
1.  Introduction
The subtropical jet stream (STJ), which passes immediately south of the Himalayas (27–30°N) during boreal 
winter and spring (Koteswaram, 1953; Koteswaram et al., 1953), controls the climate of the region by guiding 
storms into the Himalayas (Dimri et al., 2015). These storms, commonly known as western disturbances, deliver 
snow in the mountains and rainfall at lower altitudes (Cannon et al., 2015, 2016; K. M. R. Hunt et al., 2018; 
Madhura et al., 2015), providing water to more than 1 billion Asian people for agriculture and power generation 
during the dry seasons (Biemans et al., 2019; Immerzeel et al., 2020; Nie et al., 2021). The STJ also regulates 
the meridional movement of tropical air masses. When the STJ moves poleward, the Himalayan region receives 
reduced number of storms, and warm tropical air is able to advect into higher latitudes, making the region both 
hotter and drier (Ahmed et al., 2020; K. M. R. Hunt et al., 2018; Thapa et al., 2020; Wang et al., 2013; Yin, 2005; 
Zhang et al., 2006). It is possible warm tropical air could bring moisture with it, but the Himalayas remain drier 
than normal due to decreased number of western disturbances and increased evaporative demand during the 
poleward displacement of the jet (Ahmed et al., 2020; K. M. R. Hunt et al., 2018; Schiemann et al., 2009; Thapa 
et al., 2020). In contrast, equatorward jet displacement steers more storms into the Himalayas, making the region 
wetter than normal (Schiemann et al., 2009). Therefore, changes in the position of the STJ have implications for 
regional water supply and management.

Abstract  The latitudinal position of the subtropical jet over the Himalayas (Himalayan jet latitude or HJL) 
controls the region's climate during winter and spring by guiding moisture-delivering storms. Here we use the 
Community Earth System Model-Last Millennium Ensemble to diagnose forced trends in HJL during the past 
millennium. During 850–1849, there is a weak equatorward trend in winter HJL. In contrast, the spring HJL 
has a relatively larger poleward trend, and increases in both variance and frequency of poleward/equatorward 
excursions. We demonstrate changes in orbital precession reduced the thermal gradient between tropical and 
subtropical Asia, shifting the spring HJL poleward. During 1850–2005, the spring HJL exhibits no trend due to 
compensating influences from orbital and anthropogenic greenhouse gas forcings. These findings suggest it is 
essential climate models properly simulate the effects of and potential interactions between orbital forcing and 
anthropogenic factors to accurately project Himalayan jet variability and associated storm tracks.

Plain Language Summary  The subtropical jet stream (STJ) guides storms into the Himalayan 
region, which deliver snow and rainfall that are the region's primary source of water during winter and spring. 
However, little is known about the impacts of long-term climatic changes on the behavior of the STJ over the 
Himalayas (Himalayan jet). In this study, which is first of its kind, we use the Community Earth System Model-
Last Millennium Ensemble to investigate the impacts of natural and anthropogenic factors on the location of 
the Himalayan jet during the past millennium. During the pre-industrial period (850–1849), we show that, 
compared to the weak equatorward trend in winter, the spring Himalayan jet shifted poleward and displayed 
increased variability. These effects arise from orbitally driven reductions in the temperature difference between 
the tropics and the subtropical Asia. The pre-industrial poleward trend in the orbital-only spring Himalayan jet 
latitude also exists post 1850, but that trend is canceled by the twentieth century greenhouse gas forcing. Our 
results suggest it is critical to ensure climate models properly simulate responses to both orbital forcing and 
anthropogenic factors in order to accurately project future Himalayan jet variability and associated storm tracks 
in the face of global warming.
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Observational studies show no significant trend in mean jet latitude over Asia during recent decades (Kuang & 
Zhang, 2005; Thapa et al., 2020; Zhongda & Riyu, 2005), in contrast to the poleward trend in hemispheric-mean 
circulation (Archer & Caldeira, 2008; Fu et al., 2006; Maher et al., 2020; Manney & Hegglin, 2018; Pena-Ortiz 
et al., 2013; Strong & Davis, 2007). Similarly, reconstructions do not show any trends in the STJ latitude over 
central and eastern Asia during the past millennium (Thapa et al., 2020; Wright et al., 2015). Model simulations 
of summer jet over eastern and western Asia also show no long-term trend in its location (Jiang et al., 2020). 
However, there has been a significant increase in interannual STJ variance over central and East Asia during the 
past millennium (Jiang et al., 2020; Thapa et al., 2020; Wright et al., 2015). In addition, a recent tree-ring recon-
struction shows a positive trend in extreme poleward excursions of the spring STJ over the Himalayas during the 
past four centuries (Thapa et al., 2020). Understanding the dynamics of potential forced trends in the mean and 
extreme positions of the jet is needed to determine its sensitivity in the face of anthropogenic climate change.

Because of the large extent of internal climate variability, understanding the mechanisms for long-term jet varia-
tions requires an ensemble approach in order to provide robust statistics. For this purpose, the Community Earth 
System Model-Last Millennium Ensemble (CESM-LME) simulations are an ideal tool, being one of the only 
available ensembles covering the full 850–2005 CE period (Otto-Bliesner et al., 2016). The CESM-LME ensem-
bles comprise: “single-forcing” simulations including individual external forcing factors, namely land use and 
land cover change (LULC), ozone/aerosols, greenhouse gases, solar irradiance, orbital forcing, and volcanic erup-
tions; and “fully forced” simulations that include all forcing factors, simultaneously (Otto-Bliesner et al., 2016). 
The CESM-LME has been used to study many aspects of climate and are able to capture the observed character 
of climate variability (Capotondi et al., 2020; Marcello et al., 2019; Stevenson, Fasullo, et al., 2017; Stevenson, 
et al., 2018). The CESM-LME therefore provides an excellent opportunity to diagnose forced trends in STJ posi-
tion over the Himalayas during the past millennium.

2.  Data and Methods
2.1.  Model Simulations and Reanalysis Products

We used all single and full-forcing members of CESM-LME version 1 (CESM1), which extend from 850 to 2005 
CE (Otto-Bliesner et al., 2016; Table S1 in Supporting Information S1). The CESM1 was run using an atmos-
pheric and land resolution of 2°, and an ocean and sea ice resolution of 1°. We note that the ozone/aerosol forcing 
data set only extends over 1850–2005 (Otto-Bliesner et al., 2016) due to a lack of anthropogenic ozone/aerosol 
forcing information prior to 1850.

In order to evaluate model performance in reproducing STJ properties, we used monthly wind data from several 
reanalyzes including the National Centers for Environmental Prediction-National Center for Atmospheric Re-
search (NCEP/NCAR) 40-year reanalysis project (Kalnay et al., 1996), the ERA-5 (Bell et al., 2020; Hersbach 
et al., 2018), the Japanese 55-year Reanalysis (Kobayashi et al., 2015), and the twentieth Century Reanalysis-Ver-
sion3 (Slivinski et  al.,  2019). Based on its comparatively reliable jet variance and longer calibration period, 
we chose to use NCEP/NCAR data, which has a 2.5°resolution, as the primary validation data set (see Thapa 
et al., 2020 for a detailed explanation).

2.2.  Himalayan Jet Latitude (HJL) Calculation and Variability

We calculated an index for the latitudinal position of the STJ over the Himalayan longitudes: 70–95°E. The posi-
tion of the STJ for each longitude grid was identified as the latitude corresponding to the maximum average sea-
sonal wind speed at 200mb (Barton & Ellis, 2009; Belmecheri et al., 2017; Koch et al., 2006; Trouet et al., 2018). 
We defined this index as the Himalayan jet latitude (HJL), and computed that index for each forcing for both 
winter and spring seasons using CESM1 monthly scalar wind data. We identified the cases of extreme northerly 
or southerly displacements by the Himalayan jet as “poleward” or “equatorward excursions” when the latitude 
exceeded two or more standard deviations from the mean position.

To examine the interannual variability in the HJL over time, we calculated the coefficient of variance (standard 
deviation/mean) as well as jet excursions over a 31-year time window. Linear regression coefficients were used to 
identify the presence of significant trends in HJL, running variance, and excursions over the last millennium. We 
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employed linear regressions on 20-year Gaussian smoothed versions of HJL time series. Forced trends in HJL are 
considered separately for the two periods: 850–1849 CE (pre-industrial) and 1850–2005 CE (twentieth century).

3.  Results and Discussion
3.1.  Model Performance

The CESM1 underestimates the range of STJ latitudes in reanalysis data but does a fair job in capturing the ob-
served mean position and strength of the STJ over 1948–2005 (Figures 1 and S1 in Supporting Information S1). 
The CESM1 also reproduces the observed jet position over the larger geographical domain spanning from the 
Middle East to the western Pacific, but simulates a higher jet latitude over the Himalayas and Tibetan Plateau 
by about 2.5° in some grids in both winter and spring (Figure 1). The CESM1 also overestimates the magnitude 
of interannual variability in HJL in all reanalysis products (Figure S2 in Supporting Information S1), with the 
exception of the early portions of the ERA5 and 20th century reanalysis products, which are likely unreliable.

3.2.  Trends in Mean HJL

There is a small but statistically significant negative trend (−0.26 × 10−2° century−1, p < 0.01) in the mean po-
sition of the pre-industrial fully forced winter HJL (Figures 2a, 3a and S3 in Supporting Information S1). This 
trend differs from the recently observed poleward trend in global STJs and tropical belt in both hemispheres 
(Manney & Hegglin, 2018; Pena-Ortiz et al., 2013; Staten et al., 2018). There is a relatively larger poleward 
shift (3.18 × 10−2° century−1, p < 0.01) in the pre-industrial fully forced spring HJL (Figures 2a, 3a and S3 in 
Supporting Information S1).

Over the pre-industrial period, volcanic eruptions contributed to the equatorward trend in winter HJL, while 
LULC and natural factors including solar irradiation and orbital forcing reduced the magnitude of that trend (Fig-
ure 3a). Similar to the fully forced HJL, there are strong and significant positive trends in solar-, and specifically 
orbital-only (p < 0.01) forced spring HJL, indicating that these natural factors helped shift the pre-industrial 
spring jet toward the pole (Figure 3a).

During the twentieth century, there is a small equatorward trend (−0.5 × 10−3° year−1, p < 0.01) in the fully forced 
winter HJL but no significant trend in spring HJL (Figure 3). The lack of trend in spring HJL is consistent with 
observations that do not show any significant trend in the mean position of STJ over Central and East Asia (Kuang 
& Zhang, 2005; Thapa et al., 2020; Zhongda & Riyu, 2005), but CESM1-based trends differ from the general 
poleward shift of STJs in both hemispheres in recent decades (Archer & Caldeira, 2008; Fu et al., 2006; Maher 
et al., 2020; Manney & Hegglin, 2018; Pena-Ortiz et al., 2013; Strong & Davis, 2007).

The anthropogenic factors tend to cancel each other's effects on the twentieth century trends in jet latitude (Fig-
ure  3b). In the case of winter, the greenhouse gas forcing shifted the jet poleward which is canceled by the 

Figure 1.  Comparison of the subtropical jet latitude based on fully forced CESM-LME version 1 simulations (orange) with 
the National Centers for Environmental Prediction-National Center for Atmospheric Research Reanalysis-based jet latitude 
(blue) for the period of 1948–2005. Solid lines represent the mean latitudinal positions of the subtropical jet stream whereas 
the shades represent its maximum and minimum latitudes (i.e., range). Inset represents the geographical focus of the current 
study, the Himalayan region; 70–95°E and 20–40°N.
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negative trend in LULC, resulting in a small equatorward trend in fully forced simulations. During spring, the 
greenhouse gas forcing displaced the Himalayan jet toward the equator and the ozone and aerosol forcing to-
ward the pole, canceling each other and therefore resulting in no significant trend in HJL. Similar cancellations 
between greenhouse gas and aerosol forcing have also been found in several other aspects of climate variability 
(Stevenson, Capotondi, et al., 2017; Touma et al., 2021). The equatorward trend in spring Himalayan jet in green-
house gas-only forcing is consistent with the projected equatorward shift of the STJ under global warming (Zhou 
et al., 2019).

The positive trend in spring HJL seen in CESM-LME simulations appears to differ from existing proxy recon-
structions. For instance, the tree-ring reconstruction of spring HJL presented in Thapa et al., 2020 exhibited a 
relatively small and statistically insignificant poleward trend over the past four centuries (2 × 10−2° century−1, 

Figure 2.  Variability in the (left) winter and (right) spring Himalayan jet latitude (HJL) in the CESM-LME version 1 full-forcing ensemble simulations during 850-
2005. (a) Time series of the mean HJL, and (b) the coefficient of variance in HJL, (c) the frequency of poleward excursions and (d) equatorward excursions by the 
Himalayan jet over the 31-year window. The model spread (standard deviation across the ensemble members) is shown by color shading and the ensemble mean of 12 
fully forced members is shown in solid line.
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p = 0.22; Figure S4a in Supporting Information S1). Similarly, the reconstructed position of the jet stream over 
East Asia also does not display any multicentury trend (Wright et al., 2015).

3.3.  Trends in HJL Variance

There is a significant decline (−0.17 × 10−1 percentage century−1, p < 0.01) in the fully forced winter HJL var-
iance and a significant increase (0.31 × 10−1 percentage century−1, p < 0.01) in spring HJL variance over the 
pre-industrial period (Figures 2b, 3b and S5 in Supporting Information S1). The single-forcing LME simulations 
indicate that natural factors (solar, volcanic and orbital forcings) caused a decline in the pre-industrial winter HJL 
variance, while the anthropogenic influences (greenhouse gas and LULC forcings) counteracted these effects 
(Figure 3b). During spring, the split between natural and anthropogenic influences is less clear: LULC- and 

Figure 3.  Boxplots showing distribution of trends in (a) the mean Himalayan jet latitude (HJL) and (b) running HJL coefficient of variance over a 31-year window 
across all individual ensemble members for all CESM1 forcings during 850–1849 and 1850–2005. Blue and orange boxes represent distribution of trends for winter 
(DJF) and spring season (MAM), respectively. Circle (open or closed) in each box represents the mean trends across all ensemble members for respective forcing. The 
closed circles are mean trends that are significant at the 0.01 level.
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solar-only forcings have positive trends similar to fully forced simulations, suggesting their roles in the simulated 
increase in spring jet variance. In contrast, most of the other pre-industrial single-forcing simulations (greenhouse 
gases, volcanic and orbital) acted to decrease HJL variance. We acknowledge the combination of pre-industrial 
single-forcing variances does not reproduce the fully forced jet variance that suggests considerable possible non-
linear interactions amongst the forcings.

During the twentieth century, both the winter and spring Himalayan jet exhibited small increases (p < 0.01) in 
variance with positive contributions from volcanic and orbital forcings (Figure 3b). The greenhouse gas forcing 
tends to cancel the effects of natural forcings, reducing variance during both seasons. Tree-ring reconstruc-
tions show enhanced variance in jet position over Asia during the twentieth century (Thapa et al., 2020; Wright 
et al., 2015). In other regions, observation- and model-based studies also demonstrate enhanced variability since 
the mid-twentieth century, and this trend has been attributed to anthropogenic climate change (Barnes & Pol-
vani, 2013; Coumou et  al.,  2015; Francis & Vavrus, 2012; Mann et  al.,  2017). It is possible the structure or 
strength of the jet could contribute to the enhanced variance in observations or reconstructions, but studies have 
demonstrated greater role of jet position in regulating regional climate compared to other jet metrics (K. M. R. 
Hunt et al., 2018; Schiemann et al., 2009; Thapa et al., 2020), because of which we focused on its latitude based 
on strongest wind in the current study.

When compared over the period of overlap (1625–2003), the HJL variance in CESM1 does not match with 
tree-ring reconstruction. The CESM1 shows a negative trend in spring HJL over the past four centuries, which 
is different from the positive trend in tree-ring reconstructed variance in spring jet latitude (Thapa et al., 2020; 
Figure S4b in Supporting Information S1). The CESM1 also overestimates the magnitude of variance relative to 
the reconstruction.

3.4.  Trends in Himalayan Jet Excursions

Over the pre-industrial period, the fully forced CESM1 simulations show no significant change in the frequency 
of winter poleward jet excursions (Figures 2c, S6a and S7a in Supporting Information S1), while equatorward 
excursions have increased significantly (0.11 × 10−1 counts century−1, p < 0.01; Figures 2d, S7b and S8a in 
Supporting Information S1). During spring, both poleward and equatorward excursions increase significantly 
(Figures 2c and 2d and S6–S8 in Supporting Information S1), but the poleward trend has a larger magnitude. This 
is consistent with tree-ring evidence for an increase in spring poleward jet excursions, although the simulated 
increase in equatorward excursions is not present in tree-ring reconstruction (Thapa et al., 2020).

The lack of change in winter poleward excursions appears to result from a cancellation between greenhouse and 
solar forcings (Figure S7a in Supporting Information S1). In contrast, the trend in winter equatorward excursions 
appears to result from greenhouse forcing (Figure S7b in Supporting Information S1), a striking result given 
that the pre-industrial GHG emissions changes are quite small. These GHG-driven trends are compensated by 
significant negative trends caused by volcanic and orbital forcings (Figure S7b in Supporting Information S1).

Poleward excursions during spring increase in the orbital-, solar- and LULC-only simulations. The orbital forcing 
signal is particularly strong, suggesting a dominant role for orbital changes (Figure S7a in Supporting Informa-
tion S1). In contrast, spring equatorward extremes decrease due to solar-, orbital- and greenhouse (Figure S7b 
in Supporting Information S1). Interestingly, the LULC-only forcing has a significant positive trend (p < 0.01), 
suggesting a role of changes in land use practices in increasing the cases of equatorward excursions by the spring 
Himalayan jet.

During the twentieth century, both winter and spring Himalayan jets showed decreased trends in the frequency 
of both poleward and equatorward excursions (Figure S9a and S9b in Supporting Information S1). However, 
the small numbers of twentieth century events (often close to zero) make it difficult to draw robust conclusions 
regarding forced trends over this shorter time period.

3.5.  Dynamics of Forced Trend in Spring HJL

We examined possible mechanisms for forced trends in the HJL by mapping the trends in surface temperature 
(TS), sea-level pressure (SLP), and 200mb temperature (T200), geopotential heights (height) and 200mb zon-
al winds (U). In the full-forcing simulations, positive trends occur over the pre-industrial period in spring TS 
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(Figure 4a), T200 (Figure S10 in Supporting Information S1) and height (Figure S11 in Supporting Informa-
tion S1) in subtropical/central Asia, while negative SLP trends exist over most of subtropical Asia (Figure S12 
in Supporting Information S1). Additionally, significant trends occur in 200mb spring winds over central Asia: 
trends are positive in the northern latitudes and negative in the southern latitudes (Figure 4b). This is consistent 
with previous works indicating the ability of subtropical warming to shift the subtropical jet poleward by de-
creasing the temperature gradient between the equator and the subtropics (Fu et al., 2006; Fu & Lin, 2011; Hu & 
Fu, 2007; Rotstayn et al., 2013; Seidel et al., 2008; Wilcox et al., 2012).

When the patterns of trends in the single-forcing ensembles are examined, orbital forcing emerges as the most 
likely cause of the jet shifts (Figure 4a and 4b). The orbital-only ensemble has trends similar to the full-forcing 
simulations in all variables over the Asian region: significant positive trends in 200mb winds at northern latitudes 
and negative trends at southern latitudes of central Asia, warming over subtropical Asia, and increased 200mb 
geopotential heights as well as T200 over the Indian subcontinent.

Because changes in earth's orbital parameters affect insolation by latitude and season, which can alter large-scale 
climate and circulation systems (Borisenkov et  al.,  1983; Davis & Brewer,  2009; Laskar et  al.,  1993; Lücke 
et al., 2021), we looked at insolation received at 30°N latitude and equator (0°) using values of eccentricity, obliq-
uity and precession from Berger and Loutre (1991). We found that, during the past millennium, the latitudinal 
difference in insolation between 30°N and the equator increased during spring (0.004 Wm−2 decade−1, p < 0.001) 
and decreased slightly for winter (−0.002 Wm−2 decade−1, p < 0.001; Figure 5a). This is accompanied by a sig-
nificant decline in temperature difference between the tropics (5°S–5°N) and the subtropics (25–35°N) in spring 
for the fully forced (−1.4 × 10−2°C century−1, p < 0.001) and orbital-only (−2.5 × 10−2°C century−1, p < 0.001) 
simulations (Figure 5b). This finding suggests that orbital forcing has a strong influence on the poleward shift 
of spring HJL during the past millennium, consistent with other recent work demonstrating the ability of orbital 
forcing to affect millennial trends in proxy reconstructions (Lücke et al., 2021).

This effect seems much smaller in winter: although there is a slight equatorward HJL trend which might indicate 
an influence from the reduced insolation gradient (Figure 5a), the tropical-subtropical thermal gradient does not 
exhibit a significant trend (Figure S14 in Supporting Information S1).

The orbitally driven poleward trend in spring HJL continues throughout the twentieth century, but post 1850, that 
trend is masked by the greenhouse gas forcing (Figure 3a). When mapped over the twentieth century (Figure S15 
in Supporting Information S1), there is uniform cooling over most parts of Asia in the ozone and aerosol-only 
forcing simulations, which could be due to the cooling effects of aerosols over the Indian subcontinent (Krishnan 
& Ramanathan, 2002). This aerosol-driven increase in the thermal gradient likely cancels the effects of green-
house gas forcing. The lack of apparent twentieth century subtropical warming over Asia might explain the lack 
of trend in the mean position of spring jet or equatorward trend in the fully forced winter jet during this period 
(Figure S16 in Supporting Information S1). This outcome is also supported by the lack of significant trend in 
tropical-subtropical thermal gradient in spring and a significant positive trend (p < 0.01) in winter in the fully 
forced simulations (Figure S17 in Supporting Information S1).

4.  Conclusions
The HJL is the primary control on the region's hydroclimate during winter and spring, affecting water supply for 
nearly 1 billion Asian people. In this study, which is the first of its kind in the region, we used the CESM-LME to 
diagnose forced trends in the HJL and its variance spanning the past millennium. Compared to the weak negative 
trend in winter HJL, the spring HJL has stronger and significant poleward trend over the pre-industrial period. 
The spring HJL also exhibited significant positive trends in interannual variability as well as in the frequency of 
poleward and equatorward excursions. During the twentieth century, the weak equatorward trend in winter HJL 
continues, while the spring HJL does not exhibit any significant trend. As suggested by earlier studies (Grise 
et al., 2018; Maher et al., 2020), our results also confirm that the jet properties can vary by season and region even 
when a longer time period is considered.

Our results suggest that orbital forcing has a strong influence on the poleward shift of the spring Himalayan jet, 
and in fact constitutes the dominant pre-industrial forcing. Changes in earth's axial precession increased the dif-
ference in spring insolation received between the subtropics and equator over the course of the last millennium. 
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Figure 4.  Mean trends in spring (a) surface temperature and (b) 200mb zonal winds during 850–1849 across all CESM-LME 
version 1 ensembles for all forcings. Stippling indicates the trends that are not significant at the 0.01 level. Interestingly, this 
similarity is only apparent in the spring; the forced trends in Winter-Time variables do not resemble one another in the fully 
forced and orbital-only ensembles (Figures S10–S13 in Supporting Information S1).
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This difference in insolation caused the subtropics to warm faster than the tropics, reducing the thermal gradient 
between the tropics and subtropical Asia, which in turn facilitated the poleward shift of the spring HJL. The 
pre-industrial poleward trend in orbital-only spring HJL also exists post 1850, but that trend is canceled by the 
twentieth century greenhouse gas forcing. In the context of the past millennium, orbital forcing is known to 
have weaker effects on climate compared to volcanism and other natural influences (Crowley, 2000; Servonnat 
et al., 2010). However, based on our results, we argue that the impact of orbital forcing on Himalayan jet varia-
bility cannot be overlooked even when only the past millennium is considered.

Both CESM1 and a previously published tree-ring reconstruction (Thapa et al., 2020) show a small poleward trend 
in spring HJL over the past four centuries, but they differ in the trend and magnitude of variance. This proxy-mod-
el discrepancy might be because of the shorter reconstruction period or an underestimation of observed variance 

Figure 5.  Daily insolation at different latitudes and thermal gradient between tropics and subtropical Asia. (a) Daily 
insolation received at 30°N, equator (0°) and difference between the two during 850–2005. (b) Boxplots showing distribution 
of trends in the spring temperature difference between tropics (5°S–5°N) and subtropics (25–35°N) over 70–95°E longitudes 
across all individual ensemble members for all CESM1 forcings during 850–1849. Circle (open or closed) in each box 
represents the mean trends across all ensemble members for respective forcing. The closed circles are mean trends that are 
significant at the 0.01 level.
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by the proxy. Next, because there is no sharp boundary between the STJ and polar jet over Asia (Ren et al., 2011), 
it is possible temperature changes over high-latitude Asia could also affect the HJL, but CESM1 underestimates 
warming over northern Asia and southern China (Figures S18 and S19 in Supporting Information S1), which 
could also possibly result in proxy-model mismatch. We note that data limitations necessitated the use of a single 
model in this study, and that CESM1 is biased toward overestimating both observed mean HJL and its variance 
during both winter and spring seasons (Figure S2 in Supporting Information S1), which might have affected our 
results. Nevertheless, based on our findings, it is clear that orbital forcing strongly influences spring jet varia-
bility over the past millennium. Our results imply that correctly capturing low-frequency (centennial-millennial) 
variability in jet behavior may require ensuring that climate models properly simulate both the response to orbital 
forcing and potential nonlinear interactions between orbital forcing and anthropogenic impacts.

Data Availability Statement
All data used in this study are publicly accessible. The CESM-LME simulations are available at Climate Data 
Gateway at NCAR (https://www.earthsystemgrid.org/dataset/ucar.cgd.ccsm4.cesmLME.html). The NCEP/
NCAR Reanalysis (https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html), the twentieth Century Reanal-
ysis (https://psl.noaa.gov/data/gridded/data.20thC_ReanV3.html) and the observed sea-surface temperatures 
(https://psl.noaa.gov/data/gridded/data.noaa.ersst.v5.html) were obtained from the NOAA Physical Scienc-
es Laboratory website. The JRA-55 and ERA-5 Reanalysis wind data were accessed from the NCAR Climate 
Data Guide (https://rda.ucar.edu/datasets/ds628.1/) and https://confluence.ecmwf.int/display/CKB/The+fami-
ly+of+ERA5+datasets, respectively. The tree-ring reconstructions were downloaded from the NOAA World 
Data Center for Paleoclimatology (https://www.ncdc.noaa.gov/paleo-search/?dataTypeId=18). The observed 
land surface temperature is available at the University of East Anglia-CRU's website (https://crudata.uea.ac.uk/
cru/data/temperature/).
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