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1. Introduction

Drought is a large-scale phenomenon that simultaneously affects wide areas, often causing damaging
socio-economic, agricultural and environmental impacts. The significant spatial and temporal scales
over which drought has an impact are predominantly driven by meteorological conditions; large, stable
anticyclonic systems are often highly persistent, and it is the propagation of precipitation deficiencies
through the hydrological cycle that is the cause of streamflow, agricultural and water resources drought.
Since drought is an inherently large-scale phenomenon, it is appropriate to investigate it at a regional
scale. This may also prove most useful for water resource planners and policymakers, as well as being
an approach which may potentially underpin monitoring or predictive forecasting tools.

Whilst localised high flow events centred on a single river are often those which are most widely
reported in the media, spatially coherent high flows can also occur simultaneously over wide areas,
such as the flooding witnessed in central England in summer 2007 (Marsh and Hannaford, 2007), and
that which affected Central Europe in 2002 (Ulbrich et al. 2003). Since high flow occurrence is
predominantly driven by precipitation, frontal systems can generate persistent rainfall over a given
region for a prolonged period of time, prompting streamflow response across a wide area. As such,
regional studies of high flow occurrence are pertinent in assessing the spatial extent of risk posed by
high flow events.

In order to assess large-scale drought and high flow characteristics across a continent such as Europe
which has a variable hydroclimatology, it is desirable to employ methods that allows the intercomparison
of streamflow regimes across a range of locations and seasons. The Regional Deficiency Index (RDI;
Stahl, 2001) is one such methodology, expressing regional drought relative to a particular time of year
and location. Conceptually similar to the RDI, the methodology employed in this study to assess high
flows occurrence is the Regional High Flow Index (RHFI; after the RFI of Parry et al. 2010).

2. Data
21 River Flow Data

This study utilises daily river flow records from 11 countries in Europe, from the European Water Archive
(EWA) and updated by Stahl et al. (2010). The records are sourced from catchments that are known to
have flow regimes that are not impacted by artificial influences, gauged by stations with good
hydrometric performance. Catchment areas are generally less than 1000 km2 in order to reduce the
likelihood of artificial influences, although this maximum has been exceeded in instances in which there
is good knowledge of minimal disturbance.

Additional river flow data were sourced from Banque Hydro in France (Prudhomme and Sauquet, 2006)
and the UK National River Flow Archive (Hannaford et al. 2011), generating a dataset of 579 daily river
flow records in total spanning the period 1961 to 2005. The catchments are unevenly distributed across
Europe owing to the lack of data availability in some regions, or the prevalence of artificial influences in
others (e.g. the Benelux countries, the Seine basin, etc.).

2.2  Precipitation Data

Precipitation data are used in this study to provide an indication the correspondence between
meteorological and hydrological drought, and to extend the analysis of drought back to the beginning of
the twentieth century. Data are sourced from the British Atmospheric Data Centre (BADC), using the
Climatic Research Unit (CRU) TS 3.0 dataset (Mitchell and Jones, 2005). These data are available at a
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0.5 degree grid cell resolution and on a monthly time step, and data for the period 1901-2005 are
utilised in this study.

3. Methodology for River Flow Indices

Deriving the Regional Deficiency Index (RDI; Stahl, 2001) and the Regional High Flow Index (RHFI;
Parry et al. 2010) requires three stages of processing, which are outlined below. Since the two methods
are conceptually identical but for their application to low flows and high flows, respectively, the
derivation of the RDI is explained in full, whilst the RHFI method is given in parentheses.

3.1 Deficiency Index (DI) and Exceedence Index (El)

The initial stage of the RDI (RHFI) is to produce a DI (El) index time series for each daily river flow
record. A daily-varying Q90 (Q10) threshold is used to allow flows to be expressed in relation to the
particular location and time of the year. The daily-varying nature of the threshold necessitates the
derivation of a Q90 (Q10) value for each individual day of the year, calculated by ranking all of the flows
recorded on the given day throughout the period of record with all those flows on the preceding 15 days
and succeeding 15 days throughout the period of record. For example, the Q90 (Q10) value on 16
January is calculated from all daily flow values on 16 January in the period of record, along with all flow
values on days 1-15 January and days 17-31 January. For a 30-year daily river flow record, this would
give 30 x 31 = 930 observations. This moving 31-day window approach increases the sample size,
generating a more robust value for Q90 (Q10). For each day in the year, the observations captured by
the 31-day moving window are ranked, to produce a Q90 (Q10) value for that day.

Once the daily-varying Q90 (Q10) threshold has been derived for every daily river flow record, the
streamflow data are compared to the threshold to produce the DI (El). If the river flow is below (above)
the Q90 (Q10) threshold, DI (El) takes a value of 1, signifying that the flow on that day is amongst the
lowest (highest) 10% in the period of record relative to normal conditions for the location and time of
year. Otherwise, DI (El) takes a value of 0. This derivation is expressed below for DI:

DI()=1 if Q(t)< Q90(t)
DI()=0 if Q(t) > Q90(t)

and for El:

El@)=1 if Qt)=Q10(t)
El(t)=0 if Q(t)<QILO(t)

Therefore, the DI (El) time series for each river flow record comprises a binary series of ones and zeros,
indicating whether or not the river is under drought (high flow) conditions.

3.2  Clustering

The second stage of the derivation of the regional drought and high flow indices is to group together
those river flow records that respond homogeneously to drought and high flows. Since large-scale
droughts and high flows are investigated in this study, considering regional-scale hydrological extremes
is appropriate, and is achieved through performing a cluster analysis to group individual flow records
into homogeneous regions. Within this methodology, clustering has been performed on the binary DI
time series derived previously, grouping together into regions those catchments which experience a
deficiency at the same time.
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A cluster analysis was originally performed on these binary time series for Europe by Stahl and Demuth
(2001). In this study, the original regions have been assessed for homogeneity and subsequently
modified by Prudhomme and Sauquet (2006) and Hannaford et al. (2011). In total, 23 homogeneous
regions have been defined for Europe, within which catchments respond similarly in their expression of
drought. The 23 regions are illustrated in Figure 1.

| Regions

7 Southern France

9 Northern France
10 NE France

13 High Alps
1 NW Great Britain 14 S Austria and Switzerland
2 SW Great Britain 15 Northern Austria
3 NE Great Britain 16 Slovakia
4 SE Great Britain 17 E Germany / Czech Republic
5 NW Spain 18 Southern Germany
6 Pyrenees 19 Central Germany

20 Western Germany

8 Western and Central France 21 Northern Germany

22 Southern Scandinavia
23 NW Scandinavia

11 French Southern Alps
12 SW Germany / W Switzerland

* Gauging Stations

Figure 1 Homogeneous regions for Europe (Stahl and Demuth, 2001; Prudhomme and Sauquet, 2006; Hannaford et al. 2011).

These regions were defined based on homogeneous low flow response through a cluster analysis of the
DI time series for each catchment. For practical purposes and to enable consistent comparisons to be
made, the same regions have been utilised for both the RDI and RHF! in this study. It may be expected
that different regions would be formed if clustering were performed separately for high flows and low
flows, but an alternative test clustering on the basis of high flow occurrence using the El time series
(reported in Parry et al. 2010) produced similar groupings of catchments, and so the regions shown in
Figure 1 have been taken for the derivation of both the RDI and the RHFI, for the sake of consistency.

3.3 Regional Deficiency Index (RDI) and Regional High Flow Index (RHFI)

The final procedure in deriving the RDI (RHFI) is to average the binary DI (El) time series within the 23
homogeneous regions shown in Figure 1. For each of the homogeneous regions, the arithmetic mean
is taken of the DI (El) time series of the catchments which fall within its boundaries. For the RDI, this
can be written as:

RDI (t) =Mi§: DI, (t)

and for the RHFI:
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RHFI (t) :ﬁi El, (1)

where M is the number of catchments with a DI (El) value for a given day.

The daily RDI (RHFI) time series for each region therefore represents the proportion of the region that is
under drought (high flow) conditions on that day. Since the RDI (RHFI) averages a number of binary
time series, its values lies between 0 and 1. RDI (RHFI) values of 0 indicate none of the catchments in a
region are being affected by drought (high flows), whereas values of 1 signify the entire region is under
drought (high flow) conditions.

4, Methodology for Precipitation Indices

The Regional Standardised Precipitation Index (RSPI) is an extension of the widely used Standardised
Precipitation Index (SPI), and is an objective classification of meteorological drought that is conceptually
similar to the RDI. A meteorological index has only been utilised in this study to assess regional drought
because analysis of monthly precipitation data is of limited utility for the investigation of high flows,
which tend to be generated by short-term excess precipitation.

41  Standardised Precipitation Index (SPI)

The SPI (McKee et al. 1993) is used in this study as an objective proxy for meteorological drought. It is
the unit normal transformation of the time averaged precipitation time series climatologically appropriate
to the particular location and time of year. Figure 2 illustrates the concept which underpins the SPI,
allowing very different rainfall regimes to be expressed in relative terms.
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Figure 2 Standardised Precipitation Index applied to summer three-month accumulations (JJA) for Madrid and London, 1901-
2005.
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The SPI allows different magnitudes of precipitation to be expressed relative to the time of year and the
location considered. For example, as illustrated in Figure 2, 100 mm of precipitation in Madrid for JJA is
unusually wet (SPI of +2), whereas for London, 100 mm is relatively little (SPI of -1.3). The SPI values
exemplified here would be denoted as August SPI3, i.e. the three-month accumulation ending in
August.

In this study, the SPI was calculated for each grid cell, with the length of accumulation (i.e. SPIn)
determined by the maximum rank correlation between the meteorological index and the RDI.

4.2  Regional Standardised Precipitation Index (RSPI)

The RSPI implements the SPI within the regions defined on homogeneous hydrological response in the
river flow data, to enable a comparison to be made between the two regional indicators. For each
region, the RSPI is calculated as the proportion of grid cells within the region that are experiencing
‘moderate’ drought, with SPI < -1. The RSPI takes values between 0 and 1, with O representing no grid
cells under moderate drought, and 1 signifying that all cells are experiencing meteorological drought.
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5. Drought Catalogues

Data for each of the 23 homogenous regions are presented as a single page in the catalogue, which
provides a direct comparison of regional streamflow drought for the period 1961-2005 with the
meteorological indicator spanning 1901-2005. The RSPIn plot (where n is the number of months over
which precipitation totals are accumulated before they are standardised) that is presented for each
region in the drought catalogue is the one which is most closely correlated with the RDI. Periods of
coherent drought are easily picked out by blocks of colour. The darker the colouration, the more
coherent the drought across the region. Any potential lag between the meteorological input and the
hydrological response is evident by a shift in the position of the coloured blocks. A map indicates the
location of the region and a plot illustrates the flow regimes at each gauging station within the regional
network.

The catalogue entry is completed by a description of the predominant characteristics of hydrological and
meteorological drought in the region, such as particularly strong or weak correspondence between
streamflow and precipitation deficiencies, and regional characteristics in drought duration, seasonality
and spatial coherence.

As part of the analysis conducted by Hannaford et al. (2011) into the homogeneity of regions, it was
decided that a subset of groundwater-dominated catchments from the SE Great Britain region should be
considered separately for droughts, since their hydrological response to meteorological inputs is
significantly different to those catchments in which groundwater is not influential. As such, the
groundwater-dominated catchments are not a geographic entity which can be illustrated as a separate
region, but can be considered to lie within the boundary of the SE Great Britain region in Figure 1. In
addition to the 23 homogeneous regions presented in Figure 1, there is a drought catalogue page
dedicated to the SE Great Britain groundwater-dominated ‘region’. Analysis of the distinct drought
characteristics of this subset of catchments will allow a broader understanding of drought expression in
different geological settings.
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NW Great Britain RDI RSPI
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The NW Great Britain region is characterised by a wet climate and responsive catchments. Whilst
hydrological drought episodes can show significant spatial coherence, they tend to be of short duration.
There is some evidence of a shift in seasonality of hydrological drought, with summer and autumn
droughts becoming more common towards the end of the 1961-2005 period. The short duration of
hydrological drought in the NW Great Britain region is largely a function of high precipitation variability
(owing to the prevalence of frontal weather from the north Atlantic), which results in few lengthy
precipitation deficits, and the responsive nature of the catchments, hence the highest correlation with
RSPI1. There appears to be a consistent pattern in seasonality throughout the 1901-2005 period, with
the most severe (albeit short) meteorological deficits occurring in the autumn and early winter.
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SW Great Britain RDI RSPI
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The predominant characteristic of hydrological drought in the SW Great Britain region is the occurrence
of some prolonged episodes. Hydrological drought events exist as protracted periods in the summer
(e.g. 1976, 1984) or as short but intense deficiencies in the winter. Multi-year droughts (albeit with
interruptions) occur in the 1990s. The early record (up to the mid-1970s) is characterised by a general
lack of deficiencies except for the notable winter droughts of the early 1960s. The period since 1997 is
also relatively unaffected by hydrological drought conditions, except for the drought of 2003 (which was
not particularly coherent in this region). Meteorological drought characteristics in this region according to
RSPI3 exhibit relatively little structure, although accumulated deficits over multiple seasons or years can
be significant, and generally conform to periods of hydrological drought.
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NE Great Britain RDI RSPI
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The NE Great Britain region is notable for having pronounced “drought rich” (e.g. the 1990s) or “drought
poor” (1977 — 1987) periods. This suggests that the catchments within the region are homogeneous in
their response to precipitation inputs (or lack thereof). Hydrological drought can occur at any point
throughout the year, although deficits often occur in multi-season or multi-year events, although these
tend to be long successions of minor deficit periods, which incorporate short periods of very coherent
drought (e.g. 1988 — 1992, with peak RDI occurring autumn 1989 and early summer 1990). The
occurrence of hydrological drought in this region is predominantly in agreement with the timing of
meteorological drought, as shown by RSPI3.
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SE GB non-groundwater dominated RDI RSPI
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Although there are relatively few droughts which affect the non-groundwater dominated SE Great Britain
catchments, those which do occur are significant in both length and peak spatial coherence. There are
distinct multi-year periods in which hydrological drought is prevalent (especially in the first half of the
1970s and through the 1990s), contrasting with other periods characterised by a lack of deficit
conditions (the late 1970s and 1980s especially). The onset of the majority of hydrological droughts in
this region is in winter (e.g. 1975 - 76), when precipitation deficits cause depletion of surface and
groundwater stores (whilst not “groundwater dominated”, this region still has many catchments with
relatively high groundwater storage). The catchments in this region thus respond primarily to highly
coherent and sustained meteorological droughts, illustrated by RSPI9.
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SE GB groundwater dominated RDI RSPI
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The groundwater-dominated catchments of SE Great Britain experience prolonged multi-year drought
events episodically throughout the 1961-2005 period. Such events are highly coherent, reflecting
homogeneous response amongst the catchments, which are all developed on the Chalk aquifer of the
southeast. The relatively small number, but lengthy duration, of hydrological droughts in this region is
determined by this characteristic: the permeable geology allows significant baseflow to sustain river
flows during short periods of meteorological drought; conversely, the slow response means that
droughts tend to persist, sometimes after meteorological deficiencies have ended. Such systems are
only stressed if meteorological droughts are sustained throughout consecutive seasons or years.
Hydrological droughts in this region only result from long-term precipitation deficiencies, as indicated by
RSPI12, and these show distinct periods of multi-year clustering.
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NW Spain RDI RSPI
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The NW Spain region exhibits many deficiencies but very few regionally coherent hydrological drought
events, although it should be noted this region exhibits relatively low homogeneity in its hydrological
response due to the large size of the region containing relatively few stations. The most severe droughts
have occurred in winter and spring in recent years, and it appears that (albeit minor) deficiencies have
become more common in general, whilst there is a lack of deficit conditions throughout most of the year
in the early part of the 1961-2005 record. Coherent meteorological drought conditions are relatively
prevalent according to RSPI3; the reduced homogeneity of the region mitigates the observation of
concurrent deficiencies in the hydrological data. It appears that meteorological deficits are becoming
more spatially coherent within the region over the twentieth century, although the duration and

seasonality remain largely unaffected.
R
Technical Report No. 33 -14 -



Pyrenees RDI RSPI
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The most notable characteristic of hydrological drought in the Pyrenees region is the relative absence of
drought conditions prior to 1985, and the prevalence of episodes after this date. The breakpoint is very
apparent, with the most spatially coherent events occurring since this time, and a near-complete
absence of summer droughts in the earlier part of the record. Catchments in this region are all
snowmelt-influenced (as shown by the regime plots), so changing snowmelt patterns (perhaps towards
earlier melt) may explain the occurrence of summer deficiencies more recently, compared to the earlier
record. The spring melting period often corresponds to a break in drought conditions, but can also be
associated with short deficiencies. Whilst temperature-driven snowmelt dynamics are undoubtedly
important, overall the main hydrological droughts confirm to meteorological droughts, which often show
strong spatial coherence as illustrated by RSPI3.
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Southern France RDI RSPI

ro) 1o}
8 T w1 N — . [ —
[§Y] N

LR} o il | \_---
o Y a1 - ] o
S - - — 8’2
l' I\I. n o imu ‘
. vom w0 - \I_ ——— B
L ' "RIE - 3
. Q o ———— T ®
= 1 - L —
| e —
2 - — 0
e 1 | R -— 2
- I - L
- o w4 [ -
[
o I n , - " L SS—
Q n" = - e - 8
e [ g
[ B e e s e e e e =
Jan Mar May Jul Sep Nov — |,
—— —— == __ - &
0.0 0.2 0.4 0.6 0.8 1.0 L
Proportion of area under drought %
[ o
<
[e2]
I N I
frm— L8
[e2]
| -
| B
e
- N
»
g

° o _ — B

g ” ©

S n - o

2 o -

© o

]

@ ] -

= |

s o |

S = o — | 8

c - »

(5] ~—

E o |

e e 1 T T T T T T T T T 1 T T T T T T 1 T

T 1
Jan Mar May Jul Sep Nov Jan Mar May Jul Sep Nov

The Southern France region exhibits distinct hydrological drought-rich and drought-poor periods,
although these have varied in their characteristics throughout the 1961-2005 record. Before 1985 there
are relatively few significant hydrological droughts, and they tend to be of short (3-4 month) duration and
of limited spatial coherence. However, since 1989 there has been a tendency toward longer, multi-year
hydrological droughts (with a particular cluster 1989 — 1993) with most coherent deficits witnessed in the
winter and spring especially, although with the 2003 summer drought being a notable exception.
Patterns observed in hydrological drought appear to correspond fairly well with meteorological drought
occurrence (RSPI6), although there are some periods in which there are periods of meteorological
drought with no corresponding hydrological drought expression. The early part of the 20t century was
relatively drought-poor, and the 1940s and early 1950s was particularly drought-rich.
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The Western and Central France region exhibits similar drought characteristics to Southern France and,
to a lesser extent, the Pyrenees; 1985 again appears to mark a breakpoint for increased prevalence of
hydrological drought. The period prior to this is relatively drought-poor (although droughts in 1976 and
1978 are notable), but since 1985 there has been a tendency for spatially coherent deficits of moderate
duration to occur in winter and spring — as part of a multi-year period of less coherent deficiencies in
1989 — 1993, and as a single short event in 1997. The 2002 — 2005 period also features long (but less
coherent) deficiencies, including the summer 2003 drought and developing drought conditions in 2005
(also seen in SE England). There is good agreement between meteorological and hydrological drought
indices, and the region is relatively homogeneous in its drought response, in spite of its large area. The
1940s and 1950s exhibit the most significant period of drought for this region as shown by RSPI6.
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The hydrological drought characteristics exhibited by the Northern France region are similar to those in
the SE Great Britain region, reflecting the similar geological settings. The influence of groundwater in
this region is apparent from the duration and infrequency of the significant drought events, with very
distinct drought-rich (e.g. early 1970s) and drought-poor periods (1980s). However, despite the long,
multi-year droughts, the spatial coherence rarely reaches its maximum, suggesting that the catchments
do not necessarily respond entirely homogeneously to precipitation. Nevertheless, there is a good
correspondence between meteorological and hydrological drought. The RSPI12 index suggests that this
region has become less affected by drought over the course of the 20t century, and meteorological
droughts have been more severe (in RSPI terms) but not as sustained as those in SE Great Britain. The
1901 — 1910 period is a particularly strong cluster of long, severe droughts.
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The hydrological drought chronology suggests that NE France is susceptible to a variety of drought
types. There are numerous short-duration (1 — 2 months) events occurring at different times throughout
the year, which display fairly high (but rarely maximum) spatial coherence, and are part of longer runs
interrupted by 