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» Rapid growth of satellite-based hydrological
observations

» Increasing use of hyper-resolution
hydrological modelling

» Improvements in the use of Earth
Observation (EO) data for model calibration

» Hydrological processes and model
performance are scale-dependent

Research Objective
Quantify the sensitivity of distributed
hydrological simulations to spatial resolution
by performing a multiscale evaluation of
evapotranspiration (ET), surface soil moisture @/
(SSM), and discharge (D) using satellite and in situ
observations.
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» Spatially distributed conceptual model

» Regular grid cells and finite-difference
schemes

» Seven interconnected tanks represent
the various processes occurring within
the soil and subsaoil.
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S22 Tetis V9.1 Ecohydrological model
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> Tugela River Basin (South Africa) — 28,000 km2 Tugela River Basin [~ 3
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BASELINE
EXPERIMENTS

MONO-OBJECTIVE

MULTI-OBJECTIVE
CALIBRATION

CALIBRATION

t 5k
- Default parameters ] - Q at Skm ] exp34 SSMHET at Tkm
exp31 SSM at 1km exp41 SSM+Q at 1km
- Exp20 parameters]
exp32 ET at 1km exp42 ET+Q at 1km
exp30 Default parameters
exp40 Q at 1km exp44 SSM+ET+Q at 1km
G J o J Q 4
» Forcings and total period » QObjective functions
e
KGE
ERAS-IMERG-SM2A (Kling-Gupta Efficiency) (Spatial Efficiency Metric)

* Calibration period for 5km (2005-2011)
** Calibration period for 1km (2019-2021)
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(&

Correlation
Variability ratio
Bias

Discharge performance
Hydrological response

Evaluate temporal
hydrological performance

Discharge (Q) }

J
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Evaluation Framework

-

\_

Spatial agreement
Spatial patterns

Et and SSM J

Spatial pattern similarity

Et and SSM J

Median analysis
Absolute and relative error

Assess spatial agreement
with EO products.

J
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Spatial scaling analysis
Multiscale Spatial structure changes

CDF analysis Et and SSM

Kolmogorov-Smirnov distance
Scale breakpoint detection

Spatial Variogram Et and SSM

Log-log scaling exponent (o)
Spectral exponent

Hurst exponent (H)

Fractal dimension (D)
Two-factor ANOVA test

Characterize spatial structure and
scaling behavior
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> KGE decreases with
coarser resolution

> Coarse calibration

exélo exp2|0-21 eX|cl>30 exp31l
v\ . .
~o still provide
~
.o acceptable
~ . .
S o validations
= ~
~
~
\ \ '1-0 I T
S o expl0 exp20-21
~ <L Experiments E

W 250m s 500m e 1k e 5k
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Bias ratio (B)
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Variability ratio (a)
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o Results discharge (Q)

expl0 exp20-21 exp30 exp31 exp32 exp34 exp40 exp4l exp4?2 expd4
Experiments

W 250m s 500m e 1k e 5k
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» Correlation improves after
calibrated

» Variability ratio often

overestimated at fine
scales

> Bias ratio increases and

dispersion grows at
coarse scales
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exp30 exp20-21 explO

expd42 expd4l expd0 exp34 exp32 exp3l

exp44

ET - Mean annual accumulation
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ET - Mean annual accumulation

Results Evapotranspiration (ET)

rs | exp30 Default parameters  €Xxp40 Qat 1km

al
exp31 SSM at 1km exp41 SSM+Q at 1km
Exp20 parameters exp32 ET at 1km exp42 ET+Q at 1km

exp34  SSM+ETatlkm  expd4 SSM+ET+Qat 1km

[ 250m I 500m [ 1000m N 5000m ——- MODIS Terra - ET (Observed mean)
11004
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Experiment
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Simulated ET tends to exceed MODIS estimates

ET calibration has limited impact

>

» Coarser grids increase ET

>

» SSM calibration improves ET agreement
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SPAEF distribution across scale comparisons
ET | Mean annual accumulation (mm/year)

Mean SPAEF across experiments

Scale 250m
ET - Mean annual accumulation (mm/year) ~06 1.0 ~——— Log-linear trend
0.8 [SPAEF = -0.330-log10(scale) + 1.529
é"’: -0.519 -0.468 ' R? = 0.398
— /7
L 067 BT
SN
2 “oay B T i
= E 0.2 - B
Py S - 0.653 0.395 v
& § o0 500 1000 5000
Scale comparison (m) - —
§_ 0.419
B -0.2 _ .
o » SPAEF < 0 — strong mismatch with MODIS
&1 » High consistency between neighboring scales
. . . . . ~0.4 » SPAEF decreases with scale difference
Obs 250 500 1,000 5,000 )
Scale (m) » Strongest degradation: 250 m vs 5 km
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SSM - Mean annual
250m 500m 1000m 5000m

2
4
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: Results Surface Soil Moisture (SSM)*

Default parameters exp30  Default parameters exp40 Qat 1km
D T
Exp20 parameters exp32 ET at 1km exp42 ET+Q at 1km

exp34 SSM+ET at 1km exp44 SSM+ET+Qat 1km

SSM - Mean annual
601 E 250m B 500m S 1000m B 5000m —== NSIDC SMAP - SSM (Observed mean)

oo
) o o 2

300

exp31

= 2
B 2t 2

250

SSM (%)

N
o
o

exp32

s
u
o

SSM (mm/year)

=
o
[=)

exp34

3

(8]
o

Experiment

exp40

P

» Coarser resolution increases SSM
» SSM calibration leads to higher SM states
» Strong sensitivity to calibration

exp4l

&
¥ N

exp42

o

Evaluating multiscale performance of the TETIS distributed hydrological 6
model using satellite and in situ observations in the Tugela basin E G U 26

GENERAL ASSEMBLY

exp44

) o




&4z UNIVERSITAT

Scale (m)

250 Obs
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5,000

1,000
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Mean SPAEF across experiments

SPAEF distribution across scale comparisons
SSM | Mean annual (%)

SSM - Mean annual (%) S0 1.0 Scale 250m
---- Log-linear trend
i 1076 - 0.50 084 ‘ ______________________ @ SPAEF = -0.396-IoglO(scaI§g : (1):31;2‘
o T )
e  TTTme—e
o064 ©® o TR
] 0.832 0.805 | 0.457 < | T %
0.4
N °
=
i 0.829 0.536 0257 0-21 o
= 0.0 ; ; :
_0.50 500 1000 5000
0.587 Scale comparison (m)
~0.75
» Similar behavior to ET
~1.00 » SPAEF decreases with scale difference
Obs 250 500 1000 5000 > High agreement between neighboring scales
Scale (m) -1.25 .
» Strongest degradation: 250 m vs 5 km
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0 Example of spatial CDF comparison for exp10 |
Spatial CDF Spatial CDF

ET - expl0 - Mean annual accumulation SSM - expl0 - Mean annual

=
o
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1.0 A

e
(o]
1

0.8 1

o
(o)]
1

0.6 A

(=]
B
L

0.4

o
N
1

0.2 1

Spatial cumulative distribution function
Spatial cumulative distribution function

0.0 A 0.0 A
(I) 2 (I) 0 4(I) 0 6 (I) 0 8(I) 0 1 OIO 0 1 2I0 0 (I) lIO 2I0 3I0 4I0 510 6I0
ET (mm/year) SSM (%)
— — MODIS Terra - ET 250m = 500m 1k = 5k — = NSIDC SMAP - SSM 250m = 500m 1k = 5k
» Simulated spatial distributions differ from EO (ET and SSM)
> Distributions consistent across resolutions
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0 Kolmogorov—Smirnov distance

KS distance vs Spatial resolution KS distance vs Spatial resolution
(Simulated ET vs Observed) ET Multiscale comparison
=5 == == - T AR
0.85 1 o o) o " @ o
- = . KS confirms st
os01 | g ° ° ° ° o > contirms strong
) —1& —— —o— —— 3 0.04 4 1 .
; . model-EO differences
z 0.70 1 z > ° P
0.02 4 ° _b . _do .
0.65
| ° » Small differences
o o [} °
I . ! . i B . . . . . between neighbouring
250m 500m 1000m 5000m 250m vs 500m 250m vs 1k 250m vs 5k 500m vs 1k 500m vs 5k 1k vs 5k
Spatial resolution Spatial resolution
scales
KS distance vs Spatial resolution KS distance vs Spatial resolution
(Simulated SSM vs Observed) SSM Multiscale comparison

—— : . > Large differences for
T T T T coarse vs fine

o L S
g g olo
d) [
% 0.6 % 0.04 4 .
> Model-EO mismatch
o 05 - S S a o 0.03
O
> o o o * H
0.4
e . : dominates
(el
0.3 °
0.01 o
02 —_—— q&: ——
250m 500m 1000m 5000m 250m vs 500m 250m vs 1k 250m vs 5k 500m vs 1k 500m vs 5k 1k vs 5k
Spatial resolution Spatial resolution
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O Scale breakpoints

Detection of scale breakpoints Detection of scale breakpoints
ET SSM
0.061 @ Simulated data i i E [ ) 0.0791 @ Simulated data i i i
-—- Log-linear regression ! : : . ~== Log-linear regression 1 H :
---- Discrete breakpoint = 1000 m E 1 1 0.06 4 ~——- Discrete breakpoint = 1000 m i 1 1
0.054 ~~- P50 threshold (0.017) | i i ~~~ P50 threshold (0.027) | P
-=- Continuos breakpoint = 1432 m | H H -=- Continuos breakpoint ~ 1820 m | . "
-=~- Cluster threshold (0.031) ' H H 0-0571 ___ Cluster threshold (0.029) ! - =7
) 0.041 _—. Cluster breakpoint = 3130 m i | H PPt ) === Cluster breakpoint = 1992 m E . ’,,/”/ .
g | i LT - ’ g 0041 | P T
O fresammseas s s ] e o
% i LT ! ' % ' :::::::::::::::::::::::::::I::::::::::::::::;;:JII{‘::‘_:::::::::::::::::::::::::::::::::Z
£ 0.02 : ! T ! 9 i P
-------------------------- L B : T b
(] LT 1 1 ‘,a”’ T
0.01- e o : ! 001{ ® I .
- 1 1 - 1 1
PP tags 1 1 . - ‘ [
[ T ' ! H 0.00 A T i P
0.00 A " 1 1 1 - i 1 1
i : 1 1 © : 1 1
. t 1 1 : . } 1 1 ;
500 1000 5000 500 1000 5000
Spatial resolution (m) Spatial resolution (m)
» Two regimes identified:
v <1 km — Small structural differences
v 25 km — High distortion
» Transition range: 1-3 km
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Results Spatial Variogram }

Log-Log Experimental variogram - ET - exp10

<A

104
Lag distance, log(h) (m)

% jiama

10°

Log-Log Experimental variogram - SSM - exp10

104 10°
Lag distance, log(h) (m)

Evaluating multiscale performance of the TETIS distributed hydrological
model using satellite and in situ observations in the Tugela basin

6x10° Esozhsjgon  Resolution N(h)
— Seom — Seom 1 .
—— 1000 m —— 1000 m h R Z T - Z T |. h 2
_ — 5000m _ — 5000m ‘T( ) zN{h} Zl[ { 3) ( i ]]
= = 1074 T
> Clear spatial dependence (ET &
SSM)
1('L);g distance, log(h) (m) o IIE;g distance, log(h) (m) o
. Log-Log Experimental variogram - ET - exp40 . Log-Log Experimental variogram - SSM - exp40 > Fine Scales —_— Stronger Short_range
] = Soom w0  Zom variability
» Coarse scales — smoothing spatial
structure
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QO Scaling exponent
Scaling exponent across spatial resolutions - ET Scaling exponent a (Spectral) across spatial resolutions - ET ’y (h) “ h a
®

Scaling exponent a

Scaling exponent a

o ‘ == | > «increases with scale —
smoother fields
> Resolution controls scaling
behavior
" 50gpatlal resolution (rrlm?oo 5000 2éo Ségpatial resolution (n::?loo 50’00

Scaling exponent across spatial resolutions - SSM Scaling exponent a (Spectral) across spatial resolutions - SSM > Cal i bration mOd u |ateS
magnitude
i ? * : * % > Power-law behavior observed

500 1000 5000 250 500 1000 5000
Spatial resolution (m) Spatial resolution (m) ’ ’
- A TIGAIIIWA _— WEEW wWEEEEES) USRS ™ T rrrER =™ e il """"'[Jroog,ca EGU26
| = model using satellite and in situ observations in the Tugela basin
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QO Scaling exponent comparison

Scaling exponent a (Spectral)

o comparison by resolution - ET

Results Spatial Variogram

250 m: R?=0.95
500 m: R?=0.84

0.8 1 1000 m: R2=0.79
5000 m: R2=0.17

0.7 -

0.6

o
3]

©

o
1

\

e
w

0.2 A .
Resolution
® 250m

0.1 - ® 500m
@ 1000m
® 5000m

0.0 - === 1:1line

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Scaling exponent a (Variogram)
iiama
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Strong agreement at fine scales
Weak agreement at coarse scales
Aggregation alters scaling behavior

Fine scales preserve the multiscale
structure
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a
H = > D=3 —H

Hurst exponent across spatial resolutions - ET Fractal Dimension across spatial resolutions - ET
3.00

j ‘ > H (Hurst exponent) 1 with scale
— smoother fields

2.60 4

0.40 -

o
W
o

e

W

S
|

e

N
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o

N

)
|

Hurst exponent
Fractal Dimension

o
=
]

o
=
o

o
o
G

o

o

IS
!

500 1000 5000 250 500 1000 5000 1 1 1
Spatial resolution (m) Spatial resolution (m) > D (fra Ctal d I m e n S I O n ) l Wlth
Hurst exponent across spatial resolutions - SSM Fractal Dimension across spatial resolutions - SSM Scale e red uced Com pleXity

i ? * ? > Consistent for ET and SSM

500 1000 5000 | 250 500 1000 5000 Ir ological
Spatial resolution (m) ) Spatial resolution (m) baSin
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Results Spatial Variogramz

0 ANOVA test . ET SSM
Variable
Fact tal SS F p-value SS F p-value
> Factors: spatia
scale andp Spatial scale 0229 1959 599e-07 0.042 1492 6.35E-06
experiment Experiment 1748  49.80 168e-14 0106 12292  1.5E-19
configuration configuration

Effect size of spatial scale and experiment configuration

I Spatial scale

1.0 A 0.94 )
B Experiments

» Effect size estimated using

partial 7’]129 0.8 0.80
v Experiment configuration <
exerts a stronger control §°-6'
on spatial structure g
behavior than spatial g 04
resolution )
0.2 A1
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Discharge

performance

Performance decreases
with coarser resolution,
although coarse-scale
calibration can still
provide acceptable
performance at finer
scales

J

% jiama

Spatial patterns

(ET & SSM)

SPAEF indicates stronger
agreement between
neighboring scales, while
coarser grids show higher
values and larger
variability

o

J

o

Conclusions

Distributional behavior
(CDF analysis)

Simulated spatial
distributions differ
substantially from EO
products, highlighting the
need for improved
calibration strategies

Evaluating multiscale performance of the TETIS distributed hydrological

model using satellite and in situ observations in the Tugela basin
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Spatial scaling

behaviour

Drivers of spatial
scaling

Variogram analysis shows
progressive smoothing of
spatial structures with
increasing scale (a, H and D)

Simulations remain internally
consistent across spatial
resolutions, with small
statistical differences between
neighboring scales

J

&

ANOVA indicates that
~60% of the variability in
scaling behavior is
explained by spatial
resolution, while
calibration strategy also
plays an important role

J

Evaluating multiscale performance of the TETIS distributed hydrological
model using satellite and in situ observations in the Tugela basin

Conclusions

Multiscale hydrological
modelling in large basins
may operate efficiently at
Intermediate resolutions
(~1-3 km) without major
loss of spatial statistical

structure

(EGU26
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