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Tropical-extratropical teleconnection during boreal summer is characterized by a circumglobal teleconnection (CGT) pattern and is often considered as one of the major predictability sources of extratropical atmospheric circulation. The extent to which the summer circumglobal teleconnection pattern is remotely forced by tropical sea surface temperature (SST) variability remains to be elucidated. Here, we use a suite of pacemaker simulations from the Community Earth System Model (CESM1) to investigate the contribution of tropical sea surface temperature variability in the Eastern Tropical Pacific, Northern Atlantic, and Indo-Western Pacific to the summer circumglobal teleconnection circulation. We find that the variability of circumglobal teleconnection in the summer is dominated by the sea surface temperature variability in the Indo-Western Pacific and its remotely forced ENSO-like anomaly. As a result, the Indo-Western Pacific pacemaker experiment exhibits precipitation and surface temperature teleconnection patterns closest to the observed patterns in the Northern Hemisphere. A better understanding of such tropical-extratropical interactions can inform better seasonal forecasts and model development.
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1 INTRODUCTION
A dominant feature associated with the Northern Hemisphere (NH) upper-tropospheric westerly jet stream is the global circumglobal teleconnection (CGT) pattern. The term describes quasi-stationary Rossby waves that appear ubiquitous in the waveguide of the jet and span the entire hemisphere in a zonal wavenumber five structure (Hoskins and Karoly, 1981; Branstator, 2002; Ding and Wang, 2005; Ding et al., 2011; Wang et al., 2013; Screen and Simmonds, 2014; Wu et al., 2016; Wills et al., 2019). The CGT pattern can prevail over specific regions for days and has been invoked to explain several types of midlatitude extremes, including heat waves and cold spells, making them a potential source of extended predictability for extreme events (Hoskins, 2013; Teng et al., 2013).
The CGT pattern varies by season and is strongest during winter when the jet is at its peak amplitude. The El Niño–Southern Oscillation (ENSO) also peaks in winter and increases the probability of the well-known Pacific-North American (PNA) teleconnection of Wallace and Gutzler (1981). Consequently, studies that emphasize wintertime extratropical circulation tend to focus on the PNA, which is inherently linked to the CGT pattern (Soulard et al., 2021).
Because the westerly jet weakens and shifts poleward in summer, baroclinic disturbances are not as active. Likewise, large-scale teleconnection patterns are less prevalent due to the diminished role of ENSO (Straus and Shukla, 2002). The summertime CGT pattern is thus weaker than its winter counterpart, yet, it is accompanied by significant rainfall and surface air temperature anomalies, which has led to increased research attention in recent decades (Blackburn et al., 2008; Saeed et al., 2014; Wolf et al., 2018; Thompson et al., 2019). Despite this growing attention, several aspects of the summertime waveguide teleconnection, including its underlying mechanisms and sources of variability, remain to be elucidated.
The CGT pattern is generally thought of as an internal mode of atmospheric variability, locally determined by the interplay of the jet, its perturbations, and at times remote diabatic forcing, most notably in the form of tropical convection (Hoskins and Karoly, 1981; Cassou et al., 2005; Yasui and Watanabe, 2010; Wulff et al., 2017; O’Reilly et al., 2018). Of all the forcing mechanisms adept at stimulating summer CGT episodes, the Indian Summer Monsoon (ISM) is the most referenced (Ding and Wang 2005). Several studies have shown that CGTs can form as a result of a two-way interaction between the waveguides of the jet and the Indian summer monsoon (ISM). This relationship is modulated by ENSO, especially during periods of strong ISM–ENSO interactions. Moreover, ENSO can independently force the CGT. It follows that CGTs are favored in the summers that precede the peak phase of ENSO events and a weaker, but sometimes detectable, response in the summer following the event (Ding et al., 2011).
Recent advances in our understanding of tropical interbasin teleconnections has shown that ENSO itself is strongly modulated by SST variability in the tropical Indian and Atlantic Oceans (Wang et al., 2017; Cai et al., 2019). For instance, summer Atlantic Niños (Niñas) favor the development of Pacific Niñas (Niños) the following winter (Keenlyside and Latif, 2007), and the Atlantic multidecadal oscillation can increase the probability of the central Pacific (CP) type of ENSO (Ham et al., 2013; Jia et al., 2016). Similarly, the leading modes of SST variability in the tropical Indian Ocean can trigger the development of ENSO in the subsequent year and contemporaneously enhance ENSO or accelerate its demise (Yue et al., 2021).
The relative contribution of the SST variability in the tropical oceanic basins to the observed variability of the CGT has not been studied. In this study, we leverage a suite of pacemaker experiments from the Community Earth System Model (CESM1) to distinguish the remote impacts of SST variability in the tropical Indo-Western Pacific, Eastern Pacific, and Northern Atlantic (i.e., target regions) on summertime CGTs. These results can help improve the seasonal prediction of summertime atmospheric circulation and weather extremes.
2 DATA AND METHODS
2.1 Pacemaker experiments
We discriminate the influence of the SST variability in each target region by analyzing a 10-member ensemble of pacemaker experiments that mirrors the CESM Large Ensemble (CESM_LES; Kay et al., 2015). Specifically, we utilize the Pacific (CESM_ETP; Deser et al., 2017), Atlantic (CESM_NAT; Yang et al., 2020), and the Indian Ocean (CESM_IWP; Zhang et al., 2019) pacemaker experiments, in which the model is nudged towards observed historical monthly SST anomalies within the target regions (red boxes, Figure 1). The rest of the model’s coupled climate system is free to evolve. Each member is initialized with slightly different initial conditions as in CESM_LES and forced with historical radiative forcings from 1950 to 2005 and RCP8.5 from 2006 to 13. For additional details on the pacemaker experimental design, see Schneider and Deser (2018).
[image: Figure 1]FIGURE 1 | The SST mean (shaded) and standard deviation (contour) difference between pacemaker experiments and CESM_LES (pacemaker subtracts CESM_LES) in June—August (JJA) for (A) CESM_ETP, (B) CESM_NAT, and (C) CESM_IWP. The shading (hatching) donates regions in which the mean (standard deviation) difference is significant at the 95% confidence level.
Forcing the model with observations ensures that it integrates realistic SST variability over the tropical Indo-Western Pacific, Eastern Pacific, and Northern Atlantic, free of model biases—this is the so-called “pacemaker.” The CESM_LES ensemble mean can therefore be removed from each pacemaker ensemble mean to estimate the response of the global climate system to the observed SST variations in the target regions (Deser et al., 2017; Holland et al., 2019; Zhang et al., 2019; Meehl et al., 2021). For this reason, we computed the anomaly fields of the pacemaker experiments by subtracting the mean of the CESM_LES. The degrees of freedom afforded by the 10-member ensemble also make it possible to quantify the influence of regional SST variability on the observed time evolution of the climate system more accurately (Amaya et al., 2020). We focused all analysis on the summer (June—August) season, from 1950 to 2013.
2.2 Representation of the CGT pattern
The CGT relies on the generation and propagation of Rossby waves. Against this backdrop, we constructed a simple Rossby wave source (RWS, Sardeshmukh and Hoskins, 1988) index and used it to distinguish the SST patterns associated with the CGT in each pacemaker. The RWS formulation describes the forcing of Rossby waves by the divergent flow. It can be written as:
[image: image]
where S is the Rossby wave source (RWS), [image: image] is the divergent components of winds, [image: image] is the absolute vorticity. The first term on the right-hand side of the equation is the advection of absolute vorticity gradient with the effect of divergent wind. The second term is vorticity scratching under the divergent field of divergent winds.
The CGT pattern, as presented by Ding and Wang (2005), is characterized by five anomalous high pressure or action centers, located in West-central Asia (WCA, 60°E–75°E and 35°N–45°N), North-West Pacific (NWP, 120°E–135°E and 35°N–45°N), North Pacific (NPA, 170°E–165°W and 35°N–45°N), West America (WAM, 170°E–165°W and 35°N–45°N), and East America (EAM, 65°W–45°W and 40°N–50°N). In both observations and model experiments, the strongest RWS within the waveguide are found in the vicinity of the WCA, as shown in Figures 2A–E. As a result, the RWS index, hereafter RWS_CGT, was defined as the average 200-hPa RWS over the WCA region (30°S–45°N, 50°E−70°E). Alternatively, the principal component of the first Empirical orthogonal function of the 200-hPa RWS over 20°S–60°N and 30°E−110°E can be used.
[image: Figure 2]FIGURE 2 | The summer mean Rossby wave source (RWS) (A–E), and the regression of the 200 hPa geopotential height (Z200) (F–J) on the RWS_CGT index in summer (June—August) and for (A,F) the NCEP one reanalysis, (B,G) the CESM_LES, (C,H) the CESM_ETP, (D,I) the CESM_NAT, and (E,J) the CESM_IWP. The dotted regions in (A–E) indicate the ensemble mean of regression pattern is significant at the 95% confidence level. The purple boxes show the action centers of CGT.
2.3 Observational datasets and significance testing
Results from the pacemaker experiments and CESM_LES are compared to the National Centers for Environmental Prediction (NCEP) and National Center for Atmospheric Research (NCAR) (Kalnay et al., 1996) reanalysis data at 2.5-degree horizontal resolution, NOAA’s Precipitation Reconstruction over Land (PREC/L) (Chen et al., 2002) and land surface temperature from the Climatic Research Unit (CRU_TS version 4; Harris et al., 2020). Unless otherwise noted, statistical significance is determined using a student’s t-test at the 95% confidence level.
3 RESULTS AND DISCUSSION
Figure 1 shows the anomalous summer SST mean and standard deviation of the pacemaker experiments. Recall that, here, anomalies are calculated as deviations from the CESM_LES to emphasize the effects of the pacemaker (the restored observed SST anomalies over the target region) compared to the model climatology. Significant differences exist in the vicinity of the restoring regions, effectively depicting the observed SST variability associated with each pacemaker. Outside the restoring regions, the differences represent the mean SST response to each pacemaker (Figures 1A–C). As a result of changes in the SST variability, tropical convection is modified, along with the redistribution of heat, which in turn affects tropical-extratropical teleconnection pathways. This is depicted in Supplementary Figure S1, the circulation differences of 200-hPa velocity potential (a proxy for convection), which are induced by the changes in the tropical SST variability associated with each pacemaker experiment.
The fidelity of the CESM to reproduce the CGT is shown in Figure 2, represented by the regression of 200 hPa geopotential height (Z200) anomaly fields on the RWS_CGT index (Figures 2F–J). In comparison to observations (Figure 2F), the anomalous action centers (purple boxes) of all the model simulations (Figures 2G–J), albeit weaker in some instances, are confined to the waveguide. This is a good measure of the model’s realism in the depiction of the CGT.
To objectively deduce the representation of the CGT in each experiment, we present the correlation between the RWS_CGT index and the Z200 time series for each action center as box plots in Figure 3. For model results, correlations were calculated independently for each ensemble member, not the ensemble mean per usual. The idea is to avoid over-emphasizing the forced response to the pacemakers. The results show that correlation coefficients decrease downstream from the WCA, suggesting that regions that are farther away are less instrumental in maintaining the CGT. Judging by this metric, the CESM_IWP experiment is the closest to the observed (Figure 3A), having had the highest correlation coefficient at every action center but the NPA and EAM. This is perhaps the first indication that the Indo-Western Pacific pacemaker is a vital contributor to the variability of the summertime CGT. These findings are summarized in Figure 3B, which compares the mean RWS in observations to the model. The RWS in the CESM_ETP experiment is not as strong as the CESM_IWP experiment but exceeds CESM_LES, whiles the weakest RWS is associated with the North Atlantic pacemaker.
[image: Figure 3]FIGURE 3 | (A) The boxplot of 10-ensemble members correlation coefficient between RWS_CGT index (red box in Figures 2A–E) and Z200 at observed centers of CGT pattern (purple boxes in Figures 2F–J) for each pacemaker. Red dots show the correlation coefficients from the observed data. (B) The boxplot of 10-ensemble summertime RWS mean, and the dashed line shows the RWS mean of observation. (C) The boxplot of 10-ensemble summertime RWS standard deviation. The locations of RWS_CGT is at 50°E–70°E and 30°N–45°N. The centers of CGT pattern are at West-central Asia (WCA; 60°E–75°E and 35°N–45°N), North-West Pacific (NWP; 120°E–135°E and 35°N–45°N), North Pacific (NPA; 170°E–165°W and 35°N–45°N), West America (WAM; 120°W–105°W and 35°N–45°N), and East America (EAM; 65°W–45°W and 40°N–50°N).
Although the CESM_IWP experiment manifests the strongest RWS, it has the least RWS spread among the four experiments (Figure 3C). Interestingly, the CESM_LES is characterized by the highest RWS variance, followed by the CESM_ETP and CESM_NAT experiments, respectively (Figure 3C). It is possible that the observed SST pacemakers act to constrain the internal perturbations within the waveguide, nudging the amplitude of the individual ensemble members closer. Thus, the large RWS spread in the CESM_LES is an artifact of a relatively strong internal variability. Figure 3 raises the expectation that if the model’s SST biases were improved, it would lead to a significant improvement in the simulation of the boreal summer CGT.
Next, we use linear regression to diagnose the cause-effect relationship between each pacemaker and the CGT, focusing on ENSO as a conduit for the remote interactions between tropical SST variability and the CGT (Figures 4, 5). The regression of summer SST and 850-hPa winds on the summer RWS_CGT index is first shown in Figure 4. The observed SST regression shows a developing ENSO that is distinguished by stronger westerly wind anomalies across the equatorial Pacific and a well-developed ENSO-like SST anomaly (Figure 4A). Comparatively, the SST and wind patterns in the CESM_ETP (Figure 4C) and CESM_NAT (Figure 4D) experiments are analogous to the CESM_LES instead, with CESM_ETP featuring the more robust pattern of the two. The equatorial Pacific SST anomalies in all three experiments are weaker than the observed and also appear out of phase (Lu and Liu, 2019; Tan et al., 2020). The CESM_IWP experiment (Figure 4E) is more comparable to observations, further suggesting that SST variability in the Indo-Western has the closest association to the boreal summer CGT pattern.
[image: Figure 4]FIGURE 4 | Linear regression of summer SST and 850-hPa winds on RWS_CGT index for (A) NCEP, (B) CESM_LES, (C) CESM_ETP, (D) CESM_NAT, and (E) CESM_IWP. The pacemakers use ensemble mean and the red box is the location of RWS_CGT index.
[image: Figure 5]FIGURE 5 | The cross regression of SST on summer RWS_CGT index (mean RWS in the red box) from the preceding year’s June—August (JJAyr-1) to the subsequent year’s June—August (JJAyr+1) for (A) NCEP, (B) CESM_LES, (C) CESM_ETP, (D) CESM_NAT, and (E) CESM_IWP. The pacemakers use ensemble mean and the red box is the location of RWS_CGT index. The dotted regions indicate the ensemble members agree with the changes at 95% significance level.
To clarify the nature of the relationship between the CGT and ENSO, we evaluate the lagged regression of SST on the summer RWS_CGT index in Figure 5, starting from the summer of the preceding year JJA(yr-1) to the subsequent year’s summer JJA(yr+1). To the extent that summertime CGT variability is linked to the developing phase of ENSO (Ding et al., 2011; Lee et al., 2014), this clearly discriminates ENSO’s mature stages from its developing stages. As previously alluded to, it becomes increasingly apparent that the evolution of ENSO in the CESM_LES (Figure 5B), CESM_ETP (Figure 5C), and CESM_NAT (Figure 5D) experiments are out of phase with the observed pattern (Figure 5A). The upshot is—the likelihood that the Eastern Pacific and North Atlantic pacemakers strongly pace the summertime CGT variability is further reduced.
Here as well, the CESM_IWP pacemaker induces a strong ENSO anomaly in the Pacific that evolves in a similar manner to a multi-year ENSO event (Figure 5E). This is consistent with research that has shown that the occurrence of multi-year ENSO is most probable when preceded by a strong El Niño or La Niña (Iwakiri and Watanabe, 2021). The Indo-Western Pacific pacemaker also seems to correct, at least in part, the phasing of ENSO in the model, making the maturing phases more concordant with observations. These patterns again confirm the linkages between the CGT and ENSO-like SST anomaly, especially to those remotely forced by the Indo-Western Pacific.
The regression map of the 200-hPa velocity potential shows the physical mechanism by which the Indo-Western Pacific pacemaker impacts the CGT (Supplementary Figure S2). The CESM_IWP SST anomaly induces a strong divergent flow in the Western Indian Ocean, with a magnitude that is consistent with the observation. As has been the common theme in this study, the CESM_NAT and CESM_ETP experiments are rather comparable to the CESM_LENS, indicative of a lesser impact on the CGT. The potency of the Indo-Western Pacific pacemaker experiment potentially derives from the inclusion of the SST variability in the Western Pacific warm pool, which is a critical precondition for both single-year and multi-year ENSO (Meinen and McPhaden, 2000; Fosu et al., 2020; Iwakiri and Watanabe, 2021). This is consistent with the outcome of our CESM_IWP experiment and the relatively weak outcome of the CESM_ETP experiment. For example, the strong ENSO-like SST anomaly influences the walker circulation and tropical deep convection in the Indian Ocean (Latif and Barnett, 1995; Cai et al., 2019; Wang 2019). For instance, during El Niño’s developing summer, strong divergence over the Indian Ocean arises as a response to the enhanced convection in the tropical central to Eastern Pacific. As a result, positive geopotential anomalies are induced over the tropical Indian Ocean, which can in turn perturb the waveguide and thus CGTs. In addition, the lead-lag response of interbasin interactions could impact ENSO variability and further influence the summer CGT.
4 SUMMARY
In this study, we used the CESM pacemaker experiments to investigate the contribution of tropical SST variability on summer CGT variability through the variation of the Rossby wave source in West-central Asia. We find that developing ENSO-like SST anomalies, especially those remotely forced by the Indo-Western Pacific (CESM_IWP), are strongly linked to the summer CGT variability. The CESM_NAT and CESM_ETP experiments are rather comparable to the CESM_LENS, indicative of a lesser impact on the summer CGT. The CESM_IWP pacemaker not only directly impact the overlying atmosphere in Indo-West Pacific region, but also impacts the SST variation at other two ocean basins. In the equatorial Pacific, CESM_IWP is associated with a multi-year ENSO variability. The inclusion of observed SST variability in the Western Pacific warm pool reduces the climatological bias of the atmospheric response (divergent flow) to underlying SSTs, consequently, reducing the CGT mean state bias.
The lagged regression of SST on the summer RWS_CGT index, starting from the summer of the preceding year JJA(yr-1) to the subsequent year’s summer JJA(yr+1), reveal that the evolution of ENSO in the CESM_LES (Figure 5B), CESM_ETP (Figure 5C), and CESM_NAT (Figure 5D) experiments are out of phase with the observed pattern. However, the forced multi-year ENSO and the decrease in CGT mean state bias in CESM_IWP seem to help correct, at least in part, the phasing of ENSO–CGT relationship in the model, making the maturing phases more concordant with observations.
To explore the response of CGT patterns to better simulation of the relationship between the CGT and ENSO-like SST anomaly, we investigate the impacts of CGT on Northern Hemisphere summer precipitation (PR) and surface temperature (TS) in the pacemaker experiments. The PR and TS CGT patterns in CESM_LES are inconsistent with the observed teleconnection patterns over North America, Asia, North and West Africa (Figure 6). In the Eurasian region, the positive and negative TS teleconnection biases in CESM_LES (Figure 6B) in Northeast Asia and the Indian peninsula, respectively, are greatly reduced in CESM_IWP (Figure 6E). The PR teleconnection patterns in CESM_LES, CESM_NAT, and CESM_ETP (Figures 6F–J) are similar, whereas CESM_IWP has a reduced negative bias over Thailand and Vietnam. Similarly, over North America, only the CESM_IWP exhibits TS and PR teleconnection patterns closest to the observed patterns.
[image: Figure 6]FIGURE 6 | The regression coefficient of surface temperature (A–E) and precipitation (F–J) on summer RWS_CGT index for (A,F) the NCEP 1 reanalysis, (B,G) the CESM_LES, (C,H) the CESM_ETP, (D,I) the CESM_NAT, and (E,J) the CESM_IWP. The pacemakers use ensemble mean and the dotted areas indicate that the ensemble mean of regression coefficient is significant at the 95% confidence level.
This study suggests that summer CGT variability is dominated by SST variability in the Indo-Western Pacific, and that ENSO-like anomalies, especially those induced remotely by the Indo-Western Pacific, play a critical role in simulating summer CGT patterns. Therefore, reducing Indo-Western Pacific SST biases would result in significant improvements in the simulation of boreal summer CGT.
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