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Outline

Drought definitions and propagation 
background

SWAT+ model setup and evaluation

Drought database development and 
analyses of propagation metrics

Results, summary and implications
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The Problem

• Drought propagation is 
complex and non-linear

• Place-specific processes limit 
predictability

• Observational gaps prevent 
early warning

• Critical need for mechanistic 
understanding

Figure: Spatial and temporal scales of hydrological 
processes and droughts. (Stahl and Hisdal, 2004) 9



The objective

• Develop a reproducible propagation analysis tool for drought detection 
and pairing from modeled outputs enabling consistent cross-watershed 
comparisons

• Quantify propagation predictability limits – assess reliability of 
meteorological deficits and watershed properties in predicting 
propagation occurrence and characteristics
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Study area – The Awash River Basin

11



• The basin has experienced recurring 
drought events over the past four decades 
similar to other semi-arid, low-latitude 
regions

• Prominent drought events include: 1972-
73, 1983-84, 1997, 2011-12, 2015-16, 2022-
23 

• High reliance on climate sensitive rainfed 
production system

• Low resilience of small-scale producers
• Increase in temperature and precipitation 

anomalies over summer months are getting 
severe

Study area – Livelihood Vulnerability

Figs: Zeleke et al., 2025

Exposure to climate related changes 
(1981-2018)

System vulnerability (1981-2019)
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Waters
hed

Area 
(Km2)

Altitude (m) Extent

WS1 10,935 1590 - 3250
Upper basin to U/S of Koka 
Dam

WS2 17,501 750 - 3900 Koka Dam to mid-Awash

WS3 35,112 380 - 3233 Mid-Awash to Awash Dubti 

WS4 42,272 240 - 2360
Eastern-catchment & Awash 
Terminal to Lake Abe

Watershed Discretization and Cascading Runs (1983-2016) in SWAT +
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Implementation of Water Management Principles

• Decision Tables
• Reservoir [res_rel.dtl] : Fractional inflow 

releases(res_inflo), constant rate releases, 
seasonally explicit release rules 

• Lake: volume fraction releases (dyrt) 
conditioned on jday, res_inflo and lake 
volume, lake seepage and ET

• Plant and harvest dates [management.sch]

• Water allocation 
• Allocate water to irrigated areas (167 hrus) 

from adjacent rivers: triggered based on 
soil water stress 

14



Calibration of Average Evapotranspiration

Figure: wMARE Range Distribution by Watershed

• Comparison of annual average 
(2009-2016) SWAT+ ET with FAO 
WaPOR 250m ET

• Largely influenced by landcover
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Figure: wMARE Range Distribution by Watershed

• Comparison of annual average 
(2009-2016) SWAT+ ET with FAO 
WaPOR 250m ET

• Largely influenced by landcover

Calibration of Average Evapotranspiration
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Multi-site Calibration of Daily Streamflow

KGE = 0.736 r = 0.819, α = 0.825, β = 1.078 KGE = 0.647 r = 0.846, α = 0.972, β = 1.316

KGE = 0.724 r = 0.727, α = 0.993, β = 0.962 KGE = 0.611 r = 0.632, α = 0.893, β = 0.936

KGE = 0.767 r = 0.768, α = 0.985, β = 0.992 KGE= 0.445 r = 0.504, α = 1.189, β = 0.838

WS1

WS2

WS3
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Drought Database Development and Analyses 
of Drought Propagation

SWAT+ 
Output LSU
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Estimation of Drought Propagation Metrics

Figures: (Van Loon, 2015)

1 2

3

• SWAT+ output extraction [lslunit_wb_day.txt; 
channel_sdmorph_day.txt]

• Pairs a landscape to corresponding channel
• Uses a variable threshold level method (Yevjevich, 1967)
• Defines drought events and quantifies propagation 

metrics

Metrics used to define drought propagation
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Estimation of Drought Propagation Metrics

Fig: (Van Loon, 2015)

1 2

3

• SWAT+ output extraction [lslunit_wb_day.txt; 
channel_sdmorph_day.txt]

• Pairs a landscape to corresponding channel
• Uses a variable threshold level method (Yevjevich, 1967)
• Defines drought events and quantifies propagation 

metrics

Metrics used to define drought propagation 1. Lag (L): temporal delay between 
onsets: 
 L = tonset,Q - tonset,P

2. Lengthening (ΔD): The difference 
in duration between the terminations 
 ΔD =  ttermination,Q - ttermination,P

3. Attenuation Ratio (A): The relative 
change in drought severity

 A = 1 -
𝑉𝑉𝑄𝑄
 𝑉𝑉𝑃𝑃
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Estimation of Drought Propagation Metrics and Database Development

Additional descriptors 
(150 columns)

Additional LSU/CHA 
pairs and event (3000 

rows)

1. Form
2. Antecedent 
3. Event
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Evaluate Simulated System Responses (P vs NP)

• The proportion of propagation events were much lower 
than non-propagating events

• The percentage of droughts that propagated were 
• 22.4% in WS1, 
• 29.23 % in WS2 and 
• 54.4% in WS3

• WS1 showed the strongest discrimination between event 
types with progressive reduction to WS2 and 3.

• The variance explained by combined severity and 
duration of precipitation anomalies decreased from 
14.4% in WS1 to 8.4% in WS2 and 2.5% in WS3.

Q. Are precipitation anomalies sufficient to forecast which 
droughts will propagate?

A. Precipitation deficit characteristics provide statistically 
significant but operationally insufficient discrimination 
between propagating and non-propagating events
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Propagation 
Characteristics

• Watershed-specific 
propagation behavior

• Synchronous occurrence 
with variable 
transformation

• Progressive change in 
duration-severity scaling
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Temporal Evaluation of Propagation 
Metrics using Mutual Information

Factors
• Form (physical catchment attributes)
• Antecedent (pre-drought)
• Event (during-drought)

Propagation Metrics
• Lag
• Lengthening
• Attenuation
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Temporal Variability

H(Y): Propagation Metrics

• Lag

• Lengthening
• Attenuation

H(X): Driving Factors

• Form

• Antecedent 

• Event

Lag controls
• Lowest MI between all 

factors and Lag (weak)

Event
• Duration between 

rainfall deficits
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Temporal Variability

H(Y): Propagation Metrics

• Lag

• Lengthening
• Attenuation

H(X): Driving Factors

• Form

• Antecedent 

• Event

Lengthening controls
High MI between Form; 
Event and Lengthening 
(strong)

Event
• Timing and duration of 

initiating deficit
• Sustaining deficits 

Form
• Stream depth, width, 

length
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Temporal Variability

H(Y): Propagation Metrics

• Lag

• Lengthening
• Attenuation

H(X): Driving Factors

• Form

• Antecedent 

• Event

Attenuation controls
Higher MI between Form 
and Attenuation 
(universal strong)

Form
• Elevation, location
• Stream length, depth, 

width

• Time of concentration
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Temporal Variability
Q: Which propagation characteristics can be reliably forecast from watershed properties?

A: Attenuation shows deterministic predictability from landscape descriptors, while lag 
and lengthening exhibit high event-dependency, requiring probabilistic approaches that 
account for evolving climate conditions rather than fixed watershed-based predictions
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Summary

• Open-source analytical tool –Python-based tool uses the Threshold Level 
Method for automated drought detection and pairing from SWAT+ 
outputs, enabling analysis of propagation across spatiotemporal scales

• Hierarchical predictability framework – drought propagation metrics 
have differing forecast potential: attenuation is reliably predictable from 
time-invariant landscape properties, while lag and lengthening depend 
on event-specific conditions and future climate sequences

• Operational forecast limitations and opportunities – attenuation may be 
predictable from catchment properties; lengthening requires conditional 
assessment; lag is inherently uncertain
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Spatial Variability
Lag
• Duration of precipitation deficit
• Stream width and depth
• 10-day average pre-drought ET
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Spatial Variability Lengthening
• Average pre-drought near surface soil moisture
• Number of sustaining precipitation deficits
• Catchment and stream elevation
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Variable Threshold Level Method – Example

Fig: Derivation of monthly threshold level from monthly 
streamflow duration curves (Zeleke et al., 2022).

SWAT+ 
Output LSU
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Pooled events
Lengthening
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Drought Propagation Demo
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Response of subbasin to 
varying drought events

Methodology – Evaluating Response of a Sub-basin

Hydrologic response is stable and 
predictable

Consistent Variable

Hydrologic response is dependent 
on the specific drought event

Within the same range of lag, 
lengthening and attenuation

• Magnitude/intensity of forcing
• Initial conditions 
• Upstream influence
• Scaling

Temporal Evaluation

•Greater influence of structure than 
forcing
•Stress threshold can be estimated

Group drought events based 
on typology

– classical rainfall deficit drought 
– wet-to-dry-season drought
– composite drought
(Van Loon and Van Lanen, 2012)
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Form Antecedent Event

Area
7 - day surface soil 
moisutre

Intesity of initiating 
precipitation deficit

Slope
10 - day surface soil 
moisutre

Duration of initiating 
precipitation deficit

Stream Order
20 - day surface soil 
moisture

Number of days since last 
precipitation deficit

Stream morphology (length, 
width, depth)

7 - day ET
Day of year of 
precipitation deficit onset

Steam elevation (min, max) 10 - day ET
Number of sustaining 
events

Stream slope 20 - day ET
Duration of sustaining 
evnets

Time of concentration 7 - day precipitation
Average sustaining event 
intensity

Latitude, Longitude 10 -  day precipitation

Average LSU elevation 20 - day precipitation

Total 13 9 7

Table s1: List of all factors evaluated in determining mutual information and 
cohen’s d for each metric (lag, lengthening and attenuation) 

Factors
• Form (physical catchment attributes)

• Antecedent (pre-drought)
• Event (during-drought)
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Figure s2: Derived clusters for lag, lengthening and 
attenuation for each event between 1983-2016 along with a 
summary of the percentage of events that required 
clustering (heterogeneous response) and did not require 
clustering (homogenous response)
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Study area – The Awash River Basin
Meteorological Drought frequency over the past 40 years

• >100M people affected in Ethiopia
• ~$3B in total damages
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