Hydrol. Earth Syst. Sci., 29, 6069-6092, 2025
https://doi.org/10.5194/hess-29-6069-2025

© Author(s) 2025. This work is distributed under
the Creative Commons Attribution 4.0 License.

Hydrology and
Earth System
Sciences

What is a drought-to-flood transition? Pitfalls and recommendations
for defining consecutive hydrological extreme events

Bailey J. Anderson!>3, Eduardo Muiioz-Castro'>3, Lena M. Tallaksen®, Alessia Matano, Jonas Gotte!>3,

Rachael Armitage®, Eugene Magee®, and Manuela I. Brunner

1,23

nstitute for Atmospheric and Climate Science, ETH Zurich, Zurich, Switzerland
2WSL Institute for Snow and Avalanche Research SLF, Davos Dorf, Switzerland
3Climate Change, Extremes and Natural Hazards in Alpine Regions Research Center CERC, Davos Dorf, Switzerland

4Department of Geosciences, University of Oslo, Oslo, Norway

SInstitute for Environmental Studies (IVM), Vrije Universiteit Amsterdam, Amsterdam, the Netherlands
®UK Centre for Ecology and Hydrology, Wallingford, United Kingdom

Correspondence: Bailey J. Anderson (bailey.anderson @slf.ch)

Received: 24 March 2025 — Discussion started: 16 April 2025

Revised: 12 September 2025 — Accepted: 18 September 2025 — Published: 7 November 2025

Abstract. Research into rapid transitions between hydrolog-
ical drought and flood is growing in popularity, in part due
to media-reported catastrophic impacts from recent events.
Droughts and floods are typically studied as events that
are independent from one another. Thus, a clear definition
and assessment of the methods used to define consecutive
drought-to-flood transition events does not yet exist. Here,
we use a series of eight catchments that have experienced
real-world impacts from drought-to-flood transitions as case
studies. We assess the suitability of and differences between
event selection methods applied to observational data. We
demonstrate that different threshold level methods can al-
ter the characteristics of selected events. The number and
timing of transitions differs substantially between threshold
level approaches in highly seasonal regimes as opposed to
those with a weaker seasonality. The time period used to de-
fine the maximum interval between drought and flood also
influences whether transitions are detected. We show that the
probability of a transition occurring within a set time win-
dow could vary substantially between different methodolo-
gies and catchments. We also show that previously applied
methodologies would likely fail to detect transition events
that have been broadly impactful in the historical record. For
the eight case study events taken from media, governmen-
tal and scientific reports, only three of the transitions were
successfully detected. We qualitatively assessed the stream-
flow time series of the case study catchments, and outline a

number of potential pitfalls in the event detection process.
Finally, we make recommendations regarding methodolog-
ical choices in the context of potential impacts of interest,
and outline some priorities for future methodological devel-
opment and research.

1 Introduction

Consecutively occurring droughts and floods have received
considerable media attention in recent years due to impacts
resulting from large events. For example, in Italy, a severe
multi-year drought in the Po River region, described as one
of the worst on record (Montanari et al., 2023), was fol-
lowed by the May 2023 flood in Emilia Romagna, affect-
ing the lower tributaries of the Po. The flood event resulted
in levee breaches, landslides, widespread infrastructure dam-
age, and loss of life (Martina et al., 2024). From January
2010 to March 2012, large parts of England and Wales ex-
perienced a severe drought, which was ended abruptly by the
wettest April to June period on record for much of the region.
This period was characterized by heavy rainfall and flooding
through the summer and autumn (Kendon et al., 2013; Parry
etal., 2013; Marsh et al., 2013). There is growing recognition
that, although droughts and floods represent opposite hydro-
logical hazards, there is a need to study them in relation to
one another because they may exacerbate the impacts, ex-
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tent, or magnitude of each other under certain circumstances
(Brunner et al., 2021; Ward et al., 2020).

Drought-to-flooded transitions, that is, floods that occur
shortly after hydrological drought, challenge the effective-
ness of disaster risk reduction measures that target only one
hydrological extreme at a time, highlighting the need for in-
tegrated strategies that address both floods and droughts to-
gether (Ward et al., 2020; Brunner et al., 2021). Recently,
Barendrecht et al. (2024) performed a global review of the
drivers and impacts of drought-to-flood transitions, demon-
strating the potential for increased impacts, the importance of
short rainfall events as drivers of transitions, and highlight-
ing the relative scarcity of research into consecutive drought
and flood events. Management strategies may not be easily
shifted to handle consecutive extremes, and measures taken
to mitigate one extreme may adversely effect the other (Di
Baldassarre et al., 2017; Ward et al., 2020). For example,
quickly shifting between water storage strategies in dual-
purpose reservoirs, which aid in the management of both
flood and drought risk, can be difficult (Ward et al., 2020;
Lal et al., 2020; Rogers and Tsirkunov, 2010). Further, wet
and dry cycles can challenge the integrity of infrastructure.
For instance, drought can increase the chance of levee and
dike failures during flood events, which, in turn, can lower
defenses against flood risk and reduce water supply during
subsequent drought periods (Ward et al., 2020; Van Baars,
2005; van Huijgevoort et al., 2012; Hubble and De Carli,
2016). Socioeconomic challenges can also stem from insuf-
ficient recovery time between events as well as shifting land
use practices during prolonged drought periods (Barendrecht
et al., 2024; Ward et al., 2020; Gallina et al., 2016). Water
quality issues may arise from pollutant accumulation during
drought that is mobilized together with topsoil loss during
subsequent runoff events (Barendrecht et al., 2024; Mishra
et al., 2021; Levy et al., 2016; Laudon et al., 2005; Wurts-
baugh et al., 2019; Effler et al., 2001). Further concerns cen-
ter around physical processes. For example, changes in soil
properties during drought may result in increased runoff in
some locations (Descroix et al., 2013; Matané et al., 2024).
Changes in soil infiltration rates are often cited as a cause
of increases in surface runoff during precipitation events fol-
lowing dry periods (Gimbel et al., 2016; Barendrecht et al.,
2024; Matano et al., 2025).

From a meteorological or atmospheric perspective, the
topic of drought-to-flood transitions has received a great deal
of recent attention. Swain et al. (2025) reviewed the cur-
rent literature on hydroclimate volatility (i.e., sudden, large
and/or frequent transitions between opposite extremes). They
further introduced a formal definition of the concept of “hy-
droclimatic whiplash”, in which the Standardized Precipita-
tion Evapotranspiration Index is used to define swings in at-
mospheric conditions. They show increasing hydroclimatic
volatility, including rapid swings between wet and dry states
in the atmosphere (Swain et al., 2025). Others have simi-
larly shown an increasing probability of risk from an inten-
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sification of rapid swings between hydroclimatic extremes,
relying on standardized indices (Casson et al., 2019; Na and
Najafi, 2024). Although rapid changes between wet and dry
conditions have been widely studied in the meteorological
sciences, attention to this phenomenon is relatively new in
hydrology.

To our knowledge, only a few large sample analyses of
drought-to-flood transition events have been published to
date. Gotte and Brunner (2024) investigate the distribution
and frequency of drought-to-flood transition occurrence in
the United States and highlight that transition times vary
within and between catchments. They find that a majority of
detected transitions occur in the typical high flow season and
are driven by snow melt, especially in high-altitude catch-
ments. Matané et al. (2024) explore historical drought-to-
flood transitions at a global scale and argue that, by their defi-
nition, in which droughts are defined under a variable thresh-
old and floods over a fixed monthly threshold, 24 % of floods
globally have been preceded by drought conditions. Several
more papers have been published that use standardized index
approaches to further explore abrupt switches between dry
and wet periods in streamflow (e.g. Liu et al., 2016b; Cui et
al., 2025; Li et al., 2016).

Although scientific interest in the topic of drought-to-flood
transitions is growing, the definition of a drought-to-flood
transition event is not yet widely agreed upon. Detection of
drought and flood events individually is usually performed
using annual maxima/minima or threshold level approaches
applied to the original streamflow time series (Meylan et
al., 2012). The application of threshold level methods for
drought and flood detection requires a number of choices, in-
cluding the choice of threshold level approach and the thresh-
old level itself, smoothing and aggregation of streamflow
time series, and event merging windows (Stahl et al., 2020;
Van Loon and Laaha, 2015). Depending on these choices,
different drought and flood events may be identified, and the
characteristics of those events can differ substantially (Tal-
laksen and Van Lanen, 2023).

A given methodological choice may therefore result in
the selection of transition events that differ in their drivers
and characteristics (e.g., timing, severity, duration) when a
large number of disparate catchments are studied (England
et al., 2019; Tallaksen and Van Lanen, 2023). For instance,
drought events identified using a seasonal or daily varying
threshold delineate “drought” in periods experiencing a de-
viation from the normal flow at that time of the year, regard-
less of whether or not it corresponds to absolute low flows or
dry conditions. Depending on the context, these anomalies
may or may not represent impactful events. As an example,
drought events caused by a delay in the onset of the snowmelt
season may be detected with this approach. This deficit
could conceivably have impacts, for example, abnormally
low water levels could reduce hydropower generation at the
time of occurrence (Hisdal et al., 2024; Hisdal et al., 2000;
Stahl et al., 2020; Tallaksen and Van Lanen, 2023). Failure
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to detect and accurately identify drought-to-flood transitions
which are of interest in an analysis could lead to ineffective
management strategies, misleading impact quantification, in-
accurate risk assessments, or incomplete process understand-
ing. Thus, further investigation into, and consideration of,
how the choice of threshold influences the identification and
characteristics of events is needed for burgeoning research
into drought-to-flood transitions to deliver broadly meaning-
ful results.

Here, we qualitatively and quantitatively assess a series of
eight case study catchments and historical flood and drought
events. We explore how imprecision in the definition of
drought-to-flood transitions might lead to very different re-
search outcomes, and we aim to better understand how to
define drought-to-flood transitions. We are primarily focused
on generating insight for contexts which require generalized
definitions and approaches across a number of catchments.
We focus specifically on drought and flood events identified
in the original streamflow time series by applying thresh-
old level approaches, rather than relying on standardized in-
dices. This choice was made to ensure that the case stud-
ies pertain to impactful extreme events, rather than periods
of anomalous flow. Furthermore, streamflow, to some extent,
already represents an aggregate value, and standardized in-
dices can be very sensitive to the temporal aggregation pe-
riod (Lema et al., 2025). Further, the use of standardized in-
dices such as the standardized streamflow index (SSI) could
introduce additional uncertainty to the identification of tran-
sition events, including through the choice of distribution and
fitting method (parametric method) as well as choice of non-
parametric methods (Tijdeman et al., 2020). We apply three
different threshold level approaches to the case study catch-
ments, and compare the detected transition events with media
reported events in both a quantitative and qualitative man-
ner. The reported case study events allow us to evaluate the
performance of transition detection methods against flood
and drought events that have been reported by media out-
lets and national authorities. We use the media-documented
events to evaluate the methods, assuming that these can be
seen as a benchmark, since media has been shown to be a
reliable source of information regarding impact occurrence
(Stahl et al., 2016). This approach allows us to contextual-
ize the definitions of drought-flood transitions relative to ob-
served events in the case study analysis, and assess to what
degree transitions are a concern in the selected catchments.
In the quantitative analysis, we primarily focus on the char-
acteristics of the detected transition events, asking:

— How effectively do the methods detect the documented
drought-to-flood transition events in each case study?

— How does seasonality impact the detection of events?

— How and why do the number and type of transition
events detected differ among methods?
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In the qualitative assessment, we discuss potential pitfalls in
the definition of transition events based on existing literature
and present these along with examples from the case study
catchments.

2 Methods and data
2.1 Case studies

We select eight case study catchments (Fig. 1) for which me-
dia and/or scientific reports describe a flooding event follow-
ing drought conditions, and for which daily or higher resolu-
tion streamflow data are available. The case study catchments
include the Daintree River in Australia, the Ventura River in
California, USA, the Rio Colorado in central Chile, the River
Aire in Northern England, the River Savio in Italy (a tribu-
tary of the Po), the Emme in Switzerland, the Ulvaa River
in Norway (a tributary of the Glomma), and the Llano River
in Texas, USA. Catchment information, including gauge ID
and data sources, catchment area, and the drivers of the case
study events are included in the Supplement (Table S1).

Reported drought-to-flood transitions are referred to as
“case study events”. Drought impacts for these case study
events range from relatively minor e.g. altered sensitivity to
salinity in mangrove plants in Australia (Beckett et al., 2023),
to more severe, e.g. wide spread policy reform due to an en-
ergy crisis caused, in part, by a reduction in water available
for hydropower in Chile (Murillo and Foulon, 2006). Sim-
ilarly wide ranging impacts were reported for floods. Some
floods resulted in minor road closures and water inside build-
ings, e.g. in the Swiss case study (Biirki, 2022) whereas oth-
ers, such as the Italian case study, resulted in multiple deaths,
landslides, and billions of Euros in reported losses (Pov-
oledo, 2023). A non-comprehensive table listing reported im-
pacts and event occurrence dates is presented in Table 1.

We define “reported” drought periods based on the earliest
reported start date and latest reported end date found in the
media, scientific, or governmental reports of the events as in
Table 1. For “reported” flood events, we are primarily con-
cerned with the first day of flooding in order to define a tran-
sition. For this reason, we use only the earliest reported start
date, as opposed to the date of the most severe flooding. It
is possible that media reports may be misleading in terms of
event location or precise timing. We aimed to validate event
occurrence and the correspondence of spatial area by allow-
ing for buffer periods around flood events, confirming the
presence of a flood on the expected dates in the time series
of all cases, relying on more than one report for all events,
and seeking scientific and governmental reports which listed
specific catchment IDs rather than news media alone, when
available. Validation in the case of drought was more diffi-
cult, given the generally wider spatial areas, and varied defi-
nitions used in reporting.
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Table 1. Description of case study events.

Case Study Reported Event Dates

Reported Drought Impacts

Reported Flood Impacts

Regime description

Drought:
Aug 2018-Dec 2018;
Flood: 25 Dec 2018

Australia:
Daintree River

Record high temperatures, below average
precipitation and streamflow, increased
estuarine salinity affecting tree growth
1,2)

Initial flooding: major flooding, halted ferry
operation, inundation and damage to
roadways. Flooding continued and intensified
into January of the following year, eventually
beating a 118 year record and declared a
nationally significant emergency with severe
impacts (3-8)

Dominated by a monsoonal
system with a pronounced winter
dry season.

California, USA:
Ventura River

Drought: 2020-2022;
Flood: 10 Jan 2023

Large-scale meteorological and
hydrological drought resulting in wildfire
damages, historic low reservoir storage,
and major economic losses in the
agriculture, processing, and tourism
industries (9-12)

Estimated USD 5-7 billion in economic losses,
streambank erosion, damaged sewer lines, loss
of life, people rescued from river, evacuations,
school closures, and sinkhole formation
13-17)

Moderately strong seasonal
pattern, typically experiences
large storms during the winter
season; pronounced low flow
season, during which streamflow
is frequently zero.

National-scale energy crisis due to low
reservoir levels resulting in major policy
reform (18-24)

Yellow danger warning issued by the National
emergency management agency, 4000 people
evacuated, and a tripling of water released
from the Colbtin Machicura hydroelectric
power plant to minimize flooding (25, 26)

Strong seasonal snowmelt peak,
but also experiences large rainfall
driven floods in early winter prior
to the start of the snowmelt
season.

Chile: Drought: 1998-1999;
Rio Colorado Flood: 23 Jun 2000
England: Drought:

River Aire Jan 2010-Mar 2012;

Flood: 15 Apr 2012

Most severe in Southern England but
extended into Yorkshire, where the Aire
is located. Low reservoir levels and
hosepipe bans across north-west England
affecting six million consumers in Spring
2010. Fires, low water levels, and
agricultural losses throughout the
following year (27-30)

Flooding started with minor events in April
2012, followed by a severe flood in September
2012. Early floods resulted in minor impacts,
high water levels, and flooded roadways.
September flood resulted in reported warnings
issued, flooded roadways, road closures, and
pumping (31-34)

Rapid runoff in the upper parts of
the catchment; wide meandering
course through the lower section.
Flooding predominantly driven by
heavy precipitation events in the
winter season. Relatively variable
regime. (35)

Italy: River Savio Drought:
(Tributary of the Jan 2022-May 2023;
Po) Flood: 2 May 2023

Reported “worst” hydrological drought in
2 centuries in 2022, record low water
levels, increased riverine salinity, damage
to crops, combined losses over

EUR 6 billion (36-38)

First flood on 2 May, followed by a larger
event on 16 May. 17 people dead in Emilia
Romagna, approximately 400 landslides,
thousands evacuated, damage to agricultural
lands, hundreds of roads closed or destroyed,
more than EUR 10 billion in estimated losses,
7 months of typical rainfall in 2 weeks (39-46)

Dry in summer; wet spring with
precipitation mainly as rainfall,
some snowfall in upper portion of
the catchment. Some seasonal

pattern but relatively variable (44).

//doi.org/10.5194/hess-29-6069-2025

https

Hydrol. Earth Syst. Sci., 29, 6069-6092, 2025



6073

B. J. Anderson et al.: Pitfalls for defining drought-to-flood transitions

*(0000) T8 19 YIS 0L (S00T)

“[B 32 UOWIWERH-UIS[AIN “69 “(810T) T8 32 [Ind 89 (QETOT) JPUUDYS "L9 (BETOT) JOUUDIS "99 (€70T) NA "S9 ‘(€£20T) ASISSLLIOI +9 “(£20T) AIIOYINY DALY OPBIO[0)) 13m0 €9 “(€20T) BYRIT 29 (TT0T) ™HNd 19 ‘(2T07) Hnwyds pue
Ampg *09 “(7z07) 101qe33deN swmneys)yeydspue 66 (£207) OLOf "8G (CT0T) SMAN 9T "LS ‘(TTOT) Y OJUISSIMG “9G “(€20T) ‘T8 12 TaIsal[ed “GS “(ZT0T) HeMu ) Ing Jwesapung ‘4§ ‘(7Z0T) URYISUIS] pun orpey IZRMYdS ¢S (q8107)
pun[31og zS “(6102) Te 32 pueeys 1§ ‘(9810¢) punidiod "¢ ‘(e810¢) Punidog "6¥ (007) Te 10 apfed "8 (070T) MITD "Ly “(+T0T) OUEP[EA PUE QUOISY "9 “(€20T) T& 32 AUA[EA "Gt “(+20T) MAySeuswo pue WS v (€20T)
129018 "¢t “(£207) OMWA. A "Th (£207) Aoudsy ooeds ueadomy YL T+ “(€20T) SMAN AV "0 ((€20T) OPAI0A0] “6€ “(£20T) IPUD 8¢ “(€T0T) BION[BIUES "L ‘(€T0T) ‘T8 10 LRUBIUOI “9¢ (6007) AOURSY IuauoNAUY () "¢ (T10T)
AoATeH "¢ (QTT10T) SMIN D94 “€€ “(FT0T) PEIIA "T€ ‘(T107) WSUMUIEM "¢ “(BZT0T) SMON DFd "0 “(E102) T8 19 USTeIA "6T ‘(€10T) T8 10 UOpudy "8T “(£107) [& 10 ALred *LT ‘(000T) [euowEw [owd ‘9z ‘(4000T) [EUOLBU [OWH "§T
(0007) 3°UIU] US BISIAL, BT "HT (0TOT) T8 12 [9HRO "€T “(L10T) T8 19 pneaten "gg (270T) I8 19 WY 1T “(6661) [BUOIOEN 0SISU0D) [3p BI10NqIY “0T “(TTOT) BHSS 61 (900T) UONO Pue O[[LNIN 81 ‘(£T0T) }HEIS SMN TVOM "Ll
“(€207) setae( “91 “(£T0T) W0 pue pAOIT "ST “(£20T) OLBABN "#T (£20T) UWewpaar] "¢ “(zg07) Lsueres] pue paygays g1 “(€20c) [2dAY pue pun 11 “(zg0g) T8 12 nog-eALdSH "0 “(20T) ‘T8 19 BIenzy-ulapaIAl ‘6 ‘(610¢) SSoId
PAIEIOOSSY UBIENSNY g “(0Z0T) [BIOUD-IOUISA0D) AT} 0} AT8I0Id9S [BIOYJO 9Y) JO 90LJO “L (6107) UOMNL, *9 “(€20T) UOMNL, *G (6107) SUISSIA PuE WeAH " “(8T0T) SIIIM JJEIS "¢ “(€T0T) Te 12 N2 T “(£20T) UeSe ‘[ :S20uatafy

(0L—89) SWLIO)S QATIDIAUOD

93xey yuanbaiy 03 109[qns

st pue uoneydroaid o3 Apider
spuodsay “Iowwns ul JOLI( “MOPul
I9JeMPUNOI3 JWOS UM PLIB-TWIS

(L9—99) uo13a1 oy ur paaoxdur

uonIpuod 1YSNOIp INq ‘SUOHIPUOD [BULIOU

0) JOA0JAI 0) PI[Te] SIIOATISAT ‘SOA] JTOATISAT
WEI)SUMOP UT 9SBAIOUT USPPNS ONRWeIp
‘SpeOI PUE SAINJONLS JO UONEpUNul WS

(L9=€9) PIPIOO3I SMOY () ‘SIYP[LM
peaids apIm ‘SUOTIOLIISAI SN Iojem
o1iqnd ‘SII0AIOSAI WEANSUMOp 1] Uo

S[OAQ] JoJeM MO PIOJAI “TOJTUOIA JYSNoI(

SOJBIS PAYIU() Y} 0} SUIPIOIOE JUSWYDILD
jnoysnory) ysnoip _ euondooxy,,

€20T 390 9¢ -poold
*€20T 0—€20T uef
y3noIg

JOATY oue[]
VSN ‘sexqq,

"SJUQAD UreI Aq

uaALIp Apueurwopaid a1e spoof]
*Q0USNJUT J[OUIMOUS JWIOS YIIM
juowyoed surdieqns ‘Aysey ‘[ews

(79—6S) MOp STIGap & Ul Sunnsar pue syueq
SuIpoId ‘p [ UMM 9, 000 0T TOAO PIseaIoul
QUWIN[OA MO ‘SSUIP[ING SUWIOS IPISUT WD ()G 0}
dn 191eM ‘9[qESssedun speol pue sa3pliq owos
¢ [oA9] 108ue(,, 1s9yS1y passed , aaem poold,,

(85—€9)

SUJEOp Paje[al Jeay PaseaIoul 0) UuonIppe
Ul ‘pUB[IIZIIMS UT SISSO] [eImynoLide
uruol[rr o[ AHD pejewinse pue

‘ueq Surysy ur 3unpnsar AJ[eniuAd 91|
onienbe 03 aSewep pasned SwW 2y} UO
sooe[d awos ur moy () pue saInjerodura)
I91em Y31y prodax ‘odoinyg jo yonur
SSOIOB SOABM JBAY PUB JYSNOIP AIOAIS

C0¢ Inf 7 -poOIA

‘zz0z dos-zzoT AeN QU TOATY

"UOSBIS MOJ} MO] JOJUIM JUBUTWOP
pue 9[04d J[owmous Suons

syoedur payrodar yim seare 03 aewrxoid sting
az1s uone[ndod [[ewus 0 anp PAJTWI] JRYMAWOS
IOATY BRA[() UO s1oeduy *(ZG) uordar Aqreau
U} UT SAWOY puE $)21s PIPooy ‘(3y3noip

0} oanp Mo[ ApeaI[e J003s) paej [ewrue

Pa10)$ JO $ISSO] ‘pue] [eIM[NOLISe 0} soewep
‘I[ejurel pue (Jpowmous Apred) sarnjerodurd)
yS1y JO UONBUIQUIOD B O} NP JUIAD POOYf YSe[]

(16-8%) $1509 A11011309[9

PoseaIOUI ‘SUOTIOLIISAI I9JeM ‘SPO0T
patodwir uo sAIPISqNS [BINNILISE ‘SAIY
ysnq pue ssein) JY3noIp 9[ess-agIe|

uonduosop awigoy

syoedwy poorq penoday

syoedwy Jy3noiq paytodoy

JyInoIg PUBIOZIIMS

(ewrwo[n

810C 190 1 -Poold ay) jo Areanqu)
‘810 Sny-unf TOATY BRAIN
Jysnoiq :KemMION

sare(q JuaAy pauodoy Apnis ase)

"panunuoD °J AqeL,

Hydrol. Earth Syst. Sci., 29, 6069-6092, 2025

2/10.5194/hess-29-6069-2025

1.0

//doi

https



6074 B. J. Anderson et al.: Pitfalls for defining drought-to-flood transitions
River Aire, England Ulvaa River, Norway
5 100
.4 /\.\,v- __ 75| ._,/\7,
Q csgg | 2 cggog
ES3 SR8 | g 50 =88 ﬂ
92 ° 2 &“
1 \%a
Ventura River, California, USA 0 Emme River, Switzerland
0 100 200 300 0 100 200 300
/\ DOHY DOHY ,\/f\
3 AL RVAY
z, - (Noway) I loess
£ -ng and | @ =
o, ® o5
USA, California )
0 h 0
0 100 200 300 USA, Texas 0 100 200 300
DOHY DOHY
Llano River, Texas, USA Savio River, Italy
15 7 50
v L ]
\‘/\, \/ 40 /\/\,\_
710 SRR ¢ @3/ cggs
e TS q e =
S 5 520
° ) ) . ’ . 10
Rio Colorado, Chile Daintree River, Australia
0 12,5 0
0 100 200 300 5 /\ 0 100 200 300
DOHY 100 /A SV 100 \ p DOHY
£ 75888 T |jEEs
o 5.0 o 50
25
0 |
0 100 200 300 0 100 200 300
DOHY DOHY

Figure 1. Regime plots showing the median hydrograph (bold line) for each case study catchment. The grey ribbon represents the inter-
quartile range for each day of the hydrological year (DOHY), beginning on 1 April in the Southern Hemisphere and 1 October in the
Northern Hemisphere. In the upper corner of each regime plot, the loess-smoothed Q99 frequency distribution is included as a purple line
and the loess smoothed frequency distribution of streamflow days under the 20th percentile as an orange line. The timing of the reported case
study drought event is presented as an orange overlay and the timing of the reported case study flood as a purple dot. Multi-year drought spans
the entire year in these plots. Note that these sub-plots are frequency distributions, ranging between 0 and 1, where higher values indicate a
relatively greater frequency of occurrence. These indicate how well extreme flood timing and typical low flow season timing correspond to

the median regime.

In addition to reported drought-to-flood transition events,
the case study catchments were selected to represent a range
of hydrological regimes and to facilitate a higher degree of
generalization across hydro-climates. We qualitatively de-
scribe the regimes based on the degree to which they are in-
fluenced by snow, seasonality in the median, high, and low
streamflow norms, and variability in the daily flow regime
(Table 1). In this study, we considered several highly sea-
sonal catchments with clearly defined high and low flow sea-
sons as well as limited streamflow variability in the low flow
season, such as monsoonal types (River Daintree in Aus-
tralia) and snow dominated regimes (Ulvaa River in Nor-
way), mixed regime types experiencing influence from both
snowmelt and rainfall (Rio Colorado in Chile, Savio River
in Italy) and predominantly pluvial regimes (Ventura River
in California, USA, River Aire in England), including one
semi-arid regime (Llano River in Texas, USA) and one flashy
sub-alpine regime (Emme River in Switzerland; Fig. 1). Fur-
ther descriptions of the case study events are included in the
discussion as relevant.
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2.2 Data

In addition to the case study events, we used daily mean
streamflow data for the complete time series in the selected
catchments. The length of the time series and the degree of
missing values vary, but six of the eight catchments have
daily streamflow series longer than 40 years with at least
95 % coverage after removing any negative or null values,
which would be indicative of data error. The Chilean and
Italian sites are an exception. In these catchments, 20 and
17 years of 95 % complete data were available, respectively.
These catchments were retained despite their relatively short
length due to the importance of individual events and the
intention to cover a wide geographic range. Although dif-
ferences in the time series length and period covered could
influence inter-catchment comparison, this effect would be
consistent across all threshold level approaches and method-
ological combinations in one catchment, so that the ap-
proaches can be fairly compared for each site. Although more
complete data records are available for some catchments in
both Italy and Chile, catchments that also reported clear im-
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pacts from drought-to-flood transition events, could not be
found at this time. In addition to daily mean streamflow data,
sub-daily data was obtained for the catchment in Switzerland
and used in the qualitative analysis. The hydrological data
are taken from publicly available large sample and national
hydrological datasets as described in Table S1. Additional
case studies in South America, Asia, and Africa were con-
sidered, including, but not limited to, the 2011 event in the
middle-lower Yangtze river in China, the drought-to-flood
transition in January 2017 in Peru, and the 2024 floods in
Kenya, which followed an unprecedented multi-year drought
from 2020 to 2023. However, we were unable to acquire suf-
ficiently long and high-quality streamflow time series corre-
sponding to these events.

2.3 Quantitative methods
2.3.1 Event detection approaches

We test and compare three different threshold level methods
for drought, including (1) a daily varying threshold defined as
arolling percentile for each day of the year (across all years)
plus 15 d before and after it. This 31 d window was selected
because it offers sufficient smoothing to capture seasonal be-
havior without over-smoothing, and represents the monthly
time scale (Van Loon and Van Lanen, 2012; Tallaksen and
Van Lanen, 2023), (2) a seasonally varying threshold defined
as two separate fixed thresholds, one for autumn and win-
ter and one for spring and summer, and (3) a fixed threshold
defined as a singular percentile of the complete time series
(Fig. 2c—e). Each of these three approaches is calculated from
the smoothed daily streamflow time series, in which the pre-
vious 30d are used to calculate a rolling mean for each day
in the time series. The previous 30d are used, rather than a
centered period, so that rapidly occurring flood events do not
result in an earlier drought end date. The thresholds are then
compared to the smoothed time series. All three approaches
are commonly used in hydrological research, although each
highlights different streamflow characteristics (Tallaksen and
Van Lanen, 2023). Further, they have been previously applied
for the detection of drought-to-flood transitions (Gotte and
Brunner, 2024; Matano et al., 2024). We do not consider how
the durations, intensities, drivers, or intermittency of drought
or flood events might influence outcomes in this manuscript.

The drought thresholds are calculated using a combination
of the threshold level method (TLM) and the consecutive dry
period method (CDPM) as described in van Huijgevoort et
al. (2012) and demonstrated in (Fig. 2b). This approach deals
with zero-flow days in intermittent and ephemeral rivers by
numbering consecutive zero flow days and calculating per-
centile statistics based on these counts. The intention of this
approach is to allow for the detection of drought in zero-flow
periods if the duration of the period is exceptional. We apply
this approach equally for all threshold level types. We then
identify negative streamflow anomalies using the thresholds
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and the 31 d smoothed (right-aligned) daily values (Fig. 2a).
Drought periods were required to have a duration of at least
30d to avoid the inclusion of minor events (Van Loon and
Laaha, 2015; Brunner and Chartier-Rescan, 2024), and in-
dividual drought periods separated by less than 15d were
merged to singular events (Van Loon and Van Lanen, 2012;
Tallaksen et al., 1997; Fleig et al., 2006).

We defined the flood threshold based on a percentile of the
un-smoothed, original daily streamflow series and then se-
lected events over the threshold using a peaks over thresh-
old (POT) approach, where singular peaks were detected
as floods. We do not require that peaks be independent be-
cause in the present context we are interested in the first date
over the threshold, rather than the characteristics of the flood
event. We test both a seasonal and a fixed threshold to detect
events. A daily varying threshold is not considered for floods
because it is not commonly used in the literature largely be-
cause it is assumed that floods need to have a certain mag-
nitude in order to be impactful. The same approaches were
applied to detect floods from the sub-daily streamflow in the
Swiss case study, as part of the qualitative analysis, given the
flashy regime.

The percentile values used for the threshold levels were
selected so that the average number of drought events de-
tected was 0.5+0.005yr™' (~ 12th-15th percentiles de-
pending on approach) and the average number of floods was
2+0.005yr~! (99th percentile) regardless of the approach.
To do this, we repeated the event detection procedure us-
ing a range of threshold levels until the desired number of
events was achieved. Alternatively, the same percentile value
could have been used for all methods. However, threshold
level methods may result in the selection of a proportion of
streamflow which is not equivalent to the stated percentile
(Brunner and Voigt, 2024), in part because of the imposed
minimum duration for drought periods. Thus, this approach
ensures that the same number of events is compared, rather
than the same number of days below the threshold, ensur-
ing a more fair comparison. The number of drought events
is lower than the number of floods, because drought events
represent prolonged periods of low flow, whereas floods typ-
ically occur over short periods of hours to days.

2.3.2 Definition of drought-to-flood transitions

Similar to previous work (Gotte and Brunner, 2024; Matan6
et al., 2024), we consider events to represent a transition by
defining a maximum time interval between events. Here, if
the time interval between the end of a drought (the date on
which smoothed streamflow exceeds the drought threshold)
and the start of a flood (the date on which streamflow ex-
ceeds the flood threshold) is less than 90 d, we consider this
to be a drought-to-flood transition. We subdivide these time
intervals into rapid (14 d) and seasonal transitions (90 d) as in
Gotte and Brunner (2024). In order to test whether we cap-
ture droughts and floods that correspond to the case study
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Figure 2. Methodology in brief: The first column shows the data preparation phase in which streamflow is smoothed (a) and converted to
percentiles for drought detection using the combined CDPM and TLM methods (b). The second column shows the event selection process in
which the threshold levels and the transitions time intervals are applied. Specifically, panel (a) shows an example of the streamflow smoothing
approach used for the detection of drought periods, demonstrating how a center-aligned smoothing window would result in an early drought
end date as compared to a right-aligned window, as used here. Panel (b) gives an example of the combined CDPM + TLM methods used
for the smoothing and setting of drought thresholds in intermittent streams. Here, the threshold is represented by the corresponding ranked
percentiles on the right y axis, while the smoothed daily flow is in the original units on the left y axis. Both panels (a) and (b) are examples
from the catchment in California. Panels (c)—(e) show daily variable, seasonal, and fixed thresholds for drought respectively, and fixed (c, e)
and seasonal (d) thresholds for flood. Panel (e) demonstrates a rapid transition between drought and flood as detailed in the text. Panels (¢)—
(e) are examples from the Chilean catchment. In these panels, the thresholds are shown relative to the original streamflow values, rather than

relative to the ranked percentiles (as in b), to facilitate visualization.

events, we allow a buffer window of +5d on either side of
the reported flood event. This buffer is to accommodate po-
tential discrepancies between the media reporting timing and
precise location of the events and the hydrological response
in the data. For droughts, we do not allow a buffer period,
but consider a drought to be detected if it overlaps with the
media reported drought period.

2.3.3 Methods comparison

We compare the different threshold level methods and assess
how the detected events differ. In the first instance, we con-
sider whether or not the case study drought and flood events,
i.e. those reported in the media, are detected, and secondar-
ily whether or not they are considered to be a “transition”
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event. Then, we compare the threshold level methods for the
entire streamflow time series, and, taking into account the
hydrological regime types, and analyze potential differences
in the detection of transition events and their characteristics,
primarily the timing of events.

Second, existing literature typically defines transitions by
pre-selecting the time interval between drought and flood
event, which is not explicitly linked to transition probability
or physical processes. Therefore, next, we consider how the
probability of these preselect windows differs between catch-
ments. (1) We begin by calculating the time interval between
each drought event and the first subsequent flood event, re-
sulting in a series of time interval values for each catchment.
(2) Next, we fit a Generalized Extreme Value (GEV) model
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to the negative time interval series using L-moments for pa-
rameter estimation (chosen for stability with small samples).
We then map results back to the original scale to obtain the
cumulative distribution function (cdf). Model adequacy was
assessed using QQ plots with a parametric 95 % simulation
envelope focused on the lower 30 % of the distribution, given
our interest is in the probability of short duration transitions.
Based on visual inspection, the GEV provided a reasonable
fit in all case studies except California, where it likely un-
derestimates the probability of very short intervals. (3) From
the cdf for each catchment, we extract the probability of 14
and 90d transition periods. To quantify uncertainty, we use
a parametric bootstrap to simulate datasets from the fitted
GEV distribution, refit using L-moments, recompute the cdf
and take the 2.5 % and 97.5 % pointwise percentile intervals
from 500 replicates.

2.4 Qualitative assessment

Finally, we visually examine the time series of the case
study catchments to contextualize which methodological ap-
proaches will result in the detection of transitions that are
likely to have certain impacts, or which result from process
changes that can be meaningfully interpreted in the desired
context. Following visual inspection, we discuss examples of
potential challenges and pitfalls in the event detection pro-
cess and offer recommendations for future event detection
strategies.

3 Results
3.1 Quantitative assessment
3.1.1 Case study events are infrequently captured

The drought-to-flood transition events were not consistently
detected for the reported periods, often due to discrepancies
in detection of the individual events (Fig. 3). For one of the
eight cases, we do not detect the drought event using any
method. For an additional three catchments we do not detect
a drought in the reported period with one or two of the meth-
ods. For four of the eight cases, we detect a drought in the
reported drought period using every method.

Detected drought events often only partially overlap with
the reported drought periods. Using the Emme catchment in
Switzerland as an example, each threshold level method de-
tected a drought event at some point during the reported-
drought period (Fig. 4a, Table 1), however, none of the
detected events spanned the full reported-drought period
(January 2022-December 2022 for the Emme). Instead, the
drought appeared to occur over the course of several months
between May and September, depending on the methodol-
ogy. Detected drought events are often very short relative
to the reported drought periods, or are detected as multiple
shorter, intermittent, drought events (ex. Fig. 4a).
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Figure 3. Summary of case study event detection across sites and
methodologies. “True” indicates that an event was detected during
the reported period. Threshold level method names are abbreviated
as daily variable (v), seasonal (s), and fixed (f), and combinations
used for transition detection are labeled with the drought method
followed by the flood method (e.g. “f s corresponds to a fixed
drought threshold and a seasonal flood threshold definition).

A similar result is visible in the time series of the Savio
River in Italy (Fig. 5). Here, only the fixed and the seasonally
fixed thresholds detect drought events during the reported
drought period (i.e., during the low flow season in Sum-
mer 2022, despite noticeably lower than typical streamflow
throughout the 2022 and early 2023 hydrological years). The
results in the River Savio suggest that the drought threshold
levels used in this analysis may be too strict to capture the ob-
served event. Second, these results show a concentration of
drought events in the early years of the time series (Fig. 5a),
highlighting the effect that trends in streamflow can have on
threshold setting, and thus event detection, if non-stationarity
is present.

Flood events are detected, regardless of the threshold level
method, for all catchments except for the Swiss case study.
The reported flood event at this location was not detected by
either threshold type using the daily mean streamflow data
(Fig. 4a). However, given data availability and the under-
standing that this is a responsive regime (Table S1), we also
examined the hourly streamflow time series for this catch-
ment. Although the peak daily mean flow (17 m3s~!) on the
date of the case study flood was not extreme, the hourly
streamflow peak (255m3s~! corresponding to the 99.99th
percentile of daily maximum time series) far exceeded the
flood threshold. In this example, the transition from low flow,
to flood, and back to low flow occurred within less than 12 h.
The daily mean flow was therefore insufficient to capture the
extreme flood event or the transition (Fig. 4b).

Overall, we do not detect transitions for four out of eight
catchments (Switzerland, England, Italy, and California), re-
gardless of methodology. In Texas and Australia, however,
the case study transition is detected by every threshold level
combination. In both cases, a large, sudden, precipitation-
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a. Example event detection for the Emme in Switzerland
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Figure 4. Detection of case study events. Panel (a) shows an example (Emme River in Switzerland) illustrating the detected drought events
during the case study period, while no flood was detected on the reported date. Panel (b) shows how the flood peak for the case study event
on the Emme differs between the daily mean and sub-daily streamflow time series.
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Figure 5. Detection of case study events in (a) the River Savio in Italy, here shown together with the complete available streamflow time
series, and (b) the Ulvaa River in Norway shown here for the 2018 case study event only.
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driven flood followed a drought period in the low flow sea-
son. In the Chilean case study, a transition is only detected
when the fixed threshold is used. This event, however, actu-
ally falls outside of the reported drought period (Fig. 2e). In
this case, the time interval between the reported drought pe-
riod and the flood period was larger than 90 d, meaning that
it would not have been considered given a predefined tempo-
ral lag of 90d as used here. Finally, for the Norwegian case
study (Fig. 5b), the transition is only detected when a variable
drought threshold is used. The other methodologies do not
detect anomalously low flow (i.e., lower than normal flow)
outside the typical low flow season, whether in the summer
or winter season, as drought. The flood event, driven by a
combination of snowmelt and rainfall, was detected by both
approaches.

3.1.2 The choice of threshold level method affects
detection of transitions

When considering the entire streamflow time series, rather
than just the case study events, the number of detected transi-
tions varies greatly across the catchments and different com-
binations of threshold level approaches (Fig. 6). In the catch-
ments with marked seasonality (e.g. Norway, Australia), we
generally see an increase in the number of transition events
when a seasonal flood threshold is used, as compared to a
fixed one. For example, the seasonal flood threshold is sub-
stantially lower in the low flow season, as compared to the
high flow season, in the Norwegian catchment, allowing for
smaller floods to be detected in this period. Here, the combi-
nation thresholds plays a major role in determining the num-
ber of events detected.

In catchments with moderately strong seasonality and a
pluvial (California, England) or mixed regime type (Chile,
Italy), differences in the detection of transition events ap-
pear to be most strongly related to the drought threshold level
method (Fig. 6). The Chilean catchment experiences a pro-
nounced dry season, with generally non-zero flow, often fol-
lowed sharply by a rainfall driven flood season prior to the
snowmelt period (Fig. 1; Table 1). In this case, most detected
transitions are rapid, and we find that more variable drought
threshold level methods (v and s) result in a reduction in
the number of transition events. Although droughts were de-
tected throughout the year when variable drought thresholds
were used, in this case, all detected transition events oc-
curred when the low flow season was followed by a rain-
fall driven flood prior to the snow melt period. When fixed
drought thresholds were used, the drought period was able to
extend later into the dry season in more years, and thus, some
snowmelt floods were captured as transition events. The Ital-
ian case produced a somewhat similar phenomenon (Fig. 6).
For the English catchment, we see the inverse: increasingly
variable drought threshold level methods result in increased
numbers of transition events. This is not surprising, as floods
typically occur in the middle of the high flow season, and

https://doi.org/10.5194/hess-29-6069-2025

6079

thus, droughts which extend into the early part of the high
flow season (with variable thresholds) will increase transi-
tion detection. The naive split of the high and low flow sea-
son for the seasonal threshold used here, does not perfectly
align with the seasons in the English catchment. It is possi-
ble, therefore, that better alignment would have resulted in
an increase in transition events, as smaller, but earlier, floods
may have been detected, as observed in the Norwegian case.

In the catchments with very low seasonality (Switzerland
and Texas), we find that the number of transition events is
high overall (in the Swiss case, around one transition every
2 years). In these cases, allowing for variability in the flood
threshold level has some effect on event detection, almost en-
tirely because the seasonal flood threshold is slightly lower
in half the year, so more floods are detected. The choice of
threshold level methods has little importance when seasonal-
ity is weak.

Finally, intermittent flow can also present challenges in
event detection which differ between methodologies. In the
Californian catchment, which regularly experiences zero
flow in the dry season followed by a pronounced wet season
in winter, a variable drought threshold (using the combined
CDPM + TLM method) detects very few transition events,
in part, because the later part of the dry season typically ex-
periences zero-flow (Fig. 7). Although the intention of the
combined CDPM + TLM method is to allow for the detec-
tion of hydrological drought in intermittent rivers (van Hui-
jgevoort et al., 2012), this still presents a problem here. The
method performs well with fixed annual (Fig. 2b) and sea-
sonal thresholds. However, the use of a variable threshold
may mean that the start of the zero-flow period is not con-
sidered to be a drought if dry conditions are typical in the
rolling-window, even if drought was present earlier in the
season, leading to the identification of intermittent drought
periods (Fig. 7). This may pose a problem for the detection
of transition events at the end of the zero-flow season if a
variable threshold is applied.

3.1.3 Choice of event detection method affects event
seasonality and characteristics

As noted above, individual flood and drought events, whether
or not they comprise a transition, exhibit different charac-
teristics depending on the choice of threshold level method.
Notably, the timing of events varies substantially between
methodologies and streamflow regimes (Fig. 8a). For exam-
ple, fixed thresholds result in a relatively consistent timing
of the onset and end of drought in a majority of locations
(Fig. 8a). With increasing variability in the threshold defi-
nition (s, v), the variability of detected drought timing also
increases. Fixed thresholds, in flow regimes with a seasonal
signal, will generally detect drought in the low flow season,
but variable thresholds (including seasonal) will allow the de-
tection of low streamflow anomalies even during high flow
seasons. To some extent, the same types of seasonal patterns
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can be seen for floods, although most of the case study catch-
ments exhibit similar flood seasonality for both methodolog-
ical approaches (Fig. 8).

These results are generally in line with expectations. Fixed
thresholds can be expected to detect events which are more
in line with the seasonal norms, e.g. flood events which occur
during the high flow season and droughts which occur dur-
ing the low flow season. These events are more likely to be
driven by larger scale processes, for example, drought peri-
ods driven by cold winter weather or floods driven by snow
melt in the spring, although very severe events would be de-
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tected outside of seasonal patterns. Using a fixed threshold
(f: based on a percentile from the whole series) ensures that
drought events have absolute low flow terms (and that floods
have absolute high flow). In contrast, variable thresholds (v),
and to a lesser extent, seasonal thresholds (s), are sensitive
to anomalies within a season. This means they can capture
atypical events, which may not necessarily be large in terms
of absolute magnitude. For example, droughts during typi-
cally wet periods which may be indicative of short-term rain-
fall deficits or a delay in the snow melt season. Flood events
during drier periods, driven by intense, short-duration rain-
fall which does not result in a large absolute magnitude of
flow, could also be detected. In other words, variable thresh-
olds may detect events which are not extreme in an absolute
sense, but which are anomalous in a specific time of year.
In regimes which do not have a strong seasonal cycle, the
threshold choices should not result in the detection of sub-
stantially different events.

Although the timing of drought and flood events in this
analysis individually vary widely, the timing of drought-to-
flood transition events does not vary as systematically be-
tween methodologies as the events do separately (Fig. 8a).
The catchments which show highly seasonal flood timing
regardless of methodological approach also have relatively
consistent transition timing, in a broad seasonal sense e.g. in
the first 100d of the hydrological year in the Chilean case,
although the timing is more limited to the beginning of the
season when variable and seasonal drought thresholds were
used. This suggests that the flood timing is a determining fac-
tor in whether or not a transition occurs. In the Texas and
Switzerland case study catchments, where seasonality is lim-
ited, transitions are widely dispersed throughout the year re-
gardless of the approach.
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a. Timing of all drought-to-flood transitions
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Figure 8. (a) Timing of drought (first row), flood (second row) and transitions events, defined as the start date for the flood event (last row),
detected using different threshold approaches for the eight case study catchments (columns). The day of the hydrological year is on the x axis,
where the first of April is day one in the southern hemisphere and October first is day one in the northern hemisphere. Threshold level method
names are abbreviated as daily variable (v), seasonal (s), and fixed (f). As above, for the transition timing panel, the drought threshold level
method is first, and the flood method is second, so that the abbreviation represents the combined approach. The catchments are ordered from
highly seasonal regimes on the left to highly variable regimes on the right. (b) Theoretical probability of transitioning between drought and
flood in 14 (top) and 90 (bottom) days. Here the error bars represent the 95 % confidence interval of the bootstrap resampled distribution.

3.1.4 Transition time window length

From the previous sections, it is clear that the time window
between drought and flood events impacts the detection of
transitions. This is especially true since different methods
can result in different drought end dates, thus potentially ex-
cluding events from being defined as transitions if the end
date is shifted by a few days. These time intervals, which
are typical based on previous literature, have also been se-
lected without explicit consideration of typical conditions
in a catchment, physical processes driving response, or im-
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pacts. While quantifying physical process changes and im-
pacts is outside of the scope of this analysis, we do assess
how the preselected time intervals between events relate to
what might typically be expected in a catchment. We defined
here the probability of time intervals between all drought
events and the first subsequent flood period and related this
to the preselected time windows (Fig. 8b).

The results indicate that, depending on the methodological
approach and the flow regime, the probability of a transition
can vary. For example, in the Norwegian case, the probabil-
ity of a 14d time interval between the end of drought and
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start of flood ranges from 4.1 % when a variable threshold
is used with a fixed threshold (v_f), to 12.7 % when fixed
thresholds are used (f_f). On the other end, the probability
of a transition within 14 d in the Swiss case study catchment
is generally high, ranging from a 14.7 % to 19.8 % probabil-
ity of occurrence within this time window, across all the ap-
proaches. These results highlight the need for more research
on how to best define transitions when characterizing them as
extreme events. For instance, while 14 d may be quick from
some perspectives and in some locations, a transition with
a 20 % chance of occurring is hardly extreme. The approach
tested here offers one potential avenue for exploring extreme-
ness in transition duration. However, it is important to ac-
knowledge that the confidence intervals for these estimates
generally overlap between methods, that the theoretical dis-
tribution applied here to estimate probabilities may not rep-
resent a good fit in all locations. Further, different parametric
assumptions may bias probability estimates, especially when
sample size is small.

3.2 Qualitative assessment

As we have established, different approaches may not select
events that exhibit the same traits or carry the same impacts.
Accordingly, studies focusing on different impacts may re-
quire different definitions as each definition emphasizes cer-
tain aspects of droughts and floods.

Variable thresholds are adapted to the seasonal cycle in
that they select events that deviate from the smoothed thresh-
old all year round, and accordingly these events may or may
not correspond to dry soils or reduced water availability es-
pecially when droughts are detected in the high flow season.
For example, in the Australian catchment, droughts can be
detected during the monsoon season (Amale et al., 2023) and
although such events are representative of anomalous sea-
sonal flows, they are unlikely to represent low flows from an
annual perspective, i.e., they may not correspond to an abso-
lute water deficit. Droughts in the high flow period in mon-
soonal regimes may also be caused by a delay in the onset
of the high flow season as seen in 1990 in the Daintree River
in Australia (Fig. 9a). When followed by a typical, or even
above average wet season, as is the case here, such an event
may result in drought-like impacts, or may not, depending on
the context (e.g. for agriculture, Amale et al., 2023; Lison-
bee et al., 2020; Fitzpatrick et al., 2015). On the other hand,
in snow-dominated catchments when, for instance, a particu-
larly cold winter is followed by a delayed, but otherwise typ-
ical snowmelt season, this could also result in the detection
of drought by variable threshold level methods which may
then be followed by a typical flood (Brunner et al., 2023).
While such events may have impacts on industry, whether or
not these represent important transition events is unclear.

On the other hand, fixed thresholds will favor drought peri-
ods which occur predominantly in the primary low flow sea-
son, and, as such, correspond to low flow conditions in abso-
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lute terms. Although these events represent absolute stream-
flow deficits, they can also correspond to somewhat normal
conditions if the threshold is not low enough. For example,
identifying the low flow period as a drought may be mis-
leading in catchments where low flow periods always oc-
cur during the same time of the year (e.g. winter in snow-
rich regions). If a fixed threshold is too low or does not ac-
commodate the possibility of a secondary low flow season
(e.g. summer), in a seasonal regime, droughts that occur out-
side of the primary low flow season may be missed. This
is demonstrated in the 2018 case study example in Norway
(Fig. 9c and d), where an early and reduced melt season and
high temperatures resulted in a mild summer drought in the
case study catchment (Bakke et al., 2020). Here, the fixed
threshold method failed to capture a drought that occurred
at the end of the snowmelt season (summer 2018), and as a
consequence, did not capture the transition event, while the
variable threshold succeeded in capturing the event. Miss-
ing drought periods outside of the primary low flow season
could result in failure to detect meaningful transitions driven
by anomalous weather events, such as the heavy rainfall, high
temperatures, and in this case, seasonally atypical snowmelt
timing. Here, using a seasonally fixed threshold would am-
plify seasonality (given that there are two dominating low
flow seasons), and might offer a useful alternative.

In the Norwegian and Australian examples in this section
(Fig. 9), the transition event is best detected by the vari-
able threshold level approach for drought. This aligns with
previous literature which suggests that a variable threshold
is more appropriate in a seasonal context (Van Loon and
Laaha, 2015). However, whether the detected transitions are
impactful depends on the sector of interest. In snowy cli-
mates it is common to distinguish between winter and sum-
mer low flows, both of which may be of potential interest
for different reasons. For example, a winter low flow may
be caused by very low temperatures. This can limit subsur-
face flow to groundwater wells or rivers, and thus impact lo-
cal water supply, even though normal snow conditions may
be present (Tallaksen and Hisdal, 1997). Meanwhile, sum-
mer low flow might be caused by a lack of snowmelt run
off, i.e. low streamflow and may be accompanied by reduced
soil moisture and water in storage. Thus, one might opt to
focus on uniquely on summer or winter low flow, or might
be interested in conditions which correspond to dry soils or
reduced storage. These examples highlight the need for con-
sideration of drivers and impacts when researching drought-
to-flood transition events, a challenge which also extends to
catchments with a weaker, but still present, seasonal cycle.

In catchments with a limited seasonal cycle, the difference
between threshold level approaches is of marginal, if any,
importance. However, it is worth noting that in catchments
that react quickly to precipitation events, as in the Texas and
Switzerland case studies, and in catchments that experience
a pronounced dry and rainy season, such as in the cases of
Australia and California, the normal condition can be one of

https://doi.org/10.5194/hess-29-6069-2025



B. J. Anderson et al.: Pitfalls for defining drought-to-flood transitions

a. Variable threshold: 1990 transition in Australia

6083

b. Fixed threshold: 1990 transition in Australia

600 4
0 400+ ||
O 200
)
04 % I‘ ‘J'M’Ukj\‘ -t

1989-07 1990-01 1990-07

c. Variable threshold: 2018 transition in Norway

1991-01

600 -

400 - I

2004

N R M

1989-07 1990-01

1990-07 1991-01

d. Fixed threshold: 2018 transition in Norway

Q(m®/s
=
=

Apr Jul Oct

=== Daily streamflow === Flood threshold [

=== Drought threshold ® Identified drought

Identified flood

150 A A

100 -

|
_JV % W

W
Apr Jul Oct

IQR of daily median flow

Right-aligned smoothed streamflow

Figure 9. Examples showing differences in drought-to-flood transitions in highly seasonal regimes, where (a) shows a drought event caused
by a delay in the onset of the monsoon season in Australia as detected by a variable threshold, but not by a fixed threshold (b). In this case,
the “area under the curve” of flow volume in the high flow season was above average (7789 between 15 December 1989 and 15 August 1990
vs. the median of 6201). (c) and (d) show the case study event in Norway. In this example the variable threshold detects drought at the end

of the snowmelt season, while a fixed annual threshold misses the event.

dramatic swings between low and high flow conditions. In
these cases, very dry conditions may not be highlighted as
drought, especially when a variable threshold is used, if the
average condition at that time of year is dry or if dry peri-
ods are short and punctuated. Transitions detected in such
cases may represent a magnification or acceleration of a nor-
mal pattern of wetting and drying cycles as the most extreme
examples of the normal pattern will be selected.

Finally, whether or not a drought-to-flood transition is ap-
parent in the streamflow data can also be influenced by hu-
man behavior. For example, the Ventura River in California
provides a substantial proportion of the water supply to the
local municipality (Walter, 2015). The river is managed in
order to sustain flows during prolonged dry spells via the
Casitas Reservoir since cycling between drought and flood
periods is the norm in the catchment (Walter, 2015). One
news source noted that the local government halted water
extractions in 2021, during the case study drought-to-flood
transition event, thus preventing the river from running dry
(Feraday, 2021). Management strategies like these may mean
that, without place specific knowledge, drought, and there-
fore also drought-to-flood transitions, may be overlooked in
many managed catchments. This could present a problem
when attempting to study such events in a research context.

https://doi.org/10.5194/hess-29-6069-2025

4 Discussion and recommendations
4.1 Event detection challenges

The results of the quantitative and qualitative analyses high-
light that different types of drought-to-flood transition events
bring their own challenges. These challenges primarily relate
to the need to adapt the methodology to the impacts or physi-
cal processes that drive interest in drought-to-flood transition
events. Poor methodological choices may result in failure to
detect impactful events.

4.1.1 Challenges with drought detection

Selecting appropriate threshold level approaches for drought
detection can be particularly difficult. Variable thresholds
for drought may be most appropriate for use in drought-to-
flood transitions research in cases when it is not important
that a catchment be “dry” in an absolute sense. For exam-
ple, rapid changes between anomalously low and high flows,
regardless of the absolute amount of water in a catchment,
could present significant management problems for e.g., wa-
ter quality or environmental flows. In the Italian case study
catchment, cycles of low and high streamflow can increase
eutrophication, a concern in the Adriatic Sea into which the
Savio River flows (Sani et al., 2024), and fish health can be
effected by rapid shifts in hydrologic condition (Ceola et al.,
2018). Similarly, hydropower production through run-of-the-
river power plants may be sensitive to deviations from typical
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conditions because these rely on the natural flow of a river
(Schaefli, 2015). Thus, lower than normal winter low flows
in a snow-driven alpine catchment could result in a reduction
in hydropower generation from such plants. Deviations from
the average condition could therefore be impactful, while the
identification of the low flow season, as might be detected
using a fixed threshold, may not be.

Fixed thresholds and seasonal thresholds, on the other
hand, may be appropriate in a transitions context when the
primary concerns are the detection of longer drought peri-
ods, or periods in which soil and river flow conditions are
“dry” in absolute terms. Hazards that relate to changes in
soil properties may be more closely linked to dry condi-
tions. For example, the occurrence of dry spells followed by
heavy rainfall has been shown to lead to an increase in land-
slide occurrence (Tichavsky et al., 2019), and wet/dry cy-
cling can lead to increases in soil erosion (Weng et al., 2024;
AghaKouchak et al., 2020) and degradation (Ye et al., 2011).
Earthen structures and levees may be more likely to fail as
a result of switches between drought, corresponding to an
absolute deficit of water, and flood events (Robinson and Va-
hedifard, 2016; Ward et al., 2020; Janga et al., 2024). Seri-
ous water quality issues resulting from the build up of toxic
materials in sediments that are washed away by subsequent
rainfall may also occur (Schonbrunner et al., 2012; Lisboa
et al., 2020). For example, the River Aire, in England, is an
industrialized catchment in which heavy metals from indus-
try and contaminated road dust are accumulated in sediments
during the low flow season and mobilized at high concentra-
tions in streamflow, rather than being diluted, during high
flow events (Carter et al., 2006). Finally, if concerns are pri-
marily around the likelihood of increased runoff from precip-
itation events due to soil hydrophobicity, prolonged drought
periods accompanied by absolutely dry conditions may be
most appropriate.

4.1.2 Challenges with flood detection

In general, the definition of floods in the context of drought-
to-flood transitions as defined here is somewhat more straight
forward compared to the definition of drought. The primary
challenge appears to be the selection of threshold levels and
data resolution, although this is not necessarily a trivial mat-
ter.

According to the media-reports, the 2022 drought event,
which affected the Emme River in Switzerland was severe
and had wide reaching impacts (Table 1). The subsequent
flood event was also extreme (Table 1). Our analysis of the
sub-daily data on the Emme River in Switzerland suggested
that rapid floods, like those that are driven by short rain
events, may be entirely missed using daily mean stream-
flow. This point has also been demonstrated by previous
research (Bartens et al., 2024). In line with the results of
Barendrecht et al. (2024), this could be problematic because
many floods that follow drought may be “flashy” in char-
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acter and driven by high intensity rainfall, especially for
rapid transition events. Given that sub-daily, or instantaneous
peak streamflow is not available in most catchments glob-
ally (Fill and Steiner, 2003; Bartens et al., 2024; Ding et
al., 2014), it may suffice to use lower flood thresholds ap-
plied to daily mean streamflow in transition studies. Lower
thresholds, however, may still result in the exclusion of some
important, and inclusion of some less important, events (e.g
in the Emme case, Fig. 4). This calls to attention the need
for increased research into how and when droughts mag-
nify the impacts of flood events. To adequately capture rapid
drought-to-flood events at a global scale, alternative method-
ologies should be explored, and flood drivers, event-based
approaches, and higher temporal resolution precipitation se-
ries should be considered.

4.1.3 Challenges with transitions detection

In addition to the previously discussed pitfalls and concerns
with adequately capturing the impacts of interest in tran-
sition research, it is clear that current methodologies may
fail to capture transition events that have been impactful in
the real world. This is demonstrated by our analysis of the
case study events in which the transitions were only con-
sistently detected (using all methodological approaches) for
two catchments (Texas and Australia). In some cases, failure
to detect transitions appears to be due to a failure to detect
drought and flood events individually. In others, it is more
likely due to the challenge of defining an appropriate time
interval between events. This effect is critical because the
end date of the drought event can be highly variable when
different threshold types and levels are used, thus extending
this “window” between events.

4.2 Recommendations

In summary, when designing a study that incorporates many
regime types, it is important to consider the drivers and char-
acteristics of drought and flood events so that the main phys-
ical processes, impacts or sectors of interest are represented.
What is impactful in one sector may have no effect in another,
and studying drought to flood transitions without taking this
into account will limit the interpretability of results. For in-
stance, a 14 d transition window between drought and the
98th percentile of streamflow in the Emme River in Switzer-
land is substantially less extreme than the same transition
would be in the River Aire in England. Thus it may be as-
sumed to be less likely to have as severe of impacts. Simi-
larly, a drought-to-flood transition could have significant im-
pacts in locations with greater socio-economic, infrastruc-
tural or ecosystem vulnerability, even if the time interval be-
tween the two anomalies far exceeds the seasonal window
applied in previous research. In contrast, the same event (in
terms of magnitude or rate of change) may not qualify as a
transition in a less vulnerable location where the recovery
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process between the end of a drought and start of a flood is
faster, even if the transition window is statistically extreme.
In this sense, the definition of drought-to-flood transitions
would benefit from a more location specific approach, and
increased research into what, specifically, leads the impacts
of these events to be amplified when occurring in close suc-
cession.

To some extent, different threshold level types can be
chosen so that they are appropriate to the impacts of inter-
est. However, many impacts could be sufficiently (or insuf-
ficiently) represented by any of the tested approaches. The
methodologies evaluated in this study could be further mod-
ified and new methodologies could be developed to better
capture and characterize drought-to-flood transitions for dif-
ferent regimes.

One approach could be to apply a secondary filtering step
after the initial event selection process. For instance, one
could apply a variable drought threshold and then filter to
only retain those events representing drought conditions that
meet certain criteria. For example, droughts that occur in the
snowmelt season in snow dominated catchments could be re-
moved, focusing on summer drought events. Explicitly con-
sidering the drivers of drought and flood events, or at a min-
imum, filtering for the seasonality could bypass some po-
tential pitfalls and allow for a more deliberate selection of
events.

Another possible approach is to consider time intervals be-
tween drought and flood events, as well as the magnitude of
shifts between low and high flow probabilistically. Gener-
ally, communities and industry that exist in close proximity
to rivers have adapted to the normal conditions of that river
(Di Baldassarre et al., 2015). In other words, hydrological
events that would be considered extreme in some locations
may be un-impactful in others. Further, even if droughts and
floods that comprise transition events are not individually ex-
treme, their combined effects may be both statistically rare
and/or particularly harmful (Zscheischler et al., 2020; Tilloy
et al., 2019; Liu et al., 2016a). Thus, when defining hydro-
logical transitions, one possible option to avoid applying ar-
bitrary thresholds or time intervals across many catchments,
may be to probabilistically define parameters of the method-
ology relative to the normal condition of individual or ge-
ographically proximate rivers. For time intervals, this could
involve a similar process to that presented in Fig. 8b, and
then selecting a threshold probabilistically. Changes in mag-
nitude could also be defined probabilistically. For instance,
if large swings between low and high flows are typical, very
high magnitude changes may be needed to warrant consider-
ation (Swain et al., 2025). Although a probabilistic approach
would not be explicitly tied to impacts or physical processes,
such approaches would allow events to be defined relative to
normal conditions within a catchment. In this way, analyses
could take into consideration the relative rarity of drought-
to-flood transitions as combined events.
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4.3 Limitations

Although this analysis is intended to compare methodologi-
cal approaches for the detection of streamflow droughts and
floods in the context of drought-to-flood transitions, it is nec-
essary to make some choices in regards to the methodolo-
gies applied. The threshold levels and approaches used, min-
imum time periods and aggregation and smoothing windows
applied, may all have some effect on the type, timing and
presence of transition events detected. Other choices, such as
the 30 d minimum drought duration, or the decision to merge
drought periods that are less than 15d apart are somewhat
arbitrary. These choices were made based on existing litera-
ture to facilitate comparison in a consistent framework. Use
of media reports may present challenges, as these can mix
event types (e.g. hydrological and meteorological drought).
Additionally, the streamflow time series in some catchments
(e.g. the Chilean case study) can have quality issues, such
as data gaps, which often occur during periods of extremely
high flows. This could introduce biases in the selection of
flood events from the time series. Despite these challenges,
the case studies provide a unique dataset covering a wide
range of regimes necessary to understand the pro et cons of
the methodologies and how their choice can influence the de-
tection, or failure to detect, known and important drought-to-
flood transition events.

5 Conclusions

In this paper, we have analyzed eight catchments that have
experienced real-world impacts from drought-to-flood tran-
sitions. For these catchments, we have assessed the suitabil-
ity of and differences between threshold level approaches for
drought and flood detection in a transitions context. We have
demonstrated that different threshold level approaches can
result in the selection of different drought and flood events,
and that when combined, this can influence the number and
seasonality of detected transition events.

Further, we have shown that despite reported impacts,
many of the case study events were not detected as tran-
sitions when using methods common in existing literature.
In addition to differences between methodological choices,
this may also be due to a still limited understanding of what
makes a transition impactful. This challenge which may dif-
fer substantially depending on the context, and we highlight
potential problems with the existing approaches in some sce-
narios. We demonstrate that in some cases (e.g. the Emme
in Switzerland), rapid floods caused by short rainfall events
may be missed in daily time series or when strict thresholds
are used. We show that the probability of transition within a
given time window between drought end and flood start dates
can differ substantially for the same events depending on the
applied method, and we highlight the importance of selecting
an appropriate time window when defining drought-to-flood
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transitions. We further show that caution should be applied
when choosing methodology to ensure that detected events
have the desired characteristics. Finally, as an aside, although
we have only considered flood as an absolute high flow over
a fixed (or seasonally fixed) threshold, it is possible that rapid
fluctuations between wet and dry conditions regardless of
the magnitude of the events could be meaningful in some
contexts (e.g. for run-of-the river hydropower generation, or
ecological health).

There is currently no “one size fits all” approach to tran-
sition detection, instead, we recommend that future research
into drought-to-flood transitions needs to be designed care-
fully, taking into account how definition and methodolog-
ical choice can influence the type, characteristics, and po-
tential impacts of detected drought-to-flood transitions. We
suggest that some of the outlined pitfalls can be avoided by
applying secondary filtering steps to select only events in a
particular season or with certain drivers, by making efforts
to specify the impacts that are of interest in an analysis, or
by probabilistically defining transitions based on the dynam-
ics of individual catchments. The physical characteristics of
droughts defined using different approaches should be con-
sidered in the context of the specific impacts or physical pro-
cess changes that are of interest. Finally, as a matter of pri-
ority, new methodologies should be developed that are de-
signed to capture transitions jointly and further research is
needed into how droughts and floods influence one another.
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sented in this paper may be made available on request from the
corresponding author, as well as from https://doi.org/10.32614/RJ-
2016-036 (Vitolo et al., 2017). The analyses were carried out using
study-specific workflows that are not yet prepared for public distri-
bution. Detailed descriptions of each processing step are provided
in the Methods and Supplement.
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