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Background and Objectives: Accurate simulation of surface runoff in
loess deposits, particularly at the watershed scale, such as the Tamer Loess
Watershed, plays a fundamental and pivotal role in sustainable water
resource management, flood risk mitigation, erosion control, soil conservation,
and enhanced environmental planning, thereby serving as an essential
foundation for scientific, executive, and managerial decision-making. In
recent years, the application of conceptual and semi-distributed hydrological
models has garnered increasing attention among researchers as an efficient
and robust approach to better understand the complex hydrological
response of such watersheds and to analyze the intricate interplay of
climatic, geological, and topographical factors, particularly under changing
environmental conditions. In this context, a rigorous and comprehensive
evaluation of the performance of the FLEX-L and FLEX-Topo models,
representing an integrated structure and an advanced structure explicitly
based on topographic heterogeneity, respectively, is of paramount
importance. Accordingly, the present study was conducted to comprehensively
and systematically assess the performance of the FLEX-L and FLEX-Topo
hydrological models in simulating surface runoff in the Tamer Loess
Watershed. The primary objective was to compare the capabilities of these
two models and to quantitatively and qualitatively determine their
efficiency and reliability in accurately representing the governing processes
of runoff generation, water transmission, infiltration, and runoff storage in
loess environments. Furthermore, both models were employed, using their
respective conceptual structures, to simulate the watershed's hydrological
response and to conduct a detailed analysis of surface and subsurface flow
behavior. This integrated approach effectively and realistically incorporated
the role of spatial heterogeneity, topographical characteristics, soil
hydrodynamic differences, and the interactive effects of climatic factors.
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Materials and Methods: To simulate the rainfall-runoff process in the
Tamer Loess Watershed, comprehensive climatic and hydrometric data,
including daily precipitation, temperature, and discharge, were
systematically collected to accurately analyze the basin's hydrological
behavior and provide a suitable and reliable basis for modeling.
Additionally, various spatial layers, including a Digital Elevation Model
(DEM), slope, stream network, land use, and the Height Above the Nearest
Drainage (HAND) index, were utilized to effectively delineate landscape
units and prepare essential model inputs. In this study, two conceptual
models from the FLEX family, namely FLEX-L and FLEX-Topo, were
employed. Due to their flexible and conceptual structure, FLEX family
models enable the simulation and analysis of various hydrological
behaviors across different spatial and temporal scales and can model
complex rainfall-runoff processes in diverse watersheds. The FLEX-L
model is a lumped model that considers the entire watershed as a single
integrated unit and does not utilize elevation data, whereas the FLEX-Topo
model is semi-distributed, explicitly incorporates topographical
information, and comprises four parallel components to represent the
hydrological functioning of different landscape elements. Daily outlet
runoff simulation was performed for a ten-year period from 2013 to 2023
using both models. Both models consist of a combination of reservoirs, lag
functions, and connection elements, which are flexibly linked to simulate
various hydrological processes, including surface and subsurface flow,
infiltration, and runoff storage. The structure of these models was
developed using the SUPERFLEX modeling framework, and their coding
and implementation were carried out in Python to enable more detailed
analysis and greater control over model components. To evaluate the
accuracy and reliability of the simulated outlet runoff, two well-established
statistical indices, namely the Nash—Sutcliffe Efficiency (NSE) and the
Kling—Gupta Efficiency (KGE), were employed. These indices effectively
determine the degree of agreement between simulations and observed data,
providing a comprehensive and robust criterion for comparing the
performance of the two models and analyzing their capability and
reliability in reproducing the watershed's hydrological processes.

Results: Comparison of the performance evaluation indices for the two
models clearly indicated that the FLEX-Topo model exhibits higher
accuracy and superior performance in simulating runoff compared to the
FLEX-L model. The Nash—Sutcliffe Efficiency (NSE) value for FLEX-L
was 0.62, while for FLEX-Topo it was 0.69; the Kling—Gupta Efficiency
(KGE) values were 0.67 and 0.72, respectively, and the Root Mean Square
Error (RMSE) values were 2.9 and 1.8, respectively. These results
consistently demonstrate the superiority of the FLEX-Topo model in
reproducing streamflow dynamics and substantially reducing simulation
error relative to observed data. From a behavioral perspective, although the
FLEX-L model successfully simulated the overall trend of flow variations,
the simulated flow values on some peak runoff days were noticeably lower
than the observed values, indicating its limitation in capturing extreme
events. In contrast, by effectively utilizing topographical information and
disaggregating the watershed into distinct hydrological landscape units, the
FLEX-Topo model was able to more accurately represent the spatial
patterns of runoff generation and the inherent spatial heterogeneity of
hydrological processes. On most days with high precipitation, this model
simulated runoff values considerably closer to the actual measurements and
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demonstrated more precise and reliable performance. Furthermore, a
detailed analysis of the one-to-one scatter plot of observed versus
simulated flow reveals that, in the FLEX-Topo model, the data points are
more consistently clustered around the 1:1 line, indicating stronger
agreement and lower bias between observed and simulated flows. In the
FLEX-L model, however, the data points exhibit greater dispersion and
less concentration around the 1:1 line, particularly at higher flow values,
reflecting the model's lower sensitivity to spatial heterogeneities and its
tendency to systematically underestimate. These findings conclusively
confirm that incorporating topographical characteristics and landscape
structure into the FLEX-Topo model plays a significant and determinative
role in improving runoff simulation accuracy and the representation of
hydrological processes in the Tamer Loess Watershed.

Conclusion: The results of this study indicate that both the FLEX-L and
FLEX-Topo models possess acceptable efficiency in simulating surface
runoff in the Tamer Loess Watershed and are capable of representing the
general flow pattern and its temporal variations with reasonable accuracy.
However, the FLEX-Topo model demonstrated more accurate and reliable
performance compared to the FLEX-L model due to its disaggregation of
the watershed into hydrologically homogeneous units and its incorporation
of spatial heterogeneity. While FLEX-L captures the general flow trend, its
simple structure and insufficient attention to spatial heterogeneity limit its
ability to simulate peak discharges. In the FLEX-Topo model, different
landscapes were identified and simulated based on dominant hydrological
processes, such as surface runoff on steep slopes, subsurface flow in
forested and rangeland plains, and saturated excess runoff in low-lying
areas. Overall, the FLEX-Topo model is introduced as a more suitable and
reliable option for hydrological analyses in the Tamer Loess Watershed;
nevertheless, parameter optimization in both models can still play an
important role in enhancing accuracy and reducing simulation uncertainty.
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Figure 1. Geographical location map of the Tamer loess watershed in Golestan Province, Iran.
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Figure 2. Flowchart of the FLEX hydrological model for the loess Tamer watershed (1).
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Figure 3. Flowchart of the FLEX-Topo model and hydrological landscapes of the loess Tamer watershed.

e G S by G Sy A da)
b s by b acly Sumax Ul
Wl e Sl Sl S B lil 5wt
Ry 0L v ol 5 55d 6 lm s (ol
Pr) St w0555 e 0L 5l 5L Ul
Sl Re i A day 3 (Y Jsis) o
D 5 eop mm 581 O 4 255 0L
S5 e Gt Sl oS SSE bl Olses
U daly s AS e oo Obr 5l des
il Ope a4 3555 Olyew 1) Rs 0L~
Siledds ke V) 5 Ve ladlaly LS o i 0
Ol gl s S, ghs om Sl PG
Re(t—i+1) e ;S e 55 eolizals, 5o
d Olaj 5 Ldl e adlats 3w UL, Ak
5 b Ol =l olsode Sl Tigg bl
835 €(0) ppompr ol e Ol S IS
3 AS e yaie LT—1 55 4 by 0L~
SHS1s O 4 edd e 2555 b Rpy(t)

£y

e belt FLEX Lopgin sladite 1 ksl
oSl s e oSl gl (G Oy
3o 8 O sl SWL ol dal
ST Ol se 58 o0 Jae gLl o2 O35 0
Joily s @ ax s L ED 8, Gk Sl
Lax 5 G S5 5 5o 53 22 50 05505 (Ep)
S eslid b (Prp) Ol i 355 s doulons
3 Y ladal, slaadize 5 (V dal)) fdsrl OO
3ls 355 g 5 (V) dsdr) eddacle ¥
ol 03 Dl et Dk sk e pldl b 05
Ly mb opd o anle £ odaly @ a5 L O35
30 St s Casby ulad o Sl e
0 aal, 5l «(By) Bls s sl (gl LS
Cob bl (Sy) pldlt oS alie bl en
g oolial Jonly S s Sumax) O ol
Sl Sumax) 3 sisu OF sdaasolis Cp o i
ey S0l 5 S cgsby ey SIS

BLl J}J& 4.:3; JL" L (Ep) l-l f‘f ((Ea)) ‘)‘Jj"



Ol ;o2 5 (505 4o [ oo (55909500 S0 3 Shes (2L,

Sl 5 4 Qs 5 Q@ N0 5 V¢ sladdal,
ConssSs 5 Sp dmen anal 5 e Uy,
SLE 1y i3 D Ope 5 e O 3 0553
S a5 1y st Ol VT il s s
S e ol o Olgeas 55 Koy Kp sls el
SIS U, a0l ol §geme (0 J5)

() das o 1551 (@) S

S Y ey (Y Jad) s e OLES | a
8 ol e STy O3 > Ol 6 ULy
3 petes Sla s s sl o S8
e Ol Y el s gl e bl wl
5 odkdt o5 Kep loy bl 5l eslinad L (Qpp)
3 g O 53 05 JMae oS 558 o0 b Sles
(8 Jsd) 55y 515 (Sper) el sl d>

'«.ﬁ@ﬁ d}?'u 6‘,3 FLEX g;“}é:"“ J-\AJ) uu&w‘.\)}n Jm_“’)—\ JJ-\?

Table 1. Equations Used in the Conceptual FLEX Model for the Interception Storage Reservoir.

Equation Description Number
dSi Suq)b)aﬁésr?o-;)\jz&
—_—= PT - Ei - Ptf . . . 1
dt Change in soil moisture storage volume
Lo s =0 Evaporation from interception
b {0; Si < ILnax Sosxs ook 3
YR S = Iyax Throughfall
CL.‘-‘J,,& O 6 FLEX 0 sg0 Jko 55 eslinuls ;g0 Jaslg; =Y J g
Table 2. Equations Used in the Conceptual FLEX Model for the Unsaturated Reservoir.
Equation Description Number
ds, S o P | JWe
—t = Py(1-C) — Eq R e g e 4
dt Soil Moisture Storage
i Sy jj\) Pre
Ea=(Ep—El-)mln< ,1) T 5
SumaxCe Actual Evaporation
B Lls, oo e
Cr=1_<1_ Su) e);.dfﬂ. 6
SuMax Runoff Coefficient
A ol
Ry = PyC, STES 7

Generated Runoff
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Table 3. Equations Used in the Conceptual FLEX Model for the Splitter and Lag Function.

alal, o osled
Equation Description Number
g Ul
Ry =R,D 8
Fast runoff

aal Ol

Rs =R, (1-D) 9
: “ Slow runoff
Tia .
N Lol 10
R (t) = Z i).Re(t—(i+1 )
71(6) o cO-R(t=(+1) Lagged fast runoff
Tlag .
) . f>-l5 09 J}.\o
= z u Lag time H
u=1 g

e J’lés“g qu ‘5|ﬁ FLEX @_9@-“ Ja BE uu:....b,‘,,a Jaa.b)—i JJJ?'
Table 4. Equations Used in the Conceptual FLEX Model for the Fast-Response Reservoir.

A'h.’\} Cf':’ a)l.a.;
Equation Description Number
de_ Gﬂufuuj:;-;vmobma; 12
Tt = R Qr =0y

Change in storage volume of the surface reservoir storage

= ol
Qrs = max(0,S — Sper) /Ky G e b 13
Fast flow output
T
Qr =S¢ /Ky SISO T 1
Outflow rate

At STy O3 gl FLEX asgie dbe 55 o3lituls yge dasly, —0 J sk
Table 5. Equations Used in the Conceptual FLEX Model for the Slow-Response Reservoir.

il & o kot
Equation Description Number
Al Oy ise o st Sl s
i J . S R e _ 15
dt Change in storage volume of the slow reservoir Slow reservoir storage
wl alss
Qs = Ss/Ks ) 16
Baseflow
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Figure 4. Digital Elevation Model (DEM) map of the Tamer loess watershed.
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Figure 8. The hydrological landscape map of the Tamer loess watershed for FLEX-Topo Modeling.
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Table 6. Characteristics of Hydrological Landscapes and Runoff Generation Mechanisms in the Tamer
loess watershed.
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Figure 9. Line — column chart of precipitation and simulated runoff values in the 2014 water year.
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Figure 10. Line — column chart of precipitation and simulated runoff values in the 2019 water year.
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Figure 11. Line — column chart of precipitation and simulated runoff values in the 2023 water year.
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Figure 13. One-to-one scatter of observed and simulated streamflow in Water Year 2014.
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Figure 14. One-to-one scatter of observed and simulated streamflow in Water Year 2020.

FLEX-L
6
A v =0/9172x+ 0/045 e
—’]'_ = R* = 0/6161 e
T4 - ¢
f} E P 0
=2 Q -
4 = ° -79
-3 -
a E ] Q-7
-:! = e P
=73 1.
3 '
2
42 J
Pal=]
~ Q
o~
3 -
0

1 2 3 4 5 6
Simulated Flow [mmvday] (395 33 5o she) 83 (g bwdemnas iy,

FLEX-Topo
6
oy
5 5 ¥ =0/9212x + 0/0405 Q
)z R* = 0/6578 -7
3 £ 9.93
9§’ %o
1B P
— T2 -
-
g
.{ 21
a ©
n,
S 0
= 6

o 1 2

3 4 5
Simulated Flow [mm/day] (335 )2 fo ds) 2 g 5lwdnd S5,

NEY T Jle 5o sddigluand 5 sddodalin Ob o K 4 S LSS, —V0 KS

Figure 15. One-to-one scatter of observed and simulated flow in 2023.
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