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Motivation: Why Hydrology Alone is not enough for Drought Policy

Just Water
Hydrological models predict

physical supply, but ignore how
humans adapt to scarcity.

>,

Economic models predict
market behavior, but often
assume water is a static input.

PMP
Micro-

Soil & Water SWAT
Assessment Tool

economy
model




Why integrate SWAT with PMP?

e Agricultural basins face increasing drought, climate
variability, and water scarcity.

e This is critical in snow-fed and data-scarce basins,
where water depends on climate, snowmelt,
groundwater, and irrigation.

* Drought management is both a hydrological and
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* Drought management is both a hydrological and
economic challenge.

 SWAT shows how water resources respond to
climate change and irrigation restrictions.

 However, SWAT cannot show how farmers adapt
their decisions under water scarcity.

* Integrating SWAT with PMP allows us to evaluate
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both:

* Water-resource recovery
* Farmers’ economic viability

Inventory of Shared Water
Resources in Western Asia

Conker, A & Hussein, H (2020)



Research question




Snow- Calibrated SWAT Model Setup and Performance

The Engine

This headwater region is only 8% of the
basin's total area (~2,100 km?) but
generates the perennial discharge that
sustains downstream countries (Syria,
Turkey).

The Vulnerability

It relies heavily on snowmelt recharging
deep karst aquifers to maintain summer
baseflows.

The Threat

Decades of unregulated groundwater
pumping and expanding agriculture
have pushed the aquifer to the brink.



Snow-Calibrated SWAT Model Setup and Performance

Calibration Validation Warm up
1989 to 2004 2005 to 2013 3 years
= Area Subbasin HRUs
Soll & Water | W AT 2100 km? 59 e
b Assessment Tool | S
T Typical
O Parameter & Description Typical Unit Range Primary Impact
SFTMP Snowfall Temperature  °C 5.01t05.0 Determines if precipitation

falls as rain or snow

df$SNOmm <- as.numeric(df$SNOmm)

df$sNomm[is.na(dfF$sNomm)] <- O SMTMP Snowmelt Base °C 501050 Sets the temperature
Temperature threshold where snow
starts melting
swe <- df $SNOmm
SMFMX Maximum Melt Factor mm H:0/°C- 14t080 Controls peak spring
snocovs0 <- 0.22 (June 21) day snowmelt rates
shol00 <- 162.92
w2 <-— -IDg ((snocov50 / 0.5) - snocov50) SMFMN Minimum Melt Factor — mm H:0/°C- 1.41t08.0 Controls winter snowmelt
vw3 <- 10g((0.95 / 0.95) - 0.95) (Dec21) day rales
snocovZ2 <- (vv3 - vv2) / (snocovd0 - 0.95)
shocovl <- wvw2 + (snocov?2 * 0.25) TIMP Snow Temperature Dimensionless  0.01t0 1.0 Manages how fast
Lag Factor snowpack temperature
vX <- swe / snolQ00 tracks air temperature
df$sC <- vx / (vx + exp(snocovl - (snocov2 * vx)))
SNOCOVMX Max Snow Water mm H:0 1.0to Defines the snow volume
Equivalent for 100% 500.0 needed for complete
Cover ground cover
KG E O ’ 82 NO50COV Snow Cover Volume  Dimensionless 0.1t00.9  Defines the fraction of
R_Sq ua red ( RZ) O ] 7 2 for 50% Cover SNOCOVMX that creates

50% cover



| PMP Economic Model: Simulating Farmers’ Adaptive Decisions

INPUTS
% Crop area Represents the observed
baseline farming pattern
W ; Used to calculate C rmigated L
Y] Crop yield : rops area Rainfed
W production
| ' : 14000
9 Crop price Used to estimate
Crop revenue 12000
E Production cost Liskd to calcuigte 10000
gross margin .
‘ ‘ :’ci 8000
‘ Crop water Links economic decisions ©
requirement to irrigation demand % 6000
& Available Defines the 4000
& irrigation water water constraint 2000
‘ - -
OUTPUTS 0
’ \ Wheat Potato Onion Table Apples  Cherries  Olives
%‘é Crop-area changes Grapes
Crops
‘ Irrigation water demand
= . :
S«  Gross margin / farm income
A=
ll\l- Income loss under DMP scenarios
2 Farmer adaptation to drought restrictions




’A two- way feedback loop captures the reality of adaptation

O Climate Scenarios
* SSP1-2.6 (low emission)
* SSP5-8.5 (high emission)
* Forcing SWAT with PCP & TMP

[l

3= Drought Management Plan (DMP)

¢ Pre-alert
e Alert
* Emergency

Threshold-based reductions (configurable 10-80%).

l PMP Model

D

$

balance

SWAT Model l
. . 1 The Source
\ "~ Snowmelt above 1,000m elevation recharges
karst springs (Ain Zarqa, Labweh),
contributing >90% of dry-season flow. ﬁ m . :‘..
S

Crop Mgmt DEM Weather

\2 The Outlet Rotation, Slope, flow dir. PCP. TMP. snow
/ "~ Hermel gauging station averages ~13 m%/s irrigation
/ (~410 MCM/year), but a 1994/2002 treaty
/e allocates only 80 MCM/year to Lebanon.
/ \3 The Sink
Agriculture employs >40% of the local <>
/ population, driving unregulated ground- = w 63
water pumping that depletes the aquifer.
_— Soil Land Use Water Mgmt
AWC, BD, Ksat HRUs / crops DMP rules
(saturated
hydraulic
conductivity)
| e —— 1
| |
| !
= &
| !
| . !
| Streamflow Aqu ifer :
1 -

ooy Storage |
Groundwater I
!
!
!

S S

Water Prices Costs
Constraint Crop prices (€/1) Variable & fixed
Quota from DMP costs
/ SWAT
g [o)]
'm}]
Yields Labor
Observed / Seasonal
baseline requirements
R A |
| [
I |
| I Al :
I [
! Land Use Gross Margin :
I Updated HRUs / €/ha & total [
| area [
I [
I [
I [
| [




Drought Management Plan: Trigger-Based Irrigation Restrictions

Triggers )
Based on historical flow duration Conservative Moderate AggreSSlVe

curve at Hermel station (Qmean).

Pre-alert

(P40 = 10.38 m/s) 10%

Alert

(P20 = 8.13 m¥/s) 25%
Emergency

(P10 =7.59 m%/s)




Climate forcing: SSP1-2.6 and SSP5-8.5 from NEX-GDDP-CMIP6

NASA NEX-GDDP-CMIP6 dataset
Bias-corrected by the Centro Euro-Mediterraneo sui Cambiamenti Climatici (CMCC)

SSP1-2.6 (The Optimistic Path)

O 0- 0-
= e +1.5°C to +2°C * Relatively stable * Rapid mitigation
warming precipitation trends efforts globally

-
s
f.?

| Present |
\ Day /

2040
s@ A n A x& A

* +3°C to +5°C e 10% to 25% decline e Severe reduction in
warming in annual snow accumulation

precipitation and recharge

SSP5-8.5 (The Scorched Path)



Streamflow Remains Stable, but Aquifer Storage Responds Strongly

a0

25

20

discharge (m3s)

g000

5000

mm

_—

4000

3000

ha
=
=
=

groundwater Storage

1000

Senario SSP1-2.6 3

25

20

discharge {m3¥s)

2018 2019 2020 2021 2022 2023 2024 20Z5 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2038 2039 2040

— DO CENYALVE e «mOderate == == aggressive == « «Baselin

Groundwater

goa0

5000

mrm)

(

4000

3000

2000

I 1000
1]

2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2084 2035 2036 2037 2033 2033 2040

Years
m GW conservative u GV moderate m GW aggressive mGWhasline

groundwater storage

Surprise 1: The
River is Buffered.

Streamflow barely
changes (<6.5% variation)
regardless of the DMP.
Snowmelt and deep karst
Senario SSP5-8.5 springs keep the surface
water flowing.
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massive, direct impact
on restoring hidden
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Farmer response: Farmers Adaptation Makes Income Losses Non-Linear

* |If you cut a farmer’s water by
20%, their income doesn’t drop
by 20%.

 Farmers do not reduce all
crops equally.

* Low-margin crops such as
wheat are reduced first,
while high-value crops such
as potatoes are protected.

 Therefore, income losses are
smaller than proportional
water reductions.

Gross margin (S per ha)

9000
38000
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6000
5000
4000
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2000
1000

Wheat

Crops Gross margin

Potato

Crops

Onion

Table Grapes



Cultivated area (% of total cultivated land), major crops

80% WR
60% WR

2@l Severe cuts:
Potatoes die.
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50% WR
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Moderate Restrictions Provide the best Hydro-Economic Trade-Off

SSP 5-8.5 SSP 1-2.6

A Streamflow A Aquifer A Gross Margin| A Streamflow A Aquifer A Gross Margin

DMP S ]
cenario change (%) Recovery (%) (%) change (%) Recovery (%) (%)

Conservative 23.60% 24 .30% -5.14%

Moderate 37.50% 38.60% -7.82%

Aggressive




Interpretation: The Moderate DMP Avoids the Economic Breaking Point

DMP

Achieves ~38% aquifer recovery

(a 1.59x increase in effectiveness
over the conservative plan).

Caps farmer income
loss at ~11.4%.




The Best Drought Strategy Balance Aquifer Recovery and Farm Visibility

True climate resilience
manages the human reaction

You cannot manage physical
water scarcity without
accounting for farm-level
economic choices.

Demand-side restrictions DO
save aquifers in karst systems,
even if surface rivers don't
show it immediately.

This two-way hydro-economic
blueprint can be scaled to any
data-scarce, climate-threatened
basin in the world to find the
precise sweet spot for policy.




Limitations

*Uncertainty is not only parametric, but it is also
structural.

*Alternative economic assumptions, constraints, and
objective functions should also be tested.
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