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ARTICLE INFO ABSTRACT

Keywords: Jet streams are a key component of the climate system, whose dynamics couple closely to regional climate
Jet Stream variability. Yet, the link between jet stream variability and vegetation activity has received little attention. Here,
Vegetation we leverage our understanding of the mid-latitude jet stream dynamics over the Euro-Atlantic sector to probe
Et‘/‘;‘;f’e climate-vegetation interactions across Europe. We link indices related to the meridional location of the jet and

the large-scale zonal wind speed with remotely-sensed vegetation greenness anomalies during locally-defined
growing seasons. Correlations between greenness anomalies and jet latitude anomalies point to a control of
the jet stream’s variability on vegetation activity over large parts of Europe. This potential control is mediated by
the jet latitude anomalies’ correlations with temperature, soil moisture and downward surface solar radiation.
The sign and strength of these correlations depend on location and time of the year. Furthermore, jet stream
variability modulates conditions at the onset and end of the growing season. The link between jet latitude
anomalies and vegetation greenness is not only specific to the climate zone, but also to the landclass and sub-
period within the growing season. It is thus important to use a locally-defined growing season for interpreting the
atmospheric controls on regional vegetation phenology. Results consistent with the correlation analysis emerge
when focussing on local high or low greenness months only or on zonal wind speed anomalies, confirming the

relevance of jet variability for vegetation activity.

1. Introduction

Climate and vegetation dynamically interact across a range of
timescales, from sub-daily to seasonal, interannual and longer (e.g.
Urbanski et al., 2007, Rodenbeck et al., 2018, Messori et al., 2019 and
Refs. therein; Bastos et al., 2021). Notably, ongoing climate change has
already had measurable impacts on global greenness and vegetation
activity (e.g. Zhu et al., 2016, Menzel et al., 2020), and future climate
change may enhance regional vegetation-climate feedbacks (e.g. Wu
et al., 2021a). Links between climate and the terrestrial carbon cycle are
active year-round (e.g. Wang et al., 2011), but the direct effects of
climate on vegetation activity occur primarily during the growing sea-
son (GS), whose timing depends on local climatic conditions and vege-
tation type (Wu et al., 2021b). The control of climatic conditions on
vegetation is often expressed in terms of local downward surface solar
radiation, temperature, soil moisture, and their combinations. The
relative importance of these different factors depends on the background

climatic conditions themselves, as well as vegetation type and subperiod
of the GS. In turn, vegetation can affect local and regional climate, for
example through its role in land-atmosphere coupling (Williams and
Torn, 2015), and by modulating surface air temperature (Wu et al.,
2017; Zeng et al., 2017) and hydroclimate (Jiang et al., 2015). This
two-way interaction can lead to complex land-atmosphere feedback
loops, in which vegetation plays a key role (Zeng and Neelin, 2000;
Meng et al., 2014; Zeng et al., 2017). Nonetheless, climatic controls on
vegetation are typically considered the first-order effect on regional and
larger spatial scales, at least in the present-day climate and extratropical
region (e.g. Messori et al., 2019, and references therein).

Here, we focus on the potential impact of climate variability on
vegetation activity. Making this complex link amenable to analysis re-
quires developing a low-dimensional representation of the high-
dimensional, chaotic spatio-temporal climatic variability. A first step
is typically to focus on the atmosphere. Other components of the climate
system (e.g., the ocean) act on timescales longer than those typical of
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vegetation responses, and their impact on vegetation is chiefly mediated
by the atmosphere (for an example relative to ENSO, see Jones et al.,
2001). A second step is to consider individual atmospheric variables,
such as temperature or precipitation (e.g. Wang et al., 2003) or multi-
variate indicators, such as drought indices (e.g. Gouveia et al., 2017).
Alternatively the atmospheric variability is collapsed into a small
number of reference states, which are typically linked to climate modes
of variability (e.g., ENSO or the North Atlantic Oscillation; Bjerknes,
1969, Hurrell and Visbeck, 2001) and the associated teleconnection
indices (Glantz, 1991). These indices have been used to explore the
climatic controls on vegetation activity. For example, Gouveia et al.
(2008) found strong evidence that the winter North Atlantic Oscillation
modulates vegetation activity during the subsequent spring and summer
in different parts of Europe, owing to the control it exerts on wintertime
precipitation and temperatures. In a later study, Gonsamo et al. (2016)
argued for wide-ranging impacts of different climate modes of vari-
ability on vegetation activity, primarily through their influence on
temperature. Notwithstanding this, climate modes of variability only
reflect a limited portion of the full atmospheric variability, and may be
difficult to relate to the underlying physical drivers (Dommenget and
Latif, 2002).

To further advance our understanding of climate-vegetation in-
teractions, there is the need for climate indices that share the immediacy
of conventional teleconnection indices, while maintaining a direct link
to the dynamical processes governing atmospheric variability. Indices
that reflect the characteristics of the mid-latitude atmospheric jet stream
provide a complementary aggregation of information on climate vari-
ability compared to climate modes, and offer a promising way forward.
Indeed, the jet streams relate to the basic physical principles governing
the large-scale atmospheric circulation (e.g. Rossby, 1947, Held, 1975,
Held and Hou, 1980), which may be conceptualised as arising from the
interplay between the mean meridional circulation, mid-latitude jet
streams and baroclinically unstable eddies. Jets also couple closely to
regional climate variability and extreme events (e.g. Gaetani et al.,
2011, Santos et al., 2013, Rothlisberger et al., 2016, Messori et al.,
2016). Finally, jet stream variability can be linked back to the climate
mode of variability paradigm, as anomalies in the jet reflect the positive
or negative phases of a number of climate modes (e.g. Woollings et al.,
2010, Messori and Caballero, 2015, Parker et al., 2019).

Jet stream indices thus have the potential to provide valuable in-
sights into climate-vegetation interactions, yet their use in this context
has been thus far limited, and the relations between jet stream vari-
ability and key drivers of vegetation activity have not been systemati-
cally explored. Belmecheri et al. (2017) provided a cogent
proof-of-concept for the applicability of jet indices to the study of
vegetation and carbon cycle variability, and Hudson et al. (2019)
leveraged the jet stream as a tool to understand tree growth variability in
the Northern Rocky Mountains in the United States of America. Both
studies have focussed on the North American continent when looking at
climate-vegetation interactions, although Belmecheri et al. (2017) also
proposed a hemispheric-scale jet index. The links between the jet stream
and vegetation activity remain unexplored in Europe.

When focussing on Europe, the mid-latitude jet over the Euro-
Atlantic sector is of particular interest. Several indices have been pro-
posed to diagnose its location and characteristics (e.g. Woollings et al.,
2010, Harnik et al., 2014, Messori and Caballero, 2015, Molnos et al.,
2017, Faranda et al., 2019, Messori et al., 2021). Here, we use the Jet
Latitude Index (JLI) and Zonal Speed Index (ZSI). The former identifies
anomalies in the meridional location of the jet, while the latter reflects
anomalies in the mean zonal windspeed across the North Atlantic and
Europe at a given latitude. The ZSI thus complements the JLI, by
providing large-scale flow information also at latitudes that do not
correspond to that of the jet. We explore the correlation between these
two indices and vegetation activity across Europe, based on the
two-band Enhanced Vegetation Index (EVI2). We focus on a
locally-defined GS, which we argue is key for interpreting the
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atmospheric controls on regional vegetation activity. We hypothesize
that the JLI and ZSI explain anomalies in vegetation activity, through
the location-specific relations between them and key vegetation drivers,
Further, we test whether the JLI modulates the local GS onset and end.
This illustrates the insights that jet and zonal flow indices can afford in
the context of climate-vegetation interactions.

2. Data and methods
2.1. Data

To compute the jet and zonal flow indices, we use the 6 h zonal
component of the wind at 300 hPa for the period 1981-2019 from
ECMWEF’s ERA5 reanalysis data set (Hersbach et al.,, 2020), with a
horizontal resolution of 0.5°. The effects of different jet stream config-
urations on the climate in Europe are diagnosed using monthly-averaged
2m air temperature (hereafter referred to simply as temperature) and
total precipitation from the same reanalysis dataset at the same spatial
resolution. The total precipitation represents the sum of large-scale and
convective precipitation, with a 1-day accumulation period.

The variability of vegetation activity over Europe was inferred from
EVI2 data (Jiang et al., 2008), derived from the multi-sensor Vegetation
Index and Phenology satellite product. EVI2 improves vegetation signal
sensitivity for high-biomass ecosystems relative to the Normalized Dif-
ference Vegetation Index, while minimising the confounding influence
of soil and atmospheric conditions, including aerosols, on said signal
(Jiang et al., 2008). It provides one of the longest available continuous
records of satellite-based vegetation index (1981/01-2014/12) at
bi-weekly and 0.05° resolutions.

A number of additional datasets were used to investigate the local
climate-vegetation coupling, including downwards surface solar radia-
tion (hereafter simply radiation) from ERAS5 (Hersbach et al., 2020), and
root-zone soil moisture from the Global Land Evaporation Amsterdam
Model (GLEAM, Miralles et al., 2011; Martens et al., 2017). These data
sets have monthly temporal and 0.25° spatial resolution. The 0.5°
monthly frost day frequency from CRU TS404 (Harris et al., 2020) was
used to define the local GS in combination with the vegetation
phenology. The 0.05° MODIS IGBP landclass data set MCD12C1 (Friedl
et al., 2010) and the 0.5° Koppen-Geiger climate classification (Kottek
et al., 2006) were used to partition the data according to climate zone
and land-cover type. Specifically, we consider eight land-cover types
(EF: evergreen forest; DF: deciduous forest; MF: mixed forest; WS: closed
shrubland, open shrubland, and woody savanna; GRS: grassland and
savanna; CRP: crop land and natural vegetation mosaic; SIB: for snow,
ice, barren soil, and sparse vegetation; Fig. Sla) and seven zones
grouped according to climate and location (two Mediterranean, two
Boreal and three Temperate zones; Fig. S1b). All the datasets were
harmonized at monthly and 0.5° resolutions for the analysis, following
Wu et al. (2021b). The temporal resampling was conducted by calcu-
lating mean values. The spatial resampling used a bilinear approach. For
the landclass data, each 0.5° gridbox was assigned the landclass
covering the largest areal fraction.

2.2. Methods

2.2.1. Jet and zonal flow indices

We consider two indices computed over the North Atlantic and
Europe: the Jet Latitude Index, JLI, quantifying anomalies in the
meridional location of the jet, and the Zonal Speed Index, ZSI, quanti-
fying anomalies in the mean zonal windspeed at a given latitude.

To determine the JLI, we build upon the approach of Woollings et al.
(2010). We compute the daily, zonal-mean zonal wind at 300 hPa at
each latitude in the region 75° W-50° E and 10°-80° N, representing the
North Atlantic and Europe. The latitude of the maximum zonal-mean
zonal wind is taken as the jet’s latitude. The mean maximum wind-
speeds range from 33.9 m s~ ! during December-January-February (DJF)
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to 22.5 m s~ during June-July-August (JJA), with the corresponding
standard deviations being 5.1 and 4.0 m s~1. Next, a jet latitude seasonal
cycle is computed as the average daily jet latitude over all years in the
dataset, smoothed with a 30-days running mean window. The JLI is then
obtained as the daily deviation of the jet latitude from its seasonal cycle,
aggregated on a monthly scale.

The ZSI for a given latitude in the range 10°-80°N, is defined based
on the zonal-mean zonal wind at 300 hPa over the region 75° W-50° E.
Similar to the JLI, the ZSI is computed as the deviation of the zonal-mean
zonal wind from its seasonal cycle on a daily basis, and then aggregated
on a monthly scale.

2.2.2. Locally-defined growing season

We use a locally-defined GS averaged over all years in our data, to
capture the key periods for vegetation activity (Fig. S2). Following Wu
et al. (2021b), the start of season is defined as the first month after the
yearly minimum EVI2 when vegetation greenness is increasing, reaches
at least 15% of the effective greenness (the difference between the
maximum and minimum greenness within a seasonal cycle) and more
than 15 days are frost-free. Similarly, end of season is the last month
after the start of season with greenness decreasing yet remaining above
15% of the effective greenness and more than 15 frost-free days. The
peak of season is defined as the average of the months with greenness
attaining at least 85% of effective greenness. This allows splitting the GS
in two subperiods: early GS, i.e. the period between start of season and
peak of season; and late GS, i.e. the period between peak of season and
end of season. When we instead refer to meteorological seasons, we
equate summer with JJA, autumn with September-October-November
(SON), winter with DJF and spring with March-April-May (MAM).

2.2.3. Assessment of the climate—vegetation coupling

To quantify the climate-vegetation coupling, we compute vegetation
and climate anomalies and their correlations. The former anomalies are
based on EVI2; the latter anomalies on both the climate variables
described in Sect. 2.1 and the jet and zonal flow indices (Sect. 2.2.1).
Both vegetation and surface climate data are deseasonalised using the
monthly local seasonal cycle (i.e. the long-term mean of monthly or 30-
day values), and detrended. Unless otherwise stated, statistical signifi-
cance is evaluated using a 1-sample Student’s t-test. Hereafter, we refer
to the correlation between the EVI2 anomalies and JLI as EVI2-JLI
correlation. In the case of a GS subperiod spanning several months (e.g.
early GS or late GS), the correlation is computed using the mean values
of the relevant variables throughout that subperiod. Both simultaneous
(lag 0) and asynchronous climate-vegetation couplings are analysed.
For example, for the case of a region with early GS in May and June, the

lag-0

lag-1
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lag 0 analysis relates average vegetation anomalies in May and June to
average climate anomalies during the same months. The asynchronous
analysis at lag -1 months relates average vegetation anomalies in May
and June to average climate anomalies in April and May.

3. Jet variability and vegetation activity in Europe
3.1. The jet as a dynamical control of vegetation activity

Jet stream variability is closely related to GS conditions over large
parts of Europe. EVI2-JLI correlations are generally positive in boreal
Fennoscandia, but negative elsewhere, with rare and mostly non-
significant exceptions (Fig. 1). Extended regions of significantly nega-
tive correlations are largely limited to boreal eastern Europe, while
Temperate and Mediterranean regions display weaker correlations with
a noisy spatial pattern. As discussed below, the sign and strength of the
correlations are mediated by canonical vegetation controls such as soil
moisture, radiation and temperature over broad swaths of the continent.

Since Europe spans a number of different climate zones and land-
classes (Fig. Sla, b), there is a large geographical variation in the relative
importance of soil moisture, radiation and temperature as controls of
vegetation during the GS and its subperiods. In many regions it is
difficult to point to which of these three drivers is most important, in
particular for the entire GS (Fig. S1c). Indeed, different drivers are often
relevant for different GS subperiods (cf. Fig. S1d, e). In the entire GS, soil
moisture is the dominant control in the Iberian Peninsula and parts of
central Europe, while temperature or radiation are more important at
higher latitudes and/or altitudes (e.g., central and northern Fenno-
scandia, parts of the Carpathians; Fig. S1c). This reflects the factors
limiting vegetation growth, canonically water in southern Europe and
energy in Northern Europe or at high-altitude locations. In the early GS,
temperature and radiation are the key drivers across most of the conti-
nent except Iberia (Fig. S1d), whereas in the late GS soil moisture
dominates in central and southern Europe and radiation in northern
Europe (Fig. Sle).

JLI correlates significantly with temperature, soil moisture and ra-
diation anomalies regionally, but the sign and strength of these corre-
lations depend on location and season (Figs. 2a, d, g and S3a-1). This
may largely be ascribed to the seasonality of atmospheric dynamics,
such as differences in the average meridional location of the jet and the
different characteristics of both oceanic and continental air masses
throughout the year. The different landclasses dominating the different
latitudes may also play a role, although this would be hard to isolate. By
virtue of the large specific heat capacity of water, in the warmer months
the moist oceanic air is generally cooler than the continental airmasses,

lag-2

EVI2~JLI(r)

-0.6 -0.4 -0.2

0 0.2 0.4 0.6

Fig. 1. GS EVI2-JLI correlation coefficients at lags of 0, -1 and -2 months (where at negative lags the signal in the JLI timeseries precedes the signal in the EVI2
anomaly timeseries). Gridpoints with a significant correlation coefficient (p < 0.05) are stippled. In all figures, unless otherwise specified, white indicates no data, no

GS due to invalid data points, or (near-) zero correlation.
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lag-2

Temp.~JLI(r)

Rad.~JLI(r)

SM~JLI(r)

-0.6 -0.4 -0.2

0 0.2 0.4 0.6

Fig. 2. GS correlation coefficients of temperature (Temp., a-c), radiation (Rad., d—f) and soil moisture (SM, g-i) anomalies with JLI at lags of 0, -1 and -2 months
(where at negative lags the signal in the JLI timeseries precedes the signal in the Temp., Rad., or SM anomaly timeseries). Gridpoints with a significant correlation

coefficient (p < 0.05) are stippled.

whereas the opposite holds in winter. Thus, the implications of a
strengthened or weakened westerly flow also change. The correlation of
JLI with temperature anomalies during the GS is generally positive and
significant over the northern half of the continent, and weakens to the
south (Fig. 2a). GS months when the jet stream lies to the north of its
climatological position thus correspond to warmer temperatures in the
north, and vice-versa for southward shifts. The implications of a north-
ward shift of the jet in terms of atmospheric dynamics are particularly
evident during summer, when the jet is climatologically further north
than in winter (e.g. Woollings et al., 2014). A northward shift implies
that the jet is to the north of much of Europe and indeed positive JLI
events show a weaker than usual zonal flow over continental Europe
(Fig. S4b). Fig. S4b additionally shows a jet stream core ending in the
middle North Atlantic, suggesting a blocked atmospheric flow, or more
broadly a weakening and/or distortion of the climatological westerly
flow in the North Atlantic. Such a flow limits the influx of comparatively
cool oceanic airmasses over the continent. A negative JLI has the
opposite effect, corresponding to enhanced zonal advection of oceanic
airmasses over the continent (cf. Fig. S4b, f).

Consistently with this picture of the atmospheric dynamics, we see a
positive correlation between temperature anomalies and JLI during JJA
over much of continental-northern Europe, the British Isles and Fenno-
scandia (Fig. S3b). Composite anomalies, conditioned on large or small
JLI values, further highlight that a northward-shifted jet during JJA
corresponds to moderate positive temperature anomalies over the same
regions and months, when compared to a southward-shifted jet
(Fig. S5b). Since the GS in northern Europe and Fennoscandia generally
spans the whole summer period (Fig. S2), the correlation pattern in
Fig. 2a is fully consistent with these jet-mediated circulation anomalies.
The spatial pattern of simultaneous correlation of JLI with radiation
anomalies (Fig. 2d) follows relatively closely that of temperature and
further supports our dynamical interpretation. During summer, warm
spells and a weakened influx of moist oceanic air over northern Europe
are typically associated with clear skies, and hence enhanced solar ra-
diation reaching the surface (see also Fig. S3f).

In contrast to radiation, soil moisture anomalies and JLI are signifi-
cantly negatively correlated in northern Europe, Fennoscandia and the
British Isles (Fig. 2g). Hence, soils are dryer (wetter) there when the jet is
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shifted northwards (southwards). This is in line with a northward-
shifted jet in summer corresponding to a diversion and/or weakening
of the climatological westerly advection of moist oceanic air towards the
continent, and leading to warmer temperatures and higher levels of
radiation (see also Fig. S3j). A southward-shifted jet in summer effects
the opposite result. Indeed, positive JLI values during JJA correspond to
decreased precipitation over much of the British Isles and northern
Europe when compared to negative JLI values (Fig. S5f).

We ascribe the generally non-significant correlations shown in Fig. 2
across the Mediterranean basin and southern Europe to the very long GS
in these regions, which conflates months displaying radically different
meteorological characteristics. Indeed temperature, and to a lesser
extent radiation and soil moisture anomalies, show correlations of
opposite signs with the JLI depending on the meteorological season
(Fig. S3). Analysing correlations for data aggregated over GS subperiods
may provide additional information in this context.

The correlation analysis between JLI and GS conditions at lags of -1
and -2 months, i.e., for the signal in the JLI timeseries preceding the
signal in the soil moisture, temperature or radiation anomaly timeseries
(Fig. 2b, c, e, f, h, i), provides results similar to lag 0. The exceptions are
the southern British Isles and northern France/Benelux, where the cor-
relations with temperature and radiation anomalies decrease with lag
from moderately positive to moderately negative, while that with soil
moisture displays the opposite shift. These regions display a start of
season in early spring (Fig. S2a), and thus lag -2 includes JLI values for
late winter. During late winter, there is a positive correlation between
JLI and soil moisture anomalies and a negative correlation between JLI
and radiation anomalies in the southern British Isles and northern
France/Benelux (not shown). Indeed, the jet is climatologically further
south than in summer, meaning that a northward (southward) jet
excursion in that season does not necessarily imply a weakened
(strengthened) advection of moist oceanic air over these regions. The
JLI-soil moisture link during late winter may in turn modulate the
conditions in the early part of the GS.

The observed correlations between JLI and EVI2 anomalies can be
explained by the control of the jet stream on GS conditions across the
continent. For example, the positive correlations in boreal Fennoscandia
are likely mediated by local early GS temperature (Fig. S1d; Fig. Sé6a,
Fig. S7a). In this region GS are short (Fig. S2d), and the timing of suitable
thermal conditions and the occurrence of damaging spring frost control
plant activity during the early GS (Marquis et al., 2020; Muffler et al.,
2016). Indeed, the correlation between JLI and EVI2 anomalies is
strongest in the early GS (see Sect. 3.2). Boreal eastern Europe, despite
also belonging to the boreal domain, displays primarily negative
EVI2-JLI correlations (Fig. 1). This likely reflects the role of multiple
factors, including soil moisture anomalies which are negatively corre-
lated with the JLI in the region (Fig. 2g), and radiation anomalies
(Fig. S1c). The former are of particular importance during the late GS
(Fig. Sle), when they correlate positively with EVI2 anomalies
(Fig. S7f), promoting an overall negative EVI2-JLI correlation. The
persistence of soil moisture may explain the strong negative correlation
found in the area for lag -2, which would then relate soil moisture during
the peak GS to vegetation greenness in the late GS (Fig. 1c). Radiation
anomalies are instead of particular importance during the early GS
(Fig. S1d) and are positively correlated with JLI yet negatively or
neutrally correlated with EVI2 anomalies over much of Boreal eastern
Europe (Fig. S7c¢), consistent with a negative EVI2-JLI correlation. We
speculate that high radiation correlates with large diurnal temperature
ranges, such that vegetation receives a high radiation input at
sub-optimal temperatures for photosynthesis and suffers photooxidative
damage (e.g., Oquist and Huner, 2003). The relative importance of soil
moisture and radiation varies across boreal eastern Europe, with radi-
ation dominating in the southern portion of the region (Fig. Slc).

Jet anomalies also modulate the start and end of season conditions at
multiple lags. At the start of season, eastern Fennoscandia, central-
western, southern and south-eastern Europe show geographically
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coherent regions of significant positive EVI2-JLI correlations (Fig. 3a).
These are also reflected in the correlations aggregated by climate zone
and landclass, with the majority of landclasses in Boreal Fennoscandia,
the three temperate climates and the central-eastern Mediterranean
displaying significant positive correlations (Fig. S8a, c—e, g). Significant
negative correlations are instead found in eastern Europe and the
southern part of the British Isles (Fig. 3a), although these do not emerge
clearly at a spatially aggregated level (Fig. S8b, c). The strongest cor-
relations in many regions are observed at non-zero lags (Fig. 3c). Less
clear patterns emerge for end of season (Fig. 3b), although there are
generally negative correlations around the Mediterranean, as also re-
flected in the aggregated data for all but one of the landclasses in the two
Mediterranean climate zones (Fig. S8f, g).

The definitions of the start of season and end of season (Sect. 2.2.2)
imply that both should reflect large local EVI2 anomalies. As such, the
significant EVI2-JLI correlations shown in Fig. 3a, b support anomalies
in the jet’s latitudinal position modulating start of season and end of
season timings. We cannot directly verify this in the bi-weekly EVI2
data, because year-to-year variations in GS timing are likely shorter than
two weeks for most of Europe (Chmielewski and Rotzer, 2002; Jeong
et al., 2011). Nonetheless, the lagged start of season correlations un-
derscore the importance of the pre-GS conditions for the initial phase of
the GS (Fig. 3c). Such lagged effects are likely caused by multiple
location-dependent mechanisms, from snow accumulation during the
cold season modulating later water availability (e.g. Wang et al., 2018),
to autumn and winter temperatures (e.g. Fu et al., 2012, Beil et al.,
2021) or winter precipitation (Yun et al., 2018) affecting spring bud-
burst. In Fennoscandia, England and eastern Europe, the maximum
EVI2-JLI correlation pattern for the start of season (Fig. 3a) broadly
matches that of the entire GS (Fig. 1a), even if the maximum correlations
are mostly found at negative lags (Fig. 3c). This points to the importance
of pre-GS conditions in determining the start of season and directly or
indirectly affecting the entire GS. Over much of France and southern
Europe, the positive correlations in Fig. 3a are not seen for the entire GS,
suggesting that pre-GS lagged climate effects are important at the start of
season, but are confounded by other processes during the rest of the GS.
The longer GS in the more southern locations (Fig. S2d) supports this
explanation.

Altogether, these results suggest that jet variability modulates GS
onset, with a northward- (southward-)shifted jet bringing an earlier
(later) GS start to a large part of Europe. Over several of the regions
showing a positive correlation in Fig. 3a, the start of season occurs in
early spring to early summer (Fig. S2a), when the JLI displays a positive
correlation with temperature and radiation anomalies over much of the
continent (Fig. S3a,e), and when soil moisture is typically not the
dominant control on vegetation (Fig. S1d). In turn, temperature anom-
alies at start of season strongly and positively correlate with EVI2 across
Europe (not shown, see Fig. S7a for early GS). Conversely, for end of
season the widespread area of negative correlations between JLI and
temperature anomalies in parts of the Mediterranean region (Fig. S3b)
suggest an earlier (later) end of season there when the jet is shifted
northwards (southwards). A northward-shifted jet at the end of season is
associated with decreased soil moisture in much of the region, and the
converse holds for a southward-shifted jet. Soil moisture is in turn the
dominant control on end of season, especially where the GS ends during
the summer months (not shown).

3.2. Spatio-Temporal Modulators of the Role of Jet Variability

The sign and strength of the correlation between EVI2 anomalies and
JLI depend not only on the climate zone (Fig. 1, S1b) but also on the
dominant landclass and GS subperiod (Fig. 4). JLI is positively corre-
lated to EVI2 anomalies in boreal Fennoscandia (Fig. 4a), in particular
during the early GS, regardless of landclass. In boreal and temperate
eastern Europe, significant correlations with JLI are negative for all
landclasses except DF (Fig. 4b, e). In Western Europe, the largest
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start of season (SOS), and (b, d) end of season (EOS). In (a, b), gridpoints with a significant correlation coefficient (p < 0.05) are stippled.

negative correlations are found for WS and CRP, with late GS correla-
tions being significantly more negative than early GS ones (Fig. 4c).
Finally, in the Mediterranean region JLI and EVI2 anomalies are nega-
tively correlated, in particular for the entire GS and late GS (Fig. 4f, g).

Patterns of significant EVI2-JLI correlations are consistent across the
different landclasses within each climate zone, except in eastern and
central Europe. In boreal eastern Europe, DF is significantly positively
correlated with JLI during the early GS, whereas the other landclasses
are negatively correlated (Fig. 4b). DF is primarily located along the
Carpathian range, and its high altitude makes it sensitive to temperature
anomalies, which are positively correlated with JLI there (Figs. S1d,
S6a). In temperate central Europe, EF and CRP have both weak but
significant entire GS correlations with JLI, yet EF is positively correlated
with JLI, while CRP is negatively correlated (Fig. 4d). CRP includes
annual plants, which are highly dependent on soil moisture, in partic-
ular soon after establishment. EF has a well-established root system from
previous years, and temperature and radiation conditions likely play a
more important role.

Depending on landclass and climate zone, any of early GS, late GS or
entire GS correlations can dominate. Correlations are stronger in the late
than in the early GS in the Mediterranean and in some of the temperate
regions and landclasses, while early GS displays the higher correlations
in the boreal climates (Fig. 4). There, spring conditions are key for
phenology and summer activity (Wu et al., 2021b), whereas different
drivers likely combine (and confound the relation of EVI2 with JLI)
during late GS: temperature and radiation (Fig. Sle, Hanninen and
Tanino, 2011; Way, 2011), but also summer water availability and
timing of spring phenology (Keenan and Richardson, 2015; Sade et al.,
2018). Conversely, in parts of the Mediterranean region — including

Iberia and southern Italy — the bulk of the GS is outside of the canonical
summer months and the end of season occurs in early to mid-summer
(Fig. S2). The negative EVI2-JLI correlation in these regions mirrors
the negative correlation between JLI and soil moisture anomalies during
the late GS (Fig. S6f). Finally, over crop and shrubland-dominated parts
of western Europe, unlike in the boreal regions, the JLI-soil moisture
anomalies correlation in the late GS is stronger than the JLI-temperature
anomalies correlation in the early GS (e.g. eastern England, cf. Fig. S6a,
f). This results in a stronger EVI2-JLI correlation during late GS for these
landclasses. Indeed, the late GS in temperate western Europe comes in
late summer and autumn, when the JLI correlates negatively with soil
moisture anomalies (Fig. S3 j, k) and when soil moisture is a strong and
positive controlling factor in the region (Figs. Sle, S7f).

The above-discussed relative importance of early versus late GS
correlations is in partial agreement with the results obtained for ca-
nonical climate modes of variability, such as the North Atlantic Oscil-
lation and East Atlantic Pattern. The impact of these modes on EVI2 was
found to be generally largest during the initial months of the GS in both
the boreal and temperate climate zones, while no clear dependence on
growing season subperiod emerged in the Mediterranean region (Wu
et al., 2021b). We ascribe the differences between our results and those
of Wu et al., (2021b) in the temperate and Mediterranean regions to the
different information conveyed by the JLI relative to indices such as the
North Atlantic Oscillation or East Atlantic Pattern. Indeed, the normal-
ised indices of climate modes are often defined relative to a fixed
monthly or seasonal spatial pattern in some atmospheric or oceanic
variable, while the JLI continuously tracks the jet’s location throughout
its seasonal cycle. Taking temperate western Europe as an example, we
argue that the close relationship between the JLI and late GS EVI2 is
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mediated by soil moisture, whose anomalies have a variable correlation

with JLI across seasons (Fig. S3i-1).

The analysis thus far provides a clear link between the jet stream

founding effects exerted

dynamics and vegetation activity. This is in spite of the potential con-

by the pre-GS conditions, evidenced by the

strong EVI2-JLI correlations lagged by a few months (Fig. S9). Similar to
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the synchronous correlations, the lagged correlations are stronger in the
late GS than in the early GS for several landclasses and climate zones.
This suggests an important role of early GS or peak of season conditions
in modulating late GS EVI2. In some climate zones, such as boreal
eastern Europe, allowing for lags in the EVI2-JLI correlation actually
shifts the relative strengths of early GS versus late GS correlations (cf.
Figs. 4b, S9b). However, in many other zones and landclasses the lagged
correlations of EVI2 anomalies with the JLI tend to be relatively sta-
tionary on timescales of 1-2 months (cf. Fig. 4, S9), pointing to robust JLI
impacts on vegetation. The variability of correlation with lag is larger for
climate modes of variability (Wu et al., 2021b; note that they aggregated
results over different geographical areas than those used here), again
pointing to the complementarity of the jet and climate mode analyses.

Composites of JLI conditioned on GS with locally anomalously high
or low EVI2 values (Fig. 5), reflect the EVI2-JLI correlations. In other
words, many landclass—climate zone combinations that display signifi-
cant EVI2-JLI correlations also show large absolute JLI values when
compositing on anomalously high or low GS EVI2. In boreal Fenno-
scandia, anomalously low GS EVI2 correspond to significant negative JLI
values for all landclasses (Fig. 5a). In this region in general EVI2-JLI
correlations are strongly positive (Fig. 4a), and the southward-shifted jet
during anomalously low GS EVI2 reflects a cooler early GS in the region
(Fig. S6a). Boreal eastern Europe and the temperate and Mediterranean
regions also show a close match between EVI2-JLI correlations and JLI
values for anomalously high or low GS EVI2 (cf. Figs. 4b-g, 5b-g). For
example, boreal eastern Europe displays significant negative JLI values
during anomalously high GS EVI2 (Fig. 5b). The only exception is DF,
which is also the only landclass in the region not displaying a significant
entire GS EVI2-JLI correlation.

We complement the picture provided by the JLI by analysing the ZSI.
The latter does not track a dynamical feature of the atmosphere as done
by the JLI, but instead measures anomalies in the zonal flow at a fixed
latitude. It therefore provides information on the relation between
climate zone, windspeed, landclass position and GS EVI2 in an absolute
sense, as opposed to relative to the location of the jet stream. As done for
the JLI, we test whether large anomalies in EVI2 correspond to large ZSI
values. This would mean that zonal flow variability at a given latitude
has a physical footprint on vegetation greenness at such latitude, sup-
porting the relevance of dynamical atmospheric indicators for the study
of vegetation activity in Europe.

In general, the ZSI and JLI composites are consistent with one
another, although the largest composite values occur in different climate
zones and geographical regions. In temperate eastern Europe, anoma-
lously low GS EVI2 correspond to significant positive ZSI for all land-
classes, while only GRS and CRP for anomalously high EVI2 show a
significant signal in JLI (Fig. 5e). Since this region is relatively far from
the Atlantic, the influence of the jet is likely dictated by how far the
zonal flow extends over the continent, and latitudinal jet shifts with
weak zonal winds play little role. The largest speed anomalies are
observed in the Mediterranean region, where there is a close match
between anomalously high GS EVI2 and positive speed anomalies and
anomalously low GS EVI2 and negative speed anomalies (Fig. 5f, g). The
large magnitude of the ZSI composites may partly be ascribed to the
climatologically stronger large-scale zonal atmospheric flow —and hence
larger variability in absolute terms — during spring and autumn than
during summer (e.g. Koch et al., 2006). The GS in much of the Medi-
terranean region spans all these meteorological seasons, while in most of
the rest of Europe only parts of spring and autumn are included (Fig. S2).
Combining this information with that from the JLI, the picture in the
Mediterranean region is of a southward-shifted, fast-flowing jet during
anomalously high GS EVI2, and a northward-shifted, slow jet during
anomalously low GS EVI2. It is indeed the case that a southward-shifted
jet tends to be intense, zonally extended and exit over the western
Mediterranean during spring, summer and autumn (Fig. S4e-g). This jet
configuration favours the inflow of moist oceanic air to the region
especially during spring and autumn, when compared to a
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northward-shifted jet (Fig. S5 e,g). We conclude that the variability of jet
and zonal flow indices can be mapped to large-scale anomalies in both
the atmospheric circulation and vegetation greenness in Europe. This
supports the JLI correlations discussed above having a clear physical
footprint.

4. Further discussion and conclusions

The European vegetation activity and climate variability are closely
connected by feedback loops and two-way interactions (see Introduc-
tion). Here, we focussed on how climate variability may control vege-
tation activity across the continent. We showed that jet stream
variability can help to understand this complex link by relating canon-
ical drivers of vegetation activity to large-scale atmospheric dynamics,
and effectively explains regional EVI2 anomalies over large parts of
Europe. We have specifically related remotely-sensed vegetation
greenness (EVI2) to an index related to the meridional location of the
North Atlantic jet (JLI) and one related to zonal windspeed across the
North Atlantic and Europe (ZSI). These two indices are grounded in the
large-scale dynamics of the atmosphere. Unlike commonly used indices
of climate modes of variability, they do not rely on projections of climate
variables on fixed spatial patterns or decomposition in orthogonal
modes.

The correlation of EVI2 anomalies with the JLI points to a significant
control of the jet latitude on growing season (GS) conditions over large
parts of Europe, mediated by the specific factor(s) governing vegetation
greenness in each region. Indeed, the JLI shows regionally significant
correlations with temperature, soil moisture and downward surface
solar radiation anomalies throughout the year, with patterns changing
seasonally due to differing climatological conditions. Almost the whole
of Fennoscandia — a region mostly controlled by temperature and radi-
ation — shows a positive correlation between GS greenness anomalies
and jet latitude anomalies. Conversely, the same correlation is pre-
dominantly negative in eastern Europe, reflecting the combined effect of
radiation and soil moisture anomalies there. The role of the jet in
modulating vegetation greenness across landclasses and climate zones
highlights a rich variety of local features. Jet stream variability can also
modulate the onset and end of the GS across Europe. The correlations
between EVI2 anomalies and the jet and zonal flow indices have a clear
physical footprint, as apparent when conditioning JLI and ZSI on locally
anomalously high or low GS greenness. We argue that this supports a
causal relationship between jet variability and anomalies in vegetation
activity. As a caveat, our correlation analysis is unable to distinguish the
relative importance of southwards versus northwards shifts of the jet,
except for the analysis focusing on the anomalously high or low GS
greenness. Moreover, a rigorous proof of causation would require a more
detailed statistical investigation, and a mechanistic understanding of the
vegetation-based processes explaining the greenness response to jet
variability.

Differently from previous studies based on fixed-month GS, we
considered a locally-defined GS. This enables us to focus on the months
relevant to local vegetation activity and directly compare the vegeta-
tion—climate coupling for different land-cover types at a specific GS
stage. For example, the climate anomalies associated with a meridional
excursion of the jet in late July — the peak growing period over much of
Scandinavia — are radically different from those in winter - the core GS
over the warmer parts of the Mediterranean region (Figs. S2, S3). The
use of a single set of GS months would confound this signal, and we
argue that a locally-defined GS provides additional insights into the
atmospheric controls on regional vegetation greenness (e.g. c.f. Fig. 3 in
Gonsamo et al. (2016), based on a fixed-months GS with Fig. 5 in Wu
et al. (2021Db)), based on a locally-defined GS). We further divide the GS
into two subperiods: early GS and late GS. In agreement with Wu et al.
(2021b), we find a differential contribution of these two subperiods to
the climate-vegetation coupling in Europe.

The emerging strong relationship between jet stream variability and
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vegetation greenness has implications at multiple timescales. The sig-
nificant correlations between JLI and EVI2 anomalies at lags of several
months are potentially relevant in a sub-seasonal to seasonal vegetation
predictability perspective. Indeed, variations in jet latitude are a key
source of seasonal predictability in the Euro-Atlantic sector (Parker
et al.,, 2019). The jet can also display extreme anomalies on seasonal
scales (e.g. Santos et al., 2013). The impacts of persistent jet anomalies
on vegetation are yet to be investigated. In a long-term variability and
climate change context, historical data and reconstructions show that
the jet stream displays significant interdecadal variability (e.g. Wool-
lings et al., 2014). Climate model simulations further produce a pole-
ward shift of the jet and an enhanced jet speed seasonal cycle under
greenhouse forcing (Stendhel et al., 2021, and references therein),
although the physical mechanisms underlying these changes are
debated (Shaw, 2019). The study of jet-vegetation interactions,
including both jet location and large-scale zonal windspeed, can thus
provide a lens to relate dynamical changes and variability of the at-
mospheric circulation to impacts on vegetation activity.
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