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MOROCCO

S AMAZON BASIN 7590 of the world population is

projected to be affected by drought by
2050. (UNCCD, 2022)
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Understanding droughts past, present and future are key to improving
management and mitigating impacts
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5 droughts that changed
human history

May 27,2019

1. Human Migration

135,000-75,000 Q Africa

years ago

Megadroughts pushed people out
of Africa and helped humanity
spread across the globe.

4. The Dust Bowl

Q Great Plains,
USA & Canada

19308

Severe drought and dust storms
displaced millions and caused
deadly disease outbreaks.

2. Ancient Egypt

-22008C Q) Nile River Valley,
Egypt

Prolonged drought weakened
pharaohs’ rule and contributed to
the fall of the Old Kingdom.

5. China Drought

Ty

1928-1930 Q) Nerthern China
Extreme drought led to widespread
famine and the loss of 3-10
million lives.

3. Mayan Civilization

-800-900AD Q) Mesoamerica

Reduced rainfall led to crop failure,
water conflict, and the collapse
of Mayan cities.



Wet month,
water levels
healthy

Sixth dry month,
water resources
decline

@ T WINTER

Rainfall declined, Very dry month, Dry weather
soils drying flows falling continued, soil
moisture drops

Driest August Rainl returns, Recovery uneven,
since 2003, rivers improve, levels below
drought peaks reservoirs normal

still low

> % DRY SPRING

Driest spring
since 1893,
first drought
declared

<

6414,
g4d

Heavy rain
improves rivers
and reservoirs

Record warm
June, reservoir
levels hit
record low

Further recovery,
some levels
still low

= [J0¢ HeaTwavesuMMER - 4B AUTUMNRAIN > @) SLOW RECOVERY

Driest spring
in England since

1893.
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20%

of England’s canal
network was

temporarily closed.
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46

drought permits
granted to water
companies.

|

sunniest year

on record for

Fnaland
| .F{J“ 1and.

.

key reservoirs were
below 50% full at the
end of September 2025.

Warmest year
on record for

England.

000
il
~9 MILLION

people affected by
hosepipe bans.

Hottest summer,

around 1.69°C above

the long-term average
for England.




Gauged daily flow (m®/s)
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How severe was the 2025 UK drought - a look back at spring/summer
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Lowest spring flows on record for many rivers in northern Britain Notably or exceptionally low summer flows
Especially in the east
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How severe was the 2025 UK drought - a look back at spring/summer

Soil Moisture: drought index

Northern Sites

Southern Sites

No plant
water stress

Increasing plant
water stress

Soil Moisture Index
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Drought 2025 has onset already in late March, with drought conditions starting in late April/ early May and

sustaining throughout the summer. Southern sites are particularly affected with drought conditions similar to 2022
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Understanding droughts past, present and future are key to improving
management and mitigating impacts
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Drought monitoring and early warning systems

The UK Water Resources Portal (2020 onwards)

https://ukwrp.ceh.ac.uk/

Near-real-time, interactive access to rainfall, river flows,
soil moisture, groundwater, drought indicators

£5=\, National Hydrological '\ UK Hydrological
w7 Monitoring Programme //y\. Outlook

The Hydrological Outlook UK (2013 onwards)

https://ukho.ceh.ac.uk/

Seasonal forecasts for river flows and groundwater
for the next 1 — 3 months (and beyond)

National River
Flow Archive 9



https://ukwrp.ceh.ac.uk/
https://ukho.ceh.ac.uk/
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UK Water Res. Portal: planned and future developments

Relative wethess 22nd
September 2024

VHI - Aug 2022

Monthly updates of Vegetation
Indices (e.g. VCI, VHI, TCI)

Obs Forecast ~

Forecast LT 3 Month
April 2012

0123456789 0123456789

Bulut et al. (2025). Toward early warning of drought impactsi@ydrologic
framework for predicting drought impacts in the UK. NHESS

' Gridded soil
moisture

Operational drought

im t for t
pact forecasts ~

Integrated
monitoring &

. seasonal
forecasts
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Monthly updates of Sta ndardised
Precipitation Evapotranspiration

g [ e PSP EF)

24-05

2024-08
Status--- - ---o-iiiiiiiiis Outlook

wmohydrosos.ceh.ac.uk/portal
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https://doi.org/10.5194/nhess-26-1515-2026
https://doi.org/10.5194/nhess-26-1515-2026
https://wmohydrosos.ceh.ac.uk/portal
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Global Multi-Index Drought (GMID): a high-resolution
dataset from 1980 to near present

Other data sets GMID

Low spatial and temporal resolution High spatial (0.1°) and temporal resolution (weekly)

Includes 5 drought indices: SPI, SPEI, EDDI, SEDI, SVPDI* at 1-12
month time scales

Focus on one drought index

Based on a single methodology Based on a flexible methodology
Data is often not updated Will be updated annually
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Environment agency drought alert system

T indicators ————m Assessment/Detection

Drought types
M t I o I<Reduced precipitation
eteoro Oglca Increased temperature

@ @ Hydrological e,

Soil-water deficit
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Reduced
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Water Food Economy Energy

\ll
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Water resources position

Prolonged
dry weather

Drought

covery

Time

Drought is observable gyt NOT on paper

on ground

Action or No Action?

. Sometimes False Alerts

@ Environment Map issued - 30/10/2025
W Agency Latest status change - 30/10/2025
Drought Status g
boundaries shown | Prolonged Dry Weather
ooooo
. Severe Drou
Recovery

Human Decision Making?

What if MACHINE could LEARN from how EA experts think?
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Environment agency drought alert system

Experts' opinion play an important role in declaring drought alerts.

Survey with

experts:

About indicators

About temporal
characteristics

About spatial
characteristics

Other factors

6. In order of importance which indicators are the most important for changing drought status
(all phases)?

Which indicator to follow?

Score

Rainfall #1 8.6

River flows #2 7.53

Reservoir levels #3 6.00

Groundwater levels #4 5.68

Ecological impacts (dry 532
weather/drought impacts) #5

Soil moisture #6 437

Water company drought status #7 3.47

Hands Off Flows [ Section 57s #8 2.84

Other #9 1.63

(both figures are based on EA-wide survey only)

Responses: 19

Which factor to consider?

Thames navigation

private water supply NFU interest

. . East Midlands
national picture
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@ Media & politics @ Neighbouring areas @ Water companies @ Environment & operations @ Timing & process

Words sized by how frequently it was mentioned across
the responses, and colours are grouped by theme




Machine learning to improve EA drought alert system

Drought Stages: Obs. vs Mod. for Test Period(2023-2025)
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Forecast results over all areas for: Jan 2025-Nov 2025

Test Confusion Matrix: t+1

ROC Curve (t+1) (Macro AUC = 0.978)
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False Positive Rate

Drought Normal

Predicted

Drought 0.96 0.84 0.90
No Drought 0.90 0.98 0.94

Forecast: Observed vs Predicted vs Agreement
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Agreement
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False Alarm
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I Correct Drought

For 154 data points (14 areas x 11 months), 63 were drought

months, 91 were normal months.

Out of 63 actual drought events, the model got 53 right and

missed 10.

Out of 91 actual no-drought, the model got 89 right and gave

2 false alarms.
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But understanding the impacts of droughts is the key to
effective and proactive drought management

Drought indicators revisited: the (SE2
need for a wider consideration 69
of environment and society

Sophie Bachmair,'* Kerstin Stahl,’ Kevin Collins,? Jamie Hannaford,® Mike Acreman,® THE CQNVERSATlON
Mark Svoboda,* Cody Knutson,* Kelly Helm Smith,* Nicole Wall,* Brian Fuchs,* ' ‘
Neville D. Crossman5 and lan C. OVQrton" Arts + Culture Business + Economy Cities Education Environment+Energy Health + Medicine Politics + Society ~Science e

Sophie Bachmair et al., WIRES 2016

m
Drought in the Anthropocene

Anne F. Van Loon, Tom Gleeson, Julian Clark, Albert I. J. M. Van Dijk, Kerstin Stahl, Jamie Hannaford,
Giuliano Di Baldassarre, Adriaan J. Teuling, Lena M. Tallaksen, Remko Uijlenhoet, David M. Hannah,
Justin Sheffield, Mark Svoboda, Boud Verbeiren, Thorsten Wagener, Sally Rangecroft, Niko Wanders
and Henny A. J. Van Lanen

T — B

Drought forecasting in’t ut about at —to get &= « .
understood. In this human-influenced era, we need to rethink the concept of drought to include the smart we need health and financial data too [ /mpaCt‘S are Often used to deflne dro ught bUt

Drought management is inefficient because feedbacks between drought and people are not fully

human role in mitigating and enhancing drought.

this is normally done in hindsight, rather than

impacts being actively monitored...”
The DrIVER project: advancing impact-focused monitoring (Hannaford et al. Weather, Climate & Society, 2019)
on three continents, 2014 - 2017

Anne van Loon et al., Nat. Geos, 2016

df'] 3 ceh.ac.uk 16


https://journals.ametsoc.org/view/journals/wcas/11/1/wcas-d-18-0042_1.xml
https://wires.onlinelibrary.wiley.com/doi/full/10.1002/wat2.1154
https://www.nature.com/articles/ngeo2646
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Predicting drought impacts on the environment and
agriculture: IRIS and MONARK

D ht1 Train Machine )
rou
Impagcts :D Learning Models (
] (eg. Random Forest,
v

IRIS: Indicators to
Impacts for Drought =
Surveillance :

[ I'lele] lsisle] Tot ]
sogrmsm=z

( Logistic Regression)

Lagged ! lL

Drought
Indicators Predict Drought
- Impacts

SPEI 9 SPEI12 SPEI 24 SPEI 48

Impact data:
European database of
impact reports

Stahl et al., 2016
NHESS

Agrlculturaldrought
, impactsinthe UK

Impact data: High
resolution crop yield data
A AgZero
(@Y iris Vs g ,
(VY Towards sustainable,

climate-neutral farming

ceh.ac.uk

https://www.ceh.ac.uk/our-science/projects/iris



https://www.ceh.ac.uk/our-science/projects/iris
https://www.ceh.ac.uk/our-science/projects/iris
https://www.ceh.ac.uk/our-science/projects/iris
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Results

2] London
8 “ : = Observed
e
* Grey-shaded areas show periods 5 o] - I
where the model is applied to data not g o "
. . E 7
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1970 1974 1978 198 1994 1998 2002 2006 2010
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. Sev.
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timing g i,
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Bulut et al., 2025 NHESSD ceh.ac.uk



https://egusphere.copernicus.org/preprints/2025/egusphere-2025-3176/
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Observed _Predicted Predicted Predicted
Occurrences  Occurrences Severity Likelihood
Re S u lt S Obs. Occur. \'Nl Fred. UGGur. y Severlly Categories leellhood of Occurance
ol
[ j? -5
Accurate short-term forecasts, including i f
unseen events like April 2012. "‘“fﬁ ﬁ ﬁ) 3 ﬁ
Validation limited in northern UK, ,j
highlighting data gaps in underreported £
regions. 5%

ﬁ% 55} ﬁ ﬁ@

Forecast confidence drops at 3-month
lead, reflecting increased uncertainty.

April 2012

Severity remains predictable at 6-month
lead, despite lower spatial accuracy.

Prediction/Forecast LTO

Forecast LT 6 Month
April 2012

©®Y RIS

19



Understanding droughts past, present and future are key to improving

management and mitigating impacts
FUTURE

Iranwar Bonnie Tyler WorldCup2026 ‘The Odyssey’

CLIMATE

Think it’s hot now? The next five years will smash
records, UN says
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Droughts in a warming world

Zoee.  WMO Global Annual to
Decadal Climate Update

(( e §+jcccma

“There is an El
Nino predicted
for the end of
2026, which
iINncreases the
chances of the
following year,
2027, being the
next record-
breaking year”

“It is likely (75% chance) that the 2026-2030 five-
year mean will exceed 1.5°C above the 1850-1900
average.”

Probabilistic Multi-Model Ensemble Forecast
CPTEC.ECMWF Exeter Melbourne, Montreal, Moscow, Offenbach, Seoul, Tokyo, Toulouse, Washington

Precipitation : [JA2026

(issued on May2026)
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Nonstationarity in droughts due to changing temperature

P, ET and SM feedbacks (red- warming/drying and blue- wetting/cooling) contributes to
drought dynamics.

la Shift in mean b Increased variance € Increased dependence
) 4 \_R ) _/ \%_ i N
~ ‘—\ \ n |.
) = \
~ = \ o ) \ ~ ) ) _
i / = =5 B N E \ \
-Ff'f I| l'\_ / / E /_ . :. _F‘:
§ { § p ,-Jf E / P /
5 5 | / 5| (o
| * |
Driver/hazard 1
Driver/hazard 1 Driver/hazard 1

(Zscheischler et al. 2020)

Nonstationarity in the drivers can lead to combined shift in mean, variance and
even changing dependence.

Likelihood of univariate dry events

Likelihood multiplication factor
| i -
0.1 1.0 10.0

Likelihood of compound hot-dry events

leellhood multiplication factor
(O
0.2 1.0 (Jna etal. 2023) 20.0

Dependence between drivers can
lead to higher likelihood.
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Drought exposure difference after incorporating role of temperature

% Diff. in Extreme Drought Exposure (NS vs S) for % Diff. in Moderate Drought Exposure (NS vs S) for
Croplands in South Asian Countries Croplands in South Asian Countries
SPI SPI-SMI SPEI-SMI SPI SPI-SMI SPEI-SMI
Srilanka- O O O @ o o ®® o 100 Srilanka- © O O ® ® ® . o Hloo "
Pakistan- O O O 000 ©0oo LO = Pakistan- © O O R | ET
Nepal- QO Q @ @O90O® o o o - Nepal- O O Q@ O 0O °--@ -
India- O O © 000 OO0 o o 2 India- © O © 000 - oo |lo 2
Bhutan- © O @ Q00O o o0 e Bhutan- O O O © 0@ o0 @ -50%
Bangladesh- O O O O OO OO0 o - —50 g Bangla.desh* O o O C OO o o O u_ 2
Afghanistan- © O o© @ -0 o @0 ® H——looo Afghanistan - I o @ ¢ > 2 0 —~100
0C0C 0C 0C o0 00 0C 00 oG o0 oL oC o0 L0 oG L0 L0
ST _ UIC RN i A N v Y
. . . .ps %DDifrfoLn é';‘é;sozbfe""f'olr?h?:ggme % Diff. in (NS vs S) SPEI-SMI 12 Extreme
* Nonstationarity due to temperature most significantly I Southeast Asa ot +15° D.?Z%EEhEéa"s‘iSX;?afZ{i"{‘?‘é
governs the occurrence of soil moisture droughts and hence \ = S

the compound droughts.

* The influence of temperature intensifies over warming levels
(e.g. extreme droughts for SPEI) .

* Ignoring the effects might lead under/overestimation of

I'ISkS. -100 75 50 —25 0 25 50 75 100 -100 -75 -50 -25 0 25 50 75 100
] % Diff. (NS - S)/S % Diff. (NS - S)/S 0
% Diff. (NS - S)/S % Diff. (NS - S)/g'3

(Jha et al. under prep.)



:*UKCEH

Future rare droughts under climate change in the UK

Hydrol. Earth Syst. Sci., 30, 2685-2701, 2026 Hydro|ogy and
https://doi.org/10.5194/hess-30-2685-2026 '
© Author(s) 2026. This work is distributed under Earth S_yStem r b
the Creative Commons Attribution 4.0 License. Sciences 7 o Why do severe droug hts matter',
Ce y o :

ik >~ 1 '5 c From a water resource planning perspective

Y 2°C

/ 3°C

Evolution of nonstationary hydrological drought characteristics P : 1

in the UK under warming

<

A

Srinidhi Jha', Lucy J. Barker', Jamie Hannaford'Z, and Maliko Tanguy 13
UK Centre for Ecology & Hydrology, Maclean Building, Crowmarsh Gifford, Oxfordshire, OX108BB, United Kingdom

2Irish Climate Analysis and Research UnitS (ICARUS), Maynooth University, Maynooth, Co. Kildare, Ireland watef resource & Water Supply Drought CIlmate adaptatlon
3European Centre for Medium Range Forecasts (ECMWF), Reading, United Kingdom o . o i

b ¢ ¢ ¢ reservoir planning security preparedness & infrastructure
Correspondence: Srinidhi Jha (srijha@ceh.ac.uk) d H

. . . 7 5 esign

. N Design and operation Ensuring reliable Early warning and
Received: 21 August 2025 — Discussion started: 1 September 2025 5 . X =i
Revised: 23 March 2026 — Accepted: 24 March 2026 — Published: 8 May 2026 of storage and supply for domestlc, contingency plannmg Robust decisions for

management rules agricultural and to reduce impacts a changing, uncertain

Abstract. Although the United Kingdom (UK) is rela- tionarity, and seasonal controls on the future evolution of hy- industrial use future
tively wet, there is an increasing awareness of the im- drological droughts in the region. Furthermore this frame- L »,
pacts of droughts, and an expectation that droughts will be- work could be used to support similar analyses in other envi-
come worse in the future. This has motivated studies that ronments where analogous datasets of transient hydroclimate
have developed projections of future UK drought charac- projections are available.

‘Under climate change, yesterday’s “100-year drought” may no longer

represent tomorrow’s design standard.

Key question addressed:
“How will rare, once in a 100 year or once in 500 year nonstationary hydrological droughts change as

temperature continue to rise in the UK?”
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Future rare droughts under climate change in the UK

Percentage Change in Mean Nonstationary 500 Year Return Levels (Model Avg.)

Duration Severity Intensity

Spring Summer Autumn Winter Spring Summer Autumn Winter Spring Summer Autumn Winter

§

{

% Change

® & o 6 ® OO ©o o 0 o o

[-150,-125] [-125,-100] [-100,-75] [-75,-50] [-50,-25] [-25,0] [0,25] [25,50] [50,75] [75,100] [100,125] [125,150]

Model average percentage change in mean nonstationary
500-year return levels for drought characteristics across

allwarming levels and seasons.

Diff. in % Change in Mean Nonstationary vs Stationary Return Levels at 3 °C

Duration Severity Intensity
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