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Arizona, Tucson, AZ, USA

Abstract Since the 1980s, the subtropical jet stream has generally moved poleward, but its behavior
varies by region and season. Here we examine the interannual variability and trends in the latitudinal
position of the spring subtropical jet over the Himalayas. During the modern period (1948 to 2018), the
spring (March‐April‐May) jet is typically anchored immediately south of the Himalayas but has rarely
(in 1956, 1971, 1984, and 1999) moved poleward to pass over Kyrgyzstan and northwest China. A tree‐ring
reconstruction of the jet's latitude indicates that such poleward excursions may have become more
frequent after 1950, but it is not clear whether that behavior is unprecedented within the past four centuries.
These insights into the behavior of the Himalayan subtropical jet may improve seasonal weather
forecasts for the region and provide a target for climate simulations to test whether the recent spate of
excursions is unusual and
due to anthropogenic warming.

Plain Language Summary The subtropical jet stream (STJ) is a band of high‐speed westerly
winds in the upper atmosphere located near the subtropics. Since the 1980s, the STJ has generally moved
poleward, but its behavior varies strongly by region and season. We studied the STJ over the Himalayas and
found, during 1948–2018, that the spring STJ is typically anchored near the Himalayan foothills. In a few
years (1956, 1971, 1984, and 1999); however, it has moved far north to pass over Kyrgyzstan and northwest
China. A tree‐ring reconstruction of the jet's north‐south position suggests that this type of poleward
tracks has happened before, but the past few decades may be unusual due to the number of such events.
Including the potential north‐south range of the Himalayan subtropical jet into forecasting models might
help improve the accuracy of spring weather predictions in this region. Our multicentury record can be
used to test how well models simulate the Himalayan jet and investigate whether anthropogenic warming is
the cause of the recent poleward extremes.

1. Introduction

The subtropical jet (STJ) is a band of high‐speed westerly winds located near the tropopause and poleward of
theHadleyCell in both hemispheres (Archer&Caldeira, 2008). Since the 1980s, the STJs in both hemispheres
have moved toward the poles (Archer & Caldeira, 2008; Fu et al., 2006; Maher et al., 2020; Manney &
Hegglin, 2018; Pena‐Ortiz et al., 2013; Strong & Davis, 2007) and these shifts have usually been attributed
to differential tropospheric warming and stratospheric cooling induced by anthropogenic climate change
(Fu & Lin, 2011; Wilcox et al., 2012). With continued emissions of anthropogenic greenhouse gases, the
STJs are projected to move further poleward (Lu et al., 2007; Seidel et al., 2007). However, the structure
and behavior of the STJs are known to vary strongly by region and season, and those nuances cannot be repre-
sented by global or hemispheric annual means (Maher et al., 2020; Manney & Hegglin, 2018; Strong &
Davis, 2007).

Synoptic‐scale storms tend to form in regions of high wind speed, and so changes in the behavior of the jet
affect their distribution, frequency, and intensity (Whitney, 1977). In central Asia, a westerly STJ occurs in
all seasons except summer and sits generally between 27°N and 30°N (Koteswaram, 1953; Koteswaram
et al., 1953; Koteswaram& Parthasarathy, 1954). The STJ acts as an important control on the region's climate
during boreal winter and spring by steering the trajectory of midtropospheric storms, which are known
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commonly as “western disturbances” (Dimri et al., 2015). Poleward movements of the STJ in central Asia
allow for the northerly displacement of storms and advection of warm tropical air to higher latitudes
(Hunt et al., 2018; Wang et al., 2013; Yin, 2005). Most studies on atmospheric circulation over central
Asian have primarily focused on investigating changes in the behavior of western disturbances (Cannon
et al., 2016, 2017; Madhura et al., 2014). The dynamics of the STJ have been examined for East Asia
(Kuang & Zhang, 2005; Schiemann et al., 2009; Wang et al., 2013; Zhongda & Riyu, 2005), but the
behavior of the STJ over central Asia has not received the same attention.

We examine the interannual variability and trend in the latitudinal position of the spring STJ over central
Asia and over the Himalayas in particular (Himalayan Jet Latitude or HJL, hereafter) over modern and pre-
instrumental periods. The HJL influences the distribution of western disturbances (Hunt et al., 2018), which
are important contributions to the mass balance of Himalayan glaciers (Cannon et al., 2014; Lang &
Barros, 2004). Better understanding of variability of the HJL may help predict its future position, which in
turn can improve the accuracy of dry‐season weather forecasts (Hunt et al., 2018). We show that, although
the spring HJL is typically anchored south of the Himalayas, during the last six decades, it has on occasions
moved northward and adopted a route passing over Kyrgyzstan and northwest China. In other regions,
including East Asia, the North Atlantic, and the North Pacific, tree‐ring reconstructions of jet stream latitude
have been used to place recent behavior in a multicentury context ((Trouet et al., 2018; Wahl et al., 2019;
Wright et al., 2015). In order to determine whether recent changes in the Himalayan jet might be unusual,
we produce a new proxy estimate of its spring latitudinal position that spans the past four centuries (CE 1625
to 2003; hereafter all dates will be referred as Common Era, CE). We also investigate the impacts of extreme
northerly positions of the Himalayan jet on regional climate during both modern and preinstrumental
periods.

2. Data and Methods
2.1. HJL Calculation

In the Northern Hemisphere, the spring STJ moves generally in an eastward direction. It exits North Africa
and passes through the Middle East to encounter the southern edge of the Himalayas before entering into
East Asia and the Pacific (Hunt et al., 2018; Koteswaram & Parthasarathy, 1954). Because the STJ typically
passes just southward of the Himalayas, we created an index of the latitudinal position of the spring STJ that
encompasses the Himalayan region (70°E to 95°E; 20°N to 40°N). That index, which we describe as the HJL,
is calculated using the National Centers for Environmental Prediction and the National Center for
Atmospheric Research (NCEP/NCAR) gridded (2.5° × 2.5°) monthly scalar wind (m s−1) at 200 mb for
the period of 1948 to 2018 (Kalnay et al., 1996; Text S1 and Figures S1–S5, S8, and S9 in the supporting infor-
mation). For each longitudinal grid cell, the position of the Himalayan jet was defined as the latitude corre-
sponding to the maximum average spring wind speed (Barton & Ellis, 2009; Koch et al., 2006; Trouet
et al., 2018). We also identified cases where the central position of the STJ in the Himalaya region moved
substantially north or southward (two or more standard deviations above or below the mean), which we
describe as “poleward” or “equatorward” excursions, respectively. To examine the relationship between
Himalayan jet position and the region's climate, we used gridded (0.5° × 0.5°) CRU TS 4.03 average monthly
temperature and total monthly precipitation (Harris et al., 2014).

2.2. Tree‐Ring Reconstruction of the HJL

Radiosonde stations were introduced to the Himalayas in the 1960s, so prior to that, estimates of the HJL rely
on remote stations over the Indian subcontinent and southern China (Durre et al., 2006, 2018). The time ser-
ies of direct observations of atmospheric circulation over the Himalayas is therefore limited in length, and
we extended the instrumental HJL time series using regional tree‐ring chronologies. For this purpose, we
selected 23 tree‐ring width chronologies located in the Himalayan regions of Pakistan, India, Nepal, and
Bhutan that (i) are sensitive to the same aspects of spring climate that are influenced by the HJL (i.e., posi-
tively correlated with regional spring precipitation and/or negatively correlated with spring temperature)
and (ii) correlated significantly with the HJL (Figures 3a–3g, Text S3, Figure S8, and Table S1). Based on
their locations and degree of coherence (Figure S10), we combined the 23 tree‐ring records in three regional
composite chronologies (Figure 3a and Text S4) representing Pakistan and India (WESTERN), Nepal
(CENTRAL), and Bhutan (EASTERN). Each composite chronology was developed by combining all
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individual ring width series from each contributing site chronology within that region (Figure S11;
Alfaro‐Sánchez et al., 2018; Trouet, 2014).

To reconstruct the spring HJL prior to the modern period, we performed a stepwise linear regression of the
modern HJL against the three regional chronologies, but only WESTERN and EASTERN composite chron-
ologies were retained for reconstruction. We used a split calibration‐verification method to test the recon-
struction skill of the regression model over two subperiods: (1948–1977 and 1978–2003). The calibration
and verification subperiods were then switched to 1974–2003 and 1948–1973. Commonly used statistics such
as explained variance over the calibration period and reduction of error (RE) and coefficient of efficiency
(CE) over the verification period were used to evaluate the model's fidelity (Cook et al., 1999). We estimated
uncertainty in the reconstruction using the standard error of the regression model.

2.3. HJL Variance and Trend Estimation

We examined HJL variability over time by calculating the coefficient of variance as well as the number of jet
excursions over a moving 31‐year window. We performed Mann‐Kendall (M‐K) tests (Hamed & Rao, 1998)
to check the presence of significant monotonic trends in HJL over the modern and preinstrumental periods,
as well as in the running variance over the reconstruction period.

3. Results and Discussion
3.1. HJL Variability Over the Modern Period (1948–2018)

Within the broader region that extends fromNorth Africa to the eastern Pacific, the latitudinal position of the
STJ is most variable near the Himalayas (Figure 1a). In most springs, the Himalayan jet is anchored near its
mean position at 29°N, but in some years (1956, 1971, 1984, and 1999) it moved substantially poleward (up to
37.5°N). During those extreme northerly displacements, the jet extended up to Kyrgyzstan and northwest

Figure 1. (a) Latitudinal position of the spring (March to May) subtropical jet (STJ) for each year from 1948 to 2018 over
the window that extends from North Africa to the Pacific. The blue lines represent the 4 years (1956, 1971, 1984, and
1999) when the STJ moved poleward to a position over central Asia, while the orange lines show the jet's position for
all other years. The latitude of the STJ was calculated by locating the position of the maximumMarch–May wind speed at
200 mb for every 2.5° of longitude using NCEP/NCAR reanalysis data (Kalnay et al., 1996). Composites of spring
(b) precipitation (mm/day) and (c) temperature (°C) for the 4 years when the Himalayan jet (i.e., the STJ over 70–95°E
longitudes marked as dashed lines in panel [a]) was positioned anomalously poleward. Composites are based on the CRU
TS 4.03 gridded climate data (1901–2018; Harris et al., 2014).
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China escaping the Himalayas and the Tibetan Plateau before reacquiring its normal track and continuing
over southeast China and farther east (Figure 1a). Conversely, the Himalayan jet did not make a single equa-
torward excursion during themodern period. On any individual spring day, the STJ can exhibit a “split‐flow”
behavior as it enters into central Asia by forming two jet cores: a primary maximum north of the Tibetan
Plateau and a secondary maximum south of the Tibetan Plateau (Schiemann et al., 2009; Figures S6a, S6c,
S6e, and Text S2). However, when averaged over a month or season (Figures S6b, S6d, S6f, and S7), the path
of the jet's flow becomes smoother, and during poleward excursions only the core path north of the Tibetan
Plateau is evident (Text S2). Such seasonal poleward excursions are essentially longer‐term expressions of the
split‐flow configuration, which occurs over the course of a few days. During the excursions, the position of the
jet's core in spring (March to May) shifted north from its median position by 5° to 10° (Figure 2). In all four
cases, the vertical location of the very strongest winds, which usually sit at the 200‐mb level,moved upward to
150 mb. And in 1999, the zonal strength of the jet was particularly strong, attaining speeds in excess of
44 m s−1 (the median wind strength over the 1948 to 2018 period is 35 m s−1).

During the modern period, the HJL did not exhibit a significant linear trend (M‐K tau = 0.012, p
value = 0.88), which matches the observed behavior of the STJ over East Asia (Kuang & Zhang, 2005;

Figure 2. The position and strength of the Himalayan subtropical jet during spring (March to May). For each particular month or season, the position
(latitude versus geopotential height) of peak (maximum) zonal winds within the Himalayan zone (70°E to 95°E) is shown. The color shading represents the
strength of the zonal winds (m s−1), and the white star marks the position of the very highest winds for each case. The contour lines indicate the typical
(median) peak winds for each month or season over the 1948 to 2018 period. Wind data were obtained from the NCEP/NCAR Reanalysis (Kalnay et al., 1996).
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Zhongda & Riyu, 2005). This lack of trend in STJ over Asia differs from the recent observed poleward dis-
placements of other regional STJs, including those over the east Pacific and the Middle East (Fu &
Lin, 2011; Maher et al., 2020; Strong & Davis, 2007) as well as the global mean STJs and Hadley Cell
(Manney & Hegglin, 2018; Pena‐Ortiz et al., 2013; Staten et al., 2018). However, these trends have been
found to be season specific and their magnitude varies depending on the data and metrics used (Adam
et al., 2014; D'Agostino & Lionello, 2017; Grise et al., 2018). For instance, the expansion of the Hadley
Circulation in the Northern Hemisphere has shown a significant northward trend (1979–2014) in summer
and fall but not in winter or spring (Alfaro‐Sánchez et al., 2018).

When the HJL is displaced northward, most parts of central Asia experience anomalously hot and dry
springs. The HJL is significantly (p < 0.1) negatively correlated with spring precipitation over much of the
Himalayan foothills and plains in western Asia, including Afghanistan, Pakistan, and western and central
India (Figure S3), but it is significantly positively correlated with spring temperature across all parts of cen-
tral Asia, including the southern plains, the entire Himalayan range, and the Tibetan Plateau (Figure S3).
Similarly, during the four poleward excursions, spring precipitation was anomalously low over
Afghanistan, Pakistan, western and central India, northern China, and the eastern Himalayas of Bhutan
and India (Figure 1b), whereas spring temperature was anomalously warm across most of central Asia
(Figure 1c). These findings are consistent with warm temperature and dry precipitation anomalies observed
in East Asia and North Africa associated with the poleward displacements of their respective regional STJs
(Ambrosino et al., 2011; Gaetani et al., 2011; Kuang & Zhang, 2005; Schiemann et al., 2009;Wang et al., 2013;

(a)

(b) (c) (d)

(e) (f) (g)

Figure 3. (a) Locations of 23 tree‐ring chronologies from Pakistan, Indian, Nepal, and Bhutan used as predictors for our
Himalayan jet latitude reconstruction. The orange, green, and blue dots represent the tree‐ring records clustered into
WESTERN, CENTRAL, and EASTERN regional composite chronologies, respectively. Maps show the correlation
between each regional composite chronology and spring precipitation (b–d) and temperature (e–g) over the 1901 to 2003
period. Only those values significant at 0.05 level are shaded.
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Zhao et al., 2014). The lack of significant correlations between the HJL and spring precipitation, as well as
neutral precipitation composites across the high‐altitude mountains and the Tibetan Plateau during the
years of poleward excursions, might be due to the challenges in representing hydroclimatic variability in
areas with complex topography in the reanalysis and gridded products (Henn et al., 2018; Herrera
et al., 2019; Hussain et al., 2017). Overall, our results support the concept that when the STJ is displaced
poleward, storms are also allowed to shift farther north and warm tropical air is able to advect into the
higher latitudes, the combination of which makes the regions near the mean jet latitude drier than usual
(Wang et al., 2013; Yin, 2005).

3.2. Preinstrumental (1625–2003) HJL Variability

Our reconstruction model based on tree‐ring chronologies explains 45% of the variance in observed spring
HJL variability and is able to reproduce the four poleward Himalayan jet excursions in the modern period

(a)

(b)

(c)

(d)

Figure 4. Multicentury reconstruction of the latitude of the spring Himalayan jet (HJL). (a) Comparison of NCEP/NCAR
reanalysis‐derived (Kalnay et al., 1996; orange line) and tree‐ring reconstructed (black line) spring HJL (1948–2018).
(b) HJL reconstruction (1625–2003; black line). The gray shading represents the standard error of estimate (±1 SE) of the
regression model. The blue dots mark the years of poleward HJL excursions (latitude greater than two standard
deviations from the mean). (c) The number of poleward excursions and (d) coefficient of variance (standard
deviation/mean) of the reconstructed HJL computed for a running 31‐year window.
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(Figure 4a). The reconstruction model does, however, underestimate the
magnitude of the known poleward excursions (by up to 5° in three cases).
Both RE (0.16) and CE (0.21) verification statistics were positive, which
indicates that the model has skill in reproducing the interannual variabil-
ity of the spring HJL position (Table S2). We limit our reconstruction to
CE 1625–2003, which is the period with adequate tree‐ring sample replica-
tion to explain the population‐level signal as judged by the Expressed
Population Signal (Wigley et al., 1984; Text S5).

Over the past 400 years, we identified 18 cases of poleward HJL excursions
(Figure 4b and Table S3) but no equatorward excursions. We found no sig-
nificant linear trend in the mean HJL over the preinstrumental period
(M‐K tau = 0.002, p value = 0.95), but we did find a significant positive
trend in HJL variance since 1850 (M‐K tau = 0.487, p < 0.0001) that is
most pronounced after 1950 (M‐K tau = 0.65, p < 0.0001) (Figure 4d).
The recent enhanced variance is however not unprecedented. When com-
puted for the period of 1750 to 1800, there is also a positive trend in HJL
variance (M‐K tau = 0.57, p < 0.0001) that is as strong as the recent trend.

The HJL variance also exhibited a negative trend between 1625 and 1750 (M‐K tau =−0.499, p< 0.0001) and
1800 to 1850 (M‐K tau = −0.625, p < 0.0001).

Our reconstruction shows the frequency of poleward excursions has increased after 1950 and that this beha-
vior of the Himalayan jet might be unusual (Figure 4c). However, because our reconstruction model under-
estimates the magnitude of known excursions during the instrumental period, it is possible that the number
of cases identified as poleward excursions in the preinstrumental period are fewer than in reality, and we are
limited in our statement that this recent behavior is unprecedented. In other sectors, both observations and
models have shown regional jet streams to have displayed enhanced variability since the middle of the twen-
tieth century, and this behavior has been attributed to anthropogenic climate change (Barnes &
Polvani, 2013; Coumou et al., 2015; Francis & Vavrus, 2012; Mann et al., 2017). Jet streams over East
Asia, the North Pacific, and the North Atlantic do not exhibit multicentury trends in their mean latitudinal
positions, but in contrast to the HJL, those jets have exhibited what appears to be unprecedented variability
in recent decades (Trouet et al., 2018; Wright et al., 2015).

Because interannual STJ variability is known to influence the distribution of storms and temperature varia-
bility across South and East Asia (Hunt et al., 2018; Wang et al., 2013), we explored whether the broader
region experienced drought during the years of poleward HJL excursions as identified in the reconstruction.
For that purpose, we used the Monsoon Asia Drought Atlas (MADA), a tree‐ring‐based reconstruction of a
summer (June‐July‐August) drought metric (Cook et al., 2010), the Palmer Drought Severity Index (PDSI)
that measures the status of soil moisture balance not only during summer but also during earlier seasons
or years (Palmer, 1965). During years of poleward HJL excursions (N = 18; Table S3), much of
west‐central Asia experienced extreme summer drought (Figure 5). We acknowledge that most chronologies
used in our reconstruction overlap with MADA tree‐ring network, but there are also several independent
tree‐ring predictors from Kyrgyzstan and western China included in the MADA that show negative PDSI
values in those regions coincident with our poleward excursions. That agreement suggests that the north-
ward HJL displacement might have pushed spring storms farther north than normal and created drought
conditions that persisted until summer. The lack of drought in the central and eastern Himalayas during
poleward HJL shifts might be related to the stronger effects of the western disturbances in the western
Himalayas compared to their central and eastern counterparts (Dimri et al., 2015).

4. Conclusions

The position of the STJ during winter and spring is known to influence the Asian climate by modulating
storm tracks and meridional flow of warm tropical air (Hunt et al., 2018; Wang et al., 2013). In recent dec-
ades (post‐1950), the Himalayan jet is typically anchored immediately south of the Himalayas but has also
made rare poleward excursions. We have also shown that the Himalayas experience hot and dry weather
when the Himalayan jet moves north of the region. Based on these results, we suggest incorporating the

Figure 5. Map showing the composite summer (June‐July‐August) drought
(Palmer Drought Severity Index, PDSI) index for monsoon Asia (Cook
et al., 2010) associated with poleward excursions of the Himalayan subtro-
pical jet (N = 18; Table S3) over the past four centuries.
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HJL into forecasting models produced by meteorologists (Dimri & Mohanty, 2009; Joshi et al., 2017; Moore
& Semple, 2004) to improve the accuracy of spring weather predictions in the Himalayas.

Globally, the mean position of the STJ stream has moved poleward in recent decades, and this general trend
has held true for several regions (Archer & Caldeira, 2008; Manney & Hegglin, 2018; Strong & Davis, 2007).
However, the mean HJL shows no sign of following the same trajectory. This result, which could reflect the
influence of land‐ocean distribution (Hoskins & Valdes, 1990) and orographic effects (Held et al., 2002), con-
firms the unique character of the Himalayan jet in a global context. Because spring trends appear to be dif-
ferent for this region, it may be necessary to conduct season‐ and region‐specific analyses of jet stream
behavior, as recommended by prior studies (Belmecheri et al., 2017; Grise et al., 2018; Maher et al., 2020).

Model‐based studies have shown that the summer STJ over the larger Asian domain moved generally
poleward during the Medieval Climate Anomaly due to a combination of several factors including an El
Niño‐like Pacific Ocean, warm Indian Ocean, large volcanic eruptions, and higher solar irradiance (Fallah
et al., 2016; Jiang et al., 2020). Our multicentury HJL proxy could be used as a real‐world target to compare
against long model simulations and thereby determine whether the enhanced variance and recent spate of
poleward excursions is in fact unusual and due to either natural climate variability or anthropogenic climate
change.
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