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Abstract. Hydrological drought events have very differ- 1 Introduction
ent causes and effects. Classifying these events into dis-

tinct types can be useful for both science and managei_| droloaical d h L di :
ment. We propose a hydrological drought typology that ydrological droug t events are severe natural disasters, in

is based on governing drought propagation processes d lamage cgmparable tp large-scale roon and earthquakes.

rived from catchment-scale drought analysis. In this ty- ue to their long duration and large spatial extent, droughts
; ; T have significant economic, social, and environmental impacts

pology six hydrological drought types are distinguished, . . X

i.e. (i) classical rainfall deficit drought(ii) rain-to-snow- (EU, 2006 200,7: Shefheld apd Woo,d291]). Especially in

season drought(iii) wet-to-dry-season droughtiv) cold vulnerable regions like Asia and Africa, the total number

snow season droughfv) warm snow season droughdand (.)f people affected by drought is very high (up to 300 mil-
(vi) composite droughtThe processes underlying these Ilon_peoplg Iper e\;elz_?(l:RDEéD,ZZO%lJ), anr:d drougk:jts resullt n
drought types are the result of the interplay of temperaturefaml'_r|'e an f:fs_s 0 IEeV\(/SS N,ET Zgia_suﬁpnglne Drecenrt]ym
and precipitation at catchment scale in different seasons. Aéhe orn of Africa £ A L ! b roug s

a test case, about 125 groundwater droughts and 210 didD developed countries primarily result in economic loss. In
charge droughts in five contrasting headwater catchments iH"e US6A’ ecéog'(lnllmlc LIJoSs[s) due to d}&om&ght gmountsztgoon av-
Europe have been classified. The most common drought typ ra}ge tol Zololon di ﬁere/sal (drea IS et ajd 3

in all catchments was thelassical rainfall deficit drought elow et al, 7 and in the EU, it was estimated at more

(almost 50% of all events), but in the selected catchmen'ého%n 120 bi”(i;_)n EUR in thg perirc])d 19;.;”2?54' 2883
these were mostly minor events. If only the five most severe2 7). According to recent drought studidsl, 4 '

drought events of each catchment are considered, a shift to§heffield 2008 Feyen and Danker2009 Dai, 2011), there

wards moraain-to-snow-season droughtsarm snow sea- 'S &1 increasing trend in drought extent and population af-
son droughtsand composite droughtsvas found. The oc- fected by drought, which makes drought research and man-

currence of hydrological drought types is determined by cli-agementa pressing issue.

mate and catchment characteristics. The drought typology is Drought is defined as a sustained and re_glopglly-e?(tenswe
transferable to other catchments, including outside Euroloepenod of below-average natural water availability. It is a re-
' curring and worldwide phenomenon, with spatial and tem-

because it is generic and based upon processes that occt . s .
around the world. A general framework is proposed to iden_poral characteristics that vary significantly from one region

tify drought type occurrence in relation to climate and catch—lto ino]:[her '(gll_akgen arlld Van"LsneQOOAI). IA prollo;ged h
ment characteristics. ack of precipitation (also called meteorological drought)

can propagate through the hydrological system and affect
soil moisture, resulting in soil moisture drought, as well as
groundwater and discharge, resulting in hydrological drought
(Tallaksen and Van Lane@004 Mishra and Singh2010.

This so-called propagation of drought from meteorologi-
cal to hydrological drought is characterised by a number of
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features Eltahir and Yeh1999 Peters et al.2003 Van La- METEOROLOGICAL
nen et al.2004 Van Loon et al.20118, visualised in Fig1: . . DROUGHTﬁs)
[ T°°T 1
— meteorological droughts are combined into a prolonged pealing

hydrological drought (pooling); HYDROLOGICAL DROUGHT
lengthening

lag
Level relative F—— EEEs e |

to norm Y e
\ ~4"" Groundwater
— . attenuation

Surface water

— meteorological droughts are attenuated in the stores (at-
tenuation);

— alag occurs between meteorological, soil moisture, and
hydrological drought (lag);

TIME ——»

flux/state variable —»

— droughts get longer moving from meteorological to soil

moisture to hydrological drought (lengthening). Fig. 1. Features characterising propagation of meteorological

These features are controlled by catchment characteristicdrought(s) to hydrological drought: pooling, lag, attenuation, and
and climate. Lag and attenuation are governed by catchmergngthening (modified froriisdal and Tallakser2000).
control, and pooling and lengthening by both catchment and
climate control Yan Lanen et a).2004).

Compared to other natural disasters, knowledge of droughg

. : o ; 007 Trigo et al, 201Q Li et al,, 2010. A more generally
still has large gapsSmakhtin 2001 Mishra and Singh . i :
2010. Mostgfogusp os%(drought research is on finding the applicable typology of hydrological drought is needed, both

“best” drought index (e.gBonacci 1993 Heim, 2002 for process understanding of drought propagation and for im-

Keyantash and Dracy002 Ntale and Gan2003 Mpela- provement of drought forecasting and management.

soka et al.2008 Niemeyer 2008 Wanders et al2010), but In this paper, we propose a general hydrological drought
hydrological droughts have very different causes that Canno{ypol_ogy based on the gnderlylng processes of_drought prop-
be captured by a single inde¥Vanders et al.2010. Be- age_mor_m The_se governing processes were derived from time
sides by a rainfall deficit, hydrological droughts can also peSeries investigation (observed and/or simulated) and drought
caused by low temperatljres and snow accumulatian [a- analysis in selected catchments with contrasting characteris-

nen et al, 2004 Van Loon et al, 2010). In 2006 and 2010, for tics. Therefore, the resulting typology is applicable to other

example, cold and dry winters have resulted in severe probg:atchments around the world where observed and/or simu-

. S .- o _lated hydro-meteorological data are available. The objectives
Lﬁg{s(l‘\’l"g}‘( dzrg‘lk(')”g water and electricity production in Nor-— i " idy are: (i) to describe hydrological drought types
For droLJght rr;anagement, it is very important to distin- and provide examples, (i.i) .to show the. application of the
guish between different types of hydrological drought, be_Qrought typology by classifying hydrological drought events

cause these different types need different preventing meal’ five contrasting catchments, (”.') to find the mo;t common
nd most severe drought types in catchments with different

sures and coping mechanisms. In addition, drought researcc imate and catchment characteristics, and (iv) to relate these
could benefit from a common terminology and further study L (v)
drought types to catchment and climate control.

of the processes underlying drought. Therefore, one of the Th i £ th is T q the hvdroloaical
most important scientific challenges is related to the diver- ehf[)ltJ 'nT 0 eh.p:;p.er IS OCLiSZe. %Tafl:aed y rolloglca
sity of causative mechanisms of hydrological drought arounddroug ypology, which IS presented In nd applie

the world Marsh et al. 2007). Currently, there is no gener- |n_Sect.5. _The drought types d_eﬂ_ned are the_ result of de-
ally accepted classification scheme for hydrological droughtstalled stud|e§ of drought events in f_|ve contrastmg_study areas
(Wilhite and Glantz 1985 Lloyd-Hughes and Saunders (Sect.2), which were analysed_ using a hydrologpal model
2002, like there is for floodsNlerz and Bosch| 2003. Hy- _(Sect.3.1) and a drought analy§|s method (SECP). Fm«_’:llly,
drological drought classification is mainly done for sectors " Sects6 and7, resullts are discussed and summarised and
(e.g. socio-economic drough¥ishra and Singh2010 and a general framework is presented that shows the occurrence

based on drought severitPacup et al. 1980 Rossi et al. of drought types in relation to climate and catchment charac-

1992 McKee et al, 1993 1995 Lloyd-Hughes and Saun- teristics.

ders 2002 Smakhtin and Hughe2004), but not based on

processes. For meteorological droughts, some process-based stydy areas

classifications have been develop€thiflips and McGregar

1998 Fowler and Kilsby2002 Mishra and Singf2010, but ~ The five catchments used in this study are natural headwa-
hydrological drought events are either defined in very generater catchments in Europe with contrasting climate and catch-

terms and analysed only by their statistiés@readis et al.  ment characteristics (Fi@a; Van Lanen et a).2008.
2005 Fleig et al, 2006 Sheffield and Wood2007, Sheffield
2008 Sheffield et al.2009 or a single drought event with its

nderlying processes is described in detail (8antos et a.
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Fig. 2. (a)Location of the selected catchments in Europe, including gauging station and meteorological ¢t3tidpger-Metuje catchment;
(c) Upper-Szava catchmenfd) Narsjg catchmen{e) Nedazery catchment; anff) Upper-Guadiana catchment.

2.1 Narsjg extensive groundwater storage, which makes the catchment
quickly respond to precipitation. Some delay in the response
The Narsjg catchment is located in southeastern Norways caused by lakes, covering 3 % of the catchment, and bogs,
(Fig. 2d). It is a sub-basin of the Upper-Glomma, which is covering 12% Yan Loon et al. 2010. Other land cover
the headwater catchment of the Glomma. The area of théypes of the catchment are open area (61 %), forest (24 %),
Narsjg catchment is approximately 120%(Table1). The  and only a little agriculture (0.4 %)Hohenrainer2008. Hu-
catchment is located in a glacially formed mountainous re-man influence is very limited in the Narsja catchment.
gion with rounded tops and U-shaped valleys. The altitude
range is rather large with approximately 740-1600m a.m.s.|2.2  Upper-Metuje
(Engelangd2002. The Narsjg catchment has a subarctic cli-
mate with mild summers and very cold wintersdfpen-  The Upper-Metuje catchment is located in northeastern
Geiger climate Dfc). In the observation period 1958-2007,Czech Republic and partly in Poland (approximately 10 %
measured mean annual temperature was @, precipita-  of the catchment area) (Figb). It is the headwater catch-
tion was around 590 mmyt, and potential evaporation was ment of the Metuje, which drains into the Elbe. The area of
around 300 mmyr! (Tablel). In winter, a continuous snow the Upper-Metuje catchment is approximately 7Gkha-
cover is present for, on average, 7 months from mid-Octobeble 1). The catchment is located in a hilly region of gen-
until the end of May, dependent on altitudengeland2002). tle slopes and wide valleys, except for some steep sand-
Measured mean discharge was around 820 mrhywhich stone formations in the centre of the catchment. The alti-
is higher than measured precipitation due to the low elevatude range is approximately 450-780 m a.m.s.l. The Upper-
tion of precipitation gauges (Figd) in combination with an  Metuje catchment has an oceanic climate with mild summers
increase of precipitation with altitude. The low-flow seasonand winters (Kppen-Geiger climate Cfb). In the observa-
of Narsjg is winter, when recharge is zero because of snowion period 1982—2005, measured mean annual temperature
accumulation, and highest flows occur in May due to snowwas 5.9C, precipitation was around 750 mnTyt;, and po-
melt (Table1). Narsjg is a hardrock catchment consisting tential evaporation was around 570 mmyr(Table 1). In
predominantly of impermeable metamorphic rocks withoutwinter, a continuous snow cover is present for, on average,
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Table 1. Catchment characteristics of the selected catchments Narsjg (Norway), Upper-Metuje and ahapar{&zech Republic),
Nedc’ery (Slovakia), and Upper-Guadiana (Spain); obs. periotiservation period]’ =temperature P = precipitation, PETF potential
evaporationQ = discharge.

Narsjg Upper-Metuje Upperé&ava Nedpery Upper-Guadiana

Area [kn?] 119 73.6 131 181 16,479
Altitude [m a.m.s.l} 945 (737-1595) 591 (459-780) 628 (487-805) 573 (288-1172) 769 (599-1100)
Climate type [-] Dfc Cfb Cfb Dfb Csa, Csb and Bsk
Obs. period 1958-2007 1982-2005 1963-1999 1974-2006 1960-2001
T [°C] 0.7 5.9 6.8 7.6 14.1

["C]b Jan:—10.1; Jul: 11.9 Jan:-3.9;Jul: 15,5 Jan+-3.2;Jul: 16.3 Jan=2.8;Jul: 17.5 Jan:5.1; Jul: 25.0
P [mmyr—1] 594 746 717 873 450

[mm month—l]b Mar: 27; Jul: 81 Apr: 42; Jul: 92 Feb: 36; Jun: 92 Feb: 52; Jun: 96 Jul: 9; Dec: 54
PET [mmyr ] 296 574 684 981 1250
0 [mmyr 1 820 321 291 352 16

[mm d—l]b Mar: 0.29; May: 8.0  Oct: 0.66; Mar: 1.9  Aug: 0.48; Mar: 1.7 Aug: 0.42; Mar: 2.1  Sep: 0.009; Feb: 0.11

a=mean (min-max)? = min monthly; max monthly.

4 months from December until the beginning of April. Mea- lakes, covering around 2 % of the catchment ak&an(Loon
sured mean discharge was around 320 mmyiThe low- et al, 2010. Other land cover types of the catchment are
flow season of Upper-Metuje is summer/autumn, and highesforest (50 %), and cropland and grassland (40 Rgkovec
flows occur in March due to snow melt (Tablg. Upper-  etal, 2009. Human influence is limited to extensive agricul-
Metuje is a groundwater catchment consisting of multiple ture, and some groundwater extraction and sewage disposal.
sandstone layers, alternating with less permeable sediment

layers, that form a large, multiple aquifer system. This makes2-4 Nedaery

it a slowly responding catchment with a relatively high base- . , ) )
flow. Nevertheless, discharge peaks occur when storage ish€ Nedaery catchment is located in central Slovakia
filled (Van Loon et al, 2010). Land cover of the catchment (Elg. 2e). It is the headwater catchment of the Nitra, which
mainly consists of cropland and grassland (51 %), and foresfinally) drains into the Danube. The area of the Negty

(46 %) Rakovec et a).2009. Human influence is limited to  C&tchment is approximately 180 RnfTable 1). The catch-
extensive agriculture. ment is located in a mountainous region with steep slopes.

Therefore, the altitude range is large, from approximately
290-1170m a.m.s.l. The catchment has a humid continen-
tal climate with warm summers and cool wintersofipen-
Geiger climate Dfb). In the observation period 1974-2006,
The Upper-&zava catchment is located in central Czech Re-measured mean annual temperature was @, frecipita-
public (Fig.2c). Itis the headwater catchment of th@z8va,  tion was around 870 mmy#, and potential evaporation was
which (finally) drains into the Elbe. The area of the Upper- around 980 mmyr! (Table1). In winter, a continuous snow
Sazava catchment is approximately 130k(iable1). The  cover is present for, on average, 4 months from December
catchment is located in a hilly region of gentle slopes andyntil the beginning of April, with large variation within the
wide valleys and the altitude range is approximately 490-catchment due to elevation. Measured mean discharge was
800m a.m.s.l. The Upperd2ava catchment has an oceanic ground 350 mm yrl. The low-flow season of Nedery is
climate with mild summers and winters gkpen-Geiger  summer, and highest flows occur in March due to snow melt
climate Cfb). In the observation period 1963-1999, mea-(Table1). Neddzery is a hardrock catchment consisting pre-
sured mean annual temperature was’ €.8recipitation was  dominantly of impermeable metamorphic rocks without ex-
around 720 mmyr', and potential evaporation was around tensive groundwater storage, which makes it quick in re-
680 mmyr! (Table1). In winter, a continuous snow cover sponding to precipitation. The presence of steep slopes and
is present for, on average, 4 months from December until thggpsence of bogs or lakes accelerates the respdasd_pon
beginning of April. Measured mean discharge was arouncet al, 2010. Two-thirds of the catchment is covered by for-
290 mmyr*. The low-flow season of Uppera3ava is sum-  est. Other land cover types are agriculture (23 %), natural
mer, and highest flows occur in March due to snow melt (Ta-meadow (6 %), and urban area (5 %®)sterwijket al.2009).

ble 1). Upper-$&izava is a hardrock catchment consisting of Human influence is limited to extensive agriculture.
impermeable metamorphic rocks and sedimentary rocks with

limited groundwater storage, which gives it an intermediate
response to precipitation. A significant delay is caused by

2.3 Upper-Sazava
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2.5 Upper-Guadiana flows (both described in Se@.1). On the simulated hydro-
meteorological variables, we performed a drought analysis
The Upper-Guadiana catchment is located in central Spainwith the well-known threshold level method. This method
(Fig. 2f). It is the headwater catchment of the Guadiana.and the results obtained are explained in S&é.
The area of the Upper-Guadiana catchment is approximately
16 480kn?, which is considerably larger than the other 3.1 Hydrological modelling
catchments (Tabld). This larger area is chosen to rule
out any significantgroundwater transport over the catchmeng.1.1 HBV
boundary and to ensure a good quality of discharge mea-
surementVeenstra2009. The larger catchment area is not The conceptual, semi-distributed rainfall-runoff model HBV
expected to influence the studied drought propagation pro{Seibert 1997 was chosen as hydrological model for this
cesses on which the proposed typology is based. The Upperesearch. The original HBV model was developed in the
Guadiana catchment is part of the Central Spanish Plateawarly 1970s byBergstom (1976 1995. Afterwards, differ-
The altitude range is approximately 600-1100 m a.m.s.l..ent versions of HBV have been developed for both research
and especially in the centre topography is rather flat. Theand operational management. Although it was originally de-
Upper-Guadiana catchment has a Mediterranean and semieloped for Scandinavian conditions, the HBV model has
arid climate with very warm summers and mild winters been widely used in general modelling studiem@strom,
(Kdppen-Geiger climate Csa, Csb and B&kreman 2000. 1997 Uhlenbrook et al. 1999 Perrin et al, 2001, Oudin
In the observation period 1960-2001, catchment-averaget al, 2009; in catchments in Europe: Austriderz and
measured mean annual temperature was °I2. precipita-  Bloschl 2004, Belgium (Van Pelt et al. 2009 Driessen
tion was 450 mmyrl, and potential evaporation was around et al, 2010, Germany Uhlenbrook et a].1999 Niitzmann
1250 mmyr! (Tablel). In winter, no continuous snow cover and Mey 2007, Sweden$eibert 1999 Seibert et a.2003,
is present. Only in very cold years some snow accumula-and Ireland{vang et al.2006; and in other areas around the
tion occurs in the highest parts of the catchment. Potentialvorld, for example the Hindukush-Karakorum-Himalaya re-
evaporation exceeds precipitation, resulting in a relativelygion (Akhtar et al, 2008 and selected catchments in Africa
low measured mean discharge of 16 mmly(de la Hera  and South-Americalfdéen and Harlin 2000. In this re-
1998. The low-flow season of Upper-Guadiana is summersearch, we used the HBV model version developeBdipert
due to a lack of recharge in this period, and highest flows(1997 2005. Seibert called it “HBV light”, but for reasons
occur in winter (Tablel). Upper-Guadiana is a groundwater of brevity it is referred to as “HBV” in the rest of this paper.
catchment consisting of various areas with multiple layers of HBV simulates daily discharge from daily precipitation
sedimentary rock (mainly gravel, limestone) forming large and temperature, and monthly or daily estimates of potential
aquifer systems. This makes it a slowly responding catch-evaporation. The model consists of four routines, i.e. a dis-
ment with most of the runoff discharged as baseflow. A num-tributed snow routine and soil moisture routine, a lumped re-
ber of interconnected wetlands cause further delay in thesponse routine, and a routing routine (FBY.Snow accumu-
response to precipitation. Land use in the Upper-Guadiandation and melt are calculated by the degree-day method for
catchment is mainly agricultural. Since 1970-1980, agricul-a number of elevation (maximum 10) and vegetation (max-
ture intensified and human influence (i.e. irrigation) in the imum 3) zones separately. In each of these zones, ground-
catchment increased dramatically, causing declining groundwater recharge and actual evaporation are functions of actual
water levels and wetland area, and decreasing discharg®ater storage in the soil box. Subsequently, the lumped re-
(Veenstra2009. sponse function, in the STANDARD version consisting of
two linear reservoirs in series, transforms recharge into dis-
charge. Finally, channel routing is computed by a triangular
3 Modelling and drought analysis weighting function. Further description of the model can be
found inSeibert(200Q 2005.
Long time series of observations of all hydro-meteorological Since according t&eibert(200Q 2009 the DELAY re-
variables were not available for the selected catchmentssponse routine is better suited for modelling slowly respond-
hence modelling was needed. Simulating low flows is a chaling deep-groundwater catchments, we tested this version be-
lenge. Smakhtin (2001) describes a number of difficulties sides the STANDARD response routine. The DELAY re-
in the modelling of low flows and@taudinger et al(2011) sponse routine consists of two linear reservoirs in parallel,
state that “low flows are often poorly reproduced by com- of which the lower reservoir is preceded by a distribution of
monly used hydrological models, which are traditionally de- recharge over different delay boxes (F3).
signed to meet peak flow situations”. For that reason, we The HBV model was forced with observed meteorologi-
used a model that has proven to be robust in low-flow sit-cal data of the selected catchments. Temperature and precip-
uations Te Linde et al. 2008 Driessen et al.2010, and itation data were taken from meteorological stations inside
a calibration criterion that is especially focused on low or around the catchment (Fig), and, if needed, averaged
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rain and snow

7l7\r T IT’ evapotranspiration

elevation

TT, CFMAX, . -
SFCF, ‘snow routine
CWH, CFR

area

rainfall + snowmelt

distributed

| |
| |
P
| |

FC, LP, i : ine’
BETA ‘soil moisture routine

; recharge DELAY version recharge STANDARD version

Qo =K, * (SUZ-UZL)

uzL
S suz
lQ:=Ki " s Q, =K, *suz

lumped

weights

= ISLZ 1&. N
Q=K"S, Q=K " 5Lz AEAS < QsiQ

‘response function’ DELAY version ‘response function’ STANDARD version ‘routing routine’

Fig. 3. Structure of the HBV model with two versions for the response routine: on the right-hand side the STANDARD version, and on the
left-hand side the DELAY version (adapted fr@aibert 2000andOosterwijket al. 2009.

using Thiessen polygons. An altitude correction was appliedTable 2. Nash-Sutcliffe values per catchment.
to get correct input data for the elevation zones. Potential
evaporation was calculated using the FAO Penman-Monteith Reff  InReff
method described byllen et al. (1998. Due to different

data availability and quality in each catchment, slightly dif-

Narsjo 0.77 0.90
Upper-Metuje 0.51 0.69

ferent calculation procedures were followed according to the Upper-Sizava 059 063
assumptions and recommendations describeDdrenbos Nedaery 0.64 068
and Pruitt(1975 andAllen et al.(1993. Upper-Guadiana 0.54 0.71

3.1.2 Calibration and validation

Parameter values of HBV were determined by calibration.

Calibration was done on observed discharge using the gethis calibrated model to the disturbed period, we could nat-
netic calibration algorithm described Beibert(2000. The  uralize the discharge of the disturbed periddrf Loon and
agreement between simulated and observed discharge wa&n Lanen2012). The drawback is that, when studying time
evaluated by the Nash-Sutcliffe efficiencash and Sut-  series or drought characteristics for the disturbed period, sim-
cliffe, 1970 based on the logarithm of observed and sim- ulations can not be compared to observations any more.
ulated discharge (In Reff)Seibert 1999 2005. The Nash- After calibration, all selected catchments were modelled
Sutcliffe efficiency based on the logarithm of observed andreasonably well with HBV (Tabl&). In general, In Reff val-
simulated discharge is regarded as the best objective funaies were (slightly) higher than Reff values, because cali-
tion for low-flow modelling Krause et al.2009. The entire  bration was based on In Reff. This indicates a good perfor-
observation period (Tablg) was used as calibration period mance of the model on low flows. Further validation of the
for all catchments except Upper-Guadiana. Due to the strongdBV model results, including graphs and tables of simu-
human influence in that catchment after 1980 (see 2€8t.  lated vs. observed discharge and groundwater, are given in
the calibration period was restricted to the period 1960-1970AppendixA. The results of calibration and validation of the
and the period 1970-1980 was used for validation. By cali-HBV model justify the use of simulated fluxes and state vari-
brating the model with the undisturbed period and applyingables for drought analysis.
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Several output variables of HBV were used for further
drought analysis, i.e. catchment average precipitation (ele-
vation corrected) in mmd, soil moisture storage in mm,
groundwater storage in mm, and discharge in mrh dFor
groundwater storage we used only storage in the lower
groundwater reservoir (ULZ, see Fig), which represents
deep groundwater. The reason for notincluding storage inthe 5 _ | droughtevents 4 — | |
upper reservoir is that the fast flow paths in HBV (e.g. sur- o Tl
face runoff) are modelled through this upper reservoir; hence ' J
it does not represent real groundwater storage @jig.

— groundwater storage / discharge
-==- threshold level

hydrological drought event pooled
events

groundwater [mm]

duration

o deficit
volume

3.2 Drought analysis

discharge [mm/d]
0.4
|
[
A
\
1
|
e

|_duration |
I 1

3.2.1 Threshold level method | droughtevents }— — | !

T T T T T T T T

\
julg9 jan90 jul90

0.0

To determine droughts from hydro-meteorological time se-
ries, the threshold level metho&edvjevich 1967 Hisdal Fig. 4. Threshold level method with variable threshold (80th per-
et al, 2004 was applied. With this method, a drought occurs centile of monthly duration curve, smoothed by 30-day moving av-
when the variable of interest (i.e. precipitation, soil mois- erage) for groundwater storage (upper panel) and discharge (lower
ture, groundwater storage, or discharge) is below a prede2n€)). including an illustration of pooling method and drought
fined threshold (Fig4). A drought event starts when the characteristics duration, deficit volume, and maximum deviation.
variable falls below the threshold level and the event con-
tinues until the threshold is exceeded again. Each drought
event can be characterised by its duration and by some mea-
sure of the severity of the event. For fluxes (i.e. precipitationvariables does not change. This is shown, amongst others, by
and discharge) the most commonly used severity measure ®osterwijket al.(2009. Furthermore, the drought typology
deficit volume, calculated by summing up the differences be-that is based on this drought analysis will not change when
tween actual flux and the threshold level over the droughtusing a different threshold, because the same processes that
period Hisdal et al, 2004 Fleig et al, 2006. For state vari-  cause drought using an 80th percentile will be present when
ables (i.e. soil moisture and groundwater storage), we usedsing a 95th or a 70th percentile.
the maximum deviation from the threshold (maximum devi- For the Upper-Guadiana catchment, the threshold values
ation) as the severity measure (Hg. were calculated based on the period 1960-1980 and applied
Either a fixed or a variable (seasonal, monthly, or daily) to the entire time series to eliminate the strong human im-
threshold can be used. In this study, a variable threshold wapact after 1980 (see Se@t5). For the other catchments, the
chosen, as seasonal patterns are then taken into account. Femtire observation period (Tabl§ was used for the calcu-
drought management, not only is the yearly recurring (sum4ation of the threshold. The discrete monthly threshold val-
mer or winter) low-flow period important, but any deviation ues were smoothed by applying a centred moving average of
from the normal seasonal pattern (see definition of droughB0 days. After application of the threshold level method, mu-
in Sect.l). Furthermore, a variable threshold shows deficien-tually dependent droughts were pooled using the inter-event
cies in the high-flow season that can lead to a drought in théime method Fleig et al, 2006. An inter-event time period
low-flow season Hlisdal and Tallaksen2000. We applied  of 10 days was used for all catchments, based on the range
a monthly threshold derived from the 80th percentile of thegiven byTallaksen et al(1997) andFleig et al.(200§. The
monthly duration curves. This implies that for each monthinter-event time period is quite a subjective paraméfal-
a value of a flux or state variable is chosen that is exceedethksen et al(1997) andFleig et al.(2006 tested a number of
80 % of the time in a specific month. The chosen 80th per-inter-event time options for a representative sample of catch-
centile lays within the range of 70th-95th percentile com-ments around the world (taken from a global dataset) and
monly used in drought studies for perennial rivers (&lig- concluded that the sensitivity curves generally started to level
dal et al, 2001, 2004 Andreadis et aJ.2005 Fleig et al, out around 5 days, and for most streams the deficit character-
2006 Tallaksen et a).2009 Wong et al, 2011). The choice istics did not change substantially after 10 to 15 days, imply-
of a different percentile in the calculation of the threshold ing that a maximum of pooling was obtained. Other studies
level changes drought characteristics. For example, with aised an inter-event time period of 2 dayn@eland et aJ.
95th percentile threshold fewer events with shorter dura-2004), 6 days Tate and Freema@000, and 30 daysfandey
tions and lower deficit volumes and maximum deviations areet al, 2008. In this study, we have chosen 10 days, which is
identified, and with a 70th percentile threshold the opposite quite a conservative number. This minimizes the occurrence
However, the relation between drought characteristics of theof dependent drought events, but should not include too long

www.hydrol-earth-syst-sci.net/16/1915/2012/ Hydrol. Earth Syst. Sci., 16, 1918346 2012



1922

A. F. Van Loon and H. A. J. Van Lanen: Hydrological drought typology

high peaks in a drought event. The choice of the inter-eventid drought characteristics of simulated discharge deviate
time period is not expected to change the results of this studysignificantly from those of observed discharge. In this catch-
The calculation of drought characteristics of the pooledment observations and simulations can not be compared, as

drought events (visualised in Fid) is done according tde-
lenhast and Salva{1987%):

— pooled duratior= duration + duration1 + ...

— pooled deficit volume-=deficit volume + deficit

volumey1 + ...

— pooled max. deviatioa- max. (max. deviation max.
deviationy1,...)

is explained in Sect3.1 The reason is that drought char-
acteristics of this catchment were calculated for the entire
observation period (1960-2001), including the period with
strong human influence (Se@.5). The drought character-
istics of observed discharge reflect this disturbed situation,
while those of simulated discharge represent a situation with-
out human influence (as HBV does not simulate human in-
fluence, because it is calibrated on natural flows).

Table 3 confirms what is known about propagation in
drought characteristic®{ Domenico et al.201Q Van Loon

wherei is a hydrological drought event arigr- 1 is the fol-
lowing hydrological drought event.

To eliminate minor droughts, all drought events with a du-
ration less than 15 days were excluded from the analysis
(values up to 5 days are used Hisdal et al, 2004 Birkel,

2005 Fleig et al, 2006 Van Loon et al.2011a but various
studies showed that minor droughts can have durations up
to 20 daysHisdal 2002 Fleig et al, 2005 Kaznowska and
Banasik 2011 Kim et al,, 2011). Of the remaining drought
events, a few were found to be not real drought events, but
rather artefacts of the method used. A very sharp increase
in discharge in combination with a gradually rising thresh-
old level can result in a few days of below-threshold lev-
els. This happens in catchments with a pronounced differ-
ence between wet and dry season, such as catchments with
a pronounced snow melt peak or catchments with a mon-
soon climate. These events are not related to a rainfall deficit
or temperature difference (so not caused by meteorological
anomaly as defined itahl and Hisdak004), but are purely

a consequence of the smooth threshold level in combination —

with a sharp increase in groundwater storage or discharge.
Therefore, in this research we did not consider these events as
drought but rather as anomaly. In this research, such anoma-
lies were only found in the Narsjg catchment (4% of all
events in groundwater and 7 % of all events in discharge).
This is due to the very sharp increase in discharge during the
snow melt season. In the other catchments with snow (Upper-
Metuje, Upper-8zava, and Nedwery) no such anomalies
were found, because winters are less severe in those catch-
ments, resulting in a less abrupt transition from winter to
summer. As we did not study catchments with a monsoon cli-
mate, we did not find anomalies related to a sudden increasg
in precipitation. In the rest of this paper, these anomalies ar
disregarded and focus is only on droughts.

3.2.2 Drought characteristics

et al, 2011h:

— Drought events become fewer and longer when moving

from precipitation via soil moisture to groundwater stor-
age, so the number of droughts decreases and duration
increases.

— Drought events in discharge have drought characteris-

tics comparable to those of soil moisture, because they
reflect both fast and slow pathways in a catchment.

In fast reacting systems (like Narsjg and Neeiy),
discharge drought characteristics are more compara-
ble to those of precipitation (more and shorter); in
slowly reacting systems (like Upper-Metuje and Upper-
Guadiana) discharge drought characteristics are more
comparable to those of groundwater storage (fewer and
longer).

Deficit volumes are higher for droughts in precipita-
tion than for discharge droughts, because precipitation
is higher and more variable, resulting in higher thresh-
old values and a larger deviation from the threshold.

Mean maximum deviation is higher for soil moisture
droughts than for droughts in groundwater, because
soil moisture values are much more variable, while in
groundwater the signal is smoothed. In the drought char-
acteristics of the Narsjg catchment this effect is not vis-
ible, because soil water storage is limited in this catch-
ment due to very coarse, shallow soils.

él'he Narsjg and Nedery catchments have similar drought
characteristics because they are both fast reacting (Ta-
ble 3). Narsjg is a bit slower (fewer, but longer groundwater
droughts) due to the presence of bogs and lakes that slightly

delay the response to precipitation. The Upper-Metuje and
General drought characteristics of all study catchments aréJpper-Szava catchments have similar drought characteris-
displayed in Tabl8. The drought events of simulated and ob- tics because they are both slow reacting (Teg)leUpper-
served discharge showed similar characteristics (especiallietuje has an aquifer system with high storage and Upper-
regarding number of drought events and mean duration)Sazava has many lakes that delay the response. The Upper-
again indicating the reasonable performance of the HBVGuadiana catchment has very long hydrological droughts
model on low flows. Only in the Upper-Guadiana catchment(groundwater drought events of, on average, more than two
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Table 3.General drought characteristics using an 80 % monthly threshold (moving average 30 days), the inter-event time method for pooling,
and a minimum drought duration of 15 days for the hydro-meteorological variables simulated with HBV and observed discharge for all
selected catchments.

No. of droughts Mean duration Mean deficit Mean maximum

[per year] [day] [mm]  deviation [mm]
Narsjo catchment precipitation 1.8 34 13.6 -
soil moisture 11 59 - 7.4
groundwater storage 0.9 68 - 7.3
simulated discharge 1.2 56 11.7 -
observed discharge 1.2 54 175 -
Upper-Metuje catchment precipitation 1.7 33 14.2 -
soil moisture 1.2 45 - 15.2
groundwater storage 0.6 112 - 11.3
simulated discharge 1.0 60 3.2 -
observed discharge 1.2 53 45 -
Upper-Szava catchment precipitation 2.0 30 12.5 -
soil moisture 1.3 47 - 18.3
groundwater storage 0.5 139 - 8.1
simulated discharge 1.1 62 3.6 -
observed discharge 1.1 58 5.6 -
Nedazery catchment precipitation 1.6 34 16.5 -
soil moisture 14 43 - 22.4
groundwater storage 11 59 - 53
simulated discharge 1.3 50 4.6 -
observed discharge 1.4 45 45 -
Upper-Guadiana catchment precipitation 2.0 40 10.9 -
soil moisture 1.2 77 - 21.9
groundwater storage 0.2 756 - 5.9
simulated discharge 1.0 154 2.2 -
observed discharge 0.7 253 5.5 -
years; Table3). This is due to its very slow response to pre- — cold snow season drought
cipitation caused by the presence of extensive aquifer sys-
tems and wetlands, and to its dry climate. — warm snow season drought

The numbers in Table3 show some differences be-
tween catchments that indicate propagation processes, but
for a thorough insight into drought generating mechanismsgor each of these drought types, generating mechanisms are
time series of all hydro-meteorological variables need to begescribed below and examples are presented.
studied in detail.

— composite drought

4.1 Classical rainfall deficit drought

4 Typology of hydrological droughts The classical rainfall deficit droughts caused exclusively
by a prolonged lack of rainfall (meteorological drought) that

Based on an in-depth analysis of time series of hydro- : .
meteorological variables of the study catchments, a hydro—p ropagates through the hydrological cycle and develops into

logical drought typology is proposed that uses the diversityal hydrological drought.

fd ht e hani the basic princiol Some examples are shown in Fig.with droughts in
ot drought generating mechanisms as the basic principie. summer, spring, and winter in different catchments. In the
The following hydrological drought types are distin-

. ) first example (Figha, Narsjg catchment), a meteorological
guished: drought in May—July 1992 (3rd panel) caused drought in soil
— classical rainfall deficit drought moisture, groundwater storage, and discharge (4th, 5th, and
6th panel). The hydrological drought event ended by high
precipitation in July—August 1992 (3rd panel). In the second
— wet-to-dry-season drought example (Fig.5b, Nedaery catchment), a meteorological

— rain-to-snow-season drought
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a) Narsjg catchment b) Nedozery catchment c) Upper—Guadiana catchment
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Fig. 5. Examples otlassical rainfall deficit droughtype:(a) Narsjg catchment 1992—-1998) Ned@ery catchment 2000—200(t) Upper-
Guadiana catchment 1988 (all panels: grey #irleng-term average of displayed variable, dasheddisenoothed monthly 80 %-threshold
of displayed variable, red areadrought event referred to in text; upper panel: black #1@0-day moving average of observed temperature,
red line= 0 degrees; second panel: black liasimulated snow accumulation; third panel: black Ea80-day moving average of observed
precipitation; fourth panel: black line simulated soil moisture; fifth panel: black lisesimulated groundwater storage; lower panel: black
line=simulated discharge).

drought in April-June 2000 and one in August 2000 (3rd Theclassical rainfall deficit droughtan occur in any sea-
panel) both caused a soil moisture drought (4th panel) andon, in any catchment (quickly or slowly responding), and
a hydrological drought (groundwater storage and dischargein any climate region (Bppen-Geiger climate types A, B,
5th and 6th panel), with a small peak in between due toC, D, and E), as long as precipitation falls as rain (snow re-
rainfall in July 2000 (3rd panel). The hydrological drought lated droughts are treated in Se@&<, 4.4and4.5). A clas-
event ended by high precipitation in autumn (September-sical rainfall deficit droughtcan have all possible durations,
November 2000; 3rd panel). In the third example (FHg, deficit volumes, and maximum deviations, mainly dependent
Upper-Guadiana catchment), a meteorological drought iron the rainfall deficit(s) that caused it and on the antecedent
winter (February—March 1988; 3rd panel) caused only a mi-storage in the catchment. In the examples in Bjglurations

nor drought in soil moisture (4th panel) and a hydrologi- range from 28 to 245 days, maximum deviations from 2.9
cal drought (groundwater storage and discharge; starting ino 10.7 mm, and deficit volumes from 0.45 to 28 nassi-
March 1988; 5th and 6th panel). The drought in soil moisturecal rainfall deficit droughtsan show all propagation features
and discharge ended by rainfall in spring (March—June 1988(i.e. pooling, lag, attenuation, and lengthening; see Sg&ct.
3rd panel), but the drought in groundwater storage continueanainly dependent on catchment characteristics. Pooling, for
because recharge was not sufficient (5th panel). example, often occurs. The examples in Fghow a clear
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propagation of one meteorological drought into one hydro- @ Narsjo catchment b) Upper-Sazava catchment
logical drought, but in many cases more meteorological
droughts are pooled and it is harder to point out the exact
rainfall deficits that caused a specific hydrological drought.

In the examples in Figs, lag (groundwater: 9-44 days, dis- J

charge: 7-39 days) and attenuation of the drought signal ares g1
visible in all catchments, and lengthening of the drought pe- 3 g

riod is striking in the Nedpery catchment (Fighb) and es- R !
pecially in the groundwater storage of the Upper-Guadiana _ pecop Jun6o - May6 Nove9 May7C
catchment (Fig5c).

The classical rainfall deficit droughis a very common
hydrological drought type. As it occurs all around the world,
it has been described and analysed by many different authors,
Some examples a@tahl and Demutli1999; Tallaksen and
Van Lanen(2004); Stahl and Hisda(2004; Smakhtin and
Hugheg(2004); andFleig et al.(2006.
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4.2 Rain-to-snow-season drought
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The rain-to-snow-season drough$ caused by a rainfall
deficit (meteorological drought) in the rain season (usually = e O e W
summer and/or autumn) that continues into the snow sea-
son (usually winter). The meteorological drought ends with
precipitation, which, however, falls as snow because temper-
ature has dropped below zero. Consequently, soil moisture
and groundwater stores are not replenished by recharge in _ _
the rain season, the season in which recharge normally taked9- 6- Examples ofrain-to-snow-season drouglype: (a) Narsjg
place. Therefore, the initial value of the normal winter re- CatChm?m 1968-1969p) Upper-Szava catchment 1969-1970
cession is lower than normal and groundwater storage angegend. see Figh).
discharge stay below the threshold level until the snow melt
peak of the next spring. The rain-to-snow-season drougldgccurs in catchments
Two examples of theain-to-snow-season droughdre with a clear snow season, which can be catchments at high
shown in Fig.6. In the first example (Fig6a, Narsjg latitude or high elevation (Bppen-Geiger climate types D
catchment), the meteorological drought in July, August andand E, and some subtypes of C). These catchments have
September 1968 (3rd panel) directly resulted in a soil mois-a low-flow season in winter due to the continuous snow cover
ture drought (4th panel) and hydrological drought (5th andthat hampers recharge. Durations rafin-to-snow-season
6th panel). The precipitation peak that started mid-Octoberdroughtsare long (almost up to a year; in the examples of
(3rd panel) mainly fell as snow (2nd panel) because tem-Fig.6, 279 and 147 days for drought in discharge) and deficit
peratures had dropped below zero (1st panel). Some resolumes can be high (partly due to the long durations; in the
plenishment of the soil moisture store took place andexamples of Fig6, 54 and 11 mm for drought in discharge).
the soil moisture drought disappeared (4th panel), but théAs can be seen from the examples in Féglengthening is
groundwater system remained in drought until the snowthe main drought propagation feature definiag-to-snow-
melt peak of May 1969 (5th panel). In the second exam-season drought©ther drought propagation features also oc-
ple (Fig.6b, Upper-&zava catchment), two meteorological cur (e.g. pooling and lag in Figb), but are less important
droughts of July and September—October 1969 (3rd panelthan lengthening.
caused groundwater storage (5th panel) and discharge (6th Therain-to-snow-season droughts previously been de-
panel) to decrease below threshold levels. Part of the prescribed byVan Loon et al.(2010 under the name Type 1
cipitation of November 1969 and almost all that of Febru- winter drought.Pfister et al(2006§ mention historical evi-
ary 1970 (3rd panel) fell as snow (1st and 2nd panel). Theredence of a hydrological winter drought event in 1540 that
fore, the hydrological drought did not end, but continued un-might have been of this type. In other studies, these multi-
til the snow melt period of April 1970 (6th panel). In the season droughts are mostly filtered out, because they com-
groundwater system, the drought even continued longer, unplicate statistical analysid{sdal et al, 2001 Fleig et al,
til July 1970 (not shown). 2006.
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a) Upp d ; b) Upper-Guadiana catchment
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4.3 Wet-to-dry-season drought

0 30

Thewet-to-dry-season drougig governed by the same prin- 1 2
ciple as therain-to-snow-season droughonly in this case
no snow is involved, but a very high potential evaporation in
the dry season. Theet-to-dry-season drouglg caused by
a rainfall deficit (meteorological drought) in the wet season
(usually winter) that continues into the dry season (usually
summer). The meteorological drought ends with precipita-
tion, which, however, is completely lost to evapotranspiration
because potential evaporation in this season is higher than
precipitation. Consequently, soil moisture and groundwater P
stores are not replenished by recharge in the wet season, the_]
season in which recharge normally takes place. Therefore
the initial value of the normal summer recession is lower than
normal and groundwater storage and discharge stay below
the threshold level until the next wet season. ~
Two examples of thevet-to-dry-season droughte shown £ |
in Fig. 7 (both Upper-Guadiana catchment; in the other stud- M/\
ied catchments the potential evaporation is not sufficiently = s/
high to cause this type of drought). In the first example
(Fig. 7a), one large meteorological drought in the wet sea-19- 7 Examples ofwet-to-dry-season drougftype: (a) Upper-
son (April-June 1987; 3rd panel) caused discharge to drojffuadiana catchment 198¢) Upper-Guadiana catchment 1998-
below the threshold level (6th panel). Groundwater was al- 999 (legend: see Fig).
ready in drought (5th panel) as remnant of a previous dry

period. The rainfall event of June-July 1987 (3rd panel) didgi5h1 and Hisdal2004: Trigo et al. (2008; Santos et al.

not result in recovery from the hydrological drought, because(zoo-/). Pandey et al(2008: Trigo et al. (2010; and Kim
it was partly lost to evapotranspiration and partly used for re-g¢ 5/ (é01])- ' '

plenishment of soil moisture (4th panel). The hydrological
drought continued until December 1987 (6th panel), wheng 4 Cold snow season drought
rainfall was high (3rd panel) and potential evaporation lower
than in summer. In the second example (Fig), a number  The cold snow season drouglis caused by an abnor-
of small meteorological drought events in the wet season (bemally low temperature in the snow season (winter), possi-
tween November 1998 and May 1999; 3rd panel) resultedbly, but not necessarily, in combination with a meteorolog-
in a soil moisture drought in the wet season (4th panel) andcal drought in that same season. Three subtypes are distin-
a decrease in groundwater storage and discharge to belovguished, subtype A and B in cold climates and subtype C in
threshold levels (5th and 6th panel). In both examples, the hytemperate climates.
drological drought continued throughout the dry season, until Subtype A —in climates with temperatures well below zero
the first recharge in the following wet season (November—and a continuous snow cover in winterdppen-Geiger cli-
December). mate types D and E), a below-normal winter temperature
The wet-to-dry-season drouglaiccurs in catchments with — only influences the beginning and end of the snow season. If
a clear wet and dry seasondppen-Geiger climate subtypes temperatures are low during the beginning of winter, temper-
A-monsoon climate, B-steppe climate, and C-Mediterranearatures drop below zero earlier in the year than normal and
climate). Durations are long (half a year to a year; in the ex-precipitation falls earlier as snow. This causes the normal
amples of Fig7, 222 and 243 days for drought in discharge), winter recession period to start earlier than normal. When
and deficit volumes can be high in wet climates and oftenthe initial values of the recession of soil moisture, ground-
stay low in semi-arid climates because of the low thresholdwater storage, and discharge are high enough, this will not
level (in the examples of Fig, 3.0 and 2.7 mm for drought lead to drought (see Sed.3); but when storage and dis-
in discharge). Just asin-to-snow-season droughtength-  charge are already low, groundwater storage and discharge
ening is the main drought propagation feature definiedg- can go below threshold levels during winter. An example is
to-dry-season drought©ther drought propagation features shown in Fig.8a (Narsjg catchment). In this case, tempera-
also occur (e.g. pooling and lag in Figh), but are less im-  ture decreased below zero two weeks early, in the beginning
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portant than lengthening. of October instead of the end of October 1960 (1st panel),
The wet-to-dry-season drougtitas previously been de- and the precipitation of October fell as snow (2nd and 3rd
scribed byTate and Freem&2000; Van Lanen et al(2004); panel). The recession of groundwater storage and discharge
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a) Narsjg catchment b) Narsjg catchment ° ¢) Upper—Metuje catchment
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Fig. 8. Examples oftold snow season droughype: (a) Narsjg catchment 1960-196b) Narsjg catchment 1966—-196¢) Upper-Metuje
catchment 1995-1996 (legend: see Big.

started earlier than normal and the values dropped just begroundwater storage and discharge stay low while thresh-
low threshold level from November 1960 to February 1961 old levels increase. An example is shown in F8g.(Narsjg
(5th and 6th panel). The hydrological drought ended by somecatchment). In this case, temperature stayed below zero un-
snow melt in March 1961, caused by high temperatures (1stil the beginning of May instead of mid-April (three weeks
panel).Cold snow season droughssibtype A usually have later than normal; 1st panel) and snow melt was delayed
a long duration (several months), but a low deficit volume (2nd panel). Threshold levels started to increase by mid-
and small maximum deviation because groundwater storagépril, while groundwater storage and discharge still showed
and discharge are just below the threshold level. In the exama recession (5th and 6th panel). When temperature finally
ple in Fig.8a, durations are 83 and 93 days for groundwaterincreased above zero in the beginning of May (1st panel),
storage and discharge, respectively, and deficit volume of dissnow melt (2nd panel) ended the hydrological drought (5th
charge is only 1.6 mm. Drought propagation features are noand 6th panel)Cold snow season droughssibtype B can
applicable, because this type of hydrological drought is nothave high deficit volumes (in the example 15.2 mm), but only
caused by a meteorological drougkt-¢ontrol), but only by  short durations, in the order of a few weeks (in the example
a temperature anomaly {control). about three weeks). This type of drought is mostly confined
Subtype B — if, in the same cold climates, temperaturesto discharge and is usually not found in groundwater. Again,
are low at the end of winter, snow melt is later than nor- drought propagation features are not applicable. This specific
mal. A late snow melt leads to below-threshold levels whencase ofcold snow season drougishould not be confused
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1928 A. F. Van Loon and H. A. J. Van Lanen: Hydrological drought typology

with a snow melt anomaly, which does not have an abnor-In the example in Fig9a (Narsjg catchment), temperature
mal temperature pattern, but is only caused by the very sharmcreased to above zero three weeks early, at the end of
increase in discharge in combination with a gradually risingMarch 2004 instead of mid-April (1st panel), resulting in an
threshold level (see Se@&.2.1). early snow melt (2nd panel). Consequently, the peak in dis-
Subtype C —in climates with temperatures around zero anatharge (normally in June) was advanced to April-May and in
some snow accumulation in winter §kipen-Geiger climate June a hydrological drought developed (6th panel), because
types C and some subtypes of D), the effect is different. Inthreshold levels were high and discharge already decreased
these climates, the snow season normally provides rechargafter the snow melt peak. Soyarm snow season drought
to the groundwater system, due to occasional and partial mekubtype A can develop without a meteorological drought (al-
of the snow cover. So, the normal winter situation is one ofthough precipitation was not extremely high in May 2004;
increasing storage and discharge. If, however, winter temperFig. 9a). The reason is the normally-occurring pronounced
atures decrease to values well below zero and no melting ofnow melt peak in cold climates that is clearly reflected in the
snow takes place, recharge decreases to zero. If low tempethreshold levelWarm snow season drougkgabtype A usu-
atures persist, a hydrological drought can develop. This isally have short durations (in the example in Mg, 25 days).
clearly visible in Fig.8c (Upper-Metuje catchment). In De- Deficit volumes can be high (in the example 8.2 mm) due
cember 1995 to April 1996 temperatures were lower thanto the high threshold level. Avarm snow season drought
normal (on average-3.9°C instead of—0.4°C; 1st panel) subtype A is mostly confined to discharge and is usually not
and snow accumulation was higher than normal (2nd panel)found in groundwater. Again, drought propagation features
The lack of recharge caused a decrease in groundwater stoare not applicable, because this type of hydrological drought
age and discharge, leading mid-February to drought in disis not caused by a meteorological drought¢ontrol) but by
charge (6th panel) and mid-March to drought in groundwatera temperature anomal{ ¢control).
(5th panel). The drought ended by snow meltcéld snow Subtype B — in climates with temperatures around zero
season droughsubtype C typically has a duration of a few and some snow accumulation in winterggpen-Geiger cli-
weeks to months (in this example 60 days in groundwater ananate types C and some subtypes of D), the effect is differ-
47 days in discharge) and an intermediate deficit volume (irent. In these climates the snow season normally provides
this example 4.4 mm). Again, drought propagation featuresecharge to the groundwater system, due to occasional and
are not applicable, although the reaction of groundwater campartial melt of the snow cover. If, however, winter tempera-
be different from that of discharge (delayed and attenuatedtures rise above zero and the snow cover melts completely,
like in Fig. 8c). no snow store is left that can provide recharge. If, at the
Stahl and Demutf1999 andPfister et al(2006 mention ~ same time, a meteorological drought occurs, a hydrological
a cold winter as a reason for drought, but do not describe undrought can develop. Two examples of this case ofahem
derlying processe¥an Lanen et al(2004) discuss causative snow season drouglatre shown in Fig9. In the first exam-

mechanisms of variousold snow season droughts ple (Fig. 9b, Upper-&zava catchment), the warm and dry
period of February—March 1974 (1st and 3rd panel) caused
4.5 Warm snow season drought a complete melt of the snow cover (2nd panel) and afterwards

a lack of recharge to groundwater. Consequently, a hydro-

The warm snow season drouglié caused by an abnor- logical drought developed (5th and 6th panel) that contin-
mally high temperature in the snow season (winter), in someued until the high rainfall period in the spring of 1974 (3rd
cases in combination with a rainfall deficit (meteorologi- panel). In the second example (Fog, Ned&ery catchment),
cal drought) in that same season. Two subtypes are distinthe high temperatures of December 1989 to March 1990
guished, subtype A in cold climates and subtype B in tem-(1st panel) also led to a complete melt of the snow cover
perate climates. (2nd panel). The meteorological drought of December 1989—

Subtype A —in climates with temperatures well below zero January 1990 (3rd panel) therefore triggered a soil moisture
and a continuous snow cover in winterdppen-Geiger cli-  (4th panel) and hydrological drought (5th and 6th panel). The
mate types D and E), a higher winter temperature, again, onlyainfall peak in March 1990 (3rd panel) caused a quick reac-
influences the beginning and end of the snow season. If temtion in discharge (6th panel), but did not end the drought that
peratures are high during the beginning of winter, more pre-continued until May—June 1990. That spring, no snow melt
cipitation will fall as rain instead of snow and a drought in peak occurred because the snow cover had already melted
the snow season will be less likely (see S&cB). However, in December (2nd panel). So, contrary to the-to-snow-
if temperatures are high at the end of winter, snow melt is earseason droughthe cold snow season droughktibtypes A-
lier than normal. An early snow melt leads to an early peak inC, and thewarm snow season droughtibtype A that are
discharge, resulting in lower discharge values in the follow-also winter droughts (Sect4.2, 4.4, and 4.5), the warm
ing normal snow melt period. Discharge can drop below thesnow season drougisiubtype B is not ended by a snow melt
(high) threshold level. If a rainfall deficit occurs in the spring peak, because snow cover already melted before:am
season, it can aggravate thisarm snow season drought snow season drougisubtype B can continue into summer.
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a) Narsjg catchment
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Fig. 9. Examples ofwarm snow season drouglype: () Narsjg catchment 2003—-2004h) Upper-@zava catchment 1973-1974,
(c) Nedazery catchment 1989-1990 (legend: see Bjg.

Durations can be long and deficit volumes hig¥arm snow Examples of theomposite droughare shown in Figl10.
season droughtsubtype B can show all propagation features The first example (FiglOa, Upper-Metuje catchment) shows
(i.e. pooling, lag, attenuation, and lengthening; see S&ct. two classical rainfall deficit droughts subsequent summers
mainly dependent on catchment characteristics. (1982 and 1983, 3rd panel) that are combined into one
Thewarm snow season droughubtype A has previously hydrological drought (5th and 6th panel). The drought in
been described byan Lanen et al(2004), and subtype B by groundwater started in July 1983 and lasted for 440 days.
Van Loon et al(2010 under the name Type 2 winter drought. The drought in discharge was interrupted by some small

4.6 Composite drought

rainfall peaks in December 1982 and January 1983, and
a snow melt peak in April 1983, but every time it returned

to below-threshold levels afterwards. In total, the drought
in discharge had a net duration of 330 days and a deficit

A composite droughtombines a number of drought generat- volume of 22.2mm. The hydrological drought ended by
ing mechanisms. In this hydrological drought type, a numberhigh precipitation events by the end of 1984. In the sec-
of drought events (of the same or different type) in distinct ond example (Figl0Ob, Upper-@zava catchment), the hy-
seasons cannot be distinguished any more. The main featurological drought that lasted from December 1989 to Au-
of the composite droughis that the system has not recov- gust 1991 (5th and 6th panel) was caused by tvarm
ered from a hydrological drought event, when the next evensnow season droughtsibtype B in the winter of 1989-1990

starts.
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a) Upper-Metuje catchment b) Upper-Sazava catchment
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Fig. 10.Examples otomposite droughtype: (a) Upper-Metuje catchment 1982—-198&b) Upper-$zava catchment 1989-19%2) Upper-
Guadiana catchment 1989-1995 (legend: seeSFig.

and 1990-1991 (1st, 2nd and 3rd panel) andlassical  wet-to-dry-season drought8rd and 4th panel) in subse-
rainfall deficit droughtin the summer of 1990 (3rd panel). quent years are combined into a very long hydrological
The precipitation peaks in between caused small dischargdrought (5th and 6th panel). The drought in groundwater
peaks that interrupted the hydrological drought, but after-lasted for 2126 days (March 1990 until January 1995). In
wards discharge returned to its low level. In the third ex- discharge, a number of separate drought events can still be
ample (Fig.10c, Upper-Guadiana catchment), a large num-distinguished, for examplewaet-to-dry-season drougfiom

ber of classical rainfall deficit droughtg3rd panel) and
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February to October 1990, andctassical rainfall deficit
droughtfrom December 1990 to March 1991.

Composite droughtsnly occur in catchments with a long
memory, so catchments with considerable storage. This
storage can be in e.g. aquifers, bogs, lakésmposite
droughtscan occur in all climates, but are most likely in
(semi-)arid climates (Kppen-Geiger climate type B) due to
the irregular rainfall pattern in these climates. The drought
types that are combined differ per catchment and climate 2 _
zone.Composite droughtbave long to very long durations =
(often multi-year) and deficit volumes are high (for the exam- . -
ples in Fig.10, 20—40 mm in total). The main drought prop- = - ?
agation feature definingpmposite droughts pooling, and ' w
this type of drought is especially pronounced in groundwater =]
and less in discharge.

The composite droughttas previously been mentioned by
Bierkens and van den Hui2007 andMarsh et al.(2007), 0 200 400 600 800
and analysed byan Loon et al.(20113 under the name
Multi-year drought.

70

© classical rainfall deficit drought
A rain-to-snow-season drought
+ wet-to-dry-season drought

* cold snow season drought

<> warm snow season drought

v composite drought

40

deficit [mm)

o -

duration [days]

Fig. 11. Drought duration and deficit volume of all discharge
drought events grouped per hydrological drought type (ellipses are

5 Application of the hydrological drought typology in added to more clearly identify groups of events with similar drought
the study catchments type; dashed lines indicate an approximation based on a single

event).

As an example of the application of the hydrological drought

typology, we classified drought events in the study catch-

ments (Sect2). Knowledge on the occurrence of drought composite droughts groundwater was, in general, higher
types in a catchment is valuable information for water man-than that of discharge (Tabkg exception Upper-&ava).
agers. In water management, not only knowing the typol-Furthermorewarm snow season droughtere more clearly
ogy of all drought events is useful, but especially the ty- visible in discharge than in groundwater, because these
pology of the most severe events and also the developmertroughts are easily attenuated in the stores.

of non-drought events (the situations where a meteorological Theclassical rainfall deficit droughoccurred in all stud-

drought did not result in a hydrological drought). ied catchments with percentages often around 50% (Ta-
ble4). This is the most common hydrological drought type in
5.1 Typology of all drought events these catchments. Only in the groundwater drought events of

the Upper-Guadiana catchment, #lassical rainfall deficit

Some of the hydrological drought types defined in Sdct. droughtwas not recognisable any more because it was in-
occurred in all catchments, others only in one or two of cluded incomposite droughts
the studied catchments. That is because some hydrological The rain-to-snow-season drouglotccurred only in catch-
drought types are specific for a certain climate type feig- ments with a clear snow season, i.e. Narsjg, Upper-Metuje,
to-snow-season drouglaind wet-to-dry-season droughor Upper-Szava, and Nedry. Percentages are relatively low
for a certain catchment type (e.gomposite drought Ta- (7 to 19 %; Tabled).
ble 4 shows that theclassical rainfall deficit droughic- The wet-to-dry-season droughiccurred only in Upper-
curred in all studied catchments and thet-to-dry-season Guadiana, because that is the only studied catchment with
droughtonly in one (Upper-Guadiana). The other drought a clear dry season in which potential evaporation exceeds
types occurred in more than one of the studied catchmentgrecipitation (Cs and Bs climate types; Tafje
but in different percentages. The cold snow season drougldccurred in all studied

Drought events in groundwater and discharge showedatchments, but with varying percentages. The 3% of the
a comparable distribution over the drought types (Table  Upper-Guadiana catchment reflect only one event in the time
Droughts in discharge only showed up in more categoriesseries of 42yr. This was an extremely cold winter (1970-
than droughts in groundwater, because the total numbei971) with considerable snow accumulation. The large num-
of droughts in discharge was higher (Tab®, result-  ber of cold snow season droughits the Narsjg catchment
ing in higher possibility for different drought types. In are caused by an early start of the snow season (subtype A)
groundwater, these drought events have grown together anadr a late end (subtype B). Thlwld snow season droughits
formed acomposite droughtConsequently, the percentage of Upper-Metuje, Upper-&ava, and Nedery catchments are
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Table 4. Drought types of all drought events per catchment (groundwater and discharge).

Classical rainfall  Rain-to-snow- Wet-to-dry- Cold snow Warm snow Composite
deficit drought season drought season drought season drought season drought drought
Narsjg groundwater 28% 13% - 54 % - -
discharge 32% 10% - 47 % 5% -
Upper-Metuje groundwater 50 % 19% - 13% - 19%
discharge 52% 7% - 15% 19% 7%
Upper-&aizava groundwater 58 % 11% - 11% 11% 11%
discharge 36 % 2% - 21% 24% 14%
Nedaery groundwater 57% 8% - 14% 22% -
discharge 53 % 9% - 14% 23% -
Upper-Guadiana  groundwater - - 33% - - 67 %
discharge 50 % - 35% 3% - 5%

Table 5. Drought types of 5 most severe drought events per catchment (groundwater and discharge).

Classical rainfall ~ Rain-to-snow- Wet-to-dry- Cold snow Warm snow  Composite
deficit drought season drought season drought season drought season drought drought
Narsjg groundwater 20% 80 % - - - -
discharge 20% 80 % - - - -
Upper-Metuje groundwater 20% 40% - - - 40%
discharge 60 % 20% - - - 20%
Upper-&aizava groundwater 20% 40% - - - 40%
discharge 20% 20% - - 40 % 20%
Nedaery groundwater - 20% - 40 % 40% -
discharge 40% 20% - - 40 % -
Upper-Guadiana groundwater - - - - - 100%
discharge 20% - 40 % - - 20%

mostly due to a lack of recharge in winter (subtype C) andunidentifiable, because they were a remnant drought from
sometimes due to a late end of the snow season (subtype BJow storage in groundwater that did not have a clear cause
Thewarm snow season drouglst not represented in the in precipitation or temperature. In these events, discharge re-
Upper-Guadiana catchment, because of its warm climateturned to a drought situation after a small peak caused by
In the Narsjg catchment, somerm snow season drought a rainfall event.
subtype A occurred, but only in discharge. In the catch- If drought characteristics of all discharge drought events
ments with temperatures around or just below zero in winterin the five studied catchments are grouped by drought
(i.e. Upper-Metuje, Upper&ava, Nedbery), mostwarm type (Fig.11), some drought types stand out. Especially
snow season droughtgere found (around 20 % occurrence). rain-to-snow-season droughte/et-to-dry-season droughts
These were all subtype B droughts. and composite droughtshow a distinct pattern with short
The composite droughbccurred in slowly responding duration and high deficit volume famin-to-snow-season
catchments, with the highest percentage in Upper-Guadiandroughts and long duration and low deficit volume faet-
(67 % for groundwater droughts) and lower percentagedo-dry-season droughtand composite droughtsClassical
in Upper-Metuje and Upperé&ava (7 to 19%). Upper- rainfall-deficit droughts cold snow season droughtand
Guadiana had very long droughts that span over different seavarm snow season droughgkow large overlap. Most events
sons and even years (Taledue to the long memory inits  of these types have relatively short durations and low to inter-
extensive groundwater system. mediate deficit volumes. Hence, although processes underly-
A few events are not included in Table(causing per- ing these drought types are different, drought characteristics
centages of some catchments not to add up to 100 %)are comparable.
In the Narsjg catchment, these omitted events are classi- In Fig. 12, the same discharge drought events are plotted
fied as anomalies (and thus disregarded, see Seztl) with more detail (one plot for each drought type and a differ-
and in the Upper-Guadiana catchment, a few events werent colour for quickly and slowly responding catchments).
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Fig. 12. Drought duration and deficit volume of all discharge drought events grouped per hydrological drought type, on log-log scale,
differentiating between quickly and slowly responding catchments (quickly responding: Narsjg arigiyedachments; slowly responding:
Upper-Metuje, Upper-&ava, and Upper-Guadiana catchments).

For each drought type, the events in slowly respondingfor the Narsjg catchment). The reason is that these droughts
catchments have, in general, somewhat longer durations anare usually very long and can build up a large deficit vol-
lower deficit volumes than those in quickly responding catch-ume. For the same reasoamposite droughtare more rep-

ments.Wet-to-dry-season droughgsd composite droughts

were only found in slowly responding catchmer@ampos-

ing catchment with semi-arid climate was included.

5.2 Typology of most severe drought events

Because Tabld includes many small drought events that af-
fect the distribution over the drought types, we selected the
five most severe drought events for each catchment. The se- _ in quickly responding catchmentslassical rainfall
lection was done based on maximum deviation for ground-
water and on deficit volume for discharge. Tableshows
that the distribution of hydrological drought events over the

different drought types changed significantly after this selec~rpacold snow season drougbtcurs regularly, but is usually

tion. Theclassical rainfall deficit droughis represented less

in most catchments (in total for all catchments together, from
2210 12 % in groundwater, and from 43 to 32 % in discharge;5.3  Non-drought development
not shown). Thecold snow season droughiisappeared al-
most completely from the list, because this drought type usuUp to now, we only discussed situations in which meteoro-
ally has low deficit volumes. A large part of the most severelogical droughts developed into hydrological droughts. For

drought events amain-to-snow-season droughfisp to 80 %

www.hydrol-earth-syst-sci.net/16/1915/2012/

resented in the most severe drought events.

When drought events are classified according to their du-
ite droughtsdo not occur in quickly responding catchments. ration and the five longest drought events are selected, the
Wet-to-dry-season droughgsesumably do occur in quickly distribution over the drought types is similar to Tablénot

responding catchments, but in this study no quickly respondshown).

Based on Tablé, we can conclude that the most severe
hydrological droughts are:

— in snow catchmentgain-to-snow-season drougland
warm show season drought

— in semi-arid climateswet-to-dry-season drought

deficit drought

— in slowly responding catchmentsomposite drought

not severe.

process understanding and drought management, it is also
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Fig. 13.Examples of non-drought even{s) Narsjg catchment 2000—-20Qb) Upper-Guadiana catchment 1960-19@) Nedaery catch-
ment 1985-1986d) Upper-Metuje catchment 1988-1989 (legend: see5jig.

relevant to study situations when a hydrological drought didthe threshold until the next snow melt season. In this case,
not develop. Why did a rainfall deficit not propagate through however, temperature dropped below zero only at the end of
the hydrological cycle? Which processes are involved thatNovember (1st panel), hence the aforementioned precipita-
buffer or counteract the drought? tion peak could alleviate the hydrological drought, and the
In snow climates, a number of processes can prevent a hymeteorological drought did not develop int@aan-to-snow-
drological drought from developing. One example is the situ-season drought
ation that a rainfall deficit in the spring season coincides with  In slowly responding catchments, attenuation is a well-
the snow melt period. In that case, no hydrological droughtknown drought propagation feature (Fit). Meteorologi-
will develop, because water availability is very high. If this cal drought events are often attenuated in the stores and
same rainfall deficit would have occurred a few months later,no hydrological drought develops. An example is shown in
aclassical rainfall deficit droughtvould have developed. On Fig. 13b (Upper-Guadiana catchment). The rainfall deficit in
the other hand, a warm winter and an early snow melt could=ebruary 1961 (3rd panel) led to a drought in soil moisture
lead to awarm snow season droughtibtype A, but notifit  (4th panel) and to a decrease in groundwater levels and dis-
is combined with very high rainfall amounts during the nor- charge (5th and 6th panel), but high groundwater storage pre-
mal snow melt season (Sedt5). A warm winter can also vented both variables from falling below threshold level. If
have another effect in snow climates — namely a late start ohntecedent storage would have been loweg&to-dry-season
the snow season (Sedt5). This can prevent min-to-snow-  droughtwould have developed, like in the examples in Fig.
season droughfrom developing. An example is shown in Attenuation of a meteorological drought can also occur in
Fig. 13a (Narsjg catchment). The rainfall deficit in Septem- quickly responding catchments, but only after a very wet pe-
ber 2000 (3rd panel) resulted in just below-threshold levelsriod (e.g. after extensive rainfall or snow melt). The rainfall
in groundwater storage and discharge (5th and 6th panel)deficit in September—October 1985 in Fitc (Neddery
If temperatures would have dropped below zero in Octobercatchment; 3rd panel) would have developed intteasical
like they normally do, the precipitation peak in October— rainfall deficit drought but due to the very wet condition of
November 2000 (3rd panel) would have fallen as snow andhe catchment after extensive rainfall in the previous months
groundwater storage and discharge would have stayed below
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Table 6. Drought propagation processes per hydrological drought type and occurrengppericGeiger major climate types.

Hydrological drought type Governing process(es) P-control/T-control  Climate type
Classical rainfall deficit drought ~ Rainfall deficit (in any season) P-control AB,C/D,E
Rain-to-snow-season drought Rainfall deficit in rain season, drought continues into snow seRsord 7'-control C,D,E
Wet-to-dry-season drought Rainfall deficit in wet season, drought continues into dry seas@nand7T-control A,B,C
Cold snow season drought Low temperature in snow season, leading to:
Subtype A Early beginning of snow season T-control D, E
Subtype B Delayed snow melt T-control D, E
Subtype C No recharge T-control C
Warm snow season drought High temperature in snow season, leading to:
Subtype A Early snow melt T-control D,E
Subtype B In combination with rainfall deficit, no recharge P andT-control C,D
Composite drought Combination of a number of drought events over various seaséhand/or7-control A, B,C, D, E

(5th and 6th panel), the recession of groundwater storage anflect.1). In Sects3.2.2 4, and5, these controls have already

discharge did not drop below the threshold level. been used to describe drought characteristics, different hy-
Also a combination of processes can prevent a meteorodrological drought types, and the occurrence of these types

logical drought from developing into a hydrological drought. in the study catchments. In the following sections, catchment

The example in Figl3d (Upper-Metuje catchment) could and climate control and their relation with the defined hydro-

have become warm snow season drougtgbove-zero tem- logical drought types are discussed in more detail.

peratures in the snow season, melt of the snow cover, and,

additionally, a rainfall deficit in January 1989), but the snow g 5 catchment control

melt peak had increased groundwater storage and discharge

253;2#;%? levels that the warm and dry winter did not h""VeFor drought propagation, catchment control is very impor-

F th | | that both itati (#ant. Lag and attenuation, but also pooling and lengthen-
rom these exampies, we learn that both precipitation an ng, are determined by catchment characteristics like geology
temperature, and antecedent storage in the catchment, are i

. rR7ogel and Kroll 1992 Mishra and Singh2010, area Rossi
portant factors that can prevent a hydrological drought fromet al, 1992 Byzedi and Saghafia2009, mean slope, and

developing. percentage of lakes and forefigmuth and Young2004).
These propagation features are represented in all hydrologi-
6 Discussion f:al drought types, but show up most prominentlyzdmnpos-
ite droughtsIn Sect.5, we saw thatomposite droughtsnly
6.1 Typology occur in slowly responding catchments and that this drought

type is amongst the most severe events. The governing fac-

In this paper, we proposed a hydrological drought typologytor is a catchment'’s reaction to precipitation, which is mainly
based on drought propagation processes. Tablenmarises determined by the amount of storage in the catchment. This
the governing processes of the six hydrological droughtstorage can be in groundwater (like in Upper-Metuje and
types. Upper-Guadiana catchments), in lakes (like in Uppazeva

Because division into types is based on the interpretatiorcatchment), or in bogs (like in Narsjg catchment).
of time series of hydro-meteorological variables, the bound- It is very striking that in catchments with high storage,
aries between drought types are not sharp. Subjective choicashere a very smooth discharge signal is expected, peaks in
cannot be avoided, for example when several processes adischarge still often occur as a reaction to a precipitation
involved in the development of a hydrological drought event. event (see Fig® and10). These peaks interrupt the drought
This is not a major drawback, as the typology should beevent, but do not lead to full recovery from the drought. After
used for process understanding, to study differences betweehe peak, discharge returns to its very low values. This was
catchments, and as a general tool for drought managemendlso found bywoo and Tariiulg1994), who state that “brief
Therefore, the exact number of drought events of a certairinter-event streamflow rises will seldom ameliorate a drought
type for a specific catchment is not relevant, but rather theevent”. Pooling is therefore a crucial step in drought analy-
general occurrence of drought types in a catchment and theis to prevent separation of drought events that are actually
drought type of the most severe drought events. We proposeaused by the same process.
that for events where more processes play a role, the domi- Figure 14 shows that thecomposite droughts the only
nant one determines the drought type. drought type that is primarily controlled by catchment char-

The drought propagation features on which the typology isacteristics (the x-axis in Fid.4). The other drought types are
based, are determined by climate and catchment control (semainly controlled by climate (the y-axis in Fi§4).
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Fig. 14.Hydrological drought (sub-)type occurrence in relation to catchment and climate control. Catchment control is indicated by a slower

response of discharge to precipitation when moving from left to right on the x-axis. Climate control is indicated by describing temperature

and precipitation regimes relevant for drought development: temperature on the lower part of the y-axis, precipitation on the upper part of
the y-axis (desert and glacier climates are not included, as is it not relevant to speak of droughts in these tiM&e2008. The five

study catchments are included based on their climate and catchment characteristics (&ef@eexplanation of the drought (sub-)types

see Table.

6.3 Climate control is an interesting way forward in drought research. Focus
can then be on e.g. tropical climates and quickly respond-
ing catchments in steppe or monsoon climates. This can be

The effect of climate on hydrological drought types is di-
Y g gnt yp achieved using data of real catchments or synthetic data, fol-

vided into the influence of general climatology and the influ- =" .
ence of the weather pattern. lowing the approach dfan Lanen et al(2012. This newly-

General climatology — the general climatology determinesdevelOped approach also allows for a better quantification of

the occurrence of specific drought types in certain region§he effect Oc]; c(;atchrrr:ent ar|1d climate control on drought prop-
(Stahl and Hisdal2004 Sheffield and Wood2007) and is ~ 29ation and drought typology.

governed by climatic variables like mean annual temperature Weather pattern — the_weather pattern determmes_ the de-
and mean annual precipitatioRgssi et al. 1992 Demuth velopment of a hydrological drought event of a certain type

T tain catchment. Precipitation and temperature are key
and Young 2004. The occurrence of drought types in cli- Inacer ;
mate regions is indicated in Sedt. Table6 (last column), variables. Tables §hows Whethgr the hydrological drought
and Fig.14 (y-axis). Classical rainfall deficit drought®c- types are determined by p.reC|.p|tat|oﬁ—(:o.nt'r OI).’ tempera-
cur in all climates andwvet-to-dry-season droughtsnly in ture (T'-control), or a combination of precipitation and tem-

climates with strong seasonal variation in precipitation. ThepeEr;atureg gndTh-c((j)ntlrol)_. | d hts in diff h
three snow-related drought types occur in a similar range of y studying hydro ogical droug ts in a er.ent_ ca@c -
climates from temperate to continental and polar (E4). meqts, we found th_at the mfluenpe of prQC|pltat|on Is differ-
The hydrological drought typology is developed using five ent in different regions. In (semi-)arid cl!mates, for exam-
catchments with different climate in Europe. These catch—ple' long-term precipitation amounts are important. Rainfall
ments are indicted in Figl4, based on their climate and in these climates is little and very irregular. A relatively dry

catchment characteristics. The papers mentioned in 8ect. E?”Od l?/lan laStzf(;)(; yelars dpr decadeBcl(ente—Serragzo and
could not be included in Figl4, because insufficient in- -OP&2-VOreno 9, leading to very low storageCom-

formation on catchment and climate control was provided.pOSIte droughtsare the result. Also, in other catchments,

Because the typology is based on generally observable prov_ve found that droughts tend to cluster in time: periods with

cesses, it can be used in catchments that fall outside the reaéﬁw drough'g eve_nts alte_rnate W'Fh periods W'th. many drought
of the studied catchments (for example in the upper-left parte\_/ems' which is consistent with other studi&tafl and
of Fig. 14). Adding more catchments with different climate Hisdal 2004 Uhle_mann et &.2010. In Central Europe,
and catchment characteristics to the framework of E). for example, the first half of the 1980s, the 1990s, and the
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2000s were dry periods and the periods in between were relfVan Lanen et a).2004). For the presented drought typology,
atively wet (Tallaksen and Van LaneB004). This clustering  potential evaporation is only important in a climatic perspec-
of meteorological droughts is important for propagation. An tive: in catchments with a season in which potential evapora-
isolated meteorological drought might be attenuated in thetion is higher than precipitationyet-to-dry-season droughts
stores (Secb.3), but a number of successive meteorological can occur.
droughts decrease storage and a severe hydrological droughtin many papers, a distinction is made between summer
can develop. In that light, not only low precipitation events and winter droughts. The term summer drought is mostly
are important for the development of hydrological drought. used referring talassical rainfall deficit droughtThe term
Also high precipitation events should be included in droughtwinter drought, however, is less clear. It covers a number
analysis, as they can prevent a drought from developing duef drought types r@in-to-snow-season droughtold snow
to high storage in the catchment (see SB@), or cause the season droughtwarm snow season drougtdr evenclas-
end of adrought (in case of drought types not related to snowsical rainfall deficit drought, and drought generating pro-
e.g. Sect4.1). cesses are not well addressed if winter drought is defined as
A sustained lack of precipitation is usually governed by a drought in the winter half of the yedpfjster et al.2006.
large-scale circulation patterns. Therefore, many studies that Climate change will probably lead to a change in occur-
focus on hydrological drought include atmospheric circula-rence of drought typed-éyen and Danker2009, because
tion patterns, e.g. correlation with ENS®ifgston et al, in a higher temperature regime thé&ppen-Geiger climate
201Q Lavers et al.2010, weather typesRhillips and Mc-  regions will shift to higher latitudes and higher elevations and
Gregor 1998 Fowler and Kilsby 2002 Fleig et al, 201Q the associated hydrological drought types will shift along.
2011, and blocking high-pressure are&dhl and Demuth ~ This can have strong implications for drought management.
1999 Stah| 2001 Stahl and Hisdal2004 Pfister et al. For example, a drought type that is normally ended by a snow
2006. These large-scale circulation patterns determine themelt peak might change into a drought type that can continue
timing of a precipitation event and whether it is high or low, into summer¥Yan Loon et al.2010.
which is crucial for drought development.
Temperature is also determined by large-scale circula- ,
tion patterns Domonkos et a).2003 Xoplaki et al, 2003, 7 Conclusions

but because the development of snow-related hydrologma’n this paper, we proposed a general hydrological drought

drought types is very sensitive to a narrow temperature rangg oloav based on underlving processes of drouaht bropa-
around zero, elevation also plays an important role in thoseyp 9y ying p gh* prop

drought types. Two catchments in the same region can havgaﬂon. The typology can be used in research and manage-

different drought type occurrence when they have a differentment' Drought research could benefit from a common termi-
elevation. For example, in the higher catchmenaia-to- nology, which can also guide further study of the processes

snow-season drougldan develop because precipitation al- underlying drought. Drought management is supported be-

. L ifferent drough n ifferent preventing mea-
ready falls in the form of snow, while in the lower catch- cause different drought types need different preventing mea

ment the hydrological drought ceases due to rainfall. Syn-sures and coping mechanisms. The hydrological drought

chronicity of droughts within a region, therefore, mainly types that are distinguished are: ¢ipssical rainfall deficit

: L rought (ii) rain-to-snow-season drough(iii) wet-to-dry-
happens with drought types that are precipitation controlledOI .
(i.e. classical rainfall deficit droughandwet-to-dry-season season droughi(iv) cold snow season droughtv) warm

drough) and less with those that are temperature controlledS now season drougand (vi)composite drought

(i.e.rain-to-snow-season drougfatold snow season drought  _ Classical rainfall deficit droughtare caused by a rain-
andwarm snow season droughtn catchments with a large fall deficit (in any season) and occur in all climate types.
elevation range, variability of drought development within
the catchment can occur, as the timing of when and for how — Rain-to-snow-season droughdse caused by a rainfall
long temperatures decrease below zero is variable within the ~ deficit in the rain season, after which the hydrological
catchment. A large elevation range is also the reason that dis- ~ drought continues into the snow season because temper-
charge peaks can occur when the catchment-average temper-  atures have decreased below zero, and occur in catch-
ature is still below zero. ments with a pronounced snow season.

In this study, potential evaporation was found not to be
a major factor governing the development of different hy-
drological drought types. The reason is that even in sit-
uations when potential evaporation is higher than normal,
actual evaporation is low due to lack of water available
for evaporation. In regions with very high water availabil-
ity (e.g. some subtypes ofdppen-Geiger climate type A) an — Cold snow season droughése caused by a low tem-
increase in potential evaporation might have more influence perature in the snow season. In catchments with a very

— Wet-to-dry-season drought@re caused by a rainfall
deficit in the wet season, after which the hydrological
drought continues into the dry season, when potential
evaporation is much higher than precipitation, and occur
in catchments with pronounced wet and dry seasons.
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cold winter, subtypes A and B occur, which are causedthe 50th and 80th percentile of the duration curves. Addition-
by an early beginning of the snow season and a delayeally, a summary of the validation of snow and soil moisture
snow melt, respectively. In catchments with tempera-from previously published reports is given.
tures around zero in winter, subtype C occurs, which is  For the Narsjg catchment, model results showed the high-
caused by a lack of recharge due to snow accumulationest In Reff (0.90; Table). This is due to the very regular
. seasonal pattern of discharge, dominated by yearly recurring
(emperatrs i e Snow scasen. In catchments i oW-Tow conditons (Figh1 - upper panel.that can
) ' S e captured quite well with a rainfall-runoff model like HBV
a very cold winter, subtype A occurs, which is caused (Van Loon et al, 2010
by an early snow melt. In catchments with tempera- This regular ;easoﬁal attern is also visible in the ground-
tures around zero in winter, subtype B occurs, which guia ' P 9
is caused by a complete melt of the snow cover in com-Water levels m_the l_\larslﬂ catchment (g - upper panel).
bination with a subsequent rainfall deficit Groundwater in this catchment had a _gooq fit to observa-
' tions, as can be seen from the percentiles in TaldleThe
— Composite droughtsre caused by a combination of coefficient of determinatiory;2, was quite high with 0.72,
hydrological drought events (of the same or different and visual comparison indicated a good ability of the model
drought types) over various seasons and can occur in alio reproduce the general dynamics of the groundwater table
climate types, but are most likely in (semi-)arid climates (Fig. A2 — upper panel). Soil moisture was measured close
and slowly responding catchments. to but outside of the Narsjg catchment on a location that is

. not fully representative for the Narsjg, but the measurements
About 125 groundwater droughts and 210 discharge droughtgan be used to validate the temporal dynamics of the sim-

of five contrasting headwater catchments in Europe haveﬁlations Hohenrainer 2008. Simulated soil moisture per-
been classified using the developed topology. The most com-

: . ; centiles showed a reasonable agreement to the percentiles
mon drought type in all catchments was ttlassical rain-

fall deficit drought(almost 50% of all events), but these of observations (Tablé1, upper rows), although the coef-

e mostly minor events. When onlv the five most sever ficient of determination was quite low{=0.35). The rea-
zre k?ts \)// it Of © eh S.t hme nt?/vx en ig ; CC)!S Siifet teson for this low value is deviations in winter, i.e. decreasing

ought events ot each catchment were considered, a ShiftiGs, co e values vs. constant simulated values (not shown).
wards moregain-to-snow-season drought&arm snow sea-

q htsand ite d hiwas found. Th This is partly because the TDR probes measured available
son drougntsandcomposite drought&as found. The ocCur- , aar content which is lower than stored water content due

rence of drought types is determined by climate and catch-to soil frost {Hohenrainer 2008, and partly because HBV

ment characteristics. The typology is transferable to CatCh'does not simulate outflow from the soil moisture store when

ments outside Europe, because it is generic and based Up%r\'/aporation is zero (Fig). Hohenraine(2008, who used
processes that occur around the world. A general frameworlE1 :

; . e he HBV model with similar settings, calibration procedure
is proposed that enables identification of the occurrence o

. . ! . nd objective function, stated that the onset and duration of
hydrological drought types in relation to climate and catch—drought periods were captured reasonably well by the model,

ment charactens_tlcs. Herewith, we hope.to contr_lbute to proy stifying the use of simulated soil moisture and groundwater
cess understanding of drought propagation and mprovemerﬁJ

- eries for drought analysis.
of drought forecasting and management all around the world. For the Upper-Metuje, Upperiava, and Ned@ry

catchments, In Reff was around 0.65 (TaB)eThis is lower

Appendix A than the value for the Narsjg catchment, because seasonal
variation is much more irregular in these catchments ¢#ig.
HBV model validation —2nd, 3rd and 4th panels). Figudd shows that the hydro-

graphs of Upper-Metuje and Neziery are better reproduced
For drought studies, it would be most desirable to havethan that of Upper-&ava. However, the yearly and monthly
long (tens of years), complete time series of observed fluxepercentiles of Upper&ava are reasonable (Tallg).
and state variables. Unfortunately, these data were not avail- For the Upper-Metuje catchment, a validation against ob-
able for this study and are in general very rare, in partic-served groundwater levels was performed. The coefficient
ular for sufficiently contrasting catchments. The main pur-of determination was highr€=0.79) and the yearly and
pose of using a model in this research was the simulation ofmonthly percentiles show similar values (Tabi). Vi-
state variables (snow accumulation, soil moisture, groundsual comparison indicated a good ability of the model to
water storage) for which no long time series exist. For thereproduce the general dynamics of the groundwater table
Upper-Guadiana catchment, modelling was also required tgFig. A2 — 2nd panel).
naturalize the disturbed time series (S&f). In this ap- For the Upper-8zava catchment, both snow storage and
pendix, we present a validation of the model on discharge andjroundwater simulations were validated. For groundwater,
groundwater by comparing simulations with observations usthe coefficient of determination was quite low? (= 0.46).
ing graphs of time series and annual and monthly values off his is probably due to the lack of representativeness of the
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Fig. A2. Time series of observed and and simulated groundwater levels for all catchments and different time periods: upper panel Narsjg catchment 1990-2000, 2nd panel
Upper-Metuje catchment 1980-1990, 3rd panel Up@a8a catchment 1980-1990, 4th panel Needy catchment 1990-2000, and lower panel Upper-Guadiana catchment

1940

1970-1980.
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Table A1. Annual and monthly values of the 50th and 80th percentile of the duration curves of soil moisture (only Narsjg), groundwater and
discharge.

Annual Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Narsjg SMim 50% 0.2926 0.3013 0.3032 0.3051 0.3182 0.3393 0.2755 0.2553 0.259 0.2646 0.2814 0.2932 0.2979
80% 0.2584 0.2839 0.2858 0.287 0.297 0.3144 0.2322 0.2141 0.2092 0.2254 0.2503 0.2721 0.2783
SMops 50% 0.28 0.25  0.255 0.26 0.29 0.49 0.34 0.29 0.24 0.28 0.28 0.28 0.26
80 % 0.22 0.15 0.16 0.16 0.2222 0.464 0.278 0.23 0.15 0.238 0.26 0.24  0.172

GWsim  50% 703.1 702.1 701.8 701.6 701.6 703.9 703.9 703.8 703.9 703.9 703.7 703.1 702.5
80% 701.8 701.9 701.6 701.5 701.5 702.9 703.5 703.3 703.4 703.4  703.3 702.8 702.2
GWopps 50% 703.5 702.7 702.3 701.9 701.8 704.8 704.4 703.8 703.5 703.6 703.8 703.7 703.6
80% 702.1 702 701.7 701.4 701.2 704.7 704.1 703.5 7024 7022 703.3 703.3 702.6
Osim 50% 1.04 0.487 0.354 0.271 0.3005 5.152 3.191 2.213 2.013 1.809 1.402 0.985 0.6945
80 % 0.388 0.396 0.2892 0.2148  0.207 1.68 2.149 1.471 1.205 1.161 1.058 0.8114 0.5698
Qobs 50 % 1.046 0.45 0.342 0.279 0.284 6.56  4.353 2.229 1.895 191 1.883 1.164 0.706
80% 0.36 0.36 0.279 0.223 0.223 2,511 2.52 1.227 0.883 1.101 1.141 0.868 0.553
Upper-Metuje GWj,, 50% 485.6 485.4 4856  486.1 486.1 486  485.8  485.6 485.5 485.3 4852  485.2 485.1
80% 484.9 4845 4849 4851 485.6 4855 4854  485.2 485 484.8 484.6 4844 4844
GWpps 50% 485.6 485.4 4856  486.2 486.8  486.4 486  485.5 485.2 485.2 485.2  484.9 485.2
80% 484.7 484.3 4849  485.1 486 485.7 4855 485 484.7 4844 4842 484 4842
Osim 50% 0.687 0.845 0.8085 1.334 1.181 0.724 0.6785 0.661 0.625 0.6285 0.594 0.5955 0.653
80 % 0.563 0.535 0.587 0.6508 0.7618 0.651 0.614 0.593 0.5698  0.541 0.508 0.483 0.514
Qobs 50 % 0.686 0.803 0.8405 1.291 1.186 0.773 0.645 0.602 0.566 0581  0.557 0.582 0.648
80% 0.523 0.546  0.557 0.743 0.8936 0.654 0.5494 0.523 0.4898  0.492 0.47  0.474 0.5116
Upper-$izava GWim 50% 617.5 617.5 617.5 617.7 617.7 617.7 617.6 617.6 617.5 617.5 617.4 617.4 617.4
80% 617.3 617.2 617.2 617.4 617.5 617.5 617.4 617.4 617.4 617.3 617.2 617.2 617.2
GWpps 50% 617.5 617.6 617.6 617.7 617.7 617.6 617.5 617.5 617.5 617.4  617.3 617.5 617.6
80% 617.3 617.4 617.4 6175 617.5 6174 6174 617.3 617.2 617.2 617.2 617.2 617.4
Osim 50% 0.426 0.411 0.5965 0.954 1.024 0.4895 0.427 0.4115  0.4045 0.37 0.344  0.339 0.3845
80 % 0.316 0.2834 0.336 0.4134 0.5678 0.3814 0.35 0.333 0.317 0.297 0.27 0.2548  0.277
Qobs 50% 0.494 0.58 0.6745 1.218 1.08 0.632 0.441 0.366 0.3455 0.402 0.355 0.375 0.5285
80 % 0.27 0.263 0.3102 0.4666 0.5936 0.329 0.2686 0.2296 0.211 0.237 0.213 0.237 0.296
Nedazery GWsi,,  50% 283.7 283.7 283.7 283.8 283.9 283.8 283.7 283.7 283.6 283.6 283.5 283.6 283.6
80% 283.5 2835 283.5 283.7 283.8 283.7 283.6 283.5 2835 283.5 283.4 283.4 283.5
GWpps 50% 283.7 283.7 283.8 283.9 283.9 283.8 283.7 283.6 283.6 283.5 283.5 283.5 283.6
80% 283.5 2835 283.6 283.7 283.8 283.7 283.6 283.5 283.4 2834 2833 283.4 283.4
Osim 50% 0.588 0.568 0.6425 1.403 1.283 0.671 0.5965 0.548 0.448 0.4545 0.39 0.4575 0.521
80% 0.361 0.3114 0.4132 0.5584 0.7214 0.5274 0.4418 0.386  0.3264  0.292 0.277 0.2708 0.31
Qobs 50% 0.598 0.682 0.7815 1.559 1.425 0.823 0.577 0.448 0.355 0.326  0.365 0.46 0.601
80 % 0.328 0.446 0.4604 0.8234 0.9148 0.572 0.3888 0.287 0.221 0.212 0.239 0.298 0.368

Upper-Guadiana GW, 50% 608.2 608.3 6084 6084 6084 6084 608.3 608.1 608 * NA607.8 607.9 608
(1960-1980) 80% 607.7  607.8 607.8 607.8  607.9 607.9 607.8 607.7 607.6 * NAO7.5 607.6 607.7
GWpps 50% 608.3 608.2 608.3 608.4 608.7 608.8 608.5 608.2 607.7 * NA607.7 607.9 608.1

*

80 % 607.9 608.1 608.2 608.3 608.4 608.6 608.4  608.2 607.7 NA607.7  607.7  607.9
Osim 50 % 0.044 0.0735 0.091 0.118 0.094 0.065 0.05 0.036 0.02801 0.028 0.028 0.032  0.037
80 % 0.023 0.0268  0.043 0.05  0.057 0.04 0.031 0.022 0.015 0.012 0.011 0.021  0.022
Qobs 50% 0.04 0.0755 0.098 0.136 0.103 0.076 0.051 0.025 0.014 0.013 0.016 0.022 0.036
80 % 0.015 0.035 0.047 0.048 0.063 0.051 0.036 0.016 0.008  0.007 0.01 0.015 0.021

* = not enough groundwater observations to determine percentiles for Guadiana in September.

groundwater well for groundwater storage in the entire catch- For the Nedaery catchment, both snow storage and
ment. Actually, most of the catchment consists of crystallinegroundwater simulations were validated. For groundwater,
rock, whereas the groundwater well is located in sedimenthe coefficient of determination was higif € 0.74) and the
tary rocks. Furthermore, some measurement problems wergearly and monthly percentiles also showed similar values
recorded at this wellRakovec et a).2009. This results (TableAl). Visual inspection of the time series of observed
in deficiencies in reproducing the time series of observedand simulated groundwater levels showed that the general
groundwater levels (FigA2 — 3rd panel), but the yearly and dynamics of the groundwater table were reproduced rather
monthly percentiles are still very similar (TatAd). Therea-  well (Fig. A2 — 4th panel). For snow, visual comparison be-
son for this difference is that an incorrect simulation of the tween simulated and observed snow cover showed that the
timing of high and low flows is not reflected in the percentiles model was able to simulate snow in the correct period and
in (TableAl), while it has a large impact on the coefficient of with the correct amount (not shown, s@®sterwijket al.
determination. For snow, the coefficient of determination was2009.
reasonabler =0.57). The general pattern of the simulation  For the Upper-Guadiana catchment, the numbers in Ta-
agrees well with observed values (not shown, Rakovec  ble 2 were obtained with the DELAY version of the
et al, 2009. HBV model (Sect.3.1 and Fig.3) for the calibration and
validation period combined (1960-1980). Model results of
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