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Effectiveness of RTK-UAV measurements for estimating snow depth distribution

Hiroyuki OBANAWA', Seiichi SAKANOUE' and Takanori YAGI!

Abstract

Three-dimensional models (digital surface models (DSMs) and ortho mosaic
images) of the study area were created for multiple periods before and after snow
accumulation through structure from motion and multi-view stereo processing, using
only aerial images with precise positioning data (i.e. without ground control points)
taken with a consumer-grade unmanned aerial vehicle (UAV) with a built-in real-
time kinematic (RTK) global navigation satellite system. Snow depth distribution was
estimated from the difference between DSMs during the snow-free and snow-covered
periods. Accuracy of the obtained values was verified by comparing them with the actual
values measured on the ground. The calculated snow depth was almost always smaller
than the actual measured value, although a strong correlation between the values (r=
0.98) was observed. Moreover, the accurate estimation of snow depth distribution could
be obtained using an appropriate conversion formula. A comparison was made between
RTK-UAV snow depth measurement and the conventional method. Although the former
method was slightly inferior in terms of equipment cost and the measurable range, it was
superior in terms of spatial resolution, data accuracy, temporal resolution (measurement
frequency) and measurement labor.
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W5 FEEE LCElgEE - SR (728 2108, AR - R, 2018) Rl —¥ (28 212,
B, 2016 ; PHJE - 40, 2018) % WV 72RHll TSN — K TH o7, Lo L, 72&zxiE
HWEEO 6, FHlROA 7 ST X L 2Z2MMEEOR S, FHHIZHE W TIEBIHHRAR O
EHRWMEFONERE) A7 HHETH - 72 (a2, 2017 5 PJR - 734, 2018). 7z,
el -V oG, FHHEEORIRCEREE T - OBAI A M EDRETH - 72,

—7J5, 4 UAV-SIM (Unmanned Aerial Vehicle with Structure from Motion) % fv>7z
EEESAOFHNFENER S NGO TS (728 218 /MEFIEA, 2016; Harder et
al,, 2016; Fe)IliZ 2>, 2017). 2O OFEL, MG 20 B2l 12 FE it T
bl Wwol Ay MaefEoTWwh, 72721, UAVSIM FEIZ L DSBS 2 HEET 5
72O, EERHNOFHIRR (728 21E, BEW L HEEROTY ¥ VEEET IV (Digital
Surface Model: DSM)) % IEf 7 (EEEICE DS EERA LY CTLDES X IR T 5 0%
& %. DSM OALHEREE % 0] | &£ % 720121%, UAV GHITETNCH L IicB o HED (H
F#H#E LT Ground Control Points: GCPs) % ki L, ZOMEELH# FCRHIIL, Z Dk,
SIM ALERH 2 GCPs 20K (HHIC L A~ —F v I BIOMWIEAT) TH5LENHL. L
ML, MBICL M E~Y = — 0%, MBI E~Y - -0k TE X UOBEINIE
T H720, BMERETIZBT ERIICEE L72ETER % GCPs DR E 3RO THE L »
EWV) FRENGFAE L T 5D (72 & 21E, Bernard et al., 2017; #8100 - &, 2017 ; #hH T2,
2018). F7-, MEMOBEIFETH ), GCPs Ok, ML, WEOFIIIIFFITE .
S50, SIM ALEEFD GCPs RAMEHEITHBLT 2 Z LA TE LWz, FEIT A Y&
Wy,

—7, #T4E RTK-GNSS (Real Time Kinematic - Global Navigation Satellite System) #&3#%
ANEIAEREE UAV (LY, RTK-UAV EIFRR) % v C UAV § 7% b b BB O L E 1
ZPER LD b EREILT 5 2 & T, GCPs Z AMgT 2 TR R - FERES RO T 5 (72
&R, NMERIEA, 2019). EREO X912, FEF R O UAV-SIM FHILZ 31> T GCPs
D% - AL - HERFIZREETH S A, RTK-UAV OffIIZ X ) GCPs 2 AW59 5 2 & )]
REIC 2 TN S OREDET L, BT RS OFH O KIE % BT OEB A WFE S
%. ZZTCAMIZETIX, RTK-UAV OZE M § B & N EFEIZFLHEH S N EEEO H %
FAWT (§74b5 GCPs 2 T12) 1E L 72O 3 RITET NV DES & S
HERMEEL, MBI 2EAMEEILET L2 LT, ZOEMMEL X OFEMEIZOW TR
FEL 72

2. A &
2.1. FAEH
TRATHINE, EIZRFFERE S A SE - BN e SE R R A I Se R L RS e v & —
NOFEMB L NZDf08Th 5 (Fig. 1). #iPHIZ 170 m x 170 m, %% 28,900 m* (¥
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Hokkaido Agricultural
Research Center, NARO

Fig. 1. Study area. The base map is from GSI Maps.

29ha) TH5. ZITFHARHMIETH Y, EEIX77~-80m Th 5. FRAHPHITHE, EiK,
HFRICEDLN, —HICIETFRO NS ST 5.
2.2, P LVT— 24018

P ld, FEERO 2018412 6 H, HHHED20194F1H4H, 1H30H, 3H5H
D 4RFER L7z (Table 1). #ERANIIIEFFHETHY, TE 57T KEEEDLE T
BT 2 R A, RIEIZVWINOHSE) TH o7z FHEET & D AL ICH 1.5 km
BEN 7T AT S A b e v ¥ —NORSRBINEY (s 736 m) (KB
2, 2008) OF—F 2k AL, BEFREFIBIT AT -1.3~27C, AL 1.2~3.1m/s
ThHo7e.

2% A4 13 DJT #E# Phantom 4 RTK % L 72, [A] UAV (& RTK-GNSS S A5 &
nNTEY, Ayuar7axy 712k 56E, 2OUWMOIEHEE (B D7, accuracy) 137K
SEH1 10 mm+ 1 ppm (RMS), 38510 15 mm+ 1 ppm (RMS) (1 ppm (3445725 1 km
BE)T 2MIC3ED I mm B AT % & v ER) (DI 2018) TH 5. HERO—AEIAITF
(consumer grade) UAV T & 1T\ 2 HARMIGL GNSS 5% O IEAERE 1Z— 12 % m
~B10m EEZ o570, TOMEMERIZZFELMmMELTwA. 72721, Phantom 4
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Table 1. Specifications of aerial photography. The meteorological data were recorded in the weather
observation field at Hokkaido Agricultural Research Center.

Date Dec. 6, 2018 Jan. 4,2019  Jan. 30,2019  Mar. 5, 2019
Aerial photographing time 12:10-12:26 11:04-11:27 11:40-11:51 11:58-12:08
Number of aerial photos 201 199 199 199
Temperature
g -1.0 -0.2 -1.3 2.7
(©)
Clln.lé.lte Average wind velocity 12 16 31 26
conditions (m/s)
Snow depth 0 26.7 67.4 469
(cm)

RTK CTZH L 725 H L 2O EIBIRO & % v TER L 72 3 IRIEE 7V OALEE#RD IE
TEFE & RERE & MGRE L 7oA R, IEMERE 13T P35 118 mm, $R1E°FYS 292 mm, M (FEBIME,
precision) 1Z7CEF 69 mm, A 35 mm & V) FEREAES LTV S UNMERTZ D,
2019).

W b lx, HEES0m, == v 780%, ¥4 FT7v760%, >vv¥—
AE=F, Y, A A=V FEE KT MNT R bE L SE TS
P MR DORTIRITET VEARR L 726, ST VARSI ESD 5 VI MENZET,
doming & %\ 3 bowl-effect & IFIXN DR DFAET LI EVHOLNTEY, TOMMH
B L TR IR TH A EARENTWS (/2% 21X James and Robson, 2014;
MEFII20, 2018). & CARMIZETIE, 71 AT OME% UAV R FIANCRA -80 & L7-.
¥/, 794 MCEHERITY 7 8 27 TH A DJIIAHE GSRTK # i L7z, )L— b
9E1L, double grid (F/3% — ) &L, UAVIZHIZHEITHMZR L L) IEL 7.
Thbb, RNRHEHEIZETT S 4 HA25FO IR S L.

ZEHR 5. E. O Structure from Motion and Multi View Stereo (SIM-MVS) ¥ (LUF, SIM
QLER & IFFR) 1, Agisoft #1# PhotoScan Professional Edition (¥i Metashape Professional
Edition) Z FWVCHEML 72, %8, Lo X512, SIM LR IZ GCPs 13 L %2752 - 72,
7, BST—YRETAA FETNVICE 228312, EHEEZ MM L7z SIM LR
W&o TR L 72 4 RO A v v B A 7 iR & O DSM A7 &5 AT & o Tiff Bifg &
LTHBIL, GISY7 b7 ETEAGDLE, Ao DSM & MmEH (2018 4 12 A
6 H) ®DSM D53 %25tHT 52 LT, MERSAHEER L. b, AV EYA
7 BEOZE ML 1.4 cm, DSM B X OFRE R0 X O 22 M 5 1L 2.8 cm Th 5.
2.3. #EEHA

FEEROEAE (FRfE) 215572012, AN 10 APTISR— )V &2 3kE L, #h3m (i
HdHVIIESEMH) L) LORESE2 ATy —THUT LI LT, FHERS Y MIBITS
FEFERZFHL 72 R VEESITE, B IS S EC NI 5 A, B ok <2
2 FT, BROLE A2 2 P, KA1 2Ate L7z (Fig. 2).
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Fig. 2. Ortho mosaic images depicting snow depth. Yellow circles indicate locations where the snow
depth was measured. The dotted line in C indicates the position of the survey line in the cross-
sectional view shown in Fig. 4.

3. BRBSLUEE

3.1. RTK-UAV EHEIC & WERL L =T8S E S %
ﬁﬁiﬁfgﬁi D VERL L 72 85 0 DSM O 7255 70 HAERL L 7R F R 546 X % Fig. 2 (2R
AEBINEL ORI L 5 & (Fig. 3), wWOZEHRHE (2018412 H6 H) OBEHD
ﬁﬁ)ﬁ% SWMHTH Y, 20H2 AMUSH72 ) ITHEFEROE -7 (T5em, 201941 7 26 H)
iz, 3HRICEMES )L > Twab. RTKUAV iHllA» S ¥E%E L - FE%E (Fig. 2)
X, TH4H251H30 HIZ2T CORFHEROWINE Z0H0AP %2 RLTBY, i
SR T— 7 LN TH 5. Figs. 2 B-D THHOBPBSLEYELOMZPED Loz
AR EFROZALDEI SN TE Y, EMBEEOESEZRL TS, BATEDLN
B, BE ORI B X T 3 RTROFHMEDML L, DSM B L U4V 54
ZWEDOGENE L A& o7z, 20720, HEBHRFEOHERE (DSM £4) IARHK
WCREVHLWVII/NS WL Y, Fig. 2O LHIOFTRHEM AR 5 720FRE N Tz
WV, F 7o, BBV X OB LB, BRSO OB TREIRESK
EL{hoTEY, —EIIFOFRHPFZEBZ T 5. Fig. 2C ISHEM TR L 72 B % ;K
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PEICHEE 2R BT 5, MERT (20184 12 H 6 H) BIXUOESHRIME (201941
4H, 1TH30H, 3AH5H) ®DSM, BXU20194 1 H 30 HIZBITAEFFEROMHEX
% Fig. 4 18T, BYHLAOR-7-REWF YR, BREOFROEY HLICL S DSM
DR R, BREIC L DHES B L OEROBEIROBA R &, mk s RS RS i
DHEENTHDLZ 005,
3.2. W EEHANC & V) FiBIL TSR

FHHE SR % Table 2 (27”9, EEWICHERE L 7235PTI27% @ L 72 Pole 2 I2BWTC, BRED
FBEOWEHEICL ) R= VAR L 72720, 20193 A5 HOTF— B RHMTHH. F72,
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Fig. 3. Temporal changes in snow depth. The data were recorded in the weather observation field
at Hokkaido Agricultural Research Center.
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Fig. 4. Snow depth measured on January 30, 2019, and cross section of various DSMs.
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Pole 3 (3 BIAKPNIAZIE T 525, Eibod X 5 ITBIARTE D5 E DSM O FE 2% L <
<, Pole DGHT O IEHEZ: FEE B £ O DSM #2457 O IEMEEIC R A H - 72D T, TDHED
FEAT 2> SIEBRAV L 720 20194F 1 H 4 H O PIgREE 1L 26,6 cm, 1 H 30 HiZ67.1cm, 3
H5HIZ422cm Tho 7z, SRR E LT, B ISERY PGS P OR A >~ b
(R—=v1, 4, 7, 8 9) FHSWICESENIRE, BY R 2, 10) RHK (K-
V3, 5, 6) DL DRSS Y MIFFIEIVNE o7z,

3.3. BERDOLR

R VEBSFIZB 5, RTK-UAV FHIlCHEE L RS & LIS X 0T
FML-BEEROLBAERE Fig. 5 1IR3, R L72881E, 20194F1H4HE1H30
Hix9&, 3A5HIZ8 A (Pole2 Killd720) TH 5.

1 H 30 H® Pole 4 B\, 3 XCORB X OWErT, F2HME X D HEEMBO T 25
BIEAVNE 2o T2, WEOMIEZES 1L, 3EHHFET86cm (RMSE (X9.5ecm), 1 A4
HDOADFITT7.6 cm (RMSE 128.2cm), 1 A 30 HDADF347T6.6 cm (RMSE 137.7 cm)
3HSHDADFTI11.9cm (RMSE iZ124cm) TH Y, 3 H5 HOEISHHIZRR
K&po7z, PbEX D, RTK-UAV GHlICHEE L 72FR 34 10 cm FEEEDRAE  (IEFE!E)
ERHOZEDREN. bokd, ZLEFL0XEHLD 0D, SHHET—-FIIBITA
FEORRIZLLTOR (1) TRSN, MW r=098) ZRLTBY, @ie%
BXAFAND LTI FRECHESRERS M 2T T A I ENMERICR L EEZ LN,

FEWRE R (em) =0.90 x HEEM T R (cm) +12.24 (r=0.98) X D

7e72L, BRI AMIZEOWE SN (0 2 I8, WEEE, TEHEHEEZY) I8
JAEIERTH 5. 728 21E, UAV-SIM GHAR R O EBEHR O IR LT,
FENODEREENSWEEZ OGN (728 21X, AHIE2, 2016), #pdkttn’ EitEakExX

Table 2. Actual snow depth measured using a sounding rod.

Actual snow depth (cm)

Measuring point 6 2018 Jan.4,2019  Jan. 30,2019  Mar. 5, 2019 Average
Pole 1 0 330 76.0 515 535
Pole 2 0 20.0 63.0 - 415
Pole 3 0 21.0 57.0 37.0 38.3
Pole 4 0 29.0 73.0 505 50.8
Pole 5 0 215 635 475 4.2
Pole 6 0 215 585 2.0 35.3
Pole 7 0 27.0 70.0 465 4738
Pole 8 0 275 68.5 445 468
Pole 9 0 285 69.5 495 49.2
Pole 10 0 315 615 215 38.2

Average 26.6 67.1 42.2
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Fig. 5. Comparison between estimated snow depth measured
with RTK-UAV survey and actual value measured with
sounding rod.

W52 2B L IS HROELR DME P LETH 5.

HeEMEAFME X D /NS Ko 72 E LT, UTO2808ER 615,
1) 12A6HDDSM #EEHEOm OHET—F £ LTW5ED, EBIIE IEERLHE
DEAELTED, ZNOOMETHE DSM OEAER L ) KE L 20, R SRk
TR /NI S N7z Fig. 5 IR L72ERo y Uik 1224 em TH Y, ZofE (EfE
EOFTI) REERLHEICHEK L T HEED D 5.
2) FRBFEFHUAIZELE L7 Pole DEHEPHE LB ClE %, EPTHHEWTWALZE
T, EMESEFEKFEM SN 72720, WKIC Pole 237227% ) K E < 10 BTz
ELTH, AFHINCBIT 2 RAESET6 cm (2B 5375 (EEOBKEEM) 12 +1.2cm
Thl), TOEBILBI/NINEEZZ 5N,

F72, LT LREHEEOHEEICMHN T2 DSM OEOERBEAEEKRE LT, UTD 248
NEZLND.
3) ZEHREHEOFEMEOMRE T4bb, UAVIZHER X L7z RTK-GNSS Ol i i 2.
Phantom 4 RTK O34, $/ERAIZ 15mm (W ¥ AT ARy 7)) Thb.
4) SIM-MVS MLHIZ BWTHET 2885 ZhUd, 7 A TR (HEE ¥1F-3Iv 72
LyP, LY ADER, vy —iER L), WoEskn WEEE, i hn, BEE
B/, BE) /#boy, WRPEEL ), SR80 (BHE, KheE, 2 JaE, XU
%E), AEWEE OBIR, 727 AF v 7% &), SIM-MVS LT L T) X2 /85 X —4%
Rk, KA GBERPHET L (FWHEIEA, 2019) 720, —HICEEMT 2 2 &3 TE L.
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Fixed
Measurement method Sounding rod Laser range finder
ground camera
Spatial
4r§sagllﬁtion 4 SR 4 SR 4 SR
3 3 3 3
Labor 2 Measurable LC % MR Llc 2 MR LC2 MR
: A
Equipment Accuracy EC A EC A EC A
reuhugian TR R TR
Airborne o UAV-SfM RTK-UAV
Satellite image ) .
laser scanner with GCPs without GCPs
SR SR SR SR
4 4 4 4
3 3 3
c 2 MR LC MR c 2 MR LC MR
1 1
0
EC A EC A EC A EC A
TR TR TR TR

Fig. 6. Characteristics of snow depth measuring techniques. SR: spatial resolution; MR: measurable
range; A: accuracy; TR: temporal resolution; EC: equipment cost; LC: labor cost.

¥ 72, doming O & ) LR RMiRELHFET S.

RTK-UAV |2 X A FEE RS OMHEE T LV EFEEALT 27-0121F, D4 D0fREER
OB LR T H2UELNH L. HIZ3BLN4ICH LTI, DToSENSEEEE2 S

n5.

3") GNSS # IE 15 & 56154 5 HitEJ5 & RTK-UAV OfFEE GEE) #48< 4. $4bb,

AT 73 T AR T 5 5E

A DR E X 5.

4") #romgoiEilt (B, &z E) 12X, doming #KIRT 5.

3.4. OFEEDLR

Wadr, FHAGATI G IR R 2 s L, BB O 25 R
BWTH LR 5 OMIEEREFET 5 2 LT,

MEREFHNS 2 EE LTid, WEE, B8 A7 (T2 5 &% L T2 8AR%E

O S ZFH, Al - 59, 2017),
(FIHE)

L — IR (o, AHIEA, 2018), fitz2l —+
A Mm% (Marti et al,, 2016; 9, 2017), UAV-SIM (GCPs i), RTK-UAV-SIM

(GCPs MEH) 2Z 5N 5. Fig. 6 IZFNEFNOFEORK M % 4 Bl (Ehb 4> 3>

2>1%%) TRY. 27220, R 288, s, FHlRE, i -

L0 HRIIZALT 5720,

EEPE

;@é?{ﬂﬂﬂi%( i—@kiﬁxtigﬁff)% f:k}’léi

12
MR

37— & OIEMEMEDS L O I 2 MIENR LD, S L2 AT 20580 H % 7205057

DHKRE L,

TEHIT 2 2 L3O TEHE L o2 b OFHiES 5. —7,
THENDLD, BGEHEREOZEIC L) —RISFHIEE DMK <

JApEES

T E L (EMMHMERED), IR (RHIW ReEpH), wMiEE (RpMARIREE)
] (5 VX R & P oD Ti
TSR EE O B L
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WopliR 2 RS 256, itEh .

FFECBI A REZRE GHED SEEHT A&, 7, WRE E2mh A7, L—
VHMEEHI ST E (BRMBERE) »oREEOFHIATE 2. £/, MEL—FB
JOMRBRICE LTI E B L OEH 2 2 OB TEHEZOFHIA T & 2.
UAV-SfM  (GCPs fiH]) (35FI2F6 S _Eo> GCPs BAEAESE (RRiE - 5Tl - MEFF - %) 0%
DK E V. —75, RTK-UAV-SIM 13841 2 2 3 L UFHIT REREPH TR R 5 L DD,
MOFFHTIIENTEBE Y, RERREDPH, RPR B & o THREZR TEITRR 575
B 2 AST B A AT T BE 70 S5 Hy R0 SUERHD 2 SRR EE > O EE TREN L 2 Wi &,
GCPs {E3£ 7 V> RTK-UAV-SIM 7 fiii 7» D S E A ME— DB 2 5 L E R b,

4. % & &

RTK-UAV T L 72 2B % B L O I2) 7V 8 A MK GEICFF S N A i
FEAED A% VT (§7%bH GCPs # HE§°12), SIM-MVS WLHLC X ) FEERitA D5
B D 3RITTET I (DSM B L OF VY XA ZHi§) ZEE L7 RIZ, EEHB X
OFEZEH O DSMs O 755712 & D FEF RS AT Mg L, #2810 2 FEE & i 5 2
ET, FTOEMMERMEEL 72, ZO8E, 1ZITTXTORY R OEITICB VT, FEilEIC
HATRTK-UAV FHINC & D HEE L 2R TRDO STV S iR &2 1), %9 10 cm FEEE D FR
mEmLiz, bokd, WMEIZEVHBEMG r=098) Z/RLTBh, #YaEHEz
W5 2 e T, HMERSMOIEMERIENSTTERTH D I EmRSn 72, EHEEEN
23817 % RTK-UAV OBEMVPEICBI L C, MERFRERB T2 ETEELL. ZORRE,
RTK-UAV % F\W 728 REHI T, B 2 A b B L OFHIWRERIFH TR %5 b 00,
ZEMRREE, T — & OIEREYE, WG GRUEE), FHl7 o TELTWE v
IS N E o 7z

UAV-SIM Fi1d, FHHEATE, 3D, FRL oK AL -T2y M X
LEAEOFHINCHWSOND Z LWL\ (728 21X, FJIE 2, 2016 ; Obanawa and
Hayakawa, 2018). L2°L, WHR&ET L4 XY s DOFELH - PIEOKEDB X 0584 i
OHEEIIREETH V), EEFHINIC L 2 B2 Lm0 BEEONS, B L OHEEEOIE#ED
FHIEEE L. —T5, AR R E LB R, BENLZFHIPES TH L7120, &
LEOFMHEXHIFT A ENELTH L. MERREREOLE L V) M TRFIREL L
ZALIZREIZTH V), HIEFHINZ BT 5 RTK-UAV OB &2 MEEd 5 EC, ARFFER R
AR ESTHHFOT IOy — (HH) L LTHRZEEZ OGNS,

at i
KBRS, BTPR [FH 30 EREIRRRR ) B & ORPRH TR Y 5 — (4
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