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The Influence of the North Atlantic
Oscillation and East Atlantic Pattern
on Drought in British Catchments

Harry West*, Nevil Quinn and Michael Horswell

Department of Geography and Environmental Management, University of the West of England, Bristol, United Kingdom

Drought events are influenced by a combination of both climatic and local catchment
characteristics. In Great Britain the North Atlantic Oscillation (NAO) has long been
recognised as the leading mode of climate variability, and studies have also noted the
role of the East Atlantic Pattern (EA) as a secondary mode. This study aimed to develop an
understanding of the combined influence of the NAO and EA on rainfall distribution and
magnitude and the variable nature of meteorological to hydrological drought propagation.
Initially, this study explores correlations between teleconnection indices and standardised
precipitation and streamflow indices for 291 catchments across Great Britain, before
focusing on nine case study catchments for further analysis. For each case study
catchment, we use quantile regression and an analysis of drought frequency to
explore the combined influence of the NAO and EA on drought conditions. Through a
convergence of evidence from these analyses we make three observations. Firstly, in the
winter months both the NAO and EA exert an influence on drought conditions, however
there is spatial variability in the relative influence of the NAO and EA; the NAO has a stronger
influence in the north-west, whilst the EA has a stronger influence in the southern and
central regions. Secondly, in the summer months, less distinctive spatial differences were
found, with higher probability of drought conditions under NAO+ phases, which however
can be enhanced or moderated by the EA. Finally, as a result of catchment characteristics
there is spatio-temporal variability in the propagation of meteorological to hydrological
drought. Our findings suggest that by considering the NAO and EA in combination, we can
better describe climate and drought variability. We conclude by noting the potential
implications our study has on the role of monthly teleconnection forecasts in water
management decision making in Great Britain, and acknowledge the current limitations
associated with incorporating such understanding.

Keywords: drought, North Atlantic Oscillation, East Atlantic Pattern, climate, teleconnections, hydrology

INTRODUCTION

Drought is a significant hydrometeorological hazard which can have severe socio-economic and
environmental impacts (Nagarajan, 2010). Recent work has continued to advance our understanding
of drought events, their spatio-temporal propagation through the hydrological cycle, and their
impacts (Barker et al., 2016; Parry et al., 2016; Van Loon et al., 2016, Barker et al., 2019; Parsons et al.,
2019; Tanguy et al,, 2021). Droughts are typically classified on the basis of underlying physical
processes and environmental/socio-economic impacts. These include meteorological drought (low
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precipitation), soil moisture or agricultural drought (low soil
moisture), hydrological ~drought (low discharge and
groundwater), and socio-economic drought (where there is a
substantial impact on water resources affecting society) (Wilhite
and Glantz, 1985; Van Loon, 2015). Conceptually these “drought
types” have a sequential progression over time from
meteorological to hydrological (and socio-economic) drought.

The spatiality of drought events is complex in Britain, as is the
propagation of rainfall to flows within catchments. Distinctive
differences in both rainfall and flow regimes have been found
between the north-western and south-eastern areas of the country
which are related to a range of climatological and hydrological
variables (Burt and Howden, 2013; Folland et al., 2015; Chiverton
et al., 2015; Barker et al., 2016; Rust et al., 2018; West et al., 2019;
West et al., 2022; Svensson and Hannaford, 2019). Tanguy et al.
(2021) identify NW/SE differences in the characteristics of
meteorological drought events in Britain (Figure 1 of Tanguy
et al., 2021). Notably, when examined with short rainfall
accumulation periods, shorter and less severe droughts were
found in the north-western areas, whilst longer and more
severe droughts were found in the south-eastern areas.
Although it should be noted that using longer rainfall
accumulation periods resulted in less distinctive differences
between the NW and SE (Tanguy et al., 2021).

Spatial patterns in the propagation of meteorological to
hydrological drought is further complicated as it is influenced
by both climate and catchment characteristics (Van Loon and
Laaha, 2015). Barker et al. (2016) found that streamflow in the
NW is sensitive to short meteorological droughts, such as those
identified by Tanguy et al. (2021), due to the highly responsive
nature of catchments in this region (Chiverton et al, 2015).
Meanwhile low flows in the southern and eastern parts of the
country are more strongly related to rainfall deficits over longer
time periods due to their catchment characteristics and baseflow
dominance (Barker et al., 2016).

Droughts are inherently driven by climatic processes, and for
Great Britain and most of northern and western Europe, the
North Atlantic Oscillation (NAO) atmospheric-oceanic
circulation has long been identified as the leading mode of
climate variability (Sweeney and O’Hare, 1992; Hurrell and
Van Loon, 1997; Rodwell et al., 1999). The NAO is defined by
two meridional diploes—the Icelandic Low and Azores High/
Anticyclone. When the sea level pressure (SLP) difference
between these two locations is greater than average the NAO
is said to be in a positive phase (NAO+), whilst a weaker than
average SLP difference represents a negative phase (NAO-)
(Hurrell et al, 2003). Significant correlations have been
reported between North Atlantic Oscillation Indices
(quantitative measures of the phase and magnitude of the
NAO - NAOI) and rainfall in Britain. For example, significant
positive correlations have been found in the north-west of the
country during winter (Wilby et al., 1997; Fowler and Kilsby,
2002; Afzal et al., 2015; Rust et al., 2018) and West et al. (2019)
report significant increases/decreases in winter rainfall
(200-300 mm) in the north-west associated with NAO+/—
phases, relative to when the NAO is in a weak neutral state
(defined as half the standard deviation plus/minus the long term

NAO/EA and Drought in Britain

mean of the NAOI (Berton et al, 2017)). Generally, winter
correlations are weaker, and there is greater variability in the
NAO-rainfall response, in the southern and eastern areas (Rust
et al.,, 2018; West et al., 2021a).

The influence of the NAO is typically reported as being weaker
in the summer months compared to winter (Folland et al., 2009).
However spatially consistent rainfall responses to the NAO have
been observed in summer across Great Britain, although these
correlations are typically negative and weaker (Folland et al,
2009; Hall and Hanna, 2018; West et al., 2019). It should be noted
however that summer correlations between the NAO and rainfall
can vary depending on the calculation method of the chosen
NAOI (Pokorna and Huth, 2015; West et al., 2019).

The East Atlantic Pattern (EA) has also been acknowledged to
have an impact on European climate and has been referred to as a
southward shifted NAO-like pattern (Comas-Bru and
McDermott, 2014; Mikhailova and Yurovsky, 2016). The EA is
noted as having a well-defined monopole at approximately 55°N;
20-35"W (Barnston and Livezey, 1987; Moore and Renfrew 2012;
Comas-Bru and McDermott, 2014; Mellado-Cano et al., 2019),
the SLP conditions at which have the potential to influence the
location and strength of the NAO dipoles (Moore et al., 2011).
Studies have noted that the phase and magnitude of the EA also
influences rainfall spatial distribution and volume across Europe,
and consequently by using a combination of the NAO and EA we
may be able to describe winter climate variability more accurately
(Comas Bru and McDermott, 2014; Mellado-Cano et al., 2020). In
Great Britain, positive correlations have been found between the
EA and rainfall, which are typically stronger in the southern and
central regions (Casanueva et al., 2014; Hall and Hanna, 2018;
West et al., 2021Db).

As described above, north-west/south-east differences have
been reported when exploring drought characteristics and
propagation in Britain (Barker et al., 2016; Tanguy et al,
2021). Similar NW/SE spatio-temporal patterns have been
found when exploring the propagation of NAO-driven
rainfall deviations to streamflow in catchments (Burt and
Howden, 2013; Rust et al., 2021a). Catchments in the
north-west are more sensitive to NAO-rainfall deviations,
whilst catchments in the southern regions are less
susceptible due to their geology, terrain and landcover
characteristics which moderate flows (West et al., 2022).
Spatially and temporally variable NAO signals have also
been detected in groundwater levels across aquifers in
Britain (Lavers et al., 2015; Rust et al., 2019) and fluvial
water temperatures (Wilby and Johnson, 2020). As far as
we are aware, no study has explored at similar large scales
the propagation of EA-rainfall signatures.

The above discussion describes the complex interplay between
climate and hydrological systems, which manifests in spatio-
temporal variability in rainfall, flow responses, and subsequent
drought characteristics and propagation, generally along a N/S or
NW/SE gradient in Britain. This study aims to bring together
understandings of the influence of the NAO and EA on rainfall
distribution and magnitude, and the variable nature of
meteorological to hydrological drought (ie., rainfall-
streamflow) propagation. In doing so we present new insights
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into the influence of these two teleconnections on drought in
British catchments and how this varies in space and time.

Developing our understanding of the potential effect of the
NAO on low rainfall conditions, and how these deficits propagate
through catchments, may help us to improve water management
decision making and prepare for potential drought events.
Forecasting skill for the winter NAO has improved in recent
years (Baker et al., 2018; Parker et al., 2019; Athanasiadis et al.,
2020; Smith et al., 2020), and there is increasing potential to
include the NAO as a factor in monthly streamflow forecasting/
modelling (UK Hydrological Outlook, 2020; Donegan et al.,
2021). However, we acknowledge further work is required to
understand how teleconnection forecasting might be fully utilised
given the spatio-temporal variability in NAO- rainfall responses
(West et al,, 2021a; Rust et al., 2021b), and we are unaware of any
similar forecasting skill improvements having been reported for
the EA.

METHODS
Data

Standardised indicators are commonly used for monitoring a
range of different hydrometeorological/hydrological variables,
such as precipitation, evapotranspiration, streamflow and
groundwater (Bachmair et al., 2016). Standardised indicators
are effective for hydrological monitoring as they are scaled in
relation to local wetness/dryness (relative to a standard or
baseline period) and can be calculated over a range of months
(the accumulation period). For drought monitoring and
assessment in particular, standardised indicators have been
used in wide range of research and applications (Hannaford
et al, 2011; Bachmair et al, 2016; Huang et al, 2017;
Dhurmea et al., 2019; Parsons et al., 2019; Yeh, 2019; Mehr
et al., 2020).

In this study we use two standardised indicators: The
Standardised Precipitation Index (SPI) and Standardised
Streamflow Index (SSI), both of which have been used in
drought research in Great Britain (Barker et al, 2016; Barker
et al, 2019). Both timeseries were downloaded from the
United Kingdom Centre for Ecology and Hydrology (Tanguy
et al,, 2017; Barker et al, 2018) for the period January 1950-
November 2015. The SPI and SSI datasets are calculated using
interpolated historic rainfall (Met Office 5 km rainfall grids) and
reconstructed streamflow datasets (UKCEH—Smith et al., 2018).
The rainfall was fitted to a Gamma Distribution whilst a Tweedie
Distribution was used for streamflow (Tanguy et al., 2017; Barker
et al., 2018). Both have a common standard period of 1961-2010
and were calculated using a one-month accumulation period
(SPI-1 and SSI-1). Positive SPI-1/SSI-1 values indicate higher
mean monthly rainfall/flows relative to the 1961-2010 standard
period, whilst negative values indicate lower mean monthly
rainfall/flows. The SSI-1 data were downloaded for 291
catchments across Britain which vary in geography, size and
physical characteristics. The SPI-1 data for each of these 291
catchments were derived by area-weighting the national 5km
gridded SPI-1 dataset.

NAO/EA and Drought in Britain

The NOAA Climate Prediction Centre calculates monthly
indices for a range of atmospheric-oceanic circulations,
including the NAO and EA (NOAA, 2021). The CPC use a
modelling approach based on a rotated principal component
analysis (RCPA) to calculate their monthly teleconnection indices
(after Barnston and Livezey, 1987), avoiding any limitations with
using indices directly calculated using in-situ SLP measurements
(Pokorna and Huth, 2015). The teleconnection indices from the
CPC have been used in studies exploring the impact of
atmospheric-circulations on low rainfall and drought
conditions globally (Irannezhad et al., 2015; Huang et al,
2017; Abiy et al, 2019; Amini et al, 2020; Onate-Valdivieso
et al., 2020; Hassan and Nayak, 2021). Monthly NAO and EA
indices were download for the period January 1950-November
2015 (NOAA, 2021).

The first analytical stage of this study (correlation and quantile
regression) explores the relationship between each of the two
teleconnections and meteorological/hydrological drought. In
these initial analyses the NAO and EA are treated individually.
Later analysis, quantifying the frequency of different drought
severities, explores the interaction between the NAO and EA and
the combined effect of different teleconnection phases.

Monthly NAOI-Rainfall and NAOI-Flow
Correlation Analyses

The first stage of this research sought to examine the influence of
the NAO and EA on catchment rainfall (quantified by the SPI-1)
and streamflow (quantified by the SSI-1), and how their
respective influence changes in space and time across the 291
catchments. Spearman correlation coefficients were calculated
between the two teleconnection indices and SPI-1 and SSI-1
values for each catchment and calendar month, over the period
January 1950-November 2015. Distinctive spatio-temporal
differences were observed across the correlation results,
representing the general influence of each of the two
teleconnections.

Case Study Catchments
To develop a more detailed understanding of the combined effect
of the NAO and EA on meteorological drought, and how rainfall
deficits propagate through to hydrological drought, nine case
study catchments were selected for further analysis. One
catchment from each of the Met Office Climate Districts was
chosen to ensure a spatially representative sample across Great
Britain. The Climate Districts represent areas of relatively
homogeneous climate and have been used in similar research
(Wilby et al., 1997; Simpson and Jones, 2014; West et al., 2019).
The catchments were chosen as they vary not only geographically,
but also represent a range of physical characteristics such as size,
terrain and geology. The representativeness of the nine case study
catchments was evaluated using a similarity analysis (described
below). Figure 1 presents the nine case study catchments and
Table 1 summarises their key physical and hydrological
characteristics.

Similarity analysis (Esri, 2021a) was used to assess the
representativeness of each of the nine case study catchments
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Catchment ID from the United Kingdom National River Flow Archive.

Case Study Catchment/Climate District

[ Little Ouse at Abbey Heath (33034) - East Anglia
I Derwent at Buttercrambe (27041) - England E & NE
I Dee at Manley Hall (67015) - England NW & Wales N
Lambourn at Shaw (39019) - England SE & Central S
80 Exe at Thorverton (45001) - England SW & Wales S
I Don at Hadfields (27006) - Midlands
I Ugie at Inverugie (10002) - Scotland E
I Ness at Ness-side (6007) - Scotland N
Crew at Newton Stewart (81002) - Scotland W
[ other Catchments

FIGURE 1 | Location of the nine case study catchments. Shading indicates the Met Office Climate Districts for Great Britain. Numbers in brackets are the

in terms of their rainfall and flow responses to the NAO and the
EA. This analysis gives an indication of how similar their
meteorological and hydrological drought characteristics might
be to the other 290 catchments, both within and beyond their
associated Climate District. The similarity analysis algorithm was
first applied to the two NAO and EA SPI-1 correlation time series
for each of the nine case study catchments, and secondly to the
NAO and EA SSI-1 correlation time series. The algorithm first
standardises the selected correlation coefficients for each
catchment - this standardisation uses a z-score transformation
where the mean of all of the coefficients is subtracted from each
value and divided by the standard deviation. This standardised
value is then subtracted from the coefficients of the case study
catchment, the difference squared and totalled, creating a
similarity index (Esri, 2021a). Using this index, the 290
catchments were ranked from most to least similar and mapped.

Spatial autocorrelation in the similarity rank values was
assessed using the Global Morans I statistic. The Global
Morans I evaluates whether the spatial distribution of
similarity rank values across the 290 catchments (not
including the case study catchment) is more clustered or
dispersed than would be expected in a random spatial
distribution of the same values (Esri 2021b). The Global
Morans I statistic requires a conceptualisation of how each
catchment is spatially related to its neighbours. Due to the

variability in the size of each catchment (Esri 2021c), a fixed
distance band threshold which maximises spatial autocorrelation
within the similarity rank values was used (Esri 2021b; Esri
2021c). This was a distance of 50km from the geometric
centroid of each catchment.

We undertook two separate analyses to investigate the
influences of the NAO and the EA individually on
meteorological drought conditions, and how this propagates to
hydrological drought within each of the nine case study
catchments, firstly using quantile regression analysis, and
secondly drought severity frequency analysis.

Quantile Regression Analysis
A standard generalised linear regression model would assume
that the NAO or EA have an equal influence on both wet and dry
conditions (high/low rainfall and flows). The use of a quantile
regression model allows for an assessment of the relationship
between each teleconnection index and low (negative) SPI-1/SSI-
1 values at different quantile levels, allowing for a more complete
understanding of the influence of the teleconnection on low
rainfall and flow conditions in the case study catchments
(Amini et al., 2020).

We performed quantile regression using 99 quantiles
between the NAO and EA indices and the catchment SPI-1
and SSI-1 values. We extracted the quantile regression
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TABLE 1 | Summary of case study catchment characteristics (data from the United Kingdom National River Flow Archive).

NAO/EA and Drought in Britain

Catchment (NRFA ID) Climate District  Average annual Elevation Landcover (% Bedrock geology Size Base Flow
rainfall (mAOD) coverage) permeability (km?) Index
(1961-1990) (mm) (% coverage) (HP = high
permeability, MP = Mixed
permeability,
LP = low permeability)
Ness at ness-side (6007)  Scotland N 1,765 e Min=7 e Woodland = 16.97 e HP Bedrock = 0 1839.1 0.61
® Max = e Arable = 1.22 e MP Bedrock = 9.82
1,109.6 ® Grassland = 13.33 e LP Bedrock = 90.18
e Mountain/Heath/
Bog = 61.58
e Urban = 0.06
Cree at Newton Stewart ~ Scotland W 1757 e Min=52 e Woodland = 49.09 e HP Bedrock = 0 368 0.28
(81002) ® Max = 843 e Arable = 0.33 e MP Bedrock = 0
® Grassland = 39.73 e LP Bedrock = 100
® Mountain/Heath/
Bog = 9.05
e Urban = 0.76
Ugie at Inverugie (10002)  Scotland E 812 ® Min=9.5 e Woodland = 11.35 e HP Bedrock = 0 325 0.64
® Max = ® Arable = 43.89 e MP Bedrock = 2.44
233.7 ® Grassland = 34.59 e LP Bedrock = 97.56
® Mountain/Heath/
Bog = 8.49
® Urban = 1.56
Exe at Thorverton England SW and 1,249 e Min =27.6 e Woodland = 14.97 e HP Bedrock = 0 600.9 0.5
(45001) Wales S ® Max = e Arable = 12.85 e MP Bedrock = 15.65
516.8 e Grassland = 66.71 e |P Bedrock = 84.35
® Mountain/Heath/
Bog = 2.76
e Urban = 2.37
Dee at Manley Hall England NW and 1,367 e Min=28.10 e Woodland = 17.51 e HP Bedrock = 0 1,013.2 0.54
(67015) Wales N ® Max = e Arable = 1.23 e MP Bedrock = 4.48
878.2 ® Grassland = 62.96 e LP Bedrock = 89.30
e Mountain/Heath/
Bog = 14.87
e Urban = 1.00
Little Ouse at Abbey East Anglia 607 e Min =8.10 e Woodland = 15.33 e HP Bedrock = 99.73 688.5 0.8
Heath (33034) ® Max = ® Arable = 63.25 o MP Bedrock = 0.27
94.60 ® Grassland = 16.33 @ LP Bedrock =0
e Mountain/Heath/
Bog =0
e Urban = 5.03
Don at Hadfields Weir Midlands 1,014 ® Min =323 e Woodland = 15.66 e HP Bedrock = 0 373 0.49
(27006) ® Max = e Arable = 6.17 e MP Bedrock = 43.38
543.4 ® Grassland = 35.64 e LP Bedrock =0
® Mountain/Heath/
Bog = 18.83
e Urban = 20.23
Lambourn at Shaw England SE and 736 ® Min=72.4 e Woodland = 10.26 e HP Bedrock = 97.33 2431 0.97
(89019) Central S o Max = e Arable = 53.72 o MP Bedrock = 0
260.3 ® Grassland = 30.27 e [P Bedrock =0
® Mountain/Heath/
Bog = 0.10
® Urban = 2.40
Derwent at England E 765 e Min = 9.50 e Woodland = 15.43 e HP Bedrock = 2.68 1,586 0.7
Buttercrambe (27041) and NE ® Max = ® Arable = 41.46 o MP Bedrock = 51.45
453.2 e Grassland = 26.76 e LP Bedrock = 44.16
® Mountain/Heath/
Bog = 12.11
e Urban = 3.10
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NAO/EA and Drought in Britain

NAO/SPI-1 Correlations

Correlation Coefficient @ -06--04 @ -04--02 O -02-0 O 0-02 © 02-04 @ 04-06 @ 06-08 @ 0.8-1.0

FIGURE 2 | Monthly correlations between the NAO and SPI-1/SSI-1 for the 291 catchments across Great Britain. Note the difference between the significant
positive correlations in the NW during winter (DJF), compared to the more spatially homogenous negative correlations in summer (JJA).

coefficients for SPI-1/SSI-1 quantiles below 0.2 (Amini et al.,
2020), which equated to standardised index values <-1 in all
cases. This analysis was undertaken for both winter (DJF) and
summer months (JJA). This allowed for an assessment of the
nature and strength of the winter/summer relationship
between the two teleconnections and meteorological (low

SPI-1) and hydrological (low SSI-1) drought in the case
study catchments.

Drought Severity Frequency Analysis
The second stage of this research moved beyond looking at
the individual effect of the NAO and EA and explored their
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NAO/EA and Drought in Britain

EA/SPI-1 Correlations

Correlation Coefficient @ -06--04 @ -04--02 O -02-0 O 0-02 © 02-04 @ 04-06 @ 0.6-0.8 @ 0.8-1.0

FIGURE 3| Monthly correlations between the EA and SPI-1/SSI-1 for the 291 catchments across Great Britain. Note the difference in strength between the positive
correlations in the during winter (DJF) compared to the slightly weaker correlations in summer months (JJA).

combined influence. A frequency analysis quantifying the
relationship between the phase of the two teleconnections
and low SPI-1 and SSI-1 values was undertaken, which
compliments the correlation and quantile regression
analyses above. For the winter (DJF) and summer
months (JJA) we plotted the NAO and EA indices and

examined the associated spatio-temporal patterns in low
(negative) SPI-1 and SSI-1 values. We also calculated the
frequency of mild (0 > index < —1), moderate (-1 > index <
—-1.5) and severe (index < -1.5) drought (Doesken and
Kleist, 1993) under different combinations of NAO and EA
phases.
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EASPI-1 Correlations
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FIGURE 4 | Monthly correlation analyses between the NAO/EA and catchment SPI-1 and SSI-1 values for the nine case study catchments.

Feb Mar Apr May Jun Jul Aug Sep oct Nov.

As in previous research (e.g., Comas-Bru and McDermott;
Berton et al, 2017; West et al, 202la), the monthly
teleconnection index values were classified. Months with
teleconnection index values > 0.25 were classified as positive
phases, whilst months with index values <—0.25 were classified as
negative phases. Months with index values falling between these
two thresholds were classified as neutral phases. This
classification produces nine possible combinations of NAO
and EA phases. Phase frequency analysis allowed us to then
assess the influence of the combined teleconnections on drought
conditions for each of the nine case study catchments, and to
identify any associated seasonal and spatial trends.

RESULTS

Monthly Correlation Time Series

The first stage of the research explored the individual effect of the
NAO and EA on rainfall and flows using correlation and
regression analyses. Figure 2 presents the analysis of monthly
correlation between the NAO and SPI-1 and SSI-1 values for 291
catchments across Great Britain. The NAO has strong positive
correlations between both the SPI-1 and SSI-1 in catchments in
the north-western region during the winter months (DJF). In the
southern and eastern catchments weaker correlations are found,
although these catchments do show stronger negative NAO SPI-
1/SS-1 correlations in the spring (MAM). During the summer
months (JJA) more spatially consistent negative correlations are
found, however differences in the SPI-1 and SSI-1 correlation
time series are more pronounced. In the southern and eastern
areas, catchments show stronger negative correlations between
the NAO and SPI-1 than SSI-1. Autumn months (SON) are also
marked by negative correlations and a transitioning back to the

winter north-west/south-east pattern described above. The
spatio-temporal correlation patterns indicate that in the winter
months NAO- phases have an influence on meteorological
drought conditions in the north-western catchments, which
propagates through to hydrological drought in streamflow. In
the summer months the effect of the phase of the NAO is
reversed, with negative correlations indicating that NAO+
phases have a stronger meteorological drought control.
However, the propagation of these negative NAO SPI-1
correlations to SSI-1 correlations varies spatially (West et al.,
2022), indicating that the propagation of monthly NAO- driven
meteorological drought to hydrological drought is more limited.

Figure 3 shows the comparable correlation monthly time
series between the EA and catchment SPI-1 and SSI-1 values.
Notable spatio-temporal differences between the monthly NAO
time series (Figure 2) and the EA SPI-1/SSI-1 correlations were
found. In the winter months (DJF) positive EA correlations are
present across most of Great Britain, although coefficients
generally strengthen from north to south. These positive
correlations persist into the spring (MAM). The summer
months (JJA) are also marked by mostly positive correlations,
although of a weaker strength than in the winter months. The
positive relationship of the EA index with catchment SPI-1 and
SSI-1 values indicates that EA- phases are likely to be associated
with meteorological drought conditions, which as with the NAO
correlations, variably propagate to hydrological drought
conditions.

Figure 4 presents the monthly correlation analyses in Figures
2, 3 for the nine case study catchments. The spatio-temporal
patterns across the correlations in the case study catchments align
with the above discussion. For example, in the winter months the
Ness and Crew in the north-west show strong positive
correlations between the NAO and SPI-1, whilst the Exe in
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the south has stronger winter correlations between the EA and
SPI-1. As outlined above the NAO correlations are reversed in the
summer months, with the majority of case study catchments
showing negative correlations. Meanwhile the EA generally
remains positively correlated with both SPI-1 and SSI-1
throughout the year. The moderation of rainfall-streamflow
propagation is also exemplified in Figure 4 by the Lambourn
catchment as it shows a stronger correlation between the EA and
SPI-1 than the EA and SSI-1.

Similarity Analysis

Figures 5, 6 present the results of the similarity analysis
between the various correlation time series for the case
study catchments. In both figures the catchment is
highlighted in yellow, with the remaining 290 catchments
ranked from most similar to least similar. Catchments with
lower values indicate those which have a greater similarity in
their individual NAO and EA monthly correlation time series
(mapped in full in Figures 2, 3) to those of the case study
catchment. Catchments with higher values indicate those
which have monthly correlation time series which are less
similar to the case study catchment.

Figures 5, 6 show that each case study catchment is
generally well representative of its respective Climate
District (Figure 1) in terms of the correlation between the
two teleconnections and SPI-1 and SSI-1 values. For example,

Figure 5 shows that the Ness and Crew catchments in Scotland
North and Scotland West are generally representative of
correlations between the two teleconnections and SPI-1 for
catchments in the north-western area, and the Exe and
Lambourn represent catchments in the south-west and
central southern areas of Britain well.

Table 2 presents the results of the Global Morans I statistic for
each of the similarity rank datasets mapped in Figures 5, 6; where
the z-score is positive and p-value significant, the similarity rank
values are more clustered than would be expected if the
underlying spatial processes were random (Esri 2021b). Our
results show that this is the case for all 18 (two per case study
catchment) similarity rank value datasets. The Morans I Index
provides an indication as to the strength of the spatial
autocorrection, with higher values indicating greater clustering
of similarity rank values.

Across all nine case study catchments, the Morans I Index
(Table 2) was found to be greater for the SPI-1 correlation
similarity rank values than for the SSI-1 similarity rank values,
although it should be noted that the SSI-1 values were still
spatially autocorrelated, albeit with a weaker strength. For
example, in Figure 5, for the Exe catchment we can see higher
SPI-1 similarity rank values across the south-west and southern
central areas, indicating more similar teleconnection SPI-1
correlations. Whilst in Figure 6 the similarity rank values for
the SSI-1 correlations for the same area are more spatially
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FIGURE 6 | As per Figure 5, but showing the results of the similarity analysis based on the NAO/EA SSI-1 correlation time series.

TABLE 2 | Results of the Global Morans | statistical analysis for the similarity rank values mapped in Figures 5, 6. Where the z-score is positive and p-value significant then
the similarity rank values are more clustered than would be expected if the underlying spatial processes were random. The Morans | Index indicates the strength of the
similarity rank value clustering.

Catchment Correlation similarity rank Morans | index z-score p-value
values
Ness at Ness-side (6007) SPI-1 0.735 26.34 0.005
SSI-1 0.623 22.31 0.005
Cree at Newton Stewart (81002) SPI-1 0.782 27.98 0.005
SSI-1 0.763 27.32 0.005
Ugie at Inverugie (10002) SPI-1 0.847 29.03 0.005
SSI-1 0.753 25.81 0.005
Exe at Thorverton (45001) SPI-1 0.874 31.25 0.005
SSI-1 0.629 22.56 0.005
Dee at Manley Hall (67015) SPI-1 0.776 27.79 0.005
SSI-1 0.673 24.13 0.005
Little Ouse at Abbey Heath (33034) SPI-1 0.845 30.29 0.005
SSI-1 0.794 28.48 0.005
Don at Hadfields Weir (27006) SPI-1 0.785 28.05 0.005
SSI-1 0.588 21.05 0.005
Lambourn at Shaw (39019) SPI-1 0.868 31.07 0.005
SSI-1 0.719 25.75 0.005
Derwent at Buttercrambe (27041) SPI-1 0.827 29.61 0.005
SSI-1 0.791 28.28 0.005

variable. This is likely a result of the characteristics of catchments  terrain and landcover (Chiverton et al., 2015; Barker et al., 2016;
which may moderate rainfall-flow propagation, such as geology, =~ West et al,, 2022).
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quantile coefficients is represented in this figure as box plots.

FIGURE 7 | Extracted quantile coefficients between the NAO/EA indices and SPI-1/SSI-1 values. Coefficients were extracted for quantiles <0.2, the range of these

Quantile Regression Analysis
Figure 7 presents the results of the quantile regression analysis

between the teleconnection indices and the SPI-1 and SSI-1
values for the nine case study catchments. Figure 7 shows the
coefficients for quantiles <0.2. These results give an indication of
the direction (sign) and strength of the statistical relationship
between the NAO and EA indices and meteorological and
hydrological drought conditions (i.e., low SPI-1 and SSI-1
values) in the case study catchments.

As with the monthly correlation analyses (Figures 2, 3)
the quantile regression coefficients for low SPI-1/SSI-1
values demonstrate the relative influences of the NAO
and EA on drought conditions, which varies in space
(across the country) and time (across the seasons).
Catchments in the north-west (the Ness and Crew) have
a very strong positive relationship between the NAO and
low SPI-1 values, indicating that NAO- conditions result in
meteorological droughts in these catchments. Similar
relationships are observed in these catchments between
the NAO and SSI-1 values. This highlights the responsive
nature of catchments in this region; meteorological
droughts propagate through the catchments resulting in
hydrological drought. Case study catchments in the
southern and central regions of Great Britain show
weaker positive relationships between the NAO and
drought conditions, however the EA has an equal, and in

some cases such as the Exe stronger, positive EA-drought
relationship.

As discussed in relation to the correlations in Figure 4, the quantile
regression analysis evidences the moderating effect of catchment
characteristics in limiting the propagation of meteorological to
hydrological drought. For example, the Lambourn in the winter
EA plot in Figure 7—where a moderately strong positive
relationship between the EA and meteorological drought is not
replicated with the comparable SSI-1 coefficients.

The extracted summer quantile coefficients further
corroborate the monthly correlation analyses in Figure 4. The
NAO has a weaker negative summer relationship with low SPI-1
values which is generally consistent across the case study
catchments; suggesting that NAO+ phases, to an extent,
influence summer meteorological drought. The EA retains its
positive relationship, suggesting EA- phases may produce
meteorological drought conditions in summer. For both
teleconnections the propagation of summer meteorological to
hydrological drought varies in space and time which we suggest is
related to the characteristics of the catchment and the extent to
which these moderate rainfall-flow propagation.

Drought Severity Frequency Analysis

In this stage of the research, we moved beyond quantifying the
individual effect of the two teleconnections to examine the
combined influence of NAO and EA phases. Figure 8 shows
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FIGURE 9 | Distribution of dry events (negative SPI-1 and SSI-1 values) under different phase combinations of the NAO and EA for the winter and summer months.
Values represent the percentage of time dry events occur under the different phase combinations.

seasonal plots for winter (DJF) and summer (JJA) of the NAO and
EA indices for each case study catchment. Each point represents
1 month and is coloured based and the catchment SPI-1 value,
and sized per the SSI-1 value. A large red point therefore indicates

both meteorological (low SPI-1) and hydrological drought (low
SSI-1) conditions, whilst a small red point suggests
meteorological drought conditions, but less severe or no

hydrological drought.
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Values represent the percentage of time drought events of different severities occur under the different phase combinations.
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Figure 9 shows the percentage occurrence of dry/low flow
conditions (negative SPI-1 and SSI-1 values) under each of the
NAO/EA phase combinations for the winter and summer
months. Figure 10 shows the distribution of these occurrences
across mild, moderate and severe drought classes.

Analysis of the teleconnection indices (Figure 8) and drought
severity frequency analysis (Figures 9, 10) support the correlation
and regression analyses (Figures 4, 7), revealing distinctive
spatio-temporal patterns in the relative influence of the NAO
and EA on drought conditions in the case study catchments.
Notably the occurrence of dry events when both the NAO and EA
are in a weak neutral state is very low (Figure 9), highlighting the
importance of the phases of the NAO and EA on the occurrence
of drought in the case study catchments.

The climate districts of Scotland North and Scotland West are
represented in this analysis by the Ness and Crew catchments.
Figures 8-10 highlight the clear influence the NAO has on
meteorological and hydrological drought conditions in these
two catchments as explained by the quantile regression
analysis, with NAO- phases being clearly associated with

drought conditions. The effect of the EA during winter in
these catchments, and north-western Scotland generally,
appears to be limited. For example, in the Ness catchment
during winter 68.57% of mild and 90% of severe
meteorological droughts occur when the NAO is in a negative
phase, independent of the phase of the EA (Figure 10). The
occurrence of drought events in these catchments when the NAO
is in a positive phase is minimal, with no severe meteorological
droughts in the Ness associated with NAO+ phases. The
occurrence of hydrological droughts in these two catchments
also show a strong relationship with NAO- phases
(Figures 9, 10).

In the summer months the direction of the relationship
between the NAO and drought is reversed, with low rainfall/
flow conditions being associated with NAO+ phases (Figure 9).
Differences in the occurrences of the mild and severe drought
severity classes under different phase combinations of the NAO
and EA are more notable in the summer months (Figure 10).
These differences are associated with the phase of the EA,
suggesting that the teleconnection has a moderately stronger
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influence in the summer, relative to the winter months. Mild
drought conditions can be associated with a larger range of NAO
and EA phase combinations (Figure 10), possibly because of
higher temperatures and other hydrometeorological factors/
variables (Van Loon, 2015) not considered in this study.
However severe meteorological drought conditions in the Ness
catchment only occur when the EA is also in a negative phase, and
91% of severe droughts in the Crew are associated with EA-
conditions (Figure 10). Similar relationships between the phase
of the NAO and EA and hydrological drought occurrence are also
observed in the Ness and Crew.

Less clear teleconnection-drought patterns are found in the
Ugie catchment in Scotland East, however Figure 8 does suggest a
weak relationship between drought conditions and NAO+
phases, but with greater variability than the influence of the
NAO in Scotland North and Scotland West during winter as
described above. Drought conditions have a similar frequency of
occurrence under different NAO/EA phase combinations
(Figures 9, 10). However as in the Ness and Crew catchments,
in the summer months meteorological droughts have a higher
frequency of occurrence when the NAO is in a positive phase,
with severe meteorological droughts associated with a
combination of NAO+ and EA- conditions.

The southern and central areas of Great Britain show notably
different teleconnection-drought patterns to the northern/north-
western catchments. The Exe catchment, representing the
England South-West and Wales South Climate District, shows
a stronger relationship between the EA and winter drought
conditions than it does for the NAO. For example, 80% of
severe meteorological droughts during winter in the Exe are
associated with EA- phases (Figure 10). A very small
proportion of severe meteorological droughts in the Exe are
associated with a positive phase of the EA. In contrast,
summer meteorological droughts have a higher rate of
occurrence under NAO+ conditions. 70% of severe
meteorological drought events in the Exe occur under NAO+
conditions, the majority of which are also associated with EA-
phases (Figure 10).

Whilst in the Exe catchment the influence of the
teleconnections on both meteorological and hydrological
drought is relatively similar (Figure 9), the Lambourn
catchment, representing the England South East and Central
South Climate District, illustrates the role of catchment
characteristics in moderating drought propagation. In terms of
meteorological drought, the Lambourn has similar EA drought
relationships to the Exe (demonstrated by the similarity analysis
in Figure 5). However, there is a weaker teleconnection-drought
relationship with flows (SSI-1). The occurrence of hydrological
drought is more evenly distributed across the different phase
combinations of the NAO and EA (Figures 9, 10), indicating that
catchment characteristics, in the case of the Lambourn highly
permeable bedrock (Table 1), limits the propagation of
meteorological to hydrological drought.

Catchments in the eastern districts, the Little Ouse and
Derwent, show teleconnection-drought relationships similar to
the Exe and Lambourn. In the Little Ouse catchment, for
example, meteorological droughts have a higher rate of

NAO/EA and Drought in Britain

occurrence under EA- conditions during winter, with 62% of
dry events being associated with EA- phases (Figure 9). Summer
drought relationships are also similar, for example 58.3% of
severe summer meteorological droughts are associated with a
combination of EA- and NAO+ phases in the Derwent
(Figure 10).

Winter meteorological droughts in the Midlands and England
North West and Wales North Climate Districts, represented by
the Don and Dee catchments, are influenced more clearly
through a combination of the NAO (which generally has a
greater influence in the north-western areas) and the EA
(which generally has a stronger southern influence). Winter
meteorological droughts in these case study catchments are
associated with both NAO- and EA- phases (Figures 8, 9). In
the Dee for example, 83.34% of severe meteorological droughts in
winter are associated with NAO—- phases, however half of these
are also associated with EA- conditions (Figure 10). Propagation
to hydrological drought in the Dee is relatively clear, possibly due
to low permeability bedrock and steep topography (Table 1). EA-
phases have an association with droughts in these catchments
during the summer months, in combination with NAO+ phases
for the more severe drought classes (Figure 10).

DISCUSSION

This study aimed to explore the relative influence of the NAO and
EA on meteorological drought in British catchments, and
whether these rainfall deficits propagate to hydrological
drought. We examine both the individual effect of the NAO
and EA through correlation and regression analyses, and the
frequency of drought events of varying severities under different
NAO and EA phase combinations. Based on the convergence of
evidence across the results of this study we make three main
observations which will be discussed in turn.

The first observation relates to the variable influence of both
the NAO and EA during the winter (DJF) months. Our analyses
highlight that the NAO has a strong influence on meteorological
drought conditions in the north-western catchments during
winter, as found in previous correlation-based studies (Wilby
et al, 1997; Rust et al,, 2018; West et al., 2019). In these
catchments NAO- phases are generally associated with
meteorological droughts, shown by the Crew and Ness
(Figures 8, 9). When the NAO is in a negative phase the SLP
difference between the Icelandic Low and Azores High is weaker
than normal resulting in a more northerly jet stream, which in
turn limits the movement of low pressure systems north-westerly
across the Atlantic region (Hurrell et al., 2003). This results in low
rainfall over the north-western regions of Britain (West et al,
2019). In the southern, eastern and central areas the NAO has a
less consistent influence on rainfall (West et al., 2021a), however
strong positive correlations with the EA were found in these areas
(Figures 3, 4). In the southern catchments, the Exe, Lambourn
and Little Ouse, meteorological droughts are generally more
associated with EA- conditions (Figures 8, 9). These findings
suggest that NAO— and EA- conditions result in the driest winter
conditions nationally with the NAO has a stronger
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meteorological drought influence in the north-western areas,
whereas the EA has more influence in the southern and
central areas. Moore et al. (2013) analysed the effect of the
phase of the EA on the strength and location of the NAO
dipoles, finding that NAO—/EA- phase combinations results in
higher than average SLP at the Icelandic Low action point, and an
extended area of high pressure in the region producing drier
conditions.

Our second observation relates to the differences in the
summer months (JJA) compared to the spatial variability
described above for winter. In the summer, the NAO has a
more spatially homogenous influence on rainfall in Great
Britain and correlations are of the opposite sign to those in
the north-west during winter (Hall and Hanna, 2018; West et al.,
2019). NAO+ phases have been associated with drier summer
conditions, as the North Atlantic storm track is shifted northerly,
and easterly winds bring warm continental air from Europe
(Folland et al., 2009). The correlation coefficients mapped in
Figure 3 and quantile regression results in Figure 7 show that the
effect of the EA during summer is weaker than during winter,
however a positive relationship is still present for most of the 291
catchments. During the summer months there is a higher
frequency of drought occurrence under NAO+ conditions
across all nine case study catchments (Figure 9). However,
differences in drought severity are associated with the phase of
the EA, with severe meteorological droughts having a higher
frequency of occurrence under a combination of NAO+ and EA-
phases (Figure 10). This suggests that the phase of the EA can
enhance (notably EA- conditions) or moderate drought
conditions associated with summer NAO+ phases. As far as
we are aware no study has yet mapped the influence of EA
phases on the NAO dipoles and North Atlantic storm track
during the summer months. However, if the NAO+/EA- phase
combination during summer results in a similar strengthening of
the Azores High as is the case in winter (Moore et al., 2013), then
this may potentially explain the more extreme dry conditions
found under this phase combination in this study.

Our final observation relates to the propagation of
meteorological to hydrological drought, a process influenced
by both climate and catchment characteristics (Van Loon and
Laaha, 2015; Barker et al., 2016). Our analyses show spatio-
temporal differences between the two teleconnections influence
on meteorological and hydrological drought; we interpret these
differences as being a function of the geography and
characteristics of catchments, such as terrain, geology and
landcover. In the winter in the north-west the rainfall deficits
as a result of NAO—- phases propagate to streamflow resulting in
hydrological drought. Catchments in the north-west are
responsive to rainfall due to topographic and geological
characteristics  (Chiverton al, 2015) and so short
meteorological droughts in this area (as identified by Tanguy
et al., 2021) quickly propagate to low flows. Our analyses also
identify cases where there is limited meteorological to
hydrological drought propagation, particularly in catchments
in the southern and central regions. For example, in the
Lambourn catchment which is underlain with highly
permeable bedrock (Table 1), a notably stronger EA-drought

et

NAO/EA and Drought in Britain

relationship was identified with rainfall than with flows (Figures
7, 9). We suggest that some catchments, depending on their
geography and characteristics, are potentially more resilient to
drought propagation, with the influence of the NAO and EA on
both rainfall and streamflow varying in space and time due to
catchment characteristics (West et al, 2022). However, we
acknowledge that this observation is based on our
interpretation of the difference in meteorological and
hydrological drought occurrence in our analyses, and we have
not undertaken an analysis explicitly quantifying the effect of
catchment characteristics.

In recent years our ability to predict the NAO several months
in advance has improved, especially during the winter months
(Baker et al., 2018; Athanasiadis et al., 2020; Smith et al., 2020).
This study demonstrates that this improved predictive ability
might be useful in water resource management planning. For
example, if several months in advance of winter the NAO was
forecast to be in a strong negative phase, water authorities could
prepare for a higher probability of meteorological and
hydrological drought onset in the highly responsive
catchments in the north-west.

However, NAO predictive skill has largely only improved
during its stronger winter phases, and as far as we are aware,
no improvements have been made in EA prediction. This has
implications for regional forecasting and the inclusion of
teleconnection indices in water management decision making.
This is especially true in the southern, central and eastern regions
where our analysis demonstrates the clear influence of the EA on
meteorological and, more variably, hydrological drought
conditions, particularly in the summer months where the
phase of the EA can enhance or lessen drought severity
associated with NAO+ phases. Our analysis therefore supports
the findings of Hall and Hanna (2018), who suggest that even
highly accurate NAO forecasts might have a limited role in water
management decision making especially in the southern, central
and eastern areas of Great Britain, and Comas-Bru and
McDermott (2014), who suggest that a combination of both
the NAO and EA may be able to explain (hydro)climatic
variability more accurately.

In this study we have used relatively new long-term historic
datasets for rainfall and flows (Tanguy et al., 2017; Barker et al.,
2018) to explore associations between the NAO and EA on
monthly drought conditions in British catchments. There is
scope to utilise these datasets and the analytical approaches
used in this study to explore how the NAO/EA-drought
relationship has changed over time and might change in the
future with climate change, especially given the positive EA index
trend identified in studies (Mikhailova and Yurovsky, 2016).
Further in this study we have explored a specific monthly
drought scenario relating to the monthly teleconnection
indices (NOAA, 2021). As the SPI/SSI datasets used in this
study have indices published over longer accumulation periods
(representing different drought duration/severity) there is
potential to explore the association between teleconnections
and rainfall/flows over different periods of time. Future
research might also explore the association of drought
conditions in catchments with other atmospheric-oceanic
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circulations such as the Scandinavian Pattern and East Atlantic/
West Russia Pattern for which monthly indices are modelled by
NOAA (NOAA, 2021) and rainfall correlations have been found
across the North Atlantic and European region (Krichak and
Alpert, 2005; Comas-Bru and McDermott, 2014).

CONCLUSION

This study aimed to explore the influence of the NAO and EA
North Atlantic teleconnections on meteorological drought in
British catchments, and the extent to which these rainfall
deficits propagate through catchments resulting in hydrological
drought. Based on evidence from our analyses we highlight three
main observations from this study:

1) During the winter months there is spatial variability in the
relative influence of the NAO and EA on drought conditions,
with NAO- phases resulting in higher drought probability in
the north-western areas (regardless of EA phase), and EA-
phases being associated with higher drought probability in the
southern and central areas.

There is less spatial variation in the relative influence of the NAO
and EA during the summer months, with drought conditions
associated with NAO+ phases across most catchments. Although
we find that the phase of the EA can moderate or enhance this,
with severe meteorological droughts being associated with a
combination of NAO+ and EA- phases.

There is spatio-temporal variability in the propagation of
meteorological to hydrological drought, with streamflow in

2)

3)
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