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UK droughts are projected to become more frequent under climate change, reinforcing the need to
understand their underlying causes. Our study examines oceanic drivers of UK summer droughts and

the associated teleconnection pathways. Specifically, we evaluate statistical links between
standardized precipitation and streamflow indices for the UK and two North Atlantic Sea surface
temperature (SST) patterns which have previously been linked to the influx of freshwater into the
subpolar region. Our findings reveal that the North Atlantic SST influences UK hydrology up to 1.5
years in advance by altering the position of the North Atlantic Current, which is coupled to the location
of the North Atlantic summer jet stream. The long lead time of this teleconnection pathway can inform
UK drought forecasting across seasonal to interannual timescales and ultimately contribute to the
advancement of sustainable water resource management in the face of increasing drought risks in

the UK.

Extreme droughts have significant impacts on many sectors, including
public water supply, agriculture, and energy production', as well as on
terrestrial and freshwater ecosystems. UK future climate projections
indicate a rise in droughts™, especially during the summer’, albeit with
associated uncertainties®”. The potential for an enhanced risk of drought
in the future has profound implications for sustainable water resource
management”.

UK droughts have long been associated with North Atlantic oceanic
and atmospheric variability. Case studies of extreme droughts across
Europe show that the North Atlantic Oscillation (NAO) and Eastern
Atlantic/Western Russia patterns influence the droughts’ spatio-
temporal evolution™. These atmospheric patterns dominate in winter
and have the greatest impact during the same season by reducing rainfall.
This deficiency in rainfall can extend into the subsequent summer,
contributing to low streamflow patterns that can eventually culminate
into multi-year extreme drought events. Studies have further analysed the
long lead-time predictive capacity of NAO signals on water resource
droughts in the UK'"". Case studies have also highlighted a consistent
tripolar sea surface temperature (SST) pattern in the North Atlantic
during the summer preceding extreme UK droughts". This tripole pat-
tern exhibits a meridional temperature gradient reminiscent of the
negative phase of the Atlantic multidecadal variability mode'*. Moreover,
the summer tripole pattern was found to be linked to NAO-like circu-
lation patterns in the subsequent winter'”™". These changes over the
North Atlantic ultimately contribute to lower-than-normal rainfall in the
UK during subsequent summers through a poleward shift of the eddy-
driven jet"™'".

The atmospheric bridge link between the North Atlantic tripole pattern
and UK rainfall described above has a lag of 1 year”. However, recent
research™ suggests that influx of freshwater in the subpolar region of the
North Atlantic Ocean during summer has been linked to warm and dry
weather conditions over Europe during the summer 2 years later, which
indicates a teleconnection pathway over an even longer period. Despite the
great societal value in such long lead times, allowing for longer-term
planning and preparation, the impact of these events on hydrological
droughts, especially over the UK, is still unknown.

The current challenge with seasonal hydrological forecasts over UK*"
lies in their limited skill at long lead times, with exceptions over southeast
UK?. Even then, skill primarily emerges from initial hydrological conditions
(especially storage in groundwater), whereas skill of the driving operational
meteorological forecasts is relatively limited. Although meteorological
forecasts skill for winter has advanced” improving winter hydrological
forecasts™, skill in other seasons, especially summer, remains limited”.
Compared with atmospheric processes, oceanic processes have more power
atlower (interannual and decadal) frequencies, presenting a possible avenue
to use teleconnections from the North Atlantic Ocean for longer-range
drought predictions. Development of early warning systems from such
teleconnections offers a great opportunity for sustainable and reliable water
resource management across various sectors such as agriculture, hydro-
electric power, and urban water supply planning™. Improved understanding
of the ocean-atmosphere processes driving extreme droughts can underpin
improved water resources management more generally. For example, long-
term water resource planning in the UK (as elsewhere) relies on the use of
stochastic simulation to generate droughts more extreme than in observed
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Fig. 1| Spatial and temporal variability of North Atlantic Ocean patterns. a Yearly time series for the SCA-JFM index (blue) and NAC-JJA index (red) as bars. SST seasonal
anomaly patterns calculated as regressions (shaded; °C) against the b SCA-JFM index and ¢ NAC-JJA index over 1950—2022.

records” and these approaches currently rely on atmospheric/oceanic
predictors such as the NAO*. New knowledge of driving mechanisms could
thereby underpin improved simulation of extreme events to provide stress
tests for long-term water resources planning.

While previous studies have explored teleconnections from the North
Atlantic SST to explain meteorological droughts”, the connection to
hydrological (streamflow) droughts remains largely unexplored. Climate
drivers such as precipitation directly influence a region’s hydrology, while
temperature affects it via snow accumulation or melting and evaporative
demand™”, which is further influenced by wind speed and cloudiness™.
However, despite the strong link between a region’s meteorology and
hydrology™, not all meteorological droughts propagate into hydrological
droughts™. Therefore, studying the influence of a teleconnection only on
rainfall is insufficient™ to fully understand its impacts on water resources.
Rivers integrate processes such as precipitation and evapotranspiration over
a catchment””, influenced by catchment characteristics”*, resulting in
hydrological responses that differ from those of their meteorological
drivers”*". For example, in regions with significant groundwater influence,
such as the southeast UK, groundwater contributions to river flows can
buffer the effects of reduced precipitation, preventing the development of
hydrological droughts™, on the other hand, percolation of rainfall to
groundwater stores prevents its immediate contribution to river flow”>*". As
hydrological droughts are important indicators of water availability and the
impacts of droughts**”, they are directly relevant for operational water
resource management'>**, Thus, it is imperative to study the impact of
teleconnections directly on water resource deficits, rather than simply
assuming they are a direct consequence of meteorological droughts™***,
and relying solely on temperature or precipitation as proxies for hydro-
logical droughts.

Moreover, there exists a significant underestimation of the predictable
climate signal within dynamical models, notably pronounced in the
Arctic-North Atlantic region, attributed to the signal-to-noise paradox®.
Potential reasons for this underestimation include errors in
ocean—atmosphere coupling, teleconnections and parameterised processes
at current model resolutions®. Current models have large biases in the

freshwater and hydrographic variability of the subpolar North Atlantic
(e.g:”™). Further, previous studies have focused on individual components
of the teleconnection from North Atlantic freshwater events to UK
hydrology (e.g."*'"'*), rather than analysing the entire chain of interactions
necessary for its integration into modelling frameworks. By tracing the full
pathway of this teleconnection to hydrological droughts in the UK, we not
only attribute causation to statistical links but also instill confidence in
prediction systems built upon these relationships. Forecasts from such
systems have direct implications for water resource planning, as accurate
early predictions are essential for water managers to prepare for and mitigate
the impacts of droughts in advance. Therefore, this study aims to improve
our understanding of the predictive capacity for long-lead-time droughts
over the UK by significantly increasing our understanding of the driving
teleconnections through:
i. Establishing statistical links between the variability in the North
Atlantic Ocean and UK hydrometeorology.
ii. Assessing how changes in North Atlantic salinity and temperature
drive the development of extreme UK summer droughts in the
following year.

Influence of North Atlantic SSTs on UK
hydrometeorology

Motivated by the observed link of northern European droughts with North
Atlantic subpolar cold anomalies (SCA) and subsequent northward North
Atlantic Current (NAC) shifts'®, we construct two SST indices, SCA index
for winter (SCA-JFM) and NAC index for summer (NAC-JJA) (Fig. 1a)
describing the two SST patterns that correspond to the cold anomalies and
the NAC shifts (Fig. 1b, ¢; see ‘Methods’ for details).

We perform correlation analysis between the area-averaged standar-
dised precipitation index (SPI) for 3-month accumulations (SPI3) in two
distinct regions of UK rainfall, northwest (NW) and southeast (SE) (Fig. 2a),
and the two SST indices (Fig. 1a). Significant correlations (Fig. 2b) are seen
between the SCA-JFM and SPI3, at a lag of 0 and then at 1.5 years. Similarly,
the NAC-JJA displays significant correlations with SPI3 at lag 0 and then at
lag of 1 year (mostly NW UK). Thus, both the summer and winter SST
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Fig. 2 | Lagged correlations between North Atlantic Ocean indices and regional
UK precipitation. a UK divided into two regions of SPI3 northwest (green) and
southeast (brown) using k-means clustering. b Correlation coefficients between two
SST indices: SCA-JFM (solid line) and NAC-JJA (dotted line) against regionally
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averaged SPI3 over the two regions northwest (green) and southeast (brown) for
each month in the current year and the subsequent year. Round markers signify
correlations that are significant at the 0.05 level with lags shown up to 18 months.

indices are significantly correlated with the UK summer rainfall at different
lags. These connections are further linked by the significant correlation
between the SCA-JFM and the North Atlantic jet position index for the
subsequent year’s JJA (correlation coefficient = 0.34), and between NAC-
JJA and the jet index of the same year’s JJA (correlation coefficient = 0.31).
North Atlantic jet stream position is known to strongly influence UK
rainfall’’, and its correlation to SST indices suggests a potential link in the
teleconnection chain between the North Atlantic SSTs and UK climate.
Area-averaging the SPI and jet stream over large regions may weaken
correlation signals due to yearly spatial variations in rainfall patterns and jet
stream positioning. To address this, we extend our analysis to examine local
correlations (Fig. 3) and investigate specific case study years (Section 3).

Although each SST index is strongly auto-correlated with itself at the
lag of 1 year (SCA-JFM = 0.56 and NAC-JJA = 0.41), there is no notable
autocorrelation in the regional SPI3 time series, as these SST indices do not
account for its full variance, ruling out the possibility of spurious correla-
tions. Moreover”, demonstrated that the link between North Atlantic SSTs
and European summer weather is significant on all timescales from years to
decades.

The winter SCA-JEM index also exhibits a significant correlation
with the summer NAC-JJA index of the next year (correlation coeffi-
cient = 0.45). The link between the SST patterns has been explained by
ocean-atmosphere feedbacks in previous research”. The SCA-JFM is
associated with a positive NAO signal and hence, stronger westerly
winds. The specific location of the wind anomaly, associated with the
subpolar cold anomaly signal, leads to converging Ekman transports (i.e.
the wind-driven component of the ocean current) in the intergyre
region™. The convergence of the surface oceanic flow sets up geostrophic
pressure gradients that are maintained through the following summers
despite the winds abating. The geostrophic flow associated with these
pressure gradients reflects a northward shift of the NAC, leading to the
characteristic warm anomaly in the intergyre region. This dynamical
relationship is supported by the positive correlation between the SCA-
JEM and the NAO index for JEM concurrently (within the same year,
correlation coefficient = 0.32), as well as the positive correlations of both
SST indices with the NAO JEM of the subsequent year (correlation
coefficients with SCA-JFM =0.31 and NAC-JJA =0.33). The winter
NAO has previously been statistically linked to British summer river
flows™, for a study period dominated by the cold phase of the Atlantic
multidecadal oscillation.

While the exact timing of the onset of the northward NAC shift
pattern can vary depending on the duration of the cold and fresh
anomaly in the subpolar region, the average lag between the subpolar
cold anomaly in winter of the previous year and its impact on UK

hydrology in the summer of the following year is ~1.5 years. Thus, these
feedbacks, operating at a relatively extended time scale, and their long
lead time association with UK hydrology, provide an opportunity to
predict UK droughts well in advance.

Inspecting the spatial distribution of the correlation between the SST
patterns and the SPI, significant links are identified. Significant correlations
exist across the entirety of the UK between the SCA-JFM index and the SPI
during summer of the subsequent year (Fig. 3a). For the NAC-JJA index,
significant correlations are observed with SPI over most of the UK except
some parts in the northwest (Fig. 3b).

The regions showing significant correlations between the SST indices
and the standardised streamflow Index at a 3-month accumulation (SSI3)
for next year’s summer (Fig. 3¢, d) are largely consistent with those identified
for the SPI3 (Fig. 3a, b). Hence, this establishes a statistical link between the
North Atlantic SCA and streamflow over most of the UK. However, there
are a couple of differences between the SSI3 and SPI3 patterns. First, SSI3 in
the southeastern regions does not exhibit significant correlations with either
index, in contrast to the correlation patterns with SPI3. This difference can
be attributed to the nature of catchments in the southeastern UK, where the
hydrological behaviour of catchments is primarily groundwater driven and
consequently, these catchments are slow responding, and not pre-
dominantly influenced by precipitation at short time scales”*. Second, the
area of poor correlations in northwest Britain for SPI3 (Fig. 3b) has
expanded to encompass most of western Britain for SSI3 (Fig. 3d). The areas
showing a good relationship between NAC-JJA and SSI3 only occur well
into to the predominantly leeward, well sheltered east side of the topo-
graphical divide. These catchments lack headwaters near the actual topo-
graphical divide and are therefore less susceptible to drift of orographically
enhanced precipitation across the divide. The differences between the
impacts of NAC-JJA on SPI3 (Fig. 3b) vs SSI3 (Fig. 3d) could also be due to
high evaporative demand, especially in summer, which reduces the pro-
portion of rainfall contributing to river flow. Increasing evaporative demand
in spring, as found by ref. 55, could lead to drier soils, causing summer
precipitation to first replenish soil moisture, with some of it lost to eva-
poration rather than reaching rivers.

The ensemble streamflow prediction (ESP) method is employed
operationally within the UK Hydrological Outlook™ to generate seasonal
hydrological forecasts for the UK. While the ESP exhibits some skill in
catchments in the southeast of the UK for lead times of up to 12 months, this
skill decays over time™. Additionally, its overall performance is poor in
regions outside the southeast UK at similar lead-times. The strong corre-
lations observed between the North Atlantic SST patterns and streamflow
across most of the UK, excluding the southeast, may be used to compensate
for the limitations in the current operational forecasting system.
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Fig. 3 | Lagged correlations between North
Atlantic Ocean indices and UK summer hydrol-
ogy. Correlation coefficient (shaded) between SST
indices a SCA-JFM (year-0) and bNAC-]JJA (year-0)
against SPI3 for JJA in the subsequent year at each
grid point. ¢, d same as (a, b) but for correlations
against SSI3 for JJA in the subsequent year at each
catchment. Grey regions demonstrate regions
showing insignificant correlations at the 0.05 level.
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Consequently, these correlations present an opportunity to develop a reli-
able nationwide early warning system that extends beyond the 1-year
lead time.

Case studies of UK droughts
Having established strong statistical links between the North Atlantic SST
and UK droughts, we aim to trace back the teleconnection pathways leading
to extreme summer UK drought events. We identified the 4 years with the
highest positive values of the NAC-JJA index (Fig. 1a), i.e. with the most
northward position of the NAC. These years experienced four of the most
extreme summer droughts: 1976, 1995, 2018 and 2022. The 1976 drought is
widely regarded as the most severe drought in recent UK history™. The 1995
drought was considered as the second most severe drought”, particularly
impacting the southeast region, but also caused serious nationwide effects,
including major water supply issues in northern England***. More recently,
the droughts in years 2018 and 2022 were some of the severest summer
droughts to affect the UK***",

For these four drought years, the precipitation (SPI3; Fig. 4a-d) and
streamflow (SSI3; Fig. 4e-h) are below normal and are associated with
anomalously high mean sea level pressure (Fig. 4i-1) and with weakening of

the prevailing westerlies (negative anomalies of u-component of wind over
the UK; Fig. 4m-p). The northward position of the positive anomalies in the
u-wind anomalies at 850hPa compared to its JJA-mean climatology, implies
poleward shifted North Atlantic jet stream during these 4 years. Such
poleward shifts in the North Atlantic jet have long been correlated with dry
conditions over the UK’".

The anomalously northward positioning of the NAC (Fig. 5a-d) leads
to the northward jet position (Fig. 4m-p) and is in turn influenced by the
westerly winds associated with the positive phase of the NAO during the
preceding winter. The positive NAO phase is associated with colder (war-
mer) temperature anomalies in the subpolar (subtropical) North Atlantic
(Fig. 5e-h; also in refs. 15,62).

In the winter, 1.5 years before each of the summer droughts, cold
anomalies were observed over both the North Atlantic subpolar gyre and
the tropical North Atlantic, along with warm anomalies over the mid-
North Atlantic (Fig. 5i-1). This SST pattern bears a striking resemblance
to the tripole pattern® and has been linked to European droughts in 1976
and 2018". This tripole SST pattern (Fig. 5i-1) is associated with the
positive SCA-JFM index (Fig. 1b) and has further been linked to the
freshwater anomalies in the subpolar North Atlantic*’. When we consider
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Fig. 4 | Hydrometeorological conditions during extreme UK summer droughts.
Four extreme summer drought years’ case studies for (a, e, i, m) 1976, (b, £, j, n) 1995,
(¢, 8 k, 0) 2018 and (d, h, 1, p) 2022, showcasing JJA summer (a-d) SSI3 (shaded),

(e-h) SPI3 (shaded), (i-1) mean sea level pressure anomalies (shaded, Pa), and
(m-p) 850hPa u-component of wind anomalies (shaded, m/s) with the 8500hPa
u-component of wind climatology from 1950 t02020 (contour, 5 m/s).

the latest three drought events, the sea surface salinity (SSS) shows
negative anomalies over most of the subpolar North Atlantic region
(Fig. 5m-o), indicating lower than normal salinity over the region.
Observed gridded SSS data is not available as far back as 1974, however,
there was a freshening event during that period which multiple studies
have called North Atlantic 'Great Salinity’ which extended from 1968 to
1982,

While the four drought cases share similarities, notable regional var-
iations are evident within each year, particularly in the northward extent of
the North Atlantic jet stream and NAC. We attribute the differences in the
exact location of the NAC to differences in the size, extent and location of the
preceding freshwater and cold anomaly patterns, which influence the sub-
sequent feedback chain™.

Discussion and conclusions
Our analysis reveals robust statistical links between specific North Atlantic
SST patterns—influenced by freshwater influx into the subpolar North

Atlantic—and UK hydrometeorology, at a lag of 1.5 years. These SST pat-
terns demonstrate significant correlations with precipitation across the
entire UK and streamflows in most regions, except the groundwater driven
catchments in the southeast.

To our knowledge, this is the first study to go beyond the statistical
relationships, and trace the complete teleconnection pathway from North
Atlantic freshwater changes to UK hydrology, using four historic extreme
UK summer droughts as case studies. We propose the following tele-
connection pathway, which is illustrated in Fig. 6 and supported by earlier
studies that demonstrate individual links. Firstly, we attribute the four
extreme UK summer droughts to the anomalous northward shift of the
North Atlantic jet stream, which causes the North Atlantic storm track to
move further north, resulting in reduced rainfall over the UK (as also seen in
refs. 13,51). The northward shift in the jet (or the large-scale atmospheric
circulation associated with the jet stream shift) is in turn closely linked to
northward shift of the NAC™. This is associated with more northward SST
front between the warm NAC and the colder subpolar region®, resembling
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Fig. 5| North Atlantic Ocean conditions linked to extreme UK summer droughts.
Standardised anomalies for (a-d) JJA SST for the same year as the droughts 1976,
1995, 2018 and 2022 (lag 0 year), (e-h) JEM SST for the same year as the droughts
1976, 1995, 2018 and 2022 (lag —0.5 year), (i-1) JEM SST one year prior to the

30w

droughts: 1975, 1994, 2017 and 2021 (lag —1.5 year), and (m-o) JJA SSS two years
prior to the droughts: 1993, 2016 and 2020 (lag —2 year). Standardised anomalies for
SSTs are calculated from detrended SSTs.

the positive phase of the NAC-JJA index. The northward shifts in the North
Atlantic jet and NAC have been previously linked to the winter NAO
circulation'*”. The winter NAO is preceded by the tripole SST pattern'®®,
which resembles the positive phase of the SCA-JFM index (Fig. 1b), char-
acterised by cold anomalies over both the subpolar gyre and the tropical
North Atlantic, with warm anomalies in the intervening region". The
westerly winds associated with positive NAO circulation pattern along with
the SCA of the North Atlantic tripole pattern can explain the northward
shift of the NAC™**7,

Further, the development of SCA-JFM (or the North Atlantic tripole)
SST pattern in winter is linked to an enhanced freshwater influx into the
subpolar regions of North Atlantic™®®. Specifically, increased surface
freshening of the subpolar North Atlantic during summer increases the
stratification of the ocean and prevents mixing. In subsequent autumn and
winter, enhanced surface cooling is required to make the fresher surface
water dense enough to sink. Thus, cold surface anomalies can emerge,
leading to atmospheric feedbacks that intensify the signal and transform it
into the characteristic large-scale ocean response that resembles the tripolar
SST pattern®. With further feedback from NAO westerlies, the tripolar SST
pattern gradually transitions into the northward NAC shift, leading to the
conditions that promote strong UK summer droughts.

In summary, the proposed chain of events is well supported by the
identified, significant statistical relationships and well-grounded in the-
ory. Specifically, the link between freshwater and the SST is a result of

mass conservation. The influence of the SST on the atmospheric circu-
lation can be explained by baroclinic instability®. The feedback of the
atmosphere on the ocean circulation is the result of Ekman transports
and geostrophic balance, and the link between the large-scale atmo-
spheric circulation in summer and UK droughts is supported by quasi-
geostrophic theory.

Our findings offer new insights and opportunities for predictions since
the existing operational seasonal streamflow forecasts for the UK exhibits
low skill outside the southeast™. Crucially, the relationships described herein
provide potential hydrological forecasting options for the summer months
at long lead times, that are currently one of the key shortfalls in dynamical
seasonal meteorological (and hence hydrological) forecasts™. Although
there have been efforts to improve UK summer meteorological forecasts,
these improvements have primarily focused on shorter lead times of around
six months’*”". Additionally, summer is the time of year where hydrological
droughts have the greatest impact on public water supply and irrigated
agriculture (due to fine balances between supply and demand) as well as
acute impacts on instream ecology that arise from low flows. Thus, indi-
cators that influence UK drought conditions during summer can be lever-
aged to develop highly accurate prediction systems for low-flows regime.
While our focus has been on UK summer droughts, the large spatial reach of
the teleconnection pathway based on the associated ocean-atmosphere
circulation patterns suggests that the identified links are transferable to other
regions across Europe.
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Fig. 6 | Teleconnection pathway: North Atlantic
salinity changes to UK summer droughts. (i) In the
summer 2 years (YEAR—2) before the droughts
melting from the Arctic causes freshwater incursion
into the subpolar North Atlantic Ocean leading to
stratification and enhanced surface cooling in win-
ter; (ii) strong meridional SST gradient forms,
leading to atmospheric feedbacks and the formation
of the North Atlantic SST tripole pattern in the
winter 1 year (YEAR-1) before the droughts; (iii)
positive phase of the NAO circulation pattern is
formed with strong westerly winds during the winter
(YEAR 0) preceding the droughts; (iv) Northward
shift of the North Atlantic Current and Jet Stream
leads to UK drought in the summer (YEAR 0) with
lower than normal rainfall and streamflow. In the
schematic the winter season has been shown with a
black snowflake symbol and the summer season
with a black sun symbol.
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While there are only few extreme events so far that link salinity changes
in the North Atlantic to UK summer hydrology, the chain of events is
supported by the strong statistical relationships, by earlier studies and
established theory. However, our study might be limited by the non-
stationarity of correlations and trends in the observed datasets, leading to
uncertainty in the statistical relationships. To identify a clear causal chain of
events, SST-forced simulations can be performed with prescribed observed

SST and sea ice, as demonstrated in studies like’>. Moreover, alternative
methods such as the storylines approach can be highly effective in repre-
senting uncertainty in the prolonged teleconnections being studied” and in
exploring the boundaries of plausibility for extreme events’'. Further, while
the identified correlations in the teleconnection link explain a portion of the
hydrological drought variability, it does not account for it fully. These
relationships should be further refined during the development of a
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predictive model by leveraging the strengths of existing forecasting method,
which would enhance the overall accuracy of UK summer drought forecasts.

Forecasting systems based on SST patterns influenced by freshwater
incursion can significantly enhance accuracy for low-flow regimes over UK
at long lead times. Understanding the physical basis for the teleconnections
is crucial before using statistical relationships to create prediction systems
for UK hydrology based on North Atlantic SST/salinity changes. These
predictive methods can be integrated with the existing UK hydrological
forecasting system’"”’, complementing it to improve skill, particularly in
northwest UK. By tracing the full teleconnection pathway to hydrological
droughts, our study strengthens the causal understanding of these links,
enhancing confidence in prediction systems that can be implemented
operationally to support proactive water resource planning. Further, mul-
tiple predictors derived from different stages of the teleconnection pathway
can be used to develop sequential drought forecasting models, which use
combinations of the input predictors, which progressively improve in
accuracy as the prediction period nears, as demonstrated in other parts of
the world’*”. Improving drought forecasting systems can help mitigate the
impacts of extreme droughts by enabling informed decision-making for
implementing optimal water management practices*. This becomes espe-
cially important as global warming intensifies, leading to increased sea-ice
melting, which will likely result in more freshwater influx in the North
Atlantic, potentially exacerbating UK summer droughts.

Methods

Datasets

To characterise the hydrometeorological conditions in the UK, we use two
key indices: the SPI”° for representing precipitation patterns, and the SSI”” to
depict river flow behaviour. For this work, we used the historic gridded SPI
for UK available at 5 km horizontal resolution””, and observed catchment-
scale SSI from 864 UK catchments™. To concentrate on the more significant
drought events with pronounced impacts, we chose the three-month
accumulations for both the indices: SPI3 and SSI3.

For SSTs we use the Met Office Hadley Centre HadISST monthly SSTs
version 1.1, available at 1° horizontal resolution®. For sea surface salinity
(SSS), we use multi observation global ocean sea surface salinity at 0.125°
horizontal resolution®. For the atmospheric variables, u-component of
wind at 850 hPa and mean sea level pressure, we use European Centre for
Medium-Range Weather Forecasts fifth generation reanalysis (ERAS5),
available at ~31 km horizontal resolution®. To identify the North Atlantic
jet latitude (i.e. position) during winter (DJF) and summer (JJA) months we
use the corresponding jet stream indices”’, calculated using ERA5 data. The
NAO winter (JFM) index used here is the station-based NAO index*’. Our
study focuses on the common period for all data variables’ availability, i.e.
1950-2022.

Derivation of drought index

The UK exhibits a strong rainfall gradient that intensifies from southeast to
northwest, caused by the prevailing winds and the topographical divide. To
identify homogenous rainfall regions, we apply k-means clustering method
to monthly SPI3 values. Our analysis reveals two distinct clusters: the
northwest and the southeast (Fig. 2a), similar to the findings by*. To
understand the statistical relationships between SSTs patterns and UK
hydrometeorology (SPI3 and SSI3) and other oceanic and circulation
indices, we employ the Pearson correlation method over the common
period of 1950—2020. To determine the presence of significant relation-
ships between the variables, we use a one-sided Student’s t-test and test for
significant differences at the 5% level.

Derivation of SST indices

To assess the link between the UK droughts and the North Atlantic SST, we
constructed two SST indices which describe two SST patterns that have been
linked to northern European droughts™: SCA and subsequent northward
NAC shifts. Both indices were derived by spatially correlating the observed
SST anomalies of each month with the specific SST patterns that represent

SCA and northward NAC shifts™, using the area between 35°N to 65°N and
10°W to 75°W.

For the first index, we correlated the winter season (JFM) SST
anomalies for each year with the winter season cold anomaly SST pattern
linked to strong freshwater events (Fig. 1j in ref. 20). This index thus
represents the time variability of the SCA SST pattern during the JFM
season, referred to as SCA-JFM in this study. For the second index, we used
the summer season (JJA) SST anomalies for each year correlated with the
summer season NAC shift pattern (Fig. 5¢ in ref. 20). This index—referred
to as NAC-JJA—indicates how well the SST pattern in JJA represents the
northward NAC shift. The resulting yearly time series for both indices and
the associated SST patterns, obtained by regressing the SST back onto the
indices, are shown in Fig. 1.

The SCA-JFM pattern (Fig. 1b) resembles the first mode of variability
of the North Atlantic SSTs, represented as the North Atlantic tripolar SST
pattern positive (negative) phase with cold (warm) SST anomalies in the
subpolar region and tropical North Atlantic, with warm (cold) anomalies in
between the two. The NAC-JJA pattern (Fig. 1c) is associated with a warm
SST anomaly in the region between the subpolar the subtropical gyre,
corresponding to the inter-gyre region. It resembles the second mode of
variability of the North Atlantic SSTs. The warm anomaly in the inter-gyre
region occurs due to a shift in the northward current, resulting in the current
(and the warm water it carries) being located anomalously north®*”*. These
two patterns were specifically chosen as they have been linked to northern
European summer droughts at a lag of 1.5 years to the first index and at zero
lag to the second index™.

Data availability

Historic gridded SPI for the UK 1862-2015 version 4 is available at
UKCEH’s Environmental Information Data Centre https://doi.org/10.
5285/233090b2-1d14-4eb9-9f9¢c-3923ea2350ff. The SPI data for years
2016—2022 and observed SSI data are available via the UK Water
Resources Portal https://eip.ceh.ac.uk/hydrology/water-resources/. The
E.U. Copernicus Marine Service Information’s Multi Observation Global
Ocean Sea Surface Salinity data is available at https://doi.org/10.48670/
moi-00051. ECMWF’s ERA5 reanalysis dataset has been downloaded
from Copernicus program’s Climate Data Store (CDS) https://doi.org/10.
24381/cds.f17050d7 and https://doi.org/10.24381/cds.6860a573. The Met
Office Hadley Centre Sea Ice and Sea Surface Temperature (HadISST)
observed dataset is provided by the UK Met Office Hadley Centre https://
www.metoffice.gov.uk/hadobs/hadisst/data/download.html. NAO sea-
sonal index data provided by the Climate Analysis Section, NCAR,
Boulder, USA https://climatedataguide.ucar.edu/sites/default/files/2023-
07/nao_station_seasonal.txt.

Received: 1 October 2024; Accepted: 6 May 2025;
Published online: 05 June 2025

References

1. Spraggs, G., Peaver, L., Jones, P. & Ede, P. Re-construction of
historic drought in the Anglian Region (UK) over the period 1798-2010
and the implications for water resources and drought management. J.
Hydrol. 526, 231-252 (2015).

2. Tumer, S. et al. The 2018/2019 drought in the UK: a hydrological
appraisal. Weather 76, 248-253 (2021).

3. Lane, R.A. & Kay, A.L. Climate change impact on the magnitude and
timing of hydrological extremes across Great Britain. Front. Water 3,
https://doi.org/10.3389/frwa.2021.684982.

4. Parry, S. et al. Divergent future drought projections in UK river
flows and groundwater levels. Hydrol. Earth Syst. Sci. 28, 417-440
(2024).

5. Tanguy, M. et al. How will climate change affect the spatial coherence
of streamflow and groundwater droughts in Great Britain? Environ.
Res. Lett.18, 64048 (2023).

Communications Earth & Environment| (2025)6:437


https://doi.org/10.5285/233090b2-1d14-4eb9-9f9c-3923ea2350ff
https://doi.org/10.5285/233090b2-1d14-4eb9-9f9c-3923ea2350ff
https://eip.ceh.ac.uk/hydrology/water-resources/
https://doi.org/10.48670/moi-00051
https://doi.org/10.48670/moi-00051
https://doi.org/10.24381/cds.f17050d7
https://doi.org/10.24381/cds.f17050d7
https://doi.org/10.24381/cds.6860a573
https://www.metoffice.gov.uk/hadobs/hadisst/data/download.html
https://www.metoffice.gov.uk/hadobs/hadisst/data/download.html
https://climatedataguide.ucar.edu/sites/default/files/2023-07/nao_station_seasonal.txt
https://climatedataguide.ucar.edu/sites/default/files/2023-07/nao_station_seasonal.txt
https://doi.org/10.3389/frwa.2021.684982
https://doi.org/10.3389/frwa.2021.684982
www.nature.com/commsenv

https://doi.org/10.1038/s43247-025-02367-1

Article

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

Counsell, C.J.A. End-to-End Ensemble Modelling for Water
Resources Planning Under Uncertainty. PhD thesis, the Open Univ.
https://doi.org/10.21954/0u.ro.0000dcf7 2018.

De Niel J., Van Uytven, E. & Willems. Uncertainty analysis of climate
change impact on river flow extremes based on a large multi-model
ensemble. Water Res. Manag. 33, 4319-4333 (2019).

National Infrastructure Commission, ‘Preparing for a drier future:
England’s water infrastructure needs’, 2018. accessed 30 October
2023. [Online]. Available: https://nic.org.uk/app/uploads/NIC-
Preparing-for-a-Drier-Future-26-April-2018.pdf.

Parry, S., Hannaford, J., Lloyd-Hughes, B. & Prudhomme, C. Multi-
year droughts in Europe: analysis of development and causes. Hydrol.
Res. 43, 689-706 (2012).

West, H. Quinn, N. & Horswell, M. The influence of the North Atlantic
oscillation and East Atlantic pattern on drought in british catchments.
Front. Environ. Sci. 10, https://doi.org/10.3389/fenvs.2022.754597
(2022).

Rust, W., Bloomfield, J. P., Cuthbert, M., Corstanje, R. & Holman, I.
The importance of non-stationary multiannual periodicities in the
North Atlantic Oscillation index for forecasting water resource
drought. Hydrol. Earth Syst. Sci. 26, 2449-2467 (2022).

Rust, W., Bloomfield, J. P. & Holman, |. Long-range hydrological
drought forecasting using multi-year cycles in the North Atlantic
Oscillation. J. Hydrol. 641, 131831 (2024).

Dunstone, N. et al. Skilful Real-time seasonal forecasts of the dry
Northern European summer 2018. Geophys. Res. Lett. 46,
12368-12376 (2019).

Sutton, R. T. &Dong, B. Atlantic Ocean influence on a shift in European
climate in the 1990s. Nat. Geosci. 5, 788-792 (2012).

Czaja, A. & Frankignoul, C. Observed impact of Atlantic SST
anomalies on the North Atlantic oscillation. J. Clim. 15, 606-623
(2002).

Cassou, C., Deser, C., Terray, L., Hurrell, J. W. & Drévillon, M. Summer
sea surface temperature conditions in the North Atlantic and their
Impact upon the atmospheric circulation in early winter. J. Clim. 17,
3349-3363 (2004).

Gastineau, G. & Frankignoul, C. Influence of the North Atlantic SST
variability on the atmospheric circulation during the twentieth century.
J. Clim. 28, 1396-1416 (2015).

Kingston, D. G., Fleig, A. K., Tallaksen, L. M. & Hannah, D. M.
Ocean-atmosphere forcing of summer streamflow drought in Great
Britain. J. Hydrometeorol. 14, 331-344 (2013).

Hu, Z.-Z. & Huang, B. Air-sea coupling in the North Atlantic during
summer. Clim. Dyn. 26, 441-457 (2006).

Oltmanns, M. et al. European summer weather linked to North Atlantic
freshwater anomalies in preceding years. Weather Clim. Dyn. 5,
109-132 (2024).

Prudhomme, C. et al. Hydrological outlook UK: an operational
streamflow and groundwater level forecasting system at monthly to
seasonal time scales. Hydrol. Sci. J. 62, 2753-2768 (2017).
Harrigan, S., Prudhomme, C., Parry, S., Smith, K. & Tanguy, M.
Benchmarking ensembile streamflow prediction skill in the UK. Hydlrol.
Earth Syst. Sci. 22, 2023-2039 (2018).

Scaife, A. A. et al. Skillful long-range prediction of European and North
American winters. Geophys. Res. Lett. 41, 2514-2519 (2014).
Svensson, C. et al. Long-range forecasts of UK winter hydrology.
Environ. Res. Lett. 10, 064006 (2015).

Dunstone, N. et al. Skilful seasonal predictions of summer European
rainfall. Geophys. Res. Lett. 45, 3246-3254 (2018).

Committee on Climate Change, ‘Committee on Climate Change - UK
Climate Change Risk Assessment 2017 - Synthesis Report’, 2016,
accessed 18 April 2024. [Online]. Available: https://www.theccc.org.
uk/wp-content/uploads/2016/07/UK-CCRA-2017-Synthesis-
Report-Committee-on-Climate-Change.pdf.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Counsell, C. & Durant, M. Water Supply: Observed and Projected -
Review of the state of research on drought. in Review of the research
and scientific understanding of drought, 2023, 548-600, accessed 20
May 2024. [Online]. Available: https://assets.publishing.service.gov.
uk/media/656f10920f12ef07a53e0229/Annex_to_the_review_of
the_research_and_scientific_understanding_of_drought.pdf.
Dawkins, L. C., Osborne, J. M., Economou, T., Darch, G. J. C. &
Stoner, O. R. The advanced meteorology explorer: a novel stochastic,
gridded daily rainfall generator. J. Hydrol. 607, 127478 (2022).
Brunner, M. 1., Swain, D. L., Gilleland, E. & Wood, A. W. Increasing
importance of temperature as a contributor to the spatial extent of
streamflow drought. Environ. Res. Lett. 16, 024038 (2021).
Ahmadalipour, A., Moradkhani, H. & Demirel, M. C. A comparative
assessment of projected meteorological and hydrological droughts:
elucidating the role of temperature. J. Hydrol. 563, 785-797 (2017).
Teuling, A. J. et al. Evapotranspiration amplifies European summer
drought. Geophys. Res. Lett. 40, 2071-2075 (2013).

Sutanto, S. J., Syaehuddin, W. A. & de Graaf, |. Hydrological drought
forecasts using precipitation data depend on catchment properties
and human activities. Commun. Earth Environ. 5, 118 (2024).

Kumar, A. et al. Cascading droughts: exploring global propagation of
meteorological to hydrological droughts (1971-2001). Sci. Total
Environ. 979, 179486 (2025).

Hannaford, J., Lloyd-Hughes, B., Keef, C., Parry, S. & Prudhomme, C.
Examining the large-scale spatial coherence of European drought
using regional indicators of precipitation and streamflow deficit.
Hydrol. Process 25, 1146-1162 (2011).

Van Loon, A. F. Hydrological drought explained. WIREs Water 2,
359-392 (2015).

van Lanen, H.A.J., Fendekova, M. Kupczyk, E. Kasprzyk, A. &
Pokojski, W. Flow generating processes. In Hydrological Drought:
Processes and Estimation Methods for Streamflow and Groundwater
Vol. 48 (eds Tallaksen, L.M. & van Lanen, H.A.J.) 53-96 (Elsevier,
2004).

Barker, L. J., Hannaford, J., Chiverton, A. & Svensson, C. From
meteorological to hydrological drought using standardised indicators.
Hydrol. Earth Syst. Sci. 20, 2483-2505 (2016).

Laizé, C. L. R. & Hannah, D. M. Modification of climate-river flow
associations by basin properties. J. Hydrol. 389, 186-204 (2010).
Lavers, D., Prudhomme, C. & Hannah, D. M. Large-scale climate,
precipitation and British river flows: identifying hydroclimatological
connections and dynamics. J. Hydrol. 395, 242-255 (2010).

Fleig, A. K., Tallaksen, L. M., Hisdal, H. & Hannah, D. M. Regional
hydrological drought in north-western Europe: linking a new regional
drought area index with weather types. Hydrol. Process 25,
1163-1179 (2011).

Rahmani, F. & Fattahi, M. H. A multifractal cross-correlation
investigation into sensitivity and dependence of meteorological and
hydrological droughts on precipitation and temperature. Nat. Hazards
109, 2197-2219 (2021).

Pozzi, W. et al. Toward global drought early warning capability:
expanding international cooperation for the development of a
framework for monitoring and forecasting. Bull. Am. Meteorol. Soc.
94, 776-785 (2013).

Hao, Z., Singh, V. P. &Xia, Y. Seasonal drought prediction: advances,
challenges, and future prospects. Rev.Geophys. 56, 108-141 (2018).
Sutanto, S. J., Wetterhall, F. & Van Lanen, H. A. J. Hydrological
drought forecasts outperform meteorological drought forecasts.
Environ. Res. Lett. 15, 084010 (2020).

Scaife, A. A. & Smith, D. A signal-to-noise paradox in climate science.
NPJ Clim. Atmos. Sci. 1, 28 (2018).

Weisheimer, A. et al. The signal-to-noise paradox in climate forecasts:
revisiting our understanding and identifying future priorities. Bull. Am.
Meteorol. Soc. 105, E651-E659 (2024).

Communications Earth & Environment| (2025)6:437


https://doi.org/10.21954/ou.ro.0000dcf7
https://doi.org/10.21954/ou.ro.0000dcf7
https://nic.org.uk/app/uploads/NIC-Preparing-for-a-Drier-Future-26-April-2018.pdf
https://nic.org.uk/app/uploads/NIC-Preparing-for-a-Drier-Future-26-April-2018.pdf
https://nic.org.uk/app/uploads/NIC-Preparing-for-a-Drier-Future-26-April-2018.pdf
https://doi.org/10.3389/fenvs.2022.754597
https://doi.org/10.3389/fenvs.2022.754597
https://www.theccc.org.uk/wp-content/uploads/2016/07/UK-CCRA-2017-Synthesis-Report-Committee-on-Climate-Change.pdf
https://www.theccc.org.uk/wp-content/uploads/2016/07/UK-CCRA-2017-Synthesis-Report-Committee-on-Climate-Change.pdf
https://www.theccc.org.uk/wp-content/uploads/2016/07/UK-CCRA-2017-Synthesis-Report-Committee-on-Climate-Change.pdf
https://www.theccc.org.uk/wp-content/uploads/2016/07/UK-CCRA-2017-Synthesis-Report-Committee-on-Climate-Change.pdf
https://assets.publishing.service.gov.uk/media/656f10920f12ef07a53e0229/Annex_to_the_review_of_the_research_and_scientific_understanding_of_drought.pdf
https://assets.publishing.service.gov.uk/media/656f10920f12ef07a53e0229/Annex_to_the_review_of_the_research_and_scientific_understanding_of_drought.pdf
https://assets.publishing.service.gov.uk/media/656f10920f12ef07a53e0229/Annex_to_the_review_of_the_research_and_scientific_understanding_of_drought.pdf
https://assets.publishing.service.gov.uk/media/656f10920f12ef07a53e0229/Annex_to_the_review_of_the_research_and_scientific_understanding_of_drought.pdf
www.nature.com/commsenv

https://doi.org/10.1038/s43247-025-02367-1

Article

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Menary, M. B. et al. Exploring the impact of CMIP5 model biases on
the simulation of North Atlantic decadal variability. Geophys. Res.
Lett. 42, 5926-5934 (2015).

Sgubin, G., Swingedouw, D., Drijthout, S., Mary, Y. & Bennabi, A.
Abrupt cooling over the North Atlantic in modern climate models. Nat.
Commun. 8, 14375 (2017).

Mecking, J. V., Drijfhout, S. S., Jackson, L. C. & Andrews, M. B. The
effect of model bias on Atlantic freshwater transport and implications
for AMOC bi-stability. Tellus A Dyn. Meteorol. Oceanogr. 69, 1299910
(2017).

Wu, Y., Park, T., Park, W. & Latif, M. North Atlantic climate model bias
influence on multiyear predictability. Earth Planet. Sci. Lett. 481,
171-176 (2018).

Harvey, B., Hawkins, E. & Sutton, R. Storylines for future changes of
the North Atlantic jet and associated impacts on the UK. Int. J.
Climatol. 43, 4424-4441 (2023).

Marshall, J., Johnson, H. & Goodman, J. A study of the interaction of
the North Atlantic oscillation with ocean circulation. J. Clim. 14,
1399-1421 (2001).

Svensson, C. & Prudhomme, C. Prediction of British summer river
flows using winter predictors. Theor. Appl. Climatol. 82, 1-15 (2005).
Chiverton, A. et al. Which catchment characteristics control the
temporal dependence structure of daily river flows?. Hydrol. Process
29, 1353-1369 (2015).

Noguera, |., Hannaford, J., & Tanguy, M., Distribution, trends and
drivers of flash droughts in the United Kingdom. https://doi.org/10.
5194/egusphere-2024-1969 (2024).

Marsh, T., Cole, G. & Wilby, R. Major droughts in England and Wales,
1800-2006. Weather 62, 87-93 (2007).

Tanguy, M. et al. Regional differences in spatiotemporal drought
characteristics in Great Britain. Front. Environ. Sci. 9, 639649 (2021).
Institute of Hydrology and British Geological Survey, ‘Hydrological
data United Kingdom 1995 Yearbook: an account of rainfall, river
flows, groundwater levels and river water quality January to December
1995’, 1995, accessed 30 June 2024. [Online]. Available: https://nora.
nerc.ac.uk/id/eprint/6946.

UKCEH, ‘The UK faced an extremely hot and dry summer in 1995 which
lead to rapidly declining river and reservoir levels and water supply
disruption’, accessed 30 January 2024. [Online]. Available: https://www.
ceh.ac.uk/our-science/projects/tanker-drought-1995-1998.

Chan, W. C. H. et al. Added value of seasonal hindcasts for UK
hydrological drought outlook. Nat Hazards Earth Syst. Sci. Discuss.
2023, 1-21 (2023).

Barker, L. J. et al. An appraisal of the severity of the 2022 drought and
its impacts. Weather 79, 208-219 (2024).

Saunders, M.A. & Qian, B. Seasonal predictability of the winter NAO
from north Atlantic sea surface temperatures’, Geophys. Res. Lett. 29,
https://doi.org/10.1029/2002GL014952 (2002).

Dickson, R. R., Meincke, J., Malmberg, S.-A. & Lee, A. J. The “great
salinity anomaly” in the Northern North Atlantic 1968-1982. Prog.
Oceanogr. 20, 103-151 (1988).

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

Kingston, D. G., Stagge, J. H., Tallaksen, L. M. & Hannah, D. M.
European-scale drought: understanding connections between
atmospheric circulation and meteorological drought indices. J. Clim.
28, 505-516 (2015).

Peng, S., Robinson, W. A. & Li, S. Mechanisms for the NAO
Responses to the North Atlantic SST Tripole. J. Clim. 16, 1987-2004
(2003).

Zhao, J. & Johns, W. Wind-forced interannual variability of the Atlantic
meridional overturning circulation at 26.5°N. J. Geophys. Res. Oceans
119, 2403-2419 (2014).

68.

69.
70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Oltmanns, M., Karstensen, J., Moore, G. W. K. & Josey, S. A. Rapid
cooling and increased storminess triggered by freshwater in the North
Atlantic. Geophys. Res. Lett. 47, €2020GL087207 (2020).

Eady, E. T. Long waves and cyclone waves. Tellus 1, 33-52 (1949).
Osso, A, Sutton, R., Shaffrey, L. & Dong, B. Observational evidence of
European summer weather patterns predictable from spring. Proc.
Natl. Acad. Sci.115, 59-63 (2018).

Simpson, |., Hanna, E., Baker, L., Sun, Y. & Wei, H. North Atlantic
atmospheric circulation indices: Links with summer and winter
temperature and precipitation in north-west Europe, including
persistence and variability. Int. J. Climatol. 44, 902-922 (2024).
Blackport, R. & Screen, J. A. Observed statistical connections
overestimate the causal effects of Arctic Sea ice changes on
midlatitude winter climate. J. Clim. 34, 3021-3038 (2021).

Shepherd, T. G. et al. Storylines: an alternative approach to
representing uncertainty in physical aspects of climate change. Clim.
Change 151, 555-571 (2018).

Dikshit, A., Pradhan, B., Assiri, M. E., Almazroui, M. & Park, H.-J.
Solving transparency in drought forecasting using attention models.
Sci. Total Environ. 837, 155856 (2022).

Deo, R. C., Kisi, O. & Singh, V. P. Drought forecasting in eastern
Australia using multivariate adaptive regression spline, least square
support vector machine and M5Tree model. Atmos. Res. 184,
149-175 (2017).

McKee, T.B., Doesken, N.J., Kleist, J. & others. The relationship of
drought frequency and duration to time scales. In Proc 8th
Conference on Applied Climatology179-183 (Scientific Research,
1993).

Vicente-Serrano, S. M. et al. Performance of drought indices for
ecological, agricultural, and hydrological applications. Earth Interact.
16, 1-27 (2012).

Tanguy, M., Fry, M., Svensson, C. & Hannaford, J. Historic gridded
standardised precipitation index for the United Kingdom 1862-2015
(generated using gamma distribution with standard period 1961-
2010)v4’,2017. https://doi.org/10.5285/233090b2-1d14-4eb9-9f9c-
3923ea2350ff.

Barker, L.J. et al. Dynamic high resolution hydrological status
monitoring in real-time: the UK water resources portal. Front. Environ.
Sci. 10, https://doi.org/10.3389/fenvs.2022.752201 (2022).

Rayner, N.A. et al. Global analyses of sea surface temperature, sea
ice, and night marine air temperature since the late nineteenth century.
J. Geophys. Res. Atmos. 108, https://doi.org/10.1029/
2002JD002670 (2003).

Buongiorno Nardelli, B., Droghei, R. & Santoleri, R. Multi-dimensional
interpolation of SMOS sea surface salinity with surface temperature
and in situ salinity data. Remote Sens. Environ. 180, 392-402 (2016).
Hersbach, H. et al. The ERAS5 global reanalysis. Q. J. R. Meteorol. Soc.
146, 1999-2049 (2020).

Hurrell, J. W., Kushnir, Y., Ottersen, G. & Visbeck, M. The North
Atlantic Oscillation: Climatic Significance and Environmental Impact
Vol. 134. Washington, D. C.: American Geophysical Union, 2003.
https://doi.org/10.1029/GM134.

Svensson, C. & Hannaford, J. Oceanic conditions associated with
Euro-Atlantic high pressure and UK drought. Environ. Res. Commun.
1, 101001 (2019).

Kostov, Y. et al. Distinct sources of interannual subtropical and
subpolar Atlantic overturning variability. Nat. Geosci. 14, 491-495
(2021).

Acknowledgements

This research was funded by the Natural Environment Research Council
CANARI project (NE/W004984/1), DIMSUM project (NE/Y005090/1),
UKCEH’s Net Zero Capacity Building Project, and the Co-Centre for
Climate + Biodiversity + Water programme (NE/Y006496/) funded by Sci-
ence Foundation Ireland (SFl), Northem Ireland’s Department of Agriculture,

Communications Earth & Environment| (2025)6:437

10


https://doi.org/10.5194/egusphere-2024-1969
https://doi.org/10.5194/egusphere-2024-1969
https://doi.org/10.5194/egusphere-2024-1969
https://nora.nerc.ac.uk/id/eprint/6946
https://nora.nerc.ac.uk/id/eprint/6946
https://nora.nerc.ac.uk/id/eprint/6946
https://www.ceh.ac.uk/our-science/projects/tanker-drought-1995-1998
https://www.ceh.ac.uk/our-science/projects/tanker-drought-1995-1998
https://www.ceh.ac.uk/our-science/projects/tanker-drought-1995-1998
https://doi.org/10.1029/2002GL014952
https://doi.org/10.1029/2002GL014952
https://doi.org/10.5285/233090b2-1d14-4eb9-9f9c-3923ea2350ff
https://doi.org/10.5285/233090b2-1d14-4eb9-9f9c-3923ea2350ff
https://doi.org/10.5285/233090b2-1d14-4eb9-9f9c-3923ea2350ff
https://doi.org/10.3389/fenvs.2022.752201
https://doi.org/10.3389/fenvs.2022.752201
https://doi.org/10.1029/2002JD002670
https://doi.org/10.1029/2002JD002670
https://doi.org/10.1029/2002JD002670
https://doi.org/10.1029/GM134
https://doi.org/10.1029/GM134
www.nature.com/commsenv

https://doi.org/10.1038/s43247-025-02367-1

Article

Environment and Rural Affairs (DAERA) and UK Research and Innovation
(UKRI). The authors would like to thank their UKCEH colleague Kate Randall
in the Communication Team for producing the illustrations used in Fig. 6.

Author contributions

All authors contributed to the study design, scientific discussions, and
manuscript preparation. A.C. led the data analysis and manuscript writing.
M.O., M.T. and B.H. provided datasets. M.O. and B.H. contribute the
oceanographic and meteorological perspectives, respectively. M.T., C.S.,
and J.H. guided the hydrological analysis.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s43247-025-02367-1.

Correspondence and requests for materials should be addressed to
Amulya Chevuturi.

Peer review information Communications Earth & Environment thanks the
anonymous reviewers for their contribution to the peer review of this work.
Primary Handling Editors: Heike Langenberg. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article's Creative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Communications Earth & Environment| (2025)6:437

11


https://doi.org/10.1038/s43247-025-02367-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsenv

	Oceanic drivers of UK summer droughts
	Influence of North Atlantic SSTs on UK hydrometeorology
	Case studies of UK droughts

	Discussion and conclusions
	Methods
	Datasets
	Derivation of drought index
	Derivation of SST indices

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




