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BLBE, I e 2 0oF 20 7 42 ik 9 20 2 1 R 4 T R AL
CEN
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57 i T A0 VA Al R R R 5T A8 o e v i AR T R
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SCHy MO T AL R ArcGIS 45 £ R A
F B IR, AW 4008 S & 1 B b R R BE P v
FEAE FIOE 2578 Ak iod 7, 9 R 3 T o0 e 13 3 AL 40
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o b Bl 2 R 25 kB AT TR I X A A o
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ABESER N TR W 50, 76 8 + i i 1
iz b 5 5 Hb el [ 58 H A S 00 B AL R KT
AT o R A mE 2 F 3L R R g, WSk e
16 m, [ % [ 7% 2¢ 30T 3K 21 [ 9K TR T % 0% TR 1Y
98% LA I, [T S B KT 85% o A HE R AR 0 35 +
1o JE BE B b 94 i B 5 PN S G T B Ik OB
FERCR KRR S5 M, AR . 3
K5 m 581 m & 0.5 m, By 200, S 1 IEAE W
) A 47843 okt g 8 AR 2ok AR DA R R ARl o 7R i 2
SR, AR R = PR R (R 1), B R
7 46 W 3R 3% 52 A 90 mm b~ BRI R A 2 K
i b, R GO 0% A8 AT A2, Ml 3R /N BRI,
KR V) SE IG 28 E 5 — 37 [ R 5 b 3% L BT 2 A
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SR B TR AR N e 2 T e 7 < AT

ST A R B A BV A e e S L, TR AR
T RPRLS BN 57.64% Rk N 18.01%
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Table 1 Designing of the experiment

Jren ok ] 528 )32 EEN ok W7 175
Rainfall intensity ~ Slope length  Duration of rainfall
Treatment
R(mmh™") L(m) D( min)
TO1 88.6 5 28.5
T02 87.1 5 18.3
TO3 89.3 5 17.8

i Iy o RSB T 7 RS L B B 2 min YO AR AR U VR
UDRE CRE I [) Sy 30 s, $H 53 BRI 42 00 1 AR I 5 1
i, BRES I BT AN, B A = T ) Ih P
Y — 7 B B A . B BT R, R
P = ZEHOC 18 00 R DR AT H I 3948, AL 4
MUY, % DEM $digic/E DO,D1,D2,D3, XK
S B AR ) 7 1) 0 A B9 e/ B R AT /N T 1 mm,
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1 mm , ZR45 5 4 s 800G 400 2074
1.2 HiE4hE

KM Cyclone & {F XF 41 4 fT 45 35 i1 DEM %5 45
PEAT W DR 5 S0 IR b PR, 25 BR JC AR TS A4 TR
— AR AR T S8 B I I DEM; 2 J5 4 B ArcGIS #t

g5

3 I B! R RTA N 1

Fig. 1 Rill networks extraction
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JIEESEEER

h. A
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A,
24

H = (2)

TFRE I T 47 41 45 58 5 00 BR 41 i 4 2R AO X IE 3R
MBS T 4% o A B ) 15 R 22 DEM G 5 [ £ By Avee-
GIS B AF 42 B 4 v 1 W (&1 1), 5 4% 40 78 9V K8
¥ 5 4R A - (18 2) (LA TR = 1em =200 IR LA
B E AR I R bR ) T R 2% AR VA B - TR
S AN 1 22 3 TEAE R ILT R

B2 403 i i B

Fig. 2 Plane extraction of rills

A b, YA S A VR, m

B KV K S I T BT A 2 TR K B A, m
55 RV TR T BT AT A 3 v YR TR A R, m B K
i - 45 9 5 2 48 T e K Y R 149 5 S 24, m
1.3 ;5 E MM CA-Rill #FHH

BRI NN o A ROR R o}
A ——CA-Rill 550, & oy Ji 57 g 252 3 T 90 M
SHLH 2 B AU R 55, Bl F NetLogod. 1. 1 i f T % #
FEG . AT I = O AR I 2 G S
Hd  FIRT Cyclone %546 = 48 O 41 4 403K B
B S R A% DEM , £5 51 ) 4 #1 % DEM , £
HI GIS ¥ DEM #:36 ASCII 4% 2% 5 5% H IDL 4 i
T S AR o T I A B 45 R % s X T i 1] % 46
FLOU BE AT 5 9 MR P 3t 5 MR LEcuyer KL%/
AR AL I R B AL 4 A 5 1 MRk R U R s AT
CA-Rill #5595 F ] GIS ¥ CA-Rill 45 50 5 41l 4% 5 5%
A% DEM ; 3 F OpenGL o 3% H Ao 4 F2 42 11, ilf
FRECHR IS TR HE A AL 22 5 37 B % YR W T
i F) 3 TG 40 7 K S R AT T AL L
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FERIFH CA-Rill A5 B B4 ey, LA 0 2 B A
B YRR R DL B A S RORE 1 A L i R R I
FROCHE R R, AN G B 0 78 R A1 1 38 A7 b 200 A1
AR B R, 354 A i 4 A5 780 5 3 s C ) g A B A
A o B GE AT R ) A 4 BEAKR B I K
TG Uiz #8510 BRI L ST M b K a4 R U L T
JH L 3 R U] G R R D A A R A R iR
DI/ IN 5 R R R R B A — B K X B
(5 mx1 m), Rk 2000 58 I i .

AR v P ) 1 5 A 2 B0 Rk B L A R AR
Pt = 2 HOG T H A IR AR A R 4 X
2¥E, A% B MatLab 1 Excel #5490 55 7 7 ./ 5
WRBERE ., WG LA BR RBE LRGBS
IR AR AL B R SR T I

TO1 T02

2 iR 5HE

2.1 HEEAEMEEITRERE

I35 35 SR ) = 4E O I ACE S i 1 mox
2 mITE XL MR A A B R AT T 8 A
WREHETE, K B TR B, A B Sk T AR
FEARGERT L MORBFIE I T BRI S m LA
TFJE T 20°BE Il [ W #) £ ok 20 3 8 1k 1 72 0 50, 1K
PGS, xR R AR s Bk 7 it .

AT ArcGIS BfF U2 8 18 M), 2545 50 (1) A
3 (2) X 20 38 ~F- 2 394 T %5 8 K 0m TR A R AT OB 2
R 2, B3 BT [ — I = 3 18] B T 20
WL A & H i & TO1,T02 , TO3 , i rh i 1h iy 7 72 1k
T A [l B X 2

7

T2 Elevation (m)

0.087~0.100
0.074~0.087
0.061~0.074
0.048~0.061
0.035~0.048
0.022~0.035
0.009~0.022

0.004~0.009
0.000~0.004

T s USRI i A B T Note ; Using the original slope as benchmark plane

K3 MnESEE SR

Fig. 3 Rill morphological development process

ZiE 2 5k 2 R, B — g M T A R, BT
R R A /N B K R T A R S R VA Sk L
TR TS AR 7, bR RS R AR AR IO R A B R R
5 — LRSS W, A R K KO 2,017 m, i R

A3k 0.062 m, fiz K34 F- 2474 58y 0. 035 m; 4l i4

{52 ol iR R A VA - T R RH R /I, 43 51 Sl 1. 003

#10.0239 kg m *,
MRk RS WA W, Al 4
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Table 2 Parameters of rill erosion
. RREK TR H e 3 58
I 1 g 4 ¥ - 16 2 S 441 7 1 1o 3 N
Bk Length of Depth of the Mean width of
Rainfall duration Horizontal rill Mean rill depth Erosion intensity . )
Session _ R the longest rill deepest rill the longest rill
T( min) density H(m EI(kg m~
g ) (om0 . (m) D(m)
TO1 28.5 0.023 9 0.035 1.003 2.017 0. 062 0.035
T02 18.3 0.089 3 0.075 7.994 4.032 0.117 0. 040
TO3 17.8 0.2190 0.084 22.11 4.591 0. 147 0. 050

ET1 W] A1, 55— B W 7= A 09 R D038 3k AN W 3 905 1)
SBT3 G TR S o O T2 RS B D L s B s e i
AR PhE AR R R B B R Il R =
7.994 kg m T 494 I K TH I KR G R RN &
JEZE TO2, fie K K | e KGR 50 4.032 m,
0.117 m, % TO1 4> B# K 2.015 m.0. 055 m; 414
T8 T8 R AR 2248, TO2 fie K i °F- #4978 58 8¢ EO1 X
H9m 0.005 m, FEW A& ZE TO3, 417478 W B &8
B s 7 1% 37 W T o B R, 4098 T8 Sk R W ) L AR el 4iE
i Y REYHIS , B YA K T A N A T kR B R
Jr AR FE R K, B TO2 i A i K LA R B K ) - ¥ 3 58
A3 380 0. 559 m 0. 010 m; 2 ¥4 75 4 37 & W v 3
BRI W 4 SURLG OF B S, Al Ve T N 3% i
8, B =R A5 R, 4078 T T % L #) 0. 2190,
S TO2 [ 2. 45 % 'TO1 [9 9. 16 £% ;1= 1oh 5if & 7R 1R 8
WK 22. 11 kg m ™2, 435 TO2 . TO1 fiy 2. 78 1% .
22.04 £,

ARG R, A 5 0 Ak BN 3 I 4 A AR
Tl v b o A A B S8 R T A AV YA K R IV,
SRS RREY =R DA - I (R RSN E BB I A E|
12 i B K
2.2 WHEHEMMEILXETEEREL

H o T 3 6 45 SR S0 (B i A CA-Rill 20, Jf
fti B NetLogod. 1. 1 KA1, 45 H = 37 [ RN 52 56 S0 £
WA A kK F o B R, WiE 4 ETL ET2 ET3
fis . MWER AT LA Y ET1 ET2 ET3 JEZ 23
SR ArcGIS B4R R = 4 SOt #1544 il H )
FIEIE A TO1 T2, TO3 (1 3) KA —3, =R AH
I AR T R O A R A S kAR 1 B S T AR
b o AHH T IR AR R o 4 H A3 TR B A e
I IR o

PR A5 51T, R 2 F o e A 3 AL CA-Rill
BT (¥ NetLogod. 1. 1 K44, g ~7 Hb 2% i 00 34 8%, Al
FH = 2 SO 11 35 05K B 0 G 1 3% o R s = A

5| NetLogo H 1 v & i #R HUIE | 4 JL AT 3 3 I
B 48 R M | S R (°) L b OB L W) B+
WMABR LHERB R LA TS S A B
R S i T T AR S | N A 1
B WA S TR

I F A Ay DR BRI S, R ArcGIS #1F
it AR B4 10 ), 25 4 3 (1) (3 (2) X 4038 B
] %5 B S IR G SR AT TR S AR L3 3,

A B 5 T3k 3 4l Al : CA-Rill B T] L) 58
RO A S L T s, I H AW B A E
PE o B AS — 37 I W 45 R B R R TR A
K AN fe K A0 I K R 1,900 m, X - 4
T HEALK 0.020 m, Z 55 47 MW 45 0, 40 VA T N
W, A K DL R R A R R R R, K
IR 2. 833 m, Fie RKIHTE K 0. 103 m; 4 58 &
JEAHXT 8N, AL A 0,035 ms 40 74 F- T % B L 4= Tl oik
JE 43514 0.0796 6. 781 kg m 7 5 55 — b B i 43 331
HK 410 5.7.99 5. &I =MW a, i
W & R, T 5 A VA T S N R TR SR A B K I
K A0 VA T B RE AR i i B L R 4 KR 4. 233 m
0.2035.18.85 kg m *, 41 F¥WHEIRHE —
FEFT Y 0.036 m % J& 45 = W 9 0.077 m; 41
O T2 R ORD AR TS R A3 B B 3 B G R
2.56 1% .2. 78 fif . BRI 5, 3T CA-Rill BRI EAT
YA A K E S B, IR AR R 5 5
MR E KA G, 3R PR R R ] DL 57 %
RV TE S Rk Tt . A LRI 4 AR S Hrse il
KIJE ET1 ET2 \ET3 I #4045 5% €] JE ST1 .ST2 |
ST3, [Rl B 43 By & 2 F13 3 BUE vl 0 3 S [ wR 2407
S TR 3 8 R X AR 25 43 N 19% (11% 7% 5 4= h i
BRI RT IR 2240 BN 15% 15% 14% 5 41 14 - 3 7 15
MIXFIR 250 5 K 3% 5% 8% ;5 fix K b A X i 2%
BN 1% 12% 14% ; f5 K 40 18 18 1 AR G 1% 22 4%
R 6% 30% 8% ; tw A< VA - 157 VA Wi AH T 152 22 3 )
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1 4] ST A R YT AR AR Ik Kk A R S A 53

J43% 13% A% ; i S8 AT R 22 < 10% (1)
SR 39% s HIXHR 2216 10% ~ 20% 35 Bl N 1 2 5L

ET1

[ T P A= U g e vt )
Fig. 4  Rill morphological development processes

on a slope recorded in the experiment

5 50% ;s AT IR 22 >20% IS BN 1% . KWL
DB 5 B DR IR 22 K2 1E 20% JE R A .

|

ST1 ST2 ST3

S ST An A T 25 A R O AR A

Fig. 5 Simulation of rill morphological development processes

®3 HEARMSHHENE

Table 3 Simulated parameters of rill erosion

, - I S 398 B
RS MWTEEE PR FEphiL i BAWR o v of
S 5 91194 3 i BB S 4 9 R -
5720 " ! ks Erosion Length of the Depth of the can wici o
Rainfall duration Horizonal rill Mean rill ) . the longest rill
Session _ intensity longest rill deepest rill H
T (min) density depth H(m) D
(kg m™?) Ly (m) (m)
(m)
TO1 28.5 0.019 4 0.036 0. 849 1. 900 0. 055 0. 020
T02 18.3 0.079 6 0.071 6.781 2.833 0.103 0.035
T03 17.8 0.203 5 0.077 18. 85 4.233 0. 127 0. 048

(ELE0 39 432 o 2 RO DML 15 5 360 {1 1) 0k ST R AR
Ko as R (3 4) B« 8RBT = 37 I ° 40 9 1=
(LS IS NS SRRV S/ NETARV N - & SR LAl SR R
SR p <0. 05, BE UL 15 50 I {H 25 57 3, L
FURICR AN G5 100 240 90 - 10 5 | i I I AR il i
Y92 p >0. 05, 5 BIBLILLE 15 900 {H 22 S A I 2%, e
PAROCR A o e 32 250 IR R A B 0L 40 3 4R T e 25 &
[EBOR i W ey X G i R (SN I A RO R AR WL TRV

) LA IR g . CA BRI AATE Sk &
AL RN, T 20 A 78 FE LA B A R ARl B R 4 4L
B /I, e JEU R AT B < (1) B R TE R AL B AR T
I8 FE AR5 1) bR A R B (2) B SR T SR 1)
00 € UK TT 1 AS B B — 5 f R BRAE 0 i)
RE/N IR REL 5 (3) th T Z 5 N TR RE
I SE g A 4 A 9 T 4 T 2 A B
AR ATORE 10T GIS Ab B = 4E O AU 1 25
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SRR TG vk 2 B AR AR IO B 7 A R 22, B S R FAAE—E R IR ZE o
T A A TR B0 R I 7 AR i R B R, S A R B

R4 WARHMSHEMESKREMIHER G

Table 4 Validation of simulated rill erosion parameters with the results of the experiment on Independent sample t

F-16 55 R 56
T
gitiEhn F-test t-test
Statistical indicator
F p (F<f) t p (T<t)

o 0 9

1. 826 0.241 0. 042 0.967
Horizontal rill density
T

2.547 0. 140 —4.487 0.001
Mean rill depth
RREK

0. 652 0. 308 1.922 0.079
Length of the longest rill
SNSRI

1.163 0. 429 -3.610 0. 004
Depth of the deepest rill
Rl 3 JiE 1.078 0.117 1.321 0. 106
Erosion intensity
K T T 4 9 0.218 0. 043 2,772 0.024

Mean width of the longest rill

{E: PR (p <0.05) 07 Z A4k, XU AR 52 07 22 BBLHEAT ML B R e AR 065 P-4 96 (p > 0.05) , 77 22 55 1, U BURE AR 25 07 22 iR i ik
Fr A SEARA A 47 A5 (p > 0. 05 ), I AT LA A M 0L(E 5 S5 6 0 22 7 A 355 S 2, W 22 53 J 3 Note: If itis p < 0. 05 in F-test, the variance
is not homogeneous, where double sample heteroscedasticity hypothesis was used in the independent sample t-test. If it is p < 0. 05 in F-test, the vari-
ance is homogeneous, where double sample variance assumption was used in the independent sample t-test. If it is p > 0. 05 in t-test, it is advisable to

hold that the difference between the simulation and experiment is not significant, otherwise , the difference is significant
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Abstract

It is of great significance to dynamically simulate development and evolution of soil erosion for the purpose

of erosion forecast. Traditionally, most soil erosion models are basically steady-state models that have limitations in real-

time simulation of initiation and development of soil erosion. Cellular Automata (CA), with a “from bottom to top” dy-

namic modeling framework, is capable of simulating spatial-temporal evolutionary processes of the complex geographical
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system. So, in this paper, rill erosion on loess slope was studied. By means of artificial simulated rainfall and three di-
mensional laser scanning, how rill erosion started, developed and evolved on a loess slope,15° in gradient, under three
intermittent artificial rainfall events were investigated and visualized in graphics. At the same time, the CA-Rill model,
already available for simulation of rill erosion process, was used in couple with the NetLogo software, to analyze and com-
pare results of the experiment and the results of model simulation. Results show: (1) The scanning images of the rill ero-
sion processes under the three events of rainfall reveal that the entire course of rill erosion consisted of the following phases
in sequence, splash erosion, sheet erosion, drop pit, intermittent rill, continuous rill and rill collapse. Rills developed
very rapidly in length, and relatively slowly in width and depth, and soon connected with each other to form a rill net-
work. At the end of the third rainfall event, erosion intensity reached as high as 22. 107 kg m *, 22. 04 times that at the
initial stage of rainfall. (2) Results of the CA-Rill simulation indicate that in visualizing evolution of the rill erosion, the
model could quite perfectly simulate the entire morphological development of rills and realize visualization of the simula-
tion. (3) Validation of parameter t of the simulated rill erosion under three artificial rainfall events demonstrates that the
simulation of mean rill depth of the longest rill, depth of the deepest rill and mean width of the longest rill is not so ideal.
However, the effect of the simulation of horizontal rill intensity, length of the longest rill and erosion intensity is quite
good.

Key words Loess slope; Rill erosion; CA-Rill model; Images; The development process
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