Reply to Short Comment by R. Wilby

“This is a well-written and considered manuscript that addresses a topic with much significance to
security of water supply in southeast England. The high vulnerability of the region to below average
winter rainfall and multi-year drought is clearly articulated. The headline message is the discovery
of an association between La Nifia episodes and the winter rainfall deficits responsible for some
major multi-season drought episodes in the region. However, this assetion should be tempered in the
light of earlier work. Fraedrich (1990) was probably the first to show that extreme ENSO phases
imprint characteristic responses on atmospheric circulation patterns at the European scale, with
strongest signals in winter anticyclonic weather following La Nifia episodes. This finding was
confirmed for the British Isles by Wilby (1993) using Lamb Weather Types and England and Wales
Rainfall which show higher than expected frequencies of anticyclone events, and below normal
rainfall in winters (and especially February) linked to La Nifia. Fraedrich (1994) subsequently
produced a nice review of ENSO impacts on Europe. Lloyd-Hughes (2002) and Lloyd-Hughes &
Saunders (2002) specifically consider the feasibility of linking ENSO extremes to drought across
Europe, and the extent to which the relationship is modulated by sea surface temperatures (SSTs) in
the North Atlantic. Lloyd-Hughes (2002) even applied the Standardised Precipitation Index (SPI) as
in the present study. Overall, they found that spring is the most predictable season for European
precipitation (given ENSO extreme and North Atlantic SSTs) but the relationship appears to be non-
stationary between decades. Others have also explored the seasonal predictability of UK
hydrological anomalies using SSTs (Colman and Davey, 1999; Svensson and Prudhomme, 2005), the
North Atlantic Oscillation index (Wilby, 2001), and a wide variety of other teleconnection indices
(Wedgbrow et al., 2002; Wilby et al., 2004; Svensson and Prudhomme, 2005; Wedgbrow et al., 2005).
Admittedly, these studies tend to focus on summer drought given preceding predictors (e.g. winter
SSTs, NAO and ENSO). However, some use autocorrelation or persistence tests for the chosen
drought metric (e.g. low flow, Palmer Drought Severity Index) to benchmark forecast model skill.
Overall, these studies find that summer rainfall absence (drought) is more predictable than rainfall
excess. Given the incidence of a winter drought (say under La Nifia) it would be helpful to consider
how this initial condition links to subsequent summer drought either by hydrological persistence, or
lagged teleconnection forcing. For example, Wilby (2007) analysed the frequency-duration of multi-
season drought using the updated reconstructed river flow series of Jones et al. (2006) and very long
monthly rainfall records. Given above/ below average rainfall for winter/summer half years it was

shown (for the example case of the River Medway) that a dry-to-dry season transition has 53%
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likelihood. Historically, the longest multi-season drought persisted for ten seasons (i.e. the five years
April 1883 to March 1888) (Figure 1). Applying the matrices for dry-to-dry season transitions in a
Markov model simulation yielded return periods of 7, 26 and 95 years for droughts lasting 3, 5 and
7 half-years respectively. The authors might consider replicating this simple form of analysis in order

to estimate return periods for the multi-season droughts of the wider English Lowlands

>>>> One of the main issues raised is the omission of some important background references. We
will accommodate these suggestions where appropriate and will mention earlier literature by
Fraedrich and colleagues and Wilby. Given these acknowledgments of earlier work, we will also
moderate references to ‘first time’, although we will highlight the significant differences in scope
between earlier work and ours. We note that where the earlier literature shows differences between
El Nino and La Nina influences on North Atlantic and European climate, the results suffer not only
from inferior data but do not reflect the fact that strong EI Ninos have different teleconnections from
moderate ones for reasons discussed in our paper and its references. So these papers tend to
underestimate the winter climatic signal. Where La Nina results are shown separately, they are
qualitatively consistent but lack the accuracy and detail now available. These results are also not for
the winter half year but core winter, although there is no critical difference in our own results between
these two periods. The Wilby (1993) paper on Lamb types and England & Wales rainfall is a good
reference, though the area to which it refers is considerably larger than Lowland England.

>> edited introduction around 12396, L25. We have modified the text to add relevant references and
have also moderated references to novelty, although we do highlight we are the first to show this link

from ENSO through to drought, and hydrological drought specifically.

Some other comments refer to the other seasons. We have deliberately removed consideration of other
seasons from this paper. However we recognise that a full discussion of the drivers of long period
droughts requires all other seasons to be included including hydrological persistence between them
and influences of climate warming. We will ensure that this is clearer in our discussion and
recommendations for further work. This may benefit from research now underway on the drivers of
UK and European summer climate variability for instance. We suspect that there is more than one
further paper needed to reach this point. Wilby highlights the importance of sequencing between
seasons in long droughts, and it is certainly the case that intervening summer half-years will have a
significant bearing on the evolution of droughts primed by dry winters (as borne out by a simple
comparison of droughts with hot, dry summers such as 1976/1990/2006 with others with damp dull
summers or even very wet ones, like the spectacular summer half-year drought termination in 2012).
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The Markov-chain based approach Wilby highlights is potentially a useful avenue for such research

in future, but beyond the scope of our paper.
>>> edited references to summer and multi-season events in discussion 4.1.

P12936: The authors concede that the long-term outlook for multi-season drought risk is uncertain.
However, given that the UKCPQ9 projections point to increased risk of summer drought and winter
excess, on average the expectation might be for shorter duration, perhaps more intense droughts with
rapid recharge/recovery in between. On the other hand, even modest winter rainfall deficits following
or preceding more intense summer drought (exacerbated by higher temperatures and lower rainfall)
could result in operational difficulties. These plausible (but highly uncertain) possibilities merit

further discussion.

P 12936: See above points: we will highlight the importance of summer in UK droughts, particularly

in a future climate change context.
>>> added in discussion and in climate change sections in “Way forward”

P12940: River flow records for the Thames at Kingston were naturalised to remove the influence of
abstractions. However, what if any account was taken for inter-basin transfers to the Thames or for

effluent returns? Low flows are particularly susceptible to these influences.

P 12940: Amend wording of text, replacing “This series has been naturalised to remove the influence
of abstractions” with “This series has been naturalised, i.e. the flows have been adjusted to take
account of the major abstractions upstream of the gauging station”. However, no account is taken of
inter-basin transfers. The view of the data provider (UK National River Flow Archive, NRFA) is that
there are undoubtedly losses/gains (e.g. from consolidation of Sewage Treatment Works around the
edges of the Thames basin) but these are unlikely to have a major influence on the Kingston flows.
Effluent returns in the catchment are also not accounted for, but again these are deemed unlikely to
have major effects on monthly runoff volumes (although will influence timing) relative to the
abstractions which the naturalisation accounts for. The Thames is one of the most intensively studied
rivers in the world and the Kingston record is one of the most widely used on the NRFA. It has other
limitations around homogeneity of low flows which are probably more important — these are detailed
at: http://www.ceh.ac.uk/data/nrfa/data/station.htmI?39001 We will add a link and a brief sentence

to point out all these considerations out, but they are not likely to be unduly influential for the drought

indicators we are using, aggregated to seasonal scales, when linking with climate drivers.


http://www.ceh.ac.uk/data/nrfa/data/station.html?39001

>>>Modified as above

P12941: To what extent might the multi-decadal risk of multi-season, river/ groundwater drought be
driven by rising temperatures and/or changes in actual evaporation, as well as by precipitation

anomalies?
P 12941: See above points: we will highlight the importance of temperature and evapotranspiration.
>>>added in discussion/ways forward

P12949: The authors might consider displaying the results of their composite analysis (Tables 1 and
2) graphically (as in Figure 2, below). This will clearly show the preponderance for drought under
La Nina as well as those events that fall outside of this C5500 HESSD 11, C5498—C5504, 2014
Interactive Comment Full Screen / Esc Printer-friendly Version Interactive Discussion Discussion

Paper expectation.

P 12949: We agree that as La Nina provides the clearest Lowland England hydrological driver in the
winter half year, a diagram like that of Fig 2 in the comments could be added for precipitation over
our region. We will probably retain the Tables as there is additional information not easily captured

by the proposed Figure.
>>\We have added this Figure

P12950: Note also the North Atlantic SST analysis of Lloyd-Hughes (2002) and of Svensson and
Prudhomme (2005).

P 12950: We will add these references. Svensson and Prudhomme (2005) noted a positive concurrent
winter (Dec-Feb) correlation between SSTs in the area corresponding to the centre of the SST tripole
and river flows in northwest Britain (r=0.36), consistent with Fig. 8b and d. For river flows in
southeast Britain, encompassing the English Lowlands, they found a positive concurrent winter
correlation with SSTs slightly further to the south (r=0.43), partly overlapping the southernmost

centre of the SST tripole. Both these correlations are significant at the 5% level.

>>we added Lloyd-Hughes & Saunders in the intro but felt that it does not really need to be added
here as it is focused on spring and does not specifically mention the Tripole. We added the text above,

but in section 4 rather than in the tripole section as hydrological variables are being discussed.

P12951: Please provide a brief explanation of the physical processes linking major tropical volcanic

eruptions with positive phases of winter NAO. Likewise, please elaborate the solar effects



P 12951: We will also add sentences on the main physical causes of the influence of tropical

volcanoes and solar variability on N Atlantic and European winter climate

>>>section added

Reply to Reviewer 1
Specific Comments:

1. | strongly support the decision to not accumulate streamflow or groundwater levels when
calculating SGI. | agree with the authors that accumulating streamflow is not necessary because
streamflow and groundwater levels have already been integrated by the hydrologic cycle. Applying
a accumulation period is therefore arbitrary and only makes sense in the context of accumulating
structures, i.e. reservoir storage.

1. we appreciate the reviewer’s support for the decision not to accumulate streamflow. Our choice of
nomenclature was indeed driven by the fact we use exactly the same non-parametric approach published as
the SGI by Bloomfield et al. However, on balance we agree this is confusing. We suggest adopting the
Standardized Flow Index (SFI) terminology, because there is no particular formulation nor key reference for
standardization for river flows, rather a number of different approaches (see our references); any approach
that applies SPI-like concepts to flow could be justifiably named SFI. We think that it is better to refer to the
index by the hydrological variable in question (SPI, SFI, SGI, etc) rather than by the methodological approach.
We would not want to develop (yet another!) new index name for our approach. Note we propose using SFI
rather than SRl as the latter has more typically been applied to modelled runoff (Shukla & Wood, 2008) rather
than observed flow.

>>>Text amended and explained using the SSI nomenclature rather than SFI

2. Page 12948, lines 6-14 and Figures 7-10 — In the paper, you link winter rainfall with extreme
values of ENSO. Is there concern that results will be confused by testing total precipitation (including
snowfall)? If ENSO causes a temperature anomaly, this may shift the balance from rainfall to
snowfall, making it seem as though there is a winter rainfall deficit, when in fact total precipitation
has remained the same. This may not be a large issue for southeast England, but certainly portion of

Europe shown in Figures 7-10 depends on winter snowfall to replenish water reserves

2. we agree that snowfall is not likely to be a major factor in lowland England. Some winter drought
periods (e.g. 1963/4, 2010/2011) will have had major snowfall but typically snow makes up a very
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minor proportion of precipitation and is a minor runoff generation component (even in cold winters)
at the monthly to seasonal scale. So this is not likely to be a confounding factor in our analysis of
links with ENSO. However, for an international audience we agree we need to state this. We will
add a short paragraph recognising that ENSO temperature anomalies could be important on winter
snowfall but noting the generally minimal effect of snow in our target region. We will also point out
that the relative importance of snowfall has decreased over the study period. We will highlight that
cold-season temperature anomalies and their influence on snowfall is a much more significant factor

in drought development in other parts of Europe shown in our analysis (e.g. Van Loon et al. 2014).

>>>added in relevant section

3. Page 12959, line 5-6 — Figure 4 is very illustrative in visualizing how different lags and
accumulation periods relate to streamflow and groundwater levels. However, in the conclusions and
abstract, | suggest being careful when discussing the importance of lags, as the best correlations for

streamflow and groundwater are concurrent. This is particularly clear for groundwater.

3. we agree that we have chosen ambiguous terminology here, and that we are really talking about
the relationship between instantaneous SGI and the SPI accumulation period with the highest
correlation. This still represents attenuation of the rainfall signal and demonstrates the importance of
drought propagation, but we agree that referring to lags in this way can cause confusion given the low
lagged correlations (particularly for streamflow; Fig 4a). We will amend this in the discussion and
abstract to refer to propagation and attenuation (depending on context) rather than lags. We note also
that for groundwater the maximum correlation is a concurrent one but 1- and 2-month lags are also

important. We will add clarification of this in our description of the results, in Sect. 2.3

>>added a minor addition in Section 2.3 and a minor change in the last paragraph of the text

4. Table 2 — How is a meteorological drought defined for this table? Also, the column of Yes/No is

difficult to read. It might be more useful to only show Yes.

4. meteorological drought is defined according to table 1, using the methodology outlined in 2.2. We

will make this clearer and we will amend the table to only show “YES”.
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>>done

5. Figure 7b — This is a very dense figure. | suggest splitting the top row from the bottom two rows,
as the top row shows atmospheric pressure for different time periods from left to right, while the two

bottom rows show precipitation indices in the same format (storminess on left, precipitation on right)

5. We agree and the requested split will be introduced

>>>done

6. Figures 8, 9, 11 — Similar to the above comment. Please try to be consistent with the figure
orientations. Figure 8 shows drought indices organized along the vertical axis with positive and
negative drivers organized along the horizontal. Figure 9 flips this, with drought indices organized
along the horizontal axis and atmospheric drivers along the vertical. Same for Figure 11. Please pick

an orientation and maintain it for all figures.

6. We agree. A consistent orientation will be created for Figs 8, 9 and 11.

>>>done

7. This is not a required change, only a thought for future work. Figure 12 uses a Welch 2-sample t-
test to compare differences in the central value (mean) for pairs of drought indices/climate drivers.
It appears that QBO does not affect the mean behavior of the drought indices, but greatly changes
the variance. You might want to perform a 2 sample test of variance to quantify this. This could have

implications in terms of drought variability.

7. We agree that the variance is influenced by a number of these drivers, and we agree that this would

be a useful avenue for a follow-up — we thank the reviewer for this suggestion.
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No action

Technical Corrections:

Page 12947, Line 6 — It appears part of this sentence is missing.

Reply: The reviewer is in error here. There is no truncated sentence. We have also checked the
original text against the version sent to the reviewer and they are identical and complete. The sentence
on the first part of line 6 ends correctly and the next sentence starts and continues correctly: “The
character and physical causes of the influences differ between moderate and strong El Nifios (Ineson
and Scaife, 2008). Folland et al. (2012), their Fig. 7b, show that the overall effect of EI Nifio on
English Lowlands rainfall in December—February is towards modestly wetter than normal conditions,
while La Nifia (associated with significantly colder than normal SST in the tropical east Pacific) gives
modestly drier conditions than normal conditions, consistent with the model results of Davies et al.
(1997) and the observational results of Moron and Gouirand (2004).

No action

Page 12947, Line 8 — There is an accidental space in La Nina.
Reply: We will correct this

Done

Additional references you may also consider “Fraedrich, K. and Miiller, K. (1992), Climate
anomalies in Europe associated with ENSO extremes. Int. J. Climatol., 12: 25—
31. doi: 10.1002/j0c.3370120104” as an original paper that examined anomalies in

Europe tied to ENSO



Reply: thank you for the reference suggestion; we are planning to add papers by Fraedrich in response
to the comments of Wilby (see Short Comment 1) so will add this to the list of papers to review and
consider adding.

>>Done

RESPONSE TO NEIL MAC DONALND

We thank MacDonald for the positive comments on our paper and the helpful suggestions for

improvements to the text. We have answered the minor comments as follows.

“I would though encourage the authors to tone down the ‘aims and novelty’ section on P12937 L1-

18, as others have discussed a number of these aspects (e.g. Lloyd-Hughes 2002; Todd et al., 2013).”

>>>In line with the comments from Wilby, regarding precursors to our work, we will tone down
claims of novelty in relation to ENSO in our paper, and such a revision partly deals with this comment.
With regards to the section highlighted by MacDonald, we do not feel we are making any undue claim
to novelty. Here, we simply highlight that there has been a wealth of work on drivers of
meteorological drought, but that studies have rarely examined links to hydrological drought; and that
while some papers have looked at the NAO, there have been few attempts to look at the factors that
force the NAO itself. LIoyd-Hughes and Todd both focus on meteorological/soil moisture droughts
(SPI and sc-PDSI); the latter paper has some linkage with NAO. We will moderate this section in line
of the comments from Wilby and MacDonald, but we feel this paragraph is a fair reflection of several

important gaps in research we have aimed at.
>> done in line with Wilby comments (no major additional action)

”A little more discussion of temperature and its role in drought even within the winter months would

be beneficial within a paper considering so many potential drivers”.

>>>Agreed, as also noted in responses to Wilby and Reviewer #1 we will highlight the role of

temperature, through evapotranspiration and snowfall.

>>done in line with Wilby comments (no major additional action)



P12936 L17, see Lennard et al., (2014 - ref below) linking drought management and water resources
>>>>\We will add this reference, thank you.

>>we decided not to add this as it doesn’t really fit with the argument, not really relevant for the

rather general point made here.

P12941 L21-25, consider revising the sentence

>>>>\We are not sure exactly what the reviewer means here, but suggest a change to clarify our point:

“We also conducted an analysis to examine how spatially coherent these major long 20 droughts are
relative to the rest of the UK. Rainfall tends to be influenced differently in northwest Britain when
the English Lowlands suffer drought. To show this, Fig. 3 shows correlations between rainfall in the
ten climatological rainfall districts covering the UK defined by the UK Met Office and gridded NCIC
rainfall data elsewhere in UK for both winter and summer half years based on the 15 drought periods
listed in Table 1.

Becomes: “We also conducted an analysis to examine how spatially coherent these major long 20
droughts are relative to the rest of the UK. There is a strong rainfall gradient between the English
Lowlands and northwest Britain (an order of magnitude between the wettest parts of the Scottish
Highlands and driest parts of East Anglia); given the predominance of westerly airflows interacting
with uplands in the west, lowland areas are often in rainshadow so periods of very wet or very dry
conditions in the lowlands do not necessarily conform to those in the northwest. The atmospheric
drivers of lowland droughts are therefore likely to be somewhat different to those in the northwest.
To demonstrate this, Fig. 3 shows correlations between rainfall in the ten climatological rainfall
districts covering the UK defined by the UK Met Office and gridded NCIC rainfall data elsewhere in
UK for both winter and summer half years based on the 15 drought periods listed in Table 1.

>>> done

P12943 L15-21, I am not convinced this adds to the argument or shows anything particularly
beneficial

>>>\We agree this is treated rather cursorily at present, although we do use the correlation between
SPI and SGI to inform the approach in section 4 of the paper. We agreed to add more coverage of the
significance of lags and attenuation (see response to reviewer 1) here, which will hopefully make this

section fit the narrative better.
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No action needed

P12951 L10, consider removing 3.2.3 as it does not really add to the discussion — up to the

authors/editor?

>>>\We keep this for completeness of considered drivers (see also Section 4). The coverage is weak

at present but we agreed to add this in our response to Wilby, so will add material here.
No action needed

P12971 Add an inset map to Figure 1, showing location in UK, then focus the map closer on the study
area, consider adding London and Oxford for reference.

>>>\We will add these suggestions.
>>>done

P12975/6, a number of the curves (Figures 5 and 6) in the most extreme drought events are cut so
they appear to have a flat bottom, show the full curves if possible, as these illustrate the severity of
the event

>>>The truncated parts of the series are a product of the non-parametric approach underlying the SGI
as detailed in Bloomfield and Marchant (2014). The behaviour at the extremes is always hard to
model because -by their very nature - we don't observe many examples of them. The flat portions of
a non-parametric transform are a big hint that all we know about the most extreme drought is that it
is the biggest one we see within our data record. A parametric transform might well lead to a smoother
curve in the extremes but it only does that because it makes an untestable assumption about the shape
of the tail of the distribution. These limits to the SGI do not make a difference to the identified

droughts.

>>>no action necessary

P12934 L2 remove ‘very’, quantifiable
>>> \We will do this. Done
P12935 L16 provide a reference to the ‘English Lowlands’ being the driest part.

>>>\We did not feel this statement needed a reference. We could add reference to the NCIC climate

averages we use in this paper.
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>>We decided not to add a reference
P12935 L17 reference to support rainfall levels.
>>\We decided not to add a reference

P12935 L17 population density statement needs a reference as a large portion of the catchment is

semi-rural, SE is more densely populated | suspect than the define EL.

>>>agreed that parts within this region are more densely populated. The problem here is that we are
referring to a region that we have defined ourselves, using the NRFA regional outflow series, which
can’t really be compared with other widely used UK regions (e.g. administrative). We will modify
“contains some of the most densely populated areas of the UK and, correspondingly, the highest

concentrations of commercial enterprise and intensive agriculture; many parts of the region....” Done
P12936 L3, given ‘anticipated’ increases in pop and urban development

>>>agreed. done

P12936 L15, remove ‘dry’ EL

>>>agreed. Done

P12936 L27, reconsider ‘modulating’

>>>We think this is fine. No Action

P12941 L21 ‘are’ available

>>>agreed (presumably this refers to 12942, L11) done

P12943 L12, clarify ‘accumulation’

>>>We think this follows from the preceding discussion but we will modify “As with groundwater
levels, monthly river flows were not accumulated over a range of periods in producing the SGI” (also

note for clarity will be referred to as Standardized Flow Index — see reviewer #1 response)” done
P12944 L5 are rather than is done

>>>agreed

P12947 L17, 20CR - twentieth century

>>>this is defined on the previous page. NO action needed

P12974, ensure font size is same across a-b
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>>>We will do this.

>>>done
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Abstract

The English Lowlands is a relatively dry, densely populated region in the southeast of the UK in
which water is used very-intensively. Consequently, parts of the region are water-stressed and face
growing water resource pressures. The region is heavily dependent on groundwater and particularly
vulnerable to long, multi-annual droughts, primarily associated with dry winters. Despite this
vulnerability, the atmospheric drivers of multi-annual droughts in the region are poorly understood,
an obstacle to developing appropriate drought management strategies, including monitoring and early
warning systems. To advance our understanding, we assess known key climate drivers in the winter
half-year (October-March), and their likely relationships with multi-annual droughts in the region.
We characterise historic multi-annual drought episodes back to 1910 for the English Lowlands using
various meteorological and hydrological datasets. Multi-annual droughts are identified using a
gridded precipitation series for the entire region, and refined using the Standardized Precipitation
Index (SPI)-and, Standardized Streamflow Index (SSI) anda-Standardized Groundwater level Index

(SGI) applied to regional-scale river flow and groundwater time series. We explore linkages between
a range of potential climatic driving factors and precipitation, river flow and groundwater level
indicators in the English Lowlands for the winter half-year. The drivers or forcings include El Nifio-
Southern Oscillation (ENSO), the North Atlantic Tripole Sea Surface Temperature (SST) pattern, the
Quasi-Biennial Oscillation (QBO), solar and volcanic forcing and the Atlantic Multi-decadal
Oscillation (AMO). As expected, no single driver convincingly explains the occurrence of any multi-
annual drought in the historical record. However, we demonstrate, for the first time, an association
between La Nifia episodes and winter rainfall deficits in some major multi-annual drought episodes
in the English Lowlands. We also show significant (albeit relatively weak) links between ENSO and
drought indicators applied to river flow and groundwater levels. We also show that some of the other
drivers listed above are likely to influence English Lowlands rainfall. We conclude by signposting a

direction for this future research effort.

1 Introduction

From 2010 until early 2012, a protracted drought affected much of the central and southern UK.
Following one of the driest two-year sequences on record (Kendon et al., 2013), the drought had
become severe by March 2012; river flows and groundwater levels were lower in many areas than at

the equivalent time in 1976, the benchmark drought year for the region (Rodda and Marsh, 2011) and
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water use restrictions were implemented across the drought-affected areas. The outlook for summer
2012 was distinctly fragile, but exceptional late spring and summer rainfall terminated the drought
and prevented a further deterioration in conditions. In the event, widespread flooding developed
(Parry et al., 2013).

While the impact of the drought on water resources was not as extensive as feared, due to its sudden
cessation before the summer, it had major impacts on agriculture, the environment and recreation
(Kendon et al. 2013; Environment Agency, 2012). The 2010-2012 drought brought into focus the
vulnerability of the lowland areas of south and east England to drought. This arearegion, hereafter
referred to as the English Lowlands (Fig 1), is-the-driest-partincludes the driest areas- of the UK. It

has a relatively low annual average rainfall: {a 1961-1990 areal average of 680mm, with <600mm

being common in the east of the region}. The English Lowlands contains some of the most densely

populated areas of the UK (including London) and, correspondingly, the highest concentrations of
commercial enterprise and intensive agriculture; many parts of the regionhave-the-greatest-density-of

are already water-stressed (Environment Agency, 2009). The south and east of England is underlain
by numerous productive aquifers (Fig 1), and is highly dependent on groundwater resources, with up
to 70% of the water supply being from groundwater (Environment Agency, 2006). The region is
particularly vulnerable to multi-annual droughts which are typically associated with protracted
rainfall deficiencies in the winter half-year, leading to the limited recharge of aquifers. The 2010-
2012 drought was similar to previous multi-annual droughts in the English Lowlands, such as those
in 2004-2006 and in the 1990s (1988-1992 and 1995-1997). These also caused major water shortages,

with significant ecological impacts (Marsh et al., 2007).

Whilst current water management in the English Lowlands presents many challenges, such issues are
likely to become much more pressing. Water exploitation is likely to intensify, given anticipated
increases in population and urban development (Environment Agency, 2009). The region is projected
to become appreciably warmer and drier later this century if greenhouse gas concentrations increase
as expected (e.g. Murphy et al., 2008), leading to decreased summer river flows (e.g. Prudhomme et
al. 2012), decreased groundwater levels (e.g. Jackson et al., 2011) and an accompanying increase in
the severity of drought episodes (Burke and Brown, 2010). Although a decrease in summer flows is
likely to increase the frequency of single-year, summer droughts (comparable with UK droughts of
1984 and 2003), there is currently very limited understanding of how climate change may influence

the occurrence of longer, multi-season and multi-annual droughts.

16



79
80
81
82
83
84
85
86

104
105
106
07
08
09
10

The 2010-2012 drought highlights the need for research aimed at improving our understanding of the
drivers of the multi-annual droughts that have the greatest impact on the dry-English Lowlands. Such
understanding is vital for improving resilience to drought episodes, and consequently fostering
improved systems of drought management and water resources management. Building resilience
importantly involves both the monitoring and early warning of drought. Early warnings will depend
crucially on an enhanced understanding and monitoring of the remote drivers of droughts and a much
improved ability to predict their consequences. This includes a better understanding of the
propagation of meteorological drought through to the impacts on the hydrological cycle.

Previous attempts to identify atmospheric drivers of drought in the UK were-have been based mostly
on the occurrence of key UK weather types favouring drought (e.g. Fowler and Kilshy, 2002; Fleig
et al., 2011) or on links with sea-surface temperatures_(SSTs) (Kingston et al., 2013). These studies
have all-highlighted the importance of catchment properties in modulating hydrological droughts,
particularly the substantial lag-times between atmospheric drivers and river flow responses in

groundwater dominated catchments in southeast England. A review of efforts focused on seasonal

predictability of UK hydrology is provided by Easey et al. (2006). The majority of studies have

focused on trying to identify summer drought or low flows given preceding predictors (e.g. winter
SSTs, NAO). Nevertheless, concurrentk links between the North Atlantic Oscillation (NAO) and UK
rainfall, including extremes, have long been established in the main winter months December to

February (e.g. in both models and observations by Scaife et al. 2008). Via such rainfall influences,

links between the winter NAO and river flows (Laizé and Hannah, 2010) and groundwater levels

(Holman et al., 2009) have been established. However, re-attempts-have-been-made-to-systematically

ah anvwhere in-the UK to the known naeof ph ald a) o ation

comparatively few -studies have addressed links
between drought and with-factors such as the El Nino/Southern Oscillation (ENSO) that force

atmospheric circulation anomalies like the NAO themselves. Most of these drivers can be skilfully
predicted months in advance (Folland et al., 2012). Globally, ENSO has very extensive regional
effects on drought or flooding periods (e.g. Ropelewski and Halpert, 1996). However, only limited
studies have been carried out on the influence of remote forcings on hydrological drought anywhere

in Europe. Pioneering studies by Fraedrich (1990, 1992, 1994), however, provided good, including

dynamical, evidence for an influence of ENSO on winter atmospheric circulation and temperature

and precipitation anomalies. Although ENSO influences on European climate were affected by

poorer data then available, at the peak of EI Nino Fraedrich observed a now accepted pattern of higher
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pressure at mean sea level (PMSL) over Arctic regions of Europe and lower pressure over southern

UK and areas to the south. In particular, Fraedrich (1990) showed an enhanced frequency of cyclonic

compared to anticyclonic Grosswetter weather types over Europe during EI Nino in almost all days

during January and February. During the peak of a La Nina, a somewhat weaker tendency to enhanced

anticyclonic Grosswetter types was found in this region. Such results were weakened a little in reality

because it was not realised at the time that very strong EI Ninos affect European atmospheric

circulation in a substantially different way from moderate EI Ninos (Toniazzo and Scaife, 2006,

Ineson and Scaife, 2008)-22Fraedrich-material-here]l— In addition, Lloyd-Hughes and Saunders
(2002) established links between ENSO and the Standardized Precipitation Index (SPI) for Europe,
finding that precipitation is most predictable in spring. For the UK, Wilby (1993) demonstrated a

higher frequency of anticyclonic weather types in winters associated with La Nifia conditions,

consistent with Fraedrich’s analyses. However, while such studies have demonstrated potential links

between winter rainfall and predictable climate drivers such as ENSO, no studies have further

established the additional link to multi-year hydro(geo)logical droughts.

In summary, while there has been a considerable research effort, no known studies have explored

close to the full range of likely climate drivers on winter half-year rainfall in the English Lowlands,
nor examined how these drivers manifest themselves in multi-annual meteorological droughts and
propagate through to hydrological and hydrogeological systems. Given these knowledge gaps, key
objectives of this study are to:

e Identify major multi-annual droughts in the English Lowlands since 1910.

e Characterise the expression of these droughts in precipitation, river flow and groundwater
levels using standardised indices, and quantify the relative timing and impact of the multi-

annual droughts between the different components of the terrestrial water-cycle.

e Assess a range of likely drivers of atmospheric circulation that may contribute in the winter

half-year to multi-annual droughts in the English Lowlands.

e Conduct a preliminary examination of the links between these drivers and drought indicators

to search for causal connections and point the way to future studies.
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2. Identifying multi-annual droughts in the English Lowlands

Many studies have assessed the character and duration of historical meteorological and hydrological
droughts in the UK. Strong regional contrasts in drought occurrence across the UK have been noted,
with a particular contrast between upland northern and western UK, which is susceptible to short-
term (6 month) summer half-year droughts, and the lowlands of south eastern UK that are susceptible
to longer-term (18-month or greater) droughts (Jones et al. 1998; Parry et al. 2011). These findings
reflect both the climatological rainfall gradient across the UK (see Section 2.2) and the predominance

of groundwater dominated catchments in the south-east.

In an assessment of the major droughts affecting England and Wales since the early 1800s, Marsh et
al. (2007) note that the most severe droughts in the English Lowlands have all been multi-seasonal
events featuring at least one dry winter, substantial groundwater impacts being a key component.
Partly resulting from the long duration of these events, and the inability of groundwater systems to
recover between events, these authors note a tendency for multi-annual droughts to cluster, e.g. the
“Long Drought“ of the 1890s — 1910. Using the Self-Calibrating Palmer Drought Severity Index
(PDSI), Todd et al. (2013) have recently reconstructed meteorological droughts for three sites in
southeast England back to the 17th Century, and noted numerous “drought rich“ and drought poor
periods. The causes of such clustering behaviour remain poorly understood, further underscoring the

importance of understanding the likely climate drivers of long droughts.

Several studies have quantitatively examined historical droughts within south east UK, as part of
wider classifications of droughts in the UK and beyond. Burke et al. (2010) quantified rainfall
droughts in south east UK using gridded precipitation data while Parry et al. (2011) and Hannaford
et al. (2011) identified major droughts in the southeast of the UK in a regionalised streamflow series.
Both studies identified similar major droughts occurring in the mid-1960s, 1975-6, 1988-1992, 1995
-1997 and the early 2000s. More recently, Bloomfield and Marchant (2013) developed a groundwater
drought index based on the Standardized Precipitation Index (SPI), identifying the same major
droughts. However, to the authors® knowledge, no studies have focused on multi-annual droughts
where rainfall, river flows and groundwater have been simultaneously studied using consistent
indicators; a necessary first step in understanding the propagation of drought from meteorology to

hydrology.

The following sub-sections identify multi-annual droughts in rainfall, river flows and groundwater.

Severe droughts since 1910 are characterised in two ways. First (Sect 2.2), we identified major
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meteorological droughts in the areal average English Lowlands rainfall series using a simple approach
based on long-term rainfall deficiencies. Second, we further quantify drought characteristics using
standardized drought indicators (Sect 2.3). The rationale behind the separate approaches is that using
the simple approach, we can identify multi-annual drought events including at least one winter period
(which is not necessarily enforced with the later drought indicators), vital fer-when we-considering
relationships between remote drivers and English Lowlands winter rainfall. Furthermore, this
approach can identify all droughts of different durations, whereas the Sect 2.3 analysis is influenced
by the choice of averaging period used in the standardized indicators.

2.1 Data sets used to identify multi-annual droughts

A range of hydro-meteorological datasets have been used to identify multi-annual droughts through
the historical record. For rainfall, the key dataset is a monthly 5 x 5 km resolution gridded dataset for
the UK from 1910 to date, assembled using the methods of Perry and Hollis (2005a). This gridded
dataset is based on interpolated rain-gauge observations taking into account factors such as
topography. It forms the basis of UK rainfall statistics produced by the UK Met Office National
Climate Information Centre (NCIC). We term this dataset ‘NCIC Rainfall’.

The station network comprises between 200 and 500 stations covering the UK from 1910 to 1960, a
step-increase to over 4000 for the 1960s and 1970s before a gradual decline to around 2500 stations
by 2012. Despite the lower network density from 1910 to 1960, these data are still able to identify
earlier historical droughts with considerable confidence. Long-term-average (LTA) values were
obtained from a monthly 1 x 1 km resolution LTA gridded dataset for the period 1961-1990 (Perry
and Hollis, 2005b).

River flow and groundwater level data were taken from the UK National River Flow Archive (NRFA)
and National Groundwater Level Archive (NGLA). An NRFA regional river flow dataset for the
English Lowlands is available to characterise total outflows from the region from 1961 to 2012
(Marsh & Dixon, 2012). The series is based on aggregated flows from large rivers and uses
hydrological modelling to account for ungauged areas. The boundary shown in Fig. 1 was used to
create the “English Lowlands” NCIC rainfall and NRFA regional river flow series used here. A
regional groundwater level series was also created for the English Lowlands to directly compare with
the English Lowlands rainfall and river flow series — further information on the derivation of the

groundwater level series is provided in Sect 2.3.
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In addition to the regional English Lowlands outflow series, the flow record of the Thames at
Kingston, the longest in the NRFA, from 1883 to present, was used to provide a temporal coverage
comparable with that of the NCIC rainfall. The river Thames has the largest catchment in the UK
(9968 km? at the Kingston gauging station) and constitutes 15% of the English Lowlands study area.

This series has been naturalised, i.e. the flows have been adjusted to take account of the major

abstractions upstream of the gauging station. It should—hewever, be noted that the homogeneity of

the low flow record is compromised by changes in hydrometric performance over time (Hannaford

and Marsh, 2006), although this is not likely to be unduly influential for the present study that focuses
on drought indicators rather than trends over time. Fhis-series-has-been-naturalised-to-remove-the
influence—of-abstractions—The longest Chalk groundwater level record (starting 1932) from the

Thames catchment, the Rockley borehole series, is also used to provide a long-term picture.

2.2 ldentifying major rainfall droughts in the English Lowlands

Meteorological droughts are identified from monthly rainfall deficits, calculated as the monthly
observed areal mean rainfall total minus the monthly 1961-1990 LTA. These deficits were
accumulated over rolling multi-month time periods from 12 to 24 months long. All rainfall deficits
over 170 mm (25% of annual average rainfall) over 12 to 24-month timescales were selected to give
15 notable droughts from 1910 to 2012 lasting at least one year and encompassing at least one winter
—i.e. likely to have significant impact on groundwater resources. These droughts did not necessarily
have below average rainfall in all months from October-March; in some instances rainfall may also
have been low during the summer half-year (April-September). Table 1 shows that two droughts just
exceeded 24 months in length using this method. Fig 2 shows an example rainfall anomaly series,
that for the 2010-2012 drought, which includes a few months before and after the chosen drought
period to demonstrate a typical example of how drought beginning and end dates were chosen.

Meteorological droughts across the English Lowlands since 1910 identified here include 1920-1921,
1933-1934, 1975-1976, 1990-1992 and 1995-1997, consistent with earlier studies (Marsh et al., 2007)

so their identification is not very sensitive to the criteria used. Of these, the 1975-1976 drought is

generally regarded as a benchmark across much of England and Wales against which all other
droughts are often compared (Rodda and Marsh, 2011). During only this and the 1920-1921 drought

were rainfall totals below 65% of LTA over the >12 month time-scale, including all or most of a
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winter half-year (Table 1). The most recent historical drought of 2010 to 2012 comfortably sits as one
of the most significant prolonged droughts since 1910 (Kendon et al., 2013).

We also eenducted-an-analysisto examined how spatially coherent on average these 20 major long
20-droughts were overarerelative to-the restof the UK. There is a well known strong rainfall gradient

between the English Lowlands and northwest Britain (an order of magnitude between the wettest

parts of the Scottish Highlands and driest parts of East Anglia):. -givenBecause of the predominance

of westerly airflows interacting with western uplandsin-the-west, eastern lowland areas are often in

rainshadow. Accordingly,-se periods of very wet or very dry conditions in the lowlands often differde
net-necessarty-conform-to from those in the northwestern UK. The atmospheric drivers of lowland

UK droughts are therefore likely to be somewhat different to those in the northwest. To demonstrate

this, Fig. 3 shows correlations between rainfall in the ten climatological rainfall districts covering the
UK defined by the UK Met Office and gridded NCIC rainfall data elsewhere in UK for both winter
and summer half years usingbased-en the 15 long drought periods listed in Table 1. We-also-conducted

summer is not a focus of the paper, Fig 3 shows a considerable eentrastsdifferences between winter

and summer correlations patterns.-during-longperied-droughts-are-clear-from-Fig-3: Generally, there

is a greater anticorrelationeentrast between southeast UK and northwest UK rainfall in the-fer winter

half year than in the summer half year+ainfall. Thuis implies thatts; droughts have a greater tendency

to affect the UK as a whole in the summer half year than in the winter half year. Indeed, Fig 3 suggests
that northwest Scotland is unlikely to be affected by drought at the same time as southeast England
in the winter half year. Rahiz and New (2013) have also recently confirmed a tendency for spatially
coherent meteorological droughts in southeast of England to be distinct in time from droughts in

northern and western areas of UK.

2.3 Identifying major droughts in rainfall, river flows and groundwater from a

hydrological perspective

In order to examine the impact of historical meteorological droughts on river flows and groundwater,

consistent indicators are required to identify such drought events. A wide range of drought indicators
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is-are available (e.g. Mishra and Singh, 2010) and there is no current consensus on a single indicator
appropriate for capturing the wide range of drought impacts. The Standardized Precipitation Index
(SPI, McKee et al. 1993) benefits from being normalised to allow comparisons between diverse
regions and through the annual cycle. The formulation of the SPI is described in detail elsewhere; in
summary it consists of a normalised index obtained by fitting a gamma or other appropriate
distribution to the precipitation record, where fitting is done for each calendar month to account for
seasonal differences. The monthly fitted distributions are transformed to a standard normal
distribution and the estimated standardised values combined to produce the SP1 time series. The index
is fitted to precipitation data that are typically accumulated over 3, 6, 12 and 24 month periods. The
SPI concept has been extended to river flows (e.g. Shukla and Wood, 2008) but numerous variants
have been proposed and there is no consensus on the distributions that should be used for
normalisation (e.g. Vicente-Serrano et al., 2012). More recently, the SPI concept has been extended
to groundwater level records via a Standardized Groundwater level Index, SGI (Bloomfield and
Marchant, 2013). This adopts a non-parametric normal scores transformation rather than using a

defined statistical distribution.

For the present study, the SPI has been applied to the English Lowlands rainfall series, and the SGI
has been applied to 11 individual groundwater level records from observation boreholes within the
English Lowlands region. These are: Ashton Farm, Chilgrove House, Dalton Holme, Little Bucket
Farm, Lower Barn, New Red Lion, Rockley, Stonor House, Therfield Rectory, Well House Inn and
West Dean (see Bloomfield and Marchant (2013) for more information on these groundwater
records). The groundwater hydrographs have been averaged to create a regional SGI series of English
Lowlands groundwater levels. Unlike the SPI, the SGI is not applied to time series that have to be
accumulated over a range of durations, because groundwater level and river flow exhibits
autocorrelation or ‘memory’ which implies that a degree of accumulation is inherent in each monthly
value. The SG-same methodology was also applied to the English Lowlands regional river flow

series_(henceforth referred to as Standardized Streamflow Index, SSI). Whilst the SGI was developed

primarily for groundwater, its formulation is also highly appropriate for river flows — particularly in
the English Lowlands where a substantial proportion of the runoff comes directly from stored
groundwater. As with groundwater levels, monthly river flows were not aceurrutation-accumulated

over a range of periods in-produeing to produce was-apphied-in-the-apphecation-ofthe-SGlthe SSI for

river flow.
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SGHStandardized Indices were was-calculated for English Lowlands regional river flow and regional

groundwater levels, and monthly SPI was calculated for all accumulation periods from months 1 to
24 (i.e. SPI1 to SPI.4). Figure 4a shows a heatmap of the correlation between lagged English Lowlands
river flow_(as SSI) {as-SGH and English Lowlands precipitation (as SPI1 to SPl24). The maximum
correlation of 0.79 occurs for lag zero between the two time series and for a precipitation
accumulation period of 3 months. Figure 4b is a similar heatmap of lagged English Lowlands mean
groundwater levels_(as SGI) {as-SGH and English Lowlands precipitation (as SPl1 to SPl24). The
maximum correlation is 0.82, also for lag zero, but only for a longer precipitation accumulation period

of 12 months. In summary, the highest correlations between SSI and SPI and between SGI and SPI

are associated with concurrent time series, although correlations >0.75 between SGI and SPI are also

seen at lags of a few months.

Figure 5 shows, for the English Lowlands, SPI rainfall series for several accumulation periods and

the corresponding SSI and SGI river flow and groundwater series. Fig 6 shows the English Lowlands

rainfall (SPI) series and equivalent series for the long Thames (SSI) record, and the Rockley borehole
SGI).

ehele-Both figures demonstrate good

agreement between the meteorological droughts and associated river flow and groundwater droughts
— with some expected tags-delays for the onset of given hydrological drought events, demonstrating
the propagation between the meteorological and groundwater droughts in particular. Fig 6 also shows
very good agreement between the severity of the major rainfall droughts identified independently in
Sect. 2.2, suggesting that these long duration events indeed had an identifiable and considerable
impact on river flows and groundwater in the English Lowlands. However, a cluster of hydrological
drought events in the mid-1950s, not identified in Sect 2.2., is also apparent in Fig 6. The magnitude
of the SP1/SGI1/SSI anomalies in this period is-are not as great, but the duration is notable. Overall,
these analyses demonstrate the strong link between meteorological droughts and their manifestation
in hydro(geo)logical responses but they also demonstrate some differences between the two, as
expected. From this it is inferred that the major long meteorological droughts identified in Table 1,
and the various hydrological drought metrics used to characterise them, provide a good basis for
establishing links between potential climate drivers and the major historical droughts experienced in
the English Lowlands. Nevertheless, links between the remote drivers of meteorological and
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groundwater hydrological droughts in particular are not expected to be identical, and the lag times

identified above should be considered in interpreting these relationships.

3. Climate drivers of meteorological drought in the English Lowlands

This section considers the evidence for potential forcing factors for multi-annual meteorological
droughts in the English Lowlands. We selectively extend published results on the forcing of core
winter atmospheric circulation anomalies, and rainfall where this exists, to the winter half-year
(October-March). We show results for atmospheric circulation in a global context, and for rainfall
most of western Europe, to provide the large-scale context that is appropriate to understanding
forcings by remote drivers. By driving or forcing factor we mean a physical factor external to, or
within, the climate system that tends to force atmospheric circulation and rainfall responses over the
North Atlantic/European region in winter. We do not regard atmospheric circulation anomalies as
forcing factors in this paper, though they are of course the immediate causes of anomalies of surface

climate.

A necessary first-step in linking driving factors with rainfall anomalies is-in_is to considering their

influence on surfacepressure—PMSL. tmpertanthy Thus English Lowlands rainfall anomalies on
seasonal time scales are relatively highly linearly correlated with the simultaneous pressure{pressure

at-mean-sea-level; PMSL) anomaly over the English Lowlands. Averaged over the six month leng
winter half-year, PMSL anomalies are an especially good indicator of rainfall anomalies, the

correlation between simultaneous PMSL anomalies and rainfall anomalies being

-0.78 over_the period 1901-2 to 2011-12 (61% of explained rainfall variance), or -21 mm/hPa

averaged over the English Lowlands. For the English Lowlands in the winter half-year, the key to
forecasting rainfall is skilfully forecasting PMSL anomalies averaged over the English Lowlands.
This is approximately the same as counting the relative number of cyclonic and anticyclonic days,
indicating that winter mean Lewland-EnglandEnglish Lowlands flow vorticity could add some extra
skill to PMSL alone. Jones et al. (2014) discuss controls on seasonal southeast England rainfall in
such terms, although they do not use mean PMSL anomalies directly. However, in seme-stherwestern
regions of the UK, forecasting PMSL may not be enough; atmospheric circulation patterns like the
NAO are likely to be important because near surface anomalous wind direction and speed quite
strongly affect rainfall there (Jones et al., 2014).
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Folland et al (2012) reviewed the influences of the then-known forcing factors in winter on European
temperature and rainfall, mainly for December to February or March, and concluded that the climate
models then current_at the time underestimated potential temperature and probably rainfall
predictability. Forcing factors investigated included the EI Nifio-Southern Oscillation (ENSO), North
Atlantic sea surface temperature (SST) patterns, the quasi-biennial oscillation (QBO) of equatorial
stratospheric winds, major tropical volcanic eruptions and increasing greenhouse gases. Since that
paper, physically-based influences of solar variability on winter climate have been discovered (e.g.
Ineson et al., 2011, Scaife et al., 2013). Postulated influences of recently reducing Arctic sea ice

extent on winter European atmospheric circulation remain unclear and are not discussed further
(Cohen et al, 2014) but may still exist.
Recently, a much higher level of real-time forecast skill for the NAO has been demonstrated by Scaife

et al. (2014a) for the core winter months of December-February for UK and Europe using Glosea 5
a version of the latest Met Office climate model, HadGEM3 -ealled-Glosea-5-(Maclachlan et al.,

2014). Scaife et al. (2014a) show that this new level of skill reflects many of the factors reviewed by
Folland et al. (2012), though not La Nifia, and that none are dominant, confirming that a multivariate

forcing factor approach is indeed needed toferfurther understanding-ef interannual climate variations

in the fuH winter half-year. However, significant rainfall skill for UK regions was not shown. To
investigate drivers of English Lowlands rainfall for the winter half-year, we use several data sets.
These include the global 0.5°x 0.5° rainfall data of Mitchell and Jones (2005), PMSL data of Allan
and Ansell (2006), 300hPa and PMSL data from the Twentieth Century Reanalysis (20CR) (Compo
et al., 2011), the NCEP Reanalysis (Kalnay et al., 1996) and HadISST. sea surface temperature data
(Rayner et al., 2003). For La Nifia data we use the Nifio 3.4 index using a combination of the Kaplan
et al. (1998) SST analysis to 1949 and the Reynolds et al. ERSSTv3b analysis from 1950 (updated
from Reynolds et al., 2002), henceforth KRSST. Other driving data include the annual total solar
irradiance up to 1978 from Prather et al (2014), interpolated to monthly values, with measured
monthly values from 1979 (Fréhlich,-in-press2006), May North Atlantic SST Tripole data (Rodwell
and Folland, 2002, Folland et al., 2012), the Atlantic Multidecadal Oscillation (AMO) (Parker et al.,
2007), stratospheric volcanic aerosol loadings (Vernier et al., 2011) and the QBO (Naujokat, 1986).
For English Lowlands rainfall, we have created a combined NCIC and Mitchell et al (2005) time

series from 1901-2012, regressing Mitchell et al data against the NCIC data set regarded as the
primary set to extend the latter back to 1901.
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In the following sections, we discuss atmospheric circulation and rainfall anomaly forcing in the
winter half-year due to ENSO, the North Atlantic Tripole SST anomaly, the QBO, tropical volcanoes,
solar effects and the AMO.

3.1 ENSO

Toniazzo and Scaife (2006) showed how EI Nifios (associated with significantly warmer than normal
SST in the tropical east Pacific) affect winter, mainly January-March, extratropical Northern
Hemisphere atmospheric circulation and temperature. The character and physical causes of the
influences differ between moderate and strong El Nifios (Ineson and Scaife, 2008). Moderate EI Ninos

appear to influence winter extratropical Northern Hemisphere climate through a stratospheric

mechanism, whereas very strong El Ninos force a wave train through the troposphere from the tropics

(Ineson and Scaife, 2008) giving very different patterns of winter atmospheric circulation response.

Folland et al. (2012), their Fig 7b, show that the overall effect of EI Nifio on English Lowlands rainfall

in December-February is towards modestly wetter than normal conditions, while La Nifia (associated
with significantly colder than normal SST in the tropical east Pacific) gives modestly drier conditions
than normal conditions, consistent with the model results of Davies et al. (1997) and the observational
results of Moron and Gouirand (2004). There is no evidence that strong La Nifias influence

atmospheric circulation in different ways from moderate ones.

To investigate the influence of La Nifia events, Fig 7a first shows the mean global SST anomaly
pattern associated with La Nifia events where SST averaged over the Nifio 3.4 region (120°W-170°W,
50N-50S) is_has an anomaly <= -1.0°C, compared tobelows the 1961-1990 average. SST values
averaging >= 1.0°C above normal give a broadly opposite SST pattern. To provide dynamically
consistent information about PMSL since the late 19t Century, we use median results from the 20CR.
This assimilates observed PMSL and surface temperature data into a physically consistent climate

model framework every 6 hours for most of the last 130 years using an ensemble of over 50 different

slightly differing analyses. Fig 7b, top panel, shows mean PMSL anomalies (from 1961-1990) for La
Nifias where Nino 3.4 region SST anomalies are <-0.92°C for two independent epochs 1876-1950
and 1951-2009. The value -0.92C is minus one standard deviation of Nino 3.4 SSTs over 1951-2009.

Both epochs show a finger of higher than normal PMSL stretching toward the southern UK, much
stronger in the latter period, with lower than normal PMSL to the north. General similarities in the

patterns tend to confirm the robustness of the PMSL pattern. PMSL anomalies project as expected
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onto the positive winter NAO in both epochs, but with higher PMSL over the south of the UK during
La Nifa than in the classical NAO pattern.

The central panel shows anomalies of atmospheric storminess from the NCEP Reanalysis for 1951-
2013 and western European rainfall anomalies for 1901-2011. These show significantly drier than
average conditions and slightly reduced storminess over the English Lowlands during La Nifia. The
dry anomalies over the English Lowlands average around 5 mm/month (30 mm in the winter half
year—as—a—whele) while northwest Scotland by contrast has significant slight to moderate wet
anomalies exceeding 10mm/month. The average PMSL anomaly over the English Lowlands in 1951-
2009 of 1.8hPa in Fig 7b corresponds to about a 38mm rainfall deficit, 11% of the 1961-1990 winter
half year average of 348mm. The average effect is thus modest, as with all other individual climatic
influences, though individual La Nifia events can have a stronger influence. Details of the influence
of La Nifia on UK PMSL and rainfall vary through the winter half-year (e.g. Fereday et al, 2008),
illustrated in Supplementary Information Fig S1 for each winter half-year month. Fig S1 shows no
English Lowlands rainfall signal in January, though a dry signal appears to a greater or lesser extent

in the remaining five months.

El Nifio, by contrast, is associated with slightly wetter conditions than normal in the English Lowlands
and slightly enhanced storminess (Fig 7b, bottom right). Indeed, broadly opposite PMSL anomaly
and rainfall anomaly patterns can be seen in the bottom panels of Fig 7b in given locations over most
of UK and Europe during moderate El Nifios (0.92°C< Nifio 3.4 SST anomaly < 1.5°C). For the
relatively uncommon extreme El Nifios, PMSL (Toniazzo and Scaife, 2006) and rainfall patterns
change over the UK and Lewland-EnglandEnglish Lowlands (not shown).

Table 1 shows the mean winter half-year Nifio 3.4 SST anomaly during each drought. No moderate
to strong El Nifios occurred in these droughts but there was one weak El Nifio, four weak La Nifias
(SST anomaly between 0.5 and 1°C), seven “neutral” conditions (anomalies between +-0.5°C, all here
with weak negative SST anomalies) and three moderate to strong La Nifias. The mean winter half-
year Nifio 3.4 SST anomaly in all 15 droughts is -0.45°C. Table 2 looks at the problem in another
way, showing the winter half-year rainfall anomaly associated with the strongest La Nifias and noting
if a Table 1 drought occurred. Many La Nifias are not associated with winter half-year components
of Table 1 droughts. However the probability of a Table 1 drought occurring during the top 20 winter
half-year La Nifias is nominally 0.35, compared to a chance probability of 0.15, so the probability of
a severe drought is approximately doubled compared to chance. The overall English Lowlands winter
half-year rainfall anomaly during all top 20 Nino 3.4 years is nevertheless weak at 25.2 mm or -0.39
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standard deviations. So a doubling of the chance probability is worth noting, but La Nifia is inadequate
to indicate a Table 1 drought with any confidence by itself. Moreover, La Nifia winters can
occasionally behave very far from expectation. The clearest example is 2000-1, the wettest winter
half-year in this record at 43 mm/month but accompanied by a weak La Nifia with an SST anomaly
of -0.70°C. This very cyclonic winter may have been caused by the overriding influence of other

strong forcings, especially in October-December (Blackburn and Hoskins, 2001).

Finally Fig 7c shows cumulative distributions of English Lowlands rainfall when Nino3.4 SST

anomalies <-0.5°C and Nino 3.4 SST anomalies >0.5°C but < 1.5°C were observed. The latter is an

approximate lower Nino3.4 SST limit for extreme El Ninos; these extreme years tend to be more

anticyclonic over the English Lowlands so on average drier than other El Nino years. Fig 7c shows

drier conditions in La Nina compared to El Nino through almost all of the cumulative probability

distribution of English Lowland rainfall. A clear exception is the wettest winter half year, 2000-2001.

Including the three extreme El Nino years (not shown) slightly reduces the contrast between EI Nino

and La Nina influences.

3.2. Other potential climate drivers for English Lowlands rainfall in the winter half-

year
3.2.1 North Atlantic tripole SST anomalies

Rodwell et al. (1999) and Rodwell and Folland (2002) showed that a tripole SST pattern in the North
Atlantic in December-February was associated in climate models and observations with a weak if
clear physical modulation of a PMSL pattern quite like the NAO. The tripole has been the most
prominent SST pattern in the North Atlantic since the 1940s. Rodwell and Folland (2002) explain
why the state of the SST tripole best predicts the winter NAO in the May prior to the winter being
forecast. Folland et al. (2012) extended these results to show the European December-February winter
rainfall pattern predicted by the May tripole. We further extend these results to the winter half-year,
though the tripole index is currently only available for 1949-2008. Despite the short data set,
composite PMSL analyses for tripole indices of <-1 SD and >1 SD give widely significant results.
The positive index is associated (over this period) with a positive NAO displaced slightly southwards,
and the negative index with a negative NAO (Fig 8a, c), results fairly like those for December-
February. Accordingly, positive values of the tripole index in May are associated with wet conditions
in western UK in the following winter half-year, though only marginally wet conditions in the English

Lowlands. Negative indices give a tendency to dry conditions in western UK and to some extent the
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English Lowlands (Fig 8b, d). In conclusion, a negative North Atlantic SST tripole index in May
tends to weakly favour dry conditions in the English Lowlands in the following winter half-year.

3.2.2 Quasi-biennial oscillation of stratospheric winds

Marshall and Scaife (2009) discuss differences in atmospheric circulation and surface temperature in
the extratropical Northern Hemisphere between winters (December-February) with strong lower
stratospheric westerly winds near the equator at 30hPa and those with easterly winds at that level.
These winds vary with a period of between two -and three years and are known as the quasi-biennial
oscillation (QBO). The easterly QBO tends to increase North Atlantic blocking, with a negative
NAO, in December-February while the westerly QBO mode is associated with a positive NAO.
Mechanisms by which equatorial stratospheric QBO winds influence the lower winter extratropical
troposphere are partly understood; Folland et al. (2012) give references. Folland et al. (2012) show
precipitation anomalies for +1SD of the QBO signal but these are weak over the UK and Europe. The

QBO can now be reliably forecast a year or more ahead (Scaife et al., 2014b).

Fig 9 illustrates global PMSL and rainfall anomalies over UK and nearby Europe associated with
strong easterly and westerly QBO winds at 30hPa in the winter half-year. Because strong easterly
QBO winds are substantially stronger than strong westerly QBO winds, we compare PMSL and
rainfall for the most easterly 15% of all winter half-year QBO winds (top panels) and the most

westerly 15% (bottom panels). A value of 15% is selected because although the influence on

atmospheric circulation of the most westerly 10% and 10%-20% of QBO winds is similar, the easterly

influence weakens below 15%. Strong easterly QBO conditions are indeed associated with blocked

conditions in the winter half-year and strong westerly conditions with a positive NAO as for
December-February. However PMSL is near normal for westerly QBO conditions over the English
Lowlands giving no rainfall signal (bottom right). Strong easterly QBO winds tend to give a small
negative PMSL anomaly over the English Lowlands with modestly wetter than average conditions
(bottom left panel). So the QBO appears to have only a small influence on English Lowlands winter
half-year mean rainfall. However, Fig 9 shows that strong easterly or westerly phases of the QBO
quite strongly and symmetrically affect winter atmospheric circulation over the North Atlantic.
Interacting with other forcing factors, QBO influences might have more importance for English

Lowlands winter rainfall than this analysis suggests.
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3.2.3 Major tropical volcanic eruptions

The winter (December-February) rainfall patterns associated with major tropical volcanic eruptions
were shown by Folland et al (2012). Major tropical volcanic eruptions are uncommon and tend to
force the positive westerly phase of the NAO in winter (e.g. Robock, 2000, Marshall et al., 2009).
Wetter than normal conditions are seen in northern Scotland with slightly drier than normal conditions
further south and over the English Lowlands (Fig 5 of Folland et al., 2012). Further analysis is beyond

the scope of this paper.  Although climate models often have difficulty with this relationship, the

main cause of the increased westerly phase of the NAQ is thought to be an increase in the temperature

gradient in the lower stratosphere between the tropics and the Arctic. This is caused by warming of

the lower stratosphere by absorption of upward long wave radiation from the troposphere and surface

by the volcanic aerosols (mainly tiny sulphuric acid particles) where heating is much greater in the

tropics (Robock, 2000). The resulting increased temperature gradient between the tropics and the

polar regions favours stronger extratropical westerly winds in the lower stratosphere through the

change in the geostrophic balance. In turn enhanced extratropical tropospheric westerly winds result

through wave-mean flow interaction, a dynamical mechanism only partly understood (e.g. Perlwitz

and Graf, 1995).

3.2.4 Solar effects

Solar effects on North Atlantic climate have identified in observations for winter (December-
February) for Europe (e.g. Lockwood et al., 2010). Ineson et al. (2011) carried out model experiments
with a vertically highly resolved model extending to the lower mesosphere shewing to show that

ultraviolet solar radiation variations associated with the 11 year solar cycle of total solar irradiance
(TSI) modulates the Arctic Oscillation and NAO and thus winter blocking over UK through
stratospheric-tropospheric interactions. Thus sStronger solar ultraviolet radiation near the maximum
of the solar cycle favours the -westerly positive phase of the NAO over UK and weaker radiation at
solar minimum favours blocking, easterly winds and the negative phase of NAO. Ineson et al (2011)

showed that the mechanism for these effects starts in the lower mesosphere or stratosphere. Here, for

example, reduced ultraviolet radiation at solar minimum- causes a decrease in ozone heating. This

cooling signal peaks in the tropics; so opposite to the volcanic forcing influence described above, this

decreases the tropics to polar region stratospheric temperature gradient. This leads to weaker

stratospheric winds as the geostrophic balance changes. These reduced winds propagate downward
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into the troposphere through wave-mean flow interaction to give a more negative or easterly phase
than average NAO.  Scaife et al. (2013) also showed that solar modulation of the NAO feeds back

onto the North Atlantic SST Tripole. This in turn influences the winter atmospheric circulation which

feeds back onto the SST tripole etc. As a result,-te-create a maximum westerly positive NAO winter

atmospheric circulation response occurs 1-4 years after solar maximum {westerhy-phase-ef the NAG)
and a maximum easterly negative phase of the NAO occurs 1-4 years after solar minimum. {easterhy

Shosse R lh oo
We have carried out a preliminary study for the longer October-March period. Mean PMSL anomalies

in the Atlantic sector tend to be fairly consistent at or near solar maximum, but much less consistent
and weak around solar minimum. So we confine our results to high values of TSI. Fig 10 shows
global PMSL and UK and European rainfall anomalies for winter half-year lagged by one year on
average compared to the highest 20% of values of TSI over 1948-2011. A modest, significant,
cyclonic anomaly occurs west of the UK with a significant if small tendency to wetter than normal
conditions in the English Lowlands. The highest 25% of TSI values gives much the same result.;
i i - Some studies

suggest that ghventhe-phases—ef-the QBO and solar minkmacycle phases may interact to influence
North Atlantic winter atmospheric circulation (Anstey and Shepherd, 2014) in a more complex way,

so this could be a topic for the future.

3.2.5 The Atlantic Multidecadal Oscillation

The AMO is likely to be both targeby an natural internal variation of the North Atlantic Ocean (Knight
et al, 2005) and_anthropogenically forced (Booth et al., 2012). In a model study, Knight et al. (2006)

showed influences of the model AMO on UK seasonal climate, indicating a marked variation in the

effects of the AMO between three month seasons, as more recently shown by Sutton and Dong (2012)

from observations. The version of the observed AMO we use here is that due to Parker et al. (2007)
which reflects an associated quasi- global interhemispheric SST pattern concentrated in the North
Atlantic, much as seen by Knight et al. (2005) in the HadCM3 coupled model. Fig 11 shows global
PMSL and UK and European rainfall anomalies ferthe-winter hat-year AMO-index over the common
data availability period 1901-2011 for winter half-year AMO values >1 and <1 standard deviation
calculated forover this period. These; corresponding to warm and cold North Atlantic states corrected
for the trends in global mean sea surface temperature..—+espectively. (The state in 2014 iswas
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relatively warm). The AMO varies mostly interdecadally so any AMO related climate signal is likely
also mostly interdecadal. There is a significant, clear and symmetric PMSL signal over the North

Atlantic region. A negative NAO is seen when the AMO is_in its positive phase and a positive NAO
when the AMO is negative. AMO effects on rainfall over much of UK are clearest for the negative
AMO phase which favours mostly drier than average conditions in the west. Unfortunately, neither
phase of the AMO provides a rainfall signal for the English Lowlands. However, Fig 11 may hide
considerable variability within the winter half-year as implied by Sutton and Beng*s-Dong (2012)
restltsfor-autumn-and-springshow large differences in European climate signals between different

calendar three month periods. Se-lintraseasonal influences of the AMO on atmospheric circulation

within the winter half-year require investigation.

3.3 Links between large-scale drivers and drought indicators

In this section, we explore relationships between the various potential large-scale drivers identified

in Sect 3.2 and the hydrological drought indicators discussed in Section 2.

Figure 12 comprises boxplots of the various response variables for the winter half year rainfall and
river flow, as well as the drought indicators (SPI, SSI and SGI) for low (<-0.5 SD) and high (>0.5

{<-0:5-SB)and-high-(=0-5-SB)-values-of the predictors: This figure is intended to provide an overview
of possible linkages between drought relevant hydro-climatic time series and the various climate
drivers discussed in this study. The driving data include Nifio 3.4, the May SST tripole, the QBO,

stratospheric volcanic aerosol loadings, TSI, and the AMO.

The data for the drivers and response variables in Figure 12 are mostly averaged over October-March,
so that the analysis is for concurrent data. However, the groundwater SGI is averaged with a lag of
two months, and is thus shown for December-May, to reflect the temporal delay in groundwater
formation. Because the SPI describes rainfall accumulated over a number of preceding months, these
have also been lagged compared with the drivers so as to be centred on the target period October-
March. Accordingly, the SPI13 is shifted forward by 1 month, and averaged for November-April; thus
the first three-month accumulation starts in September and the last ends in April. Corresponding shifts

for the SP16 and SPI112 are three and six months respectively. The TSI precedes the hydrological
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response variable by two years to be consistent with the findings by Scaife et al. (2013) as discussed

in Sect 3.2.4. Significance levels are calculated using one-sided Welch two-sample t-tests.

As perhaps expected, given the relationships discussed in Sect 3.2, the majority of univariate
relationships shown in Fig. 12 are very weak and non-significant, and the majority of individual
drivers have little discernible impact on the means of the response variable. The only significant
relationship for English Lowlands rainfall is with the Nifio 3.4 SST anomaly. Nevertheless, there is a
clear tendency for El Nifios (weak, moderate and strong) to be associated with wet conditions, and
higher river flows and groundwater levels, and La Nifia with dry conditions and lower flows and
levels, consistent with Sect 3.2 and Folland et al. (2012). As mentioned in section 3.2, a strong note
of caution, and a cause of the poor significance, is that the wettest winter half year in Fig 8c, 2000-
2001, is associated with a weak La Nifia and not an El Nifio. SPI3 shows a significant relationship
with the SST tripole, which is only very weakly supported by the other variables. However, the spatial
analysis shown in Fig 8 (bottom panels) suggests a stronger relationship exists for the upland north-

west of the UK rather than the lowland south-east. - Svensson and Prudhomme (2005) noted a positive

concurrent winter (Dec-Feb) correlation between SSTs in the area corresponding to the centre of the

SST tripole and river flows in northwest Britain (r=0.36), consistent with Fig. 8b and d. For river

flows in southeast Britain, encompassing the English Lowlands, they found a positive concurrent

winter correlation with SSTs slightly further to the south (r=0.43), partly overlapping the

southernmost centre of the SST tripole.

For the majority of other potential climate drivers, the distributions of the drought indicators are
typically not significantly different from one another for values >0.5 or <-0.5 SD of the respective
drivers. The key finding is that no single driver is close to compellingly explaining English Lowlands
rainfall, river flows or groundwater levels. Combinations of drivers are of course difficult to test with

the limited observational data available.

4. Discussion
4.1 General considerations

The predictability of winter droughts in the English Lowlands is a strongly-multivariate multiple
forcing problem made more difficult by the relatively small scale of the English Lowlands compared
to that of atmospheric anomalies. Temperature is a small additional factor in the winter half-year for

drought but #-is much more important in summer, when high rates of evapotranspiration can
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exacerbate hydrological drought—In winter, temperature could be influential in increasing the

likelihood of snowfall as opposed to rainfall, which could petentially confound links between the

atmospheric drivers we have identified and precipitation, river flow and groundwater deficits. While

water storage in snow/ice during the cold season can be a major influence on hydrological drought in
parts of Europe (e.g. van Loon et al. 2014), generally, snowfall is limited in lewland England the
English Lowlands. Some winter drought periods (e.g. 19632/663, 2010/2011) were associated with

major snowfall and persistent snow cover, but typically snow makes up a modest proportion of

precipitation and is a minor runoff generation component (even in cold winters) at the monthly to

seasonal scale.

Our work has focused on the winter half-year, but we acknowledge that a complete discussion of the
multiannual drought problem requires an investigation of the influences of remote drivers on summer
half-year precipitation and temperature. Our current understanding of the drivers of atmospheric
circulation in December-February over the UK and Europe has clearly improved, reflected in the new
level of skill in dynamical forecasts of atmospheric circulation near UK shown by Scaife et al. (2014)
mentioned in Section 3. Folland et al (2012) point out that the magnitude of the drivers we discuss in
Section 3 can all be skilfully predicted in December-February winter or the winter half-year a season
or more ahead. In other seasons, understanding is much less and seasonal forecasting models
commensurably much less skilful. However, the AMO is known to affect UK summer atmospheric
circulation and rainfall (Folland et al., 2009; Sutton and Dong, 2012) as well as spring and autumn
rainfall (Sutton and Dong, 2012) and is skilfully predictable a year or more ahead using persistence.
Folland et al. (2009) also suggest an influence from strong La Nifas towards wetter than normal
conditions in July and August. So a major effort in studying drivers of predictability should be made
for all seasons, particularly summer, when droughts can manifest themselves most severely. Whilst
the winter season is most important for replenishment of water resources in the English Lowlands,
intervening summers can be influential in dictating the outcomes of droughts — as was the case for
the 2010 — 2012 drought, including its dramatic termination by the summer (Parry et al. 2013). In

contrast, some of the most severe droughts have been associated with the combination of one or more

dry winters with subsequent arid summers (e.g. in 1976, 1989). There is therefore a need to understand

the drivers of both winter half-year and summer half-year deficiencies, and the likelihood of

persistence between them in driving sequences of below-normal rainfall between seasons in long

droughts. Folland et al (2009) showed that in summer, the summer NAO is the most prominent

atmospheric circulation pattern_and especially affects the English Lowlands. Its phase strongly
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modulates rainfall and temperature together such that both enhance drought or flood conditions. This
is because high PMSL in summer, corresponding to the positive phase of the summer NAO is
associated with dry, sunny and warm conditions while cyclonic conditions, associated with the
negative phase, are associated with wet, dull and cooler conditions. Long droughts can also terminate
at the end of summer dramatically, e.g. that of 1975-1976 (Folland, 1983).

Because many complex dynamical processes are involved, non-linear interactions may be important
in creating the climatic outcome from a given combination of predictors. Only climate models can,
in principle, represent these interactions as observed data are too few for reliable non—linear statistical
methods. Furthermore, the climate is in any case becoming increasingly non-stationary as global
temperatures increase. It used to be thought that increasing greenhouse gases would most likely be
associated with a slow tendency to an increasing positive, westerly phase of the winter NAO over the
UK (e.g. Gillett et al., 2003). However a recent tendency towards more negative winter Arctic and
North Atlantic Oscillations casts doubt on this result (Hanna et al., 2014). Furthermore, ten dynamical
models with high resolution stratospheres suggest that increasing greenhouse gases may be associated
with a tendency to more winter blocking over higher northern latitudes with perhaps some increased
frequency of easterly winds over northern UK in winter compared to current climate (Scaife et al.,
2012). The net effect on winter English Lowlands rainfall is by no means certain, though Scaife et al
find increased winter rainfall. In summer, there is more consensus that anticyclonic conditions may
increase in the long-term under increased greenhouse gases in southern UK with decreased English
Lowlands summer rainfall (e.g. Rowell and Jones, 2006, Folland et al, 2009). It is increasingly clear,
though, that AMO fluctuations, which themselves may be influenced by anthropogenic forcing, may
for decades reduce or hide this tendency or temporarily enhance it. However Arctic sea ice reductions
might affect long term summer trends in hitherto unexpected ways (Belflamme et al., 2013), and
become an important influence in all seasons. la-general-though.dDespite considerable uncertainty

around changes in precipitation patterns, projections for future increases in temperature for the UK

are_more robust. The associated increases in evapotranspiration are likely to be a further factor

increasing drought severity in future.

drought,
4.4 The way forward

Recent developments in climate modelling (e.g. Hazeleger et al., 2010, Scaife et al., 2011, Maclachlan

et al., 2014) provide the key way forward for investigating European climate mechanisms, supported
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by observational studies using improving and temporally expanded reanalyses. Dynamical climate
models can be run in various complimentary ways. This includes running coupled ocean-atmosphere
models, running their atmospheric component (AGCM) against observed lower boundary layer
forcing, particularly SST and sea ice extents, and carrying out special experiments with specified
forcings like observed SST patterns, including ENSO, or combinations of other forcings discussed

above.

Recent research indicates that using AGCMs with specified SST and sea ice (e.g. HadISST1, Rayner
et al., 2003) is a useful way forward for predictability studies though there are limitations (e.g. Chen
and Schneider, 2014). This may allow estimates of UK and perhaps English Lowlands rainfall
predictability through the seasonal cycle, for example using the newly improved HadlSST2 data set
(Titchner and Rayner, 2014). An advantage of such runs is that SST variations are realistic whereas
they may not be in coupled models.

Coupled models have already shown great promise as shown by the high skill of an ensemble of
retrospective December-February European forecasts from a high resolution version of the
HadGEM3 coupled ocean-atmosphere climate model run for the last 20 winters (Scaife et al., 2014a).
The SST predictions for this season also show considerable skill (MacLachlan et al., 2014). This
work also shows that some aspects of the seasonal surface climate prediction can be further improved
by basing them on forecasts of the governing atmospheric circulation pattern rather than the directly
forecast surface conditions per se. For example, prediction of the NAO is more skilful than, say, the
prediction of temperature across northern Europe but because the NAO often governs regional climate
fluctuations, European winter surface climate predictions may be improved if derived from the

forecast NAO (Scaife et al., 2014a), at least in some regions. Thus a good way to use dynamical

seasonal climate predictions of regional UK rainfall in a hydrological context may be to combine
dynamical atmospheric circulation predictions with statistical downscaling. A combination of
atmospheric and coupled model approaches might be particularly valuable for studying the hitherto
unknown causes of the large and persistent atmospheric circulation changes that resulted in the
sudden ends of some major droughts like those of 1975-76 and 2010-2012.

The 20CR; stretching back to 18781, now in an enhanced version 2 form

(http://wwwv.esrl.noaa.gov/psd/data/gridded/data.20thC_ReanV2.html) and other existing and

planned reanalyses will allow new observational studies of relationships between predictors,

atmospheric circulation through the depth of the troposphere and rainfall for more than the last

century. Thus the late 19t century and very early 20t century is an especially interesting period for
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study. It included several major English Lowland drought episodes, including a long drought from
1854-1860, a major drought from 1887-1888 and the ‘Long Drought’ of 1890-1910 (Marsh et al.,
2007; Todd et al., 2013). The latter was associated with several clusters of dry winters analogous to
some recent multi-annual droughts. Such studies emphasise the importance of further digitizing
historical rainfall data. For example, digitized UK rainfall records from paper archives would enable
key datasets such as NCIC rainfall to be pushed back into well into the late 19t Century. This, coupled
with the longevity of the 20CR data, would open up new possibilities for examining the climatic
drivers behind these multi-annual droughts of the 19t Century. As indicated in section 4.1, agne-of

the key issues in long, multi-annual droughts is the sequencing between dry winter and summer half-

years. The use of long hydrometric records opens up the possibility of exploring frequency-duration

relationships to examine drought persistence in a probabilistic sense, e.g. using Markov Chain models

to explore dry(wet) to dry(wet) season persistence (Wilby, in preparation)

A key area for further study is improved understanding of the hydrological response to precipitation

deficits during the onset, development of and recovery from, drought episodes. This study has used

consistent indicators of rainfall, flow and groundwater to shed new light on temporal correlations

between meteorological drought anomalies (SPI) and their response in river flow (SSI) and

groundwater levels (SGI). However, this has only been evaluated at a broad scale for the English

Lowlands — the temporal relationships will vary widely across the study domain, depending on aquifer

properties (Bloomfield and Marchant, 2013) and catchment properties (Fleig et al., 2011; Chiverton

etal. in 2015). The study highlights the need for more systematic studies of drought propagation using

a_combination of observational and catchment modelling approaches (e.g. as carried out for one

English catchment by Peters et al., 2006, and for selected European catchments by Van Loon et al.
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selected-European-catchments-by-Van-Loon-etal-2012)-Finally, it is important to emphasise that the

manifestation of drought impacts in the English Lowlands will be heavily influenced by water
management infrastructure and societal responses (e.g. the effects of surface and groundwater
abstractions, reservoir operations, and the influence of societal demand during drought events). This
study has examined the region at a coarse scale, but an examination of the finer catchment/aquifer
scale links between climate drivers and flow/groundwater responses will require an appreciation of
the moderating role these influences will have on the propagation of climate drivers through to

streamfow and groundwater responses.
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Table 1. Fifteen key 13- to 26-month duration meteorological droughts across the English

Lowlands, 1910 to 2012, based on NCIC gridded rainfall data.

Table 1 is ordered by drought severity, expressed as percentage of long term average rainfall. The

Nino 3.4 SST anomaly is the average for all winter half-year months during the drought.

% of average Winter

Category of La Nifia or El

Duration Total 1961-1990 Deficit (mm) Nino3.4 Nifio
Start month End month (months) rainfall (mm) average (mm) SST anom.

May-1975 Aug-1976 16 541 898 357 60 1.32 Strong La Nifia
Aug-1920 Dec-1921 17 630 991 361 64 -0.42 Coid Relital
Feb-1943 Jun-1944 17 662 937 276 71 -0.66 Wealdballlifia
Apr-1995 Apr-1997 25 1004 1411 407 71 -0.62 Weakitalhifia
Apr-1933 Nov-1934 20 829 1133 304 73 -0.83 Weak La Nifia
Mar-1990 Feb-1992 24 1006 1361 354 74 0.81 WeakElHifi
Dec-1963 Feb-1965 15 639 855 215 75 0.17 Cold Neutral
Jun-1937 Jun-1938 13 556 735 179 76 -0.25 Cold Beutal
Aug-1988 Nov-1989 16 702 924 222 76 -1.49 StronglEallife
Feb-1962 Feb-1963 13 556 726 170 77 -0.29 Cold Neutral
Apr-2010 Mar-2012 24 1050 1361 311 77 114 Strong La Nifia
Apr-1928 Sep-1929 18 782 1006 224 78 -0.03 Cold Neftial
Aug-1972 May-1974 22 995 1255 260 79 -0.07 Cold Neutral
Nov-2004 Apr-2006 18 810 1025 215 79 -0.02 Cold Neutral
Aug-1947 Sep-1949 26 1181 1478 296 80 -0.19 Coid (elital
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1p42  Table 2 Top 20 winter half-year La Ninas and English Lowlands rainfall since 1910-1911,

1043  indicating whether these correspond to the meteorological droughts in Table 1 (as described in

1044  Sect 2.2)

WINTER HALF La Nina SST anomaly,°C, Table 1 Rainfall
YEAR (from 1961-90) Meteorological anomaly
Drought mm/month
lasting 5-6 months in
given winter
1988-1989 -1.87 YES -15.2
1973-1974 -1.82 YES -9.3
2007-2008 -1.56 NO 1.7
1942-1943 -1.46 NO 23
1999-2000 -1.43 NO -6.8
2010-2011 -1.42 YES -10.5
1998-1999 -1.39 e -15.2
1975-1976 -1.32 YES -26.0
1970-1971 -1.25 NO 4.2
1916-1917 -1.20 NO 4.5
1949-1950 -1.10 NO 9.3
1984-1985 -1.09 NO -0.2
1933-1934 -1.05 YES -19.7
1955-1956 -1.02 (e -5.7
1924-1925 -0.89 \a) 8.7
1938-1939 -0.88 N 14.7
2011-2012 -0.86 YES -18.9
1995-1996 -0.85 YES -10.5
1983-1984 -0.71 ) 1.0
1910-1911 -0.71 L) 8.3
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Table 3. Summary of remote drivers of English Lowlands rainfall.

Only the influence on English Lowlands climate are summarised; effects elsewhere in UK may be

larger or different. Conditions that favour drier winters are highlighted in yellow

Climate Effect on English Lowlands winter half-year precipitation and

driver temperature

ENSO El Nifio tends to give somewhat wetter conditions than normal, while La Nifio
tends to give somewhat drier conditions than normal. There are intra-seasonal
variations in these effects (Supplementary Info S1)

North Atlantic | A negative North Atlantic SST tripole index in May weakly favours dry

tripole SST conditions in English Lowlands in the following winter half year. A positive

anomaly index marginally favours wetter than normal conditions.

QBO The QBO has only a small direct influence. A westerly QBO gives no

significant rainfall signal, while a strong easterly QBO tends to give modestly
wetter than average conditions. However, the rather strong effect of more
extreme QBO phases on North Atlantic atmospheric circulation might modulate

influences of other factors.

Major tropical

volcanic

eruptions

Major tropical volcanic eruptions are uncommon. They tend to force the
positive westerly phase of the NAO in winter associated with wetter than normal
conditions in northern Scotland and slightly drier than normal conditions much

further south, including the English Lowlands.

Solar effects

Cyclonic anomalies associated near or just after solar maxima may be

associated with a tendency to wetter than normal conditions

AMO

A negative NAO tends to occur when the AMO is positive and a positive NAO
when the AMO is negative. However, neither phase of the AMO provides a
rainfall signal for the English Lowlands. Differing intra-seasonal influences and

interactions with other forcing factors cannot be ruled out.
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Figure Captions

Fig 1. Map of the English Lowlands study region (bold line indicates boundary), alse-shewing-the

river Thames (blue) and its catchment {above the Kingston gauging station_(red)} and the location of

the Rockley borehole (red). For context, the Mmap also shows the location of London, major aquifers

(light grey) and upland areas over 200m (dark grey)

Fig 2. Example of a meteorological drought, April 2010 to March 2012

Fig 3. Correlations of designated district average rainfalls with 5 x 5 km gridded rainfall data
elsewhere in UK for winter and summer half-years of droughts -identified in this paper. N is the
calculated equivalent number of independent rainfall stations across the UK in Table 1 droughts, a
measure of spatial rainfall anomaly variability in the droughts, where rainfall anomalies are

differences from their long-term means.

Fig 4a. Heatmap of the correlation between lagged English Lowlands river flow SG+SSI over a one-
month timescale and English Lowlands precipitation as SPI over 1-24 months, with maximum

correlation highlighted with black circle.

Fig 4b.. Heatmap of the correlation between lagged English Lowlands groundwater level SGI over a
one-month timescale and English Lowlands precipitation as SPI over 1-24 months, with maximum

correlation highlighted with black circle.

Fig 5. SPI, SSI and -ard-SGI for regional English Lowlands series, where the first three time series
are SPI based on the English Lowlands precipitation time series, with SPI 3 month rainfall
accumulation, SP1 6 month rainfall accumulation and SPI 12 month rainfall accumulation; the latter
two are SGI-SSI for the English Lowlands regional river flow series and SGI for the English Lowlands

groundwater level time series.
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Fig 6. SPI, SSl-and- and SGI series for the Thames, where the first three are based on the Thames
catchment rainfall time series, with SPI 3 month accumulation, SPI 6 month accumulation and SPI
12 month accumulation; the latter two are the SGHSSI series for the Thames river flow at Kingston

and the SGI series for the Rockley groundwater level series.

Fig 7a. Composite global SST anomalies from 1961-1990, winter half-year, over 1901-2013 when
Nino 3.4 anomalies <-1.0°C

Fig 7b. Top panels: Global PMSL anomalies (hPa) from the 20t Century reanalysis averaged over
winter half-year for La Nifias measured by SST <-1 standard deviation over Nino 3.4, corresponding
to a 1961-1990 SST anomaly <-0.92°C, for two independent epochs 1876-1950 (left) and 1951-2009
(right). The standard deviation is for 1951-2010. Central panels (left): global storminess anomalies,
1951-2013 measured by anomalies of 2-7 day band pass variance of 500hPa height (dm2), (right) west
European rainfall anomalies (mm/month) 1901-2011 for La Ninas for winter half-year. Bottom panels
(left): as top right panel for moderate EI Nifios (anomalies of 0.92°C <Nino 3.4 <1.5°C) (right) as
central right panel but for moderate El Nifos. Dark colours are locally significant at the 5% level.

Light colours on global maps only (all diagrams) are included show the patterns more clearly but are

not significant. ~ Rainfall from the Mitchell and Jones (2005) 0.5° x0.5° degree data set, as it is for
Figs. 9-12.

Fig 7c_Cumulative distributions of English Lowlands rainfall, 1901-2014, expressed as a percentage

of the 1961-90 average, for (a) La Nina and (b) EI Nino conditions excluding extreme El Ninos, as

described in the text

Fig 8. (Top left) Global PMSL anomalies (hPa) in winter half-year for a tripole SST index <-1 SD;
(Top right) >1 SD in the previous May. (Bottom left) Rainfall anomalies in winter half-year
(mm/month) over UK and nearby Europe for tripole SST index <-1 SD. (Bottom right) for >1 SD.
Avreas significant at the 5% level are darkly coloured. Tripole SD calculated for May 1949-2008.
PMSL comes from the NCEP Reanalysis.
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Fig 9. (Top left) Near global PMSL anomalies (hPa) in winter half-year for most easterly QBO 15%
of 30hPa equatorial stratospheric winds (1953-1954 to 2012-2013). (Top right) Rainfall anomalies
for the top 15% most easterly of all equatorial winds. (Bottom left) As top left but for the 15% most
westerly QBO winds. (Bottom right) As top right, but for the 15% most westerly winds. Areas
significant at the 5% level are dark coloured. PMSL is from the NCEP Reanalysis.

Fig 10. (Left) Near global PMSL anomalies (hPa) in winter half year for TSI values in the highest
20% of the its winter half year distribution over 1948-2011. Earlier years not used as solar cycle
mostly varied at an averaged reduced level of total solar radiation. (Right) Rainfall anomalies

(mm/month) over UK and nearby Europe. Areas significant at the 5% level are darker coloured.

Fig 11a. (Top left) Near global PMSL anomalies (hPa) in winter half year for monthly AMO index
values <-1SD calculated over 1871-2013. (Top right) rainfall anomalies (mm/month) for AMO index
values <-1SD. (Bottom left) Near global PMSL anomalies for AMO index values >1SD (Bottom
right) Rainfall anomalies (mm/month) for AMO Index values >1SD. Areas significant at the 5% level
are darker coloured. PMSL is from the 20CR

Fig 12a. Box plots of English Lowland response variables for the October to March winter half year

(English Lowlands areal rainfall and total flow), for low (<-0.5 SD) and high (>0.5 SD) values of
different drivers (Nifio 3.4, IPO, TSI, May SST tripole, AMO, stratospheric aerosol loadings and
QBO).

Fig 12b. Box plots of English Lowland response variables for the October to March winter half year

(rainfal—river—flow,—groundwater—and-SSGI flow, SGI Groundwater and-SPithree accumulation
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periods for the SPI), for low (<-0.5 SD) and high (>0.5 SD) values of different drivers (Nifio 3.4,
IPO, TSI, May SST tripole, AMO, stratospheric aerosol loadings and QBO).
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English Lowlands monthly rainfall anomaly (1961-1990)
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