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Abstract: It has long been understood that the North Atlantic Oscillation (NAO) is a key driver of
regional climate in Great Britain and across Europe. However, studies have also noted that there is
spatio-temporal variability in NAO-rainfall signatures which arguably limits its practical inclusion in
water management. In this study we quantify, at high spatio-temporal resolution, the influence of
a broader set of atmospheric circulations on monthly precipitation. Using Standardised Precipitation
Indices for the Integrated Hydrological Unit (IHU) Groups of Great Britain we apply univariate and
multivariate regression models to understand the potential of five atmospheric circulation indices
to explain precipitation variability. As far as we are aware this represents the first high spatial and
temporal resolution analysis quantifying the influence of a broad set of atmospheric circulations,
both individually and in combination. We highlight the influence of each circulation and establish
that the NAO only partially explains precipitation variability, especially in the southern regions
and during the summer months, where circulations, such as the East Atlantic Pattern, also have
an important influence. In summary, we suggest that there is significant explanatory value in looking
beyond the NAO when seeking to understand hydroclimatological variability in Great Britain, and
there is potential for future work to explore how this understanding can translate into the practical
application of atmospheric circulation indices in water management.

Keywords: North Atlantic Oscillation; East Atlantic Pattern; Scandinavian Pattern; East Atlantic-West
Russia Pattern; Polar/Eurasia Pattern; precipitation variability

1. Introduction

Barnston and Livezey [1] identified a number of large-scale atmospheric-oceanic
circulations (teleconnections) in the North Atlantic and European region. Subsequent
studies have continued to explore how they interact and influence climate across various
spatial and temporal scales. In particular, the North Atlantic Oscillation (NAO) has been
identified as a key climatic driver [2,3], and strong associations between the phase and
strength of the NAO and regional rainfall in Great Britain have been reported [4–6]. The
NAO is defined by the difference in sea level pressure (SLP) between Iceland and the
Azores [7] and fluctuates between positive (a greater than usual difference in SLP between
Iceland the Azores) and negative (a weaker than usual difference in SLP between Iceland
and the Azores) phases, quantified by North Atlantic Oscillation Indices (NAOI). Each
phase of the NAO results in characteristic rainfall signatures in Great Britain [8]. Winter
rainfall in the north-western regions, in particular, has a strong positive correlation with the
NAOI [4,6,9,10], and whilst the NAO is weaker during the summer [11], negative NAOI-
rainfall correlations across Great Britain have been reported [8,10,11]. The rainfall effect
of the NAO propagates through the hydrological system [12] and relationships have been
found with streamflow [13–17], groundwater [18,19] and water temperatures [20]. There is
also potential to include the NAO into seasonal streamflow modelling and forecasting [21,22].
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Whilst there are strong relationships between the NAO and rainfall (and subsequent
hydrological variables), West et al. [23] found that NAO-rainfall signatures across Great
Britain can vary over space and time. Whilst more temporally consistent and significant
rainfall patterns were found in the north-west during winter, there was greater rainfall
variability in the south and east [23]. Despite recent advancements in the skill of winter
NAO forecasts [24,25], spatio-temporal variability in the NAO-rainfall effect is one of the
limiting factors in the inclusion and application of the NAOI in water management [10,23,26].

Variability in NAO-rainfall signatures may be associated with other atmospheric
circulations also influencing regional climate [8,23]. Based on the method of Barnston
and Livezey [1], NOAA provide modelled monthly indices for different northern hemi-
sphere circulations [27]. These have been used globally in studies exploring the impact of
atmospheric circulations on climate, hydrology and the environment [28–33].

The East Atlantic Pattern (EA) is often defined as a monopole system, south of Iceland
and west of Great Britain (≈55◦ N; 20–35◦ W) [1,34,35]. The EA is cited as the second most
influential circulation affecting climate in the North Atlantic region, after the NAO [36,37].
Positive correlations between the EA and rainfall have been reported which are generally
stronger in the southern regions of Great Britain and during winter [10,28,38]. The EA can
influence the strength and location of the NAO dipoles [39,40] which results in different
spatial distributions and volume of rainfall across Europe [35,38,41] and the likelihood of
hydrological extremes [42,43]. Comas-Bru & McDermott [44] conclude that a combination
of the NAO and EA may be able to explain winter climate variability more accurately across
the North Atlantic region.

The Scandinavian Pattern (SCA) has a primary centre of action around the Scandinavian
Peninsula and two secondary, oppositely signed, centres over the north-eastern Atlantic
and central Siberia [45]. Originally referred to as the Eurasia-1 pattern, the SCA is the third
leading mode of North Atlantic climate variability [1,44]. During winter, a positive SCA
phase results in increased precipitation over southern Europe and the United Kingdom, and
decreased precipitation over Scandinavia [45]. Like the EA, the SCA can affect the location
and strength of the Azores High and Icelandic Low dipoles [40], subsequently influencing
climatic variables such as temperature, rainfall and windspeed [44,46]. Rainfall deviations
as a result of the phase of the SCA also propagate to streamflow in Scandinavia [33].

Two arguably lesser studied atmospheric circulations in the North Atlantic and Euro-
pean region include the East Atlantic-West Russia Pattern and the Polar/Eurasia Pattern.
The East Atlantic-West Russia Pattern (EAWR) was originally referred to as the Eurasia-2
pattern by Barnston and Livezey [1]. Strong relationships between the EAWR and rainfall
have been reported across the East Atlantic, Europe and the Mediterranean [47–49]. A posi-
tive phase of the EAWR results in drier conditions across Europe and the Mediterranean,
whilst negative phases result in wetter conditions [50]. This relationship is strongest during
the winter and decreases into late spring where there is no significant relationship [50]. The
Polar/Eurasia Pattern (POL) is associated with variations in the circumpolar circulation
with positive (negative) phases reflecting a stronger (weaker) polar vortex [1]. During
winter POL has two action centres, over the Kara Sea and East Asia, and during summer
an additional third centre over midlatitude Europe [1,51]. The POL influences climate
predominately over Asia and eastern Europe [51] and may be linked to the NAO [52].

Whilst studies have explored the climatic effects of each of these atmospheric circulations,
both individually and in various combinations, many have been undertaken at coarse spatial
resolution across Europe and the North Atlantic, or have been restricted to the winter months
(e.g., [35,40,44]). As far as we are aware, no study has yet explored at high resolution, the
influence of all five of these circulations on monthly precipitation in Great Britain. This
study aims to address this by firstly exploring how the circulations, both individually and in
combination, are related to precipitation variability, and secondly how the relative importance
of each circulation in influencing rainfall varies across space and time.
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2. Methods
2.1. Data

As noted above, the NOAA Climate Prediction Centre [27] models monthly telecon-
nection indices, from 1950 onwards, based on the rotated principal component analysis
approach of Barston and Livezey [1]. Such modelling approaches avoid limitations associ-
ated with indices derived from station-measured SLP data [53], principally the mobility of
circulation action centres [40]. Monthly indices for the NAO, EA, SCA, EAWR and POL
circulations were downloaded from NOAA for the period January 1950–December 2015,
corresponding to the availability of the SPI time series described below.

To represent rainfall variability, Standardised Precipitation Index (SPI) time series were
downloaded from the UK Centre for Ecology and Hydrology (CEH) aggregated for the
Integrated Hydrological Unit (IHU) Groups of Great Britain [54]. These 105 IHU Groups
are catchment-based zones and represent a useful basis for exploring spatial patterns,
whilst retaining scale for water management relevance. The SPI time series had a one-
month accumulation period (SPI-1), and were calculated by fitting a gamma distribution
to historical Met Office 5 km rainfall grids with a standard period of 1961–2010 [54].
Monthly data (i.e., SPI with a one-month accumulation period) was chosen as to avoid the
intra-/inter-seasonal dilution of teleconnection rainfall patterns [17]. The SPI-1 data are
scaled from relative wetness (positive values) to dryness (negative values) allowing for
an assessment of relative rainfall magnitude, or wet/dry severity, in a given month. The
analysis period (January 1950–December 2015) therefore represents the greatest overlap
across precipitation and circulation indices.

2.2. Regression Analysis

Stage 1 of the analysis quantifies the potential of each individual atmospheric circulations
ability to infer precipitation variability across Great Britain. Univariate linear regression
models were used to understand the strength of the relationship between the teleconnection
index and SPI-1 time series for each calendar month across the IHU Groups. Based on these
univariate models, the R2 values were used to assess the strength of the relationship.

Stage 2 of the analysis explores whether atmospheric circulation indices, in combination,
offer additional explanatory ability across space and time than indices in isolation. To do this
a multiple linear regression model of all five atmospheric circulation indices was developed,
with SPI-1 as the dependent variable. This was also undertaken for each calendar month and
for all IHU Groups. Similar multiple regression models have been applied in understanding
the combined effect of circulations in previous research [55]. As above, the R2 values were
used to evaluate the strength of the relationship, whilst the standardised coefficient (SC)
(or beta coefficient) values for each teleconnection index gave an indication of the relative
influence of each circulation in the model and the nature/directionality of the relationship
with SPI-1. The SC values therefore identify the most influential atmospheric circulation
affecting precipitation, its dominance relative to the other four circulations, and how this
varies in space and time. Figure 1 describes the analytical stages undertaken in this study.

Figure 1. Flow chart summarizing the methodological stages of this study.
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3. Results
3.1. Univariate Regression Models

Figure 2 shows the strength of the relationship (R2 values) between the NAO index
and SPI-1, which distinctly changes in space and time. The relationship between the
NAO and SPI-1 is strongest during the winter months and in northern England and Wales
and the Scottish regions. During summer the strength of the NAO SPI-1 relationship is
weaker. Figure 3 shows the comparable R2 values for the univariate EA regression model.
Generally, the EA has a spatially and temporally consistent moderate relationship between
the circulation index and SPI-1, which is weakest in the far north during winter and across
large parts of the country in March, June and July.

Figure 2. R2 values of the univariate regression model exploring the relationship between the NAO
index and SPI-1 values across the IHU Groups. Climate Districts relate to the nine Met Office Climate
Distracts of Great Britain–a spatial unit used in previous research [4,8,9,38].
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Figure 3. R2 values of the univariate regression model exploring the relationship between the EA
index and SPI-1 values across the IHU Groups.

The NAO and EA models have the strongest R2 values between the circulation indices
and SPI-1, relative to the univariate models for the SCA, EAWR and POL circulations-
figures for which can be found Appendix A. The SCA generally has a weak relationship
with SPI-1 across most of the country, with the exception of late winter–early autumn in the
north of Scotland (Figure A1). Likewise, the EAWR R2 values are generally weak, especially
during the summer months. However, the EAWR does have a strong relationship with SPI-1
in the southern regions in January (Figure A2). The POL has a very weak relationship with
SPI-1 across most of the year, especially during late spring and early summer (Figure A3).

3.2. Mutlivariate Regression Model

The results of the univariate regression analyses show that the ability of each circula-
tion to explain precipitation varies in space and time, with the NAO and EA circulations
generally having a stronger relationship with SPI-1. This stage of the analysis explores
whether looking at the atmospheric circulation indices in combination offers greater ex-
planatory ability than using the indices in isolation. Figure 4 shows the R2 values of the
multivariate regression model describing the strength of the relationship between a linear
combination of the five circulation indices and SPI-1. In comparison to the univariate model
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outputs in Figures 2 and 3, and Figures A1–A3 (Appendix A), the multivariate model has
more spatially and temporally consistent and stronger R2 values. This indicates that there
is additional value in looking at the combined effects of the atmospheric circulations in
explaining precipitation variability, rather than considering circulations in isolation. The
multiple regression model is notably stronger during the winter months across Great
Britain, and there is improved performance in summer as well. The weakest relationship
between the combined circulation indices and SPI-1 is found in March across England
and Wales.

Figure 4. R2 values of the multivariate regression model exploring the relationship between a combi-
nation of all five circulation indices and SPI-1 values across the IHU Groups.

Using the standardised coefficients (SC) of the circulation indices from the multiple re-
gression analyses enables exploration of the strength and directionality (positive/negative)
of these relationships. Figures 5–9 show the SC for each circulation index. The SC for the
NAO (Figure 5) show the spatially and temporally variable nature of its relationship with
precipitation. In the winter there is a positive relationship (green) with SPI-1, which is
strongest in the north-western regions (also shown in the Figure 1). This indicates that
positive phases of the NAO are associated with wetter conditions, and drier conditions
with NAO negative phases. In Spring and Autumn more of a north-west/south-east
spatial difference is observed, with positive SC in the north and negative SC (purple) in
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the south. Finally, the summer months show a negative relationship across most of the
country between the NAO and SPI-1. This indicates the effect of the phase of the NAO on
precipitation is opposite to winter in the summer months; with NAO positive (negative)
phases associated with drier (wetter) conditions. For most of the year, the relationship
remains relatively strong compared to the other indices.

Figure 6 shows the SC from the EA multivariate regression model. Whilst the relation-
ship between the NAO and SPI-1 varies in directionality across space and time (Figure 5),
the strength and the directionality of the EA’s relationship with SPI-1 is more consistent.
Figure 6 shows that the EA generally has a positive relationship with precipitation across
most of the country; in other words, EA positive (negative) phases are associated with
wetter (drier) conditions. The exception to this is in the north of Scotland during winter
where weak and negative SC are observed (Figure 6).

Figure 5. Standardised coefficient values for the NAO index from the multivariate regression model.

Like the NAO, the nature of the relationship between the SCA and precipitation has
distinctive spatial differences across the year (Figure 7). For most of Great Britain, the
relationship between the SCA and SPI-1 is positive, suggesting that SCA positive (negative)
phases produce wetter (drier) conditions. However negative SC are observed in the north
of Scotland, therefore indicating the opposite SCA phase-precipitation relationship. This
negative pattern is observed in all months with consistent strength, except in December
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which has a weak positive directionality. Negative SC are also found in southern regions in
January, February and July, although these are weaker than SC in Scotland.

Figures 8 and 9 show the SC for the EAWR and POL respectively. For the majority of
the year both circulations have a negative relationship with precipitation, therefore positive
phases of the EAWR and POL are more likely to result in drier conditions, and negative
phases wetter conditions. Some months do have consistent positive SC, for example July
and August in Figure 8, however these are weak. The EAWR has a stronger positive
relationship in January and October, notably in the English and southern regions, and
a weaker relationship during summer (similar to the pattern observed in the univariate
analysis for the EAWR). The weaker POL SC (Figure 9) indicate that this circulation has
a lesser influence on the model performance, and by inference precipitation variability,
than the four other circulations (Figure 9). However, the POL SC are generally stronger in
the summer than in the winter months.

Figure 6. Standardised coefficient values for the EA index from the multivariate regression model.

Exploring the absolute SC values for each of the five atmospheric circulations in the
multivariate regression model also enables evaluation of the relative dominance of each
circulation, and how this varies in space and time. Figures A4–A8 in Appendix A show
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the SC plots, but with the colour indicative of the rank of the circulation relative to the
other four (determined by the strength of the absolute SC). This is summarised in Figure 10,
where the categorical colour classification shows the circulation with the strongest (highest
ranking) absolute SC across the IHU Groups and all months.

During the winter months and early spring, the NAO is generally the dominant circu-
lation influencing precipitation in the north west, with the SCA also having an influence in
late winter and into spring and summer. In the southern and English regions, the EA is
more influential. In the south, the EAWR is the most dominant circulation in January, with
very strong (negative–as shown in Figure 8) absolute SC. In late spring the EA is the most
influential pattern across most of the country, with the EAWR and SCA having a greater
effect in a limited number of IHU Groups in the north. In the north, during summer, the
SCA is more commonly the dominant circulation, with the EA and POL indices also being
the most influential in some IHU Groups. In autumn, the EA is frequently the dominant
pattern across large parts of Great Britain, with the EAWR also having a notable influence
in the southern regions during October.

Figure 7. Standardised coefficient values for the SCA index from the multivariate regression model.
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As in Figure 10, Figure 11 shows the strongest standardised coefficient values from
Figures 5–9. Note that the size of the bar now indicates how dominant the circulation is
relative to the circulation with the second highest SC (i.e., the absolute SC value of the
dominant circulation minus the absolute SC of the second highest ranking circulation). The
R2 values of the multivariate regression model are typically stronger in the winter months
than during summer (Figure 4). This is reflected in the plots where the magnitude of the
SC (Figure 10), and the difference between circulation’s relative influence (Figure 11), is
lower in summer than in winter. For example, in Figure 10 it was identified that the most
dominant circulation in the north-west during the winter months is the NAO. In Figure 11
we can see that the SC of the NAO are notably stronger than that of the other circulations.
Therefore, the NAO has a clear and isolated influence on precipitation in this region. In
contrast the NAO and EA typically play an important role across the country during the
summer months (Figure 10). However, the relative dominance of each is much less than in
winter (Figure 11).

Figure 8. Standardised coefficient values for the EAWR index from the multivariate regression model.

Consequently, during the winter months individual circulations can have a domi-
nant and significant impact on regional precipitation, such as the NAO in the north west
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and EAWR in the southern regions during January. However, in the southern regions
throughout most of the year, and in Scotland during spring, summer and autumn, pre-
cipitation variability is potentially better explained through looking at a combination of
atmospheric circulations.

Figure 9. Standardised coefficient values for the POL index from the multivariate regression model.
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Figure 10. The strongest standardised coefficient values from Figures 5–9. Colour indicates which
circulation is the most influential in the multivariate regression (i.e., the circulation with the strongest
absolute SC value). The size of the bar is based on the absolute SC value.
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Figure 11. The strongest standardised coefficient values from Figures 5–9. Colour indicates which
circulation is the most influential in the multivariate regression (i.e., the circulation with the strongest
absolute SC value). The size of the bar is based on the difference in absolute SC between the dominant
and second most influential circulation.

4. Discussion

This study explores, at a high spatial and temporal resolution, the relative influence
North Atlantic/European atmospheric circulations on precipitation variability in Great
Britain. Previous studies have either tended to focus on only one or a small number of these
circulations, have been limited temporally to the winter, or undertaken using station-based
or coarse spatial resolution modelled datasets (e.g., [10,15,28,35,40,44]). To address these
limitations, we considered five key atmospheric circulations, using high resolution SPI-1
data for the IHU Groups of Great Britain [54], at a monthly scale. Through univariate and
multivariate regression models we show the spatial and temporal variation in the relative
influence of five atmospheric circulations on precipitation in Great Britain–the NAO, EA,
SCA, EAWR and POL.

The NAO influences regional rainfall across Great Britain, particularly in the north-
west [4,6,8] where local topography can also enhance the NAO-rainfall effect [15]. This is
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shown in our analyses where strong positive relationships between the NAO and SPI-1 are
observed in winter (Figures 2 and 5). The phase of the NAO influences the location and
strength of the North Atlantic jet stream [7]; positive phases result in southerly jet stream
bringing warm and moist conditions to Great Britain, meanwhile negative phases result in
a northerly jet stream, resulting in colder and drier winters [7] with greater snowfall in the
north-west [56]. This understanding of physical processes corresponds with the positive
(Figure 5) and dominant relationship (Figure 10) between the NAO and precipitation in the
north-west during winter.

Whilst the dominance of the NAO in the north-west during winter is well-known [4,6,8,15],
the influence of the other circulations is much less understood, especially during the NAO’s
weaker summer state [11]. This study highlights a consistent and moderately strong positive
EA-precipitation relationship (Figure 6) and negative EAWR-precipitation relationship (Figure 8),
which corroborates findings exploring the impact of these two circulations [10,28,38,50]. This
reinforces the EA’s role as the second leading mode of climate variability [1,40,44] and therefore
its strong influence on precipitation across Great Britain throughout the year (Figure 10).

In this study we find that the SCA can also have a dominant and important influence
on rainfall in Great Britain (Figure 10), with a weak positive and stronger negative rela-
tionship in the southern and far northern regions, respectively. Bueh & Nakamura [45]
reported positive relationships between the SCA and precipitation over southern Europe
and negative relationships over Scandinavia; corresponding to our observed north/south
SC variation for the SCA (Figure 7). Our analysis of the SC values, however, indicates that
the SCA is more frequently the dominant circulation in the north compared to the south
(Figure 10), however it is relatively less influential compared to the NAO and EA (Figure 11).
This demonstrates the SCA’s role as the third mode of climate variability [1,40,44]. The
SC values for the POL circulation are consistently low throughout the year in our analysis
(Figure 9), although they are moderately stronger in the summer, possibly associated with
the additional and third centre of action of the circulation over midlatitude Europe [1].

Our analysis shows that each circulation has a spatially and temporally variable
influence on regional precipitation in Great Britain. Importantly, the results from the
multiple regression analysis indicate that by looking at the atmospheric circulations in
combination, rather than in isolation (for example the univariate regression models in
Figures 2 and 3), will provide a more complete description of precipitation variability. This
is particularly true of the NAO and EA circulations [35,38], and for the southern regions
in winter and across the country during summer, where there is notably less difference
between the dominant and second most influential circulation (Figure 11).

Research has long highlighted the importance of the NAO in driving regional cli-
mate [4,6,7]. However significant variability in NAO-rainfall signatures has also been
reported, in particular, for southern England [23]. Despite advancements in our under-
standing of how NAO-rainfall deviations propagate through the hydrological cycle [16,17],
such variability in NAO-rainfall signatures is a limiting factor in being able to use the
NAOI in water and environmental management decision making, even as more skillful
forecasts are increasingly available [10]. We suggest that some of this spatio-temporal
variability may be explained by looking at the strength and phase of other atmospheric
circulations such as the EA. Consequently, there is the potential to incorporate and apply
a broader range of monthly climate indices to explain, and possibly predict, precipitation
variability (and subsequently hydrological variability). However, additional research is
required to translate the findings of this study into useful predictive tools for application in
water management. However, at present the utility of this may be limited given that recent
advancements in teleconnection forecasting have been reported for the NAO [24,25].

5. Conclusions

As far as we are aware this study represents the first attempt to explore at high res-
olution the relative influence of five atmospheric circulations on monthly precipitation
variability across Great Britain, both individually and in combination. Historically, many
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studies have focused on the NAO as the key driver of regional precipitation, and subse-
quently streamflow and groundwater levels. However, our analyses reveal the variable
influence of a broader range of circulations on regional precipitation, and by inference,
catchment hydrology.

Importantly this study demonstrates how the NAO may only partially explain precipi-
tation variability, especially in the southern regions and during the summer months, where
circulations such as the EA also have an important influence. There is scope for future
research to continue to develop our understanding of the impact of these circulations on
rainfall (and its propagation through the hydrological cycle) at high spatial and temporal
resolution using increasingly available long-term atmospheric circulation and hydrometeo-
rological datasets. There is also potential to explore how circulation-driven precipitation
interacts with local precipitation influences, such as topography [15] and landcover which
might also influence the spatio-temporal rainfall patterns observed in this study.

We suggest that there is significant explanatory value in looking beyond the NAO
when seeking to explore climatological and hydrological variability in Great Britain. An aim
of future research might be to explore how the understanding presented in this study may
be used in a predictive capacity in water management practice; however, we acknowledge
the associated limitations, most notably the lack of accurate annual forecasts for all five
atmospheric circulations.
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Appendix A

Figure A1. R2 values of the univariate regression model exploring the relationship between the SCA
index and SPI-1 values across the IHU Groups.
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Figure A2. R2 values of the univariate regression model exploring the relationship between the
EAWR index and SPI-1 values across the IHU Groups.
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Figure A3. R2 values of the univariate regression model exploring the relationship between the POL
index and SPI-1 values across the IHU Groups.
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Figure A4. Rank of the NAO Standardised Coefficient. Colour represents the rank, with darker
colours signifying greater influence (higher rank). Size is dependent on the magnitude of the SC.
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Figure A5. Rank of the EA Standardised Coefficient. Colour represents the rank, with darker colours
signifying greater influence (higher rank). Size is dependent on the magnitude of the SC.
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Figure A6. Rank of the SCA Standardised Coefficient. Colour represents the rank, with darker
colours signifying greater influence (higher rank). Size is dependent on the magnitude of the SC.



Atmosphere 2022, 13, 429 22 of 25

Figure A7. Rank of the EAWR Standardised Coefficient. Colour represents the rank, with darker
colours signifying greater influence (higher rank). Size is dependent on the magnitude of the SC.
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Figure A8. Rank of the POL Standardised Coefficient. Colour represents the rank, with darker
colours signifying greater influence (higher rank). Size is dependent on the magnitude of the SC.
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