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Abstract: Flash flood early warning is an important non-structural measure for flash flood prevention in China.
Also, rainfall threshold is the key for flash flood early warning. At present, the method of calculating rainfall
thresholds need a large amount of meteorological and hydrological data. Meanwhile, building the hydrological
model and calibrating parameters are difficult, which are not suitable for the flood control personnel. A simple
and easy method, using flood peak modulus to calculate rainfall threshold, was proposed in this study based on
national flash flood investigation and evaluation results. Rational equation is the basis of the calculation method.
The flood peak modulus in rational equation is expressed as a ratio of the flow to watershed area. Then, the
critical rainfall formula is obtained. Using the Manning formula and national investigation and evaluation
results, the flood peak modulus on the condition of critical flow is obtained, and the net rainfall is calculated.
Based on the research results of the scholars, three aspects about the rainfall loss calculation are considered.
They are depression storage, vegetation interception and soil infiltration. The sum of the net rainfall and the
rainfall loss is the critical rainfall. Considering the factors such as soil water content of watershed, the rainfall
threshold was finally obtained. In order to demonstrate this method, Shuanghe catchment in Suijiang County of
Yunnan Province was chosen as the study area, of which the area is 89.12 km’. The calculated concentration time
was 5.2 h. Thus, the duration was estimated to be 1 h, 3 h, and 6 h. The results indicated there was a linear
correlation between the net rain amount and different rainfall durations. Depression storage and canopy
interception was invariant during different rainfall durations, but the infiltration was variable. For 1 h duration,
initial infiltration was the main factor to consider; for 3 h, both initial infiltration and mid-term infiltration were
considered; and for 6 h, steady infiltration also needed consideration besides the initial and medium- term
infiltration. The calculated critical rainfall for 1 h, 3 h, and 6 h were 38.6 mm, 64.8 mm, and 96.9 mm,
respectively. Rainfall thresholds of different durations for flash flood early warning were estimated on basis of
critical rainfall considering three different soil moisture conditions. Under dry soil moisture condition, large
rainfall loss leads to a large rainfall threshold; under wet soil moisture condition, contrary to the dry condition,

small rainfall threshold is caused by small rainfall loss; and under medium soil moisture condition, the rainfall
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threshold was in medium. The rationality analysis on critical runoff, rainfall losses, and rainfall threshold was
carried out in the end of this study. The results showed the calculated rainfall threshold by flood peak modulus
method was approximated to the rainfall threshold obtained from national flash flood investigation and
evaluation project. Also, they are in accord with the observed rainfall during flash flood events. Thus, the
calculated results are reasonable in this study. This study provided a quick and convenient way of calculating
rainfall threshold of flash flood warning for the grass root staffs and offered technical support for estimating
rainfall threshold correctly.

Key words: flood peak modulus; rainfall threshold; flash flood early warning; Yunnan province; the watershed
of Shuanghe
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Tab.3 Designed storm results of Shuanghe watershed

TP A (Hp)
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REAAS 10 29.6 27.0 233 20.5 17.4
B4 60 909 816 69.1 593 491
360 160.7 1424 118.1 99.3 80.0
180  128.6  114.6 95.8 81.2 66.1

F4 IR X RMENES R
Tab. 4 Rainstorm distribution of Shuanghe watershed
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1h 3h 6h
1 343 49.4 47.0
2 41.9 59.5 61.9
3 45.6 66.1 68.2
4 49.1 - 72.8
5 - - 76.7
6 - - 80.0
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Tab. S5 Generalized parameters of control section
KR4 MR L
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Tab. 6 The parameters and results of critical flow
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Tab.7 The parameters and results of confluence time
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Tab. 8 The results of net rainfall
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Tab. 9 Estimation results of rainfall losses
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Tab. 10 The calculation results of critical rainfall
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Fig. 6 Critical rainfall of Shuanghe



1650

LU ISR

20174F

AR AR AR MR E AT A . B8Rt
B K T AE MG IE X E K R B
Pk A HER BT R (R 1D,

4.3 BEM4S

I FH A ARG T3 1L P O 3 R o U FR A I
SR TR R TR A O

(D) FEm TR as A G 2 o b

HRYE AT DA SR , B0 XK S5 50
Q%589 m’/s, Qu. 519 m/s, Qusu419 m’/s, Qi 344
m’/s, Quur.264 m*/s; LK IKAN K 376.43 m, iZIKAL
X IV 3 i 204 m/s, 2k 3 AE— K o i R

2 N AN A I B 201 m/s, X LG R A

VEMTHAEZR RS R G R,

(2) BERH R 25 SR B A

FH R DA 5 5 T 60, RG] AL 38R I KA BT Xt
Jf I P Fe 20°A 34— K, R IAR A R R
R (F3.4), U = B 7o X S8, ARG
R R/ INFUIB AL AE— 85N o IR KON 1K,
PRS0 W,=100 mm, W=85 mm, £;=2.2 mm/h,
HIER Wo: W=W,.—W=100-85.0=15.0(mm), 1h¥:
WIS [ERIAR, 3 h 6 h 3045 15.0 mm, F0EE 5
2.2 mm/h, 24K /N T 2.2 mm/h I $% K B
B, FH MR 2 TR o R R T AT i R (2 12-14)

(3) FEAG R T2 R 5 B A

F ST A PR TAE A & T X000 1 4175
HARFR R, SR XTI LA B, s R S
i A ARG SR BB AR AR R,
F14) 22 R B 7 o 3 5 /K ORI 9 AR BR 2 A T )
g, I, A H A TR U S bR o A
ZOTHE T T E N G B TR AR T

5 Zhig LR

ARSCHET 4 [ LI T A PP R B R
FH N L I A4, A T 5 L By FH R T £ P 4
PRI TR o 1% ik BB/ N R K R
PR, B A b i B 5 i B AR A L (B it
WERCEFRIR | 38 i A 2h S E00 A B R AL R i
TR bR R AT SR BRI EIOR 154 R
i, BEMT AT R %, A S T TT A 7 1 i SR o
I JE HERR AT X O[] - 385 /K 451 T 1
HTVETE R

ARGTHERL T 2 ja 8 S L E SO /NI IS
X3k, 3 R TS 1 g R4 8.1 mm, 3 hifr g i
424.3 mm, 6 higt [ ik 48.6 mm, AS[A] I Ba g i (E
EIMLMEA IR . TEREMIR TR, A
JEHEHE K MY L BB 3 E A n s N R,
AN [R) B B g b 5 7K R 9 8 P e AR R 1, 25000 3
FAELE R BAEE, 1 hFELEHETS,
3 hHERIH A T8, 6 hBR5 BRI A )
TBZHN ETHERBOAER, @RS 1.3
F16 h AYRAERR0125 23314 30.5.40.5 F148 mm., A,
1.3 F16 h il LRk 38.6 .64.8 F1196.9 mm., {EFk
Pl SRR i SRR b, 25 R I oK S R R,
TR 1K E K AT BTN R BUE R AR L 15
BT BRI NR . B CR 5T
B R A S SR B, HABCH AR A Y it
I FE KA R 25, RO IR R AR L
AT . PEIERECR R SR ST
PEICFE T R PSR bR PRt TPl AT,
AIAREE ST LT E T T A,

F1U FEA1TEATERFITELE R (mm)

Tab. 11 Calculation results of rainfall early warning index

WA R EHEUK MR HETE Bk AR ISR USRS ages

1 Bt 8 15 7.5 30.5 8.1 38.6 40 WA T8 7.5 mm/h
— 7 14 5.0 26.0 8.1 34.1 35 ] 3R 2 5 mm/h
B 6 12 25 20.5 8.1 28.6 30 #152.5 mm/h

3 Bt 8 15 17.5 40.5 243 64.8 65 W5 7.5 mm/h
— 7 14 15.0 36.0 243 60.3 60 i) -3 R 2 5 mm/h
E2diia 6 12 7.5 25.5 243 49.8 50 f2i5 2.5 mm/h

6 BT 8 15 25.0 48.0 48.6 96.6 95 W 3% F5 7.5 mm/h
— 7 14 225 435 48.6 92.1 90 ] 3 R 8 S mm/h
B 6 12 15.0 33.0 48.6 81.6 80 fai82.5 mm/h
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F12 AR XRE 1 h BE BRI
RMERITERRE
Tab.12 Designed storm runoff in 5-year

return period of one hour

e
. 5 F N&;h ] #itm

AT Y £ /mm 3.7 7.6 34.3 35 49.1
F11B% Wo/mm 30.6
F1BR £./mm
YR /mm 30.6 3.5 34.1

F13 JCA R/ XSS h AE—@EIT

EWMAERITERR%
Tab. 13 Designed storm runoff in 5-year
return period of three hours
1 li%m;ff&/h : P

A7 Y £ /mm 10.1 49.4 6.6 66.1
H11B% Wo/mm 445
F11B% £./mm 23 44
YR /mm 923 4.4 46.7

F14 JUA R XN 6 h AFE—@igit

EWNERITERRR
Tab.14 Designed storm runoff in 5-year
return period of six hours
o U3
1 2 j%mﬂﬂ;&/h 5 6 it

[ RE/mm 4.6 63 149 47 3.9 33 80
1% Wo/mm 10.8
HBE f./mm 8.6 448 1.7 1.1
74r iR /mm 6.6 448 1.7 1.1 562

F15 WAk KnEmERFSEESMITEER

Tab.15 Rationality analysis of rainfall early warning index

RFB/h  Qu/(m¥s)  F/km®  h/mm  L/mm  FEHEFR/mm
1 204 89.12 8.3 15.0 23
3 204 89.12 25 19.4 45
6 204 89.12 50 23.8 74

Bigt: B s KM B I BT B v e A (2
75 00 Lo 0 T S KRR A R T 45 T R LS
Bl o ASCHr/INR SCRERE Bt BT ER R IR A D
TET 25 5 R T 2 A VA A TP R 1] T S8 IR
—JFFRIR I

%% 3k (References ):
[ 1] World Meteorological Organization (WMO). Flash flood

forecasting, operational hydrology report: No.18,(WMO-
No.577)[M]. Geneva:WMO.47,1981.

[ 2 1 World Meteorological Organization (WMO). Guide to hy-
drological practices (WMO-No.168).Volume 1l [M]. Ge-
neva:WMO.765,1994.

[ 31 PINAR L, SR EL . BR S L ik 5 55 Bl v 0F 5 0 e S S R 1.
[ 7K ],2012(23):16-17. [ Sun D Y, Zhang H P. Re-
search progress and practice of flash flood prevention in
Europe and America[J]. China Water Resources, 2012,23:
16-17.]

[ 4] A, e JFE G Lyt 3 1 A T 40 A 358 D i Y
[I1. A K 91,2004,36(4):40-43. [ Chen G Y, Yuan Y M.
Research on critical precipitation amount computation
method of mountain torrential flood disaster[J]. Yangtze
River, 2004,36(4):40-43. ]

[ 51 2208 B, TR A5 LB B FUE BRI ST 117K
3,2014,34(5):12-16. [ Li H X, Qin G H, Wang X, et al.
Advances in study on flash flood forecast and warning[J].
Journal of China Hydrology, 2014,34(5):12-16. ]

(61 A L0 1y ik 5 T it 5 W 0F 58 25348 (0] K Bk 25 E e,
2013,24(6):901-908. [ Cheng W S. A review of rainfall
thresholds for triggering flash floods[J]. Advances in Wa-
ter Science, 2013,24(6):901-908. ]

[ 7 ] Hapuarachchi H, Wang Q J, Pagano T C. A review of ad-
vances in flash flood forecasting[J]. Hydrological Pro-
cesses, 2011,25(18):2771-2784.

[ 8 ] Norbiato D, Borga M, Dinale R. Flash flood warning in

ungauged basins by use of the flash flood guidance and

model- based runoff thresholds[J]. Meteorological Appli-
cations, 2009,16(1):65-75.

22 A S R L I BRI A S 7 R D], B TR

P 5,2013(6):23-28. [ Li C Z, Guo L. Methods of rainfall

indicator for flash flood [J]. China Flood & Drought Man-

agement, 2013,6:23-28. ]

XIS FL Lt TR U RS 5 BHI[9). P E B TR,

2012,22(2):41-45. [ Liu Z Y. Research and application of

flash flood warning and forecasting technology[J]. China

Flood & Drought Management, 2012,22(2):41-45. ]

(117 55 B0 B 22 T B A5 P Al Lk e A PP Ay T
VEBE AR [J]. 1 [ /K #1,2012(23):10-12. [ Guo L, Liu C J,
Ding L Q, et al. Working plan for mountain flood investiga-

[9

f—

[10

—_

tion and evaluation in China[J]. China Water Resources,
2012,23:10-12. ]

W g ga3, 3K A5 R /N i U I b /K5 [M. b KR K
FH, tH B#1:,1983. [ Chen J Q, Zhang G S. Storm flood cal-
culation of small basin[M]. Beijing: Water Power Press,
1983.]

[12

—



1652 LU ISR

20174F

[13] FEE YT, SF 3. TR K S ML AL ST R KR H
J92#1,2000. [ Zhan D J, Ye S Z. Project application of hy-
drology[M]. Beijing: China Water Power Press, 2000. ]

(14] P R A 2508, 2 S B RS ML X/ N s T 1t 4
LA S BORAEEI] 11 b2 4R, 2006,24(4):410-415.
[ Xie P, Chen G C, Li D, et al. Study on the parameter
laws of rational formula for designed flash flood calcula-
tion of small basins in Gurmukhi Region[J]. Journal of
Mountain Science, 2006,24(4):410-415. ]

[15] B2 A Nk L S0 SR 3 0T 0] KRR
$153%11,2009(2):20-21. [ Duan S R. Calculation of rain-
fall threshold in flash flood of typical small watershed[J].
Water Resources Planning and Design, 2009,2:20-21. ]

[16] 4 7E . 1112t B EC B 36 M. A6 50K R i Bkt 1981 [ Xu
Z Y. Flash flood and prevention[M]. Beijing: Water Press,
1981. ]

[17] Z5t K 304 M) [ 65 b T 18115 1 R AE,2005.
[ Li G D. Hydrology[M]. Chinese Taibei: Wu-Nan Book
Inc, 2005. ]

(18] BTG T BRI 3, Hh B2 e /K R AR
L1 5 3 5 BRI 9 i 1 it e A v i R K Biiia
[M].Jb 5Bl 2 H W#,1994. [ Office of the State Flood

Control and Drought Relief Headquarters, Institute of
Mountain Hazards and Environment. Mountain torrents,
debris flow, landslide disaster and preventions[M]. Bei-
jing: Science Press, 1994. ]

[19] 2% i) 3, FIZT 4% HEC-HMS /K SCHHS 22 4 S 3 12 10
(ML 50 E KR K L k2015, [ Li X X, He H Q.
HEC-HMS hydrological modeling principle, method, and
application[M]. Beijing: China Water & Power Press, 2015. ]

[20] = F A K AR T . 22 B 4 B I K 2 58 52 F T M.
Kunming,1992. [ Yunnan Provincial Water Resources De-
partment. Practical handbook for rainstorm and flood cal-
culation in Yunnan[M]. Kunming, 1992. ]

[21] Miao Q, Yang D, Yang H, et al. Establishing a rainfall
threshold for flash flood warnings in China’ s mountain-
ous areas based on a distributed hydrological model[J].
Journal of Hydrology, 2016,541:371-386.

[22] BREime, % SR VPR LA TR 38 B K = 1 A8 i 5 R
HAE 7T (0] AR T,2015(12):21-26. [ Chen Y
B, Yang W F, Xu Y S. Study of dynamic critical precipita-
tion drafted method under different soil moisture content
levels[J]. Yangtze River, 2015,12:21-26. ]



