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2. SAC-SMA Model
2-1. Static Approach (Classical) 2-2. Dynamic Approach (Enhanced)

Time-Varying P: t
Fixed Parameters ime-Varying Parameters

(Constant in Time) ‘
Sliding-Window Calibration
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Parameter Optimization Climate & Vegetation-Informed Parameterization
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v
l Parameter Optimization
MOPSO
Optimal Parameters v
(Static) Optimal Parameters
(Dynamic)
1 L
¥
O Run SAC-SMA Model
(Generate Simulated Discharge (Qgim)
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3. Model Evaluation
Overall Flow Performance High-Flow Performance
(Entire Period) (Top 10% Flow, Q > Qgo)

L J
¥
Performance Metrics (Common for Both Approaches)
+* NSE + KGE « R + RMSE

¥
Graphical Analysis (for Both Approaches)
Hydrograph & Hyetograph | Scatter Plot | Residuals | Flow Duration Curve (FDC)
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4. Comparative & Sensitivity Analysis
Static vs. Dynamic Comparison Sensitivity Analysis
—_—
(Overall & High-Flow Performance) (Parameter Perturbation)
v
m Results & Interpretation
a Effectiveness of Dynamic Parameterization in Reproducing Flow Regimes and Extremes
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- Fig. 1- Overview of the research methodology
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Table 2. Parameter ranges of the SAC-SMA structural model

Optimal Values
Parameter Unit Lower Upper SiminehRoud Watershed NazluChay Watershed
Bound Bound SAC-SMA  SAC-SMA SAC-SMA  SAC-SMA
(Static) (Dynamic) (Static) (Dynamic)
UZTWM mm 10 150 10 10.326 10 8
UZFWM mm 10 150 150 89.9633 .1824 8326062
LZTWM mm 50 300 50 60.0791 2 “63.8226
LZFPM mm 50 500 489.0513 50 861 50
LZFSM mm 10 300 300 10 10.0002 299.9472
UZK day-1 0.1 0.5 0.1601 0. \ 0.1578 0.1
LZPK day-1 0.001 0.02 0.004 w 0.018 0.0057 0.02
LZSK day-1 0.02 0.25 0.0 0.0732 0.1331
PCTIM km2/km2 0 0.1 0 0.0376 3.7779 e-05
ADIMP km2/km2 0 0.2 4.7934 e-04 2.2395 e-05 0
PFREE mm/mm 0 Oé &6 0.6 0.5844 0.4942
ZPERC none 5 250 5 5 36.9248 5
REXP none 1 5 5 5 4.9999 1
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Fig. 4- Simulation results of the classical SAC-SMA mode ng the calibration period in the SiminehRoud
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Fig. 6- Simulation results of the enhanced (dynamic) S model during the calibration period in the
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Fig. 7- Simulation results of the enhanced (dynamic) SAC-SMA model during the validation period in the
SiminehRoud watershed



Flow (ms/s)

10%

=)
>

=)
o

% AT Pl

w@.,f& Gatsp# P

59 dmonw Sl (59031 8593 43 (Ligy) 4Bl W ,) SAC-SMA Jue (5 jlwdnmi gl -Y JSW

slagib ades 3 Jow 3 Shos -Y-Y

2,509) 93 Ol (5B Le el Sl wad S (V) b (A) oS 3 & (legib asp 0 (lel 5 (KBS slagag S b))
S g VD s o & ol Adlgs witan oyl (A JSKB) (jga] dls po y3 S Jso 3l Juols ol sallas .ol adlllae 3590
ol a8 00,8 s +/AVY oo KGE sl 9 0/FY m¥/s b ply RMSE e cundy opl 50 b Cowd /Y0 adSSlu— i
JAo 3Sdas (s (50l i osimdlis (1 JS) (ol dl o 4 JUST g9 ool byl adgl (slaodls 2 Jae o5 B (551
E9o90 Ol Canl 0 )51y ¥/A¥ M5 Jolee RMSE lade g +/V+Y L plpy NSE asls &S gl

aled (bl o5 (oriyliisl 0)93 )3 1) ddgx Sufglg s 18, I (Jad LB iy ol alys

Alvarez and Barco (2025) aslllas ;5 a8 «C8lyoul cpl sl gl (sla 023 opmess )
28l pats p sbdib alie B15ns kuls b slbasey o ulg o M snlis\ly

o) P KGE (23 ls ¢ pizmon .Cuol Gllg— 554 .\J)s d)‘L»Aﬁ_‘Q

2l o o il 5 Wlialio gl uslio Slyan 01im3 Lt 45 b Eu AN L il dlo o

|
20 | ALL DATA METRICS
| NSE: 0.705
i R%:0.723
| RMSE: 5.41
| KGE: 0.812
i

Observed Flow
— — — Simulated Flow
"""""" - Precipitation

i TOP 10% FLOW METRICS |
| NSE: 0.522 i

I R%: 0.634

Precipitation (mm)

o ——

| RMSE: 11.26
| KGE: 0.755
|

3000

b) Duration Cur C) Residuals d) Scatter Plot
T T T T T T T
~ -~
-
B SO 0 - -7
=~ ~
~ . -
=~ 2 g o /7/ _
=}
\ -50 N E -
\
\ @ o, o
1 0 @°
-100 -
-150
10 20 30 40 50 60 70 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 80 100 120 140 160
Observed

Exceedance (%)

Fig. 8- Simulation results of the classical SAC-SMA model during the calibration period in the NazluChay
watershed

S ol3U sl (5901 893 53 SIS SAC-SMA Juto (6 jbwdnnsd gl -A JSUS



Flow (m>/s)

Flow (m’/s)

uf{f.,fc;a Gatsp# P

Testing Hydrograph & Hyetograph
TEU I T EER ¥

|
| ALL DATA METRICS :
| NSE: 0.702 1
I R%:0.718 i
| RMSE: 4.94 i
| KGE: 0.803 i
| i
! i
|
|
|
|
|
|

|
©

Observed Flow
— — — Simulated Flow

| TOP 10% FLOW METRICS |

i Precipitation 40
I 60 i

I | NSE: 0.369 :
! l I R%: 0.623
\' I ' i - | RMSE: 9.03 i

| ) | KGE: 0.712
n L L i : | i
Lt L U, Lo e e

'
B X )
200 400 600 800 1000 1200 1400 1600 1800 2000 ‘x
i \ xtter Plot
Reslduals 100

Precipitation (mm)

%

=Y

Ay

-40

10 20 30 40 50 60 70

| L | | L | L L | L
10 20 30 40 50 60 70 200 400 600 800 1000 1200 1400 ]6‘ 1800 200
Exceedance (%)

&S Jb > wd)S 359l /MY rlee KGE 4 +/AYS wosls JSNSE jadls (V) JSb) bl )] Jao ocw,loel asye 3

S o ) G &S L5 A,.wlza ~/V\°a Loy Y oLy &l NSE dovis ¢ pizrad b 392w Y/YA m?/s 4y RMSE jlas

. W . g - - 5
Sla 0 )9l 50 Slatunw (slallad e a5 1S NI 5 (©) LiSu ,d osile 8L @jer Judoo amd o Gl 1) wgmime dgu0

o blgs animd L 4" ogwy +/A Ly 4 By o KGE (23l coyliw ol 5 .ol adly ials SawdS Jao 4 cuns ol
Ao g glalis ) (gilosl > Jae YL
ol Sdenlbe Sllogs B0y 55 e b ol 01 el ool (gjlolisy 45 an3 o lis ilhusbs o Slanlio bcd) So)am ks

6239l st b osd Bl sl WY S () sy (FDC) gl polss (iomie b Gillas 0l 422l (62 5k
Lo Mol ol led o oo ogmme Sl iU )0 S8 Jae (Lol and bl jl a5 d) s ol >
wS b wolyd oS Jio s i 1) Lallad 51 (o5 alaie x1565 9 0030)5 (giluwdundd 0y90 Jobo pd s ol yss alels
35 gl 5> Cualad pas luass kb (9ol bl (SuiSTyy (1l L bgy Jue oS sl cllas ol gbS 3 (0 i) S8y

by o Sl Lo sla )L 4 ad g sdomg slaguly (jlul 0 )



un/“ﬁ.ff&.:aﬁff

ur{v...,t’cp (;;,u(#c/'f;

Training (Dynamic) Hydrograph & Hyetograph

150 —
Observed Flow
a — — — Simulated Flow
I
"= Precipitation
—= 100 —
E
]
=
50 —

Flow (m?/s)

L L

3500 4000

150 I | L L I

I I I
10 20 30 40 500 1000 1500 2000 2500 3000 4500 § 5000

Exceedance (%)

50 60

w

_’I:‘es"ng (Dynamic) Hydrogr; Hyetograph
i A Ty T

| ALL DATA METRICS :
| NSE: 0.875 '
i R: 0.879 i
| RMSE: 3.52 i
| KGE: 0.913 i
I
i %
| TOP 10% FLOW METRICS |
| NSE: 0.796 i
I R%: 0.817 i
| RMSE: 7.36 i
: KGE: 0.891 |
! i

L L L L
1200 1400 2000 2200

10

20 30 40 200 400 600 800 1000

Exceedance (%)

60 1600 1800

40

80

Precipitation (mm)

| ALL DATA METRICS :
| NSE: 0.826 i
I R%: 0.833 i
| RMSE: 3.78 i
| KGE: 0.887 i
! i
i i
| TOP 10% FLOW METRICS |
| NSE: 0.745 i
| R%: 0.804 i
| RMSE: 5.74 i
| KGE: 0.864 i
! i

Scatter Plot

- B H T
H
i
i Observed Flow
1 — Simulated Flow
| % Precipitation i
|
]
h |
I
h
I |
| \
N l
N | Y J _ ‘
800 1000 1200 1400 1600 1800 2000
) -~ o
20 T T . k : i . ‘ -
B 80
=
7 o
=
=
E
7 n
-80 L L | I | ‘ |

30
Observed

40 50 60 70
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Accurate estimation of runoff generated by extreme precipitationfevents at the watershed scale is essential
for the reliable design of hydraulic structures and e ivgiflood management. Despite the widespread

application of the Sacramento Soil Moisture Accou
parameter stationarity and the reliance onyconventiqn
to reproduce extreme flows under non-statio

C-SMA) conceptual model, the assumption of
olume-based calibration criteria limit its capability
y climatic conditions. In this study, an integrated framework

based on dynamic parameterization and multi
realism and predictive perforr‘mnce of the

jective calibration was developed to enhance the process
-SMA model for extreme hydrological events. Within this
framework, the key modekparameters ewfeformulated as functions of the Normalized Difference
Vegetation Index (ND

Particle Swarm Optimiza algorithm, hydrological signatures, and a weighted emphasis on

ance of the proposed framework was evaluated in the Nazluchay and
Siminehroud watersheds logated jwithin the Urmia Lake basin over the period 2002-2022. The results
demonstrated that thi

extreme flgws improved by more than 101% in the Nazluchay watershed and approximately 53% in the
Siminehroud watershed. Simultaneous reductions in RMSE alongside increases in KGE and R? indicate a
substantial decrease in systematic errors and an enhanced capability of the model to represent the nonlinear
hydrological behavior of the watersheds under varying climatic condition. The findings of this study
indicate that dynamic parameterization of the SAC-SMA model, combined with hydrological signature-
guided calibration, can substantially overcome the limitations of classical conceptual models in simulating
extreme hydrological events and provide an effective framework for hydrological analysis in semi-arid

watersheds affected by climate change.
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