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Abstract. Atmospheric circulation teleconnections play a critical role in modulating low-frequency climate variability
and driving regional extreme weather events, such as summer heatwaves. However, traditional teleconnection indices
15  are predominantly defined using two-dimensional horizontal variables, which inadequately represent the dynamically
crucial coupled vertical circulations. Here, we establish a three-dimensional analytical framework by applying the
teleconnection method to the meridional and zonal vertical stream functions (H and W) derived from the three-pattern
decomposition of global atmospheric circulation (3P-DGAC). We identify 14 structurally distinct vertical
teleconnection patterns in the Northern Hemisphere mid-high latitudes, which demonstrate robust validity in
20 reconstructing summer surface air temperature (SAT) and hemispheric circulation fields (yielding mean spatial
correlations of 0.64 and 0.60, respectively, over 1979-2022). The proposed three-dimensional teleconnections
effectively capture the low-frequency atmospheric variability that modulates Northern Hemisphere summer climate.
Ultimately, this framework provides a unified dynamical perspective for understanding seasonal climate variability
and offers a robust approach for diagnosing the atmospheric circulation mechanisms underlying regional temperature

25 extremes.
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1 Introduction

Atmospheric teleconnection patterns play a critical role in modulating summer climate variability across Eurasia and
North America, exerting widespread impacts on socioeconomic systems through interconnected atmospheric processes
(Affram et al., 2024; Ding et al., 2011; Ding and Wang, 2005; Folland et al., 2009; Li et al., 2019; Lu et al., 2002; Wu,
30 2002; Xu et al., 2019b, 2022; Yasunari et al., 2021; Zhu and Li, 2016). Beyond influencing large-scale climate
variability, these patterns are recognized as primary drivers of regional climate extremes (Cassou et al., 2005; Enomoto
etal., 2009; Huang et al., 2024; Liu et al., 2023; Tang et al., 2023; Thompson et al., 2019; Wulff et al., 2017; Xu et al.,
20194, 2020), simultaneously synchronizing climatic anomalies across geographically distant regions via atmospheric
bridge mechanisms (Chen et al., 2016; Deng et al., 2018; Fu et al., 2024; Schubert et al., 2011, 2014; Xu et al., 2019b).
35  Therefore, a comprehensive understanding of the structural dynamics of these teleconnection patterns is essential for
enhancing the predictability of climate variability.
Previous studies have indicated that low-frequency atmospheric circulation variations are largely characterized by
recurrent teleconnection patterns. Extensive investigations over the past decades have identified key patterns (Barnston
and Livezey, 1987; Horel, 1981; Wallace and Gutzler, 1981), such as the Pacific-Japan (PJ) teleconnection pattern
40 (Nitta, 1987), the Silk Road Teleconnection Wave Train (SRP) (Enomoto et al., 2003; Lu et al., 2002), the circumglobal
teleconnection pattern (CGT) (Ding and Wang, 2005), the British-Baikal Corridor (BBC) and the British-Okhotsk
Corridor (BOC) patterns (Xu et al., 2019b, 2022) among others. Recent advances have systematically characterized
the properties of these hemispheric-scale patterns (Zheng and Wang, 2019). These patterns have shown significant
utility in diagnosing synchronized extreme events across continents and enhancing subseasonal-to-seasonal prediction
45 skills (Li and Ruan, 2018; Li et al., 2021; Lu and Lin, 2009; Wang et al., 2018, 2024; Zhu et al., 2023; Zhu and Li,
2016). Nevertheless, current diagnostic frameworks remain largely constrained by the two-dimensional nature of
conventional circulation representations.
Traditionally, these predominantly horizontal circulation indices are derived from empirical orthogonal function (EOF)
analyses or single-point correlation methods, which are limited in representing complete three-dimensional
50 atmospheric structures. Specifically, conventional analyses primarily focus on horizontal components (e.g.,
geopotential height and horizontal stream function), often inadequately resolving the coupled vertical circulations that
are crucial for a comprehensive three-dimensional perspective. This limitation restricts a holistic understanding of
atmospheric low-frequency variability. However, observational and modeling evidence indicates that local vertical
circulations dynamically interact with horizontal wave trains through coupled processes (Held and Phillips, 1990;
55 Houze et al., 2000; Kiladis, 1998; Thakur et al., 2024). For instance, Kosaka and Nakamura (2006) highlighted the
critical role of vertical flow structures in the development of meridional teleconnections. Furthermore, He et al. (2018)
suggested that the sea ice-forced overturning vertical circulation triggers the formation of SRP. Therefore, to better
capture three-dimensional atmospheric low-frequency variability, the recently developed three-pattern decomposition
of global atmospheric circulation (3P-DGAC) is employed in this study. The 3P-DGAC addresses the limitations of
60 traditional two-dimensional methods by synergistically decomposing horizontal, meridional, and zonal circulations on
a global scale (Hu et al., 2017, 2018b, a, 2020). By utilizing this framework, we aim to systematically investigate the

three-dimensional structures of teleconnections.
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Given the pivotal role of vertical motion in the formation and evolution of atmospheric teleconnections,
conceptualizing these patterns explicitly from the perspective of vertical circulation holds substantial dynamical
65 significance. Building upon this foundation, this study extends the conventional concept of teleconnections by applying
the teleconnection method (Wallace and Gutzler 1981) to vertical circulation stream functions derived from the 3P-
DGAC, focusing on patterns that exhibit distinct three-dimensional structural features. Our results further suggest that
these generalized teleconnection patterns may capture, at least partially, the essential characteristics of low-frequency
atmospheric circulation variability in the Northern Hemisphere (NH). The findings provide a novel 3D perspective on
70  the primary characteristics of atmospheric low-frequency variability, offering a theoretical basis for understanding the
dynamic mechanisms behind large-scale summer temperature anomalies across the NH.
The remainder of this paper is organized as follows. Section 2 introduces the datasets and methodologies employed in
this study. Section 3 outlines the definitions of vertical circulation teleconnection patterns and analyzes their three-
dimensional structural characteristics. In Section 4, these established three-dimensional patterns are employed to
75  reconstruct both summer surface temperature and large-scale circulation anomalies across the NH. Finally, Section 5
synthesizes the key findings, discusses their implications for climate dynamics, and proposes potential directions for
future research.

2 Data and Methods
2.1 Datasets

80  This study utilizes the monthly reanalysis dataset from the European Centre for Medium-Range Weather Forecasts
(ERAS5; Hersbach et al. 2020), specifically extracting horizontal wind fields (u and v), geopotential height at multiple
pressure levels, and 2 metre temperature (surface air temperature, SAT). The horizontal resolution is set at 2.5° x
2.5%for the period 1979-2022. Boreal summer is defined as the June-July—August (JJA) mean, and the climatology is
based on the 1979-2010 reference period.

85 2.2 Methods
2.2.1 3P-DGAC

To better partition the three-dimensional structure of the global atmospheric circulation, this study adopts the 3P-
DGAC framework (Hu et al. 2017, 2018a,b, 2020). This framework extends the classical concepts of mid-latitude
Rossby waves and tropical Hadley-Walker circulations to formulate a unified representation of global horizontal,

90 meridional, and zonal circulations. It not only quantitatively describes the large-scale horizontal circulation but also
resolves the structures of local meridional and zonal vertical circulations, which are crucial components of atmospheric
low-frequency variability. By utilizing the 3P-DGAC, this study systematically extracts vertical circulation
teleconnection patterns—features often underrepresented in traditional two-dimensional decompositions—thereby
extending the analysis to three-dimensional structures.

95 By inputting the global horizontal wind fields (u and v) into the 3P-DGAC model, the three-dimensional stream
functions (R, H , and W) for the horizontal, meridional, and zonal circulations are obtained. By inverting the
relationship between the stream functions and the velocity fields, six velocity components corresponding to the
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decomposed circulations are derived. Namely, we have the horizontal velocities R and "R of horizontal
circulation, the north-south horizontal velocity "H and vertical velocity ~ H of meridional circulation, and the east-

100  west horizontal velocity Uw and vertical velocity Oy of zonal circulation. The specific calculation procedures are
referred to the references(Hu et al., 2017, 2018a, b). and the Supplementary Material.

2.2.2 Stepwise regression analysis.

Stepwise regression is a multiple linear regression approach that identifies the optimal combination of independent
variables via iterative forward selection and backward elimination (Deng et al., 2019). This iterative feature makes
105 stepwise regression particularly useful for mitigating multicollinearity when independent variables are highly
correlated (Taylor et al., 1998). In this study, a stepwise regression model is employed to quantify the relative
contributions of various atmospheric circulation patterns to natural SAT anomalies in the NH. Natural SAT anomalies
are isolated by linearly detrending the raw SAT data to approximate and remove the background global warming signal
(Henley et al., 2015). The detailed calculation steps are outlined below (Zheng and Wang, 2019):
110 1) Fit the initial model.
2) Add the term with the lowest P-value. If no term in the model has an F-statistic P-value below the entry threshold,
repeat this step; otherwise, move on to step 3.
3) If any term in the model has an F-statistic P-value exceeding the exit threshold, remove the term with the highest P-

value and return to step 2; otherwise, conclude the process.

115  2.2.3 Attribution analysis based on stepwise regression analysis.

SAT,

First, the SAT variations explained by global warming (*"'=) are estimated as difference between the raw SATs and

detrended SATs. Then, by the stepwise regression model, the portion of SAT changes explained by atmospheric

circulation patterns (SATaw) is defined as the value of the terms associated with the given circulation patterns in the
regression equation. The portion of SAT changes that cannot be explained by either atmospheric circulation patterns

SAT,

120 or global warming is defined as the residual SAT (°"'=). Finally, based on these definitions, we calculated the

contribution rate C of global warming and atmospheric circulation patterns to SAT changes, as follows:

res

C= (\SATQW [+/SAT,,,

)/ (|SAT,, [+ SAT,,, [+ SAT

) - 1
SAT
Here, ‘ ‘ represents the absolute value of SAT.

2.2.4 Reconstruction of circulation anomalies.

125  The NH circulation patterns for specific target years were reconstructed using the following protocol.
1) Year-specific anomaly identification. For a given target year y, a threshold of +1 standard deviation of the predefined

teleconnection indices is utilized to identify the dominant anomalous circulation patterns. These relative anomaly
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circulation patterns are referred to as: v , Where n represents the total number of
circulation patterns identified as anomalous for a given target year y.
130  2) Index-weighted reconstruction. The reconstructed circulation field (Recon_Ciry) for year y is linearly combined as

follows:

Recon_Cir, = > Tl x HP-Tel,, @

i=1
Where Tlyi denotes the index of the i-th anomalous horizontal circulation patterns (HP-Teli) for a given target year y,

with its precise definition provided in Eqg. (5) and Eq. (6).

135 3. Results
3.1 New definitions of meridional and zonal vertical circulation teleconnections.

Here, we apply the teleconnection method (Wallace and Gutzler, 1981) to the stream function H(or W) of meridional
(or zonal) vertical circulation derived from the 3P-DGAC model, identifying several vertical circulation teleconnection
patterns in the NH mid-high latitudes during summer (180°W-180°E, 25°-90°N) (Fig. 1).

140  Specifically, for the meridional vertical circulation patterns (the approach for the zonal vertical circulation is

analogous), the correlation coefficient " between the time series of stream function anomalies ~ ' at grid point i and

I at grid point j on the 500 hPa isobaric surface are calculated as follows:

> (H, )~ F(H, )~ F)
= = (3)

O (S0 0-HY-

Where L denotes the length of the time series and t denotes time index, ranging from 1 to L. H, (orHJ‘) represents the

145  average value of Hi(® (or i @),

For each grid point i, the strongest negative correlation coefficient is extracted as:
T. =min(r,), 4
= min(r,) )
where N denotes the total number of grid points. By compiling these strongest negative correlation coefficients !
across all grid points i, we construct the teleconnectivity matrix T for the 500-hPa meridional stream function H (and
150  similarly for the zonal stream function W). Statistically significant teleconnections (at the 99.99% confidence level)
are identified as paired endpoints in matrix T, where the connecting lines illustrate remote meridional (or zonal)
circulation linkages (Fig. 1).
Furthermore, to quantitatively characterize the temporal variations of these patterns, the teleconnection indices for the

meridional and zonal vertical circulations are defined as follows:
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155 Tl,=(H,-H,)/2, ®)
Tl, =W, -W,)/2, (6)

where Ha (or WA) and s (or WB) represent the stream function anomalies at endpoints A and B, respectively, serving
as an indicator of the teleconnection intensity.
Through a systematic analysis of the meridional stream function (H) teleconnectivity matrix during summers from
160 1979 to 2022, seven statistically significant meridional vertical teleconnection patterns are identified across the NH
mid-latitudes (Fig. 1a; Table S1). These patterns are geographically designated as the Polar | (HP), Canadian-Bermuda
(HCB), Caspian Sea-Tarim (HCST), Central Siberia-Kara Sea (HSK), Greenland-Scandinavia (HGS), Black Sea-
Aleutian (HBA), and Ural-Baltic (HUB) patterns, where the prefix 'H' denotes the meridional stream function. To
elucidate their physical manifestations, the meridional stream function H is regressed onto each pattern's index. The
165 results reveal coupled counter-rotating cells along meridional cross-sections at the endpoints, manifesting as zonally
aligned dipole pairs spanning the hemisphere (Fig. S1). These paired vertical cells constitute distinct vertical
teleconnections, as exemplified by the counter-rotating cells of the HCB pattern over the Canadian Plains and Bermuda,
with similar dipole structures observed across the other patterns (Fig. S1). Similarly, seven zonal vertical
teleconnections are identified from the teleconnectivity matrix of the zonal stream function (W). These are designated
170  as the Polar Il (WP), Mongolia-Central Siberia (WMCS), West Siberian-Junggar (WWSJ), Greenland Sea-Azores
(WGA), Ogasawara-Mexico (WOM), Chukchi Sea-Victoria (WCV), and Bering Strait-Aleutian (WBA) patterns, with
the prefix 'W' indicating the zonal stream function (Fig. 1b; Table S2). These zonal teleconnections feature
meridionally aligned counter-rotating zonal cells (Fig. S2), contrasting with the zonal orientation of the meridional
patterns. The WMCS pattern exemplifies this structure, exhibiting counter-rotating zonal cells over the Mongolian and
175  West Siberian plateaus—a configuration broadly representative of the other zonal patterns.
These findings highlight the existence of distinct meridional and zonal vertical teleconnections, expanding upon
traditional two-dimensional paradigms and providing new insights into atmospheric circulation variations.
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Figure 1. Teleconnectivity map of vertical circulation. (a) Teleconnectivity map of summer 500-hPa stream function H of

180 meridional circulation and (b) stream function W of zonal circulation in the NH for the period of 1979-2022. The data are
detrended before analysis, and the areas where the strongest negative correlation coefficients are less than —0.65 are shaded.
The teleconnection lines, which connect two grid points having the strongest negative correlation with each other (o <0.01%0),
are plotted on the teleconnectivity map to reveal atmospheric circulation patterns. The atmospheric circulation patterns
found by this study in (a) are Polar | pattern (HP), Canadian-Bermuda pattern (HCB), Caspian Sea-Tarim pattern (HCST),

185 Central Siberia-Kara sea pattern (HSK), Greenland-Scandinavia pattern (HGS), Black Sea-Aleutian pattern (HBA), and
Ural-Baltic pattern (HUB).The atmospheric circulation patterns found by this study in (b) are Polar Il pattern (WP),
Mongolia-Central Siberia pattern (WMCS), West Siberian-Junggar pattern (WWSJ), Greenland Sea-Azores pattern
(WGA), Ogasawara-Mexico pattern (WOM), Chukchi Sea-Victoria pattern (WCV), and Bering Strait-Aleutian pattern
(WBA).

190 3.2. Three-dimensional circulation teleconnection patterns.

To capture the horizontal circulation signatures associated with these vertical teleconnections, the 200-hPa geopotential
height (GHT) anomalies are regressed onto the respective vertical circulation indices. The resultant horizontal
regression patterns corresponding to the 14 vertical teleconnections are designated as the HP-series (HP standing for
"horizontal pattern"), as shown in Fig. 2.

195 Certain horizontal circulation patterns associated with the meridional vertical teleconnections (HP-H series) manifest
classical wave train signatures across the NH (Fig. 2). For instance, the HP-HCB exhibits a zonal wave train spanning
from the northeastern Pacific to the western Atlantic (Fig. 2b). The HP-HCST displays a mid-latitude Eurasian wave
train with anomaly centers over Eastern Europe, Western Asia, and Central Asia (Fig. 2c), which is structurally
consistent with the Silk Road Pattern (SRP) (r = 0.89, p < 0.01; Fig. S3). The four-center structure of the HP-HSK,

200  extending from Britain to Lake Baikal (Fig. 2d), closely mirrors the British-Baikal Corridor (BBC) pattern (r = -0.77,
p < 0.01; Fig. S4). The HP-HUB exhibits positive anomalies over the British Isles and northern Siberia contrasting
with negative anomalies over western Russia (Fig. 2b), resembling the British-Okhotsk Corridor pattern (r =0.74, p <
0.01; Fig. S5). S Similarly, the horizontal circulation patterns linked to the seven zonal vertical teleconnections (the
HP-W series) demonstrate distinctive regional signatures. The HP-WMCS exhibits a meridional dipole spanning from

205  Greenland to Siberia (Fig. 2i), whereas the HP-WWSJ shows a tripole structure across Greenland, Europe, and Siberia
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(Fig. 2j). Notably, the North Atlantic dipole pattern exhibited by the HP-WGA (Fig. 2k) aligns closely with the summer
North Atlantic Oscillation (NAO) pattern (Greatbatch and Rong 2006).
The analysis demonstrates that the horizontal patterns associated with these vertical teleconnections encompass many
of the well-documented NH low-frequency modes (e.g., SRP, BBC, summer NAO). This consistency suggests that the
210  proposed vertical circulation framework effectively captures key low-frequency variability patterns in the NH summer
circulation. Hence, it serves as a robust approach for identifying essential atmospheric circulation characteristics.
Furthermore, this approach identifies several patterns not heavily emphasized in previous conventional analyses (e.g.,
HP-WMCS, HP-WGA, HP-WOM), potentially offering new insights into the atmospheric dynamics linked to extreme
weather events. Additionally, this framework supports the utility of 3P-DGAC stream functions for teleconnection
215 analysis and enables the systematic comparison of previously identified modes within a unified three-dimensional
perspective.
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Figure 2. Horizontal spatial structure of atmospheric circulation patterns. (a)—(g) Regressed summer 200-hPa GHT
anomalies(shading units: gpm) onto HPI, HCBI, HCSTI, HSKI, HGSI, HBAI, and HUBI for the period of 1979-2022. (h)-

220 (n) As in (a)—(g), but for WPI, WMCSI, WGAI, WOMI, WWSJI, WCVI, and WBAI. Data are detrended prior to analysis,
and dotted areas indicates results significant at the 95% confidence level.

Then, to elucidate the coupling mechanisms between horizontal circulation patterns and vertical cells, we constructed
horizontal distributions of regressed stream function H (W) at 500 hPa (Fig. 3a—f), and meridional (zonal) cross-

sections across key anomaly centers (Fig. 3g-z2). Three-dimensional circulation analysis reveals synchronized
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225  horizontal wave trains and vertical cells between pressure systems (Fig. 3-4). Specifically, the ascending (descending)
branches of these vertical circulation cells are situated ahead of cyclones (anticyclones) and behind anticyclones
(cyclones), consistent with the constraints of the omega equation within the quasi-geostrophic framework at mid-to-
high latitudes (Xu et al., 2019b). This indicates that vertical motion remains a crucial factor in the development of
various weather phenomena (Pendergrass and Gerber, 2016; Sardeshmukh et al., 2015; Tamarin-Brodsky and Hadas,

230  2019), occupying a significant role in atmospheric circulation evolution.
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Figure 3. Three-dimensional circulation structure of the teleconnection patterns. (a)—(e) Regressed summer 500 hPa stream
function H anomalies(shading units:10-6m-1) onto HPI, HCBI, HCSTI, HSKI and HGSI. (f) Regressed summer 500 hPa
stream function W anomalies(shading units:10-6m-1) onto WGAI. The areas with the significant at the 95% confidence
235 level are dotted. Meridional cross-section of the anomalous center of the regression field of the 500 hPa stream function H
(Regressed onto the (g9)—(j) HCBI, (k)-(n) HCSTI, (0)-(r) HSKI, (s)-(v) HGSI and (w)-(z) HUBI). (z1)-(z2): Zonal cross-
section of the anomalous center of the regression field of the 500-hPa stream function W (Regressed onto the WGAL).

10
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Figure 4. Mechanism diagram of Three-dimensional circulation teleconnection patterns.

240  Collectively, these analyses suggest that investigations into the formation, development, and impacts of horizontal
teleconnections should simultaneously account for the coupled vertical circulation patterns. Previous studies have
generally categorized teleconnections into zonally symmetric modes (e.g., the Hadley circulation) and zonally
asymmetric modes (e.g., the Pacific-North American pattern) (Liu and Alexander, 2007). Our findings imply a
dynamical connection between these two types of teleconnections and propose that the traditionally emphasized two-

245 dimensional horizontal teleconnection paradigm should be broadened to encompass a fully three-dimensional
structural framework. This offers new insights and alternatives for the study of teleconnection patterns. This expanded
framework offers new insights and perspectives for diagnosing atmospheric teleconnections.

3.3 Integrated Modulation of Climate Variability by Three-Dimensional Atmospheric Circulation Patterns.

Previous studies have demonstrated a robust correspondence between large-scale SAT and GHT anomalies during

250 summer, wherein positive GHT anomalies generally co-occur with warm SAT anomalies, and vice versa (Fu et al.,
2025; Lembo et al., 2024; Li et al., 2021; Tang et al., 2023; Wang et al., 2022; Xu et al., 2019b; Zhang et al., 2023).
As discussed in the preceding section, the identified three-dimensional circulation patterns effectively capture the key
modes of low-frequency atmospheric circulation variability in the NH. To further assess the utility of these three-
dimensional patterns in diagnosing large-scale climate variability, we now focus on their relationship with NH SAT

255  anomalies. Specifically, the 14 newly defined atmospheric circulation indices are utilized to reconstruct the observed
SAT anomalies. Furthermore, to demonstrate the robustness of this framework, we also reconstruct the associated
large-scale atmospheric circulation anomalies using these dominant circulation indices.

3.3.1 Contribution of three-dimensional teleconnections to NH temperature variance.

Recent NH heatwaves have highlighted the critical role of anomalous circulation patterns in driving SAT extremes
260  (Huang et al., 2024; Tang et al., 2023; Zhang et al., 2023; Zheng and Wang, 2019). To systematically quantify the

11
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temperature modulation associated with individual circulation patterns, SAT anomalies are regressed onto the
respective circulation indices (Fig. 5). The regression analysis indicates that these patterns exert significant modulating
effects on the SAT field. Specifically, the HP-HCB is associated with alternating warm and cold anomalies across mid-
latitude North America (Fig. 5b), whereas the HP-WMCS is linked to concurrent warming over Canada and western
265  Siberia, accompanied by cooling in central Siberia (Fig. 5i). Overall, the anomaly centers of these circulation patterns
closely align with the SAT anomaly centers (Fig. 5), reflecting the strong coupling between these circulation modes
and the NH summer SAT.
Moreover, each identified horizontal circulation pattern exhibits a unique spatial configuration, which corresponds to
a distinct spatial distribution of SAT anomalies. Consequently, the observed large-scale SAT anomalies across the NH
270 are typically modulated by the combined effects of multiple concurrent circulation patterns (Zheng and Wang, 2019).
As demonstrated above, these horizontal circulation patterns—anchored by vertical teleconnections—exhibit varying
degrees of influence on the NH SAT. To quantitatively evaluate their collective contribution to the hemispheric
temperature variability, the summer SAT anomalies for 1979-2022 are reconstructed using a stepwise regression of
the teleconnection indices. This approach effectively mitigates multicollinearity issues while isolating the dominant
275 circulation modes that modulate SAT variability.
The reconstructed SAT anomalies exhibit high consistency with observations, yielding a 43-year mean spatial
correlation of 0.64 (Fig. S6). Particularly during extreme heat years (e.g., 2016, 2018, 2019, 2021, and 2022), the
spatial correlations exceed 0.75, highlighting the robust capability of these patterns in reproducing hemispheric-scale

temperature extremes (Figs. S7-S10).
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Figure 5. Summer SAT variations in association with the atmospheric circulation patterns. (a)—(g) Regressed summer mean
T2M anomalies (shading units: °C) onto HPI, HCBI, HCSTI, HSKI, HGSI, HBAI, and HUBI for the period of 1979-2018.
(h)-(n) As in (a)-(g), but for WPI, WMCSI, WGAI, WOMI, WWSJI, WCVI, and WBAI. The data are detrended before
analysis, and the areas with the significant at the 95% confidence level are dotted.

Notably, the 2022 case exhibits substantial explanatory power, with the circulation patterns accounting for 56% of the
SAT variance across the hemisphere (Fig. 6). Specifically, the western United States, northern Europe, and southern
China exhibited severe positive temperature anomalies (Fig. 6a). Based on the stepwise regression analysis, the
combined contributions of the global warming trend and atmospheric circulation patterns to the SAT anomalies in the
western United States, northern Europe, and southern China are 77.20%, 80.00%, and 81.20%, respectively (Fig. 6¢).

This indicates that the SAT variations in these regions are largely modulated by the identified atmospheric circulation
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patterns. For instance, the SAT anomalies in the western United States are primarily modulated by the HP-HBA, HP-
WP, and HP-HCB. Therefore, the proposed circulation framework effectively captures summer temperature variations
across both typical and extreme years, at both hemispheric and regional scales. These results suggest that a better
representation of these low-frequency atmospheric circulation modes could enhance the predictability of summer SAT
in the NH.
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Figure 6. Combined effect of global warming and atmospheric circulation patterns on summer SAT. (a) SAT anomalies
(shading, units: °C) in the NH during the summers of 2022. (b) Reconstructed summer SAT anomalies (shading, units: °C)
in the NH during the summers of 2022. (c) Attribution analyses of the SAT variations (units: °C) in the west of North
America (120°-110°W, 32.5°-52.5°N), northern Europe (25°-45°E, 60°~70°N), and Southern China (102.5°-120°E, 27.5°-
35°N) during the summer of 2022. GW is abbreviation for global warming.

3.3.2 Dominant teleconnection patterns modulating large-scale SAT anomalies in the NH.

Although the grid-point SAT reconstruction demonstrates the utility of these patterns in explaining climate variability,
it does not explicitly account for the spatial coherence of the atmospheric circulation. The increasing frequency of
extreme heatwaves, such as the 2022 event, underscores the need to understand their large-scale dynamic drivers.
Therefore, we investigate the effectiveness of the identified horizontal circulation patterns in reconstructing large-scale
circulation anomalies, using the summer of 2022 as a case study.

As shown in Fig. 7, five circulation patterns (HP-WWSJ, HP-WMCS, HP-HP, HP-HBA, and HP-WGA) are identified

as potential contributors to the circulation anomalies in 2022. A robust analysis requires evaluating both the individual
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310  pattern amplitudes and their relative magnitudes. Among the 14 teleconnection indices in 2022, the WWSJI, WMCSI,
and HPI exceeded one standard deviation (Fig. 8a). Therefore, these three patterns represent the dominant active modes
during that summer. Following the established methodology, the 200-hPa geopotential height anomalies are
reconstructed through a linear combination of these dominant patterns. T The reconstructed circulation anomalies (Fig.
8c) exhibit a spatial correlation of 0.74 with the observations (Fig. 8b), successfully reproducing key features such as

315  the positive anomalies over the North Atlantic and Ural mountains, and the negative anomalies over Greenland and
Siberia. Notably, the HP-WWSJ is the dominant contributor to this reconstructed field, and these patterns represent
modes that have not been extensively characterized in previous studies. This provides a dynamical context for the
occurrence of concurrent heatwaves across the NH in 2022. Furthermore, the reconstruction framework demonstrates
robust performance across other extreme years (e.g., 2016 and 2018), as detailed in the Supporting Information (Figs.

320 S11-S12), supporting its generalizability beyond a single event.

When applied to the full 1979-2022 period, the reconstructed circulation fields maintain high consistency with the
observational data, yielding an average spatial correlation coefficient of 0.60 (Fig. S6). In conclusion, two independent
lines of evidence converge to support our central finding: both (1) the reconstruction of grid-point temperature
anomalies, which does not consider the structural integrity of circulation patterns, and (2) the reconstruction of

325  hemispheric circulation anomalies, which incorporates the holistic spatial characteristics and anomaly magnitudes,
jointly demonstrate that the horizontal circulation patterns defined in this study robustly capture the essential features
of low-frequency atmospheric variability. The identification of these three-dimensional circulation patterns contributes
to a more comprehensive understanding of large-scale climate variability in the NH. Therefore, an improved
representation of the emergence and intensity of these three-dimensional circulation patterns holds practical

330  significance for forecasting summer surface temperatures.
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Figure 7. Time series of Teleconnection patterns. (a)—-(g) Standardized time series of HPI, HCBI, HCSTI, HSKI, HGSI,

HBAIL and HUBI (bar) and their seven-year running mean (black line) for the period of 1979-2022. (h)—(n) Same as (a)—(g),

but for WPI, WMCSI, WGAI, WOMI, WWSJI, WCVI, and WBAI. The dashed lines denote the reference line of +1
335 standard deviation.
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Figure 8. Reconstructed circulation anomalies in 2022. (a) Indices of teleconnection patterns in 2022. The dashed lines denote
the reference line of the + 1 standard deviation. (b) Summer GHT anomalies (shading, units: gpm) in the NH during the
summer of 2022. (c) Reconstructed Summer GHT anomalies (shading, units: gpm) in the NH during the summers of 2022.

340 4. Conclusions and discussion

Understanding atmospheric circulation changes has long relied on identifying recurring large-scale patterns
(teleconnections). Historically, these teleconnections have been predominantly defined based on horizontal variables
(e.g., geopotential height), which primarily capture the morphological or kinematic signatures of the circulation. In
contrast, defining teleconnections from the perspective of vertical circulation intrinsically incorporates dynamic and
345  thermodynamic mechanisms, as vertical motion is fundamentally tied to diabatic heating and adiabatic processes.
Building upon this dynamical premise, this study establishes a three-dimensional analytical framework integrating the
coupled vertical circulations. Notably, compared to traditional single-level height analyses (Zheng and Wang, 2019)—
which sometimes yield moderate teleconnectivity (correlations around 0.5) and inter-pattern redundancies—our
vertical stream function approach isolates highly significant (correlations around 0.74, Table S1,S2) and structurally

17



https://doi.org/10.5194/egusphere-2026-2824
Preprint. Discussion started: 16 June 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

350 distinct linkages. This framework successfully unifies several major Northern Hemisphere (NH) teleconnections into
a single, cohesive 3D system.
Specifically, utilizing the 3P-DGAC, 14 vertical teleconnection patterns (e.g., HCB, HCST, WWSJ) are identified in
the mid-high latitudes, each characterized by counter-rotating vertical cells. The framework demonstrates robust
validity over the 1979-2022 period, yielding mean spatial correlation coefficients of 0.64 and 0.60 for the reconstructed
355  SAT and hemispheric circulation fields, respectively. Notably, during the extreme summer of 2022, a combination of
dominant patterns captures over 75% of the regional SAT variance (peaking at 81.2% in southern China) and
successfully reproduces the primary hemispheric circulation anomalies. These results suggest that the proposed 3D
teleconnections effectively characterize the low-frequency atmospheric variability modulating the NH summer climate.
The robustness of this framework is deeply rooted in the physical reality that vertical circulation branches serve as
360 critical conduits connecting horizontal wave trains with underlying surface forcings, including both thermal anomalies
and topographic effects (Hoskins and Karoly, 1981). Existing studies provide solid evidence for this vertical-horizontal
dynamical linkage. For example, He et al. (2018) demonstrated that overturning vertical circulations mediate the
influence of sea-ice thermal forcing onto horizontal wave trains. Similarly, Peng et al., (2026) revealed that diabatic
heating associated with extreme precipitation near Lake Baikal triggers meridional circulation anomalies, subsequently
365  modulating large-scale wave processes.
While the present framework shows significant utility in diagnosing climate anomalies, several aspects warrant further
investigation. First, the current analysis is constrained to seasonal-mean timescales, and some regional discrepancies
in the reconstructed fields imply inherent complexities in circulation systems not fully captured by linear combinations.
Future work should extend this 3D framework to daily or sub-seasonal scales to elucidate the transient eddy dynamics
370  and weather-climate linkages driving compound extremes. Second, linking teleconnections explicitly with vertical
circulation offers a novel perspective on the dynamical origins of wave trains. Future studies could employ the
diagnostic methodologies developed in these references to quantitatively investigate how local temperature gradient
anomalies excite these vertical circulation cells, thereby triggering and sustaining the coupled horizontal
teleconnections (Hu et al., 2017, 2018a, b, 2020). Finally, incorporating these dynamically grounded 3D teleconnection
375 indices into sub-seasonal to seasonal (S2S) prediction models or data-driven machine learning algorithms holds
substantial potential for improving the forecasting skill of regional persistent heatwaves.

Code, data, or code and data availability

All the datasets used in this study are publicly available from the following websites: the ECMWF Reanalysis V5
dataset from https://cds.climate.copernicus.eu/cdsapp#!/search?type=dataset.

380 Data processing and analysis were carried out mainly using the Python scientific packages SciPy, NumPy, Pandas, and
Xarray, while all visualizations were produced with Matplotlib and Cartopy.
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