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Response to reviewer’s comments  

We would once again like to thank the Referees for their time and their thoughtful comments and 

insights. We believe that the review process has resulted in significant improvements to the paper. 

General observations 

The Editor has asked for the paper to be revised as follows: 

“The referee’s comments were quite relevant, as it was also recognised by the authors in 

their replies. The answers to all the comments are interesting and deserve to be included 

somehow in the revised version of the manuscript. I expect that the authors can significantly 

improve the scientific quality of the paper by revising the text and the figures. In their 

replies, the authors propose to make no changes to the text in response to some of the 

referees' comments. I recommend the authors to carefully consider those comments and to 

evaluate whether rephrasing or reorganization of the text might avoid any possible 

misunderstanding by the readers”. 

Based on this feedback from the Editor, we have made modifications to the text and figures in 

response to all the comments from the Referees.  

In addition to our responses to each of the referees specific comments (see below), we would like to 

highlight some changes to the data analysis in the revised version of the paper that have been 

stimulated by comments from the reviewers: 

 Based on our response to Comment #5 from Referee #1 and Technical Comment #2 from 

referee #3, we present a more explicit description of the accumulation and averaging 

periods of the SPI and STI data, and in the revised paper we now use an accumulation period 

of six months, SPI6, for Dalton Holme. This provides a more consistent treatment of the two 

sites while resulting in no changes to the main findings, inferences or conclusions of the 

study.  

 In response to Comment #1 from Referee #2 and Comment #2 from Referee #3, we have 

provided more information on the statistical tests for change in the SGI, STI and SPI series, 

including notes on an additional change point analysis that we have undertaken. In so doing 

we found a minor error in our initial estimation of the level of significance of the change in 

STI between the first and last analysis periods (previously estimated to be <0.001 for both 

sites, and now corrected to read 0.03 for Chilgrove House and 0.005 for Dalton Holme). 

Again, these additions and changes, while adding more information, do not change the 

overall findings, inferences or conclusions of the study.    

 In response to a number of comments, but particularly Comment #6 from Referee #1, we 

recognised that the old Figure 6 and the associated analysis in the text inadequately 

described changes SGIe characteristics between the analysis periods. Figure 6 in the original 

draft only described changes in drought duration, the revised new Figure 6 and associated 

revised text now describe both changes in the number of events, their duration, intensity 

and magnitude. As with the other changes to the manuscript, this adds more information 

but the overall findings and conclusions of the study remain unchanged. 

Also, please note that we have taken the opportunity of the revision of the paper to simplify and 

amend text to improve legibility, for example we have simplified the title of the paper to 

“Changes in groundwater drought associated with anthropogenic warming”. We have also 

corrected a number of typos, formatting errors (section number 3 was repeated in the original 



2 
 

manuscript, so we have now re-numbred the sections accordingly), and some minor data 

transcription errors. Again, these changes do not affect the overall findings, inferences or 

conclusions of the study.      

Referee-specific responses and changes to the paper  

Note: All references to lines in the Referees Comments are to line numbers in the original paper 

unless otherwise stated. All references to lines in our Responses are to new line numbers in the 

revised paper unless otherwise stated. 

Referee #1 

Comment 1. “I found figure 4 (the core business of the work) very interesting. As pointed out by the 

Authors, SPI<0 appears to be a broad prerequisite for groundwater drought. Moreover, I agree that 

increasing groundwater drought is associated with increasing temperature. However, there are 

some anomalies shown in Figure 4, which in my opinion should be furtherly investigated. There is an 

interesting difference between the second and the third period for the CH dataset: the majority of 

the most intense groundwater episodes during the second period (SGI < -2) occur for negative or 

close to zero STI, whereas in the third period positive temperature anomalies seem to play a 

fundamental role, as almost all of the drought episodes (both for SGI < -2 and -2 < SGI < -1.5) are 

associated to STI > 0 and SPI < 0. This difference is strange and should be somehow explained: why 

the aquifer differently reacts to meteorological forcing?” 

Response 1. Monthly values of SGI in the second period at CH are as much a response of the 

groundwater system to natural variability in precipitation deficits as they are to longer-term 

underlying changes associated with anthropogenic warming. The “most intense groundwater 

episodes during the second period (SGI < -2) [at CH]” noted by Referee#1 are in fact associated with 

a single major drought episode in 1933-1934. The effect of warming is better understood by 

considering the changing location of the centroid of the groundwater drought months (now added in 

the revised paper) in Figure 4. 

To clarify these points we have: 

 Added explanatory text at L402-411 to describe the effect of natural variability in 

precipitation deficits on data presented in Figure 4, including a note on the 1933-34 event. 

 Added a new Figure S5 in the Supplementary Information illustrating how the intense 

groundwater drought months in the middle period at CH are associated with the evolution 

of the 1933-34 event. 

 Added the centroid of the SGI data for each period to Figure 4 to explicitly show that the 

centroid of the SGI months is associated with an increasing mean STI with time and added 

new explanatory text at L425-430. 

Comment 2. “Addressing the previous point, please consider also the following: the Authors 

“postulate that increased evapotranspiration associated with anthropogenic warming is a major 

contributing factor to the observed increasing occurrence of individual months of groundwater 

drought as well increasing the frequency, duration and intensity of episodes of groundwater 

drought” (page 15, line 404), despite the phreatic surface is approximately 40 m and 15 m below the 

topographic surface at CH and DH, respectively. According to the Authors, the fundamental role 

played by the transpiration is favoured by the significant thickness of the capillary fringe. This could 

be a possible explanation. However, at DH (where the water table is much higher than at CH, 

potentially making the aquifer more sensitive to temperature changes), the increase in temperature 
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occurs over the entire period. I would have expected to find also in the second period an increase of 

the groundwater drought episodes with respect to the first period. In my opinion, an explanation to 

this anomaly should be given.” 

Response 2. As with our response to Comment 1 from Referee 1 (above), we feel that we have 

probably not emphasised sufficiently that groundwater droughts, as expressed in the monthly SGI 

(Figure 4) and by the episodes of groundwater drought SGIe (Figures 6 and 7), are primarily 

controlled by natural variation in precipitation deficits. The effects of anthropogenic warming are 

secondary and superimposed on the natural variability in precipitation droughts. At DH the second 

period was on average slightly wetter than the first period, while the last period is slightly drier than 

the first (mean SPI 0.03, 0.05, and -0.09 for periods 1891-1932, 1933-1973 and 1974-2015 

respectively). Consequently, that the middle analysis period at DH has one less episode of 

groundwater drought than the first period is not surprising. In addition, we note that a year-long 

episode of groundwater drought started in December 1973 and ended in November 1974 at DH. This 

has been included in the statistics for the last analysis period. If it had been included in the middle 

period then the number of droughts at DH would have been 9, 9, and 15 for periods 1891-1932, 

1933-1973 and 1974-2015 respectively. This discussion illustrates the naturally ‘noisy’ nature of the 

groundwater drought data driven by noisy precipitation data, the difficulty of identifying subtle long-

term trends imposed by warming, and emphasises why we have chosen to analyse relatively coarse 

periods and use averages to characterise change across the record. 

As we feel that we did not sufficiently emphasise the role of naturally varying precipitation deficits in 

controlling the overall pattern of drought episodes at the two sites in the initial draft we have added 

text to emphasise this point in the Abstract at L10-11, and in the text at L402-405, and L445-447 and 

at L507-510. In addition, we have added text at L445-458 to reflect Referee’s comment and the 

specific discussion points above.  

Comment 3. “One more thing on the capillary fringe. Please, quantify its thickness for both sites”. 

Response 3. The thickness of the capillary fringe at both sites is unknown and, in addition, there are 

no direct measurements of matrix water content, matric potential, pore-size or pore-throat size 

distributions in the matrix of the Chalk for either of the sites. However, it is known that the capillary 

fringe in the Chalk is primarily controlled by the microporus characteristics of the matrix, which are 

remarkably uniform across the Chalk of the UK.  

We have added text at L552-555 to clarify these points. 

Comment 4a. “It is not clear to me the reason for using standardized indexes in the analyses. As 

Authors know very well, standardized indexes are related to frequency (pdf) analysis. Therefore, 

doubling one index (i.e. from -1 to -2) does not mean doubling the intensity of the anomaly”.  

Response 4a. There are two broad approaches to identifying and characterising droughts including 

groundwater droughts. Namely, standardised indices and threshold level approaches (see Van Loon, 

2015 for a recent overview). To clarify why we have used standardise indices in favour of the 

threshold approach to characterise droughts we have added a new discussion of the pros and cons 

of each approach and a justification of our choice at L262-279 at the start of the Methods section. In 

addition, we have added a note at L307-309 to explain the non-linear nature of standardised indices. 

Comment 4b. “Temperature and precipitation data come from gridded dataset and, considering the 

limited surface of the study areas, only one pixel has been considered. Therefore, why not use 

directly observed data of precipitation and temperature?” 
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Response 4b. The extent of the groundwater catchments at the two study sites is unknown, though 

expected to be only a few square kilometres in extent (see Figure 1). There are no rain gauge or 

temperature records that continuously cover the study period at the sites. This study has been part 

of a larger study to reconstruct precipitation and hydrological droughts back to 1890 (the Historic 

Droughts Project, see https://historicdroughts.ceh.ac.uk/ ). As part of that study the Met Office in 

the UK has reconstructed gridded precipitation and temperature records on a 5km by 5 km grid 

across the UK back to 1890. We have chosen to use that gridded data product in this study since 

there is no other consistent dataset to use and we consider that it is at an appropriate resolution 

given the probably limited nature of the groundwater catchments at the two sites. 

We have revised the text at L210-220 to clarify these points. 

Comment 5. Page 8, line 241. “The optimal averaging/accumulation period was found to be 6 and 7 

months for CH and DH respectively”. If I have understood correctly, Pearson correlation coefficients 

shown in figure S4 between SGI and SPI have been computed for a range of SPI accumulation 

periods considering the current month (i.e. SPIn of March, for n = 1, … 12 is put in relation with SGI 

computed in March). This means that the percolation time from ground surface to saturated zone is 

neglected, not considering possible delay time of the impact of precipitation anomaly on 

groundwater level anomaly. Please, justify this choice”. 

Response 5. The optimal accumulation period is based on a phenomenological relationship between 

two time series, i.e. an accumulated precipitation and a groundwater level time series. It is not 

based on any consideration of recharge processes. Estimating correlations between a standardised 

hydrological drought index and varying SPI accumulation periods to characterise the relationship 

between precipitation deficits and droughts is a well-established approach, see for example a recent 

paper by Barker et al. (2016) in HESS on streamflow droughts, or various papers on groundwater 

droughts by the current authors (Bloomfield et al., 2013; 2015; Marchant et al., 2018). However, to 

address the specific query above, if the optimal accumulation period for precipitation is 6 months, 

i.e. SPI6, then the March SGI is optimally correlated with all rainfall accumulated over the previous 

six month period, i.e. from (previous) October to March. From a process perspective, this would 

mean that March SGI would reflect any recharge that occurred during the six-month period prior to 

March. So although this is not a process-based relationship we assert that “percolation time from 

ground surface to saturated zone” is not neglected at all. 

The text in the Methods section has been significantly extended at L336-346 to clarify these points. 

(Please note that in the revised paper we now use SPI6 for both CH and DH. A full explanation is give 

in our response to Technical Comment #2 from Referee #3 below). 

Comment 6. Figure 6: “I would have standardized the cumulative frequency distribution. In this 

analysis, I’m interested in a possible shift of the duration probability distribution. Probably they are 

very similar for the two analysed periods.” 

Response 6. When considering this comment and reading the interpretative text associated with 

Figure 6 in Section 3.3 we realised that we had provided only a limited description of changes in 

drought event characteristics. In addition, when considering the data for the limited number of 

drought episodes in each analysis period we have subsequently decided that analysis of the 

distribution of their characteristics may not be appropriate. Consequently, we have drafted a new 

Figure 6 to show changes in the frequency of episodes and mean drought episode characteristics 

across the analysis periods. We have also extensively revised the text discussing the new Figure 6 at 

https://historicdroughts.ceh.ac.uk/
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L445-471 to describe and discuss the new figure and data. We believe that this new plot and 

associated text now better describe changes in the characteristics of SGIe across the three periods.  

Comment 7. (Minor remarks). “Please, change the order of the subplots in Figures 2 and 3 putting 

SPI first, then STI and finally SGI (groundwater drought is a consequence of climate anomalies)” 

Response 7. Figures 2 and 3 have been revised as requested. 

Comment 8. (Minor remarks). “Figure 5. As in this case SGI refers to the mean over a given drought 

episode and not to the monthly SGI, please use another notation.” 

Response 8. Revisions have been made to Figure 5 (and Figure 7) to include new notation to denote 

event mean SGI, as SGIe. The Methods section has also been revised to make the distinction between 

SGI and SGIe clear at L352-355 and the Results and Discussion text modified appropriately too. 

Referee#2 

Comment 1. “In Line 58-60, the authors mentioned that such analyses requisite needs no systematic 

changes in precipitation. Did the authors analyze the trends in precipitation at the site studied for 

different time steps: full length (1891-2015), first third (1891-1932), second third (1933-1973), and 

last third (1974-2015)? I asked this question because the authors explained about changes in 

temperature at the sites (that follow the Central England Temperature, Lines 147-152) and provided 

Figure S2 in supplementary materials (to confirm it). However, there is no such explanation or figure 

for precipitation referring to the sites studied. The authors only mentioned that annual mean 

precipitation shows no trends since 1766 and also no attribution of changes in it to anthropogenic 

factors (Lines 152-156). Referring to the country-scale precipitation is not support that there are not 

any systematic trends in precipitation at two sites, even considering a 5km * 5km”. 

Response 1. We believe that the assertion that precipitation does not show long-term trends at 

either site is addressed in the paper already. For example, Figure 2 qualitatively shows no long-term 

variation in monthly SPI with time or in mean monthly SPI over the three analysis periods. Figure 3 

also illustrates no long-term variation in SPI. However, more importantly we explicitly test the 

hypothesis that there is no statistically significant change in SPI across the record. At old L265-272 

(new L371-384) we describe the results of a statistical test of the probability of the difference in the 

number of dry months in the periods 1891-1932 and 1974-2015 and show that there is no statistical 

difference in precipitation between the start and the end of the records at both sites. 

Given the Referee’s comment, we acknowledge that the above points were probably not articulated 

clearly enough in the original draft, consequently, we have added text justifying the use of the sites 

and their associated characteristics at the start of the site description section, section 2, by adding 

new text at L99-104. 

In addition, a new change point analysis added in response to Comment 2 from Referee #2 (see 

below) indicates that there are no significant change points in the standardised precipitation time 

series, as described at L233-248. 

Comment 2a. “In Lines 175-176, the authors mentioned they considered three periods for their 

analyses (1891-1932, 1933-1973, and 1974-2015) because each of these periods cover a 

considerable groundwater drought episode. At first, there is almost no text about the second third 

period (1933-1973), but it is included in all figures and tables.” 

Response 2a. We note the comments regarding the lack of discussion of the middle period in the 

text and recognise that it would be useful to include some discussion of the middle period where 
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appropriate. However, we also want to make the Results and Discussion sections to be esily 

digestible and not overwhelm the reader with too much data. So we have where appropriate 

included additional information and comments regarding the middle period, for example see L428-

429, L460-462, L495-497 and L526-531. Of course, data on all three periods is available in the 

Supplementary Information in Tables S1 to S3.  

Comment 2b. “Then, in my opinion, the authors need to do the regime shift analysis for STI to 

identify the change point of the temperature time series as the authors are primarily looking for 

anthropogenic warming effects. Finally, based on these changing points, the groundwater droughts 

and SPI should be investigated.” 

Response 2b. We understand the suggestion from Referee 2 that two (or more) periods could be 

defined by using formal trend analysis methods to identify a change point in the temperature time 

series and that any differences in groundwater droughts could be analysed between those two 

periods. However, since we assert that groundwater droughts are primarily driven by precipitation 

deficits and modified by the effects of anthropogenic warming, and given that anthropogenic 

warming is not typically characterised by discrete change points, but rather has increasingly effected 

the climatology of the UK since the late 1800s, we don’t think a change point approach based on the 

STI record is appropriate to the aim of the study. We are not interested in attribution of 

groundwater droughts. As we mention in the Introduction, Diffebaugh et al. (2015) have addressed a 

very similar problem to us and developed the simple but we think elegant solution of dividing the 

observational record in equal time periods and characterising and exploring change in hydrological 

drought in terms of concomitant change in SPI and STI between the periods. We have chosen to 

follow their approach. 

However, based on the suggestion of Referee #2, we have investigated the SPI, STI and SGI series for 

change points to provide an additional insight into the data. We have added significant new text 

describing the new change point analysis, the results and a justification of why this approach has not 

been used to define the analysis periods at L233-260 

Minor remark 1. “Line 279, ‘blue’ should be revised to ‘red’” 

Response Minor remark 1. Change made. 

Minor remark 2. “Figure 3, the numbers in the x-axis (1, 2, and 3) needs to be referred to the first 

(1891-1932), second (1933-1973), and last (1974-2015) third periods in the caption or legend”. 

Response Minor remark 2. Change made to legend. 

Minor remark 3. “Line 379, please remove of ‘anomalies’” 

Response Minor remark 3. Change made. 

Minor remark 4. “Line 403, please remove ‘the’ in ‘given the that’” 

Response Minor remark 4. Change made. 

Minor remark 5. “Line 431, it should be ‘(Maxwell and Condon, 2016)’” 

Response Minor remark 5. Change made. 

Minor remark 6. “Line 454, it should be ‘(Doble and Crosbie, 2017)’” 

Response Minor remark 6. Change made. 
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Minor remark 7. “Figure S4 in the supplementary please provide the name of the site to the 

corresponding plot, in caption or legend”. 

Response Minor remark 7. Change made. 

Referee#3 

Comment 1. “Given that temperature rises throughout the three periods, this also means that high 

temperatures will coincide with groundwater drought more often. That means that over average STI 

values, e.g. STI > 1 will in this setup automatically be more common during the third period both for 

drought and flood conditions in groundwater, which can be seen in Fig 2. How much of the increase 

in temperature-related groundwater droughts does this account for? Groundwater droughts due to 

temperature could have been just as frequent in the earlier periods, but due to the trend in the STI 

values, just below the hard detection threshold of STI > 1”. 

Response 1. It is explicitly not our aim to attribute groundwater drought episodes to anthropogenic 

warming. Hence, we are not trying to answer the question: “How much of the increase in 

temperature-related groundwater droughts does this [anthropogenic warming] account for”? The 

aim of the paper is to undertake the first empirical analysis to characterise changes in groundwater 

drought incidence, duration and intensity given known climate warming and the absence of other 

major change factors (see original L76-84). We have revised the last paragraph of the Introduction at 

L82-96 to emphasise this point.  

In addition, Referee #2 suggests that “Groundwater droughts due to temperature could have been 

just as frequent in the earlier periods, but due to the trend in the STI values, just below the hard 

detection threshold of STI > 1”. For clarification, the frequency of occurrence of the observed 

groundwater droughts is fixed based on our definition of groundwater droughts where for either 

drought months or episodes of groundwater drought SGI <-1 or SGIe<-1. We are not suggesting that 

any episodes of groundwater drought are “due to temperature” associated with any given STI 

threshold. Instead, we identify the groundwater droughts, and asses how their characteristics differ 

between the three analysis periods in the context of STI and SPI (where STI shows significant 

changes and SPI does not). We have made some minor revisions to the Introduction at L52-68 to 

emphasise this point. 

Comment 2. “When finding the highest correlating SGI to SPI aggregation periods, you get 

correlation coefficients between .7 and .8 at 6 and 7 months respectively. Even though these values 

are considerably high, showing the SPI/SGI on a cross-plot would reveal a considerable number of 

events where SPI does not predict SGI well. I wonder therefore, whether there is a bias in the 

aggregation period. The SPI with selected aggregation period (e.g 6 months) over time could become 

a worse predictor, such that droughts associated with precipitation deficit become rarer (as seen in 

the third period)? A longer aggregation period would possibly show a smaller change in 

precipitation-related droughts. When looking at the study by two of the authors (Bloomfield and 

Marchant, 2013), the same locales were used among others, but DH had a longer aggregation period 

of 10 months, while using a shorter, more recent time period. Has a shift in the recharge regime 

occurred, which has been observed in other locations? If this is the case, surely the driver also is due 

to changes in the hydrological cycle”. 

Response 2. There is no evidence for changes in the maximum correlation between SPI and SGI or 

between STI and SGI across the whole observation period. The correlations for SPI-SGI over 

accumulation periods up to 12 months are similar between the first third and the last third of the 

observational record (Figure S4). They are also characterised by an insensitivity to accumulation 
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periods once they reach a maximum at about 6 months, particularly at DH. This explains why for 

small differences in the observational record analysed maximum accumulation periods of 6 months 

(this study) and 10 months (Bloomfield and Marchant, 2013) have been observed. We revised the 

text at L323-334 to reflect these observations.     

Comment 3. “It did not become clear to me from the method section of the paper what was done 

with STI and why. As I understand, at different aggregation periods correlation coefficients between 

SGI and STI were calculated. These are generally weak 0 - -.2 (Supplement) and have a minimum 

(absolute maximum) at around 6 months, meaning that generally cold spells lead to more recharge 

and vice versa. There is quite some uncertainty involved though, at these low correlations, the 

relationship will be positive almost as often as it is negative. Despite this, I agree that this is the 

expected general tendency, I wonder though if this 6 month aggregation is still valid in the case of 

extreme events. My expectation would be that this behaviour changes and that for droughts only 

relatively short periods of relatively hot weather is needed for severe entailing groundwater 

droughts. If this is the case/could be shown, the findings would be even more interesting”.  

Response 3. Monthly STI is estimated using the same method of standardisation as is used for SGI 

(and SPI) and STI standardisation (like SPI and SGI standardisation) has been performed across the 

full record (see L311-313). 

In order to investigate relationships between the driving meteorology and hydrological responses, 

such as changes in monthly groundwater levels, it is common practice to search for a significant 

accumulation period for precipitation since hydrological response to meteorological anomalies is 

typically lagged. This approach was established by McKee et al (1993) when they introduced the SPI 

approach. We have estimated average STI over varying periods and correlated this with monthly SGI 

and then used this along with the estimates of correlations between SPI and SGI based on various 

SPI accumulations to find the accumulation / averaging period that gives the highest absolute 

summed cross-correlation for the entire observational series (see L323-334). We do this because we 

want to treat both the precipitation and air temperature aspects of the driving meteorology in a 

consistent manner. 

We agree that the correlation between SGI and STI estimated in this manner is relatively week (this 

is now made explicit at L327-329), and that there is uncertainty in the relationship between SGI and 

STI6. However, we want to re-emphasise that in the study we are exploring relationships between 

the standardised variables, we are not ascribing causative or predictive skill to the correlations 

illustrated in Figure S4. However, we note that the six month optimal accumulation/averaging period 

that is used provides a good characterisation of hydrological droughts. For example, practice in more 

process-based studies of the Chalk (e.g. Folland et al., 2015) it is common to consider the previous 

winter half year climatology as an indicator of subsequent groundwater drought status. New text has 

been added to L341-346 to reflect this observation. 

Finally, we agree that the relationship between intense hot periods and groundwater droughts 

would be worthy of investigation. However, since the aim of the paper is to look at the relationship 

between centennial-scale warming and changing drought characteristics, investigation of the effect 

of extreme heatwave is out of scope of the current study. We have modified the text at L92-93 to 

this effect.    

Comment 4. “30 meters and more of thickness in capillary fringe seems unusually high. In Ireson et 

al. (2009) data was modelled for two locations different from CH and DH. Are these representative 

for CD and DH locations?” 
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Response 4. There is a real paucity of observational data to constrain the height of the capillary 

fringe in the Chalk. The value of 30 meters for the thickness of the capillary fringe cited in the paper 

is based on the theory of Price et al. (1993). This value is widely accepted in the absence of 

systematic observations. For example, while developing their Chalk unsaturated zone model, Ireson 

et al. (2009) also assumed that “the matrix [in the unsaturated zone of the Chalk] will generally 

remain saturated by capillary forces” and modelled changes in Chalk unsaturated zone pore pressure 

and water content as a function of variations in fracture incidence and aperture. Ireson et al. (2009) 

modelled field data from two sites from the Chalk of the Pang-Lambourn catchment in the Chilterns. 

Although the site was on the same aquifer formation as CH and DH, i.e. the Chalk, we agree that 

there is no reason to expect that results from those sites should necessarily be representative of CH 

and DH since they were primarily considering the effects of fracturing on unsaturated zone drainage 

and this may vary widely between Chalk sites. 

The text in the Discussion has been extensively revised at L539-562 to reflect the discussion above. 

Technical comment 1. “L234ff: Clarify that the indices are calculated over the entire period”. 

Clarifications at L281-282 and at L311-313. 

Technical comment 2. “L240-241: Put maximum correlations into text” 

Correlations have now been detailed at L324 and 328. Please note, previously in the first draft of the 

paper an optimal accumulation and averaging period of 7 months for DH was based on the 

maximum absolute summed cross-correlation coefficient for SGI-SPI and SGI-STI estimated to 

greater than two significant figures. However, when estimating the co-efficient to two significant 

figures the coefficient is the same for 6 months and 7 months. Hence in the revised paper, 6 months 

has been used optimal accumulation and averaging period for DH and all data and plots have been 

revised appropriately. 

Technical comment 3. “L269-272: Unclear what is meant by "probability of the difference", please 

specify what has been done here. Statistical significance”? 

Additional explanation of the statistical analysis is now at L371-378.  

Technical comment 4. “Fig2: Very information-dense. The percentage values mean different things 

in the different panels, it should be possible to clarify within the figure”. 

Figure 2 revised as requested. 

Technical comment 5. “Fig 3: Instead of using integers 1-3 for periods, use the interval of years on 

the y-axis”. 

Figure 3 revised as requested. 

Technical comment 6. “Fig 4: Add location to the figure (CH, DH) so it becomes clear directly what 

the reader is looking at. Additionally it would be beneficial to see which of the non-drought months 

come from the specified period”. 

Figure re-drafted as requested. 

Technical comment 7. “Fig 6: Why not include the second period? I get the impression from Fig 5 

that drought durations are not dissimilar for the second and third period, especially for CH”. 

Figure 6 has been re-drafted (see response to Referee#1, comment 6) 
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Technical comment 8. “L412-416: Difficult sentence to digest, not clearly conveyed what the 

conclusions of the paper by Maxwell and Condon (2016) are”. 

Text simplified significantly at L541-543 to clarify. 

Technical comment 9. “Supplement, FigS4: Add locations CH/DH to the figure”. 

Locations added. 
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Abstract. Here we present the first empirical evidence for changes in groundwater droughts associated with 7 

anthropogenic warming in the absence of significant long-term long-term trendschanges in precipitation. 8 

Analysing standardised indices of monthly groundwater levels, precipitation and temperature , using two unique 9 

groundwater level data sets from the Chalk aquifer, UK, for the period 1891 to 2015, we describe show that 10 

precipitation deficits are the main control on groundwater drought formation and propagation. However, long -11 

term changesan increase in groundwater drought are shown to be associated with anthropogenic warming over 12 

the study period. These include increases in both the frequency and intensity of individual groundwater drought 13 

months, and increases an increase in the frequency, durationmagnitude and intensity of episodes of groundwater 14 

drought, as well as an increasing tendency for both longer episodes of groundwater drought and for an increase 15 

in droughts of less than one year in duration since 1891 associated with anthropogenic warming. We also 16 

identify a transition from coincidence of episodes of groundwater drought with precipitation droughts at the end 17 

of the 19th century, to an increasing coincidence with both precipitation droughts and with hot periods in the 18 

early 21st century. In the absence either of long-term changes in precipitation deficits during episodes of 19 

groundwater drought or long-term changes in the occurrence and intensity of consecutive dry winters, we infer 20 

that the changing nature of groundwater droughts is due to changes in evapotranspiration (ET) associated with 21 

anthropogenic warming. We note that although the water tables are relatively deep at the two study sites, a thick 22 

capillary fringe of at least 30 m in the Chalk means that ET should not be limited by precipitation at either site. ; 23 

that ET may be supported by groundwater through major episodes of groundwater drought ; and, hence, long-24 

term changes in ET associated with anthropogenic warming may drive long-term changes in groundwater 25 

drought phenomena in the Chalk aquifer. Given the extent of shallow groundwater globally, anthropogenic 26 

warming may widely effect changes to groundwater drought characteristicsthis phenomenon may be widespread 27 

in temperate environments. 28 

1 Introduction 29 

Globally groundwater provides of the order of one third of all freshwater supplies (Doll et al, 2012; 2014), 2.5 30 

billion people are estimated to depend solely on groundwater for basic daily water needs (UN, 2015), and it 31 

sustains the health of many important groundwater-dependent terrestrial ecosystems (Gleeson et al, 2012). This 32 

high level of dependence on groundwater means that communities and ecosystems across the globe are 33 

vulnerable to both natural variations in groundwater resources (Wada et al., 2010) and to the impacts of 34 

anthropogenic climate change on groundwater (Green et al., 2011; Taylor et al., 2013). Groundwater droughts, 35 
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taken here to mean periods of below normal groundwater levels (Tallaksen & Van Lanen, 2004; Van Loon, 36 

2015; Van Loon et al., 2016a; 2016b), are a major threat to global water security (Van Lanen et al., 2013) and 37 

are potentially susceptible to being modified by climate change. Since drought formation and propagation are 38 

driven by precipitation deficits and evapotranspirative losses associated with elevated temperatures, there is an 39 

expectation that global anthropogenic climate change, and in particular global anthropogenic warming is already 40 

modifying the occurrence and nature of droughts (Dai, 2011; Sheffield et al., 2012; Trenberth et al., 2014; Greve 41 

et al., 2014). However, to date there have been no systematic investigations of how warming due to 42 

anthropogenic climate change may affect groundwater drought (Green et al., 2011; Taylor et al., 2013; Jackson 43 

et al., 2015), and it has even been noted in the IPCC Fifth Annual Assessment of Impacts, Adaptation, and 44 

Vulnerability that: ‘there is no evidence that … groundwater drought frequency has changed over the last few 45 

decades’ (Jiménez Cisneros et al., 2014, p.232). This significant gap in our understanding of groundwater 46 

drought is not surprising given the limited availability of long groundwater level time series suitable for analysis 47 

(Jimenez Cisneros et al., 2014) and the low signal to noise ratios characteristic of many hydrological systems 48 

(Wilby 2006; Watts et al., 2015). In addition, the challenges of formal attribution of groundwater droughts due 49 

to global (or anthropogenic) warming (Trenberth et al., 2015), and the potentially confounding influences of 50 

land use change and groundwater abstraction on groundwater drought (Stoll et al., 2011; Jimenez Cisneros et al., 51 

2014; Van Loon et al., 2016a; 2016b) complicate any analysis of such droughts. Here we address some of these 52 

challenges and present the first empirical evidence for the effects of anthropogenic warming on the changing 53 

nature groundwater droughts. 54 

 55 

Groundwater systems have been shown to effect global land-energy budgets and regional climate (Senevirante 56 

et al., 2006; Trenberth et al., 2009; Maxwell and Condon, 2016) and can control the generation of large-scale 57 

hydrological droughts, particularly in temperate climates (Van Lanen et al., 2013). Although the role of 58 

evapotranspiration (ET) in regional- to global-scale drying is still a matter of active debate (Dai, 2011; Sheffield 59 

et al., 2012; Greve et al., 2014; Milly and Dunne, 2016), there is an expectation of a general increase in ET, and 60 

hence of general drying associated with human-induced global anthropogenic warming (Trenberth et al., 2014). 61 

E, and even if heating from anthropogenic warming may not necessarily cause droughts, Trenberth et al. have 62 

noted that it is expected that when droughts do occur that they are likely to set in more quickly and to be more 63 

intense in a warming world (Trenberth et al., 2014). In order to investigate the evidence for such changes in 64 

groundwater droughts it is necessary desirable to identify sites from unconfined aquifers with long, continuous 65 

records of groundwater levels where there have been no systematic long-term changes in precipitation or land 66 

cover. In addition, the sites ideally should be free from the systematic, long-term influence of groundwater 67 

abstraction.  In this context, we investigate the empirical evidence for changes in the character of groundwater 68 

droughts in the period 1891 to 2015 associated with anthropogenic warming at tTwo such sites, representative of 69 

groundwater systems in temperate climates, have been identified from the Cretaceous Chalk, the major aquifer 70 

of the UK. These sites are at Chilgrove House (CH), believed to be the world’s longest continuously monitored 71 

groundwater level observation borehole, and at Dalton Holme (DH) (Figure 1). 72 

  73 

 74 

 75 
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We have adopted an approach similar to that of Diffebaugh et al. (2015) in order to investigate how 76 

anthropogenic warming may have effected groundwater droughts at CH and DH. Diffebaugh et al., (2015) 77 

demonstrated how anthropogenic warming has increased hydrological drought  risk in California over the last 78 

approximately 100 years by comparing the changing frequency of drought, as measured by the Palmer Modified 79 

Drought Index (PMDI), with standardised annual average precipitation and temperature anomalies. Here, 80 

instead of using the PMDI, we use the Standardised Groundwater level Index, SGI (Bloomfield and Marchant, 81 

2013), to characterise the monthly status of groundwater, and compare changes in SGI with changes in 82 

standardised monthly air temperature and precipitation. We have chosen not to use the Standardised 83 

Precipitation Evapotranspiration Index, SPEI, (Vincente-Serrano SM et al., 2010; Trenberth et al., 2014) in our 84 

analysis as we explicitly wish to analyse the correlations between SGI and standardised temperature and 85 

between SGI and standardised precipitation independently (Stagge et al., 2017). 86 

 87 

We have not attempted to formally attribute any groundwater droughts to climate change. Rather, we follow the 88 

approach of Trenberth et al. (2015) and investigate how climate change may modify a particular phenomenon of 89 

interest. In our case, given the known centennial-scale anthropogenic warming over the UK described in section 90 

2.2 (Sexton et al., 2004; Karoly and Stott, 2006; Jenkins et al., 2008), using an empirical analysis we address the 91 

following question. : hHow has the occurrence, duration, magnitude and intensity of groundwater drought, as 92 

expressed by changes in monthly SGI and in episodes of groundwater drought, changed over the same period 93 

1891 to 2015? Once relationships between naturally varying precipitation anomalies, groundwater droughts and 94 

anthropogenic warming are quantified and characterised, subsequent studies may consider attribution of 95 

groundwater droughts. Such studies may address questions related to assessing how much of the anomaly in any 96 

given groundwater drought can be explained by anthropogenic warming, but attribution-based questions are out 97 

of scope of the current empirical study. Note also that investigation of the relationship, if any, between episodes 98 

of extreme heat (heatwaves) and groundwater droughts is not in the scope of the present study.  Although the 99 

analysis is restricted to data from two sites in the UK, the findings have potentially significant implications for 100 

changes in groundwater drought driven by anthropogenic warming given the global extent of shallow 101 

groundwater systems (Fan et al., 2013) and this is discussed in section 5.    102 

 103 

2 Site descriptions & drought context 104 

The Chilgrove House (CH) and Dalton Holme (DH) sites meet the requirements of the study in that continuous, 105 

long records of groundwater level are available from small rural catchments negligibly impacted by land-use 106 

change and abstraction over the period of study (section 2.1). Importantly, both sites are subject to long -term 107 

warming associated with anthropogenic climate change (section 2.2). In addition, there are no major long-term 108 

changes in mean precipitation at the two sites over the analysis period (demonstrated qualitatively in section 4 109 

and quantitatively through the results of a simple statistical test, section 4.1).  The sites, used in this study 110 

arealthough unusual due to their length, continuous nature and frequency (monthly or better) of the groundwater 111 

level observations,. However, they are representative of groundwater systems and hydrological settings that are 112 

common throughout large, populous areas of the globe including Europe, Asia, N. and S. America and parts of 113 

Australia and southern Africa, in that .e. they represent shallow, unconfined aquifers in temperate regions.  114 
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2.1 Site descriptions 115 

The Chilgrove House (CH) and Dalton Holme (DH) groundwater observation boreholes are located in the 116 

Chalk, the principal aquifer in the UK (Downing et al., 1993; Lloyd, 1993). CH is in south-east England and DH 117 

in the east of England (Figure 1). The CH and DH hydrographs are the two longest, continuous records in the 118 

UK’s National Groundwater Level Archive (NGLA) (British Geological Survey, 2017). Hydrographs such as 119 

these in the NGLA are taken to be representative of the major UK aquifers, in this case of the Chalk aquifer, and 120 

were selected to being in areas least affected by abstraction (Jackson et al., 2015). There are no major 121 

groundwater abstractions in the immediate vicinity of the observation boreholes. Both observation boreholes are 122 

located in small rural catchments with no major population centres or industrial activities, and there has been no 123 

long-term change in land use in the catchments over the study period. The inference of a lack of any systematic 124 

impacts from abstraction on groundwater levels at CH and DH is supported by the observed good correlation 125 

between precipitation and groundwater levels at the two sites (Bloomfield and Marchant, 2013).  126 

 127 

CH is a 62.0 m deep observation borehole in the Seaford Chalk Formation, a white chalk  (limestone) of 128 

Coniacian to Santonian age. Groundwater levels over the observation record have an absolute range of about 129 

43.7 m, with a maximum groundwater level of about 77.2 meters above sea level (masl) and a minimum level of 130 

about 33.5 masl, equivalent to <1 m to about 43 m below ground level at the site (Supplementary Information, 131 

Figure S1). The hydrograph generally has an annual sinusoidal response, typical of unconfined Chalk, with an 132 

annual groundwater fluctuation of around 25 m, although double and higher multiple recharge peaks and 133 

episodes are also relatively frequent due to natural variability in precipitation (recharge can occur in summer as 134 

well as winter with appropriate antecedent conditions and precipitation). Variability in winter recharge means 135 

that in some winters, such as 1854-5, 1897-8, 1933-4, 1975-6, 1991-2 and 1995-6, minimal recharge occurs. 136 

This characteristically results in a nearly continuous decline in groundwater levels throughout the recharge 137 

season, and in all cases groundwater droughts occurred during the following summers. There are no clear 138 

geological or catchment constraints on either the lowest or highest groundwater levels at CH. However, the 139 

River Lavant, approximately 2 km to the south-east of the CH borehole, is a Chalk bourne stream that drains the 140 

catchment. The flowing length and discharge of the Lavant reflect the regional groundwater level. Land cover in 141 

the Lavant catchment is approximately 35% woodland, 65% arable and grassland with a small number of 142 

villages. Comparison of Ordnance Survey land cover mapping from 1898 and 2015 shows that there has been no 143 

substantial change in land cover in the vicinity of CH during this period (Ordnance Survey, 1897; 2015).    144 

 145 

DH is a 28.5-m-deep observation borehole in the Burnham Chalk Formation, a thinly-bedded white chalk of 146 

Turonian to Santonian age. Groundwater levels have a range of 14.8 m, with a maximum groundwater level of 147 

about 23.8 masl and a minimum of about 9.6 masl, equivalent to a range from about 10 m to about 25 m below 148 

ground level (Supplementary Information, Figure S1). The groundwater level hydrograph has a broadly 149 

sinusoidal appearance. Groundwater levels at DH respond more slowly to rainfall than at CH, despite the thinne r 150 

unsaturated zone. This is probably due to local effects of thin glacial till deposits near DH. Maximum 151 

groundwater levels at DH may be controlled by the elevation of springs that feed a small surface drain about 152 

0.75 km to the south. There are no clear geological or catchment constraints on the lowest groundwater levels. 153 

DH is located in a flat lying area with no major streams or rivers. Land cover in the immediate vicinity of DH is 154 
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predominantly arable and grassland with a number of small areas of woodland and villages. Comparison of 155 

Ordnance Survey land cover mapping from 1892 and 2015 shows that there has been no substantial change in 156 

land cover during this period (Ordnance Survey, 1911; 2015). 157 

 158 

 159 

Figure 1. Location of the CH and DH observation boreholes, local geological setting, coastline and surface water 160 
courses.   161 

2.2 Climate & drought context 162 

Average monthly air temperature at CH over the observation record from 1891 to 2015 is 9.4°C and at DH it is 163 

9.1°C, with maximum and minimum average monthly temperatures of 19.8°C and 18.8°C and -3°C and -1.6°C 164 

at CH and DH respectively (Supplementary Information, Figure S2). In the Köppen–Geiger classification (Peel 165 

et al., 2007), the climate at CH and DH can be characterised as temperate and falls in the ocean or maritime 166 

climate category, being representative of large parts of north-west Europe. Mean monthly precipitation at CH is 167 

83 mm, slightly higher than at DH where the mean monthly precipitation is 58 mm.   168 

 169 

Air temperature across both catchments closely follows the Central England Temperature (CET) monthly series 170 

(Parker et al., 1992) (Supplementary Information, Figure S2). Analysis of the CET record shows that near-171 

Formatted: Line spacing:  single
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surface air temperature in England has been rising at a rate of 0.077°C/decade since 1900 (Parker & Horton, 172 

2005) and by about 0.42°C/decade between 1975 and 2005 (Karoly and Stott, 2006) . , and tThe observed recent 173 

warming in mean annual CET at least since 1950 has been formally inferred attributedto be due to 174 

anthropogenic forcing  (Sexton et al., 2004; Karoly and Stott, 2006; Jenkins et al., 2008; King et al., 2015). In 175 

contrast, annual mean precipitation over England shows no systematic trends since records began in 1766, and 176 

there has been no attribution of changes in annual mean precipitation to anthropogenic factors (Jenkins et al., 177 

2008; Watts et al., 2015). In addition, we note that there is no evidence at either of the study sites for a 178 

systematic change in long-term monthly precipitation across the observational records (see sections 3.2 and 4.1). 179 

Precipitation in the UK is, however, seasonal and highly variable, with a tendency towards dr yier summers in 180 

the south-east and wetter winters in the north-west (Jenkins et al., 2008; Watts et al., 2015), and .  181 

 182 

Tthe precipitation time series at CH and DH show seasonal and inter-annual variations, including episodes of 183 

meteorological drought consistent with the broad drought history of southern and eastern England 184 

(Supplementary Information, Figure S3). 185 

 186 

 A number of studies have described major episodes of hydrological drought, including groundwater drought, in 187 

the UK since the 19th Century (Marsh et al., 2007; Lloyd-Hughes et al., 2010; Bloomfield & Marchant, 2013; 188 

Bloomfield et  al., 2015; Folland et al., 2015; Marchant and Bloomfield, 2018) and the societal impacts of those 189 

droughts (Taylor et al., 2009; Lange et al., 2017). Marsh et al. (2007) identified seven episodes of major 190 

hydrological droughts in England and Wales between 1890 and 2007 using ranked rainfall deficiency time series 191 

and analysis of long river flow and groundwater level time series (Marsh et al., 2007, Table 2) as follows: 1890 -192 

1910 (known as the ‘Long Drought’); 1921-1922; 1933-34; 1959; 1976; 1990-92; and 1995-1997. Marsh et al. 193 

(2007) noted that of these major droughts, all but one, the drought of 1959, had sustained and/or severe impacts 194 

on groundwater levels. All the major droughts typically had large geographical footprints extending over much 195 

of England and Wales as well as over parts of north western Europe (Lloyd-Hughes and Saunders, 2002; Lloyd-196 

Hughes et al., 2010; Fleig et al., 2011; Hannaford et al., 2011). However, regional variations in drought 197 

intensities were present within and between the major drought events as function  of spatial differences in 198 

driving meteorology and catchment and aquifer properties (Marsh et al., 2007; Bloomfield & Marchant, 2013; 199 

Bloomfield et al., 2015; Marchant and Bloomfield, 2018). 200 

 201 

The three periods have been used for analysis in this study, namely: 1891-1932, 1933-1973 and 1974-2015 (see 202 

section 3.23)., We note that this means that each analysis period contain notable episodes of previously 203 

documented major historic drought. For example, the first analysis period includes the ’Long Drought’ of 1890-204 

1910 (Marsh et al., 2007), the middle period includes the drought of 1933-1934, the most intense groundwater 205 

drought on record at CH, and the last period includes the 1975-1976 drought a major groundwater drought at 206 

both CH and DH (Bloomfield & Marchant, 2013).   207 

3 Data & methods 208 

3.1 Data 209 
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Groundwater level measurements are available back to 1836 for the observation borehole at CH, while 210 

groundwater levels are available for DH back to 1889. We have chosen to analyse the 125-year-long series of 211 

observed monthly groundwater levels from 1891 to 2015 common to both sites. The groundwater level data 212 

have been taken from the National Groundwater Level Archive, NGLA (National Groundwater Level Archive, 213 

2017). Groundwater level observations are typically at least at monthly intervals. Groundwater levels have been 214 

linearly interpolated to the end of the month prior to standardisation, as the SGI requires groundwater level data 215 

on a regular time step.  216 

 217 

There are no continuous rain gauge or temperature records for either of the sites that cover the entire study 218 

period. However, gridded temperature and precipitation data (5  km by 5  km gridded UKCP09 data) are 219 

available for the UK for the period 1910 to 2011 (Met. Office, 2017). The work described here is part of a 220 

Natural Environment Research Council (NERC) funded Historic Droughts project (see Acknowledgements) that 221 

has extend these records back to 1891 using newly recovered, digitised and gridded meteorological records, and 222 

extended the gridded data to 2015 using unpublished updates. We have used this extended gridded dataset in the 223 

present study.  Average monthly air temperature and total monthly precipitation are from the Met. Office 224 

UKCP09 gridded (5 km x 5 km) observation dataset (Met. Office, 2017). Although the extent of the 225 

groundwater catchments are unknown at both sites they are likely to be restricted to a few square kms given the 226 

nature of the local hydrogeology (Figure 1). Consequently, tTemperature and precipitation data have been 227 

extracted for the 5 km by 5 km grid cell in which the CH and DH observation boreholes are located, in a manner 228 

analogues to Jackson et al., (2016), rather that averaging the gridded climatological data over a larger area. . 229 

Published temperature and precipitation data are available for the period 1910 to 2011 (Met. Office, 2017). The 230 

work described here is part of a Natural Environment Research Council (NERC) funded Historic Droughts 231 

project (see Acknowledgements) that includes work to extend records back to 1891 using newly recovered, 232 

digitised and gridded meteorological records, and extended to 2015 using unpublished updates.  233 

3.2 Methods 234 

As mentioned in the introduction, tThe empirical analysis described in this paper broadly follows the approach 235 

of Diffebaugh et al., (2015), i.e. analyseis of changes in the frequency and co-occurrence of three standardised 236 

indices with time, where one index is a measure of the droughtiness hydrological drought status of the system 237 

and the other two indices separately characterise precipitation and air temperature anomalies . Diffebaugh et al., 238 

(2015) chose to analyse their 100-year-long records in two halves. However, in this study we have divided the 239 

observation record into thirds to give three periods have been used for use in the analysis, namely 1891-1932, 240 

1933-1973 and 1974-2015. This  provides some granularity in the description of changes in the standardised 241 

indices with time and means that the first period is associated with the least anthropogenic warming whileThis 242 

means that the last period, 1974-2015,  coincides with the period of greatest documented anthropogenic 243 

warming over the study area (Karoly and Stott, 2006). 244 

 245 

 An alternative approach to dividing the records for analysis could have been to try and identify one or more 246 

significant change points in the temperature record using time series analysis techniques and then to use those 247 

periods to characterise any differences in the relationships between hydrological droughts and features of the 248 
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driving climatology between those periods. Change point analysis (Chen & Gupta, 2000) can lack statistical 249 

power because of the temporal correlation amongst the data and the need for a correction to account for the 250 

multiple hypotheses that are in effect being considered. So for example, the Bonferroni correction (Bonferroni, 251 

1936) would require that to demonstrate significance at the p = 0.05 level that each hypothesise be tested at the 252 

p = 0.05/1499 = 3×10-5 level based on the length of the time series in the present study. When a change point 253 

analyses was conducted on the monthly standardised groundwater level, precipitation and air temperature time 254 

series from each site and the model residuals were assumed to be independent, significant steps were identified 255 

in each series. However, when temporal correlation in the time series was accounted for with a first order auto -256 

regressive model, only steps in the air temperature series from both sites and the groundwater level series from 257 

DH persisted. The most significant step in the CH air temperature series was in November 1988 (p = 2×10-7). 258 

For the DH temperature series the most significant step was also in November 1988 (p = 2×10-8), and for the 259 

DH groundwater level series it was in April 1984 (p = 0.01). However, after a Bonferroni correction only the 260 

steps in the monthly standardised air temperature time series remained significant. 261 

 262 

Notwithstanding the results of the change point tests, the change point approach to defining analysis periods has 263 

not been adopted in the present study for a couple of reasons. Since the aim of the study is to characterise 264 

changes in relationships between groundwater droughts and climatology in the context of previously 265 

documented long-term warming we want to make no prior assumptions regarding specific periods with 266 

potentially different temperature regimes. In addition, as we know from previous studies that anthropogenic 267 

warming will have effected both series since at least the 1950s (Sexton et al., 2004; Karoly and Stott, 2006; 268 

Jenkins et al., 2008; King et al., 2015) the meaning of any change points identified post 1950 in the context of 269 

anthropogenic warming would be unclear and is an approach towards attribution that we are explicitly trying to 270 

avoid in the current study. However, we note that the change point analysis described above is consistent with 271 

the findings presented in the Results (section 4), in that the latter part of the observational record at both sites is 272 

significantly warmer than the earlier part of the record.In addition, the use of three periods for analysis provides 273 

more granularity in the description of changes in the standardised indices with time. 274 

  275 

A wide range of methods have been used to characterise and investigate hydrological droughts including 276 

groundwater droughts. They broadly fall into two classes: standardised indices and  threshold level approaches 277 

(see Van Loon, 2015 for a detailed recent overview). Threshold level approaches use a pre-defined threshold, 278 

which may vary seasonally. When flows or, in the case of groundwater, when levels fall below a given threshold 279 

a site is considered to be in drought. Drought characteristics, such as duration, magnitude and frequency can 280 

then be estimated. This approach has the benefit of being able to characterise aspects of droughts in absolute 281 

terms and hence is particularly useful for water resource management planning or to understand processes at a 282 

particular observation borehole. However, it does not lend itself so easily to studies where there is a need to 283 

compare multiple sites and multiple indicators of change. For example, in the present study it would be 284 

necessary to define and justify six seasonally varying thresholds (two for each site identifying precipitation and 285 

groundwater drought thresholds and one for each site identifying hot period thresholds). In contrast, droughts 286 

characterised using standardisation approaches enable the comparison of hydrological anomalies between 287 

different sites and/or between different components of the terrestrial water cycle using common standardised 288 
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anomalies from a normal situation (Van Loon, 2015). Given the need in this study to compare relative changes 289 

in groundwater droughts at two sites across long observational records and to explore the relationships between 290 

groundwater droughts and precipitation deficits and air temperature, we have chosen to use standardised drought 291 

indices. This approach has the additional benefit of only needing to estimate a single common, consistent, 292 

internationally recognised (WMO, 2012) descriptor of drought based on a standardised drought index.   293 

 294 

The Standardised Groundwater level Index, SGI (Bloomfield and Marchant, 2013), has been estimated across 295 

the full observational records from 1891 to 2015. It has been is used to characterise monthly status of 296 

groundwater, and to compare changes in SGI with changes in standardised monthly air temperature and 297 

precipitation over the same period. The SGI builds on the Standardised Precipitation Index (SPI) of McKee et al. 298 

(1993) to account for differences in the form and characteristics of groundwater level tim e series. The SPI was 299 

proposed by McKee et al. (1993) as an objective precipitation-based measure of the severity and duration of 300 

meteorological droughts. It assumes that drought status is described by a normally distributed index. However, 301 

Bloomfield and Marchant (2013) demonstrated that parametric transformations of groundwater levels typically 302 

produced poor approximations to normal distributions, and concluded that it is doubtful if the resulting 303 

standardised series could be objectively compared. Instead Bloomfield and Marchant (2013) recommended a 304 

non–parametric approach to the standardisation of groundwater level hydrographs similar to other non -305 

parametric approaches, for example Osti et al. (2008) who used a plotting position method to estimate a 306 

standardised precipitation, and Vidal et al. (2010) who used a non-parametric kernel density fitting routine to 307 

estimate a normalised soil moisture index. 308 

 309 

SGI has been estimated using the monthly groundwater level time series. The SGI relies on a non–parametric 310 

approach to the standardisation of groundwater level hydrographs (Bloomfield and Marchant, 2013).  It is 311 

estimated using a normal-scores transform (Everitt, 2002) of groundwater level data for each calendar month. 312 

This nonparametric normalisation assigns a value to observations, based on their rank within a data set, in this 313 

case groundwater levels for a given month from a given hydrograph. The normal scores transform is un dertaken 314 

by applying the inverse normal cumulative distribution function to n equally spaced pi values ranging from 1/(2 315 

n) to 1−1/(2 n). The values that result are the SGI values for the given month. These are then re -ordered such 316 

that the largest SGI value is assigned to the i for which pi is largest, the second largest SGI value is assigned to 317 

the i for which pi is second largest, and so on. The SGI distribution which results from this transform will 318 

always pass the Kolmogorv–Smirnov test for normality. The normalisation is undertaken for each of the 12 319 

calendar months separately and the resulting normalised monthly indices then merged to form a continuous SGI 320 

time series. Note that the resulting standardised drought index is not linear and that drought conditions (SGI <-321 

1) will be expected about 16% of the time while extreme drought conditions (SGI <-2) would be expected only 322 

about 2% of the time (McKee et al., 1993).    323 

 324 

A Standardised Temperature Index (STI) and a Standardised Precipitation Index (SPI) have been calculated by 325 

applying the SGI method to the average monthly temperature (STI) and a monthly accumulated rainfall (SPI) 326 

time series across the full observational records from 1891 to 2015. Due to the lagged response of groundwater 327 

levels to driving meteorology (Bloomfield and Marchant, 2013; Van Loon, 2015), correlations between SGI and 328 
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STIq and between SGI and SPIq will vary with q, where q is the averaging period (for preceding months 329 

temperature) or accumulation period (for preceding months precipitation). In order to assess changes in 330 

groundwater droughts in the context of the driving climatology in a consistent manner, Here we estimate 331 

Pearson cross-correlation coefficients between SGI and STI and between SGI and SPI for periods q = 1 to 12, 332 

and then search for the period q with the highest absolute summed cross-correlation (Supplementary 333 

Information, Figure S4), i.e. the period that is associated with the highest correlation between groundwater 334 

levels and the antecedent driving meteorology (both precipitation and temperature). 335 

 336 

 The maximum absolute summed cross-correlation for accumulation and averaging periods was found to be six 337 

months at both sites, where individual cross-correlations between SGI and SPI6 are 0.76 and 0.75. Note no 338 

systematic variation is observed in the correlations between SGI and SPI and between SGI and STI (Figure S4) 339 

across the observation record: correlations between SGI and SPI are similar in the first and last third of the 340 

observational record. As would be expected, the cross-correlation between SGI and STI is weaker than that of 341 

SGI and SPI with correlations between SGI and STI6 of -0.15 and -0.35 for CH and DH respectively (Figure 342 

S4). The six month maximum absolute summed cross-correlation period is consistent with previous analyses of 343 

SPI accumulation at the two sites. It is the same as the SPI accumulation period identified by Bloomfield and 344 

Marchant (2013) for CH and slightly less than that for DH (Bloomfield and Marchant, 2013, Table 2) (note that 345 

cross-correlation co-efficients at DH are particularly insensitive to q beyond six months, Figure S4). This is 346 

despite the accumulation periods in Bloomfield and Marchant (2013) being based on standardised precipitation 347 

alone and being estimated for a shorter observation record than the present study. 348 

 349 

Given the above, we have used a six month accumulation for precipitation and a six month average for 350 

temperature in the analysis. For simplicity, throughout the following description of the results and discussions , 351 

all subsequent references to SPI and STI relate to SPI6 and STI6 unless otherwise stated. Although the 352 

correlations between SGI, SPI and STI are based on simple phenomenological correlations between the time 353 

series they reflect recharge and discharge processes at the sites and are consistent with accepted 354 

conceptualisations of drought generation in the Chalk. For example, at both sites the standardised groundwater 355 

level at the end of the winter recharge season, i.e. SGI in March, is correlated with accumulated precipitation for 356 

the six months prior to March, i.e. the winter half year from October to March. Previously, Folland et al., (2015) 357 

have documented a variety of climate and other drivers of multi-annual hydrological droughts across the English 358 

Lowlands, the region within which CH and DH are located, based on precipitation deficits established during 359 

winter half-years. 360 

The optimal averaging/accumulation period was found to be 6 and 7 months for CH and DH respectively.  361 

Consequently, SPI6 and SPI7 have been used in the analysis of data from CH and DH respectively and in the 362 

following reporting of results and discussions all references to SPI are for those accumulation periods.    363 

 364 

There is a plethora of definitions of meteorological drought (Lloyd-Hughes, 2014; Van Loon, 2015). Here we 365 

follow the WMO convention for SPI (McKee et al., 1993; World Meteorological Organisation, 2012) where 366 

precipitation or meteorological drought is defined as any period of continuously negative SPI that reaches an 367 

intensity of -1 or less. By analogy, we define any month with a negative SPI or SGI of -1 or less as a 368 
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precipitation or groundwater drought month and any month with a positive STI that reaches an i ntensity of 1 or 369 

more as a hot month. a pPeriods of continuously negative SGI or SPI that reaches a monthly intensity of -1 or 370 

less is defined as an episode of groundwater (SGIe) or precipitation (SPIe) drought, and a period of continuously 371 

positive STI that reaches a monthly intensity of 1 or more, denoted by STIe, is defined as a hot period.   372 

 373 

In addition, we are interested in the degree of co-incidence between episodes of groundwater droughts, 374 

precipitation droughts, and hot periods. Groundwater droughts have been assessed to be co-incident with 375 

precipitation droughts or with hot periods if both the following conditions are met: i.) any part of a groundwater 376 

or precipitation drought episode or hot period overlaps, and ii.) within the periods, incidents of monthly SGI ≤ -377 

1 either overlap with or postdate incidents of either monthly SPI is ≤ -1, or monthly STI is ≥ 1. 378 

34 Results 379 

43.1 Changes in standardised monthly temperature, groundwater level and precipitation since 1891 380 

SGI time series show that there has been a large increase in the frequency of months of groundwater drought 381 

since 1891 at both sites (Figures 2 and 3 and Supplementary Information Tables S1 and S2). The frequency of 382 

months of groundwater drought has more than doubled between the first third (1891-1932) and the last third 383 

(1974-2015) of the record, i.e. from about 10% of months at both sites in the first third of the record to 21.1% 384 

and 25.9% at CH and DH respectively in the last third of the record. The increase in frequency of groundwater 385 

drought months is associated with a very large increase in the frequency of hot months, from 54.8% to 34.4% of 386 

the months at CH and from 21.8% to 345.8% of the months at DH. In contrast, there has been no systematic 387 

change in the frequency of precipitation drought months. The probability of these changes in standardised 388 

indices between the first and last thirds of the observational record being significant has been estimated. Given 389 

that the standardised monthly indices are normally distributed, a null model can be estimated where each 390 

standardised index is assumed to be a realisation of temporally auto-correlated Gaussian random function (with 391 

auto-correlation function estimated from the observed data). AThe ‘probability of the difference’ for a 392 

standardised index between analysis periods can be estimated as follows. If we define D as equal to the number 393 

of droughts in the last analysis period minus the number of droughts in the first analysis period (for example) 394 

then the probability of difference is the probability, under the null model, that D is greater than the observed 395 

value. Estimated in this way, the probability of the difference in the number of hot months in the period 1891-396 

1932 and 1974-2015 being as extreme as the observed is 0.03< 0.001 for both CH and 0.005 for DH. For 397 

groundwater drought months the probabilities are 0.056 for CH and 0.055 for DH, but for precipitation drought 398 

months they are 0.706 for CH and 0.3645 for DH. From this it is inferred that the increased incidence of hot 399 

months and of groundwater drought months between the start and end of the record is very unlikely to occur by 400 

chance at both sites, but that there is no significant difference in the probability of precipitation drought. 401 

 402 
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 403 

 404 

Figure 2. Changes in standardised indices of groundwater level, precipitation, and temperature and groundwater 405 
level since 1891. Time series of SPGI, SPTI, and STGI for CH (upper panels) and DH (lower panels) for the period 406 
1891-2015, with mean values for first, middle and last thirds of the record42 year running mean highlighted in 407 
redblue. Open circles in plots of SGI denote months where STI is ≥ 1, and in plots of SPI and STI denote months 408 
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where SGI is ≤ -1. Percentages (rounded to the nearest integer) are shown offor months in the first and last third of 409 
the records where SGI and SPI are ≤ -1 and STI is ≥ 1. 410 

 411 

 412 

 413 

Figure 3. Percentage of monthly SPTI, SGTI and SPGI as a function of six ranges of standardised values from ≤ -2 to 414 
≥ 2 for each third of the records from CH and DH. 415 

43.2 Changes in association between monthly groundwater drought, temperature and precipitation  416 

Figure 4 shows the occurrence of groundwater drought months as a function of SPI and STI at CH and DH for 417 

the periods 1890-1932, 1933-1973 and 1974-2015. It shows how groundwater drought months reflect both 418 

natural variability in the driving drought climatology, specifically in precipitation deficits, but also underlying 419 

changes associated with anthropogenic warming. 420 

 421 
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Dry months (SPI <=0) appear to be a broad prerequisite for groundwater drought months throughout the record 422 

at both sites (Figure 4). Natural variation in precipitation deficit is clearly the primary control on groundwater 423 

drought months across the whole period at both sites and major groundwater droughts driven by significant 424 

precipitation deficits are evident in the data.  For example, six of the eight most extreme groundwater drought 425 

months in the middle period at CH (where SGI <-2) are all associated with a single episode of major 426 

precipitation deficit and drought that lasted from Autumn 1933 to Autumn 1934 (see Supplementary 427 

Information Figure S5). The drought of 1933-34 was related to consecutive dry summer and winter half years 428 

resulting in effectively no groundwater recharge over a 12 month period (Marsh et al. 2007; Alexander & Jones, 429 

2000). Because that drought occurred at the start of the middle third of the observational record it is associated 430 

with a relatively cool period with respect to the full standardised series. 431 

 432 

However, number of trends can be seen in addition to the natural variability in precipitation deficits. As a 433 

consequence of the increase in frequency of groundwater drought months and of hot months across the 434 

observational record, there has been a considerable increase in the number of groundwater drought months that 435 

coincide with hot months, particularly in the last third of the record (Supplementary Information Table S2). The 436 

percentage of groundwater drought months that coincided with hot months increased from  about 8% and 102% 437 

in the period 1891-1932, to about 48% and 4352% in the period 1974-2015 for CH and DH respectively (Figure 438 

4). At the same time, there has been a slight reduction in the coincidence of months of groundwater and 439 

precipitation drought for these two periods, from about 67% to 4850% and from about 6671% to 5167% for CH 440 

and DH (Figure 4). For the last third of the record, since 1974, this means that groundwater drought months are 441 

now almost as likely to coincide with hot months as they are to coincide with months of precipitation drought.  442 

So the increase in the percentage of groundwater drought months that coincide with both hot months and 443 

precipitation drought months between the first and last periods of the observational record, from about 8% to 444 

3423% and from about 10% to 3530% for CH and DH, is almost entirely due to the effect of warming.  445 

 446 

Although dry months (SPI ≤ 0) appear to be a broad prerequisite for groundwater drought months throughout 447 

the record at both sites (Figure 4), an increasing number of wet months are associated with groundwater drought 448 

months. For example, in the last third of the record, a total of 10 and 11 groundwater drought months at CH and 449 

DH, respectively, were associated with wet months, compared with just one month at both sites during the first 450 

third of the record up until 1932. To illustrate and emphasise the combined effects of these changes in the 451 

relationship between SPI, STI and SGI across the three periods, Figure 4 shows the centroid for all groundwater 452 

drought months (SGI<-1) for each third of the record. At CH and DH there is a strong overall warming trend 453 

with mean STI for all groundwater drought months increasing from -0.16 to -0.04 to 0.85 at CH and from 0.03 454 

to 0.44 to 0.98 at DH between 1891-1932, 1933-1973 and 1974-2015. This is consistent with the warming trend 455 

across the whole record (Figure 2 and 3). 456 

 457 
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 459 

Figure 4. Changes in the incidence and magnitude of groundwater drought months since 1891 as a function of 460 
temperature and precipitation indices. Occurrence of groundwater drought months as a function of SPI and STI at 461 
CH (upper panels) and at DH (lower panels), for the periods 1890-1932, 1933-1973 and 1974-2015.  (fFor reference, 462 
all monthly values from 1891-2015 are shown as grey symbols and all months were SGI >-1 for a given period are 463 
shown as open white circles). Months with SGI between -1 and -1.5, yellow symbols; between -1.5 and -2, orange 464 
symbols; and <-2, purple symbols. Black stars denote the centroid of the groundwater drought months for each of the 465 
three periods. Percentages (rounded to the nearest integer) in the top left show the proportion of months in each 466 
period where STI is ≥ 1 and SPI is ≤ -1, in the top right where STI is ≥ 1 and in the bottom left where SPI is ≤ -1. 467 

43.3 Changes in episodes of groundwater drought  468 

There have been 45 episodes of groundwater drought at CH and 33 at DH between 1891 and 2015. Of these, 16 469 

episodes at CH and 98 episodes at DH had an average SGI intensity of ≤ -1 (Supplementary Information, Table 470 

S3). Across the observational record, groundwater droughts are more frequent but typically shorter and less 471 

intense at CH compared with DH (Figures 5 and 6). This is consistent with previous observations that the CH 472 

hydrograph has a shorter autocorrelation than that of DH, inferred to be due to differences in aquifer and 473 

catchment characteristics between the sites (Bloomfield and Marchant, 2013). 474 

 475 

Episodes of groundwater drought are present throughout the observation record and are primarily driven by 476 

episodes of precipitation deficit. Episodes of groundwater drought (SGIe) are almost entirely associated with dry 477 

episodes where mean SPI is <=0 (Figure 5). However, despite the limited number of episodes at each site, 478 

Figures 5 and 6 also show evidence of changes in the nature of episodes of groundwater drought  associated with 479 

anthropogenic warming. The total number of episodes of groundwater drought at the sites is limited, and in large 480 

part reflects the natural variability of precipitation deficits. However, at both sites there is an increase in the 481 
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frequency of episodes of groundwater drought between the first and last periods of analysis, i.e. from 12 to 19 482 

and from 9 to 16 at CH and DH respectively for the periods 1891-1932 and 1974-2015 (Figure 6a and Tabls S3). 483 

Although note that at DH there were only 8 droughts in the middle analysis period 1933 -1973, one less than in 484 

the first period. A year-long episode of groundwater drought started in December 1973 and ended in November 485 

1974 at DH. This has been included in the statistics for the last analysis period. It illustrates the naturally ‘noisy’ 486 

nature of the relatively sparse data, reflects in part the temporal variability in the precipitation deficits that drive 487 

the occurrence of groundwater droughts at the site, and illustrates why we have chosen to analyse relatively 488 

coarse periods and use averages to characterise changes in drought characteristics across the record.  489 

 490 

There is no consistent change in the mean duration of groundwater droughts at either CH or DH, with mean 491 

durations of about 11, 12 and 10 months across the three periods from 1891 to 2015 at CH, and mean durations 492 

at DH of 14, to 17, to 17 months for the same three periods. Although there is no clear tendency of change in 493 

mean SGIe duration, it appears that there may be a tendency for an increase both in the maximum drought 494 

duration and in the number of sub-annual episodes of groundwater drought, particularly at CH (Figure 6c). 495 

There is a tendency for the mean event magnitude and mean event intensity of groundwater droughts at both 496 

sites to increase with time, with mean event magnitude increasing more at DH that at CH, from about -12 to 497 

about -18, and mean event intensity to increasing more at CH than at DH, from -0.8 to -1.0 between the periods 498 

1891-1932 and 1974-2015 (Figure 6b). The systematic increases in drought frequency, magnitude and intensity 499 

are associated with a large increase in mean STI across the three analysis periods, and are reflected in the 500 

change in relative position of the SPI-STI centroids of the data for SGIe, shown as black stars, in the plots for 501 

each of the three periods in Figure 5.  502 

 503 

There is evidence for systematic changes in the occurrence and nature of episodes of groundwater drought at 504 

both sites (Figures 5 and 6 and Supplementary Information, Table S3). There has been an increase in the 505 

frequency of groundwater droughts, particularly droughts with a mean SGI of ≤ -1, duration of droughts, and an 506 

increase in the intensity of groundwater droughts. Overall, between the first and last third of the record, the 507 

number of groundwater droughts has increased from 12 to 19 and from 9 to 16 at CH and DH respectively. Over 508 

the same periods, the number of groundwater droughts with a mean of SGI of ≤ -1 has increased from 2 to 9 and 509 

from 2 to 4 events at CH and DH. Figure 6, cumulative frequency-duration plots for groundwater droughts at 510 

CH and DH for the periods 1891-32 and for 1974-2015, shows that there has been a systematic increase in the 511 

duration of the episodes of groundwater drought. At the same time as there has been an increase in frequency 512 

and duration of groundwater droughts, there has also been a systematic increase in the average intensity of those 513 

droughts (as measured by the mean event SGI) between the first and last third of the records, from -0.71 to -1.0 514 

and from -1.2 to -1.51 at CH and DH respectively (Figure 5). All these changes in groundwater droughts are 515 

associated with a very large increase in temperature anomalies during the groundwater drought events, with 516 

average STI during episodes of groundwater drought increasing from -0.26 to 0.67 and from -0.27 to 0.60 at CH 517 

and DH. However, the increases in groundwater drought frequency, duration and intensity between the first and 518 

last third of the records are not associated with any increases in precipitation deficits (i.e. lowered SPI during 519 

episodes of groundwater drought). Instead, they are actually associated with a small rise in event average SPI 520 

during episodes of groundwater drought, from -0.72 to -0.64 and from -0.9 to -0.55 at CH and DH respectively.    521 
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 523 
Figure 5. Changes in the incidence and magnitude of episodes of groundwater drought since 1891 as a function of 524 
temperature and precipitation. Mean groundwater drought event intensity (mean SGIe) as a function of mean event 525 
SPI and STI for the periods 1891-1932, 1933-1943, and 1944-2015. Grey symbols indicate all episodes of groundwater 526 
drought at a site. Yellow through to purple symbols indicate increasing mean SGI for the episodes of groundwater 527 
drought. The black star denotes the centroid of the episodes of SGI in each third of the observational record. The SGI  528 
time series are shown below the cross plots for reference with SGI drought events of a given magnitude highlighted in 529 
the four colours. Data for CH is shown in the upper panels and DH in the lower panels. 530 

 531 

 532 
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  533 

 534 

Figure 6. a. Change in total number of groundwater drought episodes and mean duration of SGIe at CH (blue) and 535 
DH (red) for the periods 1891-1932, 1933-1973 and 1974-2015. b. Change in mean intensity and mean magnitude of 536 
groundwater drought episodes over the three analysis periods at CH and DH. c. Change in maximum duration of 537 
SGIe and number of episodes of groundwater drought less than 12 months in duration.Cumulative frequency plots of 538 
drought duration for CH and DH for the first (closed symbols) and last (open symbols) third of the observational 539 
records.  540 
 541 

In addition to changes in average mean STI and SPI during associated with episodes of groundwater drought, 542 

there have been changes in the coincidence of episodes of groundwater drought, hot periods (STIe) and 543 

precipitation droughts with episodes of groundwater drought (SGIe) (Figure 7). Typically, eEpisodes of 544 

groundwater drought generally coincide with precipitation droughts. Typically in a given period precipitation 545 

droughts are co-incident with between 75% and 89% of groundwater droughts with no systematic change in the 546 

frequency of co-incidence across the observational record at either site. However, there has been a small decline 547 

in the coincidence of groundwater and precipitation droughts across the observational record (Figure 7). For the 548 

period 1891-1932, about 83% and 78% of groundwater droughts coincided with precipitation droughts at CH 549 

and DH respectively. This fell to about 79% and 75% for the period 1974-2015. This is consistent with the 550 

observation that groundwater droughts at the sites are primarily driven by episodes of precipitation deficit. 551 

However, there has been a large, systematic increase in the coincidence of groundwater droughts with hot 552 

periods, from about 1725% to 29% to 79% at CH and from and 3322% to 50% to 63%  of groundwater droughts 553 

at CH andat DH during the 1891-1932, 1933-1973 and 1974-2015 periods respectivelythe first third of the 554 

record, to about 74% and 63% for the last third of the record (Figure 7).  555 
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Of particular note, although unusual, there have been six episodes of groundwater drought not coincident with 556 

precipitation droughts and only coincident with hot periods (three episodes at both sites), and all but one of these 557 

(an eight month episode of groundwater drought ending in October 1938 at DH) have occurred since 2002.  558 

 559 

 560 

Figure 7. Coincidence of episodes of groundwater drought with precipitation droughts and with hot periods. 561 
Graphical representation of coincidence of groundwater droughts with precipitation droughts (SGI - SPI) and with 562 
hot events periods (SGI - STI) for CH (left panels) and DH (right panels), where green denotes coincident and red 563 
non-coincident eventsepisodes. Percentages (rounded to the nearest integer) indicate the fraction of coincident 564 
episodes for the first (1891-1932), middle (1933-1943) and last (1944-2015) thirds of the record (where periods are 565 
separated by vertical dashed lines).  566 

45 Discussion and conclusions 567 

54.1 Controls on changes in groundwater drought on the Chalk aquifer 568 

Precipitation deficit is the primary driver of groundwater drought (Tallaksen & Van Lanen, 2004; Van Loon, 569 

2015). This is confirmed for CH and DH where dry months (SPI ≤ 0) are a broad prerequisite for groundwater 570 

drought months throughout the record at both sites (Figure 4) and where almost all episodes of groundwater 571 

drought (SGI ≤ -1) are associated with negative precipitation anomalies (SPI ≤ 0) anomalies (Figures 5 and 7). 572 

However, we have also shown that there is no significant difference in the probability of precipitation drought  573 

between the beginning and end of the records at CH and DH (section 43.1) and that increases in groundwater 574 

drought frequency, duration magnitude and intensity between the first and last third of the records are not 575 

associated with any long-term increases in precipitation deficits, i.e. lowered SPI during episodes of 576 

groundwater drought (section 3.3). Given these observations, and in the absence of major long-term changes in 577 

land cover and the absence of systematic effects of abstraction in the catchments (section 2.1), what are the 578 

controls on the observed changes in groundwater drought since 1891 at CH and DH? 579 

 580 

Marsh et al (2007) and Marsh (2007) have previously noted that major hydrological droughts in the UK may 581 

persist for at least a year, and often substantially longer – a common feature of major groundwater droughts 582 

globally (Tallaksen & Van Lanen, 2004; Van Loon, 2015). This is confirmed for CH and DH (Figure 6)in the 583 
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present study with the mean duration of groundwater droughts at CH being about 11 months and at DH being 584 

about 16 months (Table S3) majority of the groundwater droughts at both sites having durations typically well-585 

over 12 months. Marsh et al (2007) and Folland et al (2015) also noted that major hydrological droughts in the 586 

UK are almost always associated with more than one consecutive dry winter. However, there is no evidence for 587 

systematic changesan increase in the frequency of consecutive dry winters either at CH or at DH across the 588 

observational record. If a dry winter is defined as below average mean monthly SPI for the winter half year 589 

(September October to MarchFebruary), there has been no consistentsystematic changes in the frequency of 590 

episodes of consecutive dry winter years at across the two siteseither site. At CH there have been 165, 126 and 591 

116 episodes of cconsecutive dry winters years over the periods 1891-1932,; 1933-1973,; and 1974-2015 592 

respectively and at DH 14, 16 and 18 consecutive dry winter years over the same periods. . Similarly, at DH 593 

there have been 5, 6 and 6 episodes of consecutive dry winters over the same periods. In addition, there appears 594 

to be no strong, systematic drying trend associated with the consecutive dry winters when they do occur. For 595 

example, the mean SPI for episodes of consecutive dry winters at CH is -0.572,; -0.8963;, and -0.7863 for the 596 

periods 1891-1932,; 1933-1973,; and 1974-2015, while the corresponding mean SPI for consecutive dry winters 597 

at DH it is -0.52,49; -0.7042;, and -0.692. Since there is no clear driver for change in the nature of groundwater 598 

drought at CH and DH related to precipitation deficits, and given the that there is a significant increase in air 599 

temperature associated with anthropogenic warming across the observational record at the two sites, we 600 

postulate that increased evapotranspiration (ET) associated with anthropogenic warming is a major contributing 601 

factor to the observed increasing occurrence of individual months of groundwater drought as well 602 

increasingchanges in the frequency, duration magnitude and intensity of episodes of groundwater drought. 603 

 604 

In shallow, unconfined groundwater systems ET contributes to the formation and propagation of groundwater 605 

droughts (Tallaksen & Van Lanen, 2004; Van Lanen et al., 2013; Van Loon, 2015) in a complex, non-linear 606 

manner. As part of a study investigating the connections between groundwater flow and transpiration 607 

partitioning based on modelling of data from shallow North American aquifers, Maxwell and Condon (2016) 608 

have shown that ET is water limited below about 5m how the partitioning of ET between bare soil evaporation 609 

(E) and plant transpiration (T) is controlled by depth to the water table. (Maxwell and Condon, 2016, Figure 3). 610 

Based on analysis of data from shallow North American aquifers. They identified a transition from a 611 

groundwater table depth where T is groundwater dependent and E is water limited to groundwater table depth 612 

where both E and T are water limited (i.e. where groundwater is effectively disconnected from the land surface 613 

resulting in relatively low T and E that are limited by precipitation) at groundwater depths of the order of 5 m  614 

below ground level. GivenIf this relationship holds for CH and DHe modelled results of Maxwell and Condon 615 

(2016), ET should be expected to have a limited effect on groundwater drought formation and propagation at the 616 

two sitesCH and DH because the depth to groundwater at CH and DH associated with episodes of groundwater 617 

drought is typically in the range 35 to 45 m and 10 to 15 m below ground level respectively . Unlike many other 618 

aquifers, the Chalk has a thick capillary fringe and due to the micro-porous nature of the matrix remains 619 

saturated to at least 30 m above the water table (Price et al., 1993). This potentially enables ET to support the 620 

propagation of groundwater droughts even when the water table falls below 5m. Ireson et al. (2009) have shown 621 

how groundwater flow through the unsaturated zone of the Chalk is highly sensitive to fracture distributions and 622 

characteristics and so may be expected to vary significantly between sites on the Chalk as fracture 623 
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characteristics vary spatially (Bloomfield, 1996). However, even though there is no data on the thickness of the 624 

capillary fringe at CH or DH, it can be estimated with some confidence due to the remarkable uniformity of the 625 

matrix of the Chalk across the UK (Price et al., 1993, Figure 3.3a; Allen et al., 1997, Figure 4.1.5). Saturation of 626 

the matrix of the Chalk is controlled primarily by the pore-throat size distribution of the matrix, which is 627 

characteristically less than 1 micron across the Chalk. Such pore throat sizes can support capillary pressure 628 

heads of 30m or more, and consequently it has been proposed that this corresponds to the typical depth of 629 

capillary fringe in the matrix of the Chalk aquifer (Price et al., 1993; Allen et al., 1997). From the above, we 630 

infer that ET may be expected to contribute to the formation and propagation of groundwater droughts at sites 631 

on the Chalk, such as at CH and DH, with water tables at least down to 30 m below ground level. Consequently, 632 

on aquifers such as the Chalk, groundwater drought formation and development may be particularly sensitive to 633 

the effects of changes in ET, and hence to anthropogenic warming. 634 

The Chalk, however, is a dual porosity-dual permeability aquifer with a thick capillary fringe. Due to the micro-635 

porous nature of the matrix it remains saturated to at least 30 m above the water table (Price et al., 1993; Ireson, 636 

2009). Consequently, in the Chalk ET may be expected to contribute to the formation and propagation of 637 

groundwater droughts at sites with water tables at least down to 30 m below ground level and so groundwater 638 

drought formation and development may be particularly sensitive to the effects of changes in ET, and hence to 639 

anthropogenic warming. 640 

 641 

54.2 Implications for the changing susceptibility to global groundwater droughts 642 

Given that the sites analysed here are representative of groundwater systems in temperate hydrogeological 643 

settings, we infer that anthropogenic warming may potentially be modifying characteristics of groundwater 644 

drought such as the frequency, duration magnitude and intensity of groundwater droughts globally wherever 645 

shallow, unconfined aquifers are present in temperate environments. If groundwater droughts are changing in 646 

their character due to anthropogenic warming and that these changes are mediated by ET dominated by plant 647 

transpiration (Maxwell and Condon, (2016), how important might this phenomena be globally? 648 

 649 

The partitioning of ET into plant transpiration, interception, soil and surface water evaporation at the continental 650 

to global scale is challenging, however, Good et al. (2015) have estimated that the majority of ET, about 64%, is 651 

due to plant transpiration. At the global scale, there is currently limited understanding of how plants use 652 

groundwater for evapotranspiration. In the first such global analysis, Koirala et al., (2017) modelled the spatial 653 

distribution of primary production and groundwater depth and found positive and negative correlations 654 

dependent on both climate class and vegetation type. Positive correlations, i.e. higher plant productivity 655 

associated with high (shallower) groundwater tables, were generally found under dry or temperate climate class 656 

conditions, whereas negative correlations were associated with high plant productivity but with lower (deeper) 657 

water tables predominately in humid environments. When just the temperate climate class was considered, 658 

grass, crop, and shrub vegetation types (similar to those found at CH and DH) were all associated with positive 659 

correlations between vegetative production and groundwater level, with only forests showing negative 660 

correlations. Fan et al. (2013) produced the first high resolution global model of depth to groundwater level 661 

depth, and, based on a conservative estimate of the maximum rooting depths of plants of 3 m below ground 662 

level, estimated that up to 32% of the global ground surface area has a water table depth or capillary fringe 663 
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within rooting depth. Based on the observations above, it is clear that globally shallow groundwater systems are 664 

common, that in temperate environments shallow groundwater contributes to ET mediated by plant 665 

transpiration, and as such may be an important process effecting groundwater drought formation and 666 

propagation, and hence may be susceptible to changes due to anthropogenic warming. If the effect of future 667 

anthropogenic warming on groundwater droughts and more generally ET process in areas of shallow 668 

groundwater and/or thick capillary finges are to be modelled with any fidelity, there is clearly a need for a focus 669 

on improvements in modelling ET processes in shallow groundwater systems (Doble and Crosbie, (2017). 670 

54.3 Conclusions 671 

 In the fifth IPCC Assessment of Impacts, Adaptation, and Vulnerability it was noted that ‘there is no 672 

evidence that … groundwater drought frequency has changed over the last few decades’ (Jiménez Cisneros 673 

et al., 2014, p.232). Here we provide the first evidence for an increasechanges in groundwater drought 674 

frequency, duration magnitude and intensity associated with anthropogenic warming. This has been 675 

possible due to the unusually long and continuous nature of the groundwater level time series and 676 

supporting meteorological data that is available for the CH and DH sites.   677 

 678 

 The observed increase in groundwater drought frequency, duration magnitude and intensity at CH and DH 679 

associated with anthropogenic warming is inferred to be due to enhanced evapotranspiration (ET). This is 680 

facilitated by the thick capillary fringe in the Chalk aquifer which may enable ET to be supported by 681 

groundwater through major episodes of groundwater drought.  682 

 683 

 By extrapolation, as shallow groundwater systems are common and since in temperate environments 684 

shallow groundwater contributes to ET mediated by plant transpiration this may be a globally important 685 

process effecting groundwater drought formation and propagation. Wherever droughts in shallow 686 

groundwater systems and/or aquifers with relatively thick capillary fringes are influenced by ET it is 687 

inferred that they may be susceptible to changes due to anthropogenic warming.  688 
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