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Abstract

Surface water storage—including wetlands and other small waterbodies—

h a s  l a r g e l y  b e e n  d i s r e g a r d e d  i n  t r a d i t i o n a l  h y d r o l o g i c a l  m o d e l s .  I n  t h i s

paper, the grid resampling method is adopted to study the influence of the

digital elevation model (DEM) grid resolution on depression storage (DS)

cons ider ing  d i fferent  ra infa l l  re turn  per iods .  I t  i s  observed tha t  the  DEM

g r i d  s i z e  h i g h l y  a f f e c t s  D S ,  a n d  t h e  h i g h e r  t h e  g r i d  r e s o l u t i o n  i s ,  t h e

larger  the  DS value .  However,  when the  gr id  resolut ion reaches  a  cer ta in

value, the maximum DS value decreases. This suggests that a critical grid

resolution value exists at which the water storage capacity of depressions

i s  m a x i m i z e d ,  n a m e l y ,  2 0  m  i n  t h i s  w o r k .  T h i s  p h e n o m e n o n  i s  f u r t h e r

v e r i f i e d  i n  t w o  t e s t  c a s e s  w i t h  a n d  w i t h o u t  t h e  i n f i l t r a t i o n  p r o c e s s ,  i . e . ,

 Xinyi Li and Jingming Hou should be considered joint first author
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c a l c u l a t i o n s  o f  t h e  l o c a l  a r e a  a n d  w i t h o u t  i n f i l t r a t i o n  a r e a ,  r e s p e c t i v e l y.

Th is  r esea rch  may  fac i l i t a t e  the  accura te  computa t ion  o f  the  DS process ,

w h i c h  i s  g r e a t l y  a f f e c t e d  b y  t h e  g r i d  r e s o l u t i o n ,  t h e r e b y  i m p r o v i n g  t h e

reliability of hydrological models.

Keyword s:  d ig i t a l  e l eva t ion  mode l ;  dep re ss ion  s to r age ;  g r id  r esamp l ing ;

hydrological models; grid resolution; infiltration

1. Introduction

T h e  e f f e c t s  o f  m i c r o t o p o g r a p h y  o n  h y d r o l o g i c a l  r e s p o n s e s h a v e

b e c o m e  a n  i m p o r t a n t  t o p i c  t o  f u r t h e r  i m p r o v e  t h e  a c c u r a c y  o f  t e r r a i n

c a l c u l a t i o n s.  A s  o n e  o f  t h e  m o s t  c o m m o n  m i c r o t o p o g r a p h i c  s t r u c t u r e s ,

d e p r e s s i o n s  a r e  w i d e l y  d i s t r i b u t e d  a c r o s s  a l l  t y p e s  o f  s o i l s ,  v e g e t a t i o n

types, and rocks, and even in the form of gullies, these structures notably

a f f e c t  t h e  r u n o f f  y i e l d  a n d  c o n c e n t r a t i o n  ( H a n s e n ,  2 0 0 0 ) .  S u r f a c e

d e p r e s s i o n s  i n  t h e  l a n d s c a p e  v a r y  i n  s i z e ,  i n c l u d i n g r e l a t i v e l y  s m a l l ,

u n m a n a g e d  w a t e r  s t o r a g e  s y s t e m s  t o  l a r g e ,  r e g u l a r l y  m a n a g e d  w a t e r

b o d i e s ,  s u c h  a s  l a k e s  a n d  r e s e r v o i r s ,  s m a l l  s u r f a c e  d e p r e s s i o n s ,  s u c h  a s

w e t l a n d s  e m b e d d e d  i n  h i g h l a n d s  o r  r i v e r  c o r r i d o r s ,  p o n d s ,  a n d  o t h e r

similar small water bodies (Rajib, Golden, Lane, & Wu, 2020). Lakes and

reservoirs, as the main aquatic systems considered in the quantification of

t h e  a v a i l a b i l i t y  o f  w a t e r  r e s o u r c e s ,  e x h i b i t  a  h i g h  w a t e r  s t o r a g e

c a p a c i t y. I n p r e v i o u s  s t u d i e s ( D a n g ,  C h o w d h u r y,  &  G a l e l l i ,  2 0 2 0 ;  L i u  e t

al., 2018), small surface depressions have not been included in traditional

w a t e r s h e d-s c a l e  h y d r o l o g i c a l  d y n a m i c  m o d e l s ,  a n d  s u r f a c e  d e p r e s s i o n s

h a v e  t h u s  b e e n  i g n o r e d  o n  a  l a r g e  s c a l e .  H o w e v e r ,  t h e  i m p a c t  o f  t h e s e

s m a l l  d e p r e s s i o n s  o n  t h e  h y d r o l o g i c a l  s y s t e m  h a s  i n c r e a s i n g l y  b e e n

acknowledged  (Cohenet et al., 2015; Yu & Harbor, 2019).

I t  i s  n e c e s s a r y  t o  q u a n t i t a t i v e l y  d e s c r i b e  s u r f a c e  d e p r e s s i o n  s t o r a g e

(DS) at  the  watershed scale . The fol lowing fundamental  quest ion occurs :

W h a t  a r e  t h e  r o l e s  o f  s u r f a c e  d e p r e s s i o n s  i n  a  g i v e n  h y d r o l o g i c  s y s t e m ?
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S t u d i e s  h a v e  d e m o n s t r a t e d  t h e  n o t a b l e  i n f l u e n c e s  o f  s u r f a c e  D S  o n

hydrologic processes.  It has been found that surface DS is a component of

t h e  r a i n f a l l - r u n o f f  p r o c e s s . I n  t h i s  p r o c e s s ,  r a i n f a l l  r e a c h e s  t h e  E a r t h

s u r f a c e  i n  a m o u n t s  t h a t  v a r y  s p a t i a l l y  a n d  t e m p o r a l l y .  S o m e  r a i n f a l l  i s

i n t e r c e p t e d  a n d  r e t a i n e d  b y  t h e  v e g e t a t i o n  c o v e r ,  a n d  t h e  r e m a i n d e r

reaches  t he  g round  and  in f i l t r a t e s  a t  a  r a t e  dependen t  on  so i l  cond i t ions .

W h e n  t h e  r a i n f a l l  i n t e n s i t y  e x c e e d s  t h e  s o i l  i n f i l t r a t i o n  r a t e ,  s u r f a c e

depressions are filled, and the water stored in these depressions is denoted

as DS. Surface runoff is initiated when surface depressions are completely

f i l l e d  a n d  o v e r f l o w  o c c u r s .  S u r f a c e  r u n o f f  c o n t i n u e s  t o  r e a c h  l o w e r -

e l e v a t i o n  w a t e r s h e d  e l e m e n t s  d e p e n d i n g  o n  t h e  r a i n f a l l ,  i n f i l t r a t i o n  a n d

microrelief conditions of the relief created by human cultural practices or

nature (Mitchell & Jones, 1976).

A d i g i t a l  e l e v a t i o n  m o d e l ( D E M ) c o n t a i n s  a b u n d a n t  l a n d f o r m

information  (Yu, Chen, & Ai, 2007) and is one of the methods to represent

t h e  e l e v a t i o n  o f  t h e  E a r t h s u r f a c e . I t  h a s  b e e n  a p p l i e d  i n  v a r i o u s  f i e l d s ,

s u c h  a s  m o d e l i n g ( D e ,  &  S t e i n ,  1 9 9 8 ) ,  h y d r o g e o m o r p h o l o g y ( L e ,

D e l c l a u x ,  G e n t h o n ,  &  F a v r e a u,  2 0 0 9 ) ,  q u a l i t y  a s s e s s m e n t ( C h a r l e u x -

D e m a r g n e  &  P u e c h ,  2 0 0 0 ) ,  t o p o g r a p h i c  f e a t u r e s ( L i u ,  Z h u ,  W u ,  Z h u ,  &

Ta n g ,  2 0 0 6 ;  Ta n g ,  G e ,  L i ,  &  Z h o u ,  2 0 0 5 ) ,  g e o l o g i c a l  h a z a r d  m o n i t o r i n g

( Z h a o， L i， F e n g，  Wa n g， &  H u ,  2 0 1 6 )  a n d  n a t u r a l  h a z a r d  m a p p i n g

( L i， S o l a n a，  C a n t e r s， &  M  K e r v y n ,  2 0 1 7 ) .  S i n c e t h e D E M  d i r e c t l y

r e p r o d u c e s  t h e  s p a t i a l  c h a r a c t e r i s t i c s  o f  t h e  m i c r o t o p o g r a p h y ,

i t s  a c c u r a c y  e x e r t s  a n  i m p o r t a n t  i n f l u e n c e  o n  n u m e r i c a l  s i m u l a t i o n s .

Therefore, DEM-based methods have received increasing attention (Loye,

J a bo ye do ff ,  &  P e d ra z z i n i ,  20 09 ) .  T he  c h an ge  o f  D S  v a l u e  c an  b e  c a us e d

b y  d i f f e r e n t  D E M  r e s o l u t i o n , u n f o r t u n a t e l y ,  t h e  m a i n  d a t a  a c q u i s i t i o n
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techniques and processing methods are related to specific terrain and land

c o v e r  t y p e s ,  a n d  d i f f e r e n t  D E M s  c o n t a i n  i n h e r e n t  e r r o r s ,  w h i l e  t h e

a c c u r a c y  o f  e a c h  d a t a  s e t  i s  o f t e n  u n k n o w n  a n d  i n c o n s i s t e n t  ( M u k h e r j e e

e t  a l . ,  2 0 1 3 ) .  A t  p r e s e n t ,  t h e  a p p l i c a t i o n  o f  d i f f e r e n t  D E M

accuracies has been studied in soil erosion (Hou et al. , 2020), digital soil

mapping (DSM)-based prediction models (Sena, Veloso, Fernandes-Filho,

F r a n c e l i n o ,  &  S c h a e f e r ,  2 0 2 0 ) a n d  q u a n t i t a t i v e  w a t e r  s u r f a c e  s t o r a g e

reduction (Amoah, Amatya, & Nnaji, 2012; Abedini, Dickinson, & Rudra,

2006). In related research, Abedini et  al (2006) found that digital mapping

a l l o w e d  v i s u a l i z a t i o n  o f  t h e  l o c a t i o n  a n d  t o p o l o g y  o f  p o t e n t i a l  w a t e r

surfaces and the manner in which water likely flows from one depression

to another. Based on pond analysis and associated spatial mapping, it was

o b s e r v e d  t h a t  m o s t  g e o m e t r i c  c h a r a c t e r i s t i c s  r e l a t i n g  t o  t h e  D S  s i z e  a n d

s p a t i a l  l o c a t i o n ,  i n c l u d i n g  t h e  a r e a ,  v o l u m e  a n d  d e p t h ,  a r e  s c a l e

d e p e n d e n t .  I n  t h e i r  r e s e a r c h ,  t h e  r e l a t i o n s h i p  b e t w e e n  t h e  c o n t r i b u t i n g

a r e a  o f  e a c h  d e p r e s s i o n  a n d  i t s  s u r f a c e  a r e a  a t  v a r i o u s  p o r e d e p t h s  w a s

established, and the mechanism underlying this relationship was examined

(Abedini, Dickinson, & Rudra, 2006). However, relatively little is known

regarding the influence of the DEM spatial resolution on depression water

storage.

Therefore, it is necessary to study the influence of the DEM accuracy

on DS. In this paper, through terrain resampling, the influence of the DEM

a c c u r a c y  o n  D S  w i t h i n  t h e  s a m e  a r e a  i s  s t u d i e d ,  l o c a l  r e s e a r c h  a r e a  a n d

w i t h o u t  i n f i l t r a t i o n  a r e a  a r e  s e l e c t e d  t o  v e r i f y  t h e  o b t a i n e d  r e s u l t s  t o

de te rmine  the  op t imal  DEM gr id  reso lu t ion . The  answers  t o  our  r esearch

q u e s t i o n s  m a y  p a v e  t h e  w a y  f o r  a  n e w  c o m p r e h e n s i v e  h y d r o l o g i c a l

assessment method of surface DS and provide important insights for those

who study, manage and simulate surface water resources worldwide.
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2. Materials and methods

2.1 Study area of rainfall-runoff simulation

The model is applied in the Wangmaogou catchment, which is a small

s e m i a r i d  l o e s s a l  c a t c h m e n t  ( 1 0 ° 2 0 ′ 2 6 ″ – 1 1 0 ° 2 2 ′ 4 6 ″ E ,  3 7 ° 3 4 ′ 1 3 ″ –

3 7 ° 3 6 ′ 0 3 ″ N )  l o c a t e d  i n  S u i d e  C o u n t y ,  S h a n x i  P r o v i n c e ,  C h i n a  ( F i g .

1a) . I t  covers  an  a rea o f  approximate ly 5 .9  km2,  wi th  an  a l t i tude  rang ing

f r o m  9 3 4 . 5 5  t o  11 8 7 . 7 5  m.  T h e m a i n  d i t c h  i s  3 . 7 5  k m  l o n g , t h e a v e r a g e

ditch bottom drops to 2.7%, the gully density is  4.31 km/km2,  the ground

s l o p e r a n g e s  f r o m 0 ° ~ 1 5 °  a c c o u n t i n g  f o r  8 . 6 %  o f  a l l  s l o p e s, 1 6 ° ~ 2 5 °

a c c o u n t i n g  f o r  2 0 . 1 %  o f  a l l  s l o p e s, 2 6 ° ~ 3 5 °  a c c o u n t i n g  f o r  4 0 . 9 %  o f  a l l

s l op e s,  a nd > 3 5°  a c c ou n t i ng  f o r  3 0 . 4%  o f  a l l  s l op e s .  Th e  l a nd  s u r f a ce  i s

f r a c t u r e s, a n d  t h e  l a n d f o r m  i s  c o m p l e x ,  w h i c h  i s  r e p r e s e n t a t i v e

o f t h e  f i r s t  s u b r e g i o n w i t h i n  t h e  l o e s s  h i l l y  g u l l y  r e g i o n .  A w a t e r

collecting tank is placed at  the channel outlet  to collect basin water (Fig.

1b). DEM and land use/land cover (LULC) maps are employed to simulate

rainfall-runoff processes in the considered catchment areas. A DEM of the

s t u d y  a r e a  i s  o b t a i n e d  a s a 1 : 1 0 0 0  t o p o g r a p h i c  m a p  a n d  t h e n  r e s i z e d  t o

different resolutions, i.e.,  2 m, 4 m, 10 m, 20 m and 40 m. P=1, P=2, P=10

and P=50 are selected as rainfal l  re turn periods, and the rainfal l  duration

i s  s e t  t o  2  h  ( F i g . 2 ) .  I t  i s  a s s u m e d  t h a t  t h e  s o i l  i s  s a t u r a t e d  d u e  t o

p r e v i o u s  r a i n f a l l ,  s o  a  c o n s t a n t  i n f i l t r a t i o n  r a t e  i s  c o n s i d e r e d  h e r e .

The  Manning  coe ff i c i en t  (F ig . 1c )  and  so i l i n f i l t r a t i on  ra t e  (F ig . 1d )  and

are related to the land use type (Table 1).

Fig. 1 Location and basic characteristics of Wangmaogou

Fig. 2 Rainfall at the different frequencies

Table 1 Infiltration rate (mm/h) and Manning coefficient (s/m 1 /3) considering the 

different land uses
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Land use Farmland Orchard Forest
Grass

land

Transportation

land

Rural

land
Terrace

Terraced

orchard
Water

Infiltration

rate
2.48-4.5 3.12-3.5 4.12-6.5 3.25-5 0 0.5-0.6 2.6-5.5 3.5-7 0

Manning

coefficient
0.044-0.07 0.15-0.2 0.2-0.3 0.059-0.15 0.01-0.013 0.01-0.03 0.18-0.34 0.15-0.20 0.033

2.2 Governing equation

T h e  s h a l l o w  w a t e r  e q u a t i o n s  ( S W E s ) a r e  d e r i v e d  f r o m  t h e

cons e rva t ion  o f  mas s  and  mom en tum  by  a s sum ing a hyd ros t a t i c  p r e ss u re

d i s t r i b u t i o n .  I n  v e c t o r  f o r m ,  t w o - d i m e n s i o n a l  S W E s  c a n  b e  w r i t t e n  i n

conservative form as follows:

                           (1)

， ，

             (2)

w h e r e   i s  t h e  t i m e ,   a n d   a r e  t w o - d i m e n s i o n a l  C a r t e s i a n

c o o r d i n a t e s ,   i s  a  v e c t o r  o f  t h e  f l o w  v a r i a b l e s  i n c l u d i n g  h ,

 and  ,  which  deno te  the  wate r  dep th  and  un i t -wid th  d i scharge  a long

t h e  x  a n d  y  d i r e c t i o n s ,  r e s p e c t i v e l y,  f  a n d  g  a r e  f l u x  v e c t o r s  a l o n g  t h e  x

and y directions, respectively, S is a source vector consisting of the slope
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s o u r c e   a n d  f r i c t i o n  s o u r c e  ,   i s  t h e  b e d  e l e v a t i o n ,  a n d   i s  t h e

b e d  r o u g h n e s s  c o e f f i c i e n t  c o m p u t e d  a s  ,  w i t h  n  a n d  g

d e n o t i n g  t h e  M a n n i n g  c o e f f i c i e n t  a n d  g r a v i t a t i o n a l  a c c e l e r a t i o n ,

r e s p e c t i v e l y .  I n  a d d i t i o n ,  t h e  w a t e r  l e v e l  ,  d e f i n e d  a s  ,  i s

i n t r o d u c e d  i n  t h i s  w o r k  a n d  i m p l e m e n t e d  w h e n  a p p r o p r i a t e ( H o u ,  L i a n g ,

Simons, & Hinkelmann, 2013).

T h e  g r a p h i c s  p r o c e s s i n g  u n i t  (G P U ) - a c c e l e r a t e d  s u r f a c e  w a t e r  f l o w

a n d  a s s o c i a t e d  t r a n s p o r t  ( G A S T )  m o d e l  r e l i e s  o n  t h e  d y n a m i c  w a v e

m e t h o d  t o  s i m u l a t e t h e r a i n f a l l  p r o c e s s .  T h e  G o d u n o v  s c h e m e  f i n i t e

v o l u m e  m e t h o d  i s  a p p l i e d  t o  d i s c r e t i z e  t h e  c a l c u l a t i o n  a r e a .

To  a d d r e s s  t h e  p r o b l e m s  o f  a b r u p t  f l o w  a n d  d i s c o n t i n u i t y,  t h e  m a s s  a n d

m o m e n t u m  f l u x e s  a t  t h e  i n t e r f a c e  o f  a  g i v e n  c e l l  a r e  c a l c u l a t e d  w i t h

t h e  H a r t e n - L a x - v a n  L e e r  c o n t a c t  w a v e  (H L L C )  a p p r o x i m a t e  R i e m a n n

s o l v e r. T he  c o de  i s  w r i t t e n  i n  C+ +  a nd  C U D A ,  w h i ch  i s  r u n  on  G P U s  t o

substantially accelerate the computation process  (Liang, & Smith, 2015).

2.3 Depression storage (DS) model

T h e  r a i n f a l l  d i s t r i b u t i o n  o n  t h e  g r o u n d  i s  d i v i d e d  i n t o  o v e r l a n d

runoff ,  DS,  inf i l t ra t ion  and evapora t ion , and the  changes  observed in the

o v e r l a n d  f l o w  a r e a  a n d  s u b s u r f a c e  s o i l - w a t e r  c o n t e n t  i n  p l o t s  w e r e

m o d e l e d w i t h  a  p h y s i c s - b a s e d  c o n t i n u i t y  m o d e l  c o m p r i s i n g  a  s e t  o f

n o n l i n e a r  o r d i n a r y  d i f f e r e n t i a l  a n d  c o n t i n u i t y  e q u a t i o n s ( R o s s i ,  &  A r e s ,

2012):

                          (3)
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                                (4)

                              (5)

Where  is the water stored in the overland plume (mm3),   is the

w a t e r  s t o r e d  i n  t h e  u p p e r  v a d o s e  z o n e  ( m m3) ,   d e n o t e s  r a i n f a l l

(mm3/s),  is the total infiltration flow (mm3/s),  and  denote

the cumulative rainfall (mm 3) and overland flow (mm3/s), respectively.

Evaporation is disregarded in the above equation, and seepage flow in

t h e  r e g i o n  r e m a i n s  s t a b l e ,  b u t  t h e  i n f i l t r a t i o n  a m o u n t  i n  e a c h  r e g i o n

d i f f e r s .  i s  t h e  t i m e  c o n s t a n t  o f  t h e  r e g i o n a l  e x p e r i m e n t s .  I n  a d d i t i o n ,

t h e  o v e r l a n d  f l o w  p l u m e  i n c l u d e s  D S  a r e a s  w h e r e  w a t e r  a c c u m u l a t e s

during the  water  inf low period and other  areas  where  water  inf low is  not

enough to maintain free water at the soil surface.

T h e  w a t e r  c o n t e n t  d e p e n d s  o n  s a t u r a t e d  a n d  u n s a t u r a t e d  i n f i l t r a t i o n

flows:

                          (6)

where  is the transient, saturated infiltration flow under DS

conditions (mm3/s) and  is the transient, non-saturated infiltration

flow under non-DS conditions (mm3/s). In this paper, infiltration was 

assumed to occur under saturated conditions . Therefore,  can be 

calculated as follows:
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                    (7)

                               (8)

where  is the saturated hydraulic conductivity (mm/s), 

 is the suction at the wetting front,  is the saturation in the wetting 

front (dimensionless),  is the instantaneous volumetric water content

in the wetting front (dimensionless),  is the cumulative infiltration 

(mm),  is the DS area (mm2), and  is the instantaneous water 

infiltration depth (mm).

In the land plume region without DS, assuming that water infiltration 

occurs under unsaturated conditions, the following applies:

      (9)

where  is the variable hydraulic conductivity,  is the 

antecedent soil-water content,  is the saturated area of the overland 

plume at time t (mm2),  and  are adopted to predict the 

relative hydraulic conductivity based on the soil-water retention curve.

2.4 Model validation

The considered catchment area is Wangmaogou. A 2-m grid is selected

for model  validation purposes,  and the Wangmaogou hydrological  station
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at the outlet  of the Wangmaogou watershed is  selected to acquire rainfall

data. The rainfall period lasts from 0:25 on July 15, 2012, to 5:25 on July

15 ,  2012 ,  and  the  ra in fa l l  r e tu rn  per iod  i s  100  years ,  a s  shown in  F ig .  3 .

M e a s u r e d  d i s c h a r g e  d a t a  a r e  a l s o  p r o v i d e d  b y  t h e  W a n g m a o g o u

hydrological station.  The Manning coefficient of the different land uses is

de te rmined  based  on  the  Manning  coeff ic i en t  o f  Engman  (1986) ,  and  the

p a r a m e t e r s  o f  t h e  G r e e n - A m p t  i n f i l t r a t i o n  m o d e l  a r e  r e t r i e v e d  f r o m  t h e

l i te rature (Zhong,  Chao,  & Dong,  2008) .  The s imulat ion  t ime is  se t  to  10

h .  B e c a u s e  o f  h e a v y  r a i n ,  t h e  s i m u l a t i o n  t i m e  i s  s h o r t ,  a n d

e v a p o t r a n s p i r a t i o n  a n d  p l a n t  i n t e r c e p t i o n  a r e  n o t  c o n s i d e r e d .  T h e

performance of  the  model  is  evaluated with the Nash-Sutcl i ffe  eff ic iency

(NSE).

                     (10)

where  is the length of the data series,   is the observation date ,

 is the simulated date, and  is the mean observed value. When NSE is

1, the simulation result is ideal, and when NSE varies between 0.75 and 1,

t h e  s i m u l a t i o n  r e s u l t  i s  v e r y  g o o d .  W h e n  N S E  v a r i e s  b e t w e e n  0 . 6 5  a n d

0 . 7 5 ,  t h e  s i m u l a t i o n  r e s u l t  i s  g o o d ,  a n d  w h e n  N S E  r a n g e s  f r o m  0 . 5  t o

0.65, the simulation result is satisfactory. In contrast, when NSE is lower

than 0.5, the simulation result is unsatisfactory (Moriasi et al., 2007).

Fig. 3 Rainfall process in the study area

F i g .  4  s h o w s  t h a t  i n  t h e  c a s e  o f  t h e  2 - m  g r i d ,  t h e  s i m u l a t i o n  r e s u l t s

p e r t a i n i n g  t o  t h e  w h o l e  s t u d y  a r e a  a r e  c o n s i s t e n t  w i t h  t h e  t r e n d  o f  t h e

measured data, but the peak lag is approximately 0.5 h. Moreover, the flow

d i s s i p a t i o n  p r o c e s s  o c c u r s  s l i g h t l y  f a s t e r ,  w h i c h  m a y  b e  c a u s e d  b y  t h e
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e r r o r  i n  l a n d  u s e  i n t e r p r e t a t i o n  b a s e d  o n  r e m o t e  s e n s i n g  d a t a ,  b u t  t h e

o v e r a l l  e f f e c t  i s  g o o d .  T h e  N S E  v a l u e  i s  0 . 7 8 ,  w h i c h  m e e t s  t h e

requirements.

Fig. 4 Comparison of the observed and simulated discharge processes

3. Results and discussion

3 . 1  E f f e c t  o f  t h e  D E M  a c c u r a c y  o n  d e p r e s s i o n  s t o r a g e  ( D S )  i n  t h e

overall study area under infiltration

T h e  r e s o l u t i o n  o f  t h e  o r i g i n a l  D E M  o f  t h e  s t u d y  a r e a  i s  2

m 2 m and contains 1606 1710 cells. To determine the influence of grid

c o a r s e n i n g  o n  t h e  l e v e l  o f  d e t a i l  g e n e r a t e d  w i t h  t h e  D E M ,  f o u r  n e w

computing regions with resolutions of 4 m 4 m, 10 m 10 m, 20 m 20 m

and  40  m 40  m a re  ob ta ined  v i a  r e sampl ing ,  and  the  cor re spond ing  g r id

n u m b e r s  a r e  8 0 38 5 5 ,  3 2 1 3 4 2 ,  1 6 1 1 7 1  a n d  8 0 8 6 ,  r e s p e c t i v e l y.  T h e

i n p u t  D E M s  i n  e a c h  s i m u l a t i o n  c a s e  a r e  s h o w n  i n  F i g .  5 . To  r e v e a l  t h e

effect of the grid resolution on the terrain more clearly, the local terrain is

e n l a r g e d .  T h e  d i f f e r e n c e s  b e t w e e n  t h e s e  s e v e n  D E M s  r e s u l t e d  f r o m  t h e

i n t e r p o l a t i o n  s t a g e  d u r i n g  D E M  c o n s t r u c t i o n .  F i g .  5  s h o w s  t h a t  w i t h

increasing grid resolution, the map gradually appears to be blocked.

Fig. 5 Comparison of the computational regions with the different resolutions

U n d e r  r a i n f a l l  r e t u r n  p e r i o d s  o f  P = 1 ,  P = 2 ,  P = 1 0  a n d  P = 5 0 ,  t h e  D S

t i m e  l a g s  b e h i n d  t h e  r a i n f a l l ,  w h i c h  i s  m a n i f e s t e d  a s  t h e  m a x i m u m  D S

t ime  occur r ing  l a te r  than  the  peak  ra in fa l l  t ime (F ig .  6 ) .  Under  a  r a in fa l l

r e t u r n  p e r i o d  o f  P = 1  ( F i g .  6  ( a ) ) ,  t h e  r a i n f a l l  p e a k  o c c u r s  a t  3 0 6 0  s ,  t h e

m a x i m u m  r a i n f a l l  r e a c h e s  5 9 . 7 9 6  m m ,  a n d  t h e  c o r r e s p o n d i n g  m a x i m u m

D S  t i m e  i s  6 3 0 0  s ,  w h i c h  i s  3 2 4 0  s  b e h i n d  t h e  r a i n f a l l  p e a k .  U n d e r  a

rainfall return period of P=2 (Fig. 6 (b)), the peak rainfall occurs at 3060
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s ,  t h e  m a x i m u m  r a i n f a l l  r e a c h e s  8 4 . 5 6 0  m m ,  a n d  t h e  c o r r e s p o n d i n g

maximum DS times are 5220 s,  5580 s,  6660 s, 7020 s and 7200 s at  grid

resolutions of 2 m, 4 m, 10 m, 20 m and 40 m, respectively. Compared to

the rainfal l  peak, the t ime lag is  2160 s,  2520 s,  3600 s,  3960 s and 4140

s ,  r e s p e c t i v e l y .  U n d e r  a  r a i n f a l l  r e t u r n  p e r i o d  o f  P = 1 0  ( F i g .  6  ( c ) ) ,  t h e

r a i n f a l l  p e a k  o c c u r s  a t  3 0 6 0  s ,  a n d  t h e  m a x i m u m  r a i n f a l l  r e a c h e s

1 4 2 . 0 5 8  m m.  T h e  c o r r e s p o n d i n g  m a x i m u m  D S  t i m e  i s 4 6 8 0  s  a t  a  g r i d

re so lu t ion  o f  2  and  4  m ,  6300  s  a t  a  g r id  r es o lu t ion  o f  10  m,  7380  s  a t  a

grid resolution of 20 and 40 m. Compared to the rainfall peak, the time lag

i s  1 6 2 0  s ,  1 8 0 0  s ,  3 2 4 0  s ,  4 3 2 0  s a n d  4 3 2 0  s ,  r e s p e c t i v e l y .  U n d e r  a

rainfall return period of P=50 (Fig. 6 (d)), the peak rainfall occurs at 3060

s,  and the maximum ra infa l l  reaches  199.552 mm. The corresponding DS

m a x i m u m  t i m e s  a r e 4 3 2 0  s ,  4 5 0 0  s ,  5 4 0 0  s ,  7 3 8 0  s  a n d  7 3 8 0  s  a t  a  g r i d

reso lu t ion  o f  2  m,  4  m,  10  m,  20  m and 40  m,  respec t ive ly.  Compared  to

the rainfall peak, the peak value time lag is 1260 s, 1440 s, 2340 s, 4320 s

and 4320 s, respectively. 

Based on the above data, it is found that under a rainfall return period

o f  P = 1 ,  b e c a u s e  t h e  r a i n f a l l  i s  r e l a t i v e l y  l o w,  t h e  m a x i m u m  D S  t i m e  i s

cons i s ten t  and  unaffec ted  by  the  g r id  reso lu t ion .  With  increas ing  ra infa l l

i n t e n s i t y ,  t h e  o c c u r r e n c e  t i m e  o f  t h e  m a x i m u m  D S  v a l u e  c o n s i d e r i n g

r a i n f a l l  r e t u r n  p e r i o d s  o f  P = 2 ,  P = 1 0  a n d  P = 5 0  g r a d u a l l y  i n c r e a s e s  w i t h

i n c r e a s i n g  g r i d  r e s o l u t i o n ,  b u t  c e r t a i n  d i f f e r e n c e s  r e m a i n . F o r  e x a m p l e ,

considering rainfall  return periods of P=1 and P=50 and a grid resolution

of 20 and 40 m, the maximum DS value occurs at 7380 s, which indicates

t h a t  t h e  c a l c u l a t e d  r e s u l t s  r e m a i n  b a s i c a l l y  c o n s i s t e n t  w h e n  t h e  r a i n f a l l

i n t e n s i t y  i s  s u f f i c i e n t l y  h i g h  a n d  a  c o a r s e  g r i d  r e s o l u t i o n  i s  a d o p t e d .  I n

add i t ion ,  F ig .  6  shows  tha t  the  g r id  reso lu t ion  exer t s  a  ce r ta in  impac t  on

D S . W i t h  t h e  o c c u r r e n c e  o f  r a i n f a l l ,  t h e  D S  v a l u e  s h a r p l y  i n c r e a s e s  a t

first, then tends to remain stable and finally gradually decreases.
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Fig. 6 shows the variation in the DS value over time with the rainfall

at the different grid resolutions. As shown in Fig. 6 (a), the DS trend is 10

m > 20 m > 40 m > 4 m > 2 m, and Fig.  6  (b)  shows that the DS trend is

20 m>40 m>10 m>2 m>4 m, while based on Fig. 6 (c), the DS trend is 40

m>20 m>10 m>4 m>2 m. As shown in Fig. 6 (d), the DS trend is 40 m>20

m>10  m>4  m>2  m. The  g r id  r es o lu t ion  imposes  l i t t l e  e ff ec t  on  DS  when

t h e  r a i n f a l l  r e t u r n  p e r i o d  i s  P = 1  a n d  P = 2  ( F i g .  6  ( a )  a n d  F i g .  6  ( b ) ) .

However, under rainfall  return periods of P=10 and P=50, the trend of 40

m > 20 m > 10 m > 4 m > 2 m is observed. Moreover, the results based on

the 50-year return period reveal that the grid resolution greatly influences

DS under heavy rainfall.

Fig. 6 Effect of the different DEM spatial resolutions on DS

Under a rainfall return period of P=1, topographic water maps at grid

r e s o l u t i o n s  o f  2  m ,  4  m ,  1 0  m ,  2 0  m  a n d  4 0  m  a r e  s h o w n  i n  F i g .  7 .

The results indicate that at a grid resolution of 2 m, 4 m, 10 m, 20 m and

4 0  m ,  t h e  c o r r e s p o n d i n g  m a x i m u m  D S  c a p a c i t y  r e a c h e s  8 0 1 2 5 . 0 9 4

m3,  8 0 1 8 6 . 5 9 7  m3,  8 0 6 5 4 . 2 0 4  m3,  8 0 3 2 1 . 6 4 3  m3  a n d  7 9 8 4 9 . 3 7 0  m3,

r e s p e c t i v e l y . C o m p a r e d  t o  t h e  2 - m  g r i d  r e s o l u t i o n ,  t h e  m a x i m u m  D S

c a p a c i t y  i n c r e a s e s  b y  0 . 7 7 % ,  0 . 6 6 % ,  0 . 2 5 %  a n d  - 0 . 3 4 %  a t  a  g r i d

resolution of 4 m, 10 m, 20 m and 40 m, respectively.

Fig. 7 Corresponding time of maximum storage and DS distribution (P=1)

Cons i de r ing  a  r a in f a l l  r e t u rn  pe r iod  o f  P = 2 ,  t opog raph i c  w a te r  m aps

at grid resolutions of 2 m, 4 m, 10 m, 20 m and 40 m are shown in Fig. 8.

The  re su l t s  r evea l  tha t  when  the  g r id  re so lu t ion  i s  2  m ,  4  m,  10  m,  20  m

a n d  4 0  m ,  t h e  c o r r e s p o n d i n g  m a x i m u m  D S  c a p a c i t y  r e a c h e s  11 9 5 9 2 . 2 7 3

m3,  1 2 0 5 1 7 . 3 6 4  m3,  1 2 4 0 3 3 . 9 2 4  m3,  1 2 3 9 5 3 . 2 9 9  m3 a n d  1 2 3 2 6 4 . 2 6 2  m3,

r e s p e c t i v e l y . C o m p a r e d  t o  t h e  2 - m  g r i d  r e s o l u t i o n ,  t h e  m a x i m u m  D S
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capacity increases by 0.77%, 3.71%, 3.65% and 3.07% at a grid resolution

of 4 m, 10 m, 20 m and 40 m, respectively.

Fig. 8 Corresponding time of maximum storage and DS distribution (P=2)

Under a rainfall return period of P=10, topographic water maps at grid

r e s o l u t i o n s  o f  2  m ,  4  m ,  1 0  m ,  2 0  m  a n d  4 0  m  a r e  s h o w n  i n  F i g .  9 .  T h e

r e s u l t s  s h o w  t h a t  t h e  c o r r e s p o n d i n g  m a x i m u m  D S  c a p a c i t y  r e a c h e s

2 0 2 1 6 2 . 5 5 1  m3,  2 0 4 8 9 8 . 8 5 0  m3,  2 1 6 9 6 1 . 4 9 2  m3,  2 2 6 2 9 9 . 1 8 1  m3 a n d

2 2 7 4 4 6 . 2 2 4  m3 a t  a  g r i d  r e s o l u t i o n  o f  2  m ,  4  m ,  1 0  m ,  2 0  m  a n d  4 0  m ,

r e s p e c t i v e l y . C o m p a r e d  t o  t h e  2 - m  g r i d  r e s o l u t i o n ,  t h e  m a x i m u m  D S

c a p a c i t y  i n c r e a s e s  b y  1 . 3 5 % ,  7 . 3 2 % ,  1 1 . 9 4 %  a n d  1 2 . 5 1 %  a t  a  g r i d

resolution of 4 m, 10 m, 20 m and 40 m, respectively.

Fig. 9 Corresponding time of maximum storage and DS distribution (P=10)

Considering a rainfall return period of P=50, topographic water maps

at  a  gr id  resolu t ion  of  2  m,  4  m,  10  m,  20  m and 40 m are  shown in  F ig .

10. The results demonstrate that at a grid resolution of 2 m, 4 m, 10 m, 20

m and 40 m, the corresponding maximum DS capacity reaches 279762.009

m3,  2 8 3 7 6 2 . 5 6 7  m3,  3 0 0 4 9 3 . 3 6 3  m3,  3 2 6 6 9 1 . 9 9 1  m3 a n d  3 3 11 2 7 . 8 1 4  m3,

r e s p e c t i v e l y .  C o m p a r e d  t o  t h e  2 - m  g r i d  r e s o l u t i o n ,  t h e  m a x i m u m  D S

c a p a c i t y  i n c r e a s e s  b y  1 . 4 3 % ,  7 . 4 1 % ,  1 6 . 7 7 %  a n d  1 8 . 3 6 %  a t  a  g r i d

resolution of 4 m, 10 m, 20 m and 40 m, respectively.

Fig. 10 Corresponding time of maximum storage and DS distribution (P=50)

The above results indicate that the grid resolution exerts an important

i n f l u e n c e  o n  t h e  D S  c a p a c i t y  u n d e r  t h e  d i f f e r e n t  r a i n f a l l  r e t u r n  p e r i o d s

(Figs. 7-10). Except for the rainfall return period of P = 50, the influence

o f  t h e  g r i d  r e s o l u t i o n  o n  t h e  m a x i m u m  D S  c a p a c i t y  r e v e a l s  t h a t  t h e

m a x i m u m  s t o r a g e  c a p a c i t y  f i r s t  i n c r e a s e s  a n d  t h e n  d e c r e a s e s  w i t h

increasing grid resolution. Considering rainfall return periods of P=1 and
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P = 2 ,  t h e  p e a k  D S  v a l u e  o c c u r s  a t  t h e  2 0 -  a n d  1 0 - m  g r i d  r e s o l u t i o n s ,

respectively, and the maximum DS value differs little between the 10- and

2 0 - m  g r i d  r e s o l u t i o n s  ( w i t h  a  r e l a t i v e  e r r o r  o f  0 . 0 6 % ) .  H o w e v e r ,  n o

maximum DS capaci ty i s  observed under  a  rainfal l  re turn per iod of  P=10

and  P=50  (F ig .  11 ) ,  whe re  t he  d i f fe rence  in  maximum DS va lue  be tween

t h e  g r i d  r e s o l u t i o n s  o f  2 0  a n d  4 0  m  i s  o n l y  0 . 5 7 %  a n d  1 . 5 9 % ,

r e s p e c t i v e l y .  C o m p a r e d  t o  t h e  t o t a l  a r e a ,  t h e s e  d i f f e r e n c e s  a r e  s m a l l .

T h e r e f o r e ,  a l t h o u g h  a  m a x i m u m  D S  v a l u e  i s  n o t  f o u n d  w h e n  P = 1 0  a n d

P=50, compared to the low grid resolution, a certain grid resolution trend

e x i s t s  i n v o l v i n g  D S  m a x i m i z a t i o n .  T h i s  r e s u l t  i s  e x p e c t e d  c o n s i d e r i n g

t h a t  t h e  p e a k  d i s c h a r g e  r e m a i n s  t h e  s a m e  f o r  m o d e l s  o f  a l l  g r i d  s i z e s  i n

t h e  e x t r e m e  c a s e s  w i t h  ( 1 )  n o  s u r f a c e  s a t u r a t i o n  a t  a  v e r y  l o w  r a i n f a l l

i n t e n s i t y  a n d  ( 2 )  c o m p l e t e  s u r f a c e  s a t u r a t i o n  a t  a  v e r y  h i g h  r a i n f a l l

intensity.

This result indicates that there is a DEM grid resolution value beyond

which the computed hydrologic response is less sensitive to the grid size.

T h i s  m a y  b e  a t t r i b u t e d  t o  s o i l - w a t e r  d e f i c i e n c y  i n c o n s i s t e n c i e s  a n d  t h e

consideration of stable infiltration in the models. The variation in rainfall

r e t u r n  p e r i o d  l e a d s  t o  d i f f e r e n t  r a i n f a l l  a m o u n t s ,  a n d  r a i n f a l l  m u s t  m e e t

t h e  i n f i l t r a t i o n  d e m a n d  b e f o r e  r u n o f f  c a n  b e  g e n e r a t e d .  H o w e v e r ,  t h e

i n f i l t r a t i o n  r a t e  i n  t h e  a r e a  r e m a i n s  c o n s t a n t ,  w h i c h  r e s u l t s  i n  t h e

g e n e r a t i o n  o f  r a i n f a l l  r u n o f f  u n d e r  a  s h o r t  r e t u r n  p e r i o d  o c c u r r i n g  l a t e r

than that occurring under a long return period. This suggests that the soil

i s  m o r e  l i k e l y  t o  b e c o m e  q u i c k l y  s a t u r a t e d  u n d e r  a  l o n g  r a i n f a l l  r e t u r n

p e r i o d ,  t h e  s a t u r a t e d  a r e a  i n c r e a s e s ,  a n d  a  l a r g e  s o i l  a r e a  b e c o m e s

s a t u r a t e d .  T h e r e f o r e ,  t h e  p r o b a b i l i t y  o f  r u n o f f  g e n e r a t i o n  i s  h i g h e r ,  a n d

r u n o f f  o c c u r s  e a r l i e r .  W h e n  t h e  r a i n f a l l  r e t u r n  p e r i o d  i s  P  =  5 0  i n  t h i s

s t u d y,  h e a v y  r a i n f a l l  c o m p l e t e l y  s a t u r a t e s  t h e  s o i l  s u r f a c e  w i t h i n  a  s h o r t

time, resulting in a certain unpredictability of the calculation results. The
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r e a s o n  f o r  t h i s  p h e n o m e n o n  i s  t h a t  w i t h  i n c r e a s i n g  g r i d  r e s o l u t i o n ,  t h e

grid spacing gradually increases, and the grid size varies due to changes in

the  gr id  resolut ion.  In  th is  process ,  a  gr id “blanket”  phenomenon occurs ,

w h i c h  r e s u l t s  i n  p a r t s  o f  t h e  t e r r a i n  b e l o n g i n g  t o  d e p r e s s i o n s  a t  t h e

p r e v i o u s  r e s o l u t i o n  n o  l o n g e r  c o n t r i b u t i n g  t o  d e p r e s s i o n s  a t  t h e  n e x t

resolution. Although the number of depressions decreases, the area of the

d e t e r m i n e d  d e p r e s s i o n s  i n c r e a s e s  ( F i g .  1 1 ) ,  w h i c h  a l s o  i n c r e a s e s  D S .

T h e r e f o r e ,  u n d e r  t h e  s a m e  r a i n f a l l  r e t u r n  p e r i o d ,  D S  i n c r e a s e s  w i t h

increasing grid resolution. However, a certain grid resolution value exists

where the peak DS value is attained.

Fig. 11 Change in the maximum DS capacity with the grid resolution in the overall

study area under infiltration

3.2 Effect  of  the  DEM accuracy  on depress ion s torage (DS)  in  a  loca l

study area under infiltration

To further examine the effect of the different DEM resolutions on DS,

a  l o c a l  s t u d y  a r e a  i s  s e l e c t e d  w i t h i n  t h e  o v e r a l l  s t u d y  a r e a  ( a s  s h o w n  i n

Fig.  12).  The resolution of the newly generated DEM is 2 m2 m, with a

to t a l  o f  486 326  g r id s .  Th rough  r e s amp l ing ,  new  loc a l  c a l cu l a t i on  a r ea s

with DEM resolutions of 4 m 4 m, 10 m 10 m, 20 m 20 m and 40 m 40

m are obtained, and the corresponding grid numbers are 243 163, 97 65,

49 33 and 24 16, respectively. Any differences between these DEMs are

the result of the interpolation stage during DEM construction.

Fig. 12 Comparison of the computational regions with the different resolutions

W h e n  t h e  r a i n f a l l  r e t u r n  p e r i o d  i s  P = 1 ,  P = 2 ,  P = 1 0  a n d  P = 5 0  ( F i g .

1 2 ) , t h e  w a t e r  s t o r a g e  t i m e  i n  t h e  l o c a l  s t u d y  a r e a  i s  t h e  s a m e  a s  t h a t  i n

the whole study area, which demonstrates that the water storage process in

d e p r e s s i o n s  l a g s  b e h i n d  t h e  r a i n f a l l  p r o c e s s ,  a n d  t h e  m a x i m u m  w a t e r
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s t o r a g e  t i m e  i n  d e p r e s s i o n s  l a g s  b e h i n d  t h e  p e a k  r a i n f a l l  t i m e .

U n d e r  a  r a i n f a l l  r e t u r n  p e r i o d  o f  P = 1  ( F i g .  1 2  ( a ) ) ,  t h e  p e a k  r a i n f a l l

o c c u r s  a t  3 0 6 0  s ,  t h e  m a x i m u m  r a i n f a l l  r e a c h e s  5 9 . 7 9 6  m m ,  a n d  t h e

corresponding maximum DS time is 3240 s, 6660 s, 6660 s and 6840 s at a

grid resolution of 2 m, 4 m, 10 m, 20 m and 40 m, respectively. Compared

to the rainfall peak, the time lag is 180 s, 3600 s, 3600 s, 3780 s and 3600

s, respectively. Considering a rainfall  return period of P= 2 (Fig.  12 (b)) ,

t h e  r a i n f a l l  p e a k  o c c u r s  a t  3 0 6 0  s ,  t h e  m a x i m u m  r a i n f a l l  r e a c h e s  8 4 . 5 6 0

m m ,  a n d  t h e  c o r r e s p o n d i n g  m a x i m u m  D S  t i m e  i s  3 2 4 0  s  a t  a  g r i d

resolution of 2 m and is 7380 s at a grid resolution of 4 m, 10 m, 20 m and

40 m. Compared to the rainfall peak, the time lag is 180 s, 4320 s, 4320 s,

43 20  s  a nd  4 32 0  s ,  r e s p e c t i ve l y.  Wh e n  th e  r a i n f a l l  r e t u rn  p e r i od  i s  P = 1 0

(Fig. 12 (c)), the peak rainfall occurs at 3060 s, and the maximum rainfall

reaches 142.058 mm. The corresponding maximum DS time is 3240 s at a

grid resolution of 2 m and is 4860 s at a grid resolution of 4 m, 10 m, 20 m

a n d  4 0  m .  C o m p a r e d  t o  t h e  r a i n f a l l  p e a k ,  t h e  t i m e  l a g  i s  1 8 0  s ,  4 3 2 0  s ,

4320 s,  4320 s and 4320 s,  respect ively.  Under a rainfall  return period of

P = 5 0  ( F i g .  1 2  ( d ) ) ,  t h e  p e a k  r a i n f a l l  o c c u r s  a t  3 0 6 0  s ,  t h e  m a x i m u m

rainfall reaches 199.552 mm, and the corresponding maximum DS time is

3240 s at a grid resolution of 2 m and is 7380 s at a grid resolution is 4 m,

10 m,  20 m and 40 m.  Compared to  the  ra infa l l  peak,  the  t ime lag is  180

s, 4320 s, 4320 s, 4320 s and 4320 s, respectively.

T h e  a b o v e  r e s u l t s  d e m o n s t r a t e  t h a t  e x c e p t  f o r  t h e  r a i n f a l l  r e t u r n

p e r i o d  o f  P  =  1 ,  t h e  m a x i m u m  D S  v a l u e  u n d e r  t h e  o t h e r  t h r e e  r a i n f a l l

return periods at the different resolutions occurs at the same time. Except

f o r  t h e  2 - m  g r i d  r e s o l u t i o n ,  t h e  t i m e  t o  r e a c h  t h e  m a x i m u m  D S  v a l u e

r e m a i n s  t h e  s a m e  ( 7 3 8 0  s ) .  T h i s  m a y  b e  r e l a t e d  t o  t h e  a r e a  s i z e  a n d

rainfall level. In addition, considering a rainfall return period of P=1, the

m a x i m u m  D S  t i m e  r e m a i n s  c o n s i s t e n t  d u e  t o  t h e  r e l a t i v e l y  l o w  r a i n f a l l ,
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which is unaffected by the grid resolution. In addition, Fig. 13 shows that

the  change  in  g r id  resolu t ion  impact s  DS.  Wi th  inc reas ing  ra in fa l l  r e tu rn

per iod ,  t he  DS capac i ty  f i r s t  sharp ly  inc rea se s  and  then  t ends  t o  s t ead i ly

decrease (Fig. 13), and the variation in DS at the different grid resolutions

r e v e a l s  t h e  s a m e  t r e n d  ( 2 0  m > 4 0  m > 1 0  m > 4  m > 2  m ) ,  w h i c h  d o e s  n o t

c h a n g e  w i t h  t h e  r a i n f a l l  r e t u r n  p e r i o d . T h e s e  r e s u l t s  s h o w  t h a t  t h e  D S

capacity increases with increasing grid resolution, and the DS capacity is

the highest at a grid resolution of 20 m. This trend is basically consistent

w i t h  t h e  t r e n d  o f  t h e  o v e r a l l  s t u d y  a r e a ,  w h i c h  f u r t h e r  v e r i f i e s  t h a t  t h e

grid resolution influences DS.  However, the results obtained with the 20-m

res o lu t i on  g r id  do  no t  f o l l ow  th i s  r u l e ,  wh i ch  may  oc cu r  beca use  t he  D S

capaci ty  increases  wi th  increasing  gr id  resolu t ion  wi th in  a  cer ta in  range ,

a n d  b e y o n d  t h i s  r a n g e ,  t h e  D S  c a p a c i t y  d e c r e a s e s  w i t h  i n c r e a s i n g  g r i d

r e s o l u t i o n .  Z h a n g  a n d  M o n t g o m e r y  (Z h a n g ,  &  M o n t g o m e r y ,  1 9 9 4)

assessed the impact of the DEM grid size on landscape representation and

h y d r o l o g i c  s i m u l a t i o n s .  T h e i r  a n a l y s e s  s u g g e s t e d  t h a t  f o r  m a n y

l a n d s c a p e s ,  a  1 0 - m  g r i d  s i z e  r e p r e s e n t s  a  r a t i o n a l  t r a d e o f f  b e t w e e n  t h e

r e s o l u t i o n  a n d  d a t a  v o l u m e  i n  t h e  s i m u l a t i o n  o f  g e o m o r p h i c  a n d

hydrological processes.

Fig. 13 Effect of the different DEM spatial resolutions on DS

A  t o p o g r a p h i c  w a t e r  m a p  u n d e r  a  r a i n f a l l  r e t u r n  p e r i o d  o f  P = 1  i s

s h o w n  i n  F i g .  1 4 .  T h e  r e s u l t s  r e v e a l  t h a t  t h e  m a x i m u m  D S  c a p a c i t y  i s

3442.324 m3, 6974.789 m3, 8888.885 m3, 9468.357 m3 and 8945.866 m3 at

a  g r i d  r e s o l u t i o n  o f  2  m ,  4  m ,  1 0  m ,  2 0  m  a n d  4 0  m ,  r e s p e c t i v e l y .

Compared to the 2-m grid resolution, the maximum DS capacity increases

by 100.03%, 100.58%, 100.75% and 100.60% at a grid resolution of 4 m,

10 m, 20 m and 40 m, respectively.
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Fig. 14 Corresponding time of maximum storage and DS distribution (P=1)

As shown in Fig. 15, the topographic water map considering a rainfall

r e t u r n  p e r i o d  o f  P = 2  s h o w s  t h a t  t h e  m a x i m u m  D S  c a p a c i t y  r e a c h e s

4962.456 m3,  10704.740 m3,  13617.712 m3,  14478.020 m3 and 13718.646

m3 a t  a  g r i d  r e s o l u t i o n  o f  2  m ,  4  m ,  1 0  m ,  2 0  m  a n d  4 0  m ,  r e s p e c t i v e l y.

Compared to the 2-m grid resolution, at a grid resolution of 4 m, 10 m, 20

m and  40  m ,  t he  m ax im um D S c apac i ty  i nc r ea s e s  by  115 .71%,  174 .41%,

191.75% and 176.45%, respectively.

Fig. 15 Corresponding time of maximum storage and DS distribution (P=2)

U n d e r  a  r a i n f a l l  r e t u r n  p e r i o d  P = 1 0 ,  a  t o p o g r a p h i c  w a t e r  m a p  i s

s h o w n  i n  F i g .  1 6 .  T h e  r e s u l t s  i n d i c a t e  t h a t  t h e  m a x i m u m  D S  c a p a c i t y

r e a c h e s  8 4 8 2 . 8 4 1  m3,  1 9 4 2 5 . 1 2 6  m3,  2 4 6 8 0 . 0 3 9  m3,  2 6 1 7 6 . 8 4 0  m3 a n d

2 4 9 1 4 . 7 2 7  m3 a t  a  g r i d  r e s o l u t i o n  o f  2  m ,  4  m ,  1 0  m ,  2 0  m  a n d  4 0  m ,

r e s p e c t i v e l y .  C o m p a r e d  t o  t h e  2 - m  r e s o l u t i o n  g r i d ,  t h e  m a x i m u m  D S

capacity increases by 128.99%, 190.94%, 208.59% and 193.71% at a grid

resolution of 4 m, 10 m, 20 m and 40 m, respectively.

Fig. 16 Corresponding time of maximum storage and DS distribution (P=10)

A topographic water map considering a rainfall return period of P=50

i s  s h o w n  i n  F i g .  1 7 .  T h e  r e s u l t s  r e v e a l  t h a t  t h e  m a x i m u m  D S  c a p a c i t y

r e a c h e s  1 1 9 7 0 . 7 8 4  m3,  2 8 1 3 6 . 9 2 1  m3,  3 5 7 4 1 . 9 8 3  m3,  3 7 8 7 5 . 7 6 4  m3 a n d

3 6 1 1 0 . 9 5 3  m3 a t  a  g r i d  r e s o l u t i o n  o f  2  m ,  4  m ,  1 0  m ,  2 0  m  a n d  4 0  m ,

r e s p e c t i v e l y . C o m p a r e d  t o  t h e  2 - m  g r i d  r e s o l u t i o n ,  t h e  m a x i m u m  D S

capacity increases by 135.05%, 198.58%, 216.40% and 201.66% at a grid

resolution of 4 m, 10 m, 20 m and 40 m, respectively.

Fig. 17 Corresponding time of maximum storage and DS distribution (P=50)

According to the above results and relationship between the maximum

D S  c a p a c i t y  a n d  g r i d  r e s o l u t i o n  ( F i g .  1 8 ) ,  t h e  g r i d  r e s o l u t i o n  e x e r t s  a n
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i m p o r t a n t  i n f l u e n c e  o n  t h e  D S  c a p a c i t y.  Wi t h  i n c r e a s i n g  g r i d  r e s o l u t i o n ,

t h e  m a x i m u m  D S  c a p a c i t y  e x h i b i t s  a  t r e n d  o f  i n c r e a s i n g  f i r s t  a n d  t h e n

d e c r e a s i n g ,  a n d  p e a k  v a l u e s  a r e  o b s e r v e d  a t  t h e  2 0 - m  g r i d  r e s o l u t i o n .

C o m p a r e d  t o  t h e  w h o l e  c a l c u l a t i o n  a r e a ,  t h e  D S  t r e n d  i n  t h e  l o c a l

c a l c u l a t i o n  a r e a  i s  m o r e  s t a b l e .  T h i s  p h e n o m e n o n  v e r i f i e s  t h a t  u n d e r  t h e

s a m e  c o n d i t i o n s ,  t h e  t r e n d  o b t a i n e d  d e s c r i b i n g  t h e  o v e r a l l  s t u d y  a r e a  i s

a l s o  s u i t a b l e  f o r  t h e  l o c a l  s t u d y  a r e a ,  a n d  t h e  s i m u l a t e d  D S  t r e n d  i n  t h e

loca l  a r ea  r ema ins  more  s t ab l e .  The  r e a s on  fo r  t he s e  r e s u l t s  i s  s im i l a r  t o

that for the overall research area (as described in section 3.1).

Fig. 18 Change in the maximum DS capacity with the grid resolution in the local

study area under infiltration

3 . 3 E f f e c t  o f  t h e  D E M  a c c u r a c y  o n  d e p r e s s i o n  s t o r a g e  ( D S )  o f  t h e

overall study area without infiltration

C o n s i d e r i n g  t h a t  i n f i l t r a t i o n  a l s o  a f f e c t s  D S ,  t h e  p r e v i o u s  t w o

s e c t i o n s  ( s e c t i o n s  3 . 1  a n d  3 . 2 )  a d o p t e d  a  c o n s t a n t  i n f i l t r a t i o n  r a t e  i n  t h e

calculations, and thus, in this section, DS variations considering different

g r i d  r e s o l u t i o n s  a n d  r a i n f a l l  r e t u r n  p e r i o d s  a r e  s t u d i e d  b y  s e t t i n g  t h e

infiltration rate to 0 in the overall study area of Wangmaogou.

Fig. 19 shows the relationship between the DS variation over time as

a  f u n c t i o n  o f  r a i n f a l l  a t  t h e  d i f f e r e n t  g r i d  r e s o l u t i o n s .  T h e  r e s u l t s  r e v e a l

that the change in grid resolution also impacts DS when infiltration is not

c o n s i d e r e d ,  a n d  w i t h  i n c r e a s i n g  r a i n f a l l  r e t u r n  p e r i o d ,  t h e  D S  v a r i a t i o n

t r e n d  s h a p e  i s  s i m i l a r  t o  t h e  q u a s i - a x i s y m m e t r i c  s h a p e  o f  t h e  r a i n f a l l

t r e n d ,  w h i c h  d e v i a t e s  f r o m  t h e  D S  c h a n g e  t r e n d  r e p o r t e d  i n  s e c t i o n s  3 . 1

a nd  3 .2 .  H ow e v e r,  i n  r e g a r d  t o  t he  r a in f a l l  p e ak ,  t he  p e ak  v a lu e s  a r e  t he

same with and without infiltration, and the DS trend is 20 m>4 m>2 m>10

m > 4 0  m  u n d e r  t h e  d i f f e r e n t  r a i n f a l l  r e t u r n  p e r i o d s ,  w h i c h  i s  a l s o

c o n s i s t e n t  w i t h  t h e  r e s u l t s  w h e n  c o n s i d e r i n g  i n f i l t r a t i o n .  T h i s  m a i n l y
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occurs because the initial rainfall  infiltrates into the soil when infiltration

is included,  and runoff  can only be produced when the soi l  is  completely

s a t u r a t e d .  I n  t h i s  p r o c e s s ,  b e c a u s e  t h e  r a i n f a l l  i n f i l t r a t i o n  r a t e  i n t o  t h e

s o i l  u n d e r  a  s h o r t  r e t u r n  p e r i o d  i s  l o w e r  t h a n  t h a t  u n d e r  a  l o n g  r e t u r n

period,  the DS capaci ty is  also affected.  However,  in the ideal  case of no

in f i l t r a t i on ,  r a in fa l l  d i r ec t l y  gene ra t es  runoff ,  t he  D S cu rve  r i se s  sha rp ly

a f t e r  r a i n f a l l  i n i t i a t i o n  a n d  t h e n  s l o w l y  d e c r e a s e s  a f t e r  i t s  p e a k .  T h e

n u m e r i c a l  d i f f e r e n c e  a t  t h e  e n d  o f  t h e  c u r v e  i s  r e l a t i v e l y  s m a l l  b e t w e e n

t h e  d i f f e r e n t  r e s o l u t i o n s .  H e n c e ,  t h e  D S  c u r v e  e x h i b i t s  a  q u a s i -

axisymmetric shape.

Fig. 19 Effect of the different DEM spatial resolutions on DS

Fig. 20 shows a topographic water map under a rainfall return period

of P=1. The maximum DS capacity reaches 32391.163 m3,  32387.163 m3,

3 2 3 0 5 . 1 6 6  m3,  3 2 4 9 7 . 5 7 8  m3 a n d  3 1 3 11 . 6 2 7  m3 a t  a  g r i d  r e s o l u t i o n  o f  2

m ,  4  m ,  1 0  m ,  2 0  m  a n d  4 0  m ,  r e s p e c t i v e l y .  C o m p a r e d  t o  t h e  2 - m  g r i d

resolution, the maximum DS capacity differs by -0.01%%, -0.02%, 0.03%

a n d  - 3 . 3 3 %  a t  a  g r i d  r e s o l u t i o n  o f  4  m ,  1 0  m ,  2 0  m  a n d  4 0  m ,

respectively.

Fig. 20 Corresponding time of maximum storage and DS distribution (P=1)

F i g .  2 1  s h ow s  a  t op og ra p h i c  w a t e r  m ap  c o ns i d e r i ng  a  r a i n f a l l  r e t u r n

p e r i o d  o f  P = 2 .  T h e  m a x i m u m  D S  c a p a c i t y  i s  4 5 8 2 8 . 7 7 8  m3,  4 5 8 3 9 . 9 8 4

m3, 45802.897 m3, 45993.106 m3 and 44714.091 m3 at a grid resolution of

2  m ,  4  m,  10  m,  20  m and  40  m,  r es pec t ive ly.  Compared  to  t he  2 -m g r id

resolution, the maximum DS capacity increases by 0.02%, -0.06%, 0.36%

a n d  - 2 . 4 3 %  a t  a  g r i d  r e s o l u t i o n  o f  4  m ,  1 0  m ,  2 0  m  a n d  4 0  m ,

respectively.

Fig. 21 Corresponding time of maximum storage and DS distribution (P=2)
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Fig. 22 shows a topographic water map under a rainfall return period

o f  P = 1 0 ,  t h e  r e s u l t s  d e m o n s t r a t e  t h a t  t h e  m a x i m u m  D S  c a p a c i t y  r e a c h e s

77031.272 m3, 77047.177 m3, 77025.945 m3, 77283.935 m3 and 75198.877

m3 a t  a  g r i d  r e s o l u t i o n  o f  2  m ,  4  m ,  1 0  m ,  2 0  m  a n d  4 0  m ,  r e s p e c t i v e l y.

Compared to the 2-m grid resolution, the maximum DS capacity increases

by 0.02%, -0.01%, 0.33% and -2.38% at a grid resolution of 4 m, 10 m, 20

m and 40 m, respectively.

Fig. 22 Corresponding time of maximum storage and DS distribution (P=10)

W i t h  t h e  u s e  o f  a  r a i n f a l l  r e t u r n  p e r i o d  o f  P = 5 0  ( F i g .  2 3 ) ,  t h e

m a x i m u m  D S  c a p a c i t y  i s  1 0 8 2 2 4 . 3 4 0  m3,  1 0 8 2 5 4 . 9 4 4  m3,  1 0 8 1 6 8 . 5 7 0

m3, 108613.341 m3 and 105779.238 m3 at a grid resolution of 2 m, 4 m, 10

m, 20 m and 40 m, respectively. Based on a comparison to the DS capacity

at  the 2-m grid resolut ion,  i t  i s  found that  a t  a  gr id resolut ion of  4  m,  10

m ,  2 0  m  a n d  4 0  m ,  t h e  m a x i m u m  D S  c a p a c i t y  i n c r e a s e s  b y  0 . 0 3 % ,  -

0.05%, - 0.36% and - 2.26%, respectively.

Fig. 23 Corresponding time of maximum storage and DS distribution (P=50)

Figs .  20-23 show the impact of  the rainfal l  return per iod on DS.  The

above analys is  indica tes  tha t  the  ra infa l l  re turn  per iod  a lso  affec t s  DS in

t h e  i d e a l  c a s e  w i t h o u t  i n f i l t r a t i o n ,  b u t  t h e  i m p a c t  i s  s m a l l e r  t h a n  t h a t  i n

t h e  c a s e  w i t h  i n f i l t r a t i o n .  T h e  n u m e r i c a l  d i f f e r e n c e  i s  w i t h i n  ±  0 . 0 2 %

b e t w e e n  t h e  g r i d  r e s o l u t i o n s  o f  2  m ,  4  m  a n d  1 0  m .  T h e  D S  c a p a c i t y

r e a c h e s  i t s  m a x i m u m  v a l u e  a t  a  g r i d  r e s o l u t i o n  o f  2 0  m  u n d e r  t h e

d i f f e r e n t  r a i n f a l l  r e t u r n  p e r i o d s .  T h e r e f o r e ,  i t  i s  c o n s i d e r e d  t h a t  a t  g r i d

r e s o l u t i o n s  1 0  m ,  t h e  i n f l u e n c e  o f  t h e  g r i d  r e s o l u t i o n  o n  D S  c a n  b e

i g n o r e d .  A t  g r i d  r e s o l u t i o n s  h i g h e r  t h a n  1 0  m ,  t h e  D S  c a p a c i t y  f i r s t

i n c r e a s e s  a n d  t h e n  d e c r e a s e s  w i t h  i n c r e a s i n g  g r i d  r e s o l u t i o n ,  a n d  t h e

m a x i m u m  D S  v a l u e  o c c u r s  a t  a  g r i d  r e s o l u t i o n  o f  2 0  m ,  w h i c h  i s

c o n s i s t e n t  w i t h  t h a t  d e t e r m i n e d  i n  t h e  c a s e  w i t h  i n f i l t r a t i o n .  T h i s  r e s u l t
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a g r e e s  w i t h  t h e  l a w  o b t a i n e d  i n  r e g a r d  t o  t h e  w h o l e  s t u d y  a r e a  w i t h

infiltration, and the reason for this phenomenon is the same as that for the

w h o l e  r e s e a r c h  a r e a  w i t h  i n f i l t r a t i o n .  H o w e v e r ,  w h e n  i n f i l t r a t i o n  i s  n o t

considered, the influence of the grid resolution on DS under the different

r a i n f a l l  r e t u r n  p e r i o d s  i s  s m a l l e r  t h a n  t h a t  i n  t h e  c a s e  w i t h  i n f i l t r a t i o n .

Therefore, it is concluded that infiltration also impacts DS.

Fig. 24 Change in the maximum DS capacity with the grid resolution in the overall

study area without infiltration

4. Conclusion

R e s a m p l i n g  i s  p e r f o r m e d  w i t h  2  m  a s  t h e  o r i g i n a l  g r i d  r e s o l u t i o n .

B a s e d  o n  t h e  t h e o r y  o f  S W E s a n d  D S  a n d  G A S T  m o d e l s ,  i n  t h i s  p a p e r ,

a f t e r  m o d e l  v a l i d a t i o n  a g a i n s t  m e a s u r e d  d a t a  ( N S E0 . 7 8 ) ,  t h e  i n f l u e n c e

of  the  gr id  resolu t ion  on  DS is  compared and analyzed between d i fferent

a r e a  s i z e s  ( o v e r a l l  a n d  l o c a l  a r e a s )  a n d  i n f i l t r a t i o n  c o n d i t i o n s  ( w i t h  a n d

without infiltration). Conclusions are presented below:

( 1 )  I n  t h e  w h o l e  a n d  l o c a l  s t u d y  a r e a s  c o n s i d e r i n g  i n f i l t r a t i o n ,  w i t h

increasing grid resolution and under a longer rainfall return period, the DS

c a p a c i t y  g r a d u a l l y  i n c r e a s e s  a t  a  D E M  g r i d  r e s o l u t i o n  l o w e r  t h a n  2 0  m ,

a n d  t h e  i n c r e a s i n g  t r e n d  b e c o m e s  i n c r e a s i n g l y  o b v i o u s  a t  a  l o w e r

r e s o l u t i o n  u n d e r  a  s h o r t  r a i n f a l l  r e t u r n  p e r i o d .  W h e n  t h e  D E M  g r i d

r e s o l u t i o n  i s  h i g h e r  t h a n  2 0  m ,  t h e  D S  i n c r e a s e  r a t e  t e n d s  t o  r e m a i n

constant or decreases.

(2) Under infiltration conditions, although the DS values in the whole

a n d  l o c a l  s t u d y  a r e a s  e x h i b i t  s i m i l a r  c h a n g e  t r e n d s  w i t h  t h e  v a r i a t i o n  i n

g r i d  r e s o l u t i o n ,  t h e  f l u c t u a t i o n  r a n g e  o f  t h e  D S  v a l u e s  i n  t h e  l o c a l

r e s e a r c h  a r e a s  i s  l a r g e r  t h a n  t h a t  i n  t h e  w h o l e  r e s e a r c h  a r e a  u n d e r  e a c h

rainfall return period.

( 3 ) W h e n  i n f i l t r a t i o n  i s  n o t  c o n s i d e r e d ,  t h e  D E M  g r i d  r e s o l u t i o n
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yie lds  l i t t le  e ffec t  on  DS.  In  th is  s tudy,  when the  DEM gr id  resolu t ion  is

lower than 20 m, the DS difference only ranges from approximately -0.05%

t o  0 . 3 6 % .  A t  a  D E M  g r i d  r e s o l u t i o n  h i g h e r  t h a n  2 0  m ,  t h e  D S  c a p a c i t y

g r a d u a l l y  d e c r e a s e s ,  a n d  t h e  c h a n g e  t r e n d  i s  t h e  s a m e  a s  t h a t  w h e n

infiltration is considered.

T h e  r e s e a r c h  a r e a  s i z e  a n d  i n f i l t r a t i o n  r a t e  a t  t h e  d i f f e r e n t  g r i d

resolutions affect DS. High-resolution terrain data of large areas increase

t h e  s t a b i l i t y  o f  D S  s i m u l a t i o n  v a l u e s .  I n  a d d i t i o n ,  i n f i l t r a t i o n  i s  a  f a c t o r

influencing DS. Therefore, it is very important to select reasonable terrain

data and infiltration process conditions in DS numerical simulation.

A C K N O W L E D G E M E N T S : T h i s  r e s e a r c h  w a s  s u p p o r t e d  b y  N a t i o n a l

N a t u r a l  S c i e n c e  F o u n d a t i o n  o f  C h i n a  ( 5 1 6 0 9 1 9 9 ) ;  N a t i o n a l  N a t u r a l

S c i e n c e  F o u n d a t i o n  o f  C h i n a  ( 5 2 0 0 9 1 0 4 ) ;  C h i n e s i s c h - D e u t s c h e s

Mobilitatsprogramm (M-0427). 

D A T A  A V A I L A B I L I T Y : P a r t i a l  d a t a  t h a t  s u p p o r t  t h e  f i n d i n g s  o f  t h i s

s t u d y  a r e  a v a i l a b l e  f r o m  t h e  r e f e r e n c e s  l i s t e d  i n  t h e  a r t i c l e ,  a n d  t h e

r e m a i n i n g  d a t a  a r e  a v a i l a b l e  f r o m  t h e  c o r r e s p o n d i n g  a u t h o r  u p o n

reasonable request.
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Figure legends

Fig. 1 Location and basic characteristics of Wangmaogou

Fig. 2 Rainfall at the different frequencies

Fig. 3 Rainfall process in the study area

Fig. 4 Comparison of the observed and simulated discharge processes

Fig. 5 Comparison of the computational regions with the different 

resolutions

Fig. 6 Effect of the different DEM spatial resolutions on DS

Fig. 7 Corresponding time of maximum storage and DS distribution 

(P=1)

Fig. 8 Corresponding time of maximum storage and DS distribution (P=2)

Fig. 9 Corresponding time of maximum storage and DS distribution 

(P=10)

Fig. 10 Corresponding time of maximum storage and DS distribution 

(P=50)

Fig. 11 Change in the maximum DS capacity with the grid resolution in 

the overall study area under infiltration

Fig. 12 Comparison of the computational regions with the different 

resolutions

Fig. 13 Effect of the different DEM spatial resolutions on DS

Fig. 14 Corresponding time of maximum storage and DS distribution 

(P=1)

Fig. 15 Corresponding time of maximum storage and DS distribution 

(P=2)

Fig. 16 Corresponding time of maximum storage and DS distribution 

(P=10)

Fig. 17 Corresponding time of maximum storage and DS distribution 

(P=50)
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Fig. 18 Change in the maximum DS capacity with the grid resolution in 

the local study area under infiltration

Fig. 19 Effect of the different DEM spatial resolutions on DS

Fig. 20 Corresponding time of maximum storage and DS distribution 

(P=1)

Fig. 21 Corresponding time of maximum storage and DS distribution 

(P=2)

Fig. 22 Corresponding time of maximum storage and DS distribution 

(P=10)

Fig. 23 Corresponding time of maximum storage and DS distribution 

(P=50)

Fig. 24 Change in the maximum DS capacity with the grid resolution in 

the overall study area without infiltration
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