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ABSTRACT
Atmospheric circulation patterns are the primary mechanism by which energy is
distributed in the midlatitudes across terrestrial ecosystems. Plant and animal phenology
integrate the influence of seasonal atmospheric circulation patterns on surface weather events. As
these drivers of climate variability change, and are projected to change, it is important to
quantify the observed response of ecosystem growth and processes to drivers of climate
variability across scales. In this dissertation, I merge phenology, climatology, and
dendrochronology disciplines, novel data availability, and research computing, to quantify and
visualize the influence of jet stream variability on phenology across scales: from the individual
species to the hemisphere, and from seasons to centuries. First, I examined the influence of
multiple seasonal atmospheric circulation indices on a network of trees growing in semi-arid
conditions at high altitudes in the Bighorn Mountains, WY (Hudson et al. 2019,
Dendrochronologia; Appendix A). While all 11 sites shared a majority of common variancesuggesting a common climate driver- I found that winter and spring circulation pattern signals in
annual rings were possibly modulated by microclimate conditions dictating snowpack and water
availability into the growing season. I then expanded from one region to the Northern
Hemisphere and contracted to the satellite period to determine for which regional ecosystems the
spring and fall Northern Hemisphere Jet stream (NHJ) Indices (Belmecheri et al., 2017 Earth
Interactions) influenced the length of the growing season (Hudson et al., in prep; Appendix B).
Spring and/or fall NHJ influenced length of season for 30% of our domain, although similar NHJ
shifts in the spring and fall resulted in very different LOS response- possibly linked to the
seasonal limiting factor of temperature and its modulation on water availability for specific land
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cover and climate types. The final portion of this dissertation focused on North America, where I
examined the influence of monthly jet stream position on cross-continental monarch migration,
as estimated by annual overwintering acreage in Mexico (Hudson et al., in prep; Appendix C).
Remarkably, multiple months of jet stream position across the continent corresponded with
monarch migration due to the influence on monarch physiology, flight conditions, and resource
availability. Overall, spatio-temporal patterns of NHJ influence on growth varied by season and
were very much system dependent. These patterns can be used for model benchmarking and to
prioritize land management and conservation efforts in a warming world. A macrosystem
ecology framework of phenology that includes seasonal atmospheric circulation patterns allows
us to ultimately increase our predictive power of ecosystem response to a changing climate by 1)
moving beyond trends in mean states to consider the variability and extreme events ecosystems
are exposed to, and 2) emphasizing the connectivity of the landscape- particularly important for
migrating organisms and when aggregating land surface response to climate change.
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CHAPTER 1: INTRODUCTION
Atmospheric circulation patterns are the primary mechanism by which energy is
distributed in the midlatitudes across terrestrial ecosystems. Seasonal weather variability in the
Northern Hemisphere midlatitudes is dominated by the jet stream (Kornhuber et al., 2019),
which forms the barrier between warm tropical air to the south and cool, polar air to the north
(Belmecheri et al., 2017). North-to-south movements in the jet stream cause high-pressure
systems to move northward and low-pressure systems to move southward and thus change
temperature and precipitation conditions at the surface (Belmecheri et al., 2017). A slower jet
stream is more likely to become trapped and resonate with planetary waves in a preferred phase
and to cause persistent weather patterns and extremes (Francis and Skific, 2015; Horton et al.,
2015; Wang et al., 2015; Röthlisberger et al., 2016; Mann et al., 2018; Kornhuber et al., 2019,
Coumou and Rahmstorf, 2012). Teleconnections can result from this resonance and can
synchronize the seasonal climate non-adjacent regions experience, such as the 2013-14 drought
in the western US and polar vortex in the eastern US (Wang et al., 2015), with implications for
the organisms who populate or migrate between them (Strong et al., 2015; LaSorte et al., 2016),
and at large scales, global crop production (Kornhuber et al., 2019) and the carbon cycle.
Organisms are influenced by seasonal weather events characterized by atmospheric
circulation patterns and reflect this influence in observable phenology. Phenology- the study of
periodic life cycle events- has cultural, agricultural, and climatological importance. At large
enough spatial scales, changes in plant phenology have the potential to affect energy and water
cycles via changes in albedo and latent heat flux (Richardson et al., 2013). Phenology
observations allow us to parse out the relative importance of circulation and climate variability
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on growth at different times of the growing season. Temperature is considered one of the main
drivers of phenology across systems and is at the basis of most phenology models, typically in
some form of maximum and minimum temperature influence on accumulated growing degree
day (e.g. Schwartz et al. 2006, Ault et al. 2011). Most studies identify temperature as the
mechanism of circulation influence on phenology at the start of season (SOS) in the midlatitudes
(Menzel 2003; Ault et al., 2011; Dannenberg et al., 2018), especially for boreal and temperate
systems, whereas precipitation and incoming solar radiation influences are identified as driving
phenology in tropical (Dahlin and Ault 2018) and arid systems (de Beurs et al., 2018).
Temperature- and its effects on water availability- has also been linked to changes in the end of
season (EOS) across the Northern Hemisphere (Liu et al., 2016b), although this is more biome
dependent and can also be influenced by SOS (Liu et al., 2016a,b). Organisms experience this
climate variability against the backdrop of a mean climate state, and- often- a nonstationary
mean climate state.
Anthropogenic warming changes the amount and distribution of energy in our climate
system with visible, global consequences for organisms that vary in space and time. Surface
temperature thresholds are shifting in both latitude and elevation, influencing both the range and
area of species’ distributions (Horton et al., 2015; Lemoine, 2015; Malcolm, 2018), and causing
changes in plant (Schwartz et al., 2006; Piao et al., 2019) and animal phenology (Malcolm,
2018). Recent decades show global trends towards longer plant growing seasons, in sync with
rising temperatures, as observed by ground observations (Menzel and Fabian, 1999), carbon
dioxide measurements (Keeling et al., 1996), and satellite records (Myneni et al., 1997; Zhu et
al., 2012). These longer growing season global trends have been linked with earlier SOS
(Schwartz et al., 2006), and delayed senescence (Liu et al., 2016b) for the Northern Hemisphere
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(NH). Whereas the warming trend is global in scale, regional warming rates vary across the NH
(Hudson et al., 2019), as do seasonal warming trends, in part linked with internal climate
variability. Anthropogenic warming has also increased the intensity and frequency of extreme
weather events such as heat waves (Mann et al., 2018) and hurricanes (Tamarin-Brodsky et al.,
2017), enhancing droughts, wildfires, and flooding across large spatial scales. Some studies have
linked anthropogenic warming to changes in atmospheric circulations such as a slower, more
meandering jet stream, amplified wave resonance (Francis and Skific, 2015; Mann et al., 2018),
stronger jet stream variability (Trouet et al., 2018).
As these drivers of climate variability change, and are projected to change, it is important
to quantify the observed response of ecosystem growth and processes to drivers of climate
variability across scales. In this dissertation, I merge phenology, climatology, and
dendrochronology disciplines, novel data availability, and research computing, to quantify and
visualize the influence of jet stream variability on phenology across scales: from the individual
specimen to the hemisphere, and from seasons to centuries. This allows us to identify patterns for
model benchmarking and prioritize land management and conservation efforts in a warming
world.
For each of the three studies in my dissertation, I characterize the jet stream as the
latitude of maximum zonal wind speed in the upper troposphere (300hPa) (Belmecheri et al.,
2017). In Belmecheri et al. (2017), we used 80 years of reanalysis data and running correlations
to determine regions of cohesive jet stream position and developed seasonal and regional indices
across the northern hemisphere (NHJ indices). The NHJ indices correspond with classic climate
modes used to describe internal climate variability (e.g. NAO and ENSO). In characterizing the
influence of these climate modes on the terrestrial ecosystem, the NHJ indices have the added
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value of representing cyclonic and anticyclonic systems as they travel over the land surface.
Indeed, we found that 20% of the explained variance in modeled leaf onset across the United
States could be attributed to the latitudinal position of the spring NHJ (Belmecheri et al., 2017).
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CHAPTER 2: THE PRESENT STUDY
First, I examine the long-term influence of multiple seasonal atmospheric circulation
indices on climate as recorded by a network of trees growing at high altitudes in the northern
Rockies (Hudson et al. 2019, Dendrochronologia: APPENDIX A). The spring NHJ over this
region is significantly correlated with spring temperatures (Belmecheri et al., 2017). Tree growth
at the high-elevation and semi-arid sites in the Bighorn Mountains, WY in the eastern extent of
the northern Rockies is limited by seasonal temperature (Fritts, 1976) and therefore we expect to
see a relationship between spring and summer NHJ position and tree-ring widths. We collected,
cross-dated, and measured tree-ring widths from 3 species across 11 sites (Hudson et al., 2019). I
identified the shared variance of tree-ring widths (TRW) across species and sites using principal
component analysis, and then compared that shared variance with monthly temperature and
precipitation fields, and multiple seasonal atmospheric indices including the NHJ indices to
identify the seasonal and synoptic drivers of growth in the Bighorn Mountains and contextualize
those drivers over the past 400 years. In this study, I helped collect, cross-date, and measure
TRW. I performed all analyses, interpreted the results, and wrote the paper.
I then expand from one region to multiple regions across the Northern Hemisphere, while
contracting our temporal scale, to determine for which regional ecosystems the spring and fall
NHJ Indices influence length of growing season (Hudson et al., in preparation: APPENDIX B).
For this purpose, I use a 32-year (1981-2012) time series of annual length of season (LOS) that is
based on a satellite NDVI product and that is bound by start of season (SOS) and end of season
(EOS) (Didan and Barreto, 2016). To focus our study on interannual LOS variability, I removed
the decadal-scale trend towards longer LOS (via changes in SOS and EOS) driven by warmer
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temperatures across the Northern Hemisphere. For each regional NHJ index in the spring and
fall, I used composite analyses to compare the effect of northernmost and southernmost NHJ
positions on LOS. This study therefore reflects seasonal canopy-level processes across multiple
land cover and climate types. In this study I performed all the analyses, interpreted the results,
and wrote the paper.
The third portion of this dissertation focuses on North America, where I examine the
influence of monthly NHJ positions on the phenology of continent-wide monarch migration
(Hudson et al., in prep.: APPENDIX C). Long-distance migrations are threatened by changes in
plant phenology and resource availability (Strong et al., 2015). Insect migrations in particular are
influenced by the control circulations exhibit on temperature, especially with regards to
physiological development (Zalucki, 1982), as well as jet stream influence on lower level
circulations (La Sorte et al., 2014; La Sorte et al., 2016; Tang et al., 2017) and extreme weather
(La Sorte et al., 2016). In fall, the iconic eastern monarch butterfly migrates thousands of miles
from eastern North America to the highlands of central Mexico to survive harsh winter months.
From 1994 to 2018, there has been a negative trend in monarch overwintering acreage, a key
metric in considering monarch population size and migration success. While many factors
contribute to the monarch migration declines, including changes in land use, disease, and
pesticide use (Pleasants et al., 2017, Thogmartin et al., 2017), the decline is driven by lower
success in the fall migration, and is punctuated by large inter-annual variability, which has been
linked to climate along the migration path and at both summer breeding in the northeastern US
and overwintering grounds in Mexico (Thogmartin et al., 2017; Malcolm, 2018; Saunders et al.,
2019). These large swings in population driven by seasonal climate at inter-annual scales across
a continent can mask the success of conservation efforts and therefore a macrosystem ecology
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framework is required (Heffernan et al., 2014; Inamine et al. 2016). After removing long-term
trends, we correlated the 25-year time series of monarch overwintering acreage with monthly
NHJ position per longitude and monthly surface climate conditions (i.e. temperature,
precipitation, and NDVI- a metric for resource availability) to identify seasonal and regional
patterns of climate, characterized by NHJ position, linked to monarch migration success. In this
study I designed the experiment, performed all analyses, generated the figures, and co-wrote the
paper with committee member Kathleen Prudic.
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CHAPTER 3: CONCLUSIONS
Organisms experience changes in regional climate driven by upper-tropospheric
circulation across multiple seasons, however how much these top-down influences on climate are
reflected in growth is system dependent and very much based on the seasons in which systems
are most limited by climate. For high-elevation ecosystems in the eastern northern Rockies, large
anomalies of winter and spring circulation patterns over the past 300 years influenced TRW
growth via changes in winter temperature and spring precipitation, which can influence water
availability later in the growing season (Hudson et al., 2019). Micro-climate conditions in these
high elevation systems seem to modulate upper-tropospheric influence on growth. This
complexity of high-elevation system response to circulation was reflected in our next study
which found that LOS response to spring NHJ was spatially heterogeneous in the higher
elevations of the western US when compared with landscapes of similar elevation, land cover
and climate. NHJ influence on weather systems in late summer and fall months are particularly
important for certain land cover types (deciduous broadleaf forests) and the fall migration of the
eastern monarch due to both the influence on physiology, flight conditions, and resource
availability associated with plant phenology.
With projections and observations of stronger NHJ variability due to anthropogenic
warming (Mann et al., 2018; Trouet et al., 2018), these studies suggest that trends in phenology
in response to warmer temperatures may be enhanced or reduced as organisms are forced to
respond to intra-annual swings in climate. Global warming will likely increase the importance of
circulation inclusion in predictive phenology models as they can capture nonlinear responses by
mediating or aggravating plant plasticity through controls on meteorological variables.
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A macrosystem ecology framework of phenology that includes seasonal circulation
allows us to consider the connectivity of the landscape, which is particularly important for
migrating organisms and when aggregating land surface response to change. We conclude by
advocating for not only the incorporation of circulation indices into phenology modeling
frameworks, but particularly seasonally explicit indices such as the NHJ, especially when
resolving regional phenology responses to climate. Doing so recognizes the influence of intraand inter-annual climate on ecosystems, as well as the spatial connectivity and variability in
phenology response that we find in this study. To that end, the seasonal and spatial patterns
observed in these studies can assist in future model benchmarking, as well as contextualizing the
success of conservation efforts within the context of NHJ influenced year to year variability.
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Abstract
In the United States’ (US) Northern Rockies, synoptic pressure systems and atmospheric
circulation drive interannual variation in seasonal temperature and precipitation. The radial
growth of high-elevation trees in this semi-arid region captures this temperature and precipitation
variability and provides long time series to contextualize instrumental-era variability in synopticscale climate patterns. Such variability in climate patterns can trigger extreme climate events,
such as droughts, floods, and forest fires, which have a damaging impact on human and natural
systems. We developed 11 tree-ring width (TRW) chronologies from multiple species and sites
to investigate the seasonal climatic drivers of tree growth in the Bighorn Mountains, WY. A
principal component analysis of the chronologies identified 54% of shared common variance
(1894-2014). Tree growth (expressed by PC1) was driven by multiple seasonal climate variables:
previous October and current July temperatures, as well as previous December and current April
precipitation, had a positive influence on growth, whereas growth was limited by July
precipitation. These seasonal growth-climate relationships corresponded to circulation patterns at
higher atmospheric levels over the Bighorn Mountains. Tree growth was enhanced when the
winter jet stream was in a northward position, which led to warmer winters, and when the spring
jet stream was further south, which led to wetter springs. The second principal component,
explaining 19% of the variance, clustered sites by elevation and was strongly related to summer
temperature. We leverage this summer temperature signal in our TRW chronologies by
combining it with an existing maximum latewood density (MXD) chronology in a nested
approach. This allowed us to reconstruct Bighorn Mountains summer (June, July, and August)
temperature (BMST) back to 1654, thus extending the instrumental temperature record by 250
years. Our BMST reconstruction explains 39-53% of the variance in regional summer
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temperature variability. The 1830s were the relatively coolest decade and the 1930s were the
warmest decade over the reconstructed period (1654-1983 CE) – which excludes the most recent
3 decades. Our results contextualize recent drivers and trends of climate variability in the US
Northern Rockies, which contributes to the information that managers of human and natural
systems need in order to prepare for potential future variability.
Keywords: ring width; maximum latewood density; Bighorn Mountains, Wyoming; Picea
engelmannii; Pinus contorta; Pseudotsuga menziesii

Introduction
In the Bighorn Mountains, Wyoming, just east of the US Northern Rockies (44N to 45N
and -108E to -107E; Fig. 1), the annual climate is defined by cold, wet winters and springs and
warm, dry summers (Fig. 2B). This seasonal climatology can be explained by the position of the
jet stream over western North America, which is typically positioned just south of the region (3341N) in winter months, allowing cold Arctic air masses to propagate south. In summer, the jet
stream is typically positioned to the north (46-55N), preventing cool Arctic air and moisture from
reaching the Bighorns (eds. Bryson and Hare 1974; Belmecheri et al., 2017). Interannual
variability in the jet stream latitudinal position can thus result in climate anomalies. Year-to-year
northern and southern deviations of the summer jet stream position over western North America,
for instance, lead to higher and lower geopotential height fields, and to warmer and colder surface
temperatures, respectively, over the Bighorn Mountains (Fig. 1, Fig. S1; Graumlich et al., 2003;
Belmecheri et al., 2017). These changes in geopotential height can in turn influence precipitation
delivery and water availability and can lead to changes in regional hydroclimate (Graumlich et al.,
2002; Gray et al., 2003; Wise et al., 2018). Such year-to-year climatic variations can be attributed
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to pressure systems over the eastern Pacific that influence the downstream position of the jet stream
as it traverses the Northern Rockies (eds. Bryson and Hare 1974; Graumlich et al., 2003).

Fig. 1. Summer climatology of the Bighorn Mountains. Summer (June, July, August)
temperatures in the Bighorn Mountains (black dot) are correlated with regional summer
temperatures (A) for the period 1901-2011. The ten warmest (B) and coldest (C) years of
Bighorn summer temperature anomalies are composited with geopotential height anomalies (in
meters; higher geopotential heights are shown in red, lower in blue) for 1901-2011. The 500hPa
geopotential height field is derived from the Twentieth Century Reanalysis V2c at 2° resolution
(Compo et al., 2011), while the temperature field is derived from CRUTS4.01 at 0.5° resolution
(Harris and Jones, 2017).

In recent decades, in sync with anthropogenic climate change and rising global
temperatures, jet stream patterns in the Northern Hemisphere have experienced increased
waviness (Francis and Vavrus, 2012) and variability (Trouet et al., 2018), that have been linked
to more frequent mid-latitude extreme climate events (Mahlstein et al., 2012; Coumou and
Rahmstorf, 2012; Screen and Simmonds, 2014; Kornhuber et al., 2019) and related ecosystem
responses (Black et al., 2018). The recent increase in waviness and variability of the jet stream,
in turn, has been linked to Arctic amplification (Cohen et al., 2014) and to planetary wave
resonance (Coumou et al., 2014; Mann et al., 2018). Yet, the hypothesis of jet stream variability
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as a possible mechanism linking Arctic amplification to mid-latitude climate extremes is largely
based on statistical associations between observational or reanalysis data time series of limited
temporal extent. It is supported by plausible physical mechanisms and by some modeling studies,
but not by others (Screen et al., 2013; Barnes and Screen, 2015).
High-resolution proxies such as tree-ring data can be used to put recent jet stream and
climate extreme dynamics in a longer-term context and thus to provide more insight in their
potential drivers and effects (Trouet et al., 2018; Wahl et al., 2019). The US Northern Rockies,
with their distinct seasonal climatic links to the position of the jet stream over the eastern Pacific
and western North America (Fig. S1), are of particular interest in this context. Here, our research
aim is twofold: to examine the potential of tree-ring chronologies from the Bighorn Mountains
(1) to capture seasonal jet stream variability over western North America and (2) to develop
regional climate reconstructions. Existing regional tree-ring based climate reconstructions for
the US Northern Rockies have primarily focused on hydroclimatic variations for the winter,
spring, and summer seasons (Graumlich et al., 2002; Gray et al., 2004; Pederson et al., 2011;
Swindell, 2011; Crawford et al.; 2015), which have sometimes included comparisons with upper
tropospheric circulation patterns, characterized as wind speed and geopotential height (Wise and
Dannenberg, 2014; Wise and Dannenberg, 2017). Regional summer temperature reconstructions,
however, are typically not examined in the context of upper atmospheric circulation patterns (e.g.
MXD: Briffa et al., 1992; and TRW: Biondi et al., 1999; Kipfmueller, 2008).
To achieve our aims, we investigate the seasonal climatic drivers of tree growth in the
Bighorn Mountains using a newly collected network of 11 TRW chronologies from multiple
species. We then link the common variance in the Bighorn Mountains tree-ring chronology
network to interannual jet stream position and storm track variability. We also combine our
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TRW chronologies with a previously published MXD chronology to develop a Bighorn
Mountains summer temperature (BMST) reconstruction that covers 330 years (1654-1983 CE),
and finally, we spatio-temporally contextualize this BMST reconstruction in a large-scale
atmospheric circulation framework.

Data and Methods
2.1. Field sampling and tree-growth statistics
In August 2015, we sampled three tree species at 10 sites in the Bighorn Mountains at
elevations between 2429 and 2850 m a.s.l. (Fig. 2A, Table S1). Individual sites were dominated
by Picea engelmannii (Engelmann spruce; PCEN), Pinus contorta (Lodgepole pine; PICO),
Pseudotsuga menziesii (Douglas fir; PSME), or a combination thereof (Table S1). PCEN
typically dominates the higher elevation forests, with some PICO present, whereas lower
elevation forests feature a mix of PCEN, PICO, and PSME (Table S1; Meyer et al., 2005).
We cored a minimum of 20 trees per site, with 2 cores per tree (Table S1). Data
collection was supplemented with two PCEN cross-sections collected by the US Forest Service
in 1995 from the same Powder River 2 (PR2) site used in this study. Tree-ring samples were
prepared for analysis according to the procedures described by Stokes and Smiley (1968): all
samples were visually cross-dated, TRW was measured, and visual cross-dating was checked
using COFECHA software (Holmes, 1983). We applied an iterative cross-dating process based
on the individual TRW series per species and per site. With the dplR package (Bunn et al., 2017)
in R (R Core Team, 2018), we removed the age-related trend by dividing the raw individual
series by a cubic smoothing spline (50% frequency response of two thirds of each individual
series’ length; Cook and Peters, 1981). This detrending approach emphasizes decadal-scale
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growth variability but limits lower frequency signals captured compared with other detrending
methods (Wilson et al., 2017). We then created 11 species-specific TRW chronologies from 10
sites (Table S1) using a biweight robust mean of the contributing standardized individual series.
Mean inter-series correlation (RBAR) and the expressed population signal (EPS; i.e. the signalto-noise ratio) were calculated for 30-year windows lagged by 15 years to assess the signal
strength of the chronologies through time (Wigley et al., 1984; Table S1). The 11 chronologies 1 chronology per site and 1 site with two chronologies (Twin Buttes 1 (TB1), with both PSME
and PCEN chronologies) - were truncated in the year when the EPS dropped below the widely
accepted (but arbitrarily chosen) threshold of 0.85 (Table S1).
2.2. Climate drivers of tree growth
To determine the amount of common variance between the 11 TRW chronologies, we
conducted a principal component analysis (PCA) over the common interval 1895-2014 (Fig. 2B).
For this purpose, chronologies were rotated, centered, and scaled to unit variance. We
determined the significance of the amount of variance among sites explained by each principal
component using rule N Monte Carlo methods (Overland and Preisendorfer, 1982) with
Gaussian and AR1 distributions. This method showed that the first and second principal
components (PC1 and PC2, respectively) were significant and we proceeded using only these
two principal components in our further analyses. To extend the common time interval, we
applied a nesting approach in which we systematically removed the youngest chronology and
repeated the PCA, with fewer sites represented. We designated each of these iterations as a
‘nest’, with the youngest nest covering the shortest time-span (1895-2014) and containing the
most sites, and the oldest nest covering the longest time span (1590-2014) with the fewest sites.
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A total of 6 nests was obtained following this approach. We correlated each PC1 and PC2 nest
per PC axis (Fig. S2). The number of sites and cores of each nest can be found in Fig. S3.
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grid point encompassing the study sites (44N to 45N; 107W to 108W). Partial correlations were
also calculated to determine the correlation strength and direction between the PCs and
temperature while controlling for precipitation and vice versa (Table S3).
To investigate the influence of jet stream variability on tree growth in the Northern
Rockies over the instrumental period, we compared PC1 and PC2 with regionally and seasonally
specific jet stream position indices derived for the Northern Hemisphere (1930-2012 CE;
Belmecheri et al., 2017). These jet stream indices define the latitudinal position of the jet stream
as the latitude of maximum zonal wind speed at 300hPa for a given longitudinal window and
season. They are season-specific (e.g. January- February, April-May, July-August) and are
developed for global longitudinal regions; we only examined those longitudinal regions that
overlapped the Bighorns Mountains (i.e. January-February for 172E to 100W, April-May for
120W to 94W, and July-August for 160W to 104W).
To move beyond the instrumental period in exploring the jet stream as a climate driver of
tree growth, we then compared PC1 to a fully independent tree-ring based reconstruction of the
regional storm track (1693-1995 CE; Wise and Dannenberg, 2017). For the cool-season westerly
storm track reconstruction, chronologies west of 110W and between 35N and 55N were used to
reconstruct latitudinal positions of the westerly storm track for over the longitudinal window
150W-110W. The storm track was defined as the latitude of maximum variance in the daily
meridional wind component at 300hPa from October to March, based on the Japanese 55-year
Reanalysis data set (JRA-55; 1959-2014 CE; Kobayashi et al., 2015) (Wise and Dannenberg,
2017). The validation root mean square error (RMSE) values were provided for each longitude in
the storm track reconstruction, with longitudes east of 115W featuring much larger RMSE
values. We conducted a composite analysis to determine whether years of extreme growth
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deviations in PC1 followed northward or southward deviations of the winter storm track. For
each reconstructed storm track longitude, we extracted the 10 years corresponding to the largest
positive and negative PC1 growth extremes, plotted a fitted loess robust filter across longitudes
for each of those years, and compared the mean latitudinal position of the storm tracks at 115W
for positive vs. negative growth extremes using a Student’s t-test.
2.3. Summer temperature reconstruction
To reconstruct summer temperature in the Bighorn Mountains, we used the common
variance obtained from the 11 TRW sampled chronologies, (i.e., PC1 and PC2 axis, see previous
section) together with MXD measurements from two PCEN sites. These two PCEN MXD sites,
Powder River Pass, and Granite Pass Hunt Mountain, were collected by Briffa and
Schweingruber in 1984 and extracted from the International Tree-Ring Data Bank (NCDC, 2011;
Table S1, Fig. 2A). Similar to the processing of the 11 TRW chronologies in the previous
section, we removed the age-related trend from individual MXD series using a cubic smoothing
spline (50% frequency response of two thirds of each individual series length), and created one
MXD chronology from the two sites using a biweight robust mean of the contributing individual
series (Trouet, 2014). The EPS of the MXD chronology dropped below 0.85 prior to 1654 CE
(Table S1).
To explore the potential for climate reconstruction, we correlated PC1 and PC2, as well
as the MXD chronology to the same CRUTS4.01 instrumental climate data sets over the
common period (1901-1983). We identified June-July-August (JJA) average temperature
anomalies, which generated the highest correlation coefficients, as the target for reconstruction.
The instrumental target does not show a significant trend over the calibration period (1901-1983)
(Mann Kendall trend test using the trend package in R), but a warming trend emerges when
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considering the full instrumental period (1901-2014), including the most recent 30 years. Our
nested JJA temperature reconstruction approach consisted of combining the MXD chronology
and the PC1 and PC2 components for each of the 6 PC nests in a sequence of stepwise multilinear regression models that we calibrated against instrumental (1901-1983) JJA average
temperature anomalies. For each nest, we only retained those predictors that contributed
significantly to the JJA temperature anomaly. To determine the reconstruction skill for each nest,
we calculated the R-squared, reduction of error (RE), and coefficient of efficiency (CE) statistics
over equal-length 41-year calibration and verification periods (1901-1942 and 1953-1983) of the
instrumental period (Cook et al., 1994; Table S5). Each nest of the resulting BMST
reconstruction was then scaled to match the mean and variance of the temperature target. We
then combined the 6 nests into one reconstruction by truncating the oldest nest from 1654 to
1689, then merging with the next oldest nest for 1690-1714, and so on, with the youngest nest
covering the period 1895-1983 (Table S2; Table S3).
Uncertainty in the resulting BMST reconstruction was estimated for each year in each
nest as a combination of chronology error (MXD chronology only) and calibration error (Esper
et al., 2007). We assumed the chronology error – which estimates uncertainty due to decreasing
sample depth back in time- to be implicitly estimated for PC1 and PC2 through our nesting
approach. For the MXD chronology, we estimated chronology error by bootstrapping:
standardized MXD measurements for every year were sampled with replacement 1000 times and
arithmetic means were calculated (Cook, 1990). Two tailed 95% confidence intervals (CI) were
estimated based on the distribution of the bootstrapped mean, accounting for bias and skew by
using the adjusted bootstrap percentile method. The resulting CIs were transferred into units of
degrees Celsius using the regression model derived from calibrating each nest. To use them as
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error bounds for the reconstruction, we then scaled the upper and lower limits of the CI to match
the mean and variance of the instrumental target. The calibration error, which is an estimate of
uncertainty due to unexplained variance in the regression model, was estimated as the standard
error (SE) for the full calibration period 1901–1983 CE. To estimate the total uncertainty for
each nested reconstruction, we used a standard root-squared-error approach, i.e., we squared the
chronology error term and the calibration error term and calculated the square root of the sum of
these two values (Esper et al., 2007).
To identify the spatial extent of reconstructed temperature variability, we calculated a
Pearson correlation map between the BMST reconstruction and the CRU TS4.01 0.5-degree
gridded temperature data set (Harris and Jones, 2017). To further place the BMST reconstruction
in a regional and continental context, we compared BMST with other, fully independent, treering based summer temperature reconstructions, from Idaho (TRW; 1135-1992 CE; Biondi et al.,
1999), the Canadian Rockies (TRW and MXD; 1073-1984 CE; Luckman and Wilson, 2005),
temperate North America (TRW and Pollen; 1200-1987 CE; annual temperature; Trouet et al.,
2013), and North America (TRW and MXD; 800-2010 CE; Wilson et al., 2016). The TRW and
MXD data used in this study is independent of all these reconstructions. The temperate North
America (Trouet et al., 2013) and North America (Wilson et al., 2016) reconstructions use
chronologies from the Idaho (Biondi et al., 1999) and the Canadian Rockies (Luckman and
Wilson, 2005) reconstructions, and are therefore not independent of those reconstructions.
Summer temperature variability in the Bighorn Mountains (Fig. 1A) corresponds to regional
high-pressure anomalies (Fig. 1B and 1C), which in turn also potentially influence the
hydroclimatic regime. We therefore also correlated BMST with reconstructed river flow of the
Upper Yellowstone basin (1706-1977; Graumlich et al., 2002) and of the Bighorn River Basin
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(1507-1996; Swindell, 2011).
We further tested the impact of volcanic eruptions on BMST using a superposed epoch
analysis (SEA; Lough and Fritts, 1987; Bunn et al., 2017; Fig. S4). SEA identifies significant
departures from mean temperatures for years prior to each event year, the event year itself, and
the years following the event year. For this purpose, we superposed an 11-year window of prior,
contemporaneous, and lagged BMST reconstructed summer temperatures centered on 15 past
tropical volcanic events, identified in ice-core records of atmospheric volcanic aerosols at the
north and south poles (Sigl et al., 2015). We determined 95% confidence intervals for each year
in the window based on 1000 iterations of bootstrapping.

Results
3.1 Regional growth patterns
The 11 chronologies cover the common time period 1895 to 2014, which thus constitutes
the time series of the most recent PCA nest. The nest with the longest time series (1590-2014
CE) consisted of 4 sites, 3 PCEN at higher elevation and 1 PICO at lower elevation (Table S2).
The 11 chronologies have 73% of common variance explained by PC1 (54%) and by PC2 (19%).
As the number of contributing chronologies decreased in older nests, the percentage of explained
variance increased, up to 63% for PC1 and 81% for PC1 and PC2 combined (Table S2). All 11
chronologies loaded positively on the PC1 axis, whereas loadings on the PC2 axis were split
between negative loadings for six high elevation chronologies (PR2pcen, HMRpcen, BGOpcen,
BC2pcen, BCKpcen, GPSpcen) (>2630m) and positive loadings for five lower elevation
chronologies (<2580m) (DGUpico, PR1pico, TB1pcen, TB1psme, TB2psme) (Fig. 2B; Table
S2).
3.2 Climate drivers of tree growth
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Significant, but weak, PC1 and PC2 climate correlations were found for all seasons and
for both temperature and precipitation (Fig. 3). PC1 was positively correlated with April
precipitation (r = 0.20, p<0.05, 1901-2014; r = 0.18, p>0.05, 1901-1983) and July temperature (r
= 0.29, p <0.05, 1901-2014; r = 0.34, p<0.05, 1901-1983) and was inversely correlated with July
precipitation (r = -0.26, p <0.05, 1901-2014; r = -0.20, p<0.05 1901-1983), thus identifying
spring moisture and summer temperature as the main common drivers of tree growth across all
sites. Our PC analysis also revealed elevational differences in climate response, expressed by the
positive and negative loadings on PC2 (Fig. 2B). PC2 was negatively correlated with June and
July temperature (r = -0.35 and r = -0.33 respectively, p<0.05, 1901-2014) and positively
correlated with June and July precipitation (r = 0.39 and r = 0.27 respectively, p<0.05, 19012014).
The MXD chronology was significantly positively correlated with temperature variability
from March through September (Fig. 3), with the strongest correlation for the month of August
(r= 0.60, p<0.05, 1901-1983). MXD was inversely correlated with August precipitation (r = 0.46, p<0.05, 1901-1983; Fig. 3).
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Fig. 3. Temperature (A) and Precipitation (B) correlations with TRW and MXD chronologies.
TRW primary (PC1) and secondary (PC2) principal components are correlated with monthly
climate variables for 1901-1983 (previous October to current September). Correlations were
made for each nest and the bar value shown is the average correlation of all six nests. The MXD
chronology is correlated with climate variables over the common period of overlap from 19011983. Significant correlations (p<0.05) are marked with an asterisk. Partial correlations are
shown in Table S3.
The latitudinal position of the jet stream over western North America influences
interannual winter precipitation, spring temperature, and summer temperature in the Bighorn
Mountain region during multiple seasons (Fig. S1). We find that as a result of this influence,
interannual variability in jet stream position also influences tree growth as captured by TRW.
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PC1 was positively correlated with the winter jet stream index west of the Bighorns site (JF-5,
172E to 100W, r= 0.24, p<0.05; Table S4), indicating that a northern position of the jet stream in
winter increased tree growth in the Bighorns, while a southern position reduced it. The positive
impact of a northern winter jet stream position on tree growth was confirmed by the comparison
with a reconstruction of winter storm tracks over the region 150-110W (Wise and Dannenberg,
2017). Positive tree-growth anomalies occurred after winters with significantly more northern
storm tracks – resulting from northward winter jet stream anomalies - compared to negative
growth anomalies (Fig. 4). A Student’s t-test showed that this difference in storm track position
at 115W was significant (2.2° latitude, p <0.01) and larger than the RMSE value for that
longitude.
Climate and tree growth in the Bighorn Mountains are further influenced by jet stream
position in spring, with a southern jet stream resulting in high precipitation in April and
increased tree growth. This was confirmed by significantly negative correlations between PC1
and the spring jet stream index for the Northern Rockies region (AM_6, 120-94W, r = -0.24 to 0.28, p<0.05; Table S4). Jet stream position in summer did not appear to influence tree growth
and no significant correlations were found between summer jet stream indices over the Northern
Rockies and tree growth (Table S4).
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Fig. 4. Northern (southern) reconstructed winter storm tracks correspond with more (less) tree
growth determined by PC1 in the Bighorn Mountains (black dot). (A) Lines are reconstructed
storm tracks smoothed by a loess filter (Wise and Dannenberg, 2017) for the 10 years of positive
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and all storm tracks (grey), with the mean latitudes shown as horizontal bars.

3.3 Summer temperature reconstruction
We found some significant climate-growth relationships for our network of TRW
chronologies from the Bighorn Mountains (Fig. 3), but they are generally too weak to consider
for climate reconstruction. The seasonality and character of the climate-growth relationships,
however, specifically the significant correlations with summer (JJA) temperature variability (Fig.
3), suggests that by combining different tree-ring parameters, in this case PC1, PC2, and MXD,
we might achieve sufficient skill to reconstruct this climate target. We therefore applied a
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stepwise linear regression model of JJA temperature anomalies using PC1, PC2, and MXD as
predictors, for each of the 6 nests. PC1 and PC2 are independent of each other per definition.
Both PCs are also largely independent of the MXD chronology (Table S2), with the exception of
the most recent PC2 nest, which is inversely correlated with MXD (r =-0.23, p<0.05, 19011983). PC1 did not contribute significantly to the skill of the model for any nest and was not
retained as a predictor. PC2 was negatively correlated with the JJA target (r=-0.30 to r=-0.55,
p<0.05, 1901-1983; Fig. 3) and MXD was positively correlated (r=0.57, p<0.05, 1901-1983; Fig.
3). Individually, neither PC2 nor MXD explained sufficient variance in JJA temperature
variability to warrant a skillful reconstruction, but combined, they capture 39-52% of the
variance in the JJA temperature target (1901-1983 CE; Table S5), depending on the number of
contributing TRW chronologies to each PC2 nest (Table S2). The relationship is stable over the
split calibration and verification periods and our reconstruction shows skill as reflected in

Temperature Anomaly °C

Temperature Anomaly °C

positive RE and CE values for each nest back to 1654 CE (Table S5; Fig. 5).
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Fig. 5. (A) BMST reconstruction (black) is shown for 1654-1983, with uncertainty (grey) as a
combination of MXD chronology error and BMST reconstruction calibration error, and
instrumental target temperature anomalies for June July and August (red) for 1901-2014. A 30yr
spline shows interdecadal variability (black). (B) BMST reconstruction for the instrumental
period 1901-2014. The red rectangles designate the Dust Bowl in the 1930s and the low
instrumental temperatures in 1992 and 1993 after the Mt. Pinatubo eruption in the Philippines in
1991.
The BMST reconstruction reflects JJA temperature variability for the US Northern
Rockies, the majority of the Midwestern US, Ontario and Manitoba. It is inversely correlated
with summer temperature variability over southern Alaska and British Columbia (Fig. 6). This
spatial summer temperature correlation pattern is similar to the correlation map based on the
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Fig. 6. Spatial correlation map between BMST reconstruction and instrumental JJA temperature
anomalies for 1901-1983.
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Relatively warm decades in the BMST reconstruction include the 1860s, 1870s and the
1930s Dust Bowl, whereas the 1830s stand out as a relatively cold decade (Fig. 5A). The most
recent year in our BMST reconstruction is 1983. Our reconstruction therefore does not cover the
most recent three decades of temperature variability and does not capture the warming trend that
has emerged in them. This is in line with other regional reconstructions of summer temperatures
in Idaho and the western US (i.e. Briffa et al., 1992; Biondi et al., 1999; Kipfmueller, 2008) that
end by the 1990s and do not cover the most recent decades of warming.
At a higher frequency, we see the effect of volcanic eruptions on BMST. For instance, Mt
Pinatubo erupted in the Philippines in 1991 and instrumental temperatures in the Bighorn
Mountains were low for 1992 and 1993. Cosigüina erupted in Nicaragua in 1835 and the
summers of 1835 and 1837 are the coolest in the reconstruction (Fig. 5A). The SEA reveals that
the summers of tropical eruptions correspond to colder BMST anomalies up to 0.7°C (n = 15, p
<0.01; Fig. S4).
The interannual variability in BMST is similar to that in an independent summer
temperature reconstruction for Idaho (r = 0.25, p<0.01, 1654-1983 CE; Fig. 7C; Table S6) and
inversely related to streamflow in the Upper Yellowstone River (r = -0.19, p<0.01, 1706 to 1983
CE; Fig. 7B; Table S6) and the Bighorn River Basin (r = -0.26, p<0.01, 1654 to 1983 CE). These
regional summer temperature and streamflow reconstructions also share common decadal-scale
variability (Fig. 7B), while the relatively cool 1830s, and the warm 1930s Dust Bowl event are
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Fig. 7. Comparison of BMST with river flow and regional to continental-scale summer
temperature reconstructions. (A) BMST reconstruction (black) and instrumental (red)
temperatures, (B) Upper Yellowstone River reconstruction (Graumlich et al., 2003)- note the
inverted axis, (C) Idaho (Biondi et al., 1999), (D) Canadian Rockies (Luckman and Wilson,
2005), (E) temperate North America (annual temperature; Trouet et al., 2013), and (F) North
America (Wilson et al., 2016). Reconstructions are ordered by increasing spatial scale. A 30-year
spline overlays each time series. The grey boxes designate the relatively cooler periods in the
1830s and the warmer 1930s visually identifiable across reconstructions. Correlations between
reconstructions are found in Table S6.
Discussion
We developed 11 new TRW chronologies from multiple species in the Bighorn Mountains
in WY that capture seasonal and regional variations in spring precipitation and summer
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temperature (Fig. 3). Indeed, the primary growth pattern of trees in the Bighorn Mountains (PC1)
explained up to 63% of system variance (Table S2). Such a strong coherence between TRW
chronologies from a relatively large and topographically diverse region suggests a broad-scale
driver, such as climate. However, we found no single seasonal climate variable that could explain
the strong TRW coherency (Fig. 3). The lack of a single dominant climatic control on tree growth
is typical for high-elevation sites in Mediterranean or semi-arid environments, such as the Balkan
Peninsula (Panayotov et al., 2010; Trouet et al., 2012), the Pyrenees (Büntgen et al., 2010), and
the US Mountain West (Fritts, 1974; Salzer et al., 2005; Bunn et al., 2011). The primary
explanation for this phenomenon is that tree growth in these areas is limited both by cold
temperatures (high elevation) and by dry summers, which often results in a mixed climate signal
in TRW chronologies derived from such regions (Babst et al., 2013). Another factor influencing
the climate-growth signal in mountainous regions could be the lack of high-quality instrumental
climate records that reflect local conditions over sufficient time (Trouet et al., 2012).
The latitudinal position of the jet stream over western North America, as characterized by
meridional variance, maximum zonal wind speed, and geopotential height, affects multiple climate
parameters over multiple seasons in the US Northern Rockies (Fig. 1; Fig. S1; Fig. 2 from
Belmecheri et al., 2017). With multiple seasonal climate parameters influencing tree growth in the
Bighorn Mountains (Fig. 3), trees have the potential to integrate the effects of interannual jet
stream variability in their TRW. Indeed, northern winter jet stream positions coincide with a highpressure cell over the Bighorn Mountains (Belmecheri et al., 2017; Wise and Dannenberg, 2017),
and lead to warmer, dryer winters and more overall growth in the following growing season (Fig.
4; Table S4), possibly by increasing the length of the growing season. There is also more overall
growth with a southern displacement of the spring jet stream (Table S4). A southern spring jet
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stream results in both cooler temperatures and more precipitation (Fig. 3; Fig. 2 from Belmecheri
et al., 2017)- promoting conditions for a higher snowpack and longer snow season, which may
minimize drought conditions in subalpine systems and increase water availability in the following
summer months (Hu et al., 2010, Knowles et al., 2018). Tree growth in the Bighorn Mountains is
constrained by summer temperatures (Fig. 3), which in turn is influenced by the position of the
summer jet stream and pressure systems over the US Northern Rockies (Fig. 1; Fig. S1), yet, we
found no significant relationship between tree growth and the position of the summer jet stream
(Table S4). This finding is consistent with Belmecheri et al. (2017), who found that the jet stream
has significant correlations with surface temperature and precipitation in fewer areas in summer
compared to other seasons. We thus found that our TRW network in the Bighorn Mountains
captures some of the interannual variability in jet stream position at the seasonal level, but
relationships were generally too low to allow for a tree-ring based jet stream reconstruction (Table
S4) based on the TRW chronologies alone. Previous tree-ring based jet stream reconstructions,
however, have been developed based on multiple locations (e.g., for the summer North Atlantic
jet stream; Trouet et al., 2018) or using paleo data-assimilation schemes (e.g., for the winter North
Pacific jet stream; Wahl et al., 2019) and our TRW chronologies from the Bighorn Mountains can
potentially be used in similar future jet stream reconstruction efforts.
By combining our TRW chronology network with an MXD chronology, a different treering parameter with a complementary climate signal (Luckman and Wilson, 2005), we were able
to develop a summer temperature reconstruction for the Bighorn Mountains (BMST) that extends
back 330 years. It is the multitude of species, site elevations, and tree-ring parameters in our
network that allowed us to develop the BMST reconstruction. We are not the first to depend on
the inverse relationship between summer temperature and tree growth at high and low elevation
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sites (in our study reflected by negative and positive loadings on PC2 respectively, Fig. 2B) in
reconstructing temperature. For example, Biondi et al. (1999) combined lower elevation PSME
sites (1,000 m a.s.l.), with a negative response to summer temperature, and high elevation pine
sites (3,000 m a.s.l.), with a positive response to summer temperature, to develop a July
temperature reconstruction for Idaho (Fig. 7B). Our study sites range in elevation (~2,430-2,830),
with a smaller elevational difference of ~50m between PC2 loadings than presented in Biondi et
al. (1999), and with similar responses to summer temperature (Fig. 3). Small elevational gradients
have caused similar differences in climate signals for single-species TRW chronologies from other
sites in the dry mountainous western US (Bunn et al., 2011, Bunn et al., 2018). Temperatureprecipitation interactions preceding the growing season can amplify the inverse relationship
between trees at slightly different elevations, as the growing season progresses by changing water
availability in different soil profiles (Martin et al., 2018). Warmer spring temperatures can
accumulate into growing degree days faster at lower elevations, leading to an earlier growing
season onset, and requiring earlier access to soil water- water that may not have had enough time
to percolate deep into the soil profile (Martin et al., 2018). By peak summer, the deficit in soil
moisture can cause trees at lower elevations to be reliant on precipitation to continue their growth
(Fig. 3; Martin et al., 2018). While we did not document the depth of the soil profile at different
elevations in this study, trees in shallow soil profiles access summer precipitation more readily
than trees with deeper soil profiles, which rely heavily on snowpack (Martin et al., 2018).
However, the root structure of the tree species ultimately determines the seasonality of water
uptake; on deep soil profiles, trees with shallow lateral root formation still prefer summer
precipitation compared to trees with deeper vertical root structures, which prefer snowpack (Allen
et al., 2018).
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The use of multiple species in this study with different root structures- and different access
to seasonal water- may therefore be contributing to the strength of the inverse summer temperature
relationship along this limited elevational gradient. Biondi et al. (1999) also used multiple species
at different elevations in their temperature reconstruction, and others have found more generally
that including multiple species increased the ability to explain climate variance (Maxwell et al.,
2011; Alexander et al., 2019). All three species are found at lower elevations, while only PCEN is
found at higher elevations, due to a combination of being able to outcompete other species for
limited resources and disturbance susceptibility. Differences in elevation may expose trees to more
frequent disturbance events, such as fires, blowdowns, tornadoes, and snowdrifts (Meyer et al.,
2005), and may influence species composition at these elevations. For instance, PCEN is a firesensitive species and can be killed by even a low intensity fire (Meyer et al., 2005). Fires may be
more likely to occur at lower elevations with warmer temperatures and drier conditions, hence
PCEN are more likely to occur at higher elevations and more dependent on warmth for growth.
After a fire or other disturbance events, PICO will typically establish and dominate the canopy for
100-300 years, with PCEN, a shade tolerant species, in the lower canopy and eventually gaining
dominance over the stand. PSME requires warmer temperatures than PCEN and PICO and are
therefore only found at lower elevations (Meyer et al., 2005).
Our BMST reconstruction captures warm and cool anomalies in the greater US Northern
Rockies over the past 330 years at interannual to decadal scales (Fig. 5, 6, 7). It reflects warm
temperatures in the 1930s, which are also recorded in other regional and continental-scale
reconstructions (Fig. 7). The warm 1930s are indicative of the Dust Bowl event, a period of
widespread drought conditions across the continental US, aggravated by the replacement of native
drought resistant grasslands with drought-sensitive crops, which lead to massive crop die-off and
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dust storm generation across the midwestern US (Cook et al., 2009). The warm temperatures in
the US Northern Rockies might have increased evaporation rates and thus enhanced the Dust Bowl
drought, which is also recorded as decreased flow in the Upper Yellowstone River reconstruction
(Fig. 7B; Graumlich et al., 2003). The coolest period in the Bighorn Mountains occurred in the
mid-1800s (ca. 1830-1850), with summer temperature anomalies reaching -3°C (Fig. 5A, Fig. 7A).
This cool period occurs across regional and continental-scale temperature reconstructions and
featured above average streamflow after low flows in the 1800-1820s (Fig. 7; Graumlich et al.,
2003). Large tropical volcanic eruptions occurred during this period such as the 1815 Tambora
eruption in Indonesia (Wilson et al., 2016) and the 1835 eruption of Cosigüina in Nicaragua
(LaMarche and Hirschboeck, 1984). Such large tropical eruptions emit sulfur into the upper
atmosphere where it circulates (Bonan, 2008), thus lowering temperatures at the surface up to two
years after the volcanic event (LaMarche and Hirschboeck, 1984; Bonan, 2008). The impact of
volcanic cooling on BMST was strongest in the year of the eruptions, when BMST JJA
temperatures dropped 0.7ºC on average (Fig. S4). The inclusion of MXD measurements in BMST
may cause BMST to better capture cool temperatures resulting from volcanic eruptions than other
temperature reconstructions based solely on TRW. Lower temperatures following volcanic
eruptions are typically recorded as low MXD values, but effects on TRW are more variable (Jones
et al., 2013). We found that trees had the lowest MXD values over the entire BMST reconstruction
period in 1835, whereas TRW values were average to high. Meanwhile, 1836 and 1838 were
recorded as narrow rings in all three species.
The impact and rate of recent, anthropogenic warming varies regionally across North
America, and this variation is often influenced by latitude (IPCC, 2013). In the Bighorn
Mountains, warmer temperatures can influence water availability via snowpack, river flow, and
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basin storage (Pederson et al., 2011; Swindell, 2011; Graumlich et al., 2013; Fig. 7). Climate
reconstructions at the regional scale, and for this region in particular, are therefore needed to
capture regional expressions and ecosystem effects of anthropogenic climate change (PAGES2K,
2013). Furthermore, our results support efforts to update TRW and MXD measurements from
previously sampled tree-ring sites (such as the 1984 Briffa and Schweingruber collection for the
Bighorn Mountains) into the most recent decades to capture the rapidly advancing and regionally
diverse impacts of recent anthropogenic climate change.

Conclusions
We found strong common variance in a network of TRW chronologies in the Bighorn
Mountains that includes multiple species across sites that are located many miles apart and at
different elevations. This common variance is influenced by upper tropospheric conditions that
control surface temperature and precipitation relationships during the winter and spring preceding
the growing season. We applied a PCA method to the TRW network that established an inverse
relationship to summer temperatures at low versus high elevation sites: sites at lower elevations
experience thermal stress during hot summers, with warmer temperatures influencing water
availability and leading to reduced growth. At higher elevations, warmer summer temperatures are
needed for more growth. By combining our TRW network with a regional MXD chronology, we
were able to reconstruct regional summer temperature variability over the past 330 years. While
key decades of relative warm and cool temperatures in the BMST reconstruction are similar to
other regional and continental-scale reconstructions, differences in interannual variability
highlight the importance of developing new regional reconstructions to serve as a local climate
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baseline for future studies of regional climate change and its impacts on human systems and
ecosystems.
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Fig. S1. The zonal wind speed field at 300 hPa (m/s) is composited with the ten driest (A) and
wettest (B) years of winter precipitation (calculated using the sum of January February monthly
precipitation) and the ten warmest (C) and coldest (D) years of summer temperature anomalies
(calculated using the average of June July August monthly temperatures) over the Bighorn
Mountains, WY (black dot). The regions with positive wind speed anomalies can be considered
the latitudinal position of the jet stream relative to the Bighorn Mountains. The 300 hPa wind
speed (m/s) field is from the Twentieth Century Reanalysis V2c at 2° resolution (Compo et al.,
2011), while dry and wet winter precipitation and warm and cold summer temperature years
were derived from CRUTS4.01 (Harris and Jones, 2017) at the grid point encompassing the
study sites (44N to 45N; 107W to 108W).
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Fig. S2. Correlogram of nested principal components. Only significant correlations (p<0.05) are
shown as circles, with the size of the circle matching the strength of the correlation value.
Made using the corrplot package (Wei and Simko, 2017) in R.

Fig. S3. Tree-ring data sample counts. (A) Number of TRW sites in each of the six principal
component nest ranging from 4 to 11; (B) number of TRW cores in each nest ranging from 299
to 561; and (C) number of maximum latewood density cores from Briffa and Schweingruber
(1984) ranging from 8 to 53.
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Fig. S4. SEA analysis of the BMST reconstruction with tropical volcanic eruptions. BMST was
used as the base time series and event years were tropical eruptions (n = 15: 1673, 1693, 1695,
1762, 1809,1815, 1832, 1836, 1862, 1884, 1903, 1943, 1964, 1968, 1982, 1991), identified in
ice-core records of atmospheric volcanic aerosols at the north and south poles (Sigl et al.,
2015).
Table S1. Characteristics of sites sampled in this study (TRW) and those sampled by Briffa and
Schweingruber in 1984 (MXD). GPS, DGU, and TB1 sites had samples from two species,
resulting in two separate chronologies. MSL is mean segment length, RBAR is mean inter-series
correlation, MS is mean sensitivity. Species include PCEN: Picea engelmannii, PICO: Pinus
contorta, and PSME: Pseudotsuga menziesii.
Site

Latitude
(N)

Longitude
(W)

Elev
(m.a.s.l.)

Species

MSL

N trees

N
cores

RBAR

MS

Chronology
EPS>0.85

Tree Ring Width
BCK

44.710182

107.576305

2722.80

PCEN

272

20

39

0.596

0.207

1715-2014

BC2

44.713561

107.577195

2746.57

PCEN

265

21

43

0.632

0.191

1690-2014

BGO

44.799951

107.653082

2730.38

PCEN

334

36

72

0.672

0.192

1565-2014

GPS

44.645790

107.491272

2632.73

PCEN

206

17

34

0.616

0.185

1715-2014

HMR

44.750726

107.749597

2835.85

PCEN

255

20

41

0.617

0.192

1565-2014

PR2

44.116835

107.075622

2805.62

PCEN

343

56

109

0.629

0.177

1540-2014

DGU

44.826532

107.760963

2571.31

PICO

255

28

54

0.535

0.197

1715-2014

PR1

44.110823

107.098383

2577.69

PICO

250

41

77

0.511

0.171

1590-2014

171/
152

16/
12

31/
23

0.560/
0.543

0.187/
0.204

PSME + PCEN:
1815-2014

TB1

44.809330

107.522125

2429.26

PSME/
PCEN

TB2

44.812405

107.518727

2434.44

PSME

101

19

38

0.549

0.188

1895-2014

Maximum Latewood Density
WY021x

44.15

107.05

2820.00

PCEN

286

14

28

0.736

0.096

1669-1983

WY024x

44.78

107.87

2850.00

PCEN

271

13

26

0.651

0.083

1594-1983
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Table S2: TRW Principal Component Nests and statistics. Significant modes were determined
using Monte Carlo methods to generate white noise (gaussian distribution) and red noise (AR1)
distributions as a threshold and identifying which principal components have higher explained
variance than noise generated series.
PC Nest

# Sites

6

4

5

5

4

7

3

8

2

10

1

11

Site Names
PR2pcen, HMRpcen,
BGOpcen, PR1pico
PR2pcen, HMRpcen,
BGOpcen, PR1pico, BC2pcen
PR2pcen, HMRpcen,
BGOpcen, PR1pico, BC2pcen,
BCKpcen, DGUpico
PR2pcen, HMRpcen,
BGOpcen, PR1pico, BC2pcen,
BCKpcen, DGUpico, GPSpcen
PR2pcen, HMRpcen,
BGOpcen, PR1pico, BC2pcen,
BCKpcen, DGUpico, GPSpcen,
TB1pcen, TB1psme
PR2pcen, HMRpcen,
BGOpcen, PR1pico, BC2pcen,
BCKpcen, DGUpico, GPSpcen,
TB1pcen, TB1psme, TB2psme

Period
EPS>
0.85

MXD – PC2
Correlation
(19011983)

% Exp Var of
JJA
temperature
w MXD

PC1
Explained
Variance

PC2
Explained
Variance

Sig
Modes

61%

20%

PC1

63%

16%

PC1

17152014

61%

15%

PC1

r = -0.17
p = 0.12

41%

17422014

59%

13%

PC1

r = -0.17
p = 0.13

40%

18152014

53%

17%

PC1
and
PC2

r = 0.20
p = 0.06

52%

18952014

54%

19%

PC1
and
PC2

r = -0.23
p = 0.03

51%

15902014
16902014

r = -0.05
p = 0.66
r = -0.06
p = 0.61

40%
39%

Table S3: Partial correlation analysis of PC1, PC2 and MXD chronologies with monthly
temperature and precipitation over the period 1901-1983. These partial correlations were
conducted using the treeclim package (Zang and Biondi, 2015) in R. Suffixes of T/P indicate
temperature or precipitation as primary (prim) and secondary (sec) variables for the partial
correlations; significant correlations are bolded at p<0.05.
pOct pNov pDec Jan
Feb
Mar Apr
May Jun
Jul
PC1_T_prim
0.19
0.15
0.09 -0.10
-0.06
-0.03
-0.01
-0.16
-0.03
0.25
PC1_P_sec
-0.02
0.00
-0.22
0.09
-0.01
-0.02
0.18
-0.03
0.09
-0.07
PC1_P_prim
-0.13
-0.07 -0.24
0.12
-0.01
-0.01
0.18
0.04
0.09
-0.16
PC1_T_sec
0.14
0.13
-0.02 -0.06
-0.07
-0.04
0.04
-0.16
0.02
0.20
PC2_T_prim
0.00
0.22
0.07
0.09
0.08
-0.07
0.24
-0.14 -0.52 -0.44
PC2_P_sec
0.06
-0.03
0.00
0.17
0.02
0.01
-0.04
0.03
0.23
0.12
PC2_P_prim
0.04
-0.14
-0.03
0.12
0.01
0.02
-0.09
0.08
0.45
0.27
PC2_T_sec
0.04
0.18
0.06
0.15
0.09
-0.07
0.23
-0.12 -0.36 -0.37
MXD_T_prim
-0.02
0.15
0.21 -0.02
-0.10
0.23
0.20
0.35
0.41
0.19
MXD_P_sec
-0.09
0.01
0.02 -0.10
-0.06
0.03
0.12
-0.04
0.02
-0.07
MXD_P_prim
-0.06
-0.07
-0.08 -0.09
-0.05
-0.01
0.07
-0.18
-0.21
-0.14
MXD_T_sec
-0.06
0.13
0.20 -0.06
-0.11
0.23
0.22
0.31
0.35
0.14

Aug

Sep

0.00

0.08

-0.06

0.15

-0.05

0.10

-0.02

0.13

-0.15

0.01

0.01

0.25

0.06

0.23

-0.14

0.11

0.60

0.35

-0.34

-0.07

-0.46

-0.20

0.54

0.30

Table S4: Correlations between Instrumental Jet Stream Indices and TRW PC1 and PC2 and
MXD (1930-1983). Significant relationships are bolded. PC1 and PC2 are shown with the range
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of correlation coefficients and p-values of the 6 nests. January-February Region 5 (JF_5) has an
average latitude of 37.0N and standard deviation of 3.6. April-May Region 6 (AM_6) has an
average latitude of 38.3N and standard deviation of 5.6. July-August Region 4 (JA_4) has an
average latitude of 54.4N and standard deviation of 4.5 degrees.

PC1
PC2
MXD

JF_5
172E to
100W
r = 0.17 to
0.24
p >0.07
r = -0.03 to
-0.1
p >0.48
r = -0.17
p = 0.21

AM_6
120W to 94W
r = -0.20 to -0.27
p < 0.05
r = 0.07 to 0.21
p > 0.12
r = 0.15
p = 0.27

JA_4
160W to
104W
r = -0.09 to
0.03
p > 0.51
r = -0.09 to
0.07
p > 0.44
r = -0.07
p = 0.63

Table S5. Reconstruction calibration validation statistics for each nest. Each nest also shows a
linear combination of MXD and PC2, with coefficients and with years covered, as well as
Reduction of error (RE) and coefficient of efficiency (CE) statistics.
Nest 6: 1654-1983
Calibration Verification
RE
CE
8.1(MXD) – 0.33(PC2)
R2
R2
1901-1983
0.397
1901-1942
0.435
0.392
0.228 0.226
1943-1983
0.392
0.435
0.368 0.367
Nest 5: 1690-1983
Calibration Verification
RE
CE
8.1(MXD) – 0.30(PC2)
R2
R2
1901-1983
0.391
1901-1942
0.433
0.382
0.203 0.202
1943-1983
0.382
0.433
0.362 0.361
Nest 4: 1715-1983
Calibration Verification
RE
CE
7.6(MXD) – 0.30(PC2)
R2
R2
1901-1983
0.406
1901-1942
0.456
0.372
0.221 0.219
1943-1983
0.372
0.456
0.387 0.386
Nest 3: 1742-1983
Calibration Verification
RE
CE
7.6(MXD) – 0.28(PC2)
R2
R2
1901-1983
0.401
1901-1942
0.453
0.370
0.196 0.194
1943-1983
0.370
0.453
0.377 0.377
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Nest 2: 1815-1983
7.0(MXD) – 0.39(PC2)
1901-1983
1901-1942
1943-1983
Nest 1: 1895-1983
6.8(MXD) – 0.32(PC2)
1901-1983
1901-1942
1943-1983

Calibration
R2
0.523
0.581
0.438
Calibration
R2
0.512
0.532
0.487

Verification
R2

RE

CE

0.438
0.359
0.581
0.536
Verification
RE
R2
0.487
0.532

0.457
0.512

0.358
0.535
CE
0.456
0.511

Table S6. Correlations between BMST, Upper Yellowstone River reconstruction (Graumlich et
al., 2003), and other regional (Biondi et al., 1999; Luckman and Wilson, 2005) and continental
(Trouet et al., 2013 (annual); Wilson et al., 2016) summer temperature reconstructions (16541983). Significant correlations are bolded. These reconstructions are plotted at time series in
Fig. 7.
Graumlich Biondi et Luckman
Trouet et Wilson
et al.
al.
and Wilson al.
et al.
BMST
r = -0.19
r = 0.25
r = 0.1
r = 0.09
r = -0.02
p < 0.01
p < 0.01
p = 0.07
p = 0.10
p = 0.68
Graumlich
et al.
Biondi et
al.
Luckman
and Wilson

1
-

r = -0.24
p < 0.01
1

-

-

r = -0.01
p = 0.82
r = 0.02
p = 0.78
1

Trouet et
al.

-

-

-

r = -0.27
p < 0.01
r = 0.00
p = 0.94
r = 0.19 p
< 0.01

r = 0.07
p = 0.25
r = 0.24
p < 0.01
r = 0.54
p < 0.01

1

r = 0.20
p < 0.01
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Abstract
Warmer global temperatures are leading to changes in atmospheric circulation patterns,
which create regional patterns of surface climate, and further synchronize growing season length
across the Northern Hemisphere. However, few phenology studies focus on this connecting
mechanism of broad scale growth. Here, we examine whether the latitudinal position of the
spring and fall Northern Hemisphere jet stream (NHJ) influences, on a regional basis, the length
of the growing season (LOS) through effects on the start (SOS) and end (EOS) of the growing
season, as derived from long-term satellite measurements of normalized difference vegetation
index (NDVI) by the Vegetation Index Phenology (VIP) lab at the University of Arizona. To this
end we have removed the long-term trend in the phenology fields from our analysis. For nearly a
third of the hemispheric domain, LOS was modulated by NHJ position. In the spring, a northern
(southern) NHJ typically led to earlier (later) SOS and longer (shorter) LOS. Warmer (colder)
spring temperatures are the likely drivers for these longer (shorter) LOS responses to northern
(southern) NHJ, especially in cold and arid systems. Surprisingly, in the fall, a northern
(southern) NHJ led to earlier (later) EOS and shorter (longer) LOS for most systems, which may
be due to the interaction of temperature and water availability in this season when water is
critical for sustained growth. There are regional differences in LOS response that depend on the
relative position of the region to the climatological mean of the NHJ, as well as land cover and
climate classification type. Croplands showed mixed responses to NHJ shifts, with croplands in
the midwestern US showing delayed SOS and shortened LOS with a northern NHJ shift and
warmer temperatures. This could possibly be due to water-logged agriculture fields from
increased snowmelt being unable to support heavy planting equipment and reflects the
importance of management for this land cover type. As cold and arid climates expand outwards
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and polewards under projected climate scenarios, we are likely to experience even larger interannual phenological fluctuations due to projected changes in jet stream behavior.

Introduction
Rising temperatures influence vegetation growth directly by relaxing minimum
temperature constraints while changing the availability of water throughout the growing season.
Plant phenology as observed in temporal shifts of leaf-out and senescence has long been a herald
for globally warming temperatures, with some records spanning decades to centuries (e.g.
Bradley et al., 1999; Fitter and Fitter 2002; Chuine et al., 2003; Aono et al., 2008; Zhu et al.,
2012). A trend over recent decades towards longer growing seasons, for instance, in sync with
rising temperatures, has been identified based on ground observations (Menzel and Fabian,
1999), carbon dioxide measurements (Keeling et al., 1996), and satellite records (Myneni et al.,
1997; Zhu et al., 2012). Beyond cultural and agricultural importance, at large enough spatial
scales, such long-term changes in phenology have the potential to affect energy and water cycles
(Richardson et al., 2013) via changes in albedo and latent heat flux.
Whereas phenological trends have been detected at the global scale, driven by globally
rising temperatures (e.g. Walther, 2002; Parmesan and Yohe, 2003; Zhu et al., 2012), both
phenological and climatic trends are also expressed at the regional scale (Parmesan, 2007, Cook
et al., 2012). Such regional phenological trends, along with inter-annual variability, can be driven
by atmospheric circulation patterns (Scheifinger et al., 2002; Cook et al., 2005; Ault et al., 2011;
Gonsamo et al., 2016; Ascoli et al., 2017). Vegetation growth and start of season onset in
Europe, Asia, and North America, for instance, are influenced through teleconnection by global
climate modes (Scheifinger et al., 2002; Menzel, 2003; Cook et al., 2005; Ault et al., 2015;
Ascoli et al., 2017; Dannenberg et al., 2018; Dahlin and Ault, 2018; de Beurs et al., 2018), such

66
as the El Nino Southern Oscillation (ENSO), the North Atlantic Oscillation (NAO), and their
interactions (Dannenberg et al., 2018). However, the centers of such ocean- atmosphere
interaction modes are often far removed from the land surface where the plant phenophases take
place and seasonal delays between climate modes and phenological reactions complicate
interpretations. As a result, the mechanism by which such teleconnections influence the land
surface and its phenology is not fully established or understood.
Here we address this knowledge gap by evaluating the influence of changes in the
position of the Northern Hemisphere Jet (NHJ) stream on regional-scale phenology in an effort
to better understand the impact of atmospheric circulation on plant phenological patterns at more
directly-linked spatio-temporal scales, and to improve our understanding of the mechanisms
linking the two. The NHJ is characterized by narrow paths of strong, meandering westerlies that
circle the Northern Hemisphere at the tropopause level. Its average latitudinal position and speed
vary with season and longitude (Riehl et al., 1954). The latitudinal position of the NHJ
characterizes the location of storm tracks and of pressure fields (Mahlstein et al., 2012,
Woollings et al., 2010) and as such of temperature and precipitation patterns at the Earth’s
surface (Belmecheri et al., 2017). With seasonal temperature (Schwartz, 1997) and water
availability (e.g. de Beurs et al., 2018) established as key drivers of interannual phenology phase
(phenophase, e.g. SOS) variability, we hypothesize that the impact of interannual NHJ variability
on these climate parameters is reflected in regional-scale phenophase variability.
To characterize latitudinal NHJ positions at seasonal and regional scales, we use the NHJ
indices developed by Belmecheri et al. (2017), who identified 32 longitudinal sectors of seasonal
and spatial NHJ coherence, distributed over four seasons. In spring and fall, the jet stream is
typically positioned between 55N and 25N, although the range and variability of latitudinal NHJ
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position are variable by region and season. For example, in spring (April-May) NHJ latitude
varies between 25N and 55N over region 5 (150W to 120W), whereas it varies only from 35N to
45N over region 4 (152E to 150W). In fall (October-November), NHJ latitude varies between
25N and 55N over region 1 (10E to 26E), whereas it is tightly clustered around 40N over region
4 (104E to 148E) (Belmecheri et al., 2017). Northern (southern) NHJ positions typically
correspond to higher (lower) geopotential heights at 500hPa, warmer (cooler) temperatures, and
drier (wetter) soil conditions north (south) of the climatological NHJ latitude (e.g., Fig S1). The
magnitude of these climate anomalies typically varies by season and longitudinal NHJ region. In
winter, for example, the influence of the position of the NHJ is strongest for precipitation
delivery to the western United States (US) (Belmecheri et al. 2017, Wahl et al. 2019).
The seasonal NHJ indices are related to classic climate mode indices such as ENSO and
NAO through their common influence on geopotential height patterns and earth surface climate
patterns (Belmecheri et al., 2017). For example, the winter NHJ position over the western US is
negatively correlated with ENSO, whereas the winter NHJ over the eastern US is positively
correlated with NAO (Supplementary Table 3 in Belmecheri et al., 2017). By using the NHJ
indices, we reduce time and space variability, and avoid teleconnections with seasonal delays
common to climate mode indices, while allowing for seasonal variability in NHJ-ecosystem
interactions.
A preliminary jet stream - phenology analysis based on the Spring Index extended (SI-x)
model (Schwartz, 1997; Schwartz et al., 2006; Schwartz et al., 2013) showed that 20% of the
variability in US spring leaf out phenology was influenced by the spring NHJ indices
(Belmecheri et al. 2017). We expand on this analysis by using a satellite-based phenology
product derived from NDVI merged across Advanced Very High Resolution Radiometer
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(AVHRR) and MODerate resolution Imaging Spectroradiometer (MODIS) satellites, developed
by the Vegetation Index Phenology (VIP) lab at the University of Arizona, that spans the entire
Northern Hemisphere (Didan and Barreto, 2016). Satellite-based products now provide time
series of more than 30 years, and by observing global greenness, they close spatial (ecosystem,
landscape, regional) and temporal gaps in observational data sets. For example, ground
observations of autumn phenology are sparser than spring and summer phenology (Sparks and
Menzel, 2002), whereas satellites produce images evenly throughout the year. However,
satellites are biased towards capturing top of canopy changes, and our lack of senescence
observations especially may hamper our understanding of the processes and mechanisms driving
those images (Piao et al., 2019).
We focus our study on the start of season (SOS), end of season (EOS), and length of the
growing season (LOS) product- defined as the amount of time from green up to senescence- in
the Northern Hemisphere mid-latitudes, and particularly on how SOS and EOS variability
contributes to variability in LOS. In the mid-latitudes, at large spatial scales, LOS is largely
determined by temperature at the start (Schwartz, 1997; Schwartz et al., 2006; Schwartz et al.,
2013) and/or end of the growing season, often in interaction with photoperiod length and water
availability (Hu et al., 2010; Buermann et al., 2018; Knowles et al., 2018), depending on the
climate or land cover type (Liu et al., 2016b). As the growing season starts, progresses, and ends,
the relative influence of the different climate parameters on growth may vary, but temperature
and precipitation variability in all seasons is impacted by the latitudinal position of the NHJ
(Belmecheri et al., 2017). We therefore focus our analysis on how the NHJ in spring and fall
influences interannual LOS variability. We hypothesize that LOS response in the spring to NHJ
position will be most pronounced where the spring NHJ influences temperature for ecosystems
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limited by temperature in spring, while the LOS response in the fall to NHJ position will still be
pronounced when the NHJ influences climate, but much more variable and patchy across the
landscape.
We combine two datasets- NHJ indices and the VIP phenology product- that span the
Northern Hemisphere and overlap for 32 years (1981-2012) and examine the spring and fall
seasons to determine whether NHJ position influences LOS. Because of the importance of
different climate drivers on SOS versus EOS, we compare the spatial patterns and magnitudes of
change in LOS with the change in SOS in spring and change in EOS in fall. We also point out
key regions of cohesive spatial response in LOS to NHJ position, with respect to their latitudinal
location, land cover type, and climate classification, to allow us to identify general patterns of
NHJ influence on LOS with implications for current and future changes.

Methods
Phenology Data
To capture interannual phenological variability on the land surface, we used annually
resolved global phenology products derived from satellite observations of greenness. The VIP
lab at the University of Arizona has produced an NDVI-based phenology product (accessed as
annual .hdf files from the data explorer portal https://vip.arizona.edu/viplab_data_explorer.php)
that spans the globe at 0.05-degree resolution and covers the period 1981 to 2014 (Didan and
Barreto, 2016) by merging AVHRR LTDR-V4 (1981-1999) and MODIS C5 (2000-2014) images
with a daily temporal resolution smoothed with a 14-day moving filter. In this study, we focused
on the LOS, SOS, and EOS phenophases, measured in days of year (DOY), over the 1981-2012
period of overlap with the NHJ indices. To calculate LOS, defined as the difference between
SOS and EOS, Didan et al. (2015) use a modified version of the Half-Maximum vegetation
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index (VI) approach proposed by White et al. (1997), where 35% of the maximum VI is
considered the threshold for onset or senescence (Didan and Barreto, 2016). Some regions
experience multiple growing cycles in one year. We kept these regions because of their wide
spatial coverage (Didan and Barreto 2016), and limit our analyses to the first growing cycle,
which typically corresponds with SOS in spring months and EOS in fall months (e.g. Fig. S6).
Reliability scores were available for each pixel for each year. We retained only pixels
with Excellent (0), Good (1), Acceptable (2), or Marginal (3) reliability and at least 10 years of
reliable (scores of 0 to 3) data, which also removed pixels where there was a long growing
season characterized by minimal intra-annual variation in the vegetation index. To focus our
analysis on the influence of interannual variability in jet stream position on phenology, rather
than long-term trends related to rising global temperatures (e.g. SOS in White et al., 2009), we
removed any trend over the 32 year period at each phenology observation location using linear
regressions (Dannenberg et al., 2018). The remaining phenology values are SOS, EOS, and LOS
anomalies, centered around 0, and negative and positive values correspond to earlier or later
values for SOS and EOS and shorter or longer values for LOS.
Climate Data
We used the NHJ indices developed by Belmecheri et al. (2017), which are defined as the
latitudinal position of the maximum zonal wind speed at 300 hPa as derived from the Twentieth
Century Reanalysis V2c at 2° resolution (Compo et al., 2011), and cover the period 1930-2012
CE. The NHJ indices are developed for four season (April- May, (AM), July-August (JA),
October-November (ON) and January-February, (JF)) and 7 to 9 longitudinal regions per season
over -180-180°E. Some longitudes do not have a corresponding NHJ index, and regions do not
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always overlap between seasons. We bound our phenology and climate fields to 20-70°N to
match the range of NHJ latitudes in spring and fall for the 1981-2012 period of overlap.
To analyze the climatic mechanisms linking NHJ variability to phenophase variability,
we used gridded surface temperature and water availability datasets. We extracted monthly
temperature averages from the CRUTS4.01 0.5° gridded data set (Harris and Jones, 2017), which
we then detrended with linear regression, similar to the phenology data set. We also used
monthly self-calibrating Palmer Drought Severity Index (scPDSI) values (Osborn et al., 2018)
derived from the CRUTS3.26 0.5° gridded data set. Both climatic fields were analyzed for the
period of overlap between the NHJ and phenology fields (1981-2012).
To determine how the NHJ influences the land surface over which it traverses directly,
we compared climate and phenology fields with the spring (April-May) and fall (OctoberNovember) NHJ indices of the overlapping longitudinal region. Spring and fall NHJ indices
showed no significant trends over the analysis period 1981-2012 and were therefore not
detrended.
Composite analyses
Plant phenology may respond differently to seasonal changes in temperature and scPDSI
depending on which is the most limiting resource, and patterns of temperature and scPDSI
anomalies may sometimes differ based on a northern versus southern NHJ position (Belmecheri
et al., 2017). To determine whether regional climate and phenology responded differently to
northward versus southward movements of the NHJ, we first extracted the 8 years (25th and 75th
percentiles of 32 years) when the NHJ was in its northernmost and southernmost position for
each longitudinal NHJ index for April-May and October-November.
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We then separately tested the significance of northern (southern) positions on the climate
and phenology fields by comparing the mean values of those 8 northernmost (southernmost)
years with the mean values for the remaining 24 years using two-tailed Student’s t-test and a
threshold of p<0.1 (similar to analyses in Cayan et al., 2001). This is a more conservative
approach than statistically comparing the 8 northernmost years with the 8 southernmost years
and allows us to identify differences between north and south NHJ positions on LOS.
We composited the three phenophases based on their respective seasonal NHJ extremes:
April-May NHJ indices for SOS, October-November NHJ indices for EOS. To determine
whether LOS was more influenced by the NHJ in the spring or fall, we composited both the
April-May and October-November NHJ indices for LOS. For each gridpoint of the climate and
SOS, EOS, and LOS phenophase fields, we used the sign of the t-statistic to determine whether
the NHJ positions corresponded with earlier or later SOS and EOS and longer or shorter LOS.
Phenoregion classification
Phenoregions may respond differently to NHJ position based on their location with
regards to the climatological NHJ mean. While the resulting climate anomalies from these NHJ
position changes may not differ between locations in magnitude, by being north (south) of the
climatological mean, systems may not experience warm and/or dry (cool and/or wet) conditions
often. Because of the infrequency of these climate conditions, northern (southern) systems may
respond more dramatically in LOS with a north (south) NHJ position change. We therefore
classified whether a phenoregion was located north or south of the climatological NHJ mean.
Not all longitudinal regions experience the same NHJ variability, mean state, or distribution and
we therefore further present results by region and season.

73
We also classified all phenoregions according to land cover and climate type to further
analyze patterns of phenophase sensitivity to NHJ variability. For land cover we used the
Majority Land Cover Type 1 classification for 2001, which designates a likely International
Geosphere-Biosphere Programme (IGBP) class for each 0.05 degree pixel (Friedl and SullaMenashe, 2015; Fig. S2). For climate, we used the Köppen-Geiger classification, which
incorporates monthly air temperature and precipitation over the 1981-2016 period to designate
30 climate regions based on seasonal climate characteristics at multiple spatial resolutions of 0.5,
0.083, and 0.0083 degrees (Beck et al., 2018; Fig. S3).

Results
Across the Northern Hemisphere, systems experienced significant lengthening or
shortening of LOS corresponding with anomalous positions of the NHJ in the spring or fall (Fig.
2, 4). 29% of reliable VIP pixels experienced a significant change in LOS in years when the NHJ
was in an anomalous position (Fig. 2,4). There were more systems with significant LOS changes
corresponding with fall (20 % pixels) NHJ anomalies than spring (14 % pixels). Northern
positions (spring: 8%; fall: 16%) influenced more regions than southern positions (spring: 6%;
fall: 4%). Years when the NHJ was in a northern position in spring typically corresponded with
longer LOS (blue pixels in Figure 2), whereas northern positions in fall corresponded with
shorter LOS (red pixels in Figure 4). While there were slight differences between both the
number of systems influenced by a northern or southern NHJ anomaly and the magnitude of
LOS response, the sign of LOS response was typically opposite for northern versus southern
positions. For example, northern anomalies in Region 2 (74-116E) lead to shorter growing
seasons for the cold arid Mongolia-Manchurian grasslands, whereas southern anomalies lead to
longer growing seasons (Fig. 1, Fig. 2). The spring NHJ influence on LOS is similar to its
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influence on SOS (Fig. 1, Fig. 2), as is the fall NHJ influence on LOS similar to its influence on
EOS (Fig. 3, Fig. 4), implying that spring SOS and fall EOS control LOS for most systems. For
example, in both SOS and LOS (Fig. 1, Fig. 2) midwestern US croplands in region 7 (94-56W)
and Mongolian Manchurian grasslands in region 2 show significant differences, whereas in EOS
and LOS region 3 (56-104E) stands out (Fig. 3, Fig. 4).
Spring and Fall NHJ anomalies do not necessarily occur in the same years in the same
region (Table S1). Some regions, however, experienced multiple growing seasons when NHJ
was in an anomalous northern (southern) position in spring and in fall. This may contribute to the
stronger responses of LOS to NHJ anomalies compared to the SOS or EOS responses.
The direction of LOS response to NHJ anomalies was often mediated by location with
regards to the climatological mean of the NHJ (Fig. 5, Fig. 6). In both Spring and Fall, regions
north of the climatological mean of the NHJ were more likely to respond to a Northern NHJ
position, whereas regions south of the climatological mean of the NHJ were more likely to
respond to a southern NHJ position. In spring, cold regions north of the climatological mean
were more likely to show an advance in onset and longer growing season with the warmer and
drier conditions associated with a northern NHJ, whereas arid systems north of the climatological
mean were more mixed in their response (left panels Fig. 6). Both cold and arid regions north of
the climatological mean, however, were more likely to have longer LOS during northern NHJ
years (Fig. 5), implying that land cover type did not influence sign of LOS response at these
higher latitudes. Cold regions south of the climatological mean were more likely to experience
later onset and a shorter growing season with a southern NHJ, which brought cold temperatures
further south, whereas arid systems at these same latitudes often experienced wetter conditions
and longer growing seasons (left panels Fig. 6). Land cover types south of the climatological
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mean were therefore mixed in their response to such southern shifts, again indicating that land
cover type may not be a major driver. For southern positions of the NHJ, we found that systems
at lower latitudes were more likely to respond with a longer LOS, which may indicate an earlier
SOS response to increased water availability, while systems north of the climatological mean had
a later onset (Fig 5, 6), which may be due to cooler temperatures delaying SOS.
In Fall, arid and cold systems in regions north of the climatological mean respond to
northern NHJ positions with shorter growing seasons due to different patterns of temperature and
drought (Fig. S4) when compared to Spring (Fig. S5; right panels Fig. 6).
Spring northern NHJ positions generally correspond with longer growing seasons (blue
pixels in Fig. 2, top panel), whereas southern positions correspond with shorter growing seasons
(red pixels in Fig. 2, bottom panel). LOS response patterns seem to be generally consistent with
earlier and later SOS, respectively (Fig. 1), but are more prominent. A minimal amount of pixels
(less than 0.5% of reliable VIP pixels) experienced a significant change in SOS with a NHJ shift
but no change in LOS.
We found inverse effects of similar magnitude of the 8 northernmost (southernmost) NHJ
positions on regional climate, which typically correspond with higher (lower) geopotential
heights at 500hPa, warmer (cooler) temperatures, and drier (wetter) soil conditions over the
climatological mean NHJ latitude (Fig. S4). In April-May, average surface temperatures for the 8
northernmost NHJ years were up to 1.5 degrees C warmer in the mid-latitudes (25N to 50N) and
up to 2.5 degrees C cooler at high latitudes (50N-70N) compared with the average temperatures
for the remaining 24 years. scPDSI anomalies for these northern positions were more spatially
heterogeneous compared to temperature, but drier conditions were notable in the southeastern
US. Average surface temperatures for the 8 southernmost years were up to 2 degrees C cooler in
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the mid-latitudes and up to 2 degrees C warmer in high latitudes compared with the average
surface temperatures for the remaining 24 years (Fig. S4).
Even though NHJ position anomalies thus created significant temperature and scPDSI
changes for some regions (Fig. S4), those regions did not always overlap with where we see
significant changes in LOS, for example at higher latitudes in eastern Canada in Region 7 (9456W; Fig. 2). When we look at average temperature anomalies in this region for the 8
northernmost spring NHJ years (Fig. S4), we see warmer temperatures of up to 0.5 degrees C,
but these anomalies do not pass the significance test. Our significance test may be masking out
thresholds of temperature that plant phenology is sensitive to at these high latitudes, and may
warrant investigations at finer and more local scales. Such temperature anomalies may also
indicate changes in geopotential height that could be influencing cloud cover and that covary
with photoperiod and insolation levels at the surface. Minor temperature anomalies might
therefore not be the driving mechanism behind changes in LOS.
Where the climatic response to NHJ anomalies did overlap with the phenology response,
we noticed mixed responses that can be partially explained by land cover (Fig. S2) and climate
classification (Fig. S3) type. This becomes quite clear when examining the stark contrasts in
phenological response to northern Spring NHJ positions between Regions 6 (120-94W) and 7
(94-56W; Fig. 2). The spring northern NHJ position exhibits slightly differing latitudinal
positions between these two regions, yet results in large heterogeneity in LOS response over
Region 6, but latitudinal homogeneity in LOS patterns in Region 7. The heterogenous (6) and
homogenous (7) LOS responses correspond well with the respective patterns in land cover and
climate type in both regions. These regions also vary in topography, which could contribute to
differences in land cover and climate classification. Despite differences in patchiness of LOS
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response, certain systems respond similarly between Region 6 and 7 with earlier SOS and longer
LOS to northern NHJ position and warmer temperatures (Fig. 1, 2): in the southwestern US
(Region 6) for arid-desert-hot and steppe-cold open shrubland and grasslands , and at high
latitudes eastern Canada (Region 7). This longer LOS response can also be found in the aridsteppe-cold grasslands of the eastern Mongolia-China border (Region 2). Other systems,
however, are more likely to experience a delay in season onset and a shorter growing season
length with warmer temperatures. In particular, croplands south of the great lakes in the eastern
US (Region 7; Fig. 1, 2) in a climate type of cold -no dry season-hot summer also show a later
spring and a shorter growing season. Northern spring NHJ positions also increased moisture
availability (high scPDSI) in this region (Fig. S4), which possibly led to flooding and delays in
SOS as firmer ground was needed for the use of heavy machinery in managing these croplands.
In region 4 (152E-150W), landmass is located at 60N and above, 20N from the mean
latitudinal NHJ position at around 40N. Southern NHJ positions in this region resulted in
significantly shorter growing seasons (Fig. 2 bottom panel), even though such positions were
associated with warming of up to 1.5 degrees C (Fig. S4). At these high latitudes, growing
seasons start late in the year and temperatures in April and May may not be as relevant. The
large distance between the land mass and the NHJ climatological mean latitude may also indicate
the influence of other circulation patterns on regional LOS.
Unlike the response of earlier SOS and longer LOS to northern NHJ indices in spring, in
fall, northern NHJ positions led to earlier EOS and shorter LOS for most systems (red pixels in
Fig. 3, Fig. 4). This was especially the case for regions at higher latitudes (e.g., Region 3 (56104E) above 40N in Fig. 3). In fact, fall northern NHJ anomalies produced more significant
responses in LOS than spring anomalies. The overall shortening of LOS with northward NHJ
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positions was partly driven by responses in region 3, where only a small northwestern part of the
region experienced cooler temperatures with a northern fall NHJ (Fig. S5, Fig. 3, Fig. 4).
However, eastern and southern parts of the region consisting of grasslands and evergreen
needleleaf forests experienced warmer temperatures and drier conditions (Fig. S5), which may
indicate that these shorter LOS are related to lower water availability later in the season that
induces earlier senescence.
Southern NHJ anomalies were generally associated with earlier (later) EOS and shorter
(longer) LOS across the domain. There were 1.3% of reliable VIP pixels with a shorter LOS than
an EOS that was earlier, meaning that some season lengths may have been influenced by
something other than EOS in October-November- perhaps EOS in a different season, SOS in
spring, or SOS in a different season played a role. Systems north of the climatological mean were
more than 5 times as likely to experience earlier rather than later EOS with a northern NHJ (and
LOS was 10 times as likely to be shorter rather than longer), while systems south of the
climatological mean were just as likely to experience later as earlier EOS and shorter or longer
LOS.
Some of the LOS and EOS changes in response to fall NHJ anomalies overlap with
significant temperature or scPDSI responses (Fig. S5). Deciduous broadleaf forests and
croplands of the eastern US south of the great lakes in Region 7 (98-66W; Fig. 3, Fig. 4)
experience warmer (cooler) fall temperatures in years with a northern (southern) autumn NHJ
position, resulting in a later (earlier) EOS and a longer (shorter) LOS. These land cover types
overlap with the temperate- no dry season- hot summer climate classification, which shows
longer (shorter) LOS with a northern (southern) NHJ shift, and are typically located south of the
climatological mean (Fig. 6). Region 6 (58-16W) just west of this region experiences wetter
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surface conditions in southern NHJ falls (Fig. S5), but the corresponding LOS response is mixed
(Fig. 4). The mountainous terrain in region 6 may contribute to this mixed response, because
southern fall NHJ anomalies also bring cool temperatures with increasing risk of frost events
(Fig. S5).
Similar to the response in Region 3, arid-cold grasslands along the Mongolia- China
border in Region 4 (104-148E) experienced a shorter growing season in years when the NHJ was
positioned northward in fall (Fig 4). Such years show slightly warmer fall temperatures, but
perhaps more importantly, drier conditions. Southern positions, on the other hand, created cooler
conditions in this region (Fig. S5), and even though conditions are dry regardless of the NHJ
position, we see a longer LOS.

Discussion
The NHJ influences length of growing season (LOS) in the Northern Hemisphere,
through its effects on surface meteorology at key times of the season. In our conservative
assessment, nearly a third of the VIP domain in the Northern Hemisphere shows significant
changes in LOS in response to changes in the position of the NHJ. In support of our hypothesis,
northward spring NHJ anomalies generally lengthened the growing season by advancing spring,
particularly in temperature-limited ecosystems north of the mean NHJ latitude (Fig. 2, Fig. 5,
Fig. 6). By contrast, northward shifts in the fall NHJ induced senescence and shortened growing
seasons (Fig. 4, Fig. 5, Fig. 6), which could in part be due to the influence of temperature on
water availability since at high latitudes, ecosystems tend to be more water-limited at the end
versus start of their growing season.
The onset of spring in many parts of the Northern Hemisphere depends on the latitude of
the NHJ in April and May, especially in regions where plant growth is limited by spring
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temperatures. A northern spring NHJ results in warmer spring temperatures (Fig. S4) and in
predominantly longer LOS in cold systems and in northern latitudes (Fig. 2, Fig. 6) across land
cover types (Fig. 5). Winter and spring temperatures are incorporated into most predictive SOS
models (i.e. first leaf, budburst) that simulate growing degree day accumulation and frost
occurrence (e.g. Schwartz, 1997; Schwartz et al., 2006; Schwartz et al., 2013). Studies focusing
on the influence of circulation on spring phenology, or on drivers linked to spring phenology
such as frost events (Strong and McCabe, 2017), have emphasized temperature variability as the
mechanism for that influence (Ault et al., 2011; de Beurs et al., 2018), especially in temperate
and boreal systems (Dannenberg et al., 2018). For much of mid-latitude North America, ENSO
influences spring phenology by driving winter climate to set up successful water availability for
the rest of the year via snowfall or soil profile saturation (Dannenberg et al., 2018). Climate
conditions in fall or winter can compound or minimize the effect of spring temperatures on
phenology (Cook et al., 2012), which may be why some systems do not prominently lengthen or
shorten LOS in response to spring temperature changes (Buermann et al., 2018). While
temperature is considered the major driver of spring phenology in temperature-limited systems,
we noted one major exception in the US Grain Belt (Region 7, Fig. 2). Northern NHJ anomalies
led to warmer spring temperatures in this region, which may have increased snowmelt. Field
saturation could delay the use of heavy machinery in planting crops in spring. Therefore, the
NHJ is influencing cropland phenology not via physiological cues, rather through physical
management of croplands. Perhaps cropland systems where management styles avoid the use of
heavy machinery would respond differently to NHJ anomalies. In this study, all cropland types
and management styles are lumped together, and we identify mixed responses to NHJ in Fig. 5.
As other studies have suggested (e.g. White et al., 1997), we find that modeling cropland
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response to climate and NHJ position requires additional detailed knowledge of crop type and
management methods.
The influence of fall NHJ position on season length is complex and the phenological
response depends on the vegetation type and the environmental factors that limit plant growth.
Whereas warmer temperatures can delay senescence in temperature-limited systems (Liu et al.,
2016b), they can also lower water availability. The temperature variability corresponding with
fall NHJ anomalies may therefore be influencing systems by also changing water availability.
Grasslands in arid systems such as eastern Mongolia (region 4) experienced earlier EOS and
shorter LOS with a northern fall NHJ (Fig. 4). This response can be explained by a combination
of warmer temperatures and lower water availability (White et al., 1997; Peng et al., 2019), and
grassland root functional traits that induce senescence under drought stress, especially when
compared to shrublands or forested systems (Peng et al., 2019). Indeed, deciduous broadleaf
forests (DBFs), such as in the eastern US (region 7), experience a delayed senescence and longer
LOS with northern NHJ and warmer temperatures (Fig. 5). Even if DBFs are water-limited at the
end of the growing season, their root functional types may alleviate potential drought stress and
enable a longer growing season. The delayed senescence of DBFs in response to warmer
temperatures has, for instance, been observed in warming experiments on European Beech (Fu et
al., 2018). Conversely, DBFs experience shorter LOS in response to southern NHJ positions and
cooler temperatures, which can also be due to this land cover type being able to quickly respond
to threats of frost, as well as being highly visible and well-captured via satellite imagery. There
are a few potential drivers of EOS that the NHJ could influence in addition to temperature and
water availability, but that we do not focus our analysis on. Insolation levels influence EOS (Liu
et al., 2016a), and NHJ also characterizes cyclonic and anticyclonic flow (Belmecheri et al.,
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2017), which could influence insolation levels via cloud cover. The timing of SOS is another
driver of EOS (Liu et al., 2016b). As we show in Table S1, the spring and fall NHJ anomalies
have some correspondence for the 8 northernmost and southernmost years. Some of the EOS
changes could therefore be caused by the influence of spring, rather than fall, NHJ position.
The phenological response of vegetation to the NHJ position varies spatially, with the
most striking difference occurring latitudinally. In general, systems polewards of the mean NHJ
latitude respond more strongly to northern anomalies, and systems equatorward respond to
southern anomalies (Fig. 5, Fig. 6). The climatic responses to such NHJ anomalies may be of the
same magnitude on either side of the climatological NHJ mean (Fig. S4, Fig. S5), but system
phenophase responses may vary because of differing seasonal growth limitations. For example,
LOS in eastern Canada (region 7) lengthens by up to 10 days with relatively minimal warm
anomalies during northern spring NHJ anomalies, especially when compared to more polewards
systems. Temperatures may be so limiting in the cold ecosystems of this region, that this
minimal warming creates large-scale LOS lengthening.
The latitudinal differences in LOS response to similar magnitudes of climate anomalies
may also be due to lagged LOS response to NHJ anomalies. We subset our phenology field to
20N to 70N to reflect the range of spring and fall NHJ positions, but systems at the borders of
this latitudinal range are at different points in their growing season in April-May and OctoberNovember (Fig. S6; Seftigen et al., 2018). For example, regions in the southern US experience
SOS in February while parts of Alaska experience SOS in June on average. Systems at different
points in their growing season may not respond similarly mechanistically to climatic changes,
even if they are limited by the same climate factors. Phenology is often responsive to climate
conditions prior to the growing season, for instance in the western US where ecosystem
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phenology responds to winter-time circulation patterns (Ault et al., 2011; Dannenberg et al.,
2018). Regardless of potential temporal mismatches or different mechanisms driving LOS
response, we found that separating land cover and climate classification by location relative to
the climatological mean NHJ position resolved the mechanisms driving observed influence of
NHJ position on LOS.
The strength and sign of the influence of NHJ position on LOS varies with topographic
complexity and mountainous regions reflect intricate interactions (Hu et al., 2010; Knowles et
al., 2018). In particular, we note that the Intermountain West in North America is more
heterogeneous in LOS response than the East (Fig. 2, Fig. 4), which could be due to higher
diversity in land cover and climate types (Fig. S2, Fig. S3), potentially related to an underlying
difference in topographic complexity. Circulation patterns are better suited than temperature
variability alone to capture shifts in climate and vegetation response for montane systems (Desai,
2016), especially because of their influence on water availability and temperature-snowfall
interactions (Hu et al., 2010; Knowles et al., 2018). Orography contributes to microclimate
conditions and can lead to diverse phenological responses to NHJ anomalies. In addition to
microclimates, and similar to latitudinally diverse systems, systems at different elevations are at
different phases of the growing season when the spring and fall NHJ influence climate, and so
may respond to NHJ-driven climate anomalies through different mechanisms and reflect these
anomalies differently in their LOS.

Conclusions
With projections and observations of stronger NHJ variability due to anthropogenic
warming (Mann et al., 2018; Trouet et al., 2018), this study suggests that trends of longer LOS in
response to warmer temperatures (e.g. via earlier SOS (Schwartz et al., 2006) and/or delayed
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EOS(Liu et al., 2016b)) may be enhanced or reduced as plants are forced to respond to intraannual swings in climate. Global warming will likely increase the importance of circulation
inclusion in predictive phenology models as they can capture nonlinear responses in LOS by
mediating or aggravating plant plasticity through controls on meteorological variables. Future
studies could test the predictive power of NHJ variability on LOS by integrating NHJ indices
over the entire growing season and at different lagged intervals.
We conclude by advocating for not only the incorporation of circulation indices into
phenology modeling frameworks, but particularly seasonally explicit indices such as the NHJ,
especially when resolving regional phenology responses to climate. Doing so recognizes the
influence of intra- and inter-annual climate on LOS, as well as the spatial connectivity and
variability in LOS response that we find in this study. To that end, the seasonal and spatial
patterns observed in this study can assist in future model benchmarking.
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Figures

Figure 1: Average detrended SOS (in days) for the 8 northernmost (southernmost) shifts of the
April-May NHJ indices in the top (bottom) panel. The 8 regional indices for this season are
designated by vertical lines. The black horizontal lines show the NHJ climatological mean
position (1981-2012) for each of these regions and the grey horizontal lines show the median
position of the 8 northernmost and 8 southernmost NHJ indices for each region. Regions are
independent of each other, and we only consider the land surface from 20N-70N and within the
longitudinal bounds of a region when making these composites. The color bar designates 12 days
or earlier in red and 12 days or later in blue shades.
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Figure 2: Average detrended LOS (in days) for the 8 northernmost (southernmost) shifts of the
April-May NHJ indices in the top (bottom) panel. The 8 regional indices for this season are
designated by vertical lines. The black horizontal lines show the climatological mean position of
the jet stream for each region over the 32-year period and the grey horizontal line shows the
median position of the 8 northernmost and southernmost NHJ indices for each region. This
figure is comparable with Fig. 1, with most longer (shorter) growing seasons designated by
earlier (later) SOS. Fig. S4 shows regions where these NHJ shifts result in changes to
temperature and water availability, which may be driving these patterns of phenology. The color
bar designates 12 days or longer in blue and -12 days or shorter in red.
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Figure 3: Average detrended EOS (in days) for the 8 northernmost (southernmost) shifts of the
October-November NHJ indices in the top (bottom) panel. There are 9 indices for this season,
designated by vertical lines. The black horizontal lines show the climatological mean position of
the jet stream for each region over the 32-year period and the grey horizontal lines show the
median position of the 8 northernmost and southernmost NHJ indices for each region. The color
bar designates -12 days or earlier EOS in red and 12 days or later EOS in blue.
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Figure 4: Average detrended LOS (in days) for the 8 northernmost (southernmost) shifts of the
October-November NHJ indices in the top (bottom) panel. There are 9 indices for this season,
designated by vertical lines. The black horizontal lines show the climatological mean position of
the jet stream for each region over the 32-year period and the grey horizontal line shows the
median position of the 8 northernmost and southernmost NHJ indices for each region. This
figure is comparable with Fig. 3, with most longer (shorter) growing seasons designated by later
(earlier) EOS. Fig. S5 shows regions where these NHJ shifts result in changes to temperature and
water availability, which may be driving these patterns of phenology. The color bar designates
12 days or longer in blue and -12 days or shorter in red.
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Figure 5: Land cover types that experience significant shifts in LOS corresponding with North
and South shifts, further classified by season and their location above and below the
climatological mean.
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Figure 6: Köppen Geiger climate classification types that experience significant shifts in LOS
corresponding with North and South NHJ shifts, classified by season and location above and
below the climatological mean. Spring (April May) is shown in green and Fall (October
November) is shown in yellow. Negative values indicate a shorter growing season, and positive
values indicate a longer growing season. Percentages were calculated by classifying the
significant shifts by climate type above and below the climatological mean, and then dividing by
the respective classification type of reliable VIP pixels above and below the climatological mean.
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Supporting Information

Figure S1: Modified figure from Belmecheri et al., 2017 showing significant (p<0.05) correlation
values between spring (left panel) and fall (right panel) NHJ position and climate fields
(precipitation, temperature, and sea level pressure) from 1930-2012. AM designates April May
NHJ index for regions 1 through 8, while ON designates October November NHJ index for
regions 1 through 9. The “X” for each NHJ index denotes the average position over the 19302012 period.
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Figure S2: IGBP Land Cover classification.

Figure S3: Koppen-Geiger climate classification considering climate over 1980-2016. Figure
from Beck et al. (2018).
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Figure S4: Average temperature anomalies and scPDSI for the 8 northernmost and southernmost
spring NHJ positions for all 8 regions. Significance is not indicated on these maps. The
horizontal black lines indicate the mean position of the 8 northernmost or southernmost NHJ,
and the grey lines are the individual positions of those extreme years.
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Figure S5: Average temperature anomalies and scPDSI for the 8 northernmost and southernmost
fall NHJ positions for all 9 regions. Significance is not indicated on these maps. The horizontal
black lines indicate the mean position of the 8 northernmost or southernmost NHJ, and the grey
lines are the individual positions of those extreme years.
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Figure S6: Average DOY of SOS (top) and EOS (bottom) over 1981-2012. Colors designate
month.
Table S1: Similar 8 northernmost and southernmost years between AM and ON regions. While
NHJ regions differ between spring and fall, there are some regions of similar spatial extent. For
those regions, we have identified whether there are some years where the NHJ is anomalously
north or south in both the spring and fall.
Regions of overlap between
Similar 8 Northernmost years Similar 8 Southernmost years
Apr-May and Oct-Nov
AM1-ON1
1996, 2000, 2007
1982
AM1-ON2
1987, 2005, 2007
1984
AM2-ON3
1992
1989
AM2-ON4
1983, 1989, 1991
AM3-ON4
2003
1997, 2008, 2012
AM4-ON5
2003, 2004
1997
AM5-ON6
1986, 1999, 2002
1982, 1994, 1998
AM6-ON6
1987, 1993, 2002
1998
AM7-ON7
1985, 1999, 2001, 2011
-
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Abstract
Climate change induced shifts in atmospheric circulation such as the Northern Hemisphere Jet
(NHJ) result in increased (co)variability of regional and seasonal surface climate with broad
implications for the survival and reproduction of organisms. For migrating insects, which have a
body temperature varying in response to environmental conditions and rely on plant resource
availability along their migration route, there is a high likelihood that shifts in NHJ generate
profound changes in annual population size. Despite the apparent importance of a circulationcentric framework, particularly given a rapidly changing climate, analyses of the effects of
atmospheric processes on insect migration are few. Here, we compare the interannual variability
in 25 years of monarch overwintering acreage with the latitudinal position of monthly NHJ over
North America (NA) to quantify the relationship between migrating monarch life history and
large-scale atmospheric processes. NHJ position during spring migration (February, March,
April), summer breeding (June, August, September), and fall migration (September, October)
influenced annual overwintering acreage. More monarchs return to Mexico when NHJ positions
(northern NHJ over eastern NA in August and southern NHJ over western NA in September)
lead to warming in the breeding grounds of eastern NA. Southern NHJ over central NA in
September increased precipitation along the migration corridor, possibly leading to increased
nectar resource availability. Conversely, precipitation events in October along the migration
corridor (corresponding with northern NHJ over western NA) lowered migration success. Our
findings provide evidence for spatially and temporally dynamic impacts of atmospheric
circulation on insect migration and help contextualize non-climate related conservation
interventions such as habitat restoration and land use in a warming world.
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Main
Global climate change has profound ecological consequences, many of which relate to
changes in temperature and precipitation patterns that are critical to resource timing and
availability for organismal survival and reproduction. For example, anthropogenic warming
moves surface temperature thresholds in both latitude and elevation, influencing both the range
and area of species’ distributions (Horton et al., 2015; Lemoine, 2015; Malcolm, 2018), while
also leading to trends in plant (Piao et al., 2019) and animal phenology (Horton et al., 2015).
Beyond positive trends in temperatures at breeding and overwintering grounds and along
migration corridors, migrating animals are experiencing an increase in the intensity and
frequency of extreme weather events (La Sorte et al., 2016; Mann et al., 2017), such as heat
waves and hurricanes, enhancing droughts, wildfires, and flooding across large spatial scales
(Coumou and Rahmstorf, 2012; Abatzoglou and Williams, 2016). In the Northern Hemisphere
(NH) midlatitudes, the interannual variability and regional distribution of weather and extreme
weather events can be influenced by the Northern Hemisphere Jet stream (NHJ) (Kornhuber et
al., 2019). The NHJ forms a barrier between warm tropical air (high-pressure areas) to the south
and cool polar air (low-pressure areas) to the north (Belmecheri et al., 2017). Northward NHJ
positions are therefore accompanied by warm air occurring further north than average while
southward NHJ positions lead to cold air occurring further south, thus changing regional and
seasonal temperature and precipitation patterns. In recent decades, the NHJ has shown a more
variable, meandering, and sinusoidal pattern, creating conditions for seasonally persistent,
unusual weather patterns and extremes that are more widespread and regionally connected
(Coumou and Rahmstorf, 2012; Francis and Vavrus, 2012; Francis and Skific, 2015; Horton et
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al., 2015; Wang et al., 2015; Röthlisberger et al., 2016; Wang et al., 2017; Mann et al., 2018;
Trouet et al., 2018).
Transcontinental animal migrations rely on regionally connected weather conditions
(Strong et al., 2015) and are therefore highly likely to be threatened by the impacts of climate
change (La Sorte et al., 2016, Malcolm, 2018; Horton et al., 2019). This type of migration is
difficult to investigate as animals move through multiple habitats often at low density over
months until finally settling together in high density for breeding and/or overwintering. For
migrating insects, which have a body temperature varying in response to environmental
conditions and rely on plant resource availability along their migration route, there is a high
likelihood that shifts in NHJ generate profound changes in annual population size.
The eastern monarch butterfly migration is one of the most iconic and endangered longdistance insect migrations (Voorhies et al., 2019; Fig. S1). In the Spring, monarchs leave their
overwintering grounds in the Oyamel Fir forest highlands of central southern Mexico (Fig. S2).
A small portion of monarchs veer to the west of the North American Cordillera (Lyons et al.,
2012; Billings, 2019) while the eastern monarchs begin a multi-generational migration north
(Fig. S2a). In the fall, the fifth generation of eastern monarch migrates south, traveling thousands
of miles to return to the overwintering grounds (Fig. S2b). From 1994 to 2018, there has been a
negative trend in the total area occupied by monarch colonies at their overwintering sites in
Mexico (Fig. S1), a key metric in considering monarch population size and migration success.
This has prompted organization and implementation of a collaborative monarch conservation
effort between Canada, Mexico, and the United States facilitated by public demand (Solis-Sosa
et al., 2019). There are many factors contributing to the monarch migration declines, including
changes in land use, disease, and pesticide use (Pleasants et al., 2017, Thogmartin et al., 2017).
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However, the decline is also punctuated by large inter-annual variability which has been linked
with climate along the migration route and at breeding and overwintering grounds (Thogmartin
et al., 2017; Malcolm, 2018; Saunders et al., 2019). The decline in monarch population numbers
is absent in summer population estimates at breeding grounds (Saunders et al., 2019), leading
researchers to ask how climate in late summer at breeding grounds and along the fall migration
are driving the decline in overwintering acreage (Saunders et al., 2019). Both temperature and
precipitation are known to affect monarch survival and reproduction at the population level, yet
much less is known about how those processes scale to a region, while weather as it relates to
climate is seldom included in models of monarch butterfly systems (Grant and Bradbury, 2019).
These potentially large swings in population response due to seasonal climate across a continent
can mask the success of conservation and restoration efforts of the monarch butterfly (Heffernan
et al., 2014; Inamine et al., 2016).
Here, we created a macrosystem ecology atmospheric circulation-centric framework to
describe the inter-annual variability of the eastern monarch migration across North America,
towards improving sub-seasonal predictability of annual migration success, and to assist with
comprehending the future climate variability monarchs will experience. We hypothesize that the
latitude of the monthly NHJ can influence monarch migration success, primarily by driving both
surface temperatures and precipitation variability at critical junctures in the migration timeline
and locations, such as summer breeding grounds and along spring and fall migration corridors.
We used correlation and composite analyses to compare a 25-year time series (1994-2018) of
annual monarch overwintering acreage estimates (Fig. S1) with monthly temperatures
(maximum, minimum, average), precipitation, and the NHJ, defined as the latitudinal position of
the maximum zonal wind speed at 300hPa at 2.5° longitudinal resolution (See Methods).
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For spring, summer, and fall, monthly NHJ influences the interannual variability of
overwintering acreage (p<0.1, Fig. 1, Table 1). Positive correlations (red polygons in Fig 1b)
indicate that northern (southern) NHJ lead to higher (lower) overwintering acreage (Fig.1a),
while negative correlations (blue polygons) indicate that southern (northern) NHJ lead to lower
(higher) overwintering acreage. In the spring, as monarchs begin to leave their overwintering
grounds and migrate North (Fig. S2a), they benefit from northern NHJ in February over western
NA (125-100°W), southern NHJ in March over western NA (120-105°W), and northern NHJ in
April over eastern NA (77.5°W). Cooler temperatures in March in northern Texas confine egg
laying to southern latitudes, which may be ideal for monarchs via egg development because of
warmer temperatures, as well as a lower mean age to first reproduction, which typically implies
populations will grow quickly. Moving into the summer breeding months (Fig.S2a), monarchs
benefit from northern NHJ in June over eastern NA (97.5-77.5°W), southern NHJ in July over
western NA (122.5°W), northern NHJ in August over eastern NA (102.5 -72.5°W), and southern
NHJ in September over western NA (120-115°W). The fall migration South begins in September
and October (Fig. S2b). Monarchs benefit from a southern NHJ in September over central NA
(105-97.5°W), and a northern NHJ in October over western NA (122.5-112.5°W) and eastern
NA (67.5-65°W) (Fig. 1).
We now focus our attention to the potential mechanisms behind fall (August – October)
NHJ position influence on overwintering acreage (Fig. 2, Fig. S2, Fig. 3). We find that late
summer and autumn NHJ can lead to high monarch returns to the overwintering grounds by
characterizing 1) warmer average and minimum temperatures in August (northern NHJ) and
September (southern NHJ) over the breeding grounds of northeastern US and southeastern
Canada (Fig. 2), as well as 2) cooler temperatures and more precipitation in September along the
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migration route in central North America (Fig.3), and 3) warmer temperatures in October in
western US and less precipitation along the migration route (Fig. 4).
When we examine the most recent year, 2018, we notice warmer average and minimum
temperatures in August and September as well as cooler temperatures along the migration route,
contributed to larger overwintering acreage (Fig. S3). Years of low monarch overwintering
hectares feature cooler temperatures in the breeding grounds in August and September, and/or
drier conditions along the migration corridor in September (e.g. 1997, 2000, 2004, 2009, Fig.
S3). Some weather events in one part of the season can negate the positive effects of other
months. For example, in 2002, warmer breeding grounds in August in September (which
typically indicate higher monarch return) preceded an extremely southern NHJ in October which
led to temperatures that were up to 4°C cooler and a low monarch return (Fig. S2).
In August (late summer), Generation 5 monarchs are immature (eggs, larvae, and pupae)
and start to prepare for their southern migration (Fig. S2). This generation differentiates from
generations 1-4 in a variety of morphological and physiological traits such as wing size, wing
strength, lipid reserves, and navigation through a different developmental pathway. As with
many insects, temperature and relative humidity have an important influence on the success of
this developmental plasticity. We saw a strong influence of NHJ latitude on surface temperatures
in August and September in the breeding grounds of northeastern US and Canada and of those
surface temperatures on monarch return (Fig. 2; Fig. S1). In August, the NHJ directly above the
breeding ground (longitude 102.5-72.5°W) was positively correlated with monarch return and
surface temperatures, where a northern (southern) NHJ led to warmer (cooler) temperatures and
higher (lower) monarch acreage (Fig. 2a). Warmer August temperatures for a broader
northeastern region (Fig. 2a, Fig. S1) may increase the core breeding distribution suitable for
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monarchs by widening the region of plant availability and survival (Lemoine et al., 2015), as
well as monarch physiology and development. Beyond expanding viable habitat, these warmer
August temperatures are likely better for monarchs preparing for a southward migration in the
next month by providing a longer time window for monarchs to reach adult maturity and
migratory status. At this time, the future migrating monarch is viable from 20-30°C, with
survivorship steeply declining above or below these temperatures (Zalucki, 1982). Within that
range, monarch development is fastest and uniform with warmer temperatures (Zalucki, 1982),
with a lower likelihood and frequency of frost events. While correlation values extended above
50°N, it is unlikely that the future migrating monarch can survive the average minimum August
temperatures there.
September NHJ position (85-80°W) over the breeding grounds is also positively
correlated with monarch overwintering hectares (Pearson’s correlation analysis r = 0.37 to 0.53,
p<0.1), although correlations are insignificant using Spearman’s rank correlation analyses (Fig.
2b). Interestingly, latitudinal anomalies over eastern NA are inversely related to the position of
the NHJ over western NA (120-115°W) in a clear dipole pattern (Fig. 2b). Northern NHJ
position over western NA creates lower minimum temperatures in eastern NA (Fig. 2b) in a
ridge-trough pattern across the continent. Monarchs are now predominantly in the late larvae and
pupae stages, and cool temperatures can delay eclosion before late fall (Zalucki, 1982). This
ridge-trough pattern is evident in September of 2013 (Fig. S2), prefacing a winter of intense
drought in California (Wang et al., 2015). Cold snaps are lethal to monarch larvae and pupae
which cannot withstand consecutive days of temperatures colder than 12°C (Zalucki, 1982). This
ridging pattern may correspond with Rossby waves forming and resonating around a preferred
phase (Röthlisberger et al., 2016; Kornhuber et al., 2019) and may become more frequent under
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anthropogenic warming (Francis and Skific, 2015; Mann et al., 2018). Not only can this ridging
pattern become more frequent, this pattern may ‘flip’ more frequently, with California becoming
deluged with precipitation corresponding with warm falls and winters in eastern NA, such as in
2017 (Wang et al., 2017). Avian migration studies have found that such ridge-trough
configurations can alter migration patterns and success via resource availability such as
influencing masting seed production for boreal bird populations (Strong et al., 2015). Ridgetrough patterns across the continental US may lead to situations where NHJ position is good for
the western monarch migration and poor for the eastern monarch migration, although more
research is needed to fully characterize this potential phenomenon.
Over central NA and the Great Plains (105-97.5°W), the predominant route south, a
southern shift in NHJ in September increases migration success by driving cooler maximum
temperatures (Fig. 3a), more precipitation events (Fig. 3b), and greater nectar availability (as
represented by NDVI (Saunders et al., 2019)) along the fall migration corridor (Fig. 3c). Lower
temperatures decrease evaporative demand and higher precipitation leads to moisture delivery at
a crucial point in the growing season, staving off drought, and supporting plant growth and
reproduction. Temperatures in the southern Great Plains typically exceed 29°C in September and
are often too hot for migration. Instead, monarchs are concentrated in their more northern
summer breeding grounds for most of September (Howard and Davis, 2009). Cooler maximum
temperatures along the southern Great Plains are more related to setting the table for the
upcoming migration, increasing nectar plants availability in September and October. For
monarchs beginning their migration from the more northern breeding grounds, cooler maximum
temperatures are beneficial because they i) physiologically restrain female monarchs from
starting oogenesis (Barker and Herman, 1976), ii) reduce the metabolic rate and caloric needs of
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this regionally heterothermic animal (Masters et al., 1988) and iii) reduce the likelihood a
migrating monarch experiences lethal, hot temperatures while flying (Zalucki, 1982). Over the
past 25 years, 2004 stands out as dropping to 20% of the overwintering acreage from the year
before. In addition to the illegal logging at the overwintering grounds in the preceding spring,
and over 50% of agricultural fields using roundup, jet stream driven climate in the late summer
months seems to have been involved in this drop. Due to a southward NHJ position in August
over eastern North America and a northward excursion in September over the Great Plains,
monarchs experienced a particularly cold August in the breeding grounds and warm September
temperatures along the migration corridor (Fig. S2).
The timing of weather events becomes very important to migration success in the late
autumn (October). Delay of, or lower amounts of, precipitation delivery can potentially lead to
phenological mismatch between butterfly and nectar plant, induce phenology of out of season
host plants, increase the lethal impacts of freezing, or cause poor flight conditions, all of which
could disrupt migration. We find that precipitation along the migration corridor in October is
negatively correlated with monarch success (Fig. 4b). Most southern bound migrating monarchs
have eclosed at this point in time or will do so soon. Precipitation can be deadly for monarchs
during migration: rain and snow increase the likelihood a monarch will freeze to death
(Anderson and Brower, 1996), rain and hail can permanently damage monarch wings affecting
lift and flight (Calvert et al., 1983), and navigating rain events can lengthen the migration effort
and route (Ries et al., 2018). A northern NHJ in October over the western US (122.5-112.5°W)
corresponds with fewer precipitation events along the migration corridor and higher monarch
return (Fig. 4b). Interestingly, lower precipitation (Fig. 4b) corresponds with lower NDVI (Fig.
4c) suggesting fewer nectar resources for migrating monarchs in October-November. Future
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research should investigate a trade-off between nectar plant phenology and the challenges of
migrating in inclement weather for monarchs, especially during these months. Our study
indicates that increased management of nectar plants in September along the central US corridor
may assist monarch migration. For example, 2015 was a year of higher monarch overwintering
acreage than we would have expected considering the warm September and October migration
route (Fig. S2). However, earlier that summer, Tropical Storm Bill caused flooding conditions in
the central US. Considering that fall temperatures influence precipitation and drought conditions
along the migration route, the extra precipitation in the summer months may have mediated the
plant response to warmer temperatures later in the season and would still allow for nectar
availability along the migration route.
A northern NHJ in October over the western US (122.5-112.5°W) also corresponds with
warmer temperatures in the western US (Fig. 4a). There is mark-recapture (Billings, 2019) and
genetic (Lyons et al., 2012) evidence that some western monarchs periodically overwinter in
Mexico instead of coastal California. Our results could indicate that warmer temperatures
encourage western monarch populations to migrate to Mexico, although the mechanism is
uncertain and needs further research.
We have examined the influence of NHJ position on monarch migration and
overwintering acreage through pathways of surface temperature and precipitation variability.
However, a circulation-centric framework allows us to also include other weather events central
to migration, events changing with anthropogenic warming. High-amplitude ridge-trough
patterns are projected to occur more frequently and can contribute to developing and steering
hurricanes and storms by forming steep pressure gradients, such as with Hurricane Sandy in
2012 (Francis and Skific, 2015). In addition to storms, NHJ can interact with winds lower in the
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troposphere such as the Great Plains Lower Level Jet (which flows northwards at 850hPa) to
influence migration via wind speed or direction (La Sorte et al., 2014). Model ensembles project
changes in the frequency of the GPLLJ in spring and summer along migration routes and
breeding grounds and a westward shift of anticyclonic airflow in summer (Tang et al., 2017).
These patterns in changing climate can be captured and are reflected with large changes in
seasonal latitudinal NHJ position.
Describing when and why monarch migratory numbers are declining is a challenging
endeavor. Significant effort has been invested in developing analyses that can improve our
understanding and means to describe and predict migratory return numbers and trends in eastern
North America. Monarchs vary in space and time as they move through their annual migration
and climate driven weather is a strong determinant in how many monarchs will return south to
the Mexican overwintering grounds. Here we demonstrate the role jet stream meandering plays
in monarch migration success, especially during fall migration. Positional changes of the NHJ
impact both temperature and precipitation in preparation and during the migration. By better
understanding the climate forces behind the large swings in monarch population, and continuing
to observe how they seem to be changing with anthropogenic warming, the effects of land cover
change as well as the success of numerous conservation efforts may be better contextualized in
the face of a low population driven by less than ideal climate that year. Through this
macrosystems ecology framework focusing on the role of the NHJ on seasonal surface climate
conditions along the migration route, we may better predict the effects of future climate change
on the monarch butterfly.
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Fig. 1: Northern Hemisphere Jet (NHJ) position influences the success of the Mexico-bound
monarch migratory generation. A, Shaded polygons represent the longitudinal bands of NHJ
that are significantly (p<0.1) correlated with overwintering monarch numbers, where red (blue)
designates positive (negative) ⍴ correlation coefficients (exact values for individual longitudes in
Table S1), with the range of jet stream latitudinal position for those longitudes displayed as their
vertical extents. The median latitudinal position of the monthly NHJ for the 4 highest (lowest)
monarch migration overwintering years (after detrending using a linear regression) are plotted
across 2.5 longitudinal bands with a loess filter in purple (orange). B, Monthly NHJ correlations
with monarch overwintering acreage in Mexico vary between months. February, April, June,
August, and October NHJ are positively correlated with monarchs at the Mexican overwintering
grounds while March, July, and September NHJ are negatively correlated. The black dot
designates the general centroid of the monarch migration in that month.
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Fig. 2: Late summer (August and September) Northern Hemisphere Jet (NHJ) position
increases (decreases) Mexico-bound monarch migration success through warmer (cooler)
surface temperatures and warmer (cooler) minimum temperatures in breeding grounds.
Grey masks highlight the longitudinal bands of the NHJ position that are significantly (p<0.1)
correlated with annual overwintering monarch numbers shown in Fig.1. (left panel) A, August
average temperatures in eastern NA are positively correlated with average NHJ position for 10575°W (middle panel) and monarch overwintering acreage (right panel), with Spearman’s rank
correlation coefficient plotted. B, September minimum temperatures in Western NA are
positively correlated with average NHJ position for 120-112.5°W (middle panel) and negatively
monarch overwintering acreage (right panel), with Pearson’s correlation coefficient plotted. A
dipole pattern is apparent in b, with ridging or troughing of the western NHJ influencing
minimum temperatures on both coasts of the continent- in particular the breeding grounds of the
eastern monarch.
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Fig. 3: Early autumn (September) Northern Hemisphere Jet (NHJ) southern position
increases Mexico-bound monarch migration success through cooler maximum surface
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temperatures, more precipitation, and greater nectar availability along the migration
corridor. Considering the September NHJ from 105-97.5°W a, the seven southernmost NHJ
correspond with cooler maximum temperatures (℃, p<0.1)(left panel) and maximum
temperature negatively correlates with monarch acreage (right panel) b, the seven southernmost
NHJ correspond with more precipitation (mm, p<0.1)(left panel) and precipitation positively
correlates with monarch acreage (r, p<0.1) and c, NDVI (September and October), a proxy for
nectar availability, positively correlates with NHJ position (left) and monarch acreage (right
panel).
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Fig. 4: Autumn (October) Northern Hemisphere Jet (NHJ) northern (southern) position
increases (decreases) Mexico-bound monarch migration success through warmer (cooler)
surface temperatures in western US and fewer (more) precipitation events along migration
corridor. Considering the October NHJ from 122.5-112.5°W: a, The NHJ positively correlates
with average temperatures (left panel) and monarch acreage positively correlates with average
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temperatures (right panel) (Spearman’s correlation) in western North America. b, The NHJ
negatively correlates with precipitation (mm) along the migration route (left panel) and monarch
acreage (hectares)(right panel)(Pearson’s correlation) c, NDVI (October-November) negatively
correlates with the NHJ (left panel) and monarch acreage(hectares)(right panel) along the
southern US migration in the lower midwest/southwest (Pearson’s correlations).
Table 1: Spearman correlation coefficients between monarch overwintering acreage and NHJ
position by longitude over the period 1994-2018. Select regions are plotted in Figs. 1 and 2 as
shaded polygons. Rows are months and columns are longitudes at 2.5°W resolution. Significant
correlation values are shown using a threshold of p<0.1. Both overwintering acreage and NHJ
position were detrended using linear regression.
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Methods
Data Sources
Monarch population from 1994 to 2018 (Fig. S1;
https://monarchwatch.org/blog/2019/01/30/monarch-population-status-37/) is represented in this
study as total area (in hectares) occupied at overwintering sites in the Oyamel Fir (Abies
religiosa) forests of central southern Mexico (designated in Fig. S2). From 1994-2003,
overwintering area data was collected by Monarch Butterfly Biosphere Reserve (MBBR) from
the National Commission of Natural Projected Areas (CONANP) in Mexico, while 2004-2018
was collected by World Wildlife Fund Mexico.
Monthly NHJ position was calculated for each longitude over the North American
continent (125-65°W) as the latitude of monthly maximum zonal wind speed at 300 hPa for
latitudes 0 to 90°N using the NCEP/NCAR reanalysis product (at 2.5-degree resolution). A
similar definition was used by Belmecheri et al. (2017) to calculate NHJ indices, although with a
different reanalysis product.
Monthly climate data used in this study included surface temperature (average,
maximum, minimum) from the CRU TS4.03 observational dataset at 0.5-degree resolution;
precipitation from PRISM at 4km resolution; and monthly Normalized Difference Vegetation
Index (NDVI) from NOAA Climate Data Record (CDR) of AVHRR NDVI Version 5
https://www.ncei.noaa.gov/metadata/geoportal/rest/metadata/item/gov.noaa.ncdc:C01558/html
and aggregated to 0.5-degree resolution by KNMI Climate Explorer (http://climexp.knmi.nl/).
NDVI is used as a proxy for resource availability.
Data Analyses
To focus our analyses on the interannual variability of monarch overwintering acreage,
we used linear models to remove the long-term trend from the monarch acreage time series, the
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monthly NHJ time series at each longitude, and the monthly temperature, precipitation, and
NDVI fields.
To visualize the NHJ across disjointed longitudes we used a smoothing loess filter (Figs.
1 and S2). Fig S2 shows the loess filter of the NHJ across longitudes for each year. In Fig. 1 we
visualized the median latitudinal position of the NHJ for the 4 years of the highest and lowest
monarch overwintering acreage, representing the 16th and 84th percentiles, before applying the
smoothing loess filter.
Most longitudes feature a non-normal distribution of NHJ position and may not have a
linear relationship with overwintering acreage. We therefore used Spearman rank correlation
analyses (Lehmann and D’Abrera, 1998) with a threshold of p<0.1 to examine the relationship
(1994-2018) between monthly NHJ position across individual 2.5-degree longitudes over the
North American continent (125-65°W) and annual acreage (Table 1). We grouped longitudes of
similar correlation values. We then took the average latitudinal position across grouped
longitudes to correlate regional NHJ position with climate fields. In three months (February,
August and October) there were single 2.5-degree longitudes that were insignificantly (p>0.1)
correlated with monarch acreage that we grouped with neighboring longitudes in Fig. 1, as well
as in future analyses, because they were similar to neighboring longitudes and did not lower
correlation values with overwintering acreage and climate variables.
We also used Spearman rank correlation to examine the relationship of both annual
acreage and the grouped latitudinal NHJ position with average temperatures. We used the more
conservative Pearson correlation analysis (at similar p<0.1 significance threshold) to compare the
annual acreage and latitudinal NHJ position to precipitation, NDVI, and minimum, maximum
temperature fields.
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The latitudinal NHJ position in September over central NA (105-97.5°W) is significantly
correlated with overwintering acreage, however the climatological mean position of the NHJ is
in northern central NA, and significant Spearman rank correlation coefficients with NHJ position
and average and maximum surface temperatures are north of the migration corridor (Fig. S2b)
and north of viable regions for monarch survival and migration (Zalucki, 1982). To examine
whether the NHJ southernmost position influenced monarch overwintering acreage via controls
on maximum temperature, we conducted a composite analysis where we took the 7 southernmost
years of average NHJ position over central NA and compared the average maximum
temperatures and precipitation amounts of those 7 years against all 25 years using a Student’s ttest and p<0.1 significance threshold (similar methods have been used e.g. by Cayan et al.,
2001).
Code Availability
R scripts for all analyses can be found at https://github.com/AmyHudson/MonarchsJetStream
Data Availability
Data for all analyses can be found at https://github.com/AmyHudson/MonarchsJetStream
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Supplemental Figures

Fig. S1: Total area (ha) occupied by monarch colonies at overwintering sites in Mexico
(1994-2018). Figure from MonarchWatch.org.
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Fig. S2: Monarch butterfly eastern migration route. a, Spring and Summer northern
migration from Mexican overwintering grounds in February to various northern breeding
grounds (April - September) and b, Fall southern migration from breeding grounds to
overwintering grounds (September - November). Generation 5 produces Generation 1 the
following spring. Monarchs overwinter in the Oyamel Fir (Abies religiosa) forest of central
southern Mexico between 2,400 - 3,600 meters. Illustration by J.C. Oliver.
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Fig. S3: Late summer (August, September, October) temperature anomalies and NHJ
position 1994-2018. Linearly detrended temperature anomalies ranging from -6 to 6°C from the
CRU dataset are overlaid with loess filter of the monthly NHJ at each 2.5 degree of longitude for
August (left), September (middle) and October (right) panels. The annual observed monarch
acreage (Fig. S1) is also listed.

