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[1] Damage from flooding in the winter and fall seasons has
been widespread in the United Kingdom (UK) and Western
Europe over recent decades. Here we show that winter flood
events in the UK are connected to Atmospheric Rivers (ARs),
narrow ribbons along which a large flux of moisture is trans-
ported from the subtropics to the mid-latitudes. Combining
river flow records with rainfall measurements, satellite data
and model simulations, we demonstrate that ARs occur
simultaneously with the 10 largest winter flood events since
1970 in a range of British river basins, suggesting that ARs
are persistently critical in explaining extreme winter flooding
in the UK. Understanding the physical processes that deter-
mine the persistence of AR events will be of importance
in assessing the risk of future flooding over north-western
Europe and other mid-latitude regions. Citation: Lavers,
D. A., R. P. Allan, E. F. Wood, G. Villarini, D. J. Brayshaw, and
A. J. Wade (2011), Winter floods in Britain are connected to atmo-
spheric rivers, Geophys. Res. Lett., 38, L23803, doi:10.1029/
2011GL049783.

1. Introduction

[2] The warming of the Earth’s climate is likely to result
in an intensification of rainfall [Held and Soden, 2006; Allan
and Soden, 2008; O’Gorman and Schneider, 2009] and
anthropogenic climate change has already been linked with
increased risk of damage associated with flooding during
autumn 2000 that affected the UK and Western Europe [Kay
et al., 2011; Pall et al., 2011]. The recent flood events of
fall 2000 [Marsh and Dale, 2002], January 2003 [Marsh,
2004] and November 2009 [Hannaford, 2009] has high-
lighted the recurring and damaging nature of winter and fall
UK flooding. Understanding the hydrometeorological pro-
cesses responsible for flooding in UK river basins is therefore
an important step in assessing the future risks of flooding
over the UK and more generally mid-latitude regions.
[3] At any one time there are four or five narrow areas

across the mid-latitudes (less than about 10% of the Earth’s
circumference) where approximately 90% of poleward atmo-
spheric water vapour transport is concentrated [Zhu and

Newell, 1998]; because of the elongated nature of these
regions they are known as atmospheric rivers (ARs) [Ralph
et al., 2006] or moisture conveyor belts [Bao et al., 2006].
ARs are located in the lower troposphere within the warm
sector of extra-tropical cyclones [Neiman et al., 2011] and
are defined as areas of strong winds (greater than 12.5 ms−1

wind speed [Ralph and Dettinger, 2011]) with an Integrated
Water Vapour (IWV) in the atmospheric column of more than
2 cm [Ralph et al., 2004]. The large amount of water vapour
that is transported can lead to heavy precipitation and flooding
when an AR makes landfall, especially if the moisture-laden
air is forced to rise over mountains [Dettinger, 2011].
[4] Most AR research has focussed on the western USA,

where an AR named the “Pineapple Express” occurs [Higgins
et al., 2000; Dettinger, 2011]. ARs have been linked with
floods on the Russian River in California [Ralph et al., 2006],
flooding in the Pacific Northwest [Neiman et al., 2008a,
2011] and extreme snowfall in the Sierra Nevada [Guan
et al., 2010]. Although ARs in the western USA cause flood-
ing and destruction, the precipitation they deliver is vitally
important for water resources in California [Dettinger et al.,
2011]. ARs have also been successfully simulated in a
regional climate model [Leung and Qian, 2009]. While the
existence of ARs and tropical moisture export has been con-
firmed over the Atlantic Ocean [Knippertz and Wernli,
2010], they have previously only been linked to single heavy
precipitation events in the Euro-Atlantic sector [Stohl et al.,
2008; Knippertz and Wernli, 2010]. Here we show that
ARs deliver moisture for the 10 largest winter flood events
since 1970 in a range of British basins, and demonstrate that
ARs are a critical mechanism in extreme winter floods in the
UK (herein winter refers to the winter half-year, which spans
October to March).

2. Data and Methods

[5] Across the UK there is a climatological precipitation
gradient (western/north-western districts receive more precip-
itation than eastern/south-eastern regions due to the prevail-
ing westerly winds and localised orographic enhancement of
rainfall) and a variation in bedrock permeability (western
regions are relatively impermeable leading to a rapid flow
response, whereas the southeast has a slower response due to
more permeable bedrock). The four river basins studied
herein capture these main distinctive topographic, geological
and precipitation regions of the UK (Figure 1). Daily river
flows for the Eden at Temple Sowerby (area = 616.4 km2),
Ewe at Poolewe (441.1 km2), Lambourn at Shaw (234.1 km2),
and Teifi at Glan Teifi (893.6 km2) from 1 October 1970 to
30 September 2010 (40 UK water years; a UK water year
typically begins on 1 October) were retrieved from the UK
National River Flow Archive (NRFA).
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[6] To identify high flow events, the block maxima model
was used for each winter half-year (October to March) over
1970–2010 to extract the largest daily mean river flow in
each winter; hence this produced a Winter Maximum Series
(WMS). This is an alternative form of the more common
Annual Maximum Series used by Neiman et al. [2011]; our
approach has the benefit of focussing on the winter high
flow generating processes, as high summer rainfall and
floods tend to be produced by a different mechanism, for
example convective rainfall events. For the top 10 winter
flood events in the four basins, we extracted precipitation
for a local rain gauge (close to the river gauging station)
from the UK Met Office Integrated Data Archive System
(MIDAS) [Met Office, 2006].
[7] Specific humidity and zonal and meridional winds at

2° × 2° resolution for 1970–2008 were retrieved from the
Twentieth Century Reanalysis Project [Compo et al., 2011]
and for 2009 from the ERA-Interim dataset [Dee et al., 2011].
The satellite data (IWV, liquid cloud water and precipitation
rate) were retrieved from the Special Sensor Microwave/
Imager and Sounder (SSMIS) instruments [Wentz and Spencer,

1998] (from www.ssmi.com). By employing linear regres-
sion between the satellite derived IWV and atmospheric
reanalysis specific humidity we estimated that a specific
humidity of 5 g kg−1 in winter is approximately equivalent to
the 2 cm IWV threshold for AR classification [Ralph et al.,
2004]. Note that an exploratory analysis found similar con-
clusions can be drawn when using the IWV or the specific
humidity for AR identification.
[8] The top 10 winter river flows in the WMS in each

basin were identified and the specific humidity and winds
at 900 hPa at 0600 UTC on the day of the flood were ana-
lysed. Note that a comparison was made between the 900 hPa
specific humidity fields in the Twentieth Century and ERA-
Interim reanalyses and both datasets provided similar results.
Also, the evolution of the specific humidity fields was eval-
uated to assess the persistence of the ARs for two days prior
to the flood event and on the day of the event. To identify an
AR’s “axis” over the North Atlantic Ocean we firstly located
at 0°E the latitude (between 40°N and 70°N) where the
maximum 900 hPa specific humidity occurred. The axis of
the AR was then identified by searching for the grid point

Figure 1. Map of the UK showing the location of the four river basins.
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Figure 2. The 19th November 2009 flood event on the River Eden at Temple Sowerby (Cumbria): (a) the hydrograph of
mean daily river flow (black line) and rainfall totals (grey bars); (b) the Mean Sea Level Pressure (MSLP) field (in hPa) at
0600 UTC on 19th November 2009; (c) the specific humidity at 900 hPa (in g kg−1) at 0600 UTC on 19th November 2009;
(d) the vector wind at 900 hPa (in ms−1) at 0600 UTC on 19th November 2009; SSMIS F16 retrievals of (e) column IWV
(in cm) and (f) Liquid Cloud Water (in mm). Note that the white colour in the centre of the AR in Figure 2e is missing values
because the retrieval of water vapour fails in the presence of heavy rainfall. The black circle in Figures 2b–2f marks the loca-
tion of the River Eden at Temple Sowerby gauging station.
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next to 0°E (to the northwest/south/west) that had the highest
specific humidity; the identified point was noted and the
search was then repeated for the new grid point. This process
was repeated until the “axis” left the geographical domain
used. Loess (Locally weighted scatterplot smoothing) was
used to produce a smooth AR “axis”. Note that the term

“axis” does not necessarily imply that it coincides with the
trajectory of particular moist air parcels across the North
Atlantic; the axes act as a simple diagnostic tool for showing
the AR position and orientation. Five of the 40 identified
ARs (10 ARs for each basin) required a slight manual

Figure 3. The 900 hPa specific humidity fields at 0600 UTC for (a–j) the top 10 winter flood events on the River Eden at
Temple Sowerby. The black circle marks the location of the River Eden at Temple Sowerby gauging station.
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