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Abstract

Linking jet stream variability and the NAO to the terrestrial carbon cycle in
Europe
Emma Rosengren

The terrestrial carbon cycle is a part of the global carbon cycle, where one important
component is the terrestrial vegetation. Terrestrial vegetation largely controls the land
surface carbon exchanges and leverage the atmospheric greenhouse gas
concentrations, significantly affecting the trajectory of global warming. It is therefore
important to improve the understanding of vegetation response to different climatic
factors, in particular for those linked to large-scale climate variability, which is still less
studied so far. Vegetation greenness is suggested to be a useful tool in order to
understand vegetation response. Looking at Europe, the climate factors that affect
vegetation the most are linked to the large-scale atmospheric circulation over the
North Atlantic, like the jet stream, which varies in speed and latitude, and the North
Atlantic Oscillation (NAO). Here, I compute monthly indices representing the
variability of these atmospheric features, and correlate them with monthly vegetation
greenness data (NDVI) anomalies over a period of five years. This is done both for
regionally-averaged NDVI and the months April-July and as a geographical
point-by-point analysis for the month of May. The results show a significant
correlation between Scandinavian NDVI and the NAO as well as jet speed at multiple
time lags, up until 2 months. The jet latitude, instead, showed significant correlation
for three regions in mid/southwestern Europe at longer time lags of 3-4 months. This
means that the position of the jet in winter can affect the spring vegetation growth in
this area. The jet speed and NAO, however, works mostly at shorter timespans.
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Sammanfattning

Jetströmsvariabilitet samt NAO och deras koppling till den jordbundna
kolcykeln i Europa
Emma Rosengren

Den jordbunda kolcykeln, som är en del av den globala kolcykeln, består av olika
komponenter där en viktig del är vegetation. Växtlighet på land kontrollerar till stor del
utbytet av kol vid jordytan och har därigenom inflytande på atmosfäriska
växthusgaskoncentrationer, vilket medför stor påverkan på global uppvärmning. Det
är därför viktigt att förbättra förståelsen för hur vegetation reagerar på olika
klimatologiska faktorer, särskilt de som är kopplade till storskalig klimatvariabilitet då
dessa kopplingar har studerats i mindre utsträckling hittils. Ett bra sätt att mäta den
jordbunda kolcyklen på är med grönhet av vegatation. Om vi beaktar Europa så är
det främst storskaliga atmosfäriska cirkulatoiner över norra Atlanten av de
klimatologiska faktorerna som påverkar vegetation. En av dessa faktorer är
jetströmmen, vilken varierar i fart och latitud, samt Nordatlantiska Oscillationen
(NAO). I detta arbete beräknar jag index som representerar variationen i dessa i form
av månadsgenomsnitt och korrelerar dem med månatlig data över avvikelser i
vegetationsgrönhet (NDVI) över en femårsperiod. Det här gjordes för både regionala
medelvärden och månaderna april-juli samt en geografisk punkt till punkt analys
utförd för maj. Resultatet visar att det finns en signifikant korrelation mellan NDVI i
Skandinavien och NAO samt jetfarten vid flera tidsfördröjningar, upp till 2 månader.
Jetlatituden visade däremot signifikant korrelation för tre regioner i centrala/sydvästa
Europa vid längre tidsfördröjningar på 3-4 månader. Detta innebär att positionen på
jetströmmen under vintern kan påverka vegetationstillväxten under våren i detta
område. Jetfarten och NAO påverkar däremot mest vid kortare tidsspan.
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1. Introduction

Carbon dioxide (CO2) is a potent greenhouse gas, which means that it has a
significant effect on climate. Its atmospheric concentration and exchanges with stocks
in the oceans and land is determined by both natural cycles and anthropogenic
emissions, where the natural cycles are affected by many different climatic, geological
and other factors. Collectively, this complex interplay is known as the Carbon Cycle.
In order to create better projections and simulations of future climates it is crucial to
understand the global carbon cycle and what relations its different factors have with
each other. One important factor in the global carbon cycle is vegetation, as it
absorbs and stores large amounts of carbon. Vegetation, however, can be fairly
sensitive to extreme weather or a changing climate and may therefore absorb or
release large amounts of carbon over relatively short periods. This means that
climate has a significant effect on the carbon cycle and that the relationship between
these two is of interest to explore (Chapin, Matson & Vitousek, 2011).

The focus in previous studies has mainly been concentrated on correlations with
single variables such as precipitation or temperature when it could be more useful to
take a multi-variate approach. One such approach utilises climate modes of
variability, which are recurrent climate patterns that are often oscillatory or
semi-oscillatory. These often correspond to anomalies in regional climate and can
therefore be used as a summary of complex variations in several variables. In order
to utilise this convenience the activity and phase of the pattern is expressed as
numerical indices, often called climate indices. The usage of climate indices is an
effective way of considering multiple variables without the mathematical complexity of
a multi-variate analysis (Messori et al, 2019). Because of the usefulness of climate
indices they will be used in this thesis by correlating their anomalies with anomalies in
a vegetation index in order to find significant relationships between them. The
vegetation index is a representation of the terrestrial carbon cycle, in this case NDVI
was used, which indicates the greenness of land surface closely related to the
phenological status of vegetation and can be retrieved from remote-sensing products
(Weier & Herring, 2000).

The focus region of this project is Europe, which makes the atmospheric circulation
over the North Atlantic and Europe of particular interest. The large scale flow of these
regions is predominantly westerly and is characterised by the presence of a strong
jet, often termed the North Atlantic Jet (Woolings, Hannachi & Hoskins, 2010). The
latitudinal flow of this jet stream is significantly affected by the North Atlantic
Oscillation (NAO) which is a large scale redistribution of atmospheric mass between
the Arctic and subtropical Atlantic. This causes changes in mean wind speed and
direction over the Atlantic, heat and moisture transport from sea to land and also the
number of storms, their tracks and more generally weather over the European
continent (Hurrell et al, 2003).

The goal of this project is to answer the question "is there any significant direct or
lagged correlation between the NDVI vegetation index in Europe and any set of
climate indices including: jet latitude, jet speed and NAO". This will be approached
with two methods: averaging the vegetation index over regions and point-by-point
geographical analysis.
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2. Background

2.1 The carbon cycle and vegetation

The carbon cycle is a complex global cycle of carbon between the different
components of the Earth system (atmosphere, ocean, land and lithosphere) (Messori
et al, 2019). This cycle is heavily affected by climatic factors, both caused by humans
and naturally occurring processes (Ciais et al, 2013), where the natural factors could
be, for example, temperature or precipitation variability. The latter are climatic
variables which can heavily affect the photosynthetic rates of plants, where plants
play an important role in the land, more generally called terrestrial, carbon cycle. The
amount of carbon contained in the terrestrial biosphere is the largest of all biological
reserves. Another component that contains a lot of carbon is soil, but the reason
vegetation is more used when studying the terrestrial carbon cycle is that it can react
fast to changes. The land-based elements have a close connection to the
atmospheric carbon, in the form of carbon dioxide (CO2) which is mainly absorbed by
vegetation through photosynthesis. In exchange the atmosphere draws water out of
the plant. If water levels are low the plant cannot absorb as much CO2 and if
temperatures are high more water will be drawn out while it is absorbing CO2

(Chapin, Matson & Vitousek, 2011). This effect, however, also depends on the type of
vegetation, as e.g. grass has quite shallow roots compared to trees, and thus
responds faster to drought (Sippel et al, 2018; Zhang et al, 2016). Although, when
affected by a longer drought vegetation such as grass and shrubs recovers much
faster (1-2 years) (Wu et al, 2017) compared to forests which can take up to four or
more years (Anderegg et al, 2015).

In the future drought will probably have the largest effect on the terrestrial carbon
cycle globally out of all climate extremes (Frank et al, 2015). However, the largest
decrease in carbon uptake can be found during combined heat and drought events.
The duration of these events also matters as the impact increases with time (von
Buttlar et al, 2017). These events are predicted to become more common with
climate change and since the terrestrial carbon cycle is very sensitive to such
changes large stocks of carbon may be released, perturbing the process. This
process is also sped up by continuous significant anthropogenic carbon emissions
since the industrial revolution (Ciais et al, 2013; Friedlingstein, 2015).

2.2 The north Atlantic jet stream

In the northern hemisphere cold polar air meets warm tropical air, forming an
atmospheric front called the polar front. A simplified way to see it is that the cold air is
more dense than the warm, which leads to the vertical cross section being tilted. This
causes a pressure gradient which in turn leads to strong winds. The strongest wind,
located at the juncture between the air masses, is called polar front jet stream (PFJ;
also called eddy-driven jet stream). The higher the speed of the wind the greater is
the Coriolis force acting on it, and the higher up in the atmosphere it is located the
smaller the frictional force. This is true for the jet and the only forces acting on it are
the Coriolis force and the pressure gradient, which act in opposite directions to each
other causing the wind to be geostrophic (parallel to the isobars, i.e. the contours for
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which the pressure is equal). Since the temperature gradient is reduced during
summer, the PFJ is weakened at that time of year compared to winter (Pielke, 2020).

The seasonal differences in the jet are quite small for the latitude, with an average
4◦ northward shift in summer compared to winter. The speed, however, has slightly
larger differences as the average value is 10ms−1 in summer compared to 14ms−1 in
winter (Woollings, Hannachi & Hoskins, 2010). However, shifts in latitude, speed and
zonality on daily to multidecadal timescales are the factors that mainly affect local
climate. Variability in the PFJ is closely linked with changes in temperature, rainfall,
the North Atlantic Oscillation among others, mainly in western Europe (Hall et al,
2015).

A notable property of the PFJ is that, although it can be described as a meandering
band of air mass with high speed, it is not continuous. Rather, it can be seen as
fragmented (Archer & Caldeira, 2008). Besides the PFJ there is also a subtropical jet
in the northern hemisphere. These two, however, can be viewed as separate in the
area around the northern Atlantic, especially in winter (Hall et al, 2017).

The near-surface air temperatures are quickly rising in the Arctic. During the latest
decades the increase has been observed as almost twice as large compared to the
global average (Screen & Simmonds, 2010). This may influence the PFJ but the
details are still discussed in literature (Barnes & Screen, 2015).

2.3 North Atlantic Oscillation (NAO)

The North Atlantic Oscillation (NAO) is defined by an oscillation of atmospheric mass
in the north Atlantic region. A common way to measure it is through surface pressure,
namely the difference of normalized pressure often between the Azores/Lisbon,
Portugal and Stykkishólmur/Reykjavik, Iceland, which are at the centre of
semi-permanent high and low pressure regions, respectively. Changes in these
pressure differences cause significant changes in both mean wind speed and
direction across the north Atlantic (Hurrell, Kushnir & Visbeck, 2001).

The NAO and its connection with the weather and climate over Europe has been
widely studied. Wintertime precipitation, for example, is strongly correlated to the
NAO which in turn may affect the following growing season considerably (Stöckli &
Vidale, 2004). There are also correlations to temperature, where the lowest and
highest values of the index coincide with negative and positive departures from mean
temperature in Europe, respectively (Beniston, 2019), but the importance of the NAO
is greater for colder weather (Beranová, R. & Kyselý, J. , 2013). A positive late
wintertime NAO leads to higher surface air temperatures and soil temperatures as
well as more rainfall in most of Eurasia, which reduces the snow cover compared to a
negative NAO. This leads not only to an earlier spring onset but also to a higher than
average vegetation growth (Li, Fan & Xu, 2015). The strongest correlation between
the NAO and vegetation can be found in the mid- and high latitudes, mainly around
the 60◦ belt in the northern hemisphere (Li et al, 2012). The NAO can also be
strongly connected to wind direction frequency, as a positive winter NAO index
correlates to the frequency of winds from the southwest over Europe (Burningham &
French, 2013).
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3. Method

In this section, the data processing and methods are discussed. Because the
windfield was provided as raw data, jet indices had to be computed so that a regional
correlation with vegetation indices and point-by-point correlation with monthly lags
could be used. No such processing was needed for the NAO and vegetation indices
as they were given in the correct form. All handling of data and computations was
made using MATLAB.

3.1 Climate indices

Two climate indices were used for correlation: a jet index and the NAO index. Both
were computed from reanalysis data, which is a compilation of data-constrained
numerical climate model simulations. The jet index was given as 6-hourly data for the
latitude and the speed of the jet at the 200, 300 and 400 hPa levels for the years
1979-2005, from the ERA-Interim reanalysis (Dee et al., 2011). The data was
processed according to Woollings, Hannachi & Hoskins (2010). First, the data was
averaged over the pressure levels, converted to daily values (with leap days removed)
and zonally averaged over the North Atlantic region (15-75N, 0-60W). The next step
was running the processed data through a 10 day Lanczos filter, a low-pass filter
used to remove features associated with individual synoptic features, where synoptic
refers to a disturbance in the troposphere with a wave-length of 1000-4000km
(American Meteorological Society, 2012). To find the jet speed, the maximum speed
in the resulting profile was found and assigned as the jet speed. The latitude of this
value was assigned as the jet latitude. The resulting data was then compiled to
monthly means for the whole time series. A mean for each month over the period was
calculated and subtracted from the monthly means, giving the anomalies for both the
speed and latitude.

The NAO was already given as monthly values for the North Atlantic region for the
years 1950-2019, provided by NOAA (NOAA, 2005). Therefore there was no
processing prior to the calculation of the anomalies which was carried out in the same
way as for the jet index.

3.2 Normalized Difference Vegetation Index (NDVI)

The normalized difference vegetation index (NDVI) is an index used to determine the
greenness of a certain area on Earth. Since plants reflect near-infrared (NIR) light to
a high extent and absorb most visible (VIS) light, satellites equipped with sensors at
these wavelengths can be used to determine the index. The formula

NDVI =
NIR − VIS

NIR + VIS

is used in the calculation and the results vary between -1 and +1 (Weier & Herring,
2000). A negative value means that there is an absence of vegetation, water
corresponds to small negative or positive values. A landscape made up mostly of soil
exhibit small positive values (about 0.1-0.2), while shrubs, grass and other sparse
vegetation give a moderate positive value (about 0.2-0.5). Any higher would indicate
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a denser vegetation, for example found in temperate and tropical forests (about
0.6-0.9). Since there is never zero reflection in the visible the value will never reach 1
(Pettorelli, 2013).

The data used for the NDVI was monthly with a horizontal resolution of 0.05
degrees regridded to 0.5 degrees on the domain -22:43W and 27:72N for the years
2001-2019 provided by The University of Arizona (Didan et al, 2015). The mean for
each month was calculated over the whole period in each gridpoint and then
anomalies could be found for each point. The analysis here considers both Europe as
a whole and seven regional domains with similar vegetation and climate in which the
NDVI was averaged. These were the Alps (AP), the British Isles (BI), Scandinavia
(SC), western continental Europe (WE), eastern continental Europe (EE), western
Mediterranean (WM) and eastern Mediterranean (EM), see figure 1 and table 1. The
same principle as for the gridpoints was applied to find the spatially-averaged
anomalies for these regions.

Figure 1. A map showing the different regions where NDVI was averaged. Descriptions: 1.
The British isles (BI), 2. Scandinavia (SC), 3. Western continental Europe (WE), 4. The Alps
(AP), 5. Eastern continental Europe (EE), 6. Western Mediterranean (WM) and 7. Eastern
Mediterranean (EM).
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Table 1. The latitudinal and longitudinal domains of the regions (see also figure 1). Coordinates
are given as lower boundary:upper boundary in ◦N for latitude and left boundary:right boundary
in ◦E for longitude.

Region Latitude [◦N] Longitude [◦E]
BI 49.5:62 -12:2.5
SC 54.5:72 3:22.5
WE 46:54 1:12
AP 44:49.5 6:15
EE 44:52 16:27
WM 37:44 1:14.5
EM 34.5:40.5 14.5:27

3.3 Correlating the data

In order to determine if there is a correlation between two data sets mathematical
methods can be applied. The degree to which two datasets x and y are correlated
can be described by the correlation coefficient:

rxy =

∑n
i=1(xi − x̄)(yi − ȳ)

(n − 1)sx · sy
(1)

where sx and sy are the standard deviations in the x and y data (Alm & Britton, 2008).
To determine if the value of rxy is significant, a p-value can be computed. In essence
the p-value tells the chance that the results are wrong, and in a lot of literature the
value of 0.05 is seen as a strong indicator that the result is correct, so all results with
a p-value less than 0.05 are seen as significant (Rumsey, 2016). The limit of 0.05 is
therefore hereby used.

Correlation between the climate index anomalies and the NDVI anomalies was
made using two methods, regional average and point-by-point. The time span used
was 2001-2005 as this was where the jet- and vegetation data overlapped (the NAO
had a longer time span but the same years as for the jet was used in order to be able
to compare the results). This is not optimal as it results in a very small dataset but is
sufficient for understanding trends. For the regional average the months April-July
were chosen to represent the growing season. These months were chosen as they
represent the start and peak of the growing season with respect to differences in
latitude and vegetation type (Gonsamo et al, 2018; Xu et al, 2016). The cross
correlation between the climate index anomalies and NDVI anomalies for these
months was then presented in a stem plot with lags up to 5 months. A lag means that
the climate index is shifted one month back, so a lag 1 for May would be NDVI in may
and climate index in April. The opposite would not be appropriate as we do not want
to study how the climate indices vary because of the vegetation. For each of the plots
the p-value was calculated as well. The point-by-point used the NDVI anomaly data
for each spatial data point for a single month. In this case, May was chosen to
represent the most intense growing period and a map was drawn showing the cross
correlation between a single climate index and NDVI for a single lag.
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4. Results

The results presented all show the correlation between a climate index anomaly and
NDVI anomaly with a certain time lag. When a result is lagged the climate index is
offset back in time, so lag 1 means that the climate data precedes the NDVI data by 1
month. The correlation should be interpreted as positive meaning that a positive
(negative) climate index anomaly leads to a higher (lower) NDVI, and negative as a
positive (negative) climate index anomaly leads to a lower (higher) NDVI.

4.1 Regional correlation

A correlation plot was made for each region and climate index. These can be found in
figures 2, 3 and 4 for the jet latitude, jet speed and NAO respectively. A cross instead
of a circle represents a p-value lower than 0.05, meaning there is significant
correlation in that region with the climate index. For the jet latitude in figure 2 there
was a significant correlation in four points, AP at lag 0, WM at lag 3, BI at lag 4 and
WE at lag 4. All had a positive correlation except for WM. Looking instead at the jet
speed in figure 3 there were two significant points, SC at lag 0 and WE at lag 1. Both
were positively correlated but these regions also show the strongest negative
correlations found for this index. However, those are not statistically significant.
Lastly, looking at figure 4 the NAO had three points where the correlation was
significant, AP at lag 5 and SC at lag 0 as well as 2. AP had a strongly negative
correlation while SC was positive, with a quite strong correlation at lag 1 as well.

Figure 2. Cross correlation between jet latitude anomalies and NDVI anomalies for April-July
and the years 2001-2005 for all regions. A cross represents a p-value lower than 0.05.

7



Figure 3. Cross correlation between jet speed anomalies and NDVI anomalies for April-July
and the years 2001-2005 for all regions. A cross represents a p-value lower than 0.05.

Figure 4. Cross correlation between NAO anomalies and NDVI anomalies for April-July and
the years 2001-2005 for all regions. A cross represents a p-value lower than 0.05.

4.2 Point-by-point correlation

The point-by-point correlation of the NDVI anomalies and climate index anomalies
gave maps showing the cross correlation at each point, see figure 5, where the month
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is May and the lag is 0. Areas with a p-value lower than 0.05 are represented by red
contours. Such areas can be found in the Alps and northwestern Russia for the jet
latitude as well as southern Sweden for the jet speed. For NAO these areas were
prevalent in southern Iberia and northern Scandinavia, and the spatial pattern of
correlation was similar to that of the jet speed. Jet latitude and jet speed, however,
have an inverted pattern from each other, meaning that one will have positive
correlation and the other negative in the same area. This is most prevalent in western
Europe. For the jet latitude most of the significant correlations seem to be found in
areas with positive correlation, which is also mostly true for the jet speed.

(a) (b)

(c)

Figure 5. Correlation with no lag between NDVI in May and jet latitude, jet speed and NAO can
be found in (a),(b) and (c) respectively, where the colours represents the correlation (yellow for
strong positive, dark blue for strong negative). The red lines correspond to a p-value of 0.05 or
less.

A similar correlation was also performed for lags of 1 and 2 months, and can be
found in figure 6. The most notable difference from lag 0 can be found in 6f where
there are large areas with significant correlation for NAO with lag 2 mainly in
Scandinavia, northern Poland and Spain. The correlation is mainly positive. For lag 1
there is a larger area with significant correlation in southern Scandinavia. The
correlation pattern looks very similar for lags 0,1 and 2 with a band of positive
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correlation from Scandinavia to Greece as well as positive correlation in most of
Iberia. Other parts of Europe are mainly negatively correlated. The jet latitude has
quite strong but mostly non significant correlation. For lag 2, however, there is a
larger area in northern Scandinavia with significant and strongly positive correlation.
The jet speed has significant correlation in smaller areas in Scandinavia,
central-eastern continental Europe and the Balkans for lag 1 with mainly positive
correlation in these areas except for the Balkans. For lag 2, the significant areas are
smaller and seemingly more scattered but at similar locations, with the addition of a
larger positively correlated area in western Russia. Most of Europe, however, is
negatively correlated. The correlation in Scandinavia is present for all lags, but can be
seen migrating northward for an increased lag.

5. Discussion

5.1 Impact of jet indices on vegetation

From the point-by-point correlation we can see that most of the areas that are
significantly correlated to both jet latitude and jet speed are located roughly between
8-35◦E and 35-70◦N, and that the jet indices have opposite correlation to a large
extent for the same lag, i.e. where the jet speed is positively correlated the jet latitude
is negatively correlated and vice versa. The inverted correlation pattern is probably
explained by the jet stream reaching a maximum in speed and minimum in latitude in
winter and the opposite in summer. A faster jet means that the weather will be wetter
and warmer than normal in the area where it is located, thus promoting vegetation
growth and greenness (Woollings, Hannachi & Hoskins, 2010).

In the regional analysis, the jet latitude affects mostly the more westward domains.
These are WM at lag 3 as well as BI and WE at lag 4. This suggests that western
Europe has a high correlation with the jet latitude at a higher lag, and that the position
of the winter jet will affect early spring vegetation in western Europe. Since the jet
(both latitude and speed) is correlated with temperature and precipitation the reason
for the correlation is most likely that an anomalously warm and wet weather leads to
more vegetation and vice versa. Studies have found that such anomalies during
winter are important for spring vegetation growth (Bastos et al, 2016). For the jet
speed, however, no significant correlation can be found after a lag of 2 in the regional
analysis.

5.2 Impact of the NAO on vegetation

The NAO has a clear impact on the Iberian peninsula and Scandinavia as seen in
figures 5c, 6e and 6f, where the latter region also showed a clear connection in the
regional analysis, see figure 4. The correlation is positive for these areas and means
that a positive NAO will lead to high vegetation activity and a negative NAO will lead
to low vegetation activity, which corresponds to the results of Li, Fan & Xu (2015).
However, Li, Fan & Xu correlate the late winter NAO (January, February, March) with
springtime NDVI (April, May, June), while the point-by-point correlation in this study
used May with May, April and March for lag 0, 1 and 2 respectively. This means that
lag 2 is most comparable and it does indeed show the same behaviour. Looking
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(a) (b)

(c) (d)

(e) (f)

Figure 6. Correlation between NDVI in May and jet latitude, jet speed and NAO with lag 1 can
be found in (a),(c) and (e) respectively, and lag 2 in (b), (d) and (f) respectively. The colours
represents the correlation (yellow for strong positive, dark blue for strong negative). The red
lines correspond to p-values of 0.05 or less.
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instead at the regional correlation an interval was used, so lag 0 gives April-July for
both NDVI and NAO while lag 2, that also had significant correlation, gives April-July
for NDVI and February-May for NAO which falls between late winter and spring and is
therefore not as comparable, but still shows the same behaviour. The lag and period
chosen was found by Gouveia et al. (2008) to be of importance as it highly affects the
strength of the correlation and even sign between the NAO and NDVI.

5.3 Jet indices and the NAO

Since the jet stream and NAO affect each other (Hall et al, 2015) it is reasonable to
expect some similarities between the correlations. However, they might not represent
the same result as the variability in the indices most likely lead to different responses
in variables that affect vegetation such as precipitation and temperature. Unlike the
NAO which is represented by a single dipolar variability pattern the jet stream has
less constraints. This in turn means it potentially reflects a broader range of climate
variability. The correlation between the two is therefore lower than one might first
expect (eg. Woolings, Hanachi & Hoskins, 2010).

5.4 The carbon cycle

The majority of significant correlation found in both the regional and point-by-point
analysis is positive. However, there are areas with negative significant correlation. In
the regional analysis these are jet latitude and WM in figure 2b as well as NAO and
AP in figure 4a. The point-by-point gives negative correlation in small scattered areas
in northern Russia for jet speed at lag 0, see figure 5b as well as NAO at lag 1 and 2,
see figure 6e and 6f.

We might expect to find a lagged response from plants as they need time to react
to changes in weather, but this is also highly dependent on the type of plants. As
discussed earlier vegetation such as grass and shrubs both react and recover faster
from drought compared to trees because of their shallow roots (Wu et al, 2017;
Anderegg et al, 2015). It can therefore be expected that these reaction differences
are also present for smaller changes. Taking this into account, we would expect to
find more lagged correlations in forested areas while areas with grass or crops would
have a more direct response in comparison. The lagged response found in
non-forested areas is therefore explained with other factors such as soil moisture, as
precipitation has to infiltrate the soil in order for it to be available to plants. Since the
data is monthly, however, differences in vegetation are somewhat smoothed out.

It was noted for the jet speed in the point-by-point analysis that the significant
correlation in Scandinavia can be seen migrating northward, see figure 5b, 6c and 6d.
This is most likely explained by the fact that precipitation at these latitude is stored as
snow or ice. A large precipitation anomaly may therefore more directly translate to
water availability there compared to more southern latitudes.

5.5 Limitations and future work

This study presents a number of limitations, first and foremost the short time series.
The impact of this was that the point-by-point correlation only used 5 data points,
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while the regional correlation used 20 data points. The results should therefore be
treated as indicative. For the NAO, however, the analyses could have been done with
data up until 2019, but in order for it to be comparable to the jet indices it was run for
the same years. Especially when using few years the significance of a region will be
less than it would be for a longer time series and a longer time series could therefore
show high correlation in other areas as well. The trends, however, would be similar,
and the areas and lags with significant correlation would be roughly the same. When
it comes to the point-by-point analysis only May was used while analyses of other
months were also possible. It is also important to mention that correlation does not
mean causation and more advanced statistical methods may be needed to determine
the details. One could also use partial correlation in order to separate the impacts of
the NAO and jet stream from one another in a robust fashion.

It should also be noted that the NDVI data has three components: trends,
seasonality and irregular variability. When correlating vegetation data with climate
indices the irregular variability should be used and therefore the data need to be
detrended and deseasonalised. This was not done in this project which could impact
the results, however, since specific months are used the seasonality can be
dismissed. By using a short time period the trends can also be assumed to have less
significance than if one would use a longer time series where a detrending of the data
would be necessary.

In order to get a statistically more significant result a longer time series would have
to be used. Since the vegetation data is remotely-sensed it is still quite new and it
would be reasonable to use jet indices that extend further into the 2000s. This is
already possible to do with the NAO as the data is continuously updated every month.
The regional analysis could also be varied through redefining the domains or
including new regions. Two such regions that showed significant correlations in the
point-by-point analysis were Iberia and Finland. The point-by-point analysis could
also be improved by using multiple months as in the regional analysis. If more data
points were available it would also be possible to more narrowly define a growing
season. One might also exchange or add an index, for example use EVI or LAI
instead of NDVI. In the case of keeping the NDVI there are studies that have looked at
other climate indices such as the Arctic Oscillation (e.g. Buermann et al, 2003), El
Niño Southern Oscillation (e.g. Miralles et al. 2014), the Scandinavian Pattern, East
Atlantic Pattern (e.g. Gonsamo, Chen & Lombardozzi, 2016) among others.

6. Conclusion

To answer the question "is there any significant direct or lagged correlation between
the NDVI vegetation index in Europe and any set of climate indices including: jet
latitude, jet speed and NAO?" two methods of lagged correlations were used,
regional analysis and point-by-point geographical analysis. The NDVI in Europe
shows a clear correlation to jet latitude, jet speed and the NAO in different parts of the
continent and at different time lags. Since all these climate indices have impacts on
temperature and precipitation which affect vegetation this was expected. The most
prominent correlation was in Scandinavia which showed significant correlation for the
jet speed and jet latitude for different lags in both analyses. For the NAO there was
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also a clear correlation in Iberia in the point-by-point analysis. The jet latitude had a
clear significant correlation in the Alps in both analyses for no lag. There was also an
area in northeastern Russia at lag 0 and northern Finland at lag 2 in the
point-by-point, while the regional analysis also showed significant correlation for the
western Mediterranean at lag 3 as well as the British Isles and western continental
Europe at lag 4. This points towards the importance of the jet latitude in
mid/southwestern Europe for spring vegetation growth. NAO had one significant
correlation at a higher lag, AP at lag 5, while jet speed had none beyond lag 2.

14



Acknowledgements

I would like to express my sincerest gratitude to my supervisor Gabriele Messori
whose enthusiasm, help and expertise has been a cornerstone in this project.
Moreover I would like to thank Minchao Wu for the inputs and expertise that helped
shape the project.

15



References

Alm, S.E., Britton, T. (2008), Stokastik, 1st ed. Stockholm, Liber AB
Anderegg, W.R.L., Schwalm, C., Biondi F., Camarero, J.J., Koch, G., Litvak, M., Ogle,

K., Shaw, J.D., Shevliakova, E., Williams, A.P., Wolf, A., Ziaco, E. & Pacala, S.
(2015). Pervasive drought legacies in forest ecosystems and their implications for
carbon cycle models. Science, vol. 349, pp. 528-532

Archer, C.L. & Caldeira, K. (2008). Historical trends in the jet streams. Geophys. Res.
Lett., vol. 35

Barnes, E.A., Screen, J.A. (2015). The impact of Arctic warming on the midlatitude
jet-stream: Can it? Has it? Will it?. Wiley Interdisciplinary Reviews: Climate
Change, vol. 6, pp. 277-286.

Bastos, A., Janssens, I.A., Gouveia, C.M., Trigo, R.M., Ciais, P., Chevallier, F.,
Peñuelas, J., Rödenbäck, C., Piao, S., Friedlingstein, P., Running, S.W. (2016).
European land CO2 sink influenced by NAO and East-Atlantic Pattern coupling.
Nat Commun, vol. 7

Beniston, M. (2019). Modulation of extreme temperatures in Europe under extreme
values of the North Atlantic Oscillation Index. Annals of the New York Academy of
Sciences, vol. 1436, pp. 174-183.

Beranová, R. & Kyselý, J. (2013). Relationships between the North Atlantic
Oscillation index and temperatures in Europe in global climate models, Studia
Geophysica et Geodaetica, vol. 57, pp. 138-153.

Buermann, W., Anderson, B., Tucker, C.J., Dickingson, R.E., Lucht, W., Potter, C.S.,
Myneni, R.B. (2003). Interannual covariability in Northern Hemisphere air
temperatures and greenness associated with El Niño-Southern Oscillation and the
Arctic Oscillation. J. Geophys. Res.:Atmos. vol. 108

Burningham, H., French, J. (2013). Is the NAO winter index a reliable proxy for wind
climate and storminess in northwest Europe?, Int. J. Climatol., vol.33, pp.
2036-2049

Chapin, F.S., Matson, P.A. & Vitousek, P.M. (2011). Principles of terrestrial ecosystem
ecology, 2nd ed. New York, NY: Springer

Ciais, P., C. Sabine, G., Bala, L., Bopp, V., Brovkin, J., Canadell, A., Chhabra, R.,
DeFries, J., Galloway, M., Heimann, C., Jones, C., Le Quéré, R.B., Myneni, S.,
Piao & Thornton P. (2013). Carbon and Other Biogeochemical Cycles. In: Cli-
mate Change 2013: The Physical Science Basis. Contribution of Working Group I
to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change
Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA.

Frank, D., Reichstein, M., Bahn, M., Thonicke, K., Frank, D., Mahecha, M., Smith, P.,
van der Velde, M., Vicca, S., Babst, F., Beer, C., Buchmann, N., Canadell, J., Ciais,
P., Cramer, W., Ibrom, A., Miglietta, F., Poulter, B., Rammig, A., Seneviratne, S.,
Waltz, A., Wattenbach, M., Zavala, M., Zscheischler, J. (2015). Effects of climate
extremes on the terrestrial carbon cycle: concepts, processes and potential future
impacts. Global Change Biology, vol. 21, pp. 2861–2880

Friedlingstein, P. (2015). Carbon cycle feedbacks and future climate change.
Philosophical Transactions of the Royal Society A. vol. 373

Gonsamo, A., Chen, J.M., Lombardozzi, D. (2016). Global vegetation productivity

16



response to climatic oscillations during the satellite era. Glob. Change Biol., vol.
22, pp. 3414-3426

Gonsamo, A., Chen, J.M. Ooi, Y.W. (2018). Peak season plant activity shift towards
spring is reflected by increasing carbon uptake by extratropical ecosystems. Global
Change Biology, vol. 24, pp. 2117-2128

Hall, R., Erdélyi, R., Hanna, E., Jones, J.M., Scaife, A.A. (2015). Drivers of North
Atlantic Polar Front jet stream variability. Int. J. Climatol, vol 35, pp. 1697-1720.

Hall, R., Jones, J.M., Hanna, E., Scaife, A.A., Erdélyi, R. (2017). Drivers and potential
predictability of summer time North Atlantic polar front jet variability. Clim. Dyn., vol
48, pp. 3869-3887

Hurrell, J.W., Kushnir, Y., Visbeck, M. (2001). The North Atlantic Oscillation. Science,
vol 291, pp. 603-605

Hurrell, J.W., Kushnir, Y., Ottersen, G., Visbeck, M. (2003). An Overview of the North
Atlantic Oscillation, Geophysical Monograph, vol. 134

Li, A., Liang, S., Wang, A., Huang, C. (2012). Investigating the impacts of the North
Atlantic Oscillation on global vegetation changes by a remotely sensed vegetation
index, International Journal of Remote Sensing, vol 33, pp. 7222-7239

Li, J., Fan, K., Xu, Z. (2016). Links between the late wintertime North Atlantic
Oscillation and springtime vegetation growth over Eurasia, Climate Dynamics, vol.
46, pp. 987-1000.

Messori, G., Ruiz-Pérez, G., Manzoni, S. & Vico, G. (2019). Climate drivers of the
terrestrial carbon cycle variability in Europe. Environ. Res. Lett., vol. 14, 063001

Miralles, D.G., van den Berg, M.J., Gash, J.H., Parinussa, R.M., de Jeu, R.A.M.,
Beck, H.E., Holmes, T.R.H., Jiménez, C., Verhoest, N.E.C., Dorigo, W.A., Teuling,
A.J., Dolman, A.J. (2014). El Niño–La Niña cycle and recent trends in continental
evaporation. Nature Climate Change, vol. 4, pp. 122-126

Pettorelli, N. (2013). The normalized difference vegetation index, 1st ed. Oxford
University Press, Oxford.

Rumsey, D.J. (2016), Statistics For Dummies, 2nded. New Jersey, John Wiley Sons
Inc

Screen, J., Simmonds, I. (2010). The central role of diminishing sea ice in recent
Arctic temperature amplification. Nature, vol. 464, pp. 1334–1337

Sippel, S., Reichstein, M., Ma, X., Mahecha, M., Lange, H., Flach, M. & Frank, D.
(2018). Drought, Heat, and the Carbon Cycle: a Review. Current Climate Change
Reports, vol. 4, pp. 266–286

Stöckli, R. & Vidale, P.L. 2004, European plant phenology and climate as seen in a
20-year AVHRR land-surface parameter dataset, International Journal of Remote
Sensing, vol. 25, no. 17, pp. 3303-3330

von Buttlar, J., Zscheischler, J., Rammig, A., Sippel, S., Reichstein, M., Knohl, A.,
Jung, M., Menzer, O., Arain, A., Buchmann, N., Cescatti, A., Geinelle, D., Kiely, G.,
Law, B., Magliulo, V., Margolis, H., McCaughey, H., Merbold, L., Migliavacca, M.,
Montagnani, L., Oechel, W., Pavelka, M., Peichl, M., Rambal, S., Raschi, A., Scott,
R., Vaccari, F., van Gorsel, E., Varlagin, A., Wohlfahrt, G., Mahecha, M. (2017).
Impacts of droughts and extreme temperature events on gross primary production
and ecosystem respiration: a systematic assessment across ecosystems and
climate zones. Biogeosciences Discuss, vol. 15, pp. 1293–1318

17



Woollings, T., Hannachi, A., Hoskins, B. (2010). Variability of the North Atlantic
eddy-driven jet stream. Q. J. R. Meteorol. Soc., vol. 136, pp. 856–868

Wu, X., Liu H., Li, X., Ciais, P., Babst, F., Guo, W., Zhang, C., Magliulo, V., Pavelka,
M., Liu, S., Huang, Y., Wang, P., Shi, C., Ma, Y. (2017). Differentiating drought
legacy effects on vegetation growth over the temperate Northern Hemisphere.
Global Change Biology, vol. 24, pp. 504-516

Xu, C., Liu, H., Williams, A.P., Yin, Y. Wu, X. (2016). Trends toward an earlier peak of
the growing season in Northern Hemisphere mid-latitudes, Global Change Biology,
vol. 22, pp. 2852-2860.

Zhang, Y., X. Xiao, S. Zhou, P. Ciais, H. McCarthy, and Y. Luo (2016). Canopy and
physiological controls of GPP during drought and heat wave, Geophysical
Research Letter, vol. 43, pp. 3325–3333

Online sources

American Meteorological Society (2012). cyclonic scale.
http://glossary.ametsoc.org/wiki/Cyclonic_scale [2020-05-19]

Pielke, R. (2020), Atmosphere. https://www.britannica.com/science/atmosphere
[2020-02-21]

Weier, J., Herring, D. (2000), Measuring Vegetation (NDVI & EVI).
https://earthobservatory.nasa.gov/features/MeasuringVegetation/measuring_
vegetation_1.php [2020-04-26]

Resources

Dee, D.P., Uppala, S.M., Simmons, A.J., Berrisford, P., Poli, P., Kobayashi, S., Andrae,
U., Balmaseda, M.A., Balsamo, G., Bauer, P., Bechtold, P., Beljaars, A.C.M., van
de Berg, L., Bidlot, J., Bormann, N., Delsol, C., Dragani, R., Fuentes, M., Geer,
A.J., Haimberger, L., Healy, S.B., Hersbach, H., Hólm, E.V., Isaksen, L., Kållberg,
P., Köhler, M., Matricardi, M., McNally, A.P., Monge-Sanz, B.M., Morcrette, J.-J.,
Park, B.-K., Peubey, C., de Rosnay, P., Tavolato, C., Thépaut, J.,-N., Vitart, F.
(2011). The ERA-Interim reanalysis: Configuration and performance of the data
assimilation system. Quarterly Journal of the royal meteorological society, vol.
137, pp. 553-597

Didan, K., Munoz, A.B., Solano, R., Huete, A. (2015). MODIS Vegetation Index User’s
Guide (MOD13 Series). Available:
https://modis.gsfc.nasa.gov/data/dataprod/mod13.php

NOAA (2005). North Atlantic Oscillation. Available:
https://www.cpc.ncep.noaa.gov/products/precip/CWlink/pna/nao.shtml

18

http://glossary.ametsoc.org/wiki/Cyclonic_scale
 https://www.britannica.com/science/atmosphere
https://earthobservatory.nasa.gov/features/MeasuringVegetation/measuring_vegetation_1.php
https://earthobservatory.nasa.gov/features/MeasuringVegetation/measuring_vegetation_1.php
https://modis.gsfc.nasa.gov/data/dataprod/mod13.php
https://www.cpc.ncep.noaa.gov/products/precip/CWlink/pna/nao.shtml




 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


	Introduction
	Background
	The carbon cycle and vegetation
	The north Atlantic jet stream
	North Atlantic Oscillation (NAO)

	Method
	Climate indices
	Normalized Difference Vegetation Index (NDVI)
	Correlating the data

	Results
	Regional correlation
	Point-by-point correlation

	Discussion
	Impact of jet indices on vegetation
	Impact of the NAO on vegetation
	Jet indices and the NAO
	The carbon cycle
	Limitations and future work

	Conclusion
	Acknowledgements
	References

