Dear Editor,

wSY {dzoYAaaizy 2 HistoNGhgikolbdicRl dryughtsdra®D MR sydtematic characterisation for a diverse
set of catchments across the OK K28®-202for HESS.

Thank you for the opportunity to revise our manuscrggpecially the additional time in which to do so. We appreciate your
comments as well as both reviewer comments and have responded to them below in italics, changes in the manuscript are
marked with track changeselow.

Yours sincerely,

Lucy Barker
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Responsea editor comments

Please replace as suggested Legg and McCarthy with the MetOffice references. Please also makgaureférab the

newly published Smith et al (2019) paper where appropriate (e.g. the drought uncertainty consideration meritoeed at t

of comment D) and that you include a short discussion of the uncertainties involved in your drought.analyses

We havaemoved the Legg & McCarthy (in preparation) reference and replaced it with references to the published datasets

and also added theeference Hollis et al. (2019) which has just been published and describes the data rescue activities. We

have added references to Smith et al. (2019) where appropriate. We have also added a short discussion around the

uncertainties ofising the SSI fohese analyses in Section 4.3

Also, | recommend adding as a supplement a list of the 108 catchments used in the study, with the most important metadata

(river/gauge name, size, hydrolclimatic region, etc.) plus, if helpful, a reference to Barker eBgl (201

As yoy and Gerry Spraggssuggestedve have added a list of the catchments and their properties to the Supplementary

Information.

Response to reviewer 1

Major Comments

A)

B)

C)

The paper has a considerable inconsistency in terms of citation style. Pleasalldieckitations to make sure that
e.g. Authors et al. (2019), (Authors et al., 2019) and so on is used in a consistent way. This will improve the
readability of the paper! Some examples are listed in the technical comments.

We have checked the citatistyle throughout and corrected where necessary.

The reference Legg and McCarthy (prep.) (PO5L09) is really problematic for me. As the readers have no chance to

access this paper and fApreparationo i aledstgiveamortdi fferent
description of what is done in the Legg and McCarthy paper. After all, the model is fed by this data and therefore it
is important to understand how meteorological data there

Smt h et al (2019) as this paper is still under review,
a brief description of data/method etc. instead of referring to unpublished studies. | can understand that this is not

always easy to ddut it seems to be important to give the reader the chance to understand what has been done. It is

also hard to understand how well the model performed (P&R43 in detail, as no further information is given:

Here my question is, how valuable is thedelling regarding low flows and streamflow droughts? Here more

justification is needed.

We have removed all citations of in preparation papers. Smith et al. 2019 has been revised and accepted in HESS
and the reference updated. The Legg & McCarthy refardmas been replaced with references to the published
datasetsand the recently published Hollis et al. (2019)

Regarding the model GR4J | have some concerns regarding the details of the modelling approaphrarhetér

version is used, if | understatttk details in the give references correctly. From Smith et al. (2018) | cannot learn

much about the 4 parameters and the functioning, Smith et al. (2019) certainly gives more information on the
parameters, but how do you justify that this modelling apginds appropriate for your study propose (i.e.-non
stationarity, long series, appropriate for low flows in different seasons)? Especially the slow component and its
model representation is of great interest, as the slowest (groundwater) box in thendatdeparameterization

have potentially a high impact on drought characteristics (such as intensity, duration, deficit). Please comment on
this issue (i.e. parameter sensitivity). Are there studies proofing that GR4J is a valuable modeling appromch for lo
flow and drought analysis? Excluding snow and snowmelt processes might be reasonable, but that means that these
processes are not relevant for low flows and streamflow droughts in none of the study catchments?
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We have added more detail on thisSaction 2.1 of the paper, including a reference to Caillouet et al (2017) who
used the GR4J model to reconstruct low flows in France. Harrigan et al is also cited as they demonstrated good
performance of the model across the UK. In response to other mvimmments, we have added the list of metrics
used by Smith et al in the calibration of the model used in this study, which include two low flows specific metrics:
APE of Q95 and APE of Mean Annual Minimum on a 30 day accumulation period. Smitlt2€18) conducted
extensive parameter uncertainty estimation on the model, so we refer you to that paper for more detail. The
Supplementary Info now includes plots of the performance of the model according to these(Rigt8dg and

though the performands varied across the country, we are satisfied with the resTiits.histograms below show

that the majority of the LFBN catchments had low absolute percent error in MAM30 and Q95.
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A provocative comment: You stated that historical droughts have beersenae than recent droughts (i.e.

observed droughts) and a historical assessment is important to better understand the potential drought magnitude in
a region/country. Contrary to that, | would argue that the use of water is adjusted to the watelityvailtts last,

|l et 6 s s 24§ yearsnAllxvater @sérs can only use available water and changes in water availability on a time
scale of 24 decades influences (of course!) the water uses/water users. So, why is The Long Drought at the
beginning ofthe last century relevant for the water users today? If you show these nice heatmaps with drought
severity over 125 years you should also show a heatmap of uncertainty (i.e. comparison between observation period
after 1950s and model period before 19505)P25L05). Here, | speculate that the uncertainty assessment will

soften your statements about historical drought magnitude, duration, intensity.

We appreciate your point that drought events may not have the same impacts now as they have dong gueviousl|

to more resilient water supply and management systems. But regardless of water use, water resource managers look
at natural water availability in their drought management plans. In the, pétStwater supply drought plans have

been based around plamy for the worst event on record, and water companies must now plan for events outside of
the historic record. Critical to these approaches is an understanding of events that have occurred in the past. Here
we have identified past instances of events whateral water availability has been significantly lower, and for
longer time periods than we have experienced in the recent past. Despite adjustments in water use to availability,
extreme water deficits will still impact society, so information to bettfarm water resource managers on the
characteristics of such events will always be valuable. The additional data provided by the reconstructed flow data
provide this long view and enable the consistent identification and characterisation of droughtseopast 125
years.However, lhe uncertainty resulting in using only LHS1 (i.e. the best model run for each catchriutmttiied
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by Smith et al. 2018) has been highlighted in SectiorF4oBn a set of nine case study catchments, Smith(2049)
found that parameter uncertainty had some impact on the extracted drought events, but mostly in the timing of
droughts rather than the magnitude.

Minor comments

1 PO2LO51 0 : How is the statement fdAhistorical plexcnoridesgoar e st
justified? From my perspective Brown et al. highlights the lack of historical analysis, but the authors also referred to
other studies in paper. However, | suggest to strengthen the study motivation here with more details on the value of
historical data or analysis.
As discussed in the response to the reviewer section of the introduction was intended to introduce the benefits of

using of historic data in planning approaches; later in the introduction for example on pages 3 and 4, théamotivat

of this study is more clearly defined.

1 PO6L17%20: Would be helpful to give some more information about the criteria used to evaluate the performance.
As discussed in the response to the reviewerhave continued to direct the reader to Smith e2@L9 but have

listed the six evaluation metrics usedsaction 2.1 of the paper.

1 PO06L2630: What is the justification to select particularly these nine case study catchments? It is also not clear why
case study catchments are used?
As discussed in thesponse to the reviewer, thase study catchments were selected in order for results to be shown

for individual catchments and were chosen to represent a range of catchment sizes/charaetéhstiescatchment
per region as stated dP6L34-P7L3

9 PO2L11: Just a suggestion: Are there some reference studies that have investigated major, severe droughts in UK?
Could the paragraph better be linked to the POZ3where some historical investigations have been listed?
As discussed in the response thegiewer, Marsh et al. 20007 has been added to this sentence as an exemplar

reference.

1 PO2L20: Is it warm/dry or warm and dry weather?
This has been change to 6warm and dry weathero.

T PO7L04monehd? Is thi-altbeedame as dAright
As discussed in the response to the reviewer, this has been clarified in the text with an example for the three and

twelve month accumulation periods in the revised text.

1 Sect2.2.:1get the idea to have a shand a longterm analysis (3 and IBonths). However, have you tested other
accumulation periods? Is 12 month long enough to capture alséedonganomalies in the slowly reacting, GW
domi nated systems in South East England? As eenthnts with
or <=3month?), | wonder why the SSI3 is used (as also a
comment below).
As discussed in the response to the reviewer, we have clarified that results for additional accumulation periods are

avalable via the UK HydrologicaDrought Explorer on P& L28-29. We also clarified that events of 1 and 2 months
were removed on&L13-14. The SSB was taken to be analogous to seasonal deficits as UK seasons are generally
determined to be around three nties long. SSI12 was selected as it encompasses deficits over multiple seasons,
representing longer term deficits is stated on PZ13-22, in the revised manuscript we added a comment to say
that it may be appropriate to use other accumulation periausyding longer ones) in some casqsarticularly in

the soutkeast of England
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What means fAbroadly north to southo exactly (PO9L04)? Have you tried the
rectangles (and with a fine border/stroke around the squaresotiisimprove the clarity of the graph, perhaps.).

It would be also interesting to sort the catchments within each geographical groupto\smtith is perhaps not

really hydrological meaningful; what about a sorting along a low flow metric (e.g. Q90t®Qbighlight

differences in orset and termination?

We carefully considered the recommendatibreviewers 1 and B sort the catchments of theayis of Figure3/S1

etc.by Q90. However, we felt thitle arrangement of the catchments from north to south using the NRFA station
numbers to sort catchments (which as described in the response to the reviewer means they are layranged
hydrometric area, and therefore grouped by climatologically and hydroédigi similar areasi see here for more

info: https://nrfa.ceh.ac.uk/statienumberand https://nrfa.ceh.ac.uk/hydrometrareag better reflectdhe aims of

the paper in understanding when droughts occurred across the UK, and when and where they were most severe. We
also did not want to introduce another met¢@90) which is not used elsewhere in the paper that is a different in
concept to th&andardised Streamflow Index used. We have theréftegratedthe other suggestiomsade by the
revieweraround moving the region labels to outside of the plotting area ethdweleft the catchments ordered as

they were previously.

Fig.4: Are the diferences between maximum intensity (dot size) and mean deficit (colors) discussed?
These characteristics are described P12L.47.

I am not an expert for historical droughts in UK, but is AThe Long Drought
termination / interruptions? From Fig. 3 and Fig 10a, | have the i mpressioa
Awhitedo segemanmapi hetdhe 1904 wasnédét really a dry year).

This point was also raised by reviewer 2. We have amended any reference
Drought o periodo to reflect that it was angcentnuausl wi t hin which drought cond

period of drought) as is shown in Figures 3 and 10a.

Fig. 6 is really a nice idea, but it is hard to understand and it take me a while to understand the encodings used in the
Figure. | suggest to use a kiatrix with 9 columns (i.e. eventajd 4 rows (i.e. drought characteristics). Then in

each subplot all catchments with mild grey dots overplotted by the top ranking catchments in black color. Would
improve the clarity of the Fig.

We have added an additional key to Figure 6, and subseplesin the same style, to illustrate which characteristic

each colour and circle style represents. We think this has madefitjures easier to interpret.

Would be interesting to quantify the differences between the MCW2007 drought magnitude @nakéhsevere)

droughts on catchment or regional scale (Sect 4.1), e.g. what is the difference of a very critical drought situation in a

specific catchment compared to the finational o drought magnitude?
As we discuss in the response to the reviewefothes of this paper was tlnsistent identification, characterisation

and ranking of events at the national scale. We lagklightedon P27L34 that future workshouldassess drought
severity in @ more holistic way, by including rainfall, groundwater and water supply analyses, at the national and

regional scale.

The authors stated that SSkand SSIL2 are a good choice to identify different drought types (P23).dsathi
general recommendation for other studiesaf® 12months)? If not, what might be a good (and sufficient) set of
different SSin to capture the variability of historical droughts?

We use the 3 and 12 month accumulation period to characterise sirglensg@month) and multseason annual

(SSt+12) hydrological droughtss described on PL13-16, and would recommend these accumulation periods for
these purposesiowever, the exact choice of accumulation period in future studies will depend on theioméime

application of researchif for example, you are interested in muyiiar droughts you may choose to look at
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accumulation periods of 12, 24, 36 months)dtave have added a comment to this effect on P7221l8However,

we felt that the use amqtesentation of additional accumulation periods was out of the scope of this paper

Sect 4.3 is a little bit long and could be more condensed. The authors discussed potential limitations of their work
(e.g. nomstationarity, model uncertainty), but heémmissed a clear link to the (own) study results.

We have condensed Section 4.3 in the revised paper whilst introducing other points recommended by the other

reviewers.

Technical Comments

1.

PO6L05: Smith et al. (2019) also assessed
Citation style updated.

P0O6L09: by Smith et al. (2018)
Citation style updated.

PO6L11: Low Flow Benchmark Network (LFBN).
Low Flow capitalised.

PO6L17: reconstructed by Smith et al. (2018), which include the LFBN, performed
Text updated as suggested.

For readers fromoutsiddK a short explanation of fAAngliand woul d
Anglian changed to ANG to make clear it refers to the hydroclimate region shown in Figipdated all mentions

of regions to the acronyms used in Figure 1 for clarity.

P11L0304: twotimesiaccumul ati on periodo?
Grammar of sentence improved and two mentions of accumulation periods removed.

lower maximum intensity is more severe? (P11L04/05). Terms should be revised here.
Clarified that lower maximum intensity is a more severe event.

Fig.4: The 45 degree axis labels are hard to read, thin grid lines or a lollipop graph instead of bubble graph could
improve the readability. If you referred to psbs and obperiod than a vertical line to distinguish both periods
would be beneficial. Have yotried a lollipop chart here, i.e. vertical lines between dots amdsxmight improve

the readability?

Plots amended so thataxis labels are at 90and so there is a vertical line between the points and-deds< We did

not add the vertical line tonark the preobservation/observation period but have added a comment to the text to

make clear when we are referring to.

Remove leading white spaces in (*Figure 5. . .) on page 12.
Formatting issue resolved.

Response to reviewer 2

General comments:

Little information is given on the basic datasets used for driving the hydrological model. Please elaborate in moréhgetail on

digitized meteorological data. Is this raw data or have they undergone a homogenization procedure? | also think tic a refere

for

a paper in fApreparationo i s not -depthdesciiption ofthévhgdrobgicale r
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modelling. E.g. Smith et al. (2019) used six evaluation metrics some of the specific for low flows. What are thesandetric

what is the performance? Please provide some information in this respect.

We have removed the reference to the in preparation Legg & McCarthy reference and replaced it with references to the

published datasets as stated in the response to the rexamdea newly published paper Hollis et al. (2019) which describes

the digitisation process of the data rescue and the datasets

We have added a list of the model performance metrics used by Smith et al. (2019) to assess model performance, and have

added digure to the supplementary information (Figure S1) which maps the six LHS1 model performance metrics for the 108

LFBN catchments.

You use the SSI as a standardized hydrological drought indicator. What about the uncertainties considering the étting of th

distribution and how do these translate in terms of derived drought metrics? Since you use mostly rankings of the top events

it is rather crucial how the fitting performs particularly at the tails of the distribution. Could you just exemplarigngive

indication of possible change in the ranking of some drought metric from fitting uncertainty?

As discussed in the response to the reviewer, we have addethfooretion on the benefits of using the Tweedie distribution

to the revised paper on7R-24-28, and a brief discussion of the uncertainties to the discussidP26n.33P27L1.

Figure layout:

For Figures 3, 5 and 10 | suggest to place the acronyms for the region outside the plot area aknxig fbehetter readability.

Also rethinkthe arrange®nt of catchments along theaxis, perhaps there is a better way than a strict North/$duten by

climate) alignment (e.g. low flow characteristics).

We have moved the region labels to thexis, making the plot easier to read.

We carefully consided the recommendation of reviewers 1 and 2 to sort the catchments efxieof Figure3/S1 etc.by

Q90. However, we felt that the arrangement of the catchments from north to south using the NRFA station numbers to sort

catchments (which as describedtlire response to the reviewer means they are arranged my hydrometric area, and therefore

grouped by climatologically and hydrologically similar areiasee here for more infdittps://nrfa.ceh.ac.uk/sti&mn-number

and https://nrfa.ceh.ac.uk/hydrometrareag better reflects the aims of the paper in understanding when droughts occurred

across the UK, and when and where they were most severe. Wiicalsat want to introduce another metric which is not

used elsewhere in the paper that is a different in concept to the standardised Streamflow Index used. We have therefore made

the other suggestions around moving the region labels to outside of thiagoloea etc. but left the catchments ordered as

they were previously.

Figure 5: The colorbar as a gradient from red to yellow is in general appropriate for this kind of data in terms ofdigure la

guidelines. However, since the displayed data is kimgn| think that the reader would like to see first of all where the top

ranked events are. This is not easy in this case. Perhaps you could try a colorbar with more colors? (in R: RColorBeewer pale

ASpectral o)

Or combine t3wdq ocol5®rnbamd,

perhaps worth a try to get the essential information better across.

omree ffoar

tthlree rtes t .

We have added a dark purple to the colour palette used (as the colour for rank 1), and removed one of thersed\enlo

feel this makes it easier to separate the different ranks and the plot easier to infeafettes with too many coloursuch as

fi s p e c are natlsuitable focolour-blind readers.

Several times across the manuscript | stumbled over the teomghts, drought event or drought periods like to see more

consistency with these terms. The list of major droughts (Table 1) is mostly termed events, however;19408@0iod is

not an event from an event definition point of view. This coraes th e r

made up of several individual events(!) all of them with a distinct beginning and end. On the other hand, 1921 (Figure 10b) i

clear in

Figure

Donot know how i

10a, where the

clearly an event itself, it has a distinct beginning and endgdest to define the names of the major droughts as in Table 1

and

st

ck

to

t-1h%1 Ot ed rnosy, g het. gp. e rfii 108d900,

1921

event o,

1976

event o,

fil

et

ong

C .

t

wo ul

droughto

t

hi

nk t


https://nrfa.ceh.ac.uk/station-number
https://nrfa.ceh.ac.uk/hydrometric-areas

10

15

20

25

30

35

40

several years coul d be t er rearbeingthatwith maximymedeoughtintensity foeexaenpld, 6, wi t h

which has to be defined obviously.

We have referred to the Long Drought as fithe 6Long Drought 6

given to the period as a whole. We hawatinued to refer to the remaining events as start yeard year as discussed in the
response to the reviewer.

Specific comments:

t

he vy

peri odo

throughou

statement .

P2L20: A. . .short periods of warm and dry weather. . .0

This has been changed as suggesie@.L 2 4 : i Mo r e anatie variabilifyr ceddtmean arcihcrease in persistent

blocking episodesand muffie ar dr ought so please provide a reference for this

We have cited Folland et al. 2015 in this sentence.

P6L5: ASmMith et al. ( 2 0 ful9vith the titations, thpré areasenee otheeincgnsistemaiea.l | y car e

The citation style here has been correcied remaining citations checked and corrected where necessary.

P6L11: ALow Flow Benchmark Network (LFBN)O

Low Flow has been capitalised as suggested.

P11L3: suggestion: AiFor both time scales considered, events tend.

We have modified this sentence to improve the grammar.
P19L6: A. . . e.g. 1895 saw extreme flow deficits across
This sentence has been changedugmsested.

P22L10: In this section some recent research would be appropriate to cite, since there are some events detectedtin the presen

paper also listed as extreme droughts in other regions of Europe for example in:

Hanel, M., Rakovec, O., Markonis, YMaca, P., Samaniego, L., KyseIAi, J., & Kumar, R. (2018). Revisiting the recent
European droughts from a loitgrm perspective. Scientific Reports, 8(1). https://doi.org/10.1038/s4153874644

Haslinger, K., & Bloschl, G. (2017). Spadéme PatternsfaMeteorological Drought Events in the European Greater Alpine
Region Over the Past 210 Years. Water Resources Research, 53(1198230ttps://doi.org/10.1002/2017WR020797

We have added referenceHanel et al. (2018) to Section 4.1 of the revised manuscript, we felt that Haslinger et al. (2017),

although had similar and related results was too specific in spatial coverage, and so on reflection did not add thigreferenc

to the revised manuscript.

Response to Gerry Spraggs

Scotl and

I'n the abstract you could say 6108 near natur al -franthec hment s 6.

type of catchment you are analysing as they deal with a whole range of catchment conditions.

We haveadded that the 108 catchments were reatural to the abstract.

page6 linesd6 To expand on the previous comment, much of the time water resource planning has to deatwethrabn

flows. For this situation your method would require naturalisatiore@drded flow series before model calibration and flow
series extension. Alternatively, model calibrationr with
procedure with more room for introducing error.

In response to the comntsrof the other reviewers, Section 4.3 was condensed and so this comment was not added in the end,
although clearly will be an extremely important consideration of any further work.

page6 line23 Would it be worth appending a list in the supplement dD®eatchments shown in Figure 1? | found myself
trying to work out which Anglian catchments were used and others may want to do the same in other parts of the UK.

A table of the 108 catchments used here has been added to the Supplementary Inforatd&dsil)
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Figure 2. The Maximum Intensity appears be dimensioned in units of time. Should it be defined by say a horizontal dotted line
from the lowest SSI pointZ) to the Y axis, plus a vertical line (with arrowheads at each end) from the dottéd 88 zero

line? The dimension would then be SSI.

We have amended the plot as suggested.

pageld linesB 198990 was severe in East Angli a, particularly for
particularly severe for the 1990s aw& o | e 6 ?

This has been clarified in the revised paper as discussed in the response to the reviewer.

Figure 6. Looking at Anglian region it is clear that use of different characteristics identifies different droughts-181®91
192022, 19756, 199092. Water resource modelling often shows that there is sometimes very little difference between major
droughts when it comes to defining system yield for use in the sdephand balance. If you look at Fig. 10 of our 2015 paper

you can see that simulated eesoir drawdown at Grafham was very similar for 4 droughts: 4920334, 19447 and 1975

6. Tweaks to the WR model parameters, e.g. frequency of supply restrictions, have been shown to invoke one or other of these
droughts as cr i tingdsahat.onlylbysmulptiogadMR systénmoven théwhole historic series (behavioural
analysis) will the critical drought be fourd think you say this later in the paper!

As stated in the response to the reviewerghve were concerned with which hgiigical droughts were the most severe
without the effect of management and without considering their impacts on water resources, society or the environment etc.
We feel this is an important first step before impacts can be fully assessed. As you peiatroake this point laten the

paper P27 L34 P28 L4. It would be an interesting next step to run the reconstructions through supply system models to
assesshe impact of these droughts on water supplies at the national scale.

page20 linell betterot i ck wi th 6near natural catchmentso6?

Changed as suggested.

page22 lines® we found 198®2 to be the most severe in the north of the Anglian region, including the Lud catchment, not
the whole region (2015 paper Table 2). It ranked only 9th for Altomffol&. But as you point out: different method, different
durations.

We have clarified that this statement referred only to the River Lud as discussed in the response to the reviewer.

page23 lines 80 194346 drought significant in west of Anglian regi¢2015 paper abstract and Table 2 for Graftham 24
months period)

We have added to the revised paper that Spraggs et al. 2015 also found this event to be significant for the Anglian region.

page24 lines123 Extending the hydrological series back from 1322800 did not introduce different critical droughts

groundwater.

they all remained post 920 (2015 paper Table 3). It di dnot change the
6approachesd and just say o6...planning in particular water.
Changed as suggested.

page 24 lines121 Totally agree! | noted this in our 2015 paper Conclusions point 6.

We appreciate that this was noted by Spraggs et al. (2015) but on reflection we felt it was appropriate to referenee this pap

in this sentence, we have however, natetiany other places the synergies between the two papers.

page 25 lines¥2 2 ésntcant i onarities in catchment response or land use

planning. Current or projected future (planned) artificial catchment imflege can be added to an extended naturalised series

for use in water resource models. Catchment change etc. would of course be important for corroboration with documentary
evidence.

As noted in the response to the reviewerapreciate that historic chayes in catchment response or land use change may

not an issue for water resources planning, but as we statee paper modelling approaches do not account for changes in

land use etc. over time and as such it is an important caveat to make for thetmectea flows as they may not fully represent

approach
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the past. It is also an important reason as to why the maintenance efedlongecords and the digitisation and rescue of data

are of critical importance for hydrology.

The first referee questions why tisoice of 3 and 12 month SSI. From the water resources planning and management

perspective longer droughts have been a concern, notably during th&@26p3ode, with the ever increasing impact of global

warming. So, although drought structure underanging climate is conjectural, 24 and 36 month SSI would be interesting!

We have added a sentence to describe the necessity of assessing additional accumulation periods based on the location and

the event of interest to P7LAIP Wehave alsanoted that reslts for additional accumulation periods can be viewed on the

UK Hydrological Drought Explorerlttps://shinyapps.ceh.ac.uk/hydro_drought_exployem P26 L27.

And a few typos:

page2 i ne34 oO6quantify and understando?
Changed as suggested.

page8 |l inel2 delete the 6, theybd
Changed as suggested.

page 12 |ine20 you use the word o6recordd when

else in paper?

Charged to say earlier part of the reconstructed series.
pagel6 | ineld4 6dmajor droughts foro?
Changed as suggested.

pagel? linel8 1890910

Corrected.

pagel?7 line 21 o6regularlyd
Corrected.

pagel? line29 At

Corrected.

page23 line19 Should it be Figure 5 or 7?

Figure numbers corrected.
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Abstract. Hydrological droughts occur in all climate zones and can have severe iropagisiety and
the environment.Understandindhistorical drought occurrence amghantifying severityis crucial for
underpinningdrought risk assessmis and the develdpg drought management plans. However,
hydrometric records areften short and capture only a limited range of variabilifhe UK is no
exceptionnumerous severe droughts over the past 50 hearsbeen well captured by observations from
a dense hydrometric networtdowever, dack of long-term observations means thoatr understanding
of drought eventm theearly 20" century and late H9centuryis limited. Here we take advantage of new
reoonstructed flow series for 1891 to 2015 to identify and charactasseic hydrological droughts for
108 nearnaturalcatchments across the UK using the Standardised Streamflow Index. The identified
events are ranked according to four event charadtsrigturation, accumulated deficit, mean deficit and
maximum intensity), antheir severity reviewed in the context of events of the recentipasthe last
50 years) This study represents the first national scale assessment and ranking of hydrdtogigtats.
Whilst known major drought events were identified, algoshed light on events whickereregionally
important such as those 1921 andl984 (which were important in te®utheast anadhorth-west of the
UK, respectively)Events which have begoorly documented such as those of the 1940s in thevyaost
years, or the early 1970s (prior to the landmark 1B¥E6 ever)t were found to bemportant h terms of
their spatial coverage and severithis improvedknowledgeof historic eventscan support improved
long-term water resources planning approaci@sen theuniversalimportance of historical drought
appraisal, ar systematic approach to historical drought assesgnavitles a methodology that could be

applied inother settings inteationally.

1 Introduction

In all climate zones, droughts are a major natural hazard and can threaten water supplies and trigger severe

societal and environmental consequer{essg. Bachmair et al., 2016&roactive drought risk assessment
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and planning are essential cornerstones of efforts to manage the impacts of droogtrtg countries
(Wilhite et al., 2000)Such activities rely on an understanding of the likelihoodralughts of a given

severity, in addition to information on vulnerabilitysafpply infrastructurgpopulations, ecosysteratc.

The likelihood of drought occurrence is contingent on an understanding of past hydrometeorological

variability, which in itself depends on long historical records of observational data (of rainfall,
evapotranspiration, river flows, groundwater.et@Vhile water resources and drought planning efforts
have evolved over the last three decades to incorporate climate Inased assements of future climate
variability under anthropogenic warming scenaiiBsown et al., 2015)theinherent uncertainties in

these simulations mean that higtat records are still of fundamental importanceliought planning

as well as providing the data to corroborate modelling projections and provide a baseline against which

future changes can be assessed.

While the UK is éhumid country, it has periodadly suffered from severe droughts which have caused
major water shortages asdbsequeritmpactg(e.g. Marsh et al2007) Parts of the UK are water stressed
owing to a delicate balance between supply and deinaothbly,in some of the drier areas of the south
and east whersome ofthe greatest concentrations of populatiga alongside intensive agriculturad
commercg(Environment Agency and Natural Resources Wales, 2@@)secutive iy winters pose a
particular threat in these areas whgreundwater makes uplarge proportion gbublic watersupply, as
was demonstrated ithe recent doughtsof 20042006 and 2012012 (e.g. Parry et al., 2016These

reserves areeliant on recharge over the winter months to replenish supplies. In the wetter north and west,

droughts mayintuitively, not be regarded as a major issue,rattiral catchmergtorage is limited and
even relatively short periods ofarm anddry weatler can cause significant risks to water supply

occurred in summer 2018, e.g. Barker et al., 2Q18a)

As with other regions, there remain langgcertainties irhydrological projections for the UkWatts et

al., 2015)but the general expectation of increased evaporative deamat®d anthropogenic warming is
expected to trigger dryingarticularlyin summemonths(Prudhomme eal., 2011) Moreover, greater
climatic variability could mean an increase in persistent blocking episodes aneyearltiroughtge.g.
Folland et al., 2015yvhich are the greatest challenges in the most vulnerable areas eéastiEngland.
These &ctors have lethe UK Climate Change Risk Assessmémidentify water scarcity as a major risk
for the UK (Adaptation SubCommittee, 2016)Even without climate change impacts, demographic and
economic changes are expected to significantly influence futaier demandge.g. Water UK, 2016;
National Infrastructure Commission, 2018nd the need to ensure favourable conditions for aquatic

ecology places a constraint on future water availal{fityvironment Agency, 2009)

There isthereforg a pressing need for improved tools for drought risk assesstherdevelopment of
whichis contingent on a propeguantificationof past occurrence of droughts in the UK. Droughts are a

complex hazar@ndit is crucialto quantify andunderstand not just peak intensity, but duration and
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spatial extent, all of which are interdependamd different for individual even{¥an Loon et al., 2016)
Given theusuallylarge spatial footprint and long timescatésirought it is also challenging to define
droughtepisodesas selfcontained eventéand asa result, their onset, termination, seasonality .ptc

underliring the importance of consistent, quantitative methods for drought identification

Knowledge of past droughts is crucial for supply system planhirtge UK, as in many countries ater

resources management plans and droughts plans have |l ong relied

worst observedhistoric drought to test the ridence of supply system@&nvironment Agacy, 2015)

More recently, there has been a shift towards stochastic approaches to test the resilience of systems to

droughtsthat areworse than those observed in tieeent pasfAnderton et al., 2015; Water UK, 2016)
These approaches recognise the need to go beyond the envelope of past varaligyjn the context
of climate change but given short observation
events will occur due to chance aloas bas been described for flooding eveimtisexampleThompson

et al. (2017)andKjeldsen and Prosdocimi (20)8However,thesestochastic approaches still require
benchmarking against historic deaad wherdongerhistoricdata are available the increased sample size

increases the confidence in synthetic events genenated historical training data.

The occurrence of droughts in recent decades is well undeiisttioel UK, with most events since 16
having been documented extensiveby the National Hydrological Monitoring Programme

(http://nrfa.ceh.ac.uk/nhmp However, our understanding of hydrological drought occurrence is

grounded in the period sing®6l when most UK riverflow recordscommencedOnly a handful of
hydrametric recordsextend back to the early 2@entury meaning there are few observations on which

to base systematic, national scale assessments of drought séverggminal studyarsh et al. (2007)

al records, wherein

(o]

Deleted: Thompson et al. (201 7jor example: Thompson et al.,
2017; Kjeldsen and Prosdocimi, 2018)

( Deleted: 1960

(see also: Cole and Marsh, 20@§nthesised a range of datasets, to provide an assessment of historic

droughts in England and Walkstween 1800ral 2006 identifyingnine6 maj or 6 epi sode
four are in the wellgauged period of the last five decadehil! the study rightly encouraged a longer
view, the approach to drought characterisation was qualitative and relied on a small rfuorgerain

gauge and groundwater records, as well as documentary sources.

s of which only

The British Isles is blessed with plenty of long rainfall series. This has allowed quantitative identification

of meteorological droughts back to the"tentury e.g.Todd et al. (2013)Similarly, in IrelandNoone

et al. (2017xeveloped a drought catalogue back to tHeckituryusing long rainfall record®ut in the
context of drought, it is not sufficient to quantifiyeteorological deficit@lone As some of the most
severedrought impact®n society and the environmeaesult from hydrological drought (i.e. deficits
river flows and groundwater levelg)ndgiven thatthe propagation from meteorological to hydrological
drought ishighly nortlinear (e.g. Barker et al., 20163ssessments based solely on meteoratagybe
misleading(Van Lanen et al., 2013)
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Given the lack of long river flow records, such longfall records can be used teconstructediver
flow datato extend our knowledge of past variabililyjne most notable existing examjdethe work of
the Climate Research Unithich has allowed a window into past droughts back to 1868es, 1984;
Jones and Lister, 1998; Jones et al., 20B@weverthese studies reconstructed river flofesjust 15
catchmentsicrossEngland and Wales, were basedeonpirical rainfalrunoff relationshipsand made a
number of simplifying assumptiossich aghe useof constant potential evapotranspirattbnough time
(which plays an important role in discharge generating processes, particularly in-faétonigs) There
have been some efforts to reconstruct hydrological droughdsegional scal the results oivhich have
been run through water supply system modelsfer.gast AngligSpraggs et al., 2018nhdthe Midlands
(Lennard et al., 20164t thenational sck, anassessmertf past hydrological droughtsas recently
undertaken byrudd et al. (201 7Avhich benchmarkd a national griddedhydrological modeagainst the
droughts identified ifMarsh et al. (2007aggregated over river basin regipbst did not assess the
relative ®verity or spatid@emporal dynamics of historical episoddsternationally although many
studies have identified and described historic periods of meteorological d(euggtoone et al., 2017;
Pfister et al., 2006; Spinoni et al., 201erehave been fewvefforts to reconstrudiistoric hydrological
droughs at tle broad, national scale. An exceptiorCigillouet et al. (2017)vhich usedrainfall-runoff
model based reconstructiofts 662 catchmentsicross France.

The aim of this study is to providkee firstcomprehensive assessmenhiftoric hydrological droughts

at theUK scale providing an upto-date objectiveand quantitative assessment of the severity of major
droughts extending the work oMarsh et al. (2007§hereafer, for brevity referred to as MCW2007)
However, unlikeMCW2007, this study focuses on hydrological, specifically river flow, drought. River
flow integrates upstream processes combining the effects of climate and the physical caiaipedrds
and is therefore good indicator of water availability. This study is partdditoric Droughté
(historicdroughts.ceh.ac.yjka multidisciplinaryproject which aims to understand past drought from a

range ofperspectiveswith a hydrameteorologicahssessmerat its foundation
This paper

1 Preserdgtimelines ofhistoricreconstructed droughts fower 100 nearnaturalcatchments
Characterisgthe severity of these past drotigivents in terms of duratiorgccumulated deficit,
mean deficit and maximum intensity

1 Rankshistoricdroughts according tinese drought event characteristics assessshow relative
rankings vanby geography and the ranked drought characteyistid

7 Provides a fuller descriptionof the evolution and characteristics of major, nationally important
droughts from the pr&961 period
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2 Data and Methods

2.1Data
W Scotland (WS)
E Scotland (ES)
,\g’?ﬂ N Ireland (NI)
5 NE England (NEE)
R B NW Eng & N Wales (NWENW)
& o) M Severn-Trent (ST)
? ‘Ixfi/{ I SW Eng & S Wales (SWESW)
,D,{ Anglian (ANG)
A S England (SE)
P [] Case study catchment
= C O
94
i
f’"w}}’x\“’ﬁil (] (
~ CCrumling 2 ("\?"‘Jﬁf:é"eq Aﬁ\‘\/\
FeE SN AN D) W
g % \
d\g L‘fs‘J s, ESC
™ g C Aire N
S A WEN ' T
=, {;;;,N“\ »j‘ ) T 40 ud
P - * B
= A b ARy
Al & r
L?’/?m r.m\h.-“.r/ «-/;{; "T'en'sl;;—{f( ANG :
i ?*“‘Mj < § IR YGRS Y LP}T
el w3 )(a’,»\ ac /r?’nj <
SWESV\;\'{';}(/ ] Lamboui?rﬁg;.-—?
AR I
PAFSE
e }?
o~

Figure 1 The 108 low flow Benchmark Network (LFBN) catchments used in this study which are incled

5 in the river flow reconstructions of Smith et al. (2018) highlighting nine selected case study catchments.

Catchments are coloured by the hydroclimateegions of Harrigan et al. (2018)_See Table S1 for a list©
catchments and basic catchment information.

This study makes use of a comprehensive new dathsetconstructed river flowsom 1891 to 2015
for 303 diversecatchments across the Y8mith et al., 2018)Thesereconstructed daily river flowsere

10 derived fromahydrological modelvhich wagdrivenby newy rescuedanddigitisedmeteorological data

[ Deleted: ,

from UK observing stationkeld inthe paper records of thationalMeteaological Archives These
rainfall data aredescribed inHollis et al. (2019)and availablein: Met Office (2018)and Met Office
(2019) The hydrological model requiretiily rainfall andpotential evapotranspiratigi?ET)as inputs,

the latter of vinich was calculated usiggewly recovered temperature dgfanguy et al., 2018)The

15 hydrological model employed was tk&R4J daily lumped rainfalunoff model(Perrin et al., 2003)
i mpl emented using the O(@dané&Rl)20Raspeswied ipmith etalr
16
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(2018)and Smith et al. (2019)GR4J has previously been used for low flow reconswostin France

(Caillouet & al., 2017)and has demonstrated good performance in a diverse rasgi&bmentsn the
UK (Harrigan et al., 20185R4J was calibrated using a LaklypercubeSampling(LHS) technique to

ensuresach parametavas sampleéh an efficient manner, producing 500,000 model parameter sets for

each catchmenthe 500,000 model results were then analys@ti rankedising six evaluation metrics

(the NashkSutcliffe efficiency, absolute percent bias, mean absolute percent error;Shitsiffe

efficiency on log flows, absolute percent error in Q&@4d the Bsolutepercent error in the mean annual

minimum on a 30 day accumulation pediethich assessed model performance across the flow regime
but included drought and low flow specific metr{&mith et al., 2019)~rom the 500,000 model runs for

each catchmen§mith et al. (2018gdentifiedthe besperforming model ruin referred to as LHSBSmith

et al. (2019plso assessed the model parameter uncertainty for the top 500 model runs, but here, the L Deleted: smith etal 2019

dataset was used to investigate historic hydrological droughts. LHS1 was seleeteth dhe
computational demand of thdistribution fitting associated with theerivation of the Standardide

Streamflow Indexsee below)

In this study, we used a subset of the 303 catchments modelfuahitiy et al. (2018)i.e. stations from
the National River FIl ow Ar c h(Hargénstal, RORMnAaticudlk Benc hmar k Net wor k

those stations suitable for low flows, hereafter referred to dsothg-low Benchmark Network (LFBN). —{ Deleted: low

)

The NRFAG6s UK Benchmark Network providemua nCe8d o gauygrmy ot

catchments, with limited net artificial influences on flofiarrigan et al., 2017 he use of neamatural
catchments enables the hydilamatic signal to be separated from confounding impacts (such as human
modifications to catchments orfluences on flows); especially vital given that human impacts are not
explicitly accounted for in the modelling approach ugahith et &, 2019)

The 303 UK catchments reconstructedSyith et al. (2018)which include the LFBNperformed well

in model validation steps which includedsessing model performance for a range of metrics which

summarised how well the model reproduced discharge across the flow regime, as well as testing the skill

of the model for low flows and drought specifical§mith et al., 2019)Here, where model evaluation

criteria fell below thgniddle of the three model performantieeshold defined bySmith et al. (2019) ( Deleted: _highest

[ Deleted: s

catchments were removed. The LFBN generally performed, \and only seven catchments were
[ Deleted: of the model performance metrics for the LFBN

(Y

excluded from the full LFBN (115 catchments), resulting in 108 catchments appropriate for this study
(shown inFigurel). A list of the 108 LFBN catchments used in this study is provided in Tablarfsil

the model performance metrics for the LHS1 rixnsn Smith et al. (2018jor the LEBN catchments are

shown in Figure S1To provide some geographic context to figures, hydroclimate regions of the UK

described irHarrigan et al. (2018shown igFigure1) were used in the description of the results. A set ( Deleted: Figure1

[ Deleted: and

of nine case study catchments was chosam the LFBN (one per hydroclimate region, showFigure

1) representing a range of catchment types and geographies across the UK, enabling esteitenent
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results to be shown. The following case study catchments were selected (the hydroclimats gegian
in brackets): Cree (WS), Allan Water (ES), Crumlin (NI), Aire (NEE), Ellen (NWENW), Teme (ST),
Cynon (SWESW), Lud (ANG) and Lambourn (SE).

2.2Drought indicators

The Standardised Streamflow Indé8SI; VicenteSerrano et al., 20) was calculatedor eachLFBN
catchmentusing reconstructed flow dat&mith et al., 2018jor the period 1892015 (Barker et al.,
2018b) The standardisation of threconstructed streamflow allowednsistent comparison ovboth
time and space and providadneasure of drought severitgrucialcharacteristicéor aquantitative and

rigorous assessment of drought event characterst®gime andspace

Daily mean river flow reconstructiongere aggregated to mean monthly fldeseach catchmer the
LFBN. The SSI was then calculated fband12 endmonthaccumulation periodsvhere for example
the December SS3 represents flow deficits from October to December, whilst the Decemb€r2SSI

represents deficits from January to Decemfdre 12month accumulation perioSSF12) gives a

summary of lag-term annual (nhulti-seasoh deficits likely to have greater impact on water resources

(whether groundwater or mulieason reservoifs)The 3month accumulation period (SS) (Deleted: (Barker et al., 2016)

characteriseshorttermseasonal river flow deficitand impacts on smaller, single season resepveirs (Deleted: (Barker et al., 2016)

practicalapplications, the accumulation period most appropriate for a given water resources system, or a
particular type of drought impact, varies around the coyBaghmair et al., 2016b)n general, longer

periods are more important in the south and east (including durations even longer than thbessused

e.g. 24 or 36months) and shorter periods in western ateay Barker et al., 2016; Folland et 2015;

Marsh et al., 2007 However, due to substantial spatial variatisi® contrasting accumulation periods

are used for all sites.

The SSI was calculated usirthe Tweedie distributianwhich has been found teave the best fit for

observediver flow data for UK Benchmark catchmer{®vensson et al., 201 #he majority of which

overlap with the 108 LFBN catchments used in this stilitige Tweedie distribution was recommended

in the UK bySvensson et al. (201#)llowing rigorous testing of 12 distributions, with special attention

paid to the tad of the distribution. The Tweedie has the advantages of being a flexible three parameter

distribution that has a lower bound at zédoie to theuncertainties associated with extre8®@l values

(e.g. Stagge et al., 2015plues were limitetb the range5 to 5.

Although the daily river flow reconstructions had no missing data, there were five individual months to
which a Tweedidistribution could not be fitteénd so did not have an SSI valéd five months of

missing data appear in the SB$eriesfor four catchments and equate0.0015% ofavailabledata for

the 108 catchments and two accumulation periods for the per@ifd2085 (seeTableS2 for details) (Deleted: s1

Four of thesemissing datgointsoccurred during periods of positive SSI (i.e. above normal flows) and
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so did not affect the identification of drought eveste Section 2.3Yhe last missing data poio¢curred
in December 1921 for the Great Stour at Horton (South East Engéarttivas infilledwvith the SSI value

of preceding and subsequent monthatif-5).

2.3Drought event extraction and characteristics

Drought events were defined as months with consecutivaggtive SSI values with at least one month

in thenegative series reaching a thresholdlof( equati ng to OseveredFordrought ; Bar ker et
eachextractedevent, thdollowing characteristics were calculatéafter Noone et al., 2017, see Figure

2):

Duration(number of months)

1
1 Accumulated defiti(sum ofSSI valuesacross the event duratipn
1 Mean deficit (accumulated deficit divided by durajiand

1

Maximum intensitythe minimum SSI value durirthe even).

Due to the seasonal focus of the study, eveiitts a duration of less than three monghs. one or two

al

months)were removedAs the accumulated deficit and mean deficire derived from the SSI, they —(Deleted: are

represent relative deficits, not absolute flow defidits éxample, asnm oravolume)

The extracted events were ranked by each event characteristic (i.e. duration, accumulated deficit, mean
deficit and maximum intensity) and the top 10 events for each characteristic and accumulation period
wereidentified When ranking by duratiotied events werealsosorted by the accumulated deficit so the

longest events with the lowest (i.e. most negative) accumulated deficit ranked highest.
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Mean Deficit = Accumulated Deficit / Duration

Not drought events
(min $SI > -1.5)

Maximum Intensity

Accumulated Deficit

Time

Figure 2 Conceptual diagram illustrating drought event identification and characteristics(N.B. x-axis ticks
represent yearsput SSl data areon amonthly time-step).

All extracted drought events were compareceventsi dent i fi ed

as

6 majrar 6

3 Mean Deficit = Accumulated Deficit / Duration

SslI

(Event threshold = -1.5)

Maximum Intensity

Deleted:

droughts in Engl and

Wales byMCW2007, or documented as such by the National Hydrological Monitoring Programme and

UK Met Office (20042006 and 201@012(e.g. Marsh (2007); and Kendon et al. (2013), respectjvely)( Deleted: , respectively) )
Usinginformation from their relevant publication, tetart and end months wedentified for each event
(listed inTablel). Where the extracted ever{fsom the reconstructed SSI seriesjerlapped with the
major event periods given iifable 1, the extracted event was assigned todbeespondingd maj or 6

drought.Extracted eents which did not overlap with these known drought perijpese classied as (Deleted: they )
60t heranéwememdsessed in more detall
Table 1 Major droughts and their start/end datesas identified by MCW2007, asterisk denotesevents not
listed by MCW2007, but were significant events reported by the National Hyalogical Monitoring
Programme.
6Majoro Start month End month < {Formatted _Table )
(6 The L on geribd 1890 m0 1890Jan 1910Dec
19211922 1920Sep 1922Mar
19331934 1932Sep 1934Nov
1959 1959Feb 1959Nov
1976 1975May 1976:Aug
19901992 1990Mar 1992Aug
19951997 1995Mar 1997-Aug
*2004-2006 2004 Feb 2006:0ct
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6Major 6 Start month End month -« (Formatted Table

*2010-2012 2010Jan 2012Mar

3 Results
3.1Timelines of historic reconstructed drought

Figure4 provides a national scale assessment of drought occurrencejrghtive SSI12 in the form of

a heatmap, with catchmerasentategroughly fromnorth to southSpatially ®herent pases obelow ( Deleted: broadly

normal flows (referred to akw flows throughout this sectigncan be identified irFigure 4, with
particularly intensgeriodsof low flows in the mid1930sand 1976whenthere were extreme deficits
across thé&JK. Periods of regionallyow flows occurredin Northern Ireland in the mid890s the early
1920sand the 201012 evenin southern Englancand 19951997 in norhern England. The period
from 1890 to 1910réferred to bMCW2007ast h e &6 L o n)gvada pradomggdhperdod of low flows
punctuated byeriods without flow deficit$ e.g.19031905where above normal flows were recorded

across the country.

In generait appears that more intense low flows occurred in thepeervation periodl.e. before 1961)

whilst the19802015 period included more above normal flow episodes in northern regions (particularly

WS) indicated by the white spacesHigure4. Across the UK hardly any extreme low flows occurred in( Deleted: western Scotland

the 1980s over the onth accumulation periodrigure4), with the decade generally showing mild

drought conditions or above normal flows.

At the shorter three month accumulation period, there was more variabli§yl afi both time and space

(FigureS2), although there were some similarities to the-8B(Figure4). The 1920s (also identified in - ( Deleted: s1

SSH12) show intense low flow events in southern England. Severe and extreme low flows can be seen in

the preobservation period, and fewer events occurredhduhe 1980s to early 2000s (excepj/V®). (Deleted: western Scotland

Although slightly obscured by the very fiseale variationshown in Figur¢S2, some spatial coherency —{ Deleted: s1

emerges for SS3 (Figure &). For example, the 1976 drought, intens€iEandANG regions, extends (Deleted: 1

northwards and is apparent across the UK. The events of th&9®@s occur across the UK with the (elted: _SoutherrEngland

Deleted: Anglian

(Y, S WD S

lowest flows in Northern Ireland. The 199996 drought occurs across England and Wales, and to some
extent in Sctandi whilst it highlighted longeterm deficits across northern England for-33I At the

shorter three month accumulation period, the distinction between Southern England and Anglian regions
and the rest of the country is more apparent than at theohth accumulation period, with more space

time consistency in SSI values in the south east of England.
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3.2 Characterisng the severity of past events

The extracted drought events and their characteristics for the nine case study catchments are shown in

Figure5 for SSH12 and Figure $for SSI3. The identifiedevents tend to be longer and less frequent

more southerly catchmentsgardless of the SSI accumulatioeripd Events with gower negative

[ Deleted: 2

Jmaximum intensity(i.e. more severejend to occurbefore 1960 particularly in more northerly

catchmentsa similarpattern can be seen for mean defibiaximum intensity and mean deficit seem

unaffected byduration with severe events occurring over the range of durations pl@tedhe Cree,

Allan Waterand Lud events were clustered in time (e.g. in the 23968s,before the 197 andafter

Deleted: For both accumulation periods,

Deleted: lower

(i.e. more severe)

)
)
)
)

Deleted:
for mean deficit

(
(
[ Deleted:
{

in the preobservatiorperiod a similar pattern can be se}

1962 respectively), elsewhere events were more evenly spaced through time. Shorter events tend to have

occurred in the last 30 years on the Crumlin and in Scotland, whilst 8&nts were longer after the

1970s on the Lambourn

a) Cree (WS) b) Allan Water (ES) ¢) Crumlin (NI)
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Figure 5 Extracted events from SS112 and their characteristics for the nine case study catchments, plotted

at the midpoint of the event.The size of each point is proportional to the maximum intensity and the colour

indicates the mean deficit.
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3.3 Ranking historic drought events

The longest SS12 events varied by location (Figure 5a), but the longest events mostly occurred before d 9@€rean [ Formatted:

clustered between 1940 and 1980.The-B5évents of the early to mitB70s were, for the most part, the longest in northern

England, north Wales, Northern Ireland and Scotlgidyre6a). Events in the 1960s ranked highly across the UK (with the [Fcrmaned;

exception of Scotland), the 1970s in the north of the UK and the 1900s in the south of England. Many of the 10 longest events
ocwrred during the 6Long Droughtoé period from the 1890s to

most severe) events.

The event rankings for accumulated deficit were similar to those for durgiipmefa angrigureéb) as

longer events are likely to hageeateraccumulated deficit. When the accumulated deficit is divided by

SpaceAfter: 0 pt, Keepwith next ]
Font: 11 pt J

1910s but in many
[ Deleted: ]
[ Formatted: Font: 11 pt J
[ Formatted: Font: 11 pt ]
Font: 11 pt J

the duration to produce the mean deficit however, a different picture emgigesdc). The 19751976 ( Formatted:

event stands out as being highly ranked in terms of mean deficit in southern England and Wales. Events
in the mid1930s rank in the top three across the country. Qineeredrought events occurred in the

1950s across northern Britain, the late 1990s in northern England and Wales as well as th2000s

in some catchments J&S, whilst the rank of events in the 1900s and 1960s decreases when looking ( Deleted: eastern Scotland )
mean deficit compared accumulated seveBgveral eventsoccurgn duri ng t he 6Long Droughtdé period
(18901910) ranked in the top 10 when considering mean deficit, especially in southern Efigland.

1920s in soutteast England and the 1930s, nationally, stand out dramatically when events are ranked by

the maximum intesity (i.e. the lowest monthly SSI value in the evyefigure 6d). This drought ( Deleted: 5d )
characteristic, more than the others shows a propensity to more severe events in theafiehe

reconstructed serighan other characteristics. (Deleted: record )

[ Formatted: Font: 11 pt, Do not check spelling or grammar J
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Figure 6 Top 10 extracted events from SSL2 using a threshold of1.5 for each drought event characteristic.

Catchments are arranged roughly from north to south on the yaxis with each row representing a catchmen\b\\
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and regions marked for clarity. Bars represent the top 10 events and are coloured according to the event . [ Formatted: Keepuwith next

rank; darker shades represent higher ranking (i.e. more severe) events.
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Jor SSt3, nore recentevents such as those in the 1990s, 20036 and 2012012 rank highly in Deleted: Figure 5 Top 10 extracted events from SSL2 using a

threshold of -1.5 for each drought event characteristic. ]

Anglian and SouttEast England regions. The drought of 19876 isranked highly in terms of duration Catchments are arranged roughly north to south on the saxis
with each row representing a catchmentbars represent the top

. . . : : S : 10 events and are coloured aceding to the event rank Darker
in northern and western regions, but at this shorter accumulation period ranks lower-ieesbu¢igions Shades represent higher ranking (i.e. more severe) everfs.

(FigureS4a). When accumulated deficit is conside(Behure S4b), the 1920s ranks in the top half of the (Formatted: ~Font: 12 pt

[ Deleted: S3a

rankings across regisrof southern England and Waleghilst the 1930s is coherently ranked in the top (Deletea: 53

(N

10 across the country (and was particularly highly ranked in Northern Ireland and the south of the UK).

The drought of 1998997 is highly ranked in theegions of northern England apgdNG, with events (Deleted: East Anglia

throughout the 1990seing particularly seveiie ANG, When ranked by mean deficit, events such as the{ Deleted: the latter being particularly sevefar 1990s

early 1920s rank highly in souttastern regiongndthe 192droughtranks highly (and was rankéop

in some catchments jBS and NEE; Figure @ic). In contrast to theufation rankingscatchments in Deleted: eastern Scotland

(
[ Deleted: as well
(
(

Deleted: north-east England

SouthEast England and Angliargionsranked highly (and top in many) for 1975976, whilst at this

[ Deleted: 3

(D (N S

shorter accumulation period, the summer drought of 1984 appears in the top half of the rankings,

particularly in western ggons.Thelate 1920s (1929) also ranks highly in more northerly and westerly

regions for the maximum intensity while the early 1920s ranks particularly highh@andSEregions ( Deleted: Anglian

as does 197—5976(Figure %d) [Deleted: SouthEast England

(N

- [Deleted: 3
Figure7 shows the LFBN catchments where the top rankingl@33ventdor each event characteristic

correspond tehe major droughevenslisted inTablel. Across England and Wales, tfigongDyought ( Deleted: 1

period(1890:1910) was the longest event with the largest accumulated deficits events, but the most se\ch.e oot d

event according to mean deficit and maximum intensity in the north of the UK. In contrast, tHE9Y875

event was worse in terms of mean deficit in southEngland and Wales, and amongst the longest with

the largest accumulated deficit in northern regions. The events of1B220and 1931934 were
amongst the worse in terms of maximum intensity in the seasth and west of the UK, respectively. In

the nath-east coast, the 199492 was overall the worse drought, whilst it was 12986 in central
northern England. The 203D12 event had the highest maximum intensity in the Welsh borders and
some groundwater dominated catchments in the seaghof Engind. The 1959 and 2004 events were
generally not marked as the highest ranking events for any of the characteristics, except in a handful of
catchment$ at most five individual catchments during the 1959 event for a range of characteristics, and

for only three catchments for the 2004 event.
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Figure 7 Location and number of LFBN catchmentswhere the top ranking SSI-12 event corresponds to
major events (Table 1) for duration_(dur), accumulated deficit (accDef) mean deficit (meanDef) and
maximum intensity_(maxInt). Each of the nine maps represents one of the major drought everlisted in
Table 1. Each point on the maps represents the location of the 108 LFBN catchments. Points are coloured
pink where the particular event was ranked most severe according to maximum intensity for thaatchment.
Similarly, points are circled in purple, orange and turquoise to indicate catchments where the particular
event was ranked most severe in terms of mean deficit, accumulated deficit and duration, respectively. The
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numbers in the top right of eachmap show the number of catchments ranked as most severe for each
characteristic for that particular event.

v
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Figure 8 Months when SSI12 topranked events occurred outside of thenajor events(shaded in grey) for
the LFBN catchments andeachevent characteristic(a-d), and e) the location and number of catchments
with other top ranking eventsfor each event characteristic Points are coloured as described in the caption
for Figure 6.

Figure8a-d showsthe monthsvhenthe top ranking SS12 event did not correspond to the major events

for each event characteristic. The known major drought events exclude top ranking event949she 1
1960s and early 1970s (befdte 19751976 even} across the four drought characteristiegure 8e

shows the location of the catchnemwhere the top ranking events occurred outside of the major events,
although they occur across the UK, most of these missed events occurred in catchments outside of the

south and east of Englan8l.similar spatial pattern can be sden the top rankingsS-3 other events

(FigureS6e), with a focus in northern and western areas. In contrast téZ$hore of the SS3 duration [Deleted: Sse

and accumulated deficit top ranking events were captilr@amean deficit and maximum intensi
(around halbf which werenat capturedy themajorevents). Thevents not captured lilye majorevents
for SSI3 occurred in similar periodas for SSI12 (i.e. the 1940s, 1960s and lgat970s) with the
addition ofthe late 1920date 1930snd 1984

For both SSB and SS112, the period 198@015 appears to be well captured byrtiggorevents ofTable

1 (seeFigure8 andFigures6). Figure9showst hr ee 6ot her &6 dor 5ulgitentifieel v e ( Deleted: s5

[ Deleted: andFigure7

in Figure8, with top ranking events spread over Great Britain for the 19¥880s anckarly 1970s In
the 1960s (160-1966), events were of ariger duratiomnd higher accumulated defiwihilst there were
only 4 catchments with top ranking events for maximum intensity and none for mean deficit. Catchments

with top ranking events occurring in the 198875 period were focussed in northern pafthie UK with
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top ranking duration accumulated deficit events spread across Scotland, Northern Ireland and northern

England.
For SSH3, the 19681975 period was important féhe most severe events accordingltwation and

accumulated deficin Scotland (Figurg?). Some catchments had top ranking events for more than on¢ Deleted: 5

characteristic in this period in Scotland, with just four catchments registering top ranking éments (

duration and mean deficit) in England and Walether events wereanked most severén some

catchments and event characteristics (Figfje 19281929 ranked first for mean deficit and maximum - ( Deleted: s

intensity across Scotland and northern Engldine drought of the early 1950s raifkst acrossll four

event characterigts in Northern Irelandwhilst the 1984 event ranked top for mean deficit in 16

catchmentén the west of Great Britain.

a) 1940 Jan - 1949 Dec b) 1960 Jan - 1966 Dec

Top ranking events
Odur=10 N

) 1968 Jan - 1975 Apr

Top ranking events
QOdur=20 N

Top ranking events
O dur=28
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Figure 9 Location and number of LFBN catchments where thdop ranking SSF12 eventsfor each
event characteristicoccur in periods outside of the major drought events a) 19401949,b) 1960
1966 andc) 19681975.Points are coloured as described in the caption for Figure 6.

t he

Finally we consider the rank of all extracted events for3l o r maj or

events for each event characteristidg(re 10). By assessing the rank of all the identified events

corresponding to the major eventablel) and other identified eventBigure9), the relative severity of

the events can be compared. By placing the top 10 ranks in context, we can fegestima¢ events, the

majority of the extracted events fell within the top 10;tsas 1995 for duration; 193and 1975 for

Deleted:

a) 1940 Jan - 1949 Dec

dur=10
accDef=8

meanDef= 9
maxint= 3

b) 1

events

and

accumulated deficit and mean deficit; and 1920, 1959 and 2010 for maximum intensity. This implies that

events such as these were consistently more severe than witenégswider range of ranks or have
generally lave lower ranksuch ad891-1910 or the 19405 he median rank of 2004 was outside of the (Deleted: o

6ot her 6

identi

top 10 events across all characteristics, as was 1959 for duration and accumulated deficit, and 189
mean deficit and maximum intensity, suggesting that agth@usome catchments these events were most

severe, they were not regtijaranked highly and so were less severe at the national scale. Most of tH Deleted: r

[ Deleted: 0

L TOT
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major and other eventslentified from the SSB rank outside of the top 10 (Figuf8), with the (Deleted: s7 )

exceptions of 193 for accumulated deficit where the-Z5" percentile of events fall within the top 10.
This may be a result of the higher number of shorter events extracteth& @843 seriesln some cases,
the median rank of events falls within thep 10, such as1933 and 1975 for duration, 1975 for
accumulated deficit and 1920 and 39%®r maximum intensity suggetsing these events were more

important a the seasonal scale (Sgl
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Figure 10 Boxplots showing the ranks of allSSI-12 extracted eveits where they overlap with themajor

drought events (top panel for each event characteristic) and identifie

event characteristic). Within each boxn refers to the total number of events (across the LFBN) identified
that occurred within this period. As multiple events can occur within each given periodn individual
catchments it is possible for the value ofi to be greater than the number of catchments (i.e. 198

3.4 Evolution and characteistics of major pre-1961 events

While previous work and the above analysis has identified the importance of events indthegpvation
period, their hydrological characteristics have not been fully described at the hatialea The flow
reconstructions and derived SSI used here allow a more detailed view of thésadynamics of these
events comparable with those available for events in the gaugédgenae11 shows the SSI fahefour

6 L o n _geriddl (1801119 10) 1621-1922;
1933-1934; and the 1940sThese events are discussedriare detail in the section belaw terms of

earliesteventsdentified in this studyrior to 1961t h e
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both SSi12 and SSB; where results pertain to one accumulation period, it has been speaifid,

otherwiseresults relate to both accumulation periods

The d ong Droughtdperiod (1890-1910)

The 20 yegyperiod 18961910 (the d.ong Droughé $howed periods dbw flows across much of the —{Deleted: s

country. For SS112, there wasftenspatialcoherency in conditions across southern England and Wales,

reducingfurthernorth (Figure11), whilst for SS13 (Figure ), only certain periods show national scale (Deleted: 8

coherency in conditions (such as early 1,83fumn 1892 ani9031905) In general howevegxtreme

and severe flowdeficits did not occur simultaneously acroall regions e.g. 1895 sawx¢reme flow

deficitspcross Scotland and Northern Irelamdld drought in northern Englarahd highethan average —( Deleted: were seen

flowsin the rest of EnglandVith the exception df9031905, northern Englanglas impacted bgxtreme
deficits whilst several periods of extrenflew deficits occurred in the rest of England throughout this
period More episodesof severe and extremeeficits can be seeat the seasonal scale usi8&H3
throughout thél.ong Droughd  p ehanfar $SH12.

1921-1922

The drought of the 1920s was mostly focussed in England and south Wales with severe flow deficits
beginning in summer 1921 across southern Englan&SH12 (Figure 11). However,for SSE3 1920
ended with severextreme flow deficits iWS, but theprincipal period of deficitstarted across England

(with the exception oNWENW) and Northern Ireland in spriri21 The eventontinued for a single

season in Northern Ireland afdEE, and until winter 1922 in southern England and Wéfégure ). ( Deleted: North East England

[ Deleted: 8

The most extreme flovdeficits were experienced over the autumn and winter of 1921, and in some
catchmentsn SE extend well into 1922or SSH12. In NEE flow deficits were extreme in cases, with
severedeficits experienced throughout 1921. Nothestern areas again experienced extreme/severe
deficitsin winter 1923/1924 in Scotland, Northern IrelaaddSWESWfor SSI3.

1933-193%

Severe and extreme drought began in winter 1933 in Scotland and Northern Ireland, with much of the

country in extreme drought in 193Bigure11 and FigureS9). TheES northern England and northern —{ Deleted: s8

| Deleted: east of Scotland

parts ofANG appear to be less affected, although still show at least mild flow deficits. The most sevi

T Deleted: Anglian region

(N

deficits across the country occur for the duration of 1934, and in some southerly catchments extend into
the start of 1935. For SS|, deficits ended in the majority of catchments in spring 1934, but continued

until the autumn in the souttast of England.

1940s

The 1940s was a decade with multiple periods of drought across the country. The decade began with
extreme/severe deficits in WS and parts of NEE. Drought conditions were generally mild in other regions
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with the exception of ANG and SE for S8, where flows were mostly normal or aboveEdurel11l).
During the remainder of the 1940s however, drought was more coherent across the UK in terms of
occurrence (although not in terms of severity) for both accumulation periods. Other notalglet drou

phases in the decade occurred in southern and central England and south Wales in 1944, which extend

right into Scotland for SS3 (FigureS9); in WS and catchments across northern England, Northern{ Deleted: s8

[ Deleted: western Scotland

Ireland and north Wales in 1946; ass the UK in winter 1947 for SS| and prolonged drought

conditions (albeit mild) across much of England and Wales-19%8 with severe drought in NEE in
1949 for SSH12.

4 Discussion

While past studies have identified historic drought episodes in t#e(d$ summarised in the
introduction), a detailed, quantitative assessment of hydrological droughts at the national scale has been

lacking. This paper provides the first systematic characterisation and ranking of hydrological droughts

for a period of ~125earsfor the UK, using a network gliearnaturalcatchments. In the following —( Deleted: minimally disturbed

discussion, we compare the findings with previous studies, address the scientific and practical

significance of the outcomes, before outlining key limitatiand recommendations for future research.

4.1 Historic hydrological droughts

Understanding historic drought occurrence, duration and severity is vital for drought risk estimation and
management in any location, and provides a baseline against which future chabhgeassessed. For

the UK, the primary national scale assessmempiast droughts is MCW2007 and the companion report
Cole and Marsh (2005)Here we set our findings in the context of these previous assessments.
Unsurprisingly, there is good agreement as to what constitute the most significant events at the national
scale, for example: théLong Droughd p e(189¥1610), 193-1934, 19751976, B951997.
However, there are also some important differences. MCW2007 deliberately highlighted national scale
events which had evidence of demonstrable societal impact, and so excluded some of the droughts
identified here which were either more regionaicussed or lacked the supporting documentary
evidence of impacts. Critical droughts for individual catchments may not be those that occurred
nationally, so it is important to consider the most severe droughts on a catchment, or regional, basis. The
focushere on characterisation of the identified events for catchments across the UK provides more detail
than is provided by MWC2007 whauantified severity for only a handful of longerm

hydrometeorological series in the nemfest of England and East Anglia.

At the national scalelones and Lister (1998sal the drought deficit index to identify droughts in 15
catchments across England and Wales using reconstructed river flows from 1865 to 1993, assessing the

severity of the 19849992 drought in the context of previouwgeats. Over an 18 month accumulation
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period of the drought deficit index, the following events ranked as most severd 985,518871888,
19051906, 19211922, 19331934 and 1943944. These events compare well with those identified here,
with the exceptin of 18871888 which is outside of the reconstructed period. ddézadal variability is
apparent in both sets of reconstructed droughts, with drought rich periods in the 1890s and 1940s. With
5 just 15 catchmentgones and Lister (1998puld not capture regionahndnationalscale events. Here
however, the national picture is more developed with spawe evolution of events, and systematic
rankings shown for 108 UK catchments for the 125 year period-2884, encompassing the most recent

events, with analysis basen reconstructed flows modelled using robust met(®dsth et al., 2019)
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Our results also resonate with other historical drought stirighe UK (e.g. Fowler and Kilsby, 2002;
Lennard et al., 2016; Spraggs et al., 2015; Rudd et al., Z¥&9e studietypically focussed on regional

assessments using a small number of catchmegtugesAlthoughthere were parallels with the results

shown here (e.gSpraggs et al. (201%)Iso find the 1989992 event to be the most sevérethe river (Deleted: in ANG

Lud (ANG) in river flow reconstructions from 179801Q and events identified in Yorkshire Bypwler
and Kilsby (2002)orresponded to those in the top 10 rankings for NEE, sugtSkk2 for duration,
accumulated deficit and mean deficit: 1905, 1940s, the mid 1960s and 1970s and eajlytié90s

transferaMbity is limited by their regional scopend differing methods of assessment

Parallels with studies Europe andt thecontinentalscale are also eviderglthough few studies focus

on hydrological droughts at the catchment scale, with most using wiegioal drought indicators.
Spinoni et al. (2015used the Standardised Precipitation Index (SPI) to identify and rank events for
Europe 180-2010 and found that for Great Britain more severe events occurred in the earlier part of this
time frame, with 1978976 ranking as the most severe for Great Britain, whilst 1959 was most extensive.
Van der Schrier et al. (200@&xtend further back in time (19@D02), using meteorological drought
indicators based on the Palmer Drought Severity Index. They found that the driest yeadoocl 84y
followed by 1921 and 1950, with exceptionally dry summers in England in 1976 and 1921, and in
Scotland in 1949, 1945 and 1946. Across the island of IreNoohe et al. (2017pund that the most
severe events extracted from SPI derived from recovered rainfall data occurred in-thdata&d 800s,

but also noted that all of the events within the top 10 ranKorghe four eventharacterists as used

here, occurred before 1977. Althoublere werdewer top ranking events after the 197%/6 event here,

events of the 1990s and 262012did rank in the top 10 for both SSland SSI1.2 (FigureS5 andFigure (Deleted: s4

7, respectively)The lower numbers of drought events pd980hereandin Noone et al. (2017are
commensurate with increasing trends in runoff in northern and western parts of feegUKannaford,

2015) Although Hanel et al. (20183lid not include the British Isleis their analysesthey found that

largescale drought events occurred in 1221 and 194%0 across Europm terms of meteorological

hydrological and agricultural drougtth terms of hydrologicadroughts Sheffield et al. (2009pentified

eventsat the continental scafeom global VIC model outputs over 1958000: events in the 1960s and
19751976 ranked as the most severe across Ey@peughwere focussed in western and eastern
Europe) with much of Europalsoaffected bydrought in 19531954.In a low flows assessment using
modelled reconstructions for over 650 catchments across France for the perie?D18(0aillouet et

al. (2017)found that 1976 was the longest and most severe event in northern France. Gaatisthe
footprint of the even(Briffa et al., 2009}t is unsurprising that 1976 is similarly highly ranked in southern

England in terms of accumulated and mean degcif. Figure6 and Figure?7). ( Formatted: Font: 11 pt

Itis instructive to consider why the events identifieffigure9 and FigureS7 were not considered major —{ Deleted: s6

events by MCW2007 and others. The events of the late 1960s and early 1970s were somewhat
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overshadowed by the 194876 event in which there were dratic impacts on water supplies and the

environment across the Ug€.g. Doornkamp et al., 1980; Rodda and Marsh, 204fough the 1975 ( Deleted: (e.g. Doornkamp et al., 1980; Rodda and Marsh, 201

1976 event was a distinct event, the 20 year period between 1960 and 1979 can be seen to be drought rich

in Figure 3 and Figurg2, within which events rank as most severe fatidwithin the top 10 (Figures 5 { Deleted: st

and 6, and Figures S3 and S6). In this study the 1940s ranked highly across the different event

characteristics, and affected much of the country with flow deficitsirring somewhere in all months

throughout this periodgure11 & FigureS2). Although 19431944 was classed as a major hydrological { Deleted: s1

eventby MCW2007 the documentary evidence to support the physical manifestation of the drought was

lacking in the poswWar period As such, the importance of the hydrological droughts of the 1840s ( Deleted: is

probably understated, as was foundRuydd et al. (2017)andthe findings ofthis study _(along with
regional assessmerggch asSpraggs et al. (2015jho found it to be significantevent in East Anglia

indicate it was a national scale evérigure11d) which may have had substantial impacts on society

and the environment

It is of course important to femphasise the hydrological focus of this study. Although the 1959 and 2004
events weredentified here, they were not often ranked as most severe (with the exception of 1959 for
SSH12 maximum intensityfrigure 10). These events mabe better characterised by rainfall (1959) or
groundwater (2002006) drought indicators. The addition of impact information (as in MWC2007 or
Noone et b (2017) for example) would sheiore light on these eventhge severity of deficitand their

impacts (see Section3).

The benefit of using of the two accumulation periods is highlighted when considering the 1984 event,

which was not identifiedising SSI12, but was ranked as most severe for 16 catchments across western

Britain when using SS8. Figure 5 andrigure S3 also show the benefit of utilising the different event ( Deleted: s5

characteristicasdifferent eventarerankedas most severe when eaiftthecharacteristisis considered.
This is particularly important for water managers who may be dependerdtersourceswith differing
levels of responsivenesgar their supply such as single season reseryairsthose with more memory

thatrespom more slowly such as groundwater dominated river flows.

4.2 Applications

The extracted events and newalysespresented herean support further work on the trends and
variability of hydrological droughts in the UKlthough work has been undertakerutalerstand the link
between droughts in the UK and larggale atmospheric forcings.g.Folland et al., 2015; Svensson and

Hannaford, 2019}his longer, wider set of drought event nesuctions provides a much broader dataset ( Deleted: (e.g. Folland et al,, 2015)

to assess largscale patterns which cause the clustering of drought evebtter inderstandingf the
relationshipbetweenarge scale atmospheric forcings and drought event characteristics would be useful

in the context of drought monitoring, early warning and forecasfpdjcations
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Using reconstructed river flow data (opposed to using observed data) not only extend record lengths on
average by ~75 years, but when considering the identified and chaed®rents provides a much larger

pool of events to work with. Across all catchments, ~67% and ~65% of events extracted fromlBe SSI
and SSi3, respectively) occurred before the observed records b&panhighlights the benefit of the
long-term viewand increasing the pool of events to improve our understanding of yaisidyical

drought behaviour©ur findings have important implications for those considering hydrological drought
risk, particularlyfor water resources plannefBhese reconstructattought seriesan be applied ithe

stress testingf water resource systems for water resources management and drougihMpsisrectly,

the results can assist in conventional stress tesitg) the worst droughts on recqelg. Environment

Agency, 2015)butcan alsanfoomé scenar i 06 based stress teBsds based

Watts et al., 2012; Anderton et al., 201S)milarly, theresults carprovide inputs td or corroboration
for 1 the stochastic drought generation techniques thahareasinglyused in UK water resource and
drought planninge.g. Atkins, 2016)

Some studieqe.g. Spraggs et al., 2015; Lennard et al., 208)e demonstrated that extending the

on synthetic

hydrological records does niotprove water resources plannjmgparticular water supply regions of the —{ Deleted: approaches

UK. However, theiregional focusnd infrastructure modellirgnits their appli@ability to other locations

where earlier droughts may have substantial impacts onissigpie results presented here demonstrate

that in many regions of the UK, some of the most severe hydrological droughts occurred in th& late 19
and early 28 centuries. Further work is required to run such sequences through water supply system
modelsto understand the impaat® drought risk assessments and thus on management plans. But the
data and knowledge developed here provides a consistent, national réepsrgeh studies, which is
particularly important as more joined up regierald nationbplanning is becoming a key priority the

UK (Water UK, 2016; National Infrastructure Commission, 20T8p regional differences in the most
severe events over the past ~125 years and the range of event characteristics (i.e. accumulated deficit,
duration, mean deficit and maximum intensity) shovemehprovide a valuable toolkit for assessing

hydrological droughts across the counify. this end, esults for individual catchmengthe full set of

303 catchments for which reconstructions are available) additional accumulation periodan pe (Deleted: also
explored using t he 6 UK Hydr ol ogi c a Ihttps://stiny ou g h't

apps.ceh.ac.uk/hydro_drought explordrcluding SSI timeseries, extracted events and the most severe

Expl orero

droughts (ranke by the four event characteristicsee the Data Availability section ( Deteted:

4.3 Data limitations & future work

The SSI was derived from daily river flow reconstructig8ith et al., 2018)extending the gauged
record of the LFBN catchments by, on average, more than 75 years, and at most 88h@acderiving

the SSluncertaintiesnay arise fromfitting the selected diribution(e.g. Stagge et al., 2015; Svensson

et al., 2017)howeverthe Tweedie distribution has been found to fit well for UK river flow data and is
37
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recommended b$vensson et al. (20173mith et al. (2019assessed the performance of the modelled
flow reconstructionand the derived S$br 303UK catchmentsificluding the LFBN. Although tieSSI

was found texaerbate any model errors in the flow simulations and the exact magnitude of flow deficits

may not be well captured by the reconstructed SSI, the peaks and troughs and the droughtectats
from the reconstructions compared wellttmse fromobservedflows (using the same identification
methodology as used here; Smith et al., 20T®E relative rankings of the extracted drought events

presentedhereshould therefore, be well captured.

The flow reconstructions dmith et al. (2018provide the top 500 ensemble members for each of the
LFBN catchments (within the full set of 303 catchmenkswever, in this stugl the single best

[Deleted: ,h

performing model ruffLHS1) was used for each catchment without accounting for model uncertainty

due tothe computational implications of deriving the S8ling the Tweedie distributidior 500 model

parameterisations for each catchm&nie to the identified uncertainties in deficit magnitudes in some

catchments bySmith et al. (2019)utilising the ensenib datain future studies willprovide more
confidence in the extraction of drought event

value of-1.5).

Here, the SSI was calculated using a reference period of2®H1 br consistency witttcompanion
datasets of gridded Standardised Precipitation Ifateke UK(Tanguy et al., 2015; Tanguy et al., 2017)
Although this period encompasses well defined flood/drought rich and/di@madyht poor periods, the
derived SSI and extracted and ranked drought eventdesineedrelative to this periodAs high/low
rainfall and river flows become more extreinethe future(e.g. Prudhomme et al., 2014hese data

should be used with caution for future assessments

Although reconstruction modelling approaches are valuable, providing otherwise unavailable data
historic events, the limitatits of the approach should be recognigdtey provide systematic series for
the pastput modelling approaches do not address-stationarities in catchment response or land use
change etcAs such, there remains a need for ldagn hydrometric data rese and recoverye.g. at
Wendover Springs, Bayliss et al., 2004yration(e.g. Dixon et al., 2013)and the incorporation of
additional strands of eviden¢e.g. documentary, epigraphic and paleohydickdyto supplement and
bolstertheanalysisof hydrological extremege.g. Kjeldsen et al., 2014)

s that are near the

for

The long time series of the SSI and the extracted drought events presented here provide the potential for

Deleted: However, t is not only hydrological (streamflow)

national scale assessm of trends, changes in timing and seasonality of drought events across the U droughts which are important to understand when managing anc

However, whemmanaging anglanningfor drought, it is also important to consider meteorological and

groundwater droughtsRecovered and reconstructed data from the Historic Droughts pr@ert

Bloomfield et al., 2018; Durant and Counsell, 200@) enablea more holistic analysisf UK drought
at both the national and regional scédg designdrought impacts were not considered hémvever,

38

planning for droughtmeteorological and groundwater droughts al:
play animportantrole. Groundwatesis critical forUK water suppf
(particularly in soutkeast Englandand as such will be necessary
to integrate streamflownd groundwater drough¢construction
components to fully assess the impact of the droughtsater
supply systems
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this papelpresents a systematibaracterisation of UK droughts whiclanbe analysed in conjunction

with impact information from a range of sourdeshe future for example the European Drought Impact

report InventoryStahl et al., 2016andreferences to drought froBritish newspaper&.q. Baker et al.,

2019)

5 Conclusions

This study pesents timelines dfistoricreconstructed droughts f@O8nearnatural catchmenextracted
from the Standardised Streamflow Index (SSI) for three and twelve month accumulation. gériods
characterisesand ranks these past drought eveatsl assesses how relative rankirfgs each
characteristiovary geographially for the first time in the UKIt also povides a fuller understanding of
the evolution and characteristics of major, nationally important droughts from tobgee/atiorperiod

The results here reflect the work of previous studies in the UK a@hd Buropean scale, identifying well

known events as extreme events for the UK (e.g. 1976), but also sheds light on eventstoé¢néeL2p

Deleted:

Whilst this paper uses objective, systematic methods to identify,
charaterise and rank UK hydrological droughts, there was (by
design) no consideration of the impacts of each drought. The
complex propagation and development processes of drought evi
and the effect of management actions may mean that although ¢
drought maybe highly ranked in terms of its physical characteristi
(duration, accumulated deficinean deficietc.), there may not hav:
been equivalent impacts on the environment or so¢éety as was
found by(e.g. as was found by Lennard et al., 20b8the Severn
Trent regionwatersuppliey. However, his paper provides an
independent characterisation of UK droughts witighin futurebe
analysed in conjunction with impact information from a range of
sources, for example: the European Drought Impact report Inver
(Stahl et al., 2016Yeferences to drought frokagislation(e.g. Lange
and Golomoz, 2018ggricultural medide.g. Rey et al., 2018y
British newspaperge.g. Baker et al., 2019)

that have not previously been considered as significant (whether due to a lack of data or evidence of

impac), sich as thalroughts of the 1940s and early 1970s. Results highlight that a range sifatiese

or accumulation periods, should be considered when assessing drought severity and hazard in different

locations and for different sectors dependent on wateiceswrith varying response timBy using

continuous time series of reconstructed river flow, consistent, objective drought event identification

methods and quantitative appraisal of multiple drought characteristics, this study provides a more

longitudinalview of drought occurrence and characteristics over a ~125 year period for the UK, with the

higher resolution, catchment scale detail important for both science and drought planning applications of

the future.

Data Availability

Reconstructed daily streamflow: freely available for download via the Environmental Data Information

Centre along with associated metadata on the models perfor@@mnitkeet al., 2018)The performance
of the model in each catchment, as well as the reconstrdatigdiver flow timeseries, can be explored
usingan i nteractive UWkRecoaspuystedi Fiow Dateo Exploteht ntips:/éhiny
apps.ceh.ac.uk/reconstruction_explarer/

Standardised Streamflow Index: freely available for download via the Environmental Data Information

Centre(Barker et al., 2018b)heseSSI data, along with further event analyses can be exploréde

LFBN using an interactive web afxtion, the O6UK Hydr ol ogathitgsy/shibyr ought Expl orer 6,

apps.ceh.ac.uk/hydro_drought explarer/
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Supplementary information

Table S1 The 108 LFB! catchments used in this studytheir hydroclimate region and area from: National
River Flow Archive, 2019) For more information about catchments see the National River Flow Archive
(www.nrfa.ceh.ac.uk)). The nine @se study catchments are marked with an asterisk.

NRFA Station Number Catchment Name Hydroclimate Region Area (km?)
3003 Oykel atEaster Turnaig WS 330.7
7001 Findhorn at Shenachie WS 415.6
8004 Avon at Delnashaugh ES 542.8
8009 Dulnain at Balnaan Bridge ES 272.2

12001 Dee at Woodend ES 1370
12005 Muick at Invermuick ES 110
16003 Ruchill Water at Cultybraggan ES 99.5
17005 Avon at Polmonthill ES 195.3
*18001 Allan Water at Kinbuck ES 161
20007 Gifford Water at Lennoxlove ES 64
21017 Ettrick Water at Brockhoperig ES 37.5
21024 Jed Water at Jedburgh ES 139
22001 Coquet at Morwick NEE 569.8
23004 South Tyne at HaydoBridge NEE 751.1
24004 Bedburn Beck at Bedburn NEE 74.9
25006 Greta at Rutherford Bridge NEE 86.1
26003 Foston Beck at Foston Mill NEE 57.2
*27035 Aire at Kildwick Bridge NEE 282.3
27042 Dove at Kirkby Mills NEE 59.2
27047 Snaizeholme Beck at Lottouses NEE 10.2
27051 Crimple at Burn Bridge NEE 8.1
27071 Swale at Crakehill NEE 1363
27073 Brompton Beck at Snainton Ings NEE 12.9
28046 Dove at Izaak Walton ST 83
28072 Greet at Southwell ST 46.2
*29003 Lud at Louth ANG 55.2
29009 Ancholme afToft Newton ANG 27.2
30004 Lymn at Partney Mill ANG 61.6
30012 Stainfield Beck at Cream Poke Farm ANG 374
30015 Cringle Brook at Stoke Rochford ANG 50.5
32003 Harpers Brook at Old Mill Bridge ANG 74.3
33018 Tove at Cappenham Bridge ANG 138.1
33029 Stringside at Whitebridge ANG 98.8
34011 Wensum at Fakenham ANG 161.9
36003 Box at Polstead ANG 53.9
37005 Colne at Lexden ANG 238.2
38026 Pincey Brook at Sheering Hall SE 54.6
*39019 Lambourn at Shaw SE 234.1
39020 Coln at Bibury SE 106.7
39025 Enborne at Brimpton SE 147.6
39028 Dun at Hungerford SE 101.3
39034 Evenlode at Cassington Mill SE 430
40011 Great Stour at Horton SE 345
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NRFA Station Number

Catchment Name

Hydroclimate Region Area (km?)

41022
41025
41027
41029
42003
42008
43014
44006
45005
46005
47009
48003
49004
50002
52010
52016
53006
53008
53009
53017
*54008
54018
54025
54034
55014
55016
55026
55029
56013
*57004
60002
60003
62001
65001
65005
66004
67018
68005
72005
72014
73005
73011
*75017
76014
77004
78004
79002
79004

Lod at Halfway Bridge
Loxwood Stream at Drungewick
Rother at Princes Marsh

Bull at Lealands

Lymington at Brockenhurst
Cheriton Stream at Sewards Bridge
East Avon at Upavon

Sydling Water at Sydling St Nicholas
Otter at Dotton

East Dart at Bellever

Tiddy at Tideford

Fal at Tregony

Gannel at Gwills

Torridge at Torrington

Brue at Lovington

Currypool Stream at Currypool Farm
Frome (Bristol) at Frenchay
Avon at Great Somerford
Wellow Brook at Wellow
Boyd at Bitton

Teme at Tenbury

Rea Brook at Hookagate
Dulas at Rhog-pentref
Dowles Brook at Oak Cottage
Lugg at Byton

Ithon at Disserth

Wye at Ddol Farm

Monnow at Grosmont

Yscir at PorHAr-Yscir

Cynon atAbercynon

Cothi at Felin Mynachdy

Taf at Clogy-Fran

Teifi at Glanteifi

Glaslyn at Beddgelert

Erch at Pencaenewydd
Wheeler at Bodfari

Dee at New Inn

Weaver at Audlem

Lune at Killington

Conder at Galgate

Kent at Sedgwick

Mint at Mint Bridge

Ellen at Bullgill

Edenat Kirkby Stephen

Kirtle Water at Mossknowe
Kinnel Water at Redhall

Nith at Friars Carse

Scar Water at Capenoch
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SE

SE

SE

SE

SE

SE

SE

SE
SWESW
SWESW
SWESW
SWESW
SWESW
SWESW
SE

SE

SE

SE

SE

SE

ST

ST

ST

ST
SWESW
SWESW
SWESW
SWESW
SWESW
SWESW
SWESW
SWESW
SWESW
NWENW
NWENW
NWENW
NWENW
NWENW
NWENW
NWENW
NWENW
NWENW
NWENW
NWENW
WS

WS

WS

WS

52
91.6
37.2
40.8
98.9
75.1

85.78
12.4
202.5
215
37.2
87
41
663
135.2
15.7
148.9
303
72.6
47.9
1134.4
178
52.7
40.8
203.3
358
174
354
62.8
106
297.8
217.3
893.6
68.6
18.1
62.9
53.9
207
219
28.5
209
65.8

96
69.4

72
76.1

799
142



NRFA Station Number

Catchment Name

Hydroclimate Region Area (km?)

*81002
81004
83006
83010
84022
85003
90003
93001
94001
96002

201008

202002

203028

*203042

204001

205008

206001

Cree at Newton Stewart
Bladnoch at Low Malzie
Ayr at Mainholm

Irvine at Newmilns
Duneaton at Maidencots
Falloch at Glen Falloch
Nevis at Claggan
Carron at New Kelso
Ewe at Poolewe

Naver atApigill

Derg at Castlederg
Faughan at Drumahoe
Agivey at Whitehill

Crumlin at Cidercourt Bridge

Bush at Seneirl Bridge
Lagan at Drumiller

Clanrye at Mountmill Bridge

WS
WS
WS
WS
WS
WS
WS
WS
WS
WS
NI
NI
NI
NI
NI
NI
NI

368
334
574
72.8
110.3
80.3
69.2
137.8
441.1
477
335.4
273.1
100.5
55.3
299.2
84.6
120.3

Table S2 Catchments and months with missing SSB values

Catchment

Months with missing SSI3 values

Impact

29003 Lud at Louth 200709 No impact on the extracted drought events
Splits a drought event which without thréssing
40011 Great Stour at Horton 192112 valuewould be the longest (and most severe i

terms of accumulated deficit) event in this

catchment

54034 Dowles Brook at Oak

Cottage

200707; 200708

No impact on the extracted drought events

72014 nder at Galgate

190707

47

No impact on the extracted drought events



Nash-Sutcliffe Efficiency (NSE) Nash-Sutcliffe Efficiency on Log Flows (logNSE)
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Figure S1 Model performance metrics from Smith et al. (2018hé&1t08LFBN catchments used in this study. Darker colours

indicate better model performance.
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Figure S3 Extracted events from SSI3 and their characteristics for the nine case study catchments, plotted
at the midpoint of the event.The size of each point is proportional to the maximum intensity and the colour
indicates the mean deficit.
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Figure $4 Top 10 extracted events fron8SI-3 using a threshold of-1.5 for each drought event characteristic.

Catchments are arranged roughlyffrom north to south on the yaxis with each row representing a catchment

Bars represent the top 10 events and are coloured according to the event kamarker shades represent

5 higher ranking (i.e. more severe) events.
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Figure S5 Location and number of LFBN catchments where the top ranking SSB event corresponds to
major events (Table 1) for duration (dur), accumulated deficit (accDef) mean deficit (meanDef) and
maximum intensity (maxInt). Each of the nine maps represents one of the major drought events listed in

5 Tablel. Each point on the maps represents the location of the 108 LFBN catchments. Points are coloured
pink where the particular event was ranked most severe according to maximum intensity for that catchment.
Similarly, points are circled in purple, orange and turquoise to indicate catchments where the particular
event was ranked most severe in terms of mean deficit, accumulated deficit and duration, respectively. The
numbers in the top right of each map show the number of catchments ranked as moswveee for each

10 characteristic for that particular event.
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Figure S6 Months when SSI3 top ranked events occurred outside of the major events (shaded in grey) for
the LFBN catchments and each event characteristic {d), and e) the location and number of catchments
with other top ranking events for each event characteristic. Points are coloed as described in the caption
for Figure 5.
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Figure S7 Location and number of LFBN catchments where the top ranking SSB events for each event
characteristic occur in periods outside of the major drought eventsa) 1928129, b) 19371938, c1940:1949,
5 d) 19601966 €)19681975and f) 1984 Points are coloured as desdred in the caption for Figure %.
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Fig S8 Boxplots showing the ranks of all extracted5SI3 events where they overlap with the major drought

events (top panelforeach event <characteristic) and identified
characteristic). Within each box, n refers to the total number of events (across the LFBN) identified that
occurred within this period. As multiple events can occur withi each given periodn individual catchments

it is possible for the value of n to be greater than the number of catchments (i.e. 108).
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