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L3 SR AR A AR 3 0 S AT I o YR R I AR LR A s R AR AR T 1Y
PR, TR M AR AN ST, DU FE MR AR A 25 B i e i, #
Hui ik, REF T TA RS SE TS, KRECAT 4R 3T b JE S Ji Fl TR 18 JK
SRy o AT M S S T i 3 B AR ST AR R EURIRY . 2 R A AR
TR KL A KT ALY . DEM— K —3% BE—oK 723kt TR R K
JE ] KRB K E A (DRE—KmmA) . K (DRE—KmE%E) . K (1
B—IKAD) . KX ZSHES (DE—2250 UK TREEIE SRS (TLE—K
SRR ) AE 55k

TR KA AR L 2 T ERS-1 B ik T EMGORT [R] 25 3t 47 ) 450, e sr ok
T T RRURT G s B) A AR OGO 2R, I B T g 45 10 —oK I B 25 U ) FH QuickBird-2
5T R FURARBUR K S (R B, S5 A BB & () e E—K A7 . K P—if e . e
— i R R R e R TR — KA 8 F TOPEX/Poseidon T B Al 80 i T
KOS B R “KRAE” RIMEIFEES i D2 BRI KA RIUE S HHER
TR G SR R ) OG 2, SEIH TOPEX/Poseidon T2 5k B e @, siE i
14 TOPEX-Poseidon (T-P), ERS-2 HI ENVISAT % T3k i i b At 335 00 9 b b [X i) 3
TS, PRE—ZSHEH TEME KR SE . KSR | KOS F12E Rk S
SR, AT RIS 100 m A8 TAL A G R S I, s i I R T [R5 L A A
TR TR PG s TR — K SO L 208 TR . Huim e vkt . ke
b2t R = NI BE /T 16 it

I AR TR B IR R B P R AR ik BB TR KRR, HE TR
F AR A ) 208 PR OB aE , e LA SR EC /NAl g 3 0 5 T 24 i T b T 3
JEAT A I R E R R B A% . A e i M RCRIRSEA R, BRI T e
N ht, 2R RE—FGE T AR RBERR A . SRR A g W k.

H5TEEEML, M @BR e APLEARIG, 5, Ju . PR mEres, A
AT R B HAG O RN, 3 FH T4 28 e , 2 244 E AR S R 5 2
—toen AR Y . RHER O IR ShA W S S HERER | g E N A A Ty
AR T 2.

ARTCHE FT 43 WA P & Ja% sz JeT S 3 e IR A R |, SRR BER I EA
HL (Unmanned Aerial Vehicle, UAV) &A%, $2H T —Fhl H T4 8RB 0
B, ARFETFRGE R R A A . OriE SR T | 0 H SN R W T S LT I S T
WAt Wi T AN A S R AT B (Digital Surface Model, DSM), #:F
DSMARBUK I 8 . R 7K T bR DL KK 8 AL KB 5845 8, SRR 12807 i am)
B JE—2 I T JoH SRS O N AR TR S, AR EE R i S
B AR A BT AR TR T I, RIS B TR X e PR

2

WF 5T X AL HE L AR 48 B g i F/INIE T K R sl (1) o $r il (36.0°N~37.5°N,
116.2°E~117.7°E) J22 S — /KA S SO @ il sk, PRI, 2R
)R] VI ORI, RV FEIZ AN NGB o N T R R T
M, SEAPEATIRAMD, 41237 km, HKHERL10572 km?, FEEE TR R IT—2FIRIX
MR, AMEAZIER T . ERRIGINE, JRAEICHR IR 180 A KRG A%, £
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Fig. 1 Study Area consisting of Jinan City and Xiaoging River basin

TR 12.6 °C, ZARTIREK RN 619.7 mm. BEKEAEPRELIK, BEAK A5
PoAYy, FEEPERMNT-9H, 524 REK R 50%~70%6", [ M2 A2 3 1Y 3
FORIR . ARTIIRE R G D FIRR K BRI H F S 2R, TR SR8 . K
SRE, X HbAk 2 A2 T 0 AT A R T I 1 R AT B o [RSE /NS ATV D 5 v i
XA H KA , SR R . NS | RS, Wt b R EE A
B ATIE 2 —, XHTRATTH R A T AR . A 20 1iE22 70 44K LA
K, T RBNAT DGR R, SEOER S E, KD, AR H S,
FEERENE T XA R BT A S S, ASSCRLMER RS NI N, SRS
DA AT U A5 T/ NI T A4 K Sl 72 Tl sl i Tl o vty AR LA X IR B it
LA R RS, A SCH R LR UE A ol i 22— o

3

3.1 HEFKIR
311 T AHL(VAV) ZGEHE  TCANLEAZEE 3220 [ T 2014-2016 4 10 IR AR AUAR 1) 7K
S K Fi—K A S EF AN A GO, BRI 6020 A7k L Bl B B L K
W RWA RS SCEEE, AT AN RATHE, M E AT B R A
il 1 B Tl T 41145 200~300 5K 5245, I E IR R AR &R ON 90%,  DAPRIE S SR ER R AR AR
SEARAERT L R s BB AR (DSM) SBHRAENRE L, A DSM =5 [H] 43 B
2.22 cm (KATEE50 m) ~4.23 cm (KATEIEE100 m).

Je AHLK F K& Phantom-3-pro/NERITE AML (K12), HEA TS KR4, Rif.
s PSR H, 72k DIl FC300X M@ AHHL, ¥zl 94, K&K/ A 4000 15 % x
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300014 %, HEASHWE 2R, ¥
Tl RAT AR F PIXAD 23 Rl ) Ko ik
{4P1X4Dcapture (https://pix4d.com/) .
RHATARRZE T, T AP
15 3% FH 2014-2016 4F ¥ £ 4 [a] 5 2% 1
F b T Sty A5 I () X6 L ) A AR
. ARTFE E T AL AT R,
BT FH b T R R NS R R TE A
MLEAR RS 58 . RE . LLRESK T
22, R o 1 v S0
AT T G0 A SCHE 0 7
3.1.2 wmEEE  HomEdE T A
MU e IR UE AR 2204 . 456
2014-2016 4F 10 IR FIAR 1) 7K SC—oK
R — KA AW A A DL S b TR 7K SC
Dy s ek, i 4R B M i S I i
2714, KW 654H, W 1R,

E2  PIX4Dmapper £k b FE (- Z R mE F 6 TS

L, TEANA RSB =)

Fig. 2 PIX4Dmapper data processing (the upper layer being the

controlled flight and shooting trajectory along the river,
and the lower layer being the generated point cloud)

F1 OMESSELE

Tab. 1 Ground measured data

WK R i AR FOkEA BORFARIRC 1)
FEIT Gk JB5E/ N PR AT (S6) W (341). KM (341) 201509-201611
Wi (S4) T (LA . KW (1 4l) 201501
THHS2) QL) . KB (241) 201509-201609
JFUE I ()(S1-1) TiE(22H) . KIS (2 4H) 201609-201611
FEPE 1 (h)(S1-2) T (34H) . K (34H) 201509-201611
I () (S1-3) T (34) . KWTiHI(341) 201510-201611
U A EAT 11 (1)(S1-1) T (24H) . KWHI(241) 201609
AERABITAEA F(H)(S1-2) T (L4 . KWiE(140) 201609
JERVHALAEA 11 (F)(S1-3) T (L) RWTEI(141) 201609
WM NG E R (1)(S11-1) WA Q). KW (241) 201609-201611
[ ] () (S11-2) W (L4]) . KM (14) 201611
F 273 (F)(S11-3) TiiE(24l) . KA (240) 201609-201611
5 (S14) Tk (198 41) . KIMTTEI(341) 201101-201312
{1F}(S15) T (2141) . KW (1 41) 201301-201312
FIpHE(ST) M (212H) . KIMrmi(24H) 201606-201708
KRFJESL2) T (L) KWL 41) 201609
T IE [1(S13) T (L) . KBTI (2 40) 201609
YRR % (S3) T (L) . KA (340) 201609
111 (S10) Ttk (L) KA (4 40) 201609
Je A (S9) T (L) KW (5 4) 201609
WS AR )(S8-1) T (L2H) . KBTI (6 2H) 201609
Jaitin] A AT (H)(S8-2) TR ). KWTIE(7 41) 201609
TR AEILB(N)(S8-3) T (L2) . RWTIHI(8 4) 201609
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32 ARAE

3.2.1 UAVIKE L B ASIRE  /Ki o . AR FuRE . 38 KW g /K 124 A
HSCEESE, N TR JERE, 2Rat2h ) BCRAL, 1 UAV AP AR S e S
BESTARGRE, AR BTG R 9 1 kmx Lk 90 ] P T IE K L v i i AR, T
BE AT A TSP A R K T T AR R s i ARt — A AL BE T A5 3 S 4y B DSM, 3T
BRI K I R s )5 3T DSM A ArcGIS H 3D Analyst &R, Az g i s ]
W RWE R . A T, W UAV $ R il Bidiaf e K 124380, KRKBRIRT A
Ji. W, AR, R T AR ERCRY,

T i UAV BT 35 B0 B S B8 ST ARG 6, 28 Pix4Dmapper  (https://pix4d.com/) £l 4k

PSR = HERIE SR, Pix4Dmapper REBSHL . 4 H shibH UAV S EEE (K2),
AR FEIEEE S A . VIR . S 2SS, oA B R BRI IE 5214
B, AR RGER B IEST 22 B (DOM) . DSM M8 i = .
322 AT KEHEREE T UAVILA HaeREUG FHE B feias, MELURBUK T Ho
WAL S, NASR 52 R SR, /K EI I UAV S2il5 2 By DSM, SR 5 4%
A ArcGIS 75 [a] 50T T H.- 3D Analyst B Heff a2 /K T LA b 3T 3 KW o 788 SSZK T Kl
Tk o, 1T DA K AR AR AR, RS Lk UAV B 2 A8 7K R Al i /K
N 1T 3 ek - SR IR TS

TEVEAG S K R TR 3G 5, AR UAV B8 K B R w19 28 Ak ki, S ]
Zhao S5 Y7 RIS T3 2 3G KN RIWTTaT,  MITIE Bl 58 38 (R3] i R o AR 4k X1 5 BH 45
PRI TR (2 2), — M A SR FUTIE () W DR nT AR AL R RO | AE0E . BRI &
“V7RLAFhKTTR

%2 AARTRKEHEELRTEKNZSHITE

Tab. 2 Generalization of river cross-sections and calculation of the hydraulic parameters

T KT AR SR W TR A T K W TR P KAAER
PLIE Wi
A=Bxh P=B+2h R= Bxh
B +2h
FEIRRIE T 1
— A=3(B+b)xh  P=b+ [(B-b) +4n’ R-__ (Btb)xh
b 2b+2 (B-b) +4h?
b
TR B Wi
B A=lgxh P= /B +4h° R=_ Bxh
N F ¢ 2 2B +4h?
h g &
X
VIR

3.2.3 KAFSHIRE WL NANAGIEU G . [ REREK S8, EerL
AU 3l o5 B30T 0T T8 A4 200~300 kAR 2 i A%, A E A% . RS s &
DSM. 7EZEHAIATE B KK |, FH 3D Analystiibnis: — S EH TIEM EL, I HE
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LRLE T R, AR ORI K 1A 58 B 5 AR AR R L3 . R iE4% 300 m
(1 1) 7 A RO T, AR 0 A DA T T 4 7K T e R e 22 -5 T B e 8 R4 BT L
K, MITREs, AR B A RO A . AR R 2 HUR %, RIS
EIEGEAR, PR PR . SPBOIRDL . TIESRAY L KT, S INRYF IR RS
RAWFNTIRE | KIRTEHEANRER . SZRSIRRA], A SRS R IR IE R AR A
ek (R3),

®3 RATEEENE

Tab. 3 Roughness (n) for natural rivers

st T g Bt

TR ST R RS A g o
/N (AR (7K T /N 30 m)
LT JE 3
(1) Wi W JEMEE 0.025 0.030 0.033
() F &, Aathe, AEe 0.030 0.035 0.040
(3) Wi A AR 0.033 0.040 0.045
(@) A I, B frgegenT 0.035 0.045 0.050
(5) W I, KRGk, WIRHEE LA, T R XEL 0.040 0.048 0.055
(6) [Fl@4), ARz 0.045 0.050 0.060
(7) 445 AR, G181 0.050 0.070 0.080
(8) Z AR Bt . TR 22 slUMOR D, 15 it 0.075 0.100 0.150
2. LI XA L (IR JC BRI A5 B, e Rt DA T R 2
(1) FENERA . B A IR 0.030 0.040 0.050
(2) TR B4 RO RN 0.040 0.050 0.070
T R (AR K T B A 30 m)
AARE T TR/ NI ARG B, ol TR B AN, n R /N
1T T IR 55, T A bR 0.025 0.060
2. W TR AL S5 | DR KRS 0.035 0.100
= K TR b
L5 TG
(1) s 0.025 0.030 0.035
(2) Kux 0.030 0.035 0.050
2.9t
(1) RIAHER 0.020 0.030 0.040
(2) BAIBATERR 0.025 0.035 0.045
(3) TR 0.030 0.040 0.050
3B A
(1) M . Z2Aenn 0.035 0.050 0.070
(2) A% . HENEML 0.040 0.060 0.080
(3) % . HENN 0.070 0.100 0.160
4RA
(1) PAE M, Ao 0.030 0.040 0.050
(2) FHREH ML, TR Z BT 0.050 0.060 0.080
(3) Wbk, RINAEY D BEKAIAERC T 0.080 0.100 0.120

(4) Tk, PR | KA B A 0.100 0.120 0.160
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3.2.4 UAVERBRZGREMERE WIS A SC N RBr i O, 7008 2505 520531
IR

T L A M SE I ORWT i eoR: X T AR A AR RW I (=MTE . BRIE . W)
4. ETHANRGHERER . LR W58, FHITHEHBOT R FEE S 1 i
P B E R AR R R X TORWE (R ), SEHJC AL 2 kS
ARLOWRE, YL, FEEETOORT A S T AR R R A", RAEIEA
PRI s AR I THREER KA, ST 4R .

37 2 JoH TSI W T GORE : BE T IC AL B A Y B LK T LA 5 KR A
HIHE 2 PSR 405 R, AR 5t 1 b Rt 15

HTHEIE, ASOTE T “HE RS ik E R R R, BRPLIK
Jrege TR AR, ET Excel Wk, TS M, HFEMA—A g ss” Hdsiiaf
THRAE AR W IR LS S R i e e PP S A& 3 P

4 A | B L ¢ D E | r._ 1l i3 | B I | 1 l & | b X | % e [ r 9 [TEEN g T | U
1 K, 22 EEARTRES, BEERBCTRLR by B165F 2017.03
2| Q= AR CLEFHHRAR, BEFUHEAEHTHD
1
4 % 0.02 :
; g{;gmm = MiLcis 180 T WA R 35 WIFE
s ["CE BERY £ 1 . . .
1 EmAR we 00w HERE 22,48 5%/s guof L o, %30
= v
*h =

R |EaE PEEE| AR wEEe| a8 |G| % | D hém
i 60 =
s | @ W & ®_[®] @ 10
10 [ ZE o 309] 15468| 112789 167.75_6.72] 3479.68 0
1 1 [ 30.27] 146.63 $67.09| 157.41] 5.51] 2342.14
1] 2 G| 2s3[1235] 71454 133.80] 5.79] 2162.49 T000: 22000 SO0 A0 g oAb 100 9307 200
1] 3 122 274 11755 | 666.15] 127.31] 5.23] 1738.89 it Q(m®/s) A2 A5 B (m)
14 4 16.1 25.78] 109.40 479.75 117.40] 4.09] 1061.98 oL e
18] 5 18] 260[ 11392 50646 12230] 414 113107 35 KRR AR 35 TR — R EBASE AR h £%
18| [] 19.9] 26| 112.73 504.19| 121.08] 4.16] 1130.15 e >
; 7 31685 1438 277 5023 _ 30 =~ 30
18 3 95.89 10792 089] 7676| B E
9 [ 2032 61.25] 0. 343 45 £ 20
20| 10 2 2n.aﬁ| 0. 2 g 20 ®
2] 1 S| o1 2827 59.00] 031 1132
2 12 30| 21.47] 61.54 20.94 61.76] 0.34] 881 10 10
n 13 45 21.67] 95.36 31.52 9:£| 0.39) 17.41

1 sof  2usfie3s| s 476 0. g 0 o
u —~ e BT RN M 1000 2000 3000 4000 200 400 600 800 1000 1200

HRO(m®s) HFA(m?)

P13 TR SR g TR RS P T 3 AR S
Fig. 3 Stream-flow calculation coupling remotely-sensed and ground-measured data

B3, W (W), Wrim iR (A, W28 (P). kIJ1#4e (R). il (Q) 5%
R AR X, HAAE B A, e A SR RIT g G AR . g
mRE), IR ZEA R R ARESR . KR, BIERE TR RETC AR
WA E 58, BIERBENA 1, et “Cr+R” il kR ahit, BraagitEhAs
[T i A T XTI 98 IRt AR RS L KT AR, AR UK SC—K
B, AR R RN AR, BTG, MARGTT (AR
TERITIATS) . #BUbAT CRRM R BRITHATS) RIRTJHG A it e A
AR SCH IR, BgE RO —IRt R HNER” KA — B R L™ “IAlig KB i
Higk” “WvE—m o RINZR” %, F2)¥ v 78 EcoHAT /4 M3 (http://ecohat.bnu.edu.
cn/) B st R A
325 RAMTEALESREBRENN  HORBIImGORS, WRIE3219M 5%, ST
FRIEGAG A U 3 HE A DSM AR KT LA B {038 IR . 38 R L RER AR K T L) 1 1Y
HIEAR B, ARXMEIRIG K T HIE . O 7RIS S8 B R W, 5 AR R SRS AR A ) /K T LA
FORWTEIAY & R, R 2 s BEAH DA AR, AR Zhao A Y 7 A HUG K TR R
T, 5 ICAHA B ZK b R RE 57— A o8 A Ty R T T o i 732 R T 8 1]
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324 IR AT RN .y T K R RIS A S AR 2E B T iR e
1B AR -

AQ= Qo[(l +51)(1 +‘92)§ -1 )
QO:%AR%J% (2)
oo (ra)tre)i-1 (3)

A AQ MR EITEIRZE (m¥s); e WIS W5 LM Wi Z (BT AR 22 (m*); &
AALAE WS SE W 2 B K SRR 2E (M) Qo NSEIlR & (m¥s); KAMBIEREG n
RER s IR LU (%0) 5 ASMITIEIEIAY (m?); RMZKIIEAE (m),

4

4.1 BEF UAV BRI G AR SEE AR KT

HRAE 3.2 /NI B s, Tk 2 145k S 1 UAV S48 A iIE S 2 1% DOM . S24%.5
=, DSM., HFE/K I AR A o P& 480 T 198 AR R . LR AT R B
T, SRR AR TR . R R I SRR T UAV S5 1 4 R S S5 R . RS
A] 360°HiT 5 ZE A iERE , IFrI s E, S E I ERE S, A i DSM A] T & Tl
FURE SR e BE 5 o) 3L TR s 3 DSM A 5 i) 3L K 1 BRIV A 56 B ymT i R iar, 5 7K st
W TE 25 KR R e T PR G .

DI W RN NTT = N A S ) G i S S i O =Y R T N G L i e e
PR SEHE T R I JC D7 5K KT BRI, e e TR 2 ALK R R W imT, 4R
Je PR AR ik A e B KW I . S5 T U DK T MO e LR SR SR X
ML, AR EANY T, A b R SR ARBOE KRR TSGR . AR
) LAY 255 S B R T A ] 4 TS
4.2 IKIFSHIKE

T4 RETF HRANZGRBUAR TE . R BERGEK I HSH8, T 341
%, B 204 0.005, T AMLKTE ELRERS /N, A TR ETT RS, A
7 S R PRI RAAR Al s, e T SR R R R R ETT B IE R R, TR
TR . X THD TN RITEER A2 . AR, PR b i ORI 2 K 12
ZH, —RIIAEK 4, IGERE SRR, BT . kRN, 4 0.05~0.08 2
)5 ANER RS, 280 e 0.08 284, Fem il iA%] 0.1, JKif LR AR AL b 25 A8
SRR, BRI s RN L XS AT, AR T
43 EFKAENTERERE

FET2 45 AT R T = RGBT i R S K TSR, MR 3.2.4 B9 5 A UAV
AR R AT B 45 S, N T T g SRR, 1E— 25 5 X N A T S0 3 e
S R R (BI5) ., FFNT 271 YA TR A IR R T I R S
PR, MR (RP=0.997), (H S i & e i (B DX = S0l & OGRS 2kmg =
F1:14k), BARL, e 280l S e, 28 PR /N T 100 mfs 1 IX
B, 100 m¥s A it i 2ok A ST OBUVNEENE) o I 38l NE Tl 7E
Ve Tl & B, KRBT, fERAREY S Bl ok, it —2 %N
bk ST T
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Tab. 4 Hydraulic parameters

i A o KT LR KT 5 LMH?%EX L{km
KFR PR 3(%0) Wo(m) i) RATIREL
LI [UNERERT 0.08 7.8~8.8 117~261 201509-201611 3
MRt 0.08 0.58 24 201501 1
TR 0.08 0.2~0.9 6.2~43.1 201509-201609 2
JER (L) 0.08 10~120 6.2~53 201609-201611 2
FEPEF () 0.08 4~25 9.2~16.4 201509-201611 3
I (CT) 0.08 13~28 4.1~28.6 201510-201611 3
LRI A B () 0.05~0.08 0.7~1.6 11 201609 2
LRI A EE ] 11 (H) 0.05 0.7 12.6 201609 1
ERIBI AT F(F) 0.05 2.4 4.2 201609 1
WERNA N ERRR( L) 0.08 15~7.8 4.4~5.1 201609-201611 2
T FER () 0.08 48 32 201611 1
FEFI(T) 0.08 1.26~21 4.8~5.4 201609-201611 2
st 0.06~0.1 0.1~1.0 37~75 201101-201312 0
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Measuring streamflow with low-altitude UAV imagery
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Abstract: Stream flows are of great importance in maintaining a stable hydrosphere and
assessing available water resources of a nation. However, previous satellite- methods are
difficult to retrieve stream flows for middle- or small-scale rivers due to the satellite course
spatial resolution whereas near- ground measuring methods have too complex procedure,
requirement of expensive apparatus, or low-efficiency. These shortcomings hindered them to be
used widely in non- gauged areas and situations needing non- contact measurement, e.g.,
accidental pollution events. This paper presented a novel, non-contact, fast method to calculate
streamflow using UAV images which can be easily applied to rivers with different scales of
width. Using this method, stream flows can be calculated with or without ground- measured
cross-section data. With UAV images it produced point-cloud and DSM (digital surface model)
which were then used to calculate values of river-width, roughness, longitudinal water-surface
slope and cross-section above water surface. With all these values, the hydraulic method was
finally adopted to calculate stream flows. Results show that the method has a satisfactory
performance with modelled streamflow values slightly higher than observed ones at high-flow
periods (R*= 0.997, RMSE = 4.55 m*s) with ground-observed cross-section data. When the
cross-section data were absent, the cross-section under water can be generalized with the UAV
measured above-water cross-section data. Errors in estimating stream flows induced by cross-
section generalization decreased with increment of water-level and water-width. The maximum
accumulated errors accounted for 8.28% of the bankfull streamflow. The errors were resulted
from the generalization of river bottom with un- regular cross- sections. All the results and
methodologies could be of great help in streamflow measurement in accidental pollution events
and in ungauged areas across the globe.

Keywords: streamflow; UAV; hydraulics; Jinan



