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Abstract. A new index for standardising groundwater level autocorrelation in the recharge time series, while in granular
time series and characterising groundwater droughts, thaquifers, such as the Permo-Triassic sandstones, autocorre-
Standardised Groundwater level Index (SGI), is describedlation in SGI is inferred to be primarily a function of intrin-
The SGI builds on the Standardised Precipitation Index (SPIkic saturated flow and storage properties of aquifer. These re-
to account for differences in the form and characteristics ofsults highlight the need to take into account the hydrogeolog-
groundwater level and precipitation time series. The SGl isical context of groundwater monitoring sites when designing
estimated using a non-parametric normal scores transforrand interpreting data from groundwater drought monitoring
of groundwater level data for each calendar month. Thesenetworks.

monthly estimates are then merged to form a continuous in-
dex. The SGI has been calculated for 14 relatively long, up

to 103 yr, groundwater level hydrographs from a variety of

aquifers and compared with SP!I for the same sites. The relal  Introduction

tionship between SGI and SPI is site specific and the SPI

accumulation period which leads to the strongest correlaProught is a costly natural hazard affecting socio-economic
tion between SGI and SPjmay Varies between sites. How- activity and agricultural livelihoods as well as adversely
ever, there is a consistent positive linear correlation betweefmpacting public health, and threatening the sustainabil-
a measure of the range of significant autocorrelation in thety of many natural environments (Calow et al., 1999;
SGI seriespmmay andgmax across all sites. Given this corre- Wilhite, 2000; Fink et al., 2004; Sheffield and Wood, 2008;
lation between SGimax and SPlgmay, and given that peri- Mishra and Singh, 2010). Droughts typically develop slowly
ods of low values of SGI can be shown to coincide with pre-and can last from months to a few years (Santos, 1983;
viously independently documented droughts, SGI is taken td-l0yd-Hughes and Saunders, 2002; Tallaksen and van Lanen,
be a robust and meaningful index of groundwater drought.2004? Tallaksen et al., 2009; van Lanen et al., 2013). As high-
The maximum length of groundwater droughts defined bylighted in a recent review of drought concepts by Mishra and
SGl is an increasing function ofimax, Meaning that rela-  Singh (2010), groundwater droughts can impact adversely on
tively long groundwater droughts are generally more preva-Water resources such as public water supply or water for in-
lent at sites where SGI has a relatively long autocorrelationdustry and agricultural irrigation, as well as effecting ground-
range. Based on correlations betweenay, average unsat- water discharge to groundwater-dependent surface waters
urated zone thickness and aquifer hydraulic diffusivity, the@nd ecosystems. During the early stages of a drought, as
source of autocorrelation in SGI is inferred to be depen_deficits are developing in surface water and unsaturated zone
dent on dominant aquifer flow and storage characteristicsStores, groundwater sources can provide relatively resilient

For fractured aquifers, such as the Cretaceous Chalk, ayvater supplies and will sustain surface flows through ground-

tocorrelation in SGI is inferred to be primarily related to Water baseflow (Hughes et al., 2012). Conversely, ground-
water may be highly susceptible to relatively persistent or
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prolonged droughts, because, compared with surface wateand (iv) it is spatially constant, again unlike the PDSI. A
resources, groundwater storage may take significantly longenumber of potential disadvantages related to SPI have also
to be replenished and recover as a drought begins to break.been recognised, including: (i) the assumption that suitable
A number of studies have sought to develop a better unprobability distributions can be found to model the observed
derstanding of groundwater droughts in the context of meteprecipitation time series (Guttmann, 1999; Wu et al., 2007;
orological drivers and, in particular, how droughts propagateAngelidis et al., 2012); (ii) the requirement for a long pre-
through hydrological systems (Eltahir and Yeh, 1999; Peterscipitation time series (Guttmann, 1999); (iii) the need for
2003; Peters et al., 2003, 2005, 2006; Tallaksen et al., 200&8jme series of consistent length where multiple sites are be-
2009; Leblanc et al., 2009; van Lanen et al., 2013). Theseng evaluated and compared (Wu et al., 2005); and (iv) in re-
studies have usually focussed on the catchment scale argional analyses where the aim is to identify areas that may be
have brought process understanding to bear on the evolutiomore drought prone than others, extreme droughts measured
of groundwater droughts. Other studies related to groundby SPI will tend to occur with the same frequency at all lo-
water drought have emphasised monitoring, characterisationations as the timescale of analyses increases (Lloyd-Hughes
of longer-term trends and the development of drought warn-and Saunders, 2002).
ing systems (Chang and Teoh, 1995; Bhuiyan et al., 2006; Despite these limitations, SPI has been used widely to
Mendicino et al., 2008; Fiorillo and Guadagno, 2010, 2012).characterise meteorological drought and has recently been
A common feature of many of these latter studies is therecommended by the WMO as an index of choice to char-
need to develop relatively simple but consistent measures aacterise meteorological droughts (WMO, 2012). Because of
indices of the status of groundwater drought: indices thatthe perceived advantages of the SPI approach to drought
can be applied between different observation sites, in dif-characterisation, and as suggested by McKee et al. (1993)
ferent aquifers, as well as that enable groundwater droughthat it “could be applied in a similar manner to precipi-
to be compared with other hydro-meteorological aspects otation, snowpack, stream flow reservoir storage, soil mois-
drought. Despite the previous work, there are still no com-ture and ground water”, the SPI methodology has also
monly accepted indices to quantify groundwater droughtsbeen applied in some modified or derived form to a va-
so making it difficult to incorporate groundwater drought riety of other hydrological time series to characterise as-
phenomena into wider drought assessments. To address thiects of hydrological droughts. Related SPI-like normali-
issue we present a new groundwater level index for usesation procedures have been applied to a variety of ob-
in groundwater drought monitoring and analysis. The newserved and/or modelled time series, for example, reservoir
index builds on the SPI methodology, taking into accountstorage (Vincente-Serrano and Lopez-Moreno, 2005), runoff
known shortcomings of the SPI approach when applied to(Vincente-Serrano and Lopez-Moreno, 2005; Shukla and

hydrometric data. Wood, 2008; Lopez-Moreno et al., 2009; Vidal et al., 2010),
soil moisture (Sheffield and Wood, 2008; Sheffield et al.,
Context for development of the SGI 2009; Vidal et al., 2010, 2012), spring discharge (Fiorillo and

Guadagno, 2010, 2012), groundwater detention (Mendicino
Many drought indices have been developed in recent decadest al., 2008) and pre- and post-monsoon groundwater lev-
in attempts to enable aspects of drought severity, duratiorels (Bhuiyan et al., 2006). Most recently the SPI-like nor-
and/or spatial extent to be characterised and compared imalisation approach has been extended to include atmo-
a consistent manner (Mishra and Singh, 2010). These inspheric water demand, i.e. the Standardised Precipitation-
clude indices focussed on meteorological, hydrological, agri-Evapotranspiration Index, SPEI (Vincente-Serrano et al.,
cultural and other dimensions of drought. One of the most2010; McEvoy et al., 2012).
widely used indices of meteorological drought is the SPI, If an appropriate normalisation procedure can be applied,
(McKee et al., 1993; Edwards and McKee, 1997; Hayes etgroundwater levels at observation boreholes are a useful
al., 2011). The SPI consists of a normalised index obtainedneasure of the quantitative status of groundwater resources
by fitting a gamma distribution to long-term precipitation during a drought. In this paper, issues that have been pre-
records, where fitting is done for each calendar month to acviously identified related to the application of SPI-like nor-
count for seasonal differences. The monthly fitted distribu-malisation methods to other hydrometric time series are ex-
tions are then transformed to a standard normal distributiorplicitly addressed in the context of groundwater level data;
and the estimated standardised values combined to produdarthermore, a methodology, building on the SPI approach,
the SPI time series. There are a number of strengths to this presented that enables monthly groundwater level time se-
SPI approach: (i) it only uses one relatively commonly avail- ries to be used as the basis for estimating a new Standardised
able parameter (i.e. precipitation); (ii) it can be estimatedGroundwater level Index (SGI). SGl is calculated for ground-
for a variety of timescales (by calculating using precipita- water level hydrographs from 14 sites across the United
tion data for a range of accumulation periods); (iii) it is rela- Kingdom (UK), where sites have been selected from a range
tively simple compared with other widely used indices suchof aquifer types and to exhibit a range of hydrograph char-
as the Palmer Drought Severity Index, PDSI (Palmer, 1965)acteristics. The relationship between groundwater droughts,
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defined by SGI, and meteorological droughts, defined by SPI,
at the study sites is investigated and quantified using correla-
tion analysis. In particular, the relationships between “mem-
ory” in groundwater levels, as expressed by the autocorre-
lation structure of the SGI time series, and features of the
associated SPI time series, specifically the correlation with
precipitation accumulation periods or timescales, is explored.
Groundwater droughts at the study sites are then identified
and described and the influence of some possible hydrogeo
logical explanatory factors on SGl is investigated. The paper i \
is concluded with a critical assessment of the application of i
an SPI-like approach to groundwater drought characterisa- <~ > N Jur &
tion and a brief discussion SGI in the context of existing and * ., Yoo §
related hydrological drought indices. R N R

Key to sites

1. Ashton Farm

2. Bussels No7

3. Chilgrove House

4, Dalton Holme

5. Heathlanes

6. Llanfair

7. Little Bucket Farm
8. Lower Barn Cottage
9. New Red Lion

10. Rockley

11. Stonor Park

12. Therfield Rectory
13. Well House Inn

3 14. West Dean No3

2 Study sites and data i s b .

Groundwater level hydrographs from 14 sites across the f 12 /
UK have been used in the study. The sites are part of the o >
UKs long-term observation borehole network (Marsh and beTae s
Hannaford, 2008) and consist of a broad range of uncon- T4
fined consolidated aquifer types (Bloomfield et al., 2009). g
The sites include those located on the Lincolnshire Lime- 4 D,
stone, a fractured limestone aquifer (Allen et al., 1997); the e o a4
Chalk aquifer, a dual porosity, dual permeability carbonate -
aquifer with local karstic development (Bloomfield, 1996; Fig. 1.Location of the observation boreholes in relation to the major
Maurice et al., 2006); and the Permo-Triassic Sandstone angquifers in the UK.
Lower Greensand aquifers (Allen et al., 1997; Bloomfield et
al., 2001) where intergranular flow predominates. Figure 1
shows the location of the observation boreholes in relationgrid based on a weighted average (inverse distance) of the
to the major aquifers in the UK, and summary information three nearest rain gauges. Daily rainfall is then summed to
about the sites and groundwater hydrographs is given in Tagive monthly gridded rainfall. Pre-1961 monthly precipita-
ble 1. All groundwater levels in Table 1 and subsequenttion data has been taken from the Meteorological Office In-
figures are reported as metres above mean sea level. Notigrated Data Archive System, MIDAS (UK Meteorological
the UK has no nationally important unconsolidated aquifers.Office, 2013). MIDAS has been searched for the closest rain
Consequently, there are no long-term high-quality ground-gauge to the observation borehole of interest that has a rel-
water level monitoring records for such aquifers in the UK. atively long and continuous time series that coincides with
The methodology presented in the following sections, how-the period of groundwater level observations prior 1961. The
ever, is applicable to groundwater level time series from anyequidistant quantile matching technique of Li et al. (2010)
aquifer type or setting. has then been applied to these records to remove bias as-
Monthly groundwater level data for the study sites hassociated with spatial differences and to maintain any non-
been taken from the UK National Groundwater Level stationarity in rainfall that might have occurred over time.
Archive (National Groundwater Level Archive, 2013). The The pre- and post-1961 rainfall records are combined to give
monthly groundwater level records range in length froma continuous precipitation record at each site. An example
29 to 103yr. Figure 2 is a plot of the monthly groundwa- of a precipitation time series is given in Fig. 3. It shows one
ter level hydrographs for the 14 sites, where all hydrographanonth of accumulated precipitation for Dalton Holme for the
are drawn to the same scale. Precipitation data has been dperiod of 1977 to end of 2005, plotted with the correspond-
rived from two sources. From 1961 to the end of 2005, pre-ing monthly groundwater level. Average annual precipitation
cipitation data is taken from the Centre for Ecology and Hy- varies between sites from 580 to 1100 mm (Table 1).
drology’s CERF 1km gridded precipitation data set (Keller When normalised drought histories are compared quanti-
et al., 2005; Dore et al., 2012). CERF gridded precipitationtatively between sites, the normalisation should be applied to
data is generated from rain gauge data held in the UK Metrecords of consistent length to avoid biases in the estimated
Office national precipitation monitoring network. A trian- indices. Where such quantitative analysis has been under-
gular planes methodology is used to produce a daily 4 km taken in the present study, the last 29 yr of monthly records

(e
L
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Fig. 2. Groundwater level hydrographs for the 14 study sites. Plots are for sites listed in Table 1 in alphabetical order from top to bottom.

common to all 14 sites, from the start of 1997 to the end of
2005, have been used.

Monthly precipitation (mm)

3 Statistical methods

3.1 Development of a new Standardised Groundwater
level Index (SGI)

Groundwater level (m)

The SPI was proposed by McKee et al. (1993) as an objec- 1980 1985 1990 1999 2000 2008

tive precipitation-based measure of the severity and duration pate

of meteorological droughts. McKee et al. (1993) suggestedrig. 3. Histogram showing monthly precipitation totals (one month
that meteorological drought status could be described by aggregation) and corresponding monthly groundwater level hydro-
normally distributed index. The index was fitted to a time se-graph for Dalton Holme for the period of 1977 to end of 2005.

ries of the recorded precipitation at a site for accumulation

periods of 3, 6, 12, 24 and 48 months. The calculation of the

SPI requires three steps. First a gamma distribution is fittec?€0 and variance one) to thepeto yield a lengttv: time

to the time series of accumulated precipitation observed a€ries of SPI values denoted here as, &Rl whereq is the

fori=1, 2,...n, wherei is the number of months since the resulting SPI is a continuous variable, however, McKee et
start of the time series andis the total number of observa- al- (1993) also arbitrarily defined drought intensity accord-
tions. For eacli=1,2, ... n, McKee et al. (1993) then used ing to the SPI where they denoted SP+2 corresponding
the fitted distribution to determing;, the probability that a  t0 extreme drought-1.5> SPI> —2 corresponding to se-
value drawn at random from the fitted distribution was lessVere drought—1.0> SPI> —1.5 corresponding to moderate
than or equal ta;. Finally, McKee et al. (1993) applied the drought, 0= SPI> —1 corresponding to minor drought and
inverse normal cumulative distribution function (with mean SP1> 0 corresponding to no drought.
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Groundwater level is a continuous variable and there isno 40
need to accumulate it over a specified time period, however,
like many other hydrological time series the distributions of
monthly observed groundwater levels may not conform to a
gamma distribution. In addition to the gamma distribution, U5 4o 80 @0 906
a range of other distributions (including those related to the ;¢
gamma distribution) have been used to normalise hydrolog- NewRed Lion G
ical time series, for example, Pearson Type Il (Guttmann, § '°| ©emews
1999), beta distributions (Sheffield et al., 2004; Sheffield and
Wood, 2008), the log-logistic distribution (Vincente-Serrano
et al., 2010; McEvoy et al., 2012), and log-normal and nor-
mal distributions (Angelidis et al., 2012). However, ground- (@) 10 )
water level time series appear to be particularly irregular in Therfield
the form of their distribution of monthly groundwater levels. P 2 A
For example, Fig. 4 (left panels) shows four histograms of 0 .
observed groundwater levels for particular calendar months €0 80 100 120 4 -2 0 2
at four of the study sites — (a) Chilgrove House in Novem- 15
ber, (c) New Red Lion in April, (e) Therfield Rectory in May
and (g) West Dean No. 3 in June. The four histograms dif-
fer in the sign and magnitude of their skewness. Therefore,
distribution functions or alternative normalisation procedures 0 2 4 5 8 b 0 P
which can represent more general behaviour than the gammi Groundwater level (m) Parametric SGI
distribution are required to model variations in the form of
monthly distributions of groundwater levels.

(@ 0 b)
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Fig. 4. Examples of histograms of groundwater levels and best fit-
ting parametric distributionga, c, e, g) and corresponding his-

We initially fitted normal, log-normal, gamma and ) ) o
extreme-value distributions to the monthly groundwater IeV_tograms of normalised values and standardised normal distribu-
tion for groundwater level datb, d, f, h) for Chilgrove House in

els at egch_SIte_ by maximum likelihood (MATLAB, 2012). November, New Red Lion in April, Therfield Rectory in May, and
These distributions were selected because they can acconyest Dean No. 3 in June.
modate all magnitudes of non-negative skewness from zero
to severe. Negative skewness was accommodated by apply-
ing a shiftz* = c — z; for constant to the data prior to fitting  approach has previously been applied, for example by Osti
the distribution. Figure 4 (left panels) shows the best-fittinget al. (2008) who used a plotting position method to esti-
distribution functions according to the Akaike information mate a standardised precipitation, and Vidal et al. (2010)
criterion (Akaike, 1973) for the four example histograms andwho used a non-parametric kernel density fitting routine to
the corresponding plots on the right show the resulting SGl.estimate a normalised soil wetness index. Here we apply
The best-fitting distribution function is different in each case. the normal scores transform (Everitt, 2002). This is a non-
For Chilgrove House in November it is the gamma distribu- parametric normalisation of data that assigns a value to ob-
tion. For New Red Lion in April it is the negatively skewed servations, in this case monthly groundwater levels, based on
extreme value distribution and for Therfield Rectory in May their rank within a data set, in this case groundwater levels
and West Dean No. 3 in June it is the log-normal and ex-for a given month from a given hydrograph (note, this nor-
treme value distributions respectively. Figure 4 (right panels)malisation routine is equally applicable to timescales larger
shows that the quality of the computed SGls also appears tthan one month). The normal scores transform is undertaken
vary in regards to how well the estimated values of SGI cor-by applying the inverse normal cumulative distribution func-
respond to the normal distribution of zero mean and standardion to n equally spaceg; values ranging from 1/(2) to
deviation of one. The quality of the estimated values of SGI1 — 1/(2n). The values that result are the SGI values. They
for all months at all 14 sites have been estimated by applyingare then re-ordered such that the largest SGI value is assigned
the Kolmogorv—Smirnov test for normality (Everitt, 2002). to thei for which p; is largest, the second largest SGI value
The results are highly variable, with one distribution of SGlI, is assigned to thefor which p; is second largest and so on.
for Chilgrove House in November, failing the Kolmogorov- The SGI distribution which results from this transform will
Smirnov (K-S) test at the =0.05 level. Given the variation always pass the K-S normality test.
in the degree to which these SGI estimated from paramet- In some statistical applications it is undesirable to use a
ric models conform to the normal distribution it is doubtful normal scores transform because the model is overfitted. This
whether they can be objectively compared. means that the model matches the particular intricacies of the
An alternative approach to fitting standardised distribu- existing observed data to a degree that will not be achieved on
tions is to use some form of non-parametric fitting. This independently gathered observations of the same property.
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This could mean that the uncertainty of a prediction of theautocorrelation at low thresholds; and (iii) that it should cap-
property at a time when it was not measured is underestiture long, significant correlations. The effect of changing the
mated. However, we wish to use the normal scores data tthreshold orvnmax was explored and it was found, for ex-
describe existing observations rather than to predict valuesample, that raising the threshold to 0.15 led to slightly lower
Therefore, we need not be concerned by overfitting even if itvalues ofmnmax, While thresholds below 0.11 were unduly in-
is present for some of the normal scores transforms. fluenced by noise in the correlograms.

In summary, for each of the 14 study sites, normalised in- In addition, linear correlation coefficients have also been
dices are estimated from the groundwater level data for eacbalculated to quantify relationships between SGI and SPI,
calendar month using the normal scores transform. Thesand betweem nax and possible explanatory variables. These
normalised indices are then merged to form a continuousexplanatory variables, including unsaturated zone thickness,
SGI. At each site, SPI is estimated with accumulation pe-aquifer transmissivity ), storage coefficientsS§ and hy-
riods of 1, 2,...,24 months. To ensure consistency betweenraulic diffusivity (7 /S) have been estimated for each site
groundwater and precipitation indices SPIs are also estiand are listed in Table 1. Note that no pumping test data is
mated using the normal scores transform applied to accumuavailable for any of the study sites, $oandS values are es-
lated precipitation data for each calendar month. timates based on mean values derived from pumping tests for

a given region and aquifer combination as reported by Allen

3.2 Methods used to analyse SGI, correlations with SPI et al. (1997). An exception is that unconfined storage coeffi-
and hydrogeological factors influencing the drought  cients for sites on the Permo—Triassic sandstone aquifer are

indices estimated to be 0.1 (also after Allen et al., 1997). This is be-

) . cause, as Allen et al. (1997) note, estimate§ &bm short-
In order to quantify groundwater droughts using the SGI, erm pumping tests on this aquifer typically significantly un-

we are interested in characterising the autocorrelation in SGgrestimate long-term storage and a value of 0.1Sftrs
time series taken to be an intrinsic characteristic of the SGlygen taken as the optimal value for long-term storage.

for a given site. Autocorrelation can be quantified using a
correlogram (Diggle, 1990). If we denote the mean SGI for
the borehole bysGlI then the: th sample autocovariance co-

efficient is defined to be 4 Results
1 & L L 4.1 Estimated SGI and SPI
g = — Z {SGI(i) — SGI} {SGIii — k) — SGI} (1)
T Estimated monthly SGI for each of the 14 study sites are
, L given in Fig. 5. In the present study SPI has been estimated
and thek th sample autocorrelation coefficient is forg=1,2,...,24 months. However, SPI is usually only cal-
gk culated and reported for selected accumulation periods. So

Tk (2) for simplicity and to illustrate how SPI varies withat one

of the study sites, Fig. 6 shows SPI for Dalton Holme for
The correlogram is a plot of, against. If there is no cor- ¢ =1, 3,6,12 and 24 months. Figure 6 also includes the SGI
relation between the SG)(observedk months apart and if time series for Dalton Holme for comparison with the SPI
the SGI values are normally distributed thenis approx-  time series.
imately normally distributed with mean zero and variance Compared with the raw groundwater level data (Fig. 2),
1/n. Therefore, values of; with magnitude greater than the SGI data does not contain a strong seasonal compo-
2//n suggest significant correlation at approximately the nent and, unlike the groundwater level time series, the SGI
5% level. We define the range of significant temporal cor-time series (Fig. 5) shows many similar broadscale struc-
relation of a SGI time series to be the largestmmay, for tures across all the sites. For example, all sites show generally
which r; > 2//n for all k <m. The threshold on the auto- low values of SGI in the early 1990s, with SGI increasing in
correlation coefficients which signifies significant correlation the mid-1990s and then decreasing again in the late 1990s.
will vary according to the length of the time series. Since we There are, however, differences in the short-range variation
wish to use a common threshold for all of our SGI series toin SGI between sites. For example, the SGI for Ashton Farm,
enable comparison between sites, we have selected 0.11 &hilgrove House and West Dean No. 3 appear to be consid-
the SGI autocorrelation thresholg@g,, since this is the sig- erably noisier than Therfield Rectory, Stonor Park or Llan-
nificant threshold £ = 0.05) for our shortest SGI time series fair DC. This reflects differences in the structure of the SGI
(for Lower Barn Cottage with a record length of 29yr). We autocorrelation between the sites. Figure 7 (middle panels)
note that the choice of the significant autocorrelation threshshows plots of SGI autocorrelation as a function of lag in
old is subjective and is based on the criteria that it shouldmonths (solid lines) for three example sites, Ashton Farm,
be (i) common and applicable to all sites; (ii) that it should Dalton Holme and Llanfair DC, with contrasting autocorre-
be sufficiently large to avoid being influenced by noise in lation. Using the SGI autocorrelation threshalgs, of 0.11

80
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Fig. 5. Calculated time series of SGI for the 14 sites. Plots are for sites listed in Table 1 in alphabetical order from top to bottom. Episodes
of groundwater drought are shown in black and denoted by negative values of SGI.

(the dashed line in the figure), the SGI autocorrelation rangeperiod, shown by the vertical arrow below each of the cross-
(mmax) for each of the sites has been estimated and is givertorrelation curves, can also be identified in these plots. Pre-
in Table 2. Table 2 shows that significant temporal autocor-vious studies of drought propagation have distinguished four
relation in SGlynmax, varies between sites, from as little as components in the propagation of drought: pooling, attenua-
5 months at Ashton Farm up to 32 months at Llanfair DC. tion, lag and lengthening (Chagnon Jr., 1987; Peters, 2003;
As has been noted by McKee et al. (1993) and in previousPeters et al., 2003; van Loon and van Lanen, 2012; van
studies (e.g. Vincente-Serrano and Lopez-Moreno, 2005), théoon, 2013). Here we are interested in understanding the
degree of noise or short-range variation in SPI varies as dull spectrum of behaviour of lag correlation between SPI
function of the precipitation accumulation period. This is and SGI. So for all sites the cross-correlation between SGI
also seen in the present study. For example, the SPI for Daland SPI has been estimated for SPI accumulation periods of
ton Holme is relatively noisy fog =1 compared with SGI ¢=1,2,...,24 months and for lags between SGI and SPI of
(Fig. 6), and Fig. 7a—c show the very short autocorrelationone month increments up to 24 months. (Note that the lag
range for SPl4 = 1) at the three example sites. However, SPIin the bottom panels of Fig. 7 is the temporal shift between
becomes smoother and less noisy and long-range correlatiotie SPI and SGI time series, whereas the lag referred to in
become more prominent as precipitation accumulation perithe discussion of the SGI and SPI correlograms, in the upper

ods increase (Fig. 6). and middle panels of Fig. 7, is the time separating two obser-
vations in each series.) The resulting cross-correlations are
4.2 Correlation between SGI and SPI presented in the form of a heat map, Fig. 8, where dark blue

tones denote weaker correlations and dark red tones denote

The cross-correlation between SGI and SPI for SPI accumustronger correlations, and where the maximum correlation is

lation periods ofy=1,2, ...,24 has been computed and is Marked by the black square. _ - _ ,
shown for three representative sites in Fig. 7g—i. At each Figure 8 illustrates the strong site specific relationship
site a maximum correlation can be identified and is de-Of correlations between the SPI precipitation accumulation

noted by an X in these plots. A corresponding accumulationP€ri0d, ¢, and lags between SGI and SPI. Generally the

Hydrol. Earth Syst. Sci., 17, 47694787, 2013 www.hydrol-earth-syst-sci.net/17/4769/2013/



J. P. Bloomfield and B. P. Marchant: Analysis of groundwater drought building 4777

Table 2. Value of the maximum cross-correlation between SPI and SGI, SGI autocorrelation #ange, (the accumulation period asso-

ciated with maximum cross-correlation between SPI and Gy, the lag associated with maximum cross-correlation between SPI and

SGI (lagnay), and maximum and median drought duration at each site. Values in parentheses are based on a 29 yr record from 1977 to end
of 2005 and are used in Fig. 12.

Site Maximum  mmax gmax lagmax ~Maximum Median
Cross- (months)  (months) (months) drought drought
correlation duration  duration
(months)  (months)
1. Ashton Farm 0.72 5(5) 6 0 12 (12) 3.5@4)
2. Bussels No. 7 0.83 19 (20) 9 0 41 (41) 3(3)
3. Chilgrove House 0.74 9(11) 6 0 31(32) 3(2)
4. Dalton Holme 0.76 12 (50) 10 0 65 (54) 5 (4)
5. Heathlanes 0.74 24 (24) 28 0 64 (69) 2.5(2.5)
6. Little Bucket Farm 0.87 11 (15) 10 1 47 (47) 4(4)
7. Llanfair DC 0.79 32 (33) 25 0 72 (73) 3(4)
8. Lower Barn Cottage 0.81 18 (18) 15 0 59 (59) 2(2)
9. New Red Lion 0.83 20 (17) 8 0 53 (563) 3(2.5)
10. Rockley 0.74 8(19) 7 0 32 (32) 4(3.5)
11. Stonor park 0.79 15 (20) 21 1 48 (48) 6 (4.5)
12. Therfield Rectory 0.77 20 (21) 21 2 61 (62) 9(7)
13. Well Hose Inn 0.78 14 (26) 12 0 49 (50) 10 (3.5)
14. West Dean No. 3 0.70 12 (15) 7 0 23 (25) 2(2)
3 T T T T T
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Fig. 6. SPI for Dalton Holme for accumulation periogs=1, 3, 6, 12 and 24 (top five panels) and corresponding SGI (bottom panel).
Episodes of drought are shown in black and are denoted by negative values of SGI and SPI.

maximum correlation is associated with lag zero betweencross-correlation between SGI and SPI, as well as the asso-
SGI and SPI. The exceptions to this being at Little Bucketciated accumulation periogmax, and lag between SGI and
Farm, Therfield Rectory and Stonor where the maximumSPIl. The maximum cross-correlation coefficients between
correlation is associated with lags of 1, 1, and 2 months,SGI and SPI are typically in the range of 0.7 to 0.87, Ta-
respectively. Table 2 lists the values of the maximumble 2, with the highest coefficient of 0.87 associated with the
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may or may not be an appropriate comparator. A number of
previous studies have documented major drought episodes
in the UK including studies of hydrological impacts (Cole
and Marsh, 2006; Marsh et al., 2007; Lloyd-Hughes et al.,
2010) and societal impacts (Taylor et al., 2009). Of these,
Marsh et al. (2007) is the most pertinent with respect to the
present study in that Marsh et al. (2007) identified major
drought episodes on the basis of inspection of long river flow,
groundwater level, and ranked rainfall deficiency time se-
ries and explicitly identified those episodes with a significant
groundwater component. Marsh et al. (2007) identified seven
episodes of major droughts in England and Wales during the
period covered by the groundwater level records investigated
in the present study. They noted that all the droughts had
large geographical footprints extending over much of Eng-
land and Wales and in some cases affecting the whole of
the UK, but that regional variations in drought intensities
are present within and between the major drought events. Of
these major droughts, they estimated that all but one had sus-
tained and/or severe impacts on groundwater levels. Marsh
et al. (2007) also noted that a number of the droughts were
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Fig. 7. (a}Hc) SPI correlograms for Ashton Farm (left panels), Dal-
ton Holme (centre panels) and Llanfair (right pane{d)(f) SGI

correlograms for the corresponding sites, where the dashed line iS . . L
the SGI autocorrelation threshold;, and(g)i) plots of cross- characterised by transitions from initial surface water stress

correlation between SGI and SPI as a function of SPI accumulatiorfO lowered groundwater heads at the national and regional
period in months for the corresponding sites. The maximum corre-Scales. Table 3 (after Marsh et al., 2007 and National River
lation between SGI and SPI is denoted by a cross on the curve antflow Archive, 2013) summarises the major droughts in Eng-
an associated value gfcan be identified, denoted by the vertical land from 1900 to the end of 2005, the period covered by the
arrows below the curves. groundwater level records used in the present study, and in-
cludes a brief commentary after Marsh et al. (2007) on the
individual drought characteristics.
site at Little Bucket Farm and the lowest coefficients of 0.7 Figure 11 is a re-presentation of the SGI data from
associated with the site at West Dean No. 3 — both sites beFig. 5 as three heat maps, where non-drought periods,
ing on the Chalk aquifer. Despite the site specific nature ofSGI> 0, are shown in grey, and drought periods, S@,
correlations between SPI precipitation accumulation periodare shown in shades of yellow through to red with decreas-
and lags between SGI and SPI, plots of SGI as a function ofng SGI (i.e. with increasing drought intensity). Given that
SPlgmax show that for all sites there is a linear relationship record length can influence SGI estimates (Lloyd-Hughes

between the two drought indices (Fig. 9).
Whengmax is plotted againstimay (Fig. 10), there is an

and Saunders, 2002) Fig. 11a and b show SGI estimated us-
ing the entire record for each site as well as SGI estimated

approximate one-to-one relationship with a correlation co-just for the last common 29yr period (Fig. 11c). Although

efficient of 0.79 that is significant fop <0.001. Figure 10
shows that although the SPI accumulation period associ
ated with the maximum cross-correlationgyax, and the
SGI autocorrelation rangermax, both vary between sites

there are small differences between SGI estimated using the
whole record and the more limited 29 yr records, both sets
of SGI estimates consistently show the development of sim-
ilar patterns in groundwater drought across the sites and the

they broadly increase in the same order for the study sitesfollowing is a description of the full SGI drought records.

Possible relationships betweemn,ax and other drought and

Figure 11 is consistent with the observations of Marsh et

hydrological characteristics are presented and discussed ial. (2007) that the UK has experienced a number of major

Sects. 4.4 and 4.5.

4.3 Groundwater droughts as defined by SGI

groundwater droughts. In particular, the droughts of 1976,
1990 to 1992, and 1995 to 1997 are clearly expressed by the
SGI records at the majority of sites. Groundwater droughts
prior to the early 1970s are less easy to discern as there are

When a new drought index is developed it is often comparedewer records, however, the following specific observations

against reported droughts in an attempt to qualitatively “val-
idate” the new index. However, this is not a trivial task since

most reported droughts are described in terms of their im-
pacts, using a particular type or class of drought index, which

is representative of only a certain hydrological domain that

Hydrol. Earth Syst. Sci., 17, 47694787, 2013

can be made:

— there is some evidence from the Chilgrove House
record for short drought episodes between 1900 and
1910 as part of the 1890-1910 “Long Drought”;
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Table 3. Summary of the major droughts in England from 1900 to 2006 (after Marsh et al., 2007 and National River Flow Archive, 2013).

Period Drought characteristics

1890t0 1910 Known as the “Long drought”. A major drought with major and sustained
groundwater impacts including more intense phases in 1902 and 1905

1921101922 Severe drought across East Anglia and SE England, but only episodic in NW England

193310 1934 Intense drought across southern England. Major surface water impacts in 1933
with groundwater impacts in 1934

1959 Three season drought that was most severe in eastern, central and NE England, but
only modest groundwater impacts
1976 Benchmark drought in UK. Severe impacts on river flow and groundwater across UK

1990to 1992 Major drought leading to exceptionally low groundwater levels in summer 1992,
with probably lowest for at least 90 yr

199510 1997 Long duration drought with intense episodes. Initial surface water stress followed by
very depressed groundwater levels particularly associated with hot summer in 1995

5 Ashton Farm BusselsMNo.7
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Fig. 8. Heat map of showing the variation in cross-correlation co-efficient between SGI and SPI as a function of SPI precipitation accumu-
lation period,q, and lag between SGI and SPI time series. The maximum correlation for each accumulation period is highlighted (black
cell).

— the 1921-1922 drought episodes appear in the SGI — there is no evidence in the SGI data to support a sig-
records at both Chilgrove House, and Dalton Holme; nificant groundwater component to the 1959 drought

. ) episode, however, this is consistent with the obser-
— the 1933-1934 drought episode appears prominently \4ti0n of Marsh et al. (2007) that this drought had

in the SGI records at Chilgrove House,'but is qbsent modest groundwater impact; and, in addition, the SGI
from the record at Dalton Holme suggesting that it may records indicate that groundwater drought conditions
hav_e been less significant in the northern part of the not previously identified by Marsh et al. (2007) were
region;
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Fig. 9. SGI as a function of SRjmax for each site. The plots are for sites listed in Table 1 in alphabetical order from top left to bottom right.

40 values for the droughts of 1976, 1990 to 1992 and 1995 to
35 1997.
In summary, based on the good correlations between SGI
_ 30 1 ° and SPI and the consistency between documented groundwa-
2 251 ° ter droughts and the SGI time series, it is inferred that SGI is
J e o a robust index of groundwater drought.
£ 207 Given the potential significance of SGI autocorrelation
8 15 ° for groundwater droughts, we are interested in investigating
< 10 .‘ generic hydrogeological controls enymax and characterising
% ® % the relationship betweemmax and features of the drought
51 record, such as drought duration. Marsh et al. (2007) have
0 . previously noted that all the major droughts that they de-
0 5 10 15 20 25 30 35 40 scribed had large geographical footprints. So in the follow-
m__ (months) ing sections we assume that, as a first-order approximation,
max

the broad meteorological drought history of the study sites

Fig. 10. Plot of the SPI precipitation accumulation perigghax, 1S SPatially homogeneous. This assumption means that any

against autocorrelation rangemax, associated with the maximum comparative differences in drought characteristics between

cross-correlation between SGI and SPI for all study sites. A 1: 1 linesites would need to be explained in terms of intrinsic dif-

is shown for reference. Note the sites at Dalton Holme and Littleferences in the SGI time series, rather than differences in

Bucket Farm have identical positions in this plot. the drought climatology. The assumption is supported by the
findings of recent studies of the spatial coherence of hydro-
logical droughts in the UK (Hannaford et al., 2011; Fleig et

experienced at a number of sites during the mid-1960sal., 2011) that indicate that the current study sites fall within
the mid- and late 1940s. a homogeneous drought region (“region 4” of Hannaford et
al., 2011, and “region GB3” of Fleig et al., 2011).
Based on these observations, SGI appears to record

groundwater drought response to hydro-meteorologicah.4 The relationship betweennmax and drought

droughts previously documented by Marsh et al. (2007) as duration

well as adding apparent refinements to the drought history.

Figure 11 is also consistent with the assertion of Marsh etSGI autocorrelation rangenmay Varies significantly be-

al. (2007) that many of the hydrometric droughts in Englandtween sites (Table 2), but given that one of the purposes

and Wales have a wide geographic impact. Sites at the gef developing a groundwater drought index is to compare

graphical extent of the study area, such as Dalton Holme irstandardised measures of drought between sites, what are

the northeast, Llanfair DC in the northwest, Bussels No. 7 inthe implications, if any, of this observation? For example,

the southwest, and Little Bucket Farm in the southeast, alit may be expected that the autocorrelation structure of SGI

record drought events in the form of anomalously low SGI will influence the length of groundwater droughts recorded
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1980 1990 2000 investigate how drought duration defined by SGI varies be-
tween sites as a function efnax. Lloyd-Hughes and Saun-
<2 ders (2002), Wu et al. (2005) and Vidal et al. (2010, 2012)
and have all emphasised the importance of consistent record
lengths when making quantitative comparisons of drought
characteristics based on drought indices for different sites.
Consequently, using the common 29 yr SGI time series pre-
sented in Fig. 11c, simple measures of drought duration
(i.e. median and maximum duration) have been estimated for
each site. Here drought duration is taken to be a period where
monthly SGI is continuously negative at a site, similar to the
SPI classification of McKee et al. (1993).
1980 1990 2000 < Median and maximum drought durations are given in Ta-
ble 2 (durations in parenthesis are for the common 29 yr pe-
Fig. 11. () Monthly values of SGI for the 14 sites as heat map riod). Median durations range from 2 months at Chigrove
using for the full records(b) SGI estimated using the full records, House to 7 months at Thirfield Rectory, and maximum du-
but just showing the last 29 yr of the records, 40JSGl estimated  rations range from 12 months at Ashton Farm to 73 months
only using the last 29 yr of the records. Sites are listed in Table 1 ingt Llanfair DC. Figure 12 shows that based on the common
alphabetical order from top to bottom. SGl is colour coded from 0 g yr SGI record, the median drought duration appears to be
to —2, periods of positive SGI equating to non-drought conditions ; insensitive tommax (Correlation coefficient 0.12). However,
are in grey. as postulated, maximum drought duration is positively lin-
early correlated withmax with a correlation coefficient 0.81
(if the anomalousnnay for Dalton Holme is excluded).
at a given site, where sites with relatively long SGI auto- When the 29yr 1977-2005 Dalton Holme record is anal-
correlations might experience a limited number of relatively ysed the autocorrelation estimated appears to be anomalously
long droughts and sites with relatively short significant SGI long, 50 months. This is due to the temporal proximity of
autocorrelations may experience more numerous but briefetwo deep, prolonged drought episodes in that region (i.e. the
episodes of groundwater drought. How deggax influence  1989-1992 and the 1996—-1997 droughts, combined with the
temporal patterns of groundwater drought at a site? relatively short record length of 29yr). It should be noted
To investigate the effect of autocorrelation in SGI on though that although the converse is true, that sites with short
groundwater drought, we assume, as described above, that asnax generally have shorter maximum drought durations,
a first-order approximation the broad meteorological droughtsuch sites may still respond to and record major drought
history of the study sites is spatially homogeneous andepisodes. For example, Ashton Farm and Chilgrove House,

Site
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which have two of the shortesimay (5 and 11 months re- 35 o 35 o
spectively, based on the 29yr record), both had low val- =0 & s autr 30
ues of SGI during the 1990-1992 drought event (Fig. 11c), 2 21 o 2 » °
though these were interspersed by months with positive, non-5 2o o ® e 5 2 4 e
drought, values of SGI. é 15 o ® é 15 'S

EE 10 :‘ ° EE 10 ..2
4.5 Evidence for hydrogeological controls omemax 5@ 5 °

0 0

In order to use SGI to characterise groundwater droughts, o 2 4 & B 25 30 35 40 45 50 55 60
and given the apparent association between drought duratior. Unsat. zone thickness (m) LogD

andmmax, I.t would be helpful to understand.the potential hy- ig. 13.mmax as a function ofa) unsaturated zone thickness and
drogeological controls on SGI autocorrelation. Tallaksen an b) log-hydraulic diffusivity (logD)

van Lanen (2004) describe possible sources of persistence in
droughts and emphasise the important role of recharge pro-
cesses and groundwater storage in generating autocorrelation
or memory in groundwater level time series. Here two basicand the Lower Greensand aquifers (Fig. 13a). This appears
potential sources of autocorrelation in SGI have been investo support the hypothesis that, at many of the Chalk and Lin-
tigated. The first potential source of autocorrelation in SGI iscolnshire Limestone sites at least, the origin of relatively long
that it arises primarily from autocorrelation in the recharge SGI autocorrelation is associated with the recharge process,
signal. Precipitation has relatively short significant autocor-whether it is by piston flow, by-pass flow or some combina-
relation, as reflected in the comparative SGI and SPI autotion of recharge mechanisms (Price et al., 1993). Given that
correlation plots (Fig. 7, top panels). When the precipitationunsaturated zone thickness is a positive function of distance
signal passes through the unsaturated zone, higher frequenty streams (assuming a hydraulic connection between the
components of the signal may be degraded or filtered outquifer and stream), the observation is also consistent with
so that when recharge occurs at the groundwater table thtéhe findings of Peters et al. (2005). On the basis of a spatial
recharge signal may have a longer autocorrelation. The se@nalysis of modelled groundwater drought in the Pang, UK, a
ond possible cause of autocorrelation in SGI may be assoeatchment underlain by the Chalk aquifer, Peters et al. (2005)
ciated with saturated storage and drainage processes in tle@ncluded that short droughts are relatively more sever near
aquifer. It can be postulated that aquifers that are relativelystreams, as they are damped further away, whereas long pe-
transmissive and/or have relatively low storage may dissipateiods of below average recharge have relatively more effect
pulses of recharge more quickly than those with relativelynear the groundwater divide. However, it is not clear why the
low transmissivity and/or high storage and, as may be exPermo-Triassic sandstone sites, each with relatively shallow
pected, exhibit relatively short SGI autocorrelations and viceunsaturated zones (all less than 10 m), exhibit such long SGI
versa. autocorrelations. Another factor must be influencing the SGI
To investigate these potential causes of SGI autocorrelaautocorrelations at these sites. We have hypothesised that
tion a simple approach has been adopted that uses readily second possible cause of autocorrelation in SGI may be
available information to explore relationships betwegfyy associated with saturated storage and drainage processes in
and two different possible explanatory variables. Estimatesaquifers. Correlation coefficients between,,, and logD,
of mean unsaturated zone thickneSs,is taken as a surro- log7T and logS are —0.82, 0.76 and-0.57, respectively,
gate for the potential influence of recharge-related processvhile the correlation coefficient between I§gand logT
on mmax. IN addition, estimates of aquifer properties trans- is low at —0.37. A plot of log-hydraulic diffusivity, logD
missivity (T') and storativity §) have been used to estimate againstmmax (Fig. 13b) shows that, as would be expected,
hydraulic diffusivity, D (T/S), at each site, wherB is taken  for all aquifers logD is negatively linearly related t@max,
to be a surrogate for the potential influence of intrinsic satu-and that this relationship is particularly pronounced for the
rated aquifer properties ammax. Plots ofU and logD against  granular aquifers. These observations appear to support the
mmax are given in Fig. 13a and b, respectively. Based on val-second hypothesis that, at least for granular aquifers, longer
ues estimated using the full recor@nay, U andD are taken  SGI autocorrelations are associated with aquifers where the
to be intrinsic characteristics of each groundwater hydro-hydraulic diffusivity is relatively low.
graphs and the aquifer at each site and are therefore best de-In summary, it is inferred from Fig. 13 that autocorrela-
scribed using the full records despite their disparate lengthstion in SGI and hence groundwater drought phenomena are a
For a number of sites, predominantly fractured aquiferssite and aquifer dependent consequence of autocorrelation in
such as the Chalk and Lincolnshire Limestone aquifers, thergroundwater recharge and/or of the effect of intrinsic aquifer
is a positive relationship between mean unsaturated zoneharacteristics on saturated flow and storage. These results
thickness andi 5y, although no such relationship appears to highlight the need to take into account the hydrogeological
hold for the granular aquifers, the Permo—Triassic sandstonesontext of groundwater monitoring sites when designing and
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interpreting data from groundwater level drought monitoring a change in groundwater level time series that would also
networks. enable the SGI methodology to be applied over a range of
timescales. Mendicino et al. (2008) used monthly “ground-
water detention”, an output from a distributed water balance

5 Discussion model, as the basis for an SPI-like index of groundwater
drought. This could have been accumulated over a range of
5.1 Critical assessment of application of SPI-like timescales, but in that particular study it was only considered
approachs to groundwater level time series over a one month accumulation period.

However, the most significant issue related to the appli-

The SPI approach has a couple of features that make it paecation of an SPI-like approach to groundwater level time
ticularly useful as an index of meteorological drought. It can series is that SPI is designed to produce a drought index
be calculated for a variety of timescales (accumulation peri-that has values that are comparable in space (i.e. values that
ods), and estimated SPI values are comparable in time andre unaffected by geographical differences). As with stud-
space (Lopez-Moreno et al., 2009; Mishra and Singh, 2010)ies of other hydrological time series, such as soil moisture
However, it also has two main weaknesses, as explicitly idenand stream flow (e.g. Vincente-Serrano and Lopez-Moreno,
tified by Mishra and Singh (2010). SPI values can be signif-2005; Shukla and Wood, 2008; Sheffield et al., 2009; Vidal
icantly dissimilar for different lengths of observation record et al., 2010), groundwater levels and the derived SGI can
due to differences in the shape and scale parameters of the fibe strongly influenced by location. Groundwater level and
ted gamma (or other) distribution for different length records SGI time series reflect not just the meteorological drought
(Wu et al., 2005). In addition, values of SPI are sensitive todriver, but are also influenced by local and site specific
the form of the probability distribution that is fitted to the ob- recharge processes and by regional to site-specific saturated
served data as part of the normalisation process (Mishra anflow processes that are not simply spatially correlated. It is
Singh, 2010; Angelidis et al., 2012). these recharge and saturated flow processes that result in

The SGI is a normalised drought index for groundwa- the autocorrelation structures seen in the SGI time series
ter levels and uses an SPI-like method. Weaknesses inhe(Fig. 7). As noted by van Lanen (2005) “drought characteris-
ent in the SPI approach may also affect SGI unless approtics derived from groundwater levels ... have spatial effects”.
priate steps are taken. The issue of distribution fitting hasConsequently, any interpretation or analysis of the resulting
been obviated when developing the SGI by adopting a nonSGI needs to reflect an appreciation of the hydrogeological
parametric approach to normalisation of the groundwatercontext of the observation boreholes. However, it has been
level time series (i.e. the normal scores transform). As hashown that if the autocorrelation structure of the SGl is taken
been noted, using the normal scores transform results in &@to account, SGI can be shown to scale linearly with SPI
distribution of values of SGI that are always normal. The (Fig. 9), and a measure of significant SGI autocorrelation,
technique is robust when applied to historic time series, alwnmax, IS @ useful parameter that can be related to drought
though additional measures to check and account for angharacteristics such as drought duration (Fig. 12) and physi-
overfitting would be necessary should the technique be apeally meaningful catchment characteristics (Fig. 13).
plied to predict values of SGI. Because the non-parametric
normal scores transform is used to normalise the ground5.2 Comparison of SGI with existing groundwater and
water level time series when estimating SGI, the length of related hydrological indices
record is not an issue in the same way that it is for SPI es-
timates (as a gamma or other distribution is not being fittedThe SGI uses a normalisation approach to produce a contin-
and the issue of discrepancies between fitted parameter farous drought index. Such drought indices are measures rela-
records of different lengths does not arise). However, sincdive to a mean hydrological baseline, in the case of the SGI a
SGl is a normalised drought index, as with any normalisedmean monthly groundwater level. In contrast, threshold level
drought index, the values of SGI will reflect the period and approaches produce measures of drought based on absolute
length of the time series that is being normalised, in this casevalues (for groundwater levels mean depth below or height
groundwater levels, for example Fig. 11b and c, and quanti-above the threshold) that define drought events.
tative comparison of SGI estimates between sites should be Peters et al. (2003, 2005) introduced the concept of a
undertaken based on similar length records (WMO, 2012). threshold for groundwater droughts and used it to charac-

Because groundwater level is a continuous variable, SGterise modelled groundwater level drought return periods.
cannot be calculated for a range of timescales in a manneltopez-Moreno et al. (2009) noted that such a threshold ap-
similar to SPI. However, should discrete estimated recharggroach when applied to river discharge enables the identifi-
data (observed or modelled) be available then the SGkation of periods of low flow, but typically does not take ac-
methodology could be applied over a range of timescales useount of seasonal flows and can lead to the classification of
ing accumulated recharge. Alternatively, differencing succesnaturally low summer flows as periods of low flow. A similar
sive monthly groundwater level observations would producesituation may also pertain to groundwater levels, particularly
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in flashy, seasonal aquifers where groundwater levels oscilby building on the correlation analysis of Fiorillo and
late on an annual basis between high and low groundwaGuadagno (2012). Unlike Fiorillo and Guadagno (2012)
ter level stands. The threshold approach enables the iderwho investigated the cross correlation between an SPI-like
tification (deficit, duration and intensity) and characterisa-drought index for spring flows and SPI for a limited num-
tion (e.g. return period analysis) of discrete drought episodesher of SPI accumulation periodg € 3,6,9,12,24 and 48)
and variable threshold approaches have been developed and for a lag of one month between the two drought in-
address the issue of seasonality in hydrometric rime seriedlices, the present study has introduced a more comprehen-
(Wanders et al., 2010). Fendekova and Fendek (2012) usesive cross correlation analysis between SPI and SGI includ-
a threshold approach to characterise drought in baseflow ofhg a wide range of precipitation accumulation periods from
a groundwater dominated catchment but avoided the issue ajne to 48 months and lags between the two drought indices

seasonality by analysing the average yearly baseflow.

up to ten months (Fig. 8). The benefit of such an approach

However, an important difference between the thresh-for analysing groundwater related drought time series is that
old and normalisation approaches is that the threshold apit acknowledges that potentially there may be strong site
proach does not provide a continuous index of drought that isspecific responses in groundwater levels to meteorological
amenable to analysis using techniques that provide insightdroughts and it enables these site specific responses to be
into temporal structure of the drought records, such as theharacterised more fully. Extensive cross correlation plots
characterisation of autocorrelation structure (or applicationsuch as in Fig. 8 could be used to investigate the relation-
of other techniques that require continuous series, such aship between any hydrological drought index and SPI where
spectral or wavelet analysis). Consequently, given the signifit is thought that site or location specific factors may be in-
icance of memory, or autocorrelation, in groundwater sys-fluencing the hydrological index.
tems, the SGI provides an important complementary tech- The Standardised Precipitation-Evapotranspiration Index,
nique to the threshold approach of Peters et al. (2003, 2005$PEI (Vincente-Serrano et al., 2010; McEvoy et al., 2012),

to investigate and characterise groundwater droughts.

has recently been developed to include atmospheric water de-

A number of previous groundwater related studies havemand by normalising the monthly (or weekly) difference be-
produced drought indices based on a normalisation process$ween precipitation and potential evapotranspiration (PET).
Bhuiyan et al. (2006) applied the SPI methodology to 20 yr of The SPEI represents a simple water balance and uses both
twice-yearly (pre- and post-monsoon) groundwater level datgrecipitation and temperature as drivers of drought. A ma-
from 541 wells across Rajasthan, India. Using a qualitativejor driver for groundwater drought in the UK is accumulated
GIS-based analysis, they investigated the spatio-temporal dydeficits in autumn and winter recharge (Marsh et al., 2007).
namics of drought in the study region and compared SPIHowever, it is not clear to what extent long-term changes in
based on pre- and post-monsoon groundwater levels, SPtemperature over the UK (Jenkins et al., 2008) may have had
and an index of vegetation health, but were unable to demonen groundwater recharge. Consequently, a future comparison
strate any quantitative correlations between the drought inef SGI with both SPI and SPEI may provide some helpful
dices. Mendicino et al. (2008) applied an SPI-like normali- insights into the potential role of changing temperature on
sation to modelled monthly “groundwater detention” to es- groundwater recharge and hence groundwater levels.

timate a Groundwater Resource Index (GRI) for a series of
catchments in southern Italy. Using cross-spectral techniques
they compared the GRI with SPI and found significant sensi-S
tivity in the GRI drought index to the lithological character-
istics of the analysed catchment or region. Based on 80 yr of
monthly karstic spring discharge for three springs in south-
ern ltaly, Fiorillo and Guadagno (2010, 2012) investigated
the relationship between meteorological droughts defined by
SPI and an index calculated using the SPI methodology as
applied to the karstic spring discharge times series. They
used cross correlation plots to showed that SPI for precip-
itation based on an accumulation period of 12 months was
most highly correlated with SPI for the spring discharge time
series, and inferred that the karst system only responded to
relatively long meteorological droughts due to the large stor-
age of the karst system.

The present study has formalised the normalisation
methodologies developed in these pervious groundwater-
related studies, and has extended the joint analysis of hy-
drogeological and meteorological drought indices and SPI

Hydrol. Earth Syst. Sci., 17, 47694787, 2013

Conclusions

— Building on the SPI methodology, groundwater level

data can be normalised to produce a Standardised
Groundwater level Index (SGI) if the SPI methodology
is modified to take into account the form and nature of
groundwater level time series.

Given correlations established between SGI and SPI
and good agreement of SGI time series with previously
independently documented droughts, SGI provides a
robust quantification of groundwater drought.

Correlations between SGI and SPI are associated with
a range of SPI accumulations periods that are a func-
tion of SGI autocorrelation. In addition, groundwater
drought durations defined by SGI time series are also
a function of SGI autocorrelation.
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— Autocorrelation in SGI appears to be a site and aquiferChang, T. J. and Teoh, C. B.: Use of the kriging method for studying
dependent function of autocorrelation in groundwater characteristics of ground water droughts, J. Am. Water Resour.
recharge signal and of the effects of intrinsic aquifer ~Assoc., 31, 1001-1007, 1995.

properties on saturated groundwater flow and storage hangnon Jr., S. A.. Detecting Drought Conditions in lllinois, llli-
nois State Water Survey Champaign, Circular, 169, 36 pp., 1987.

— Since SGI can be strongly influenced by location re- Cole, G. A. and Marsh, T. J.: An historical analysis of drought
flecting influences from local and site specific recharge in England and Wales, in: Climate variability and change: hy-
processes and regional to site-specific saturated flow drological impacts, edited by: Demuth, S., Gustard, A., Planos,
processes that are not simply spatially correlated. Con- E., Scatena. F., and Servat, E., IAHS Publication no. 308,

; ; ; : International Association of Hydrological Sciences (IAHS)
sequently, interpretation or analysis of the resulting
SGI needs to reflect an appreciation of the hydroge- 5th FRIEND World Conference Havana, Cuba, November 2006,

. fthe ob ion borehol Wallingford, UK, 483-489, 2006.

ological context of the observation boreholes. Diggle, P. J.: Time Series: a biostatistical introduction, 1st Edn.,

Oxford Science Publications/Clarendon Press, Oxford, 1990.
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