e and A1f), though it does reproduce the T2m anomalies over North America. 728 
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Comparing the third and fourth columns of Fig. A1 we see similar results in that the NH 729 

circulation (250mb stream function) responses to replaying the ATL and IND regions of the 730 

anomalies are roughly linear in that the sum resembles that of RPL_IND+ATL (cf. Figs A1c and 731 

A1d), though the sum tends to overestimate the anomalies indicating that there is some double 732 

counting (e.g., Schubert et al. 2019b and Schubert et al. 2020).   Here again, the sum 733 

underestimates the warming over central Asia, while the warming over North America is 734 

overestimated (cf. Figs. A1g and A1h).   735 

 736 

In summary, we conclude that despite the approximate linearity in the circulation responses to 737 

replaying the three tropical subregions, there is sufficient nonlinearity in the T2m responses to 738 

require some caution in the interpretation of the results from the individual subregions (IND, 739 

PAC and ATL).  In particular, while the IND region appears to play a major role in the warming 740 

over Northern Eurasia, we conclude that fully reproducing the warming over central northern 741 

Eurasia requires that the replay region extend into the PAC region to encompass the broader 742 

warm pool region (Indian Ocean plus western Pacific).  Also, it is likely that RPL_ATL is 743 

replaying tropical circulation features that are in part forced from the IND region, leading to 744 

double counting of the extratropical anomalies (e.g., a too strong combined circulation response 745 

over North America and corresponding too widespread warming over North America).746 
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Table 1:  List of the AGCM experiments discussed in the text. All runs are forced with observed daily 900 

mean SST (see Gelaro et al. 2017 for details about the SSTs).  NORPL_CLIM, is an average of two 901 

climatologies, one based on a single continuous 39-year (1981-2019) simulation starting from MERRA-902 

2 initial conditions in January 1979, and the other is based on 39 shorter runs, each initialized from 903 

MERRA-2 on May 31 of each year (1980-2018) and run through the following year (1981-2019).  The 904 

first 7 months of each run are not used. All the climatologies with replay are similarily based on 39 runs 905 

initialized on May 31 of 1980-2018.  This segmented approach to computing the climatologies was done 906 

to allow running them in parallel.  For all other runs, the perturbations to the initial conditions for each 907 

of the 90 ensemble members were produced by taking the differences between two MERRA-2 908 

atmospheric states separated by one day (using the 15 days prior to 11/30/2018), scaling those 909 

differences by 1/8, and adding them to (or subtracting them from) the MERRA-2 initial state.  Further 910 

information about that approach to perturbing initial conditions can be found in Schubert et al. 2019a. 911 

Name Time period Replay region Ensemble 
members 

NORPL_CLIM 1981-2019: one continuous run, 
and a set of 39 shorter runs 
initialized May 31 of each 
previous year 

none 2 

RPL_TR_CLIM 1981-2019: a set of 39 shorter 
runs initialized May 31 of each 
previous year 

Tropics: 25°S-25°N 1 

RPL_PAC_CLIM same as in RPL_TR_CLIM Pacific Ocean region 
(25°S-25°N, 120E°-
120°W) 

1 

RPL_ATL_CLIM same as in RPL_TR_CLIM Atlantic Ocean region 
(25°S-25°N, 120°W-0°) 

1 

RPL_IND_CLIM same as in RPL_TR_CLIM Indian Ocean region     
(25°S-40°N, 0-120°E) 

1 

NORPL 11/30/2018 – 06/30/2020 none 90 
RPL_TR 11/30/2018 – 06/30/2020 Tropics: 25°S-25°N 90 
RPL_PAC 11/30/2018 – 06/30/2020 Pacific Ocean region 

(25°S-25°N, 120°E-
120°W) 

90 

RPL_ATL 11/30/2018 – 06/30/2020 Atlantic Ocean region 
(25°S-25°N, 120°W-0°) 

90 

RPL_IND 11/30/2018 – 06/30/2020 Indian Ocean region     
(25°S-40°N, 0-120°E) 

90 

 912 

Table 2:  Probability of the model PCFs exceeding MERRA-2 values (PEM), for each 913 
experiment and leading REOF, for the 2020 JFM mean.  MERRA-2/observed PCO values are 914 



 
 

44 

given in the top row for reference.    PEM values are the mean and standard deviation (in 915 
parenthesis) obtained by chosing at random 10,000 subsamples of size 80 (from the 90 ensemble 916 
members). 917 

Experiment PNA 

(PCO = -1.62) 

AO 

(PCO = 2.48) 

NAO 

(PCO = 1.77) 
NORPL 0.18 (0.014) 0.00 (0.000) 0.00 (0.000) 
RPL_TR 0.36 (0.018) 0.11 (0.012) 0.12 (0.012) 
RPL_PAC 0.31 (0.018) 0.10 (0.011) 0.03 (0.007) 
RPL_IND 0.53 (0.019) 0.08 (0.010) 0.17 (0.014) 
RPL_ATL 0.40 (0.019) 0.03 (0.007) 0.24 (0.016) 

 918 

Table 3:  Probability of the model PCFs exceeding MERRA-2 values (PEM), for each 919 
experiment and leading REOF, for March 2020.  MERRA-2/observed PCO values are given in 920 
the top row for reference.  PEM values are the mean and standard deviation (in parenthesis) 921 
obtained by chosing, at random, 10,000 subsamples of size 80 (from the 90 ensemble members). 922 

Experiment PNA 

(PCO =-3.28) 

AO 

(PCO = 3.49) 

NAO 

(PCO = 2.24) 
NORPL 0.11 (0.012) 0.00 (0.000) 0.00 (0.000) 
RPL_TR 0.23 (0.016) 0.01 (0.004) 0.07 (0.007) 
RPL_PAC 0.26 (0.016) 0.04 (0.008) 0.07 (0.009) 
RPL_IND 0.23 (0.016) 0.07 (0.009) 0.04 (0.008) 
RPL_ATL 0.26 (0.016) 0.04 (0.008) 0.17 (0.014) 

 923 

924 
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Table A1:  List of additional replay experiments to help assess the robustness of the regional replay 925 

experiments. All runs are forced with observed daily mean SST (see Gelaro et al. 2017 for details about 926 

the SSTs).  The climatologies are based on 39 runs initialized on May 31 of the previous year.  The 927 

perturbations to the initial conditions for each of the 90 ensemble members for 2020 were produced by 928 

taking the differences between two MERRA-2 atmospheric states separated by one day (using the 15 929 

days prior to 11/30/2018), scaling those differences by 1/8, and adding them to (or subtracting them 930 

from) the MERRA-2 initial state. 931 

Name Time period Replay region Ensemble 
members 

RPL_IND+PAC_
CLIM 

1981-2019: a set of 39 shorter 
runs initialized May 31 of each 
previous year 

Indian Ocean region     
(25°S-40°N, 0-
120°E)  + Pacific 
Ocean region (25°S-
25°N, 120E°-120°W)  

1 

RPL_IND+ATL_
CLIM 

same as RPL_IND+PAC_CLIM Indian Ocean region     
(25°S-40°N, 0-
120°E)  + Atlantic 
Ocean region (25°S-
25°N, 120°W-0°) 

1 

RPL_IND+PAC 11/30/2018 – 06/30/2020 Indian Ocean region     
(25°S-40°N, 0-
120°E)  + Pacific 
Ocean region (25°S-
25°N, 120E°-120°W 

90 

RPL_IND+ATL 11/30/2018 – 06/30/2020 Indian Ocean region     
(25°S-40°N, 0-
120°E)  + Atlantic 
Ocean region (25°S-
25°N, 120°W-0°) 

90 

 932 

  933 
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 934 

Figure 1:  The various replay regions discussed in the text (outlined by the boxes, see Table 1), 935 

superimposed on the observed 2020 January - March mean SST anomalies (°C).  See Gelaro et 936 

al. (2017) for a description of the observed SSTs.   The regions consist of the full tropics 937 

(RPL_TR, outlined in red), a region that includes the Indian Ocean (RPL_IND, outlined in 938 

turquoise), a region covering much of the tropical Pacific (RPL_PAC, outlined in blue), and a 939 

region that encompasses the tropical Atlantic (RPL_ATL, outlined in purple).  The dashed line 940 

indicates the equator. 941 

  942 
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  943 

Figure 2:  Top panels: 250mb stream function anomalies (Y, 106 m2/s). Middle panels: two-944 

meter temperature anomalies (T2M, °C).  Bottom panels: precipitation anomalies (mm/day).  945 

From left to right the results are for MERRA-2, RPL_TR, NORPL and RPL_TR - NORPL. The 946 

JFM 2020 anomalies are computed with respect to the appropriate 1981-2019 climatologies (see 947 

Table 1 for details).  All model results are the averages of 90 ensemble members.  The red lines 948 

outline the tropical replay region.  The dashed lines indicate the equator. 949 

  950 
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 951 

Figure 3:  Top panels: 250mb stream function anomalies (Y, 106 m2/s). Middle panels: two-952 

meter temperature anomalies (T2M, °C).    Bottom panels: precipitation anomalies (mm/day).  953 

From left to right the results are for  RPL_PAC - NORPL,  RPL_ATL - NORPL and RPL_IND - 954 

NORPL. The JFM 2020 anomalies are computed with respect to the appropriate 1981-2019 955 

climatologies (see Table 1 for details).  Note that in the top and middle panels the contour 956 

intervals are ½ those in Figure 2.  The boxes outline the corresponding replay regions. The 957 

dashed lines indicate the equator. 958 

  959 
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 960 

Figure 4: The correlations between the intra-ensemble monthly principal components (PCIs) 961 

associated with the three leading REOFs and, the  250mb stream function (left column), T2m 962 

(middle column) and precipitation (right column) for January - March of 2020. The correlations 963 

are computed by pooling together all the replay and no-replay simulations.  The top row is for 964 

PCI 1 (PNA), the middle row is for PCI 2 (NAO), and the bottom row is for the PCI 3 (AO). 965 

  966 
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 967 

 Figure 5: Scatterplots of the JFM mean PCFs for a) PNA versus AO, and b) NAO versus AO.  968 

The small dots denote the individual ensemble members, and the large dots are the ensemble 969 

mean values.  The large grey dots denote the MERRA-2 anomaly projected onto the model 970 

REOFs (the PCOs).  Results are color coded to show RPL_TR in red, RPL_IND in turquoise, 971 

RPL_PAC in blue, RPL_ATL in purple, and NORPL in black.  Units are 106 m2/s.  972 
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 973 

 974 

Figure 6: Top panels: 250mb stream function anomalies (Y, 106 m2/s). Middle panels: two-meter 975 

temperature anomalies (T2M, °C).  Bottom panels: precipitation anomalies (mm/day).  From left 976 

to right the results are for MERRA-2, RPL_TR, NORPL, and an average of the 10 NORPL 977 

ensemble members with the largest PNA and AO amplitudes (indicated by circles in Fig. 8, see 978 

text). The March 2020 anomalies are computed with respect to the appropriate climatologies 979 

(1981-2019, see Table 1 for details).  The red lines outline the tropical replay region. The dashed 980 

lines indicate the equator. 981 

  982 
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 983 

Figure 7: Scatterplots of a) PNA versus AO and b) NAO versus AO for the March 2020 PCFs. 984 

The small dots denote the individual ensemble members, and the large dots are the ensemble 985 

mean values.  The large grey dots denote the MERRA-2 anomaly projected onto the model 986 

REOFs (the PCOs).  Results are color coded to show RPL_TR in red, RPL_IND in turquoise, 987 

RPL_PAC in blue, RPL_ATL in purple, and NORPL in black. The encircled dots identify those 988 

NORPL ensemble members used to produce the mean values shown in the last column of Fig. 6.  989 

Units are 106 m2/s. 990 

  991 
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 992 

Figure 8: The a) E-vectors (m2s-2), and b) local barotropic energy conversion (C1, m2s-2day-1) at 993 

250mb for March 2020 for the NORPL runs.  The heavy contours in both panels are the 994 

ensemble mean 250mb u-wind (m/s). 995 
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 997 

Figure 9:  JFM mean 2020 zonal mean u-wind (m/s, left panels), temperature (°C, middle panels) 998 

and mean meridional circulation (1010 kg/sec, right panels) for NORPL (top row), RPL_TR 999 

(middle row), and MERRA-2 (bottom row).  Shading indicates the 2020 anomalies, and the 1000 

contours are the climatological mean (1981-2019) values.  For the climatological values, the u-1001 

wind contour levels are drawn in increments of 5 m/s (negative dashed and excluding zero), the 1002 

temperature contour levels are drawn from 200K to 300K in increments of 5K, and the MMC 1003 

contour levels are drawn at +/- 1, 2, 4, 6, 8, 10, 12, 15, and 20 (1010 kg/sec, negative dashed). 1004 

1005 
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 1006 

Figure 10:  The 2020 January-March E-P flux (F, vectors) and divergence of F (shaded, m/s day-1) 1007 

computed for each month separately, and then averaged.  Results are for  NORPL (top panels) 1008 

RPL_TR (middle panels), and MERRA-2 (bottom panels).  The left panels are for the full fields 1009 

(stationary +transient), the middle panels are for the anomalies (stationary +transient), and the 1010 

right panels are again the anomalies but for only the stationary component.  The contours are the 1011 

zonal mean zonal winds with contour intervals of 5m/s for the plots in the left column, and (-8 -6 1012 

-4 -3 -2 -1.5 -1 -0.5 0.5 1 1.5 2 3 4 6 8) m/s for the plots in the middle and right columns (the 1013 

anomalies).   The model results are the averages of 90 ensemble members. 1014 
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 1016 

Figure A1: The JFM 2020 replay anomalies (top: Y, 106 m2/s; middle: T2m, °C; and bottom: 1017 

precipitation, mm/day), for (from left to right), the sum of RPL_IND and RPL_PAC, replaying 1018 

the region that encompasses the IND and PAC regions (RPL_IND+PAC), the sum of RPL_IND 1019 

and RPL_ATL, and replaying the region that encompasses the IND and ATL regions 1020 

(RPL_IND+ATL).  All results are the averages of 90 ensemble members and have NORPL 1021 

removed.  The dashed lines indicate the equator. 1022 

 1023 


