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Abstract 35 

This study examines the role of the latent heating in exciting the upper-level circulation 36 

anomaly which destructively interferes with the climatological stationary wave in the Western 37 

Hemisphere during boreal summer. This destructive interference pattern closely resembles the 38 

circulation trend which is known to be responsible for surface heat extreme trends. To 39 

investigate the mechanism behind this circulation anomaly, daily stationary-transient wave 40 

interference and related meteorological variables are analyzed using reanalysis data for the 41 

period of 1979-2017. Numerical model simulations forced by reanalysis heating anomalies 42 

indicate that the destructive interference pattern is most effectively excited by latent heating 43 

anomalies over the North Pacific and eastern Canada. The North Pacific heating anomaly drives 44 

circulation anomalies that not only resemble the destructive interference pattern, but also 45 

transport moisture into eastern Canada. The resulting latent heating over eastern Canada drives 46 

circulation that further reinforces the destructive interference pattern which includes a 47 

prominent high pressure system over Greenland. Tropical heating also plays a role in driving 48 

the destructive interference pattern. On intraseasonal time scales, the destructive interference 49 

pattern is preceded by suppressed Indo-western Pacific heating and enhanced North American 50 

monsoon heating. On decadal time scales, both heating centers have strengthened, but the trend 51 

of the North American monsoon heating was greater than that of the Indo-Western Pacific 52 

heating. These uneven heating trends help explain the resemblance between the destructive 53 

interference pattern and the circulation trend over the Western Hemisphere.  54 
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1. Introduction 62 

With more frequent occurrence of summer heat waves in recent decades, 63 

understanding the mechanism of their excitation has become an important research topic. There 64 

is a large body of literature pointing out the importance of the atmospheric circulation in 65 

generating surface heat extreme conditions (e.g., Trenberth and Branstator 1992; Lyon and 66 

Dole 1995; Lau and Kim 2012; Trenberth and Fasullo 2012; Teng et al. 2013; Wulff et al. 2017). 67 

Adding to these earlier results, Lee et al. (2017) have found that the recent trend of boreal 68 

summer heat extremes is related to a particular upper level circulation system. They applied a 69 

cluster analysis on 200-hPa geopotential field for the period of 1979-2012, and identified a 70 

quasi-stationary pattern whose frequency of occurrence had dramatically increased since the 71 

late 1990s. This pattern closely resembles the total trend pattern of the upper tropospheric 72 

circulation during the examined time period (Baggett and Lee 2019; BL19 hereafter).  73 

Figure 1a shows the linear trend pattern of the 300-hPa streamfunction field during 74 

June, July, and August (JJA) for the period of 1979-2017. With midlatitude wavy features 75 

whose scale corresponds to zonal wavenumber 5, this trend pattern shares similarities with 76 

other previously examined teleconnection patterns, such as the Circumglobal Teleconnection 77 

pattern (CGT; Branstator 2002; Wang et al. 2012; Teng et al. 2019), the Silk Road pattern 78 

(Enomoto et al. 2003), and the CO2 forced wave pattern (Baker et al. 2019) over mid-latitudes. 79 

However, none of these patterns captures the high pressure anomaly over Greenland shown in 80 

Figure 1a. The occurrence of this circulation pattern over Greenland is likely to help account 81 

for the recent Greenland warming (Tedesco et al. 2016). This possibility serves as an additional 82 

motivation for better understanding the driving mechanism of the circulation trend pattern. 83 

One noteworthy feature of this trend pattern is its striking resemblance to the opposite 84 

phase of the climatological stationary waves (black contours in Figs. 1a) in the Western 85 

Hemisphere (WH). The facts, that latent heating plays the dominant role in driving the summer 86 
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stationary wave (Ting 1994) and that there has been an attempt to understand future changes 87 

of summer stationary waves from mechanisms involving moist processes (Wills et al. 2019), 88 

raise a question as to whether changes in the latent heating field are largely responsible for 89 

generating the trend pattern. BL19 also highlighted the importance of latent heating by showing 90 

that their idealized diabatic heating over Baffin Bay can generate the upper level high pressure 91 

anomaly over Greenland and downstream Eurasian wave trains that resemble the trend pattern. 92 

Because the surface turbulent latent heat flux trend over Baffin Bay was downward over the 93 

same time period, BL19 concluded that a possible source of the diabatic heating over Baffin 94 

Bay is through the release of a latent heat caused by horizontal moisture flux convergence 95 

rather than local evaporation. However, the process that initiates the moisture intrusion remains 96 

to be examined. 97 

Motivated by the aforementioned studies, we investigate what are the key regions of 98 

latent heating that help excite the anomalous circulation that opposes the climatological 99 

stationary wave, and what initiates the northward moisture transport into Baffin Bay. Ting 100 

(1994) showed that Indo-western Pacific heating drives stationary waves in both the Eastern 101 

Hemisphere (EH) and WH, but that heating associated with the North American monsoon 102 

region drives a stationary wave over the WH that opposes the stationary wave driven by the 103 

Indo-western Pacific heating. This result suggests that changes in the diabatic heating field is 104 

likely to be an important driver behind the circulation trend. Specifically, we hypothesize that 105 

the North American monsoon heating (WH heating) has been strengthening more than the Indo-106 

western Pacific heating (EH heating), causing the destructive interference pattern to resemble 107 

the circulation trend patter in the WH.  108 

The EH tropical heating, however, might still contribute to the WH destructive 109 

interference pattern in an indirect fashion. In the context of boreal winter stationary-transient 110 

wave interference, Park and Lee (2019) showed that extratropical heating is not independent 111 
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of tropical heating; tropical heating anomalies drive circulation anomalies which transports 112 

water vapor to the extratropics where some of the water vapor condenses. Therefore, the EH 113 

heating could contribute to the WH destructive pattern by transporting moisture into eastern 114 

Canada and Baffin Bay where the moisture condenses. The resulting latent heat could then 115 

excite the destructive interference pattern. Also, this idea of the remote response to EH tropical 116 

heating is in line with earlier findings that the annual circulation trend pattern over the Canadian 117 

Arctic and Greenland is forced from the tropical Pacific (Ding et al. 2014), and that the Indian 118 

monsoon can influence Arctic ice melting (Krishnamurti et al. 2015) 119 

Data and detailed methodologies are presented in Section 2. In order to test these 120 

hypotheses, we first analyze wave activity fluxes (Takaya and Nakamura 2001), latent heating, 121 

and moisture fluxes associated with WH destructive interference events using observational 122 

data (Section 3). The causalities suggested by these observational data analyses are then tested 123 

using initial-value model calculations in Section 4. The conclusions follow in Section 5.    124 

2. Data and Methodology 125 

i. Data 126 

We use daily zonal and meridional wind, 2m-temperature, vertical integral of water 127 

vapor flux, and vertical integral of moisture flux divergence from the European Centre for 128 

Medium Range Weather Forecasts reanalysis (ERA-Interim; Dee et al. 2011). All variables 129 

have a horizontal resolution of 2.5° by 2.5°, and the zonal and meridional wind have 23 vertical 130 

pressure levels. Diabatic heating field is obtained from the Japanese 55-year reanalysis (JRA-131 

55; Kobayashi et al. 2015), which has a horizontal resolution of 2.5° by 2.5° and 37 pressure 132 

levels. The non-radiative diabatic heating output from the ERA-Interim sums the latent heating 133 

and heating due to vertical diffusion, whereas the JRA-55 provides the convective heating, 134 

large-scale condensational heating, and vertical diffusive heating separately. As the latent 135 
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heating is of our main interest, we opt to use the diabatic heating data from the JRA-55 136 

reanalysis. Overall, there is good agreement between these two reanalysis data sets in both 137 

diabatic heating and circulation variables (Park and Lee 2019, and references therein). In this 138 

study, following Park and Lee (2019), large-scale condensational heating and convective 139 

heating are combined and vertically averaged from 950hPa to 150hPa level, to denote the latent 140 

diabatic heating, Q. The time period examined was June, July, and August (JJA) from 1979 to 141 

2017. In this study, anomalies are obtained by first computing a seasonal cycle, which is a 142 

smoothed calendar day mean, and then subtracting the seasonal cycle from the raw values. 143 

Anomalous diabatic heating and vertical integral of moisture flux divergence field are spatially 144 

smoothed by applying two iterations of the “smth9” function of the National Center for 145 

Atmospheric Research Command Language (NCL; NCAR Command Language 2016) which 146 

uses nine local grid points for the smoothing. The significance levels of the linear trends of 147 

variables are computed using the Mann-Kendall test (Wilks 2011).  148 

ii. Stationary Wave Index 149 

We construct the stationary wave index (SWI), which measures the sign and amplitude 150 

of the daily interference between transient eddies and the climatological stationary wave (Goss 151 

et al. 2016; Park and Lee 2019) by projecting the daily transient eddy streamfunction onto the 152 

climatological eddy streamfunction: 153 

𝑆𝑊𝐼(𝑡) =
∑ ∑ "!∗#$#,&$,'("

∗
#$#,&$,)(*+,	(&)$#

∑ ∑ ["
∗
#$#,&$,)(]%*+,	(&)$#

,          (1) 154 

where 𝜓2∗ refers to the 300-hPa daily eddy streamfunction anomaly, and 𝜓
∗
indicates the 300-155 

hPa seasonal cycle eddy streamfunction. Here, eddies are defined as the deviation from the 156 

zonal average. The variables 𝜆4 and 𝜃5 refer to the longitude and the latitude at grid point 𝑖 157 

and 𝑗, respectively. The variable 𝑡 refers to JJA days from 1979 to 2017, and 𝑑 refers to the 158 
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corresponding calendar day.  159 

As indicated in the introduction, the similarity between the circulation trend and the 160 

stationary wave occurs mainly over the WH. Therefore, we focus on destructive interference 161 

over the WH domain (15°N-75°N, 180°W-0°; green box of Fig. 1b). Destructive interference 162 

refers to days when the SWI is less than -1.0. In order to examine the daily evolution of the 163 

composite field, we have selected event peaks in the destructive interference, which 164 

corresponds to destructive interference days when the SWI values are local minima that are 165 

separated from each other by at least 7 days. If another peak with weaker magnitude occurs 166 

within that 7-day period, it is discarded. Based on this procedure, 132 destructive interference 167 

events are identified, and they are used to composite meteorological variables. Statistical 168 

significance of the composite samples is tested by the Monte Carlo resampling method. We 169 

generated 1000 random composites, with an equal sample size (132 “events”), to construct a 170 

probability distribution. 171 

iii. Trend Index and Heating Projection 172 

We define two additional indices, the trend index (TI) in order to quantify the 173 

relationship between the destructive interference and the trend pattern, and the heating 174 

projection index (HPI) to evaluate the relationship between latent heating and destructive 175 

interference. The TI measures the similarity between daily eddy field and the circulation trend 176 

pattern, and is obtained by projecting the daily 300-hPa eddy streamfunction anomaly onto the 177 

trend pattern: 178 

𝑇𝐼(𝑡) = 	
∑ ∑ "!∗#$#,&$,'(	6"∗#$#,&$(789&$#

∑ ∑ [6"∗#$#,&$(]%789&$#
,      (2) 179 

where Δ𝜓∗ refers to the linear trend of the JJA seasonal mean 300-hPa eddy streamfunction. 180 

Positive TI events are defined to be days when the index in (2) is greater than 1.0 and separated 181 
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by 7 or more days. The HPI is obtained by projecting the daily heating field onto the 182 

climatological heating field: 183 

𝐻𝑃𝐼(𝑡) = 	
∑ ∑ :!($#,&$,')	:;($#,&$,))789&$#

∑ ∑ :;($#,&$,))%789&$#
,          (3) 184 

where 𝑄2  and 𝑄4  refer to the daily anomalous heating and the seasonal cycle heating, 185 

respectively. Positive (negative) heating events are defined as the times when 𝐻𝑃𝐼 is greater 186 

(less) than 1.0 (-1.0). HPI events are defined to be local maxima and minima of the HPI 187 

timeseries, separated by at least 7 days. The projection domain for the TI is identical to the SWI 188 

index. For the heating projection index, HPI, the EH-heating region (30°S-30°N, 60°E-170°W) 189 

and the WH-heating region (30°S-30°N, 120°W-60°W) are projected separately, hence there 190 

are two HPIs. These two domains were chosen based on the two centers of tropical heating 191 

considered by Ting (1994), indicated in Fig. 3 with the green boxes.   192 

iv. Model setup 193 

In order to examine the hypothesis that destructive interference events are driven by 194 

certain latent heating anomalies, we perform model experiments using the spectral dynamical 195 

core from Geophysical Fluid Dynamics Laboratory (GFDL). The model set up is identical to 196 

that used by Baggett et al. (2016), BL19, and Park and Lee (2019), and is designed to 197 

investigate intraseasonal timescale responses to perturbations, such as latent heating, in a 198 

specified background state. In our study, the background state is the 1979-2017 JJA climatology 199 

of zonal wind, meridional wind, temperature, and surface pressure, which are derived from the 200 

monthly mean data of the ERA-interim reanalysis. Because the climatological flow is not a 201 

balanced state, in order to ensure that the initial state is a solution to the model equations, a 202 

forcing term is added. The forcing term is obtained by integrating the model forward in time 203 

one-time step (Franzke et al. 2004). The advantage of this model set up is that it allows one to 204 

examine circulation response embedded in a background state of one’s choice, but the added 205 
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forcing also introduces an inaccuracy whose effect cannot be ignored after about 20 days into 206 

the integration (Franzke et al. 2004). Although the dynamic core does not include moist 207 

processes, specific humidity is used to initialize the passive tracer field to investigate how 208 

moisture is transported by the circulation response.  The model has 28 vertical sigma levels and 209 

a triangular 42 horizontal resolution. The model uses fourth-order horizontal diffusion with 210 

0.1-day damping time scale at its smallest length scale, with the Held and Suarez (1994) 211 

Newtonian cooling and Rayleigh friction parametrizations. The model is forced with time-212 

evolving heating anomaly composites during destructive interference events as in Park and Lee 213 

(2019). At model day 1, the model is forced with the lag-day -10 heating composite, at day 2 214 

with the lag-day -9 heating composite, and so on. Therefore, the resulting solution at model 215 

day 11 can be compared with lag-day 0 composite. The forcing is applied until model day 17 216 

(lag day +6), and each of the model runs is integrated for 25 days. The heating data, which has 217 

37 pressure levels, was interpolated into the 28 sigma levels prior to making the composite.  218 

3. Observational Data Analyses 219 

i. Structure of the destructive interference pattern  220 

As indicated in the introduction, for the WH, the eddy streamfunction trend opposes the 221 

climatological stationary waves (Fig. 1a). Accordingly, composites of the WH destructive 222 

interference events, based on negative values of the SWI index, and shown in Fig. 1b, closely 223 

resemble the trend pattern in the WH. We further quantified this similarity by compositing the 224 

stationary wave index (SWI) for positive TI events, as well as composites of the TI index for 225 

destructive SWI events. Figure 1c shows that, at lag day 0 for positive TI events, the SWI is -226 

0.73 (blue line). Conversely, the lag day 0 composite TI index for destructive SWI events is 227 

0.75 (red line). The magnitudes of these values are not much smaller than the threshold value 228 

of the positive (destructive) TI (SWI) events, which is 1.0 (-1.0). This solid relationship 229 
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indicates that more frequent and/or stronger destructive interference events likely make an 230 

important contribution to the WH circulation trend, and motivates us to investigate the 231 

dynamical processes that cause the destructive interference. The same analysis for the EH 232 

reveals no statistically significant values (not shown), confirming the visual impression from 233 

Fig. 1a that the EH trend pattern is unrelated to changes in stationary wave amplitude.  234 

The time evolution of the 300-hPa eddy streamfunction anomaly composites, based on 235 

negative values of the SWI, indicates that destructive interference events take place over a time 236 

period of about ten days (Fig. 2a-c). The initial development of the northeastern Pacific 237 

anticyclone coincides with a poleward and eastward wave activity flux over the central North 238 

Pacific, while that of the Greenland anticyclone appears to be associated with a wave activity 239 

flux emanating from North America (Fig. 2a). Within the next five days, the major features of 240 

the destructive interference pattern are established, with the anticyclones over the northeastern 241 

Pacific and Greenland, and the cyclones over North America and the North Atlantic (Fig. 2b). 242 

At these lags, the wave activity flux propagates from the northeastern Pacific to Greenland. 243 

These circulation and wave activity flux signals weaken over the next five days (Fig. 2c). These 244 

results suggest that the primary wave activity source for the WH destructive interference is 245 

located over the extratropical North Pacific. This possibility is examined in section 3iii.  246 

A comparison between the composite streamfunction fields, based on destructive SWI 247 

events, with the corresponding 2-m temperature composite fields indicates that the temperature 248 

anomalies (Fig. 2d-f), associated with the WH destructive interference events, in general, 249 

coincide with the upper level circulation pattern. The high pressure regions of Greenland and 250 

eastern Canada experience positive temperature anomalies while the low pressure regions of 251 

North America and the North Atlantic show negative anomalies (Fig. 2e). Over the oceans, 252 

including Baffin Bay, the 2-m temperature anomalies associated with the upper level 253 

circulation are much weaker. Because it takes much longer for the ocean temperature to respond 254 
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to heating due to its higher heat capacity, this difference in the temperature anomaly amplitude 255 

between the land and the ocean suggests that the surface temperature anomalies mostly reflect 256 

a response to the atmospheric circulation aloft.  257 

ii. Role of the tropical heating  258 

First, we test the hypothesis discussed in section 1 that the WH destructive interference 259 

is associated with amplified WH climatological tropical heating and muted EH climatological 260 

tropical heating. As was hypothesized, the two centers of tropical heating exhibit opposite signs 261 

in their anomalies. That is, a calculation of the composite diabatic heating anomalies based on 262 

destructive events of the SWI finds that negative heating anomalies prevail for the region of 263 

the EH heating (30°S-30°N, 60°E-170°W; left green boxes of Fig. 3), while the WH heating 264 

anomalies are weakly positive (30°S-30°N, 120°W-60°W; right green boxes of Fig. 3). Similar 265 

features are also captured with composites of the two HPIs (Fig. 4a) for the destructive 266 

interference events. As can be seen, the EH-heating projects negatively onto the EH 267 

climatological heating, especially during earlier lag days. On the other hand, the WH-heating 268 

projects positively onto the WH climatological heating centered at lag days -7 and 0, although 269 

the amplitude weakens in between these two peaks. This result indicates that when destructive 270 

interference occurs in the WH, the EH-heating (WH-heating) structure is opposite from (similar 271 

to) that of the climatological heating. These opposite signals of two heating centers are in line 272 

with the stationary wave theory of Ting (1994).  273 

Next, we address the hypothesis that the upward trend in the destructive interference 274 

pattern is accompanied by a strengthening of the WH tropical heating, and/or a weakening or 275 

muffled strengthening of the EH tropical heating. We show in Fig. 4b the frequency timeseries 276 

of positive WH and EH heating events. Each value of timeseries represents the number of 277 

positive events in a given year. For both the EH heating and the WH heating, the frequency of 278 
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positive events has been trending upward over the period of 1979 to 2017, indicating that the 279 

climatological heating in the tropics has been intensifying. However, the trend in the frequency 280 

of the WH-heating events is greater than that of the EH-heating events. The slope of the linear 281 

fit of the WH-heating event frequency is 0.097 events/year, which is greater than that of the 282 

EH-heating event frequency, which is 0.071 events/year. We regressed JJA mean 300-hPa eddy 283 

streamfunction onto timeseries of positive events of two heating projections and found that the 284 

magnitudes of the two regressed streamfunction fields are comparable (not shown). Based on 285 

this result, we conclude that the trend in the WH heating frequency being larger than the EH 286 

heating frequency trend has contributed to the similarity between WH destructive interference 287 

pattern and the circulation trend during the analysis period.   288 

iii. Midlatitude heating and heating-circulation relay mechanism    289 

The wave activity flux that we examined in Section 3i indicates that there is a source 290 

of wave activity in the northeastern corner of the North Pacific, suggesting that midlatitude 291 

forcing also plays an important role in driving the destructive interference pattern. Consistent 292 

with this interpretation, prior to the full development of the destructive interference events, 293 

there is a positive latent heating anomaly in the same region (Fig. 3a; blue box). This heating 294 

anomaly pattern agrees with horizontal moisture flux convergence pattern a day earlier (Fig. 295 

3d), suggesting that the North Pacific latent heating arises from condensation of moisture 296 

transported from elsewhere. Composites of the water vapor flux vectors shows that these 297 

vectors extend to the subtropical western Pacific (Fig. 3d). As the North Pacific heating and 298 

moisture flux convergence diminish over the next five days (Figs. 3b,e), a positive heating 299 

anomaly starts to develop over eastern Canada (Fig. 3b; red box): During the lag day –4 to 0 300 

interval, a cluster of water vapor flux vectors emerge over the North Atlantic and eastern North 301 

America that enters eastern Canada (Fig. 3e).  302 
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The water vapor flux vectors in Fig. 3e indicate that the moisture itself originates from 303 

the North Atlantic, but the wave activity flux vectors shown in Fig. 2 indicate that the 304 

circulation anomalies that cause the moisture fluxes are driven by the wave activity source over 305 

the North Pacific. These moisture fluxes converge over eastern Canada (Fig. 3e), consistent 306 

with the latent heating release also over eastern Canada (Fig. 3b). The eastern Canada heating 307 

anomaly and moisture flux convergence start to dissipate after lag day +1 (Figs. 3c,f). BL19 308 

mimicked this eastern Canada heating anomaly with an idealized heating structure, and found 309 

that the heating can generate a wave train with a high pressure over Greenland that resembles 310 

the observed Greenland high. These results paint a picture of a heating-circulation relay 311 

mechanism similar to the one described in Park and Lee (2019). Specifically, subtropical 312 

western Pacific heating anomaly excites circulation anomalies which transport moisture from 313 

southwest of the region denoted by the blue box in Fig. 3a into the northeastern corner of the 314 

North Pacific, and the resulting moisture flux convergence and latent heating drives a 315 

circulation pattern that destructively interferes with the climatological stationary wave; the 316 

resulting circulation pattern then transports moisture from North Atlantic to North America and 317 

then to eastern Canada, where again there is moisture flux convergence and condensation, 318 

leading to the excitation of the Greenland circulation anomaly farther downstream.  319 

The lead-lag relationship between the North Pacific and eastern Canada heating 320 

anomalies is quantified by constructing daily time series of the two heating anomalies for these 321 

two domains. Figure 5 shows composites of the normalized daily heating anomalies, averaged 322 

(area-weighted) over the North Pacific domain (40°-70°N/170°-140°W; blue boxes in Figs. 323 

3a,d) and the eastern Canada domain (40°-70°N/90°-60°W; red boxes in Figs. 3b,e), for the 324 

destructive interference events. These normalized anomaly time series are referred to as the 325 

North Pacific and the eastern Canada heating indices, respectively. The North Pacific heating 326 

index peaks at lag day –6 and the peak of the eastern Canada heating index follows at lag day 327 
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–1, with the amplitudes of these peaks both being statistically significant. The suggested causal 328 

relationship between these two heating centers is tested in the section 4 with model experiments.  329 

4. Model Experiments   330 

In this section, we explore the ideas that arose from the observational analyses by 331 

examining the circulation responses to observed heating anomalies. We specifically ask two 332 

questions. First, does the North Pacific heating generate the destructive interference pattern 333 

over the WH? Second, does the North Pacific heating excite circulation anomalies that transport 334 

moisture into eastern Canada? In order to address these questions in a systematic fashion, we 335 

conduct a set of experiments by forcing the model with a series of patch forcings, which have 336 

a size of 30° latitude by 30° longitude. The heating for each patch corresponds to the composite 337 

heating of the destructive interference events for the domain of that patch. The center of each 338 

square patch ranges from 15°S to 75°N, and from 5°E to 5°W, with a 10° increment in both the 339 

latitudinal and longitudinal directions. For example, the first (last) model run is forced with the 340 

observed heating composite, over the domain of 30°S to 0° and 10°W to 20°E (60°N to 90°N 341 

and 20°W to 10°E), with zero heating elsewhere. This experiment yields a total of 360 model 342 

simulations. Next, in order to evaluate how similar each of these simulated circulation fields is 343 

to the observed pattern of destructive interference, we computed uncentered pattern 344 

correlations between model streamfunction responses and the observed streamfunction 345 

composite, both at the 300-hPa level, for the extratropical WH domain, i.e., from 30°N to 90°N, 346 

and from 180°W to 0°. In order to reduce day-to-day noise in these flow fields, prior to 347 

computing the pattern correlations, the observed composite fields are averaged from lag days 348 

-5 to +5, and the model responses are averaged over model days 6 to 16. As the model at day 349 

1 is forced by the heating composite at lag day -10, model days 6 to 16 correspond to 350 

observational lag days -5 to +5. There are 360 pattern correlation values corresponding to the 351 

360 forcing patches. The 360 pattern correlation values are presented with a map which is 352 
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shown in Fig. 6. At each location, the values in Fig. 6 correspond to the pattern correlation for 353 

the patch forcing centered over that location. Specifically, the pattern correlation value that 354 

results from each patch forcing is assigned to the center of the patch domain. Accordingly, Fig. 355 

6 shows the domain covered by the patch centers which range from 15°S to 75°N, and 5°E to 356 

5°W. For a given location, the red (blue) shading indicates that the model circulation response 357 

to the composite patch heating at that location matches (opposes) the observed circulation over 358 

the pattern correlation domain. 359 

i. Circulation response   360 

From the model experiments described above, we identify two prominent forcing 361 

regions: the North Pacific and eastern Canada (Fig. 6). The positive pattern correlations over 362 

these regions indicate that the heating anomalies centered at these two regions drive circulation 363 

responses most similar to the destructive interference composite in the WH extratropics. The 364 

model eddy streamfunction responses are shown with shading in the left column of Fig. 8, 365 

where for ease of comparison the destructive interference composite of eddy streamfunction 366 

anomalies are indicated with contours. Within the North Pacific forcing domain, the heating 367 

over the 20°-50°N/180°-150°W domain generates circulation anomalies that best match with 368 

the destructive interference composite, having a pattern correlation of 0.57 (Fig. 8a). This 369 

forcing patch generates high pressure over the northeastern North Pacific and the eastern 370 

Canada regions and low pressure over North America and the North Atlantic. Another 371 

important forcing location is the eastern Canada region. The 40°-70°N/90°-60°W patch forcing, 372 

with a pattern correlation of 0.65, drives a wave train over Greenland and the North Atlantic 373 

that resembles the overlaid destructive inference anomaly field (Fig. 8b). This circulation 374 

response resembles the result of BL19. If the model is forced by these two patch domains 375 

simultaneously, the pattern correlation increases to 0.78 (Fig. 8c).  376 
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In addition to these two regions, tropical heating also produces a positive pattern 377 

correlation, albeit with weaker magnitude. The WH tropical heating generates circulation 378 

anomalies similar to that of the destructive interference pattern, as indicated by the positive 379 

pattern correlation over Central America in Fig. 6. This map also indicates that the EH tropical 380 

heating anomalies yield mixed results, with the heating anomalies over the Indian monsoon 381 

and western Pacific warm pool contributing to the destructive interference pattern, while the 382 

heating anomaly centered at around 100°E damps the destructive interference pattern.  383 

ii. Passive tracer response   384 

The model results thus far indicate that latent heating anomalies over the North Pacific 385 

and eastern Canada are most effective at generating the destructive interference circulation 386 

pattern. Given the evidence of moisture transport into these regions (Fig. 3), we ask which 387 

forcing region is most effective at exciting circulation anomalies that can transport moisture 388 

into those two regions. We address this question by examining the response of a passive tracer 389 

which is initialized with the climatological specific humidity spatial profile. First, in order to 390 

identify the patch domain that can most effectively advect a tracer into eastern Canada, 391 

vertically integrated tracer anomalies of each model simulation are averaged (area-weighted) 392 

over the 40°-70°N/90°-60°W domain, from model day 9 to 11. We chose this particular domain 393 

because the model solution, forced with heating in this domain, shows the best match with the 394 

destructive interference pattern. Model days 9 to 11 are chosen because they correspond to lag 395 

day -2 to 0, when the observed eastern Canada heating peaks (Fig. 5). Using this approach, 396 

locations with positive (negative) values in Fig. 7a correspond to locations where the heating 397 

field excites circulation anomalies that increase (decrease) the anomalous tracer value over the 398 

eastern Canada region. This procedure yields 360 eastern Canada anomalous tracer values, 399 

which are shown in Fig. 7a.  400 
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Figure 7a reveals that the circulation driven by the North Pacific heating can remotely 401 

transport moisture into the eastern Canada domain (red box of Fig. 7a). Specifically, over the 402 

North Pacific region, the forcing domain of 40°-70°N/170°-140°W produces the strongest 403 

tracer anomalies over the eastern Canada region, with an area-averaged value of 0.14 kg m-2 404 

(Fig. 7a). The vertical integral of the tracer flux vectors in Fig. 8h suggest that the anomalous 405 

southerly flow over eastern North America is responsible for the moisture intrusion into eastern 406 

Canada. This southerly flow is part of the cyclonic and anticyclonic circulation pair over central 407 

North America and the North Atlantic (Fig. 8d). The pattern correlation resulting for the 40°-408 

70°N/170°-140°W domain forcing is 0.25, which is smaller than that of 20°-50°N/180°-150°W 409 

domain. The former domain, however, produces a greater tracer anomaly response over the 410 

eastern Canada region (compare the shading Figs. 8e and Fig. 8h). These model results 411 

underscore the important role that the North Pacific heating remotely plays for both inducing 412 

the WH destructive pattern and the eastern Canada tracer anomaly.  413 

The eastern Canada heating (40°-70°N/90°-60°W) induces a dipole structure of tracer 414 

response with positive anomalies over Baffin Bay and negative anomalies over Hudson Bay 415 

(Fig. 8f). Again, this model solution closely resembles that shown in BL19 (see their Fig. 7). 416 

The tracer response to the combination of the North Pacific and the eastern Canada forcing is 417 

shown in Fig. 8g. We used the patch domain of 40°-70°N/170°-140°W to represent the North 418 

Pacific forcing for Fig. 8g as this domain gives the best tracer response, whereas we used patch 419 

domain of 20°-50°N/180°-150°W for Fig. 8c as it gives best circulation response. Over the 420 

eastern Canada region, the tracer structure is similar to that induced by eastern Canada heating 421 

alone (Fig. 8f). This result suggests that remote forcing from the North Pacific initiates the 422 

moisture intrusion over eastern Canada, and latent heating over eastern Canada drives an even 423 

stronger moisture intrusion. Central Canada forcing also gives a strong response to the eastern 424 

Canada tracer anomaly (Fig. 7a). However, unlike the North Pacific forcing, patches over 425 
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central Canada either locate right next to or even overlap with the eastern Canada patch (red 426 

square of Fig. 7a). Therefore, this response is likely a local feedback, whereas the North Pacific 427 

patches act on a remote distance.  428 

In a similar manner, we investigate which forcing is most effective at transporting 429 

moisture into the North Pacific region. The model tracer responses are averaged over the 40°-430 

70°N/170°-140°W domain during model days 4-6, which corresponds to lag day -7 to -5 when 431 

the North Pacific heating anomaly peaks (Fig. 5). This domain is chosen because it is the most 432 

important forcing region for generating the eastern Canada tracer anomalies. The result is 433 

shown in Figure 7b. The greatest positive tracer anomalies in the North Pacific region are 434 

obtained when model is forced by western Pacific heating, centered between 150°E and 180°E, 435 

20°N and 50°N. In accordance with the moisture flux composite (Fig. 3d), this result points out 436 

the role of subtropical western Pacific heating in inducing circulation anomalies which advect 437 

moisture into the midlatitude North Pacific domain.  438 

5. Conclusions and Discussion  439 

In this study, we have investigated the role of latent heating anomalies in exciting the 440 

anomalous circulation pattern that destructively interferes with the climatological stationary 441 

wave. This destructive interference pattern, which occurs over the WH, closely resembles the 442 

circulation trend pattern that includes the Greenland high. By studying the driving mechanism 443 

of the destructive interference pattern, therefore, we can also better understand the mechanism 444 

by which the circulation trend pattern arises.   445 

Our analysis reveals two noteworthy findings regarding the role of tropical heating on 446 

the destructive interference pattern. First, consistent with stationary wave theory (Ting, 1994), 447 

the destructive interference pattern is associated with the suppressed EH tropical heating and 448 

the enhanced WH tropical heating. Second, while the climatological heating field has 449 
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intensified in both hemispheres, the trend of the WH heating is greater than that of the EH 450 

heating. Accordingly, the destructive interference pattern has been able to dominate the 451 

circulation trend. 452 

  The WH destructive interference pattern, however, is most effectively excited by latent 453 

heating anomalies over the North Pacific and eastern Canada. The schematic diagram shown 454 

in Fig. 9 describes how the North Pacific and eastern Canada heating anomalies excite the 455 

destructive interference pattern. First, the moisture is transported from the subtropical western 456 

Pacific into the northeastern corner of the North Pacific, where that moisture fluxes converge 457 

and release latent heating anomalies (Fig. 9a). Those latent heating anomalies over the North 458 

Pacific excite the upper level destructive interference pattern (Fig. 9b). Then, another moisture 459 

intrusion occurs due to the induced destructive interference pattern, from the Atlantic to eastern 460 

Canada where latent heating anomalies are again released (Fig. 9c). Heating anomalies over 461 

eastern Canada further excite circulation anomalies to amplify the destructive interference 462 

pattern (Fig. 9d). Our finding, that extratropical heating anomalies play the major role, might 463 

appear at odds with the prior results which highlighted the role of the tropical heating in 464 

warming the Canadian Arctic and Greenland (Ding et al. 2014) and the role of the Indian 465 

monsoon on Canadian Arctic ice melting (Krishnamurti et al. 2015). However, the heating-466 

circulation relay picture of Park and Lee (2019) helps reconcile this apparent difference, 467 

because even in our analysis, at least part of the extratropical heating is driven by the circulation 468 

excited by the tropical/subtropical heating. 469 

We have examined if transient eddy fluxes contribute to the destructive interference 470 

pattern. Specifically, we computed the streamfunction tendency due to high-frequency eddy 471 

vorticity flux, which has been examined in previous studies (e.g. Cai and van den Dool 1994; 472 

Feldstein 1998; Teng et al. 2019). We found that transient eddy vorticity flux helps to establish 473 

the anticyclonic circulation over Greenland, but it does not contribute to the anticyclone over 474 
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the North Pacific and cyclones over the North America and the Atlantic (not shown). Therefore, 475 

transient eddy fluxes play a contributing role but only limited to Greenland region, and the 476 

primary driver of the hemispheric destructive interference pattern is the latent heating anomaly. 477 

One commonly discussed mechanism for the circulation-extreme weather linkage is a 478 

‘quasi-resonant amplification’ which attributes the extreme weather to amplified atmospheric 479 

waves of zonal wave number 6 to 8 (Petoukhov et al. 2013; Mann et al. 2017). However, we 480 

find that in the WH the circulation trend actually corresponds to destructive interference, rather 481 

than constructive interference. Because the proposed resonant response is circumglobal, we 482 

conclude that the coincidence of the destructive interference circulation pattern with the trend 483 

pattern is an indication that the quasi-resonant amplification is an unlikely explanation of the 484 

circulation and temperature trends in recent decades. Furthermore, the prior finding that there 485 

is no statistically significant observed trend of resonance (Screen and Simmonds, 2013; 486 

Petoukhov et al. 2013) also supports the idea that the observed circulation trend pattern is 487 

unrelated to the resonance mechanism. At least for the WH, our result instead indicates that 488 

anomalous latent heating is an important contributor to the trend pattern, which is in line with 489 

the studies that show the importance of diabatic forcing in driving anomalous summer 490 

circulation (Teng et al. 2019; Baker et al. 2019). 491 
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Figure Captions 638 

Figure 1. (a) The linear trend of June, July, and August 300-hPa eddy streamfunction 639 

during 1979-2017 (shading) and the 300-hPa climatological stationary wave (contour). 640 

Contour interval is 2.5×106 m2 s-1; negative values are dashed and zero value is omitted. (b) 641 

300-hPa eddy streamfunction anomaly composite for destructive stationary wave interference 642 

(SWI) index at lag day 0 (shading). The contours are as in (a). Green box indicates the 643 

projection domain of SWI. (c) Lagged composite of SWI against positive events of trend index 644 

(TI; blue line), and lagged composite of TI against SWI destructive events (red line). Dotted 645 

areas in (a) indicate statistical significance at the 95% level as computed by the Mann-Kendall 646 

test, and dotted areas in (b) and thick line in (c) indicate statistically significant values at the 647 

95% level as computed by Monte Carlo resampling method.   648 

Figure 2. Pentad composites of (a)-(c) 300-hPa eddy streamfunction anomaly (shading) 649 

with wave activity flux (vectors) and (d)-(f) 2m-temperature anomaly. Vectors with magnitude 650 

larger than 0.1 m2 s-2 are plotted and the reference vector is 2 m2 s-2. Pentads are centered at lag 651 

days –5, 0, and +5 of destructive stationary wave interference (SWI) events. Dotted areas 652 

represent statistical significance at the 95% level as computed by the Monte Carlo resampling 653 

method.  654 

Figure 3. (a)-(c) Pentad composites of latent diabatic heating anomaly (shading) and 655 

June, July, and August (JJA) climatological heating (contour; 2, 4, and 6 K/day values are 656 

plotted). (d)-(f) Pentad composites of vertically integrated water vapor flux anomaly (vectors) 657 

with vertically integrated moisture flux convergence anomaly (shading). Vectors with 658 

magnitude larger than 20 kg m-1 s-1 are plotted and the reference vector is 50 kg m-1 s-1. Pentads 659 

are centered at lag days (a)-(c) –6, -1, and +4, and (d)-(f) -7, -2, and +3 of destructive stationary 660 

wave interference (SWI) events. Dotted areas represent statistical significance at the 95% level 661 



   

 

   

 

28 

as computed by the Monte Carlo resampling method. Green boxes represent two domains of 662 

tropical heating projection index (HPI) and blue and red boxes represent the North Pacific 663 

domain and the eastern Canada domain (see section 3 for details).  664 

Figure 4. (a) Lagged composite of normalized heating projection amplitudes of (blue) 665 

the EH-heating and (red) the WH-heating during destructive stationary wave interference (SWI) 666 

events. Dots with thick lines indicate statistically significant values at the 95% level as 667 

computed by the Monte Carlo resampling method. (b) Timeseries of the number of positive 668 

heating projection events per each year. The blue and the red line indicate the heating projection 669 

over EH-heating domain and the WH-heating domain, respectively. Dashed lines indicate 670 

linear fit lines of each timeseries. Indicated p-values are computed by the Mann-Kendall test.  671 

Figure 5. Lagged composites of normalized heating indices, which are heating 672 

anomalies averaged over (blue) the North Pacific (40-70°N/170°-140°W) and (red) the eastern 673 

Canada (40°-70°N/90°-60°W) domain, during SWI destructive events. Dots with thick lines 674 

indicate statistically significant values at 95% level computed by the Monte Carlo resampling 675 

method.  676 

Figure 6. Pattern correlations from 360 patch experiments. At each grid point, the value 677 

represents uncentered pattern correlation between observed eddy streamfuction anomaly and 678 

model eddy streamfuntion response to the patch forcing centered at that grid point. Red 679 

shadings, or positive pattern correlations, indicate that the patch forcing centered at that 680 

location induces circulation that resembles the destructive interference pattern. 681 

Figure 7. Area-averaged vertically integrated model tracer anomaly from 360 patch 682 

experiments. The value at each grid point represents (a) tracer anomaly averaged over 40°-683 

70°N/90°-60°W domain (the red box) from model day 9 to 11, and (b) tracer anomaly averaged 684 

over 40-70°N/170°-140°W domain (the blue box) from model day 4 to 6, which results from 685 
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the patch forcing centered at that grid point (see section 4 for details). Red shadings, or positive 686 

tracer anomaly values, indicate that the patch forcing centered at the location increases tracer 687 

anomaly over the region in the box.   688 

 Figure 8. (a)-(d) The 300-hPa eddy streamfunction anomaly averaged over model 689 

days 6 to 16 (shading) in response to indicated patch forcings. The contours show observed 690 

300-hPa eddy streamfunction anomaly composite, averaged from lag days -5 to +5 of SWI 691 

destructive events (contour interval is 6.0×105 m2 s-1; negative values are dashed and zero value 692 

is omitted). Pattern correlations between model streamfunction (shading) and observed 693 

composite (contours) are indicated. (e)-(h) Vertically integrated model tracer anomaly (shading) 694 

with vertically integrated model tracer flux anomaly (vectors) averaged over model day 9 to 695 

11, in response to indicated patch forcings. Vectors with magnitude larger than 0.5 kg m-1 s-1 696 

are plotted and the reference vector is 5 kg m-1 s-1. Red boxes of (e)-(h) indicates the eastern 697 

Canada domain (40°-70°N/90°-60°W).  698 

Figure 9. Schematic diagrams of the heating-circulation relay mechanism during the 699 

evolution of the destructive interference pattern. The mechanism is illustrated in chronological 700 

order from (a) to (d). We refer readers to Conclusion section for details. 701 
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 708 

Figure 1. (a) The linear trend of June, July, and August 300-hPa eddy streamfunction 709 
during 1979-2017 (shading) and the 300-hPa climatological stationary wave (contour). 710 
Contour interval is 2.5×106 m2 s-1; negative values are dashed and zero value is omitted. (b) 711 
300-hPa eddy streamfunction anomaly composite for destructive stationary wave interference 712 
(SWI) index at lag day 0 (shading). The contours are as in (a). Green box indicates the 713 
projection domain of SWI (c) Lagged composite of SWI against positive events of trend index 714 
(TI; blue line), and lagged composite of TI against SWI destructive events (red line). Dotted 715 
areas in (a) indicate statistical significance at the 95% level as computed by the Mann-Kendall 716 
test, and dotted areas in (b) and thick line in (c) indicate statistically significant values at the 717 
95% level as computed by Monte Carlo resampling method.   718 
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 719 

Figure 2. Pentad composites of (a)-(c) 300-hPa eddy streamfunction anomaly (shading) 720 

with wave activity flux (vectors) and (d)-(f) 2m-temperature anomaly. Vectors with magnitude 721 

larger than 0.1 m2 s-2 are plotted and the reference vector is 2 m2 s-2. Pentads are centered at lag 722 

days –5, 0, and +5 of destructive stationary wave interference (SWI) events. Dotted areas 723 

represent statistical significance at the 95% level as computed by the Monte Carlo resampling 724 

method.  725 
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 731 

Figure 3. (a)-(c) Pentad composites of latent diabatic heating anomaly (shading) and 732 

June, July, and August (JJA) climatological heating (contour; 2, 4, and 6 K/day values are 733 

plotted). (d)-(f) Pentad composites of vertically integrated water vapor flux anomaly (vectors) 734 

with vertically integrated moisture flux convergence anomaly (shading). Vectors with 735 

magnitude larger than 20 kg m-1 s-1 are plotted and the reference vector is 50 kg m-1 s-1. Pentads 736 

are centered at lag days (a)-(c) –6, -1, and +4, and (d)-(f) -7, -2, and +3 of destructive stationary 737 

wave interference (SWI) events. Dotted areas represent statistical significance at the 95% level 738 

as computed by the Monte Carlo resampling method. Green boxes represent two domains of 739 

tropical heating projection index (HPI) and blue and red boxes represent the North Pacific 740 

domain and the eastern Canada domain (see section 3 for details).  741 
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 743 

Figure 4. (a) Lagged composite of normalized heating projection amplitudes of (blue) 744 

the EH-heating and (red) the WH-heating during destructive stationary wave interference (SWI) 745 

events. Dots with thick lines indicate statistically significant values at the 95% level as 746 

computed by the Monte Carlo resampling method. (b) Timeseries of the number of positive 747 

heating projection events per each year. The blue and the red line indicate the heating projection 748 

over EH-heating domain and the WH-heating domain, respectively. Dashed lines indicate 749 

linear fit lines of each timeseries. Indicated p-values are computed by the Mann-Kendall test.  750 
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 759 

Figure 5. Lagged composites of normalized heating indices, which are heating 760 

anomalies averaged over (blue) the North Pacific (40-70°N/170°-140°W) and (red) the eastern 761 

Canada (40°-70°N/90°-60°W) domain, during SWI destructive events. Dots with thick lines 762 

indicate statistically significant values at 95% level computed by the Monte Carlo resampling 763 

method.  764 
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 767 

Figure 6. Pattern correlations from 360 patch experiments. At each grid point, the value 768 

represents uncentered pattern correlation between observed eddy streamfuction anomaly and 769 

model eddy streamfuntion response to the patch forcing centered at that grid point. Red 770 

shadings, or positive pattern correlations, indicate that the patch forcing centered at that 771 

location induces circulation that resembles the destructive interference pattern.772 
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 773 

Figure 7. Area-averaged vertically integrated model tracer anomaly from 360 patch 774 

experiments. The value at each grid point represents (a) tracer anomaly averaged over 40°-775 

70°N/90°-60°W domain (the red box) from model day 9 to 11, and (b) tracer anomaly averaged 776 

over 40-70°N/170°-140°W domain (the blue box) from model day 4 to 6, which results from 777 

the patch forcing centered at that grid point (see section 4 for details). Red shadings, or positive 778 

tracer anomaly values, indicate that the patch forcing centered at the location increases tracer 779 

anomaly over the region in the box.  780 
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 781 

Figure 8. (a)-(d) The 300-hPa eddy streamfunction anomaly averaged over model days 782 
6 to 16 (shading) in response to indicated patch forcings. The contours show observed 300-hPa 783 
eddy streamfunction anomaly composite, averaged from lag days -5 to +5 of SWI destructive 784 
events (contour interval is 6.0×105 m2 s-1; negative values are dashed and zero value is omitted). 785 
Pattern correlations between model streamfunction (shading) and observed composite 786 
(contours) are indicated. (e)-(h) Vertically integrated model tracer anomaly (shading) with 787 
vertically integrated model tracer flux anomaly (vectors) averaged over model day 9 to 11, in 788 

response to indicated patch forcings. Vectors with magnitude larger than 0.5 kg m-1 s-1 are 789 

plotted and the reference vector is 5 kg m-1 s-1. Red boxes of (e)-(h) indicates the eastern Canada 790 
domain (40°-70°N/90°-60°W).  791 
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 793 

Figure 9. Schematic diagrams of the heating-circulation relay mechanism during the 794 

evolution of the destructive interference pattern. The mechanism is illustrated in chronological 795 

order from (a) to (d). We refer readers to conclusion section for details. 796 

 797 


