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Abstract
Persistent atmospheric highpressures can lead to long-lastingdroughts andheatwaveswith severe
societal and environmental impacts, as evident in summer 2018 in Europe. It is known that oceanic and
atmospheric features connectedwith the tropical Pacific influence the atmospheric circulation regimes
over theNorthAtlantic/European sector leading to blockinghighpressures in the cold season.Herewe
show that in thewarmseason, different combinations of sea surface temperatures in theNorth Pacific
and theNorthAtlantic are associatedwith distinctly different atmospheric circulationpatterns over
northwest Europe some threemonths later.Whilemost studies are restricted to atmospheric variables,
for theUKwealso investigate the hydrological impact andfind that the effect of the preferred seasonal
storm tracks ismore clearly seen in regional streamflowobservations than in precipitation, presumably
because streamflows integrate the influences of precipitation and evapotranspiration.These relation-
ships openup the possibility of skilful statistical forecasts formuchof spring to autumn,whichwill
usefully complement the currently available skilful winter forecasts based ongeneral circulationmodels.
Our results deliver newunderstanding of the truly global driving processes ofUKdroughts andhighlight
the potential for improved earlywarning for thewider Europeandomain.

Introduction

Long-range dependencies between oceanic, atmospheric and hydrological variables over space and/or time
(teleconnections)have been extensively explored for Europe for the cold season, when the inter-annual
variability of influential forcings such as theNorth AtlanticOscillation (NAO) is large. The effect of theNAO is
well-known,with a positive (negative)NAO index being associatedwithmild andwet (cold and dry) conditions
inwestern Europe (e.g. Scaife et al 2008, Svensson et al 2015). For winter, ocean-atmosphere features of the
tropical PacificOcean have also been found to influence the atmospheric circulation regimes in theNorth
Atlantic/European sector (e.g.Moron and Plaut 2003, Cassou et al 2004, Cassou 2008). An ‘atmospheric bridge’
concept has been proposed, whereby the extratropical atmosphere responds to perturbed tropical forcings
during ElNiño/SouthernOscillation (ENSO) events, and in turn influences the underlying extratropical ocean
(e.g. Alexander et al 2002, Graf andZanchettin (2012)). Exploring features of this bridgemechanism in all
seasons, Lau andNath (2001) found the strongest atmospheric response to occur in January-February, followed
by peaks in theNorth Pacific andNorthAtlantic sea surface temperature (SST) signals one to twomonths later.
Exploring the relationship in latewinter, Zhang et al (2019) found a nonstationary relationship between the
ENSOand theNAO, due tomodulation byAtlantic sea surface temperatures. The negative ENSO-NAO
correlation is significant only when the ENSOand the AtlanticMultidecadalOscillation (AMO) are in phase.

TheWesterly Index (Vicente-Serrano et al 2016) shows a strong relationshipwith drought variability in
northern and central Europe throughout the year, but comparedwithwinter, studies focussing on the European
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summer climate are fewer, andwhereas teleconnections can be found in the cold season, theymay beweaker or
not at all discernible in thewarm season (e.g. Lau andNath 2001, Rimbu et al 2005,Ding et al 2011). However,
Mikšovský et al (2019) suggest that sea surface temperatures in the Atlantic and, particularly, in theNorth Pacific
Ocean are possible drivers of precipitation variability in theCzech Lands. Dong et al (2013)note that the
dominantmode of the summer storm track variability in theAtlantic sector is characterised by ameridional shift
of the storm track between two distinct paths, closely related to the summerNAO (SNAO), and that in addition
to the atmosphere forcing the ocean, there is some evidence consistent with an ocean influence on the
atmosphere. TheAMOhas been found to be partly related to the SNAOon interdecadal time scales (Folland et al
2009), and it has been argued that SSTs in the AtlanticOcean, rather than those in the Indo-Pacific, exert the
dominant influence on sea level pressure in the Atlantic region during boreal summer (Pohlmann and
Latif 2005).

Sutton andHodson (2003) suggest that the influence that the ENSOdoes have onNorth Atlantic sea level
pressure variabilitymay depend on the temperature state of theNorthAtlantic itself, as they found that the
ENSO influence has been nonstationary over the last century. In the present studywe investigate the association
betweenNorth Pacific sea surface temperatures and northwest European climate and hydrology for different
temperature states of theNorth Atlantic. Specifically, the influence on atmospheric pressure patterns aloft is
explored, as well as the resulting effects on regionalUK river flows and precipitation. The objective of the study is
to understand the driving processes behind drought conditions, which could be beneficial for improving
monitoring and early warning systems (e.g. Prudhomme et al 2017) aswell as for improving stochasticmethods
increasingly used in long-term strategic water resources planning applications (e.g. Serinaldi andKilsby 2012,
Counsell et al 2017). Although the presented analysis focuses on northwest Europe and theUK, thewider results
suggest themethod could be usefully applied also in other parts of theworld.

Data

Dailymean streamflows for 93 stations in theNationalHydrologicalMonitoring Programme dataset (Dixon
et al 2013) from theUKNational River FlowArchive, http://nrfa.ceh.ac.uk/, (Marsh andHannaford 2008)
were used, aggregated intomonthlymeans for 1961–2016, because few gauges have data before the 1960s. The
meanmonthly streamflowswere log-transformed tomake themmore normally distributed, and then
standardised separately for each calendarmonth by subtraction of themean and division by the standard
deviation for thatmonth.

Precipitation data at a 5 km resolution, 1961–2015, from theUKMetOffice gridded land surface climate
observations dataset, https://www.metoffice.gov.uk/climatechange/science/monitoring/ukcp09/index.html,
(Perry andHollis 2005)were used.Monthly valueswere derived fromdaily data for 1961–2000, whereas
monthly datawere used directly for 2001–2015.Daily data were used because a problemhad been identifiedwith
themonthly data for the time period 1960–2000. No log-transformwas applied as overall this did notmake the
precipitation datamore normally distributed, but standardisationwas carried out as for the streamflowdata.

Unsmoothedmonthly standardised PacificDecadal Oscillation (PDO) indices, 1961–2016, available at
http://research.jisao.washington.edu/pdo/PDO.latest.txt were used (Mantua et al 1997, Zhang et al 1997)were
used, accessed via theNOAAPSDwebsite at https://www.esrl.noaa.gov/psd/data/climateindices/list/. A
positive value of the PDOmeans that SSTs in the easternNorth Pacific arewarmer than normal and that SSTs in
thewestern Pacific are colder, and vice versa.

Monthly fields of geopotential heights at the 500 hPa pressure level (GPH), on a 2 by 2 degree grid,
1961–2012, from the 20thCentury Reanalysis dataset v2 provided by theNOAA/OAR/ESRL PSD, Boulder,
Colorado, USA (Compo et al 2006), were used, downloaded fromhttp://www.esrl.noaa.gov/psd/data/
gridded/data.20thC_ReanV2.pressure.mm.html.

The temperature state of theNorth Atlantic, 0–70°N,was characterised by three-month aggregations of the
detrended but unsmoothedAMO time series (Enfield et al 2001) (https://www.esrl.noaa.gov/psd/data/
correlation/amon.us.long.data; formethodology see https://www.esrl.noaa.gov/psd/data/timeseries/AMO/)
derived byNOAAbased onKaplan SSTV2data provided by theNOAA/OAR/ESRLPSD, Boulder, Colorado,
USA (http://www.esrl.noaa.gov/psd/).

Methods

Statistical relationships between the PDOon the one hand, andworldwideGPHandUK streamflows and
precipitation on the other hand, were investigated separately for thewarm and cold temperature states of the
NorthAtlantic as characterised by the AMO index. Concurrent and lagged correlation analyses and composite
analysis were carried out for three-month aggregations of the data, starting in each of the 12 calendarmonths of
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the year. Because of the strong topographical and geological controls of precipitation and streamflow in theUK,
precipitation and streamflowdatawere clustered into two and three regions, respectively.

The three-month seasonal values were calculated by averaging the already standardisedmonthly values over
three consecutivemonths. Separately for each of the 12 calendar startmonths, the seasonal series were detrended
and re-standardised to obtain amean=0 and a standard deviation=1. An exception is the stratifying variable,
the AMO,whichwas used as downloaded. Because the AMO index is predominantly in its negative phase during
the study period 1961–2016, a stratification threshold of−0.05 rather than 0was chosen, to obtain amore equal
number of years in each of the two sets.

Each seasonal series was then analysed separately to avoid issues of temporal dependence. Even so, there is
still some inter-annual dependence in the unsmoothed PDO series after stratification onAMO, for the three-
month aggregations starting inMarch to June during the positive phase of the AMO.However, since there is no
serial dependence in the streamflow, precipitation andGPHdata, the temporal dependence in the PDO series
does not affect the degrees of freedom, and hence the significance levels of the correlation analyses are still valid
(see e.g. Pyper and Peterman 1998). A significance level of 5% for a one-sided test of non-parametric Spearman
correlationwas used for the analysis stratified onAMO.Concurrent and lagged Spearman correlation analyses
were carried out using the function cor.test in the standard ‘stats’ package in the programming language
R (RCore Team2018). For the lagged analysis streamflow and precipitationwere lagged 1, 2, 3, 4, 5, 6 and 7
months after the PDO.

A composite study of GPH for high and lowPDO, stratified onAMO,was carried out. That is, for eachAMO
state separately, the difference in themean between the two groups ofGPHvalues (for eachGPHgrid cell
separately) corresponding to PDOvalues greater than 0.5, and smaller than−0.5, standard deviationswas
calculated. Thismeans there is about eight seasons in each of the two groups of GPHvalues. A two-sidedWelch’s
t-test was applied for assessing 5% significance levels, using the function t.test in the ‘stats’ package in R (RCore
Team2018).

The cluster analyses of streamflow and precipitation datawere carried out using the k-meansmethod,
seeded by the output from the complete linkagemethod (e.g. Gordon 1981), applied to data series ofmonthly
anomalies standardised to havemean=0 and standard deviation=1. The clusteringwas carried out using the
function hclust in the ‘stats’ package in R (RCore Team2018). For each cluster, themedian of the standardised
flows (precipitation) for the gauges (grid cells) in each cluster were then used to represent themonthly
streamflow (precipitation) anomaly for that cluster.

Results and discussion

Study area for hydrological impacts
TheUK, like the rest of northwest Europe, is located in the belt of predominantly westerly winds, and displays
strongwindward and leeward effects in both precipitation and streamflow (e.g. Svensson and Jones 2002).
Droughts affecting the lowland southeast of theUK generally extend into the neighbouring lowland parts of
continental Europe. In contrast, themountainous areas of northwest Scandinavia, the Alpine region and
northwest Spainmore rarely display spatially coherent droughts and events are generally of shorter duration
(Hannaford et al 2011).

The topographical divide effectively separates theUK into twomain regions (figure 1), a wetter, hillier
Northwest and a drier, lowland South and East region. The regions reflect that the bulk ofmid-latitude cyclones
track northeastward across or to the north of theUK, resulting in heavy precipitation on thewindwardwest-
facing slopes, predominantly in autumn andwinter. Themore sheltered east of the country receives less rain
(e.g. Barrow andHulme 1997). Inwinter this rainfall distribution is typically associatedwith a positiveNAO
index (e.g. Svensson et al 2015). In summer, a negative SNAO indexwhose centres of action are slightly shifted
and rotated comparedwith its winter counterpart, has a strong associationwith precipitation over all of theUK
(and particularly the north) (e.g. Figures 1 and 6 of Folland et al 2009). Because some drift occurs across the
topographical divide, headwaters of eastward-flowing riversmay still receive heavy rainfall, resulting in the
Northwest region (based on cluster analysis) extending further eastward for streamflows (figure 1(a)) than for
precipitation (figure 1(b)). Aswell as receiving rain inwesterly airflow,wet periods in the south and east are also
associatedwith precipitation falling in on-shore winds on the north side of depressions travelling eastwards on a
more southerly track (Wheeler 1997). Persistence in storm tracks on seasonal time scales can result in very heavy
precipitation andflooding, or in prolonged droughts.

A further separation into three regions is justified for streamflow, to capture the groundwater dominated
catchments on permeable geology (particularly theChalk) in parts of the southeast (figure 1(a)). In these
catchments the streamflow response to rainfall can be delayed bymonths (e.g. Chiverton et al 2015), whereas in
the fast-responding catchments in the northwest, runoffmay occurwithin amatter of hours. Generally, the
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southeast is vulnerable tomulti-year droughts arising fromdiminished groundwater recharge in successive
seasons. This relatively dry region has a highwater demand, resulting in significant pressure onwater resources
(Folland et al 2015). In the northwest, streamflowdroughts tend to occur quickly and are of shorter duration
(generally a few seasons) but can still have serious impacts due to the lack of groundwater storage.

Oceanic interactions resulting in atmospheric high pressure anomalies and drought
By analysing data separately for warm and cold temperature states of theNorth Atlantic, wefind that theNorth
Atlantic alters the association between the PacificOcean temperatures and European climate conditions. SSTs in
the extratropical North Pacific show significant lagged relationships with atmospheric pressure patterns aloft
over northwest Europe (figures 2, S1 and S2 is available online at stacks.iop.org/ERC/1/101001/mmedia), as
well as withUK streamflow (figure 3) formuch of spring to autumn.However, the nature of the relationship
between theNorth Pacific SSTs and the European variables is diametrically opposite for the cold and thewarm
states of theNorthAtlantic.We use the AMO to describe the Atlantic SSTs, the PDO to describe theNorth
Pacific SSTs, and the 500mbar geopotential heights (GPH) to describe the pressure pattern aloft.

The change in the pressure pattern over Europe is part of a larger northern hemispheric circulation pattern
that occurs during the boreal warm seasons (figures 2, S1 and S2). For a coldNorthAtlantic, the positive
(negative) phase of the PDO is associated some threemonths later with positive (negative) pressure anomalies
aloft over theArctic, which extend southward overGreenland (the anomalies are of the opposite sign for the
negative phase of the PDO throughout, andwill not bementioned further). An area of negative pressure
anomalies coversmuch ofwestern Europe and part of the nearbyNorth Atlantic, resulting in amid-latitude
storm track that delivers higher than normalUK river flows, particularly in the southeast of the country
(figure 3). However, when theNorthAtlantic is warm, the positive phase of the PDO tends to be associatedwith
negative pressure anomalies aloft over theArctic. The positive pressure anomalies overGreenland have also
disappeared and instead positive anomalies now cover northwest Europe and part of the neighbouringNorth
Atlantic. The area of negative anomalies over Europe is reduced in extent and shifted eastwards. This change in
the circumpolar wave train results in atmospheric high pressure anomalies and drier than normal conditions
over theUK. The location of the pressure centre over northwest Europe and the neighbouringNorthAtlantic is
consistent with themean sea level pressure centre associatedwith the SNAO (e.g. as shown infigure 1 of Folland
et al 2009). Folland et al (2009) show the SNAO to have a slightly stronger associationwith precipitation in
northern rather than southern Britain in July andAugust.Wefind the relationships between the PDOand
streamflow to be of similar strength across theUK in thesemonths (figure 3), whereas for spring and autumn
relationships were generally stronger for the southeast than for the northwest. This suggests the preferred storm
tracksmay be slightly different in the transition seasons comparedwith summer.

The strongest relationships betweenNorth Pacific SSTs andUK streamflowoccurwhen the streamflow is
lagged about threemonths after the PDO (figure S5). The groundwater dominated catchments in the southeast
respondmore slowly to rainfall, and the strongest relationships between streamflow in these catchments and the
PDOoccur for slightly longer lags, about four to sixmonths. As can be expected, the seasonal variation in the
strength of the correlations is smoother than for the faster responding catchments.

Figure 1.TheUKdivided into (a) three streamflow and (b) two precipitation regions. Aquifer outcrop areas are shaded grey in
figure (a).
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Regardless of the phase of the AMO, formuch of the year the PDO tends to have a positive associationwith
pressure anomalies aloft along the equator, particularly the tropical Pacific for both the concurrent and lagged
analysis (figures S1–S4). At interannual time scales the PDOhas been found to be driven by the ENSO and the
Aleutian low (e.g. Schneider andCornuelle 2005), and to be lagged behind the ENSOby 1–2months
(e.g. Nidheesh et al 2017). Although the symmetry in the pressure patterns in the northern and southern
hemispheres, particularly for the Pacific region for the concurrent analysis (figures S3 and S4), suggest that the
global pressure patterns are ultimately driven by conditions in the tropics, there is no strong direct link between
UK streamflows and the ENSO itself (e.g. with the SouthernOscillation Index, results not shown). Presumably
the relationship ismodified by the temperature conditions of themid-latitude seas, particularly theNorth
Atlantic. Even so, the long-range dependence seen between the PDOand the northwest EuropeanGPHand
streamflowsmay still originate in the tropical PacificOcean, being the result of an atmospheric bridge akin to
that described by Lau andNath (2001). That is, the extratropical atmosphere responds to perturbed tropical
forcing during ENSO events and in turn influences the underlying extratropical oceans not only in the Pacific
but also in the Atlantic. The time lags involved in the present study are longer than the one to twomonths
suggested by Lau andNath (2001), but their study focused on ENSO events in boreal winter. Itmay be that
tropical anomalies ofmoremoderatemagnitudes, occurring in seasonswith generally smaller Atlantic pressure
variability than inwinter, require longer seasonal aggregation times to reach a quasi-equilibrium in the influence
on the atmospheric circulation aloft over Europe. The response-time between precipitation falling and
streamflowbeing generatedwill also play a part in some catchments.

On decadal time scales the AMOandPDOhave been shown to influence the SouthAmericanmonsoon
region (e.g. Krishnamurthy andMisra 2011), andmore recently also to affect precipitation inChile (Valdés-
Pineda et al 2018). On a seasonal time scale, figures S1 and S2 suggest that in austral winter (PDOaggregations
starting inApril to September) the southern part of SouthAmerica is affected by the AMO in a similar way to
northwest Europe, as correlations betweenGPH anomalies over southern SouthAmerica and the PDO three
months earlier have the opposite sign for the two phases of the AMO.That is, SSTs in the SouthAtlantic
modulate the atmospheric circulation pattern over SouthAmerica that evolved accounting for South Pacific

Figure 2.Example of composite analysis of GPH for PDO indices>0.5 or<−0.5 standard deviations, for awarmAtlantic
(AMO�−0.05) (top), and for a coldAtlantic (AMO<−0.05) (bottom). GPH is lagged threemonths after PDO. The colour shows
the difference inmeanGPH (in units of standard deviations) for the two subsets, i.e. themeanGPH for seasons with high PDO indices
minus themeanGPH for seasonswith lowPDO indices. Differences significant at the 5% level are stippled. Seefigures S1 and S2 for all
calendarmonths.
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SSTs upstream in the circumpolar wave train. The PDO is theNorth Pacific node of the Pacific-wide
Interdecadal PacificOscillation, which displays strong symmetry in SSTs north and south of the equator (Henley
et al 2015). Further, the temperature anomalies in the SouthAtlantic are negatively correlatedwith theNorth
Atlantic AMO (figure 1(b) of Enfield et al 2001). It is possible that a stronger relationshipmay be observed for
GPHanomalies over SouthAmerica if the analysis were stratified on the SouthAtlantic SSTs rather than on the
AMO, and a southern hemisphere-specific version of the Interdecadal PacificOscillationwere used rather than
the PDO, although this is outside the scope of the present study.

The lagged relationship between the PDOandUKprecipitation is weaker than that for streamflow (figure 4),
and is generally evenweaker for concurrent observations. The higher correlations for streamflow likely occurs
because it not only depends on precipitation, but also integrates the effect of increased evapotranspiration in the
catchment during high pressure periods in thewarm season. Using a longer precipitation record from
1900–2015 results in even poorer relationships with the PDO (not shown). Assuming that the PDO is driven
from the tropical Pacific, thismay be because the ENSOvariability was comparatively weak between about 1920
and 1960 (Sutton andHodson 2003).

Concluding remarks

Zhou et al (2015)note that observational andmodelling studies present complex and sometimes controversial
results regarding the vertical structure and sign of the atmospheric response tomid-latitude, as opposed to
tropical, Pacific SST anomalies. Formuch of thewarmpart of the year, wefind significant relationships between

Figure 3.Correlations between three-month aggregations of PDOand streamflow,with streamflow lagged threemonths after the
PDO, for three differentUK regions, 1961–2016. The correlations are stratified onAMOphase: AMO<−0.05 (dashed blue line);
AMO�−0.05 (thick solid red line); all AMOregardless of phase (thin solid black line). Significant correlations are circled.
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UKclimate andmid-latitude rather than tropical PacificOcean SSTs, provided that the analysis is carried out
separately for thewarm and cold phases of the AMO.The present study shows how the atmospheric response in
the northeast Atlantic sector is completely altered by the temperature state of theNorthAtlantic, causing
atmospheric anomalies of the opposite sign. This stresses the importance of a truly global perspective in
attempting to unravel the drivers of drought in any given region, and highlights the need to get both themid-
latitude Pacific andAtlantic SSTs correct for global climatemodelling of Europeanweather in thewarm season.
The fact that the relationship between streamflows and the PDO is stronger when the streamflows are lagged
threemonths after the PDO, rather than for the concurrent analysis, also opens up the possibility for simple
statistical forecastingmethods on a seasonal time scale. Regional Atlantic SSTsmay provide further predictors,
as shown by for exampleOsso et al (2018)who related European summer precipitation to SSTs in the preceding
spring. Variable selectionmay be aided by the ‘stable teleconnections’methodology described by, for example,
Ionita et al (2008), to avoid problemswith non-stationarities. The results of the present study suggest that skilful
early warning of northwest European hydrological drought (or persistent wetness) conditionsmay be possible
with relatively long lead times formuch of spring to autumn. Streamflow, rather than precipitation, showed a
stronger relationshipwith the PDO, presumably because it integrates also the effect of increased
evapotranspiration during high pressure periods in thewarm season.
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