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Morphology and evolution of an isolated sand dune affected by the intersection angle of alternating
bidirectional flows: results of flume experiments

Abstract

We used a hydraulic flume to conduct analog model experiments
to elucidate the effects of alternating orientations of bidirectional
flows (intersection angle 0) on the morphology and evolution of iso-
lated sand dunes. An initial cone of fine-grained quartz sand was ex-
posed to bidirectional water flows with a range of intersection angles
(45°, 90°, 135°, and 180°) for 20 cycles of flow alternation, with a cycle
duration of 2 min. Experimental trials showed two types of deforma-
tion of the crest line: (1) “independence type”, in which a new crest
line formed at a different location from the existing one; and (2) “re-
verse type”, in which an existing crest line reversed its migration di-
rection and a new slip face was generated on the new stoss side of the
existing crest. The independence type was observed at € = 45° and the
reverse type was observed at 6 = 180°. At intermediate values of 6, the
two types occurred contemporaneously. Due to the cumulative effect
of deformation of the crest line, three types of topographies devel-
oped, with features characteristic of dome, longitudinal (seif), and
reversing dunes. These results yield insights into the processes and
conditions required for the formation of sand dune types.
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FRERMTHENSIHETHS (Fig. 1b).
INUN S AP S, & BITRENRINI R TH
DM, WEOBIKTIERS. —HRAEDODH ETTEDNLN
L, ZHAMONEEEEERED. /NN W R
DT 2 FHINEHT 22 A— 2 &IN5 (Fig.
2a). B EMOIADHDEHMIRT 1+ TN, A ENS
B 72 5 INFMRIT- D32 DFERINRB O RN 2 7% CiEldn
5. BRERAD &, WokizhEssa8Em (XU 7

I L & [

JRREEY EOEREIZZEET (McKee, 1979), FRHRFRAAT
L SN TN DH DR, BEOBEIXM(ICE >
TREDDD, £, EOXIBRBHEFNEDI D78z
LETRENDDHD. TS DBNITHTAH2I<ASNIZE
T DOEDIE, Wasson and Hyde (1983) DMK TH S
(Fig. la). 97205, WEBEONARERN 4T, BERIHE

BUORERAIETREE VWD SDOEZEOHAAEDLEZK
Bd 2L NWSEZ L THD. BERERDORENL<, HE
MIEWHFICD 0 TR BbNBEOEE, BRD
— SRR USRS . (transverse dune) 4%, JEA]
NEHEHFICLOEHTHEEII2RPE (star dune)
BRSNS, —F, BERRERNDE<, HomICEE
ROEHT SR ERPRI) 1TBN T, JBRO—Hmk
MEWETIZNIVN B R (barchan dune) 73, 55WIET
W3 (21 7) WE (ongitudinal dune, seif dune) 7%
EkEnb. §/2bb, TNTNOWEDFRER, REDE

©The Geological Society of Japan 2011

TIAR) E155B. KT LOWRRAY w 7T 1A ANBEH)
TBHIET, NN RIZZFDOREHERL DD F AN
&9 % (Bagnold, 1941). —7F, #tFIES EIZFEHE A&
AT D, Ui FARICHIR S MUSIRE DD, IEHROER
BTH5 (Fig. 2b). ZOERICIE, ZAHMODEIRZLET S
BRI EE Z 5NTW5, IBROmRAIOFmERE, N
N EOHE LRV EANTNHREEOER &/
5. WIBRARDHMES I TFEORTHFTH 2%, ARD
ZALITPE, IR S B B 2 DR E WS (Tsoar,
1983; Tsoar and Yaalon, 1983; Tsoar et al., 2004).
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Fig. 1. (a) Phase diagram of the shapes of sand dunes, re-
flecting variations in wind complexity (RDP/DP) and sand
supply (average sand thickness). Modified from Wasson
and Hyde (1983). (b) Schematic diagrams showing typical
dune shapes and corresponding wind directions.

INVN D B 4B O TEREDE WS, AR DE N X
Mg 5 EEZNDN, BEIEEZFoTRERN £0b
i, NS5O EDOHEBREBRIIDNTIZIL 40> T
W, FEE S, RN L TRITE L 2 BIRE L
&, SEDOAHRDORNHSZZAIZERFIER L 7Z0 612N
5 BREMIROTWAICE R UT, INLR RO RS 2 ki
ETFINERTHN .. ZOFERBTHES NHHRERARDH
BB ORI /NS, SDORNDIRTHDENNE
BB ORI G A 2B DN TR 2.

ISIRY Eithfic & 4Rk L 7B R D RER

FEFEITWP > < DHEFTT 2 KRN ORI EFE D275 2 Bl
NSRS S Z LIIREHETH . Dk, /N EER
HERIGES 7 FOTERE, BREFEME L THET 25
FEBREMAASN TS, FIEITDOVTIE, AHITHL KR
N5, BEICDODNWTIE, BHMO/NIVN ) EOHEERICERD)
U, 7N ERLOHEFERENDIRABIED STy
% (Schwimmle and Herrmann, 2003; Katsuki et al.,
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Fig. 2. Sketches showing typical isolated dunes: (a) a
barchan dune, and (b) a longitudinal dune.

2005). WIHZE L, KATIZ10~100 F A7 —)L Tid
OB ED R, A BIHREICHO TR T2 2
EMNTE5,

7O 7EBITIE, EIRER (Andreotti et al., 2002;
Dauchot et al., 2002) &/k##325: (Nifio and Barahona,
1997; Hersen et al., 2002; Endo et al., 2004) &4 5.
AFEEBRTIE, EBRAR S U TRO MDD DITKOFENZEF W
5. FEFRAENEZIOBE LKDEGGEEELRS &, BHFIC
13, NSV Grem) N EMEZ XD RRRIEHR S E 2
ZEMTEDZEND AU b3H 5. AR &3 HR 225
a7z, ﬁiﬁ%@klﬁf@ U DR ELC 5B L
nzn, I EOSHS, W EOMEMERICHA, #BFEL
7“:69@%753‘@&0)*)‘47\ ICHET 5. 0D, &<[EUR
MOHETH, N EOYA XIREBRSHEZEZRT. I
D EMNS, M EARERO/NIE &% 14 1 TR
IEBEIBAT—) P TANL, FHEBFELIBNEE A
5N%. LInL, BRIREFHFITHL T, BlREN D 200
D/ 21, BELA ZIFTANSNTWSE X — U >
JHIWFEET 5. T72bb, HIREPIZBNT, Fkn]

% (RES EIRER> TREIWRER) ﬂl(ﬁ@ﬁ@aﬁ/]\ﬁ’f
i, kX TR ENS 2R OBEEIERE S R X —)L T
& % (Sauermann et al., 2001; Hersen et al., 2002). =

Z&id, WHETIRNE 10 m BED /NN BN XT
HBHDITHLT, AP T em LT O ® DBRATRET
HBHZEEMBLTWD., Lo T, KEEBRTEL S/
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BNIVNAZ, BUTEAMLTW BT TRL, HMICHD
BEOREB NV DAY THD ENA D,

ML R DEBRAIFFEDZL < 25, NIV EERFZREL
T&Ek. ZRUL 7V DERSEMNTH 5 — T % K5
THEETDZENBRGRIZOTH D, RADELTHEMET
TNV EDOERER S R INTIINSED, TN FE THIE
EKBRIZIR 5N TW/z (Parteli and Herrmann, 2007a, b).
EFEHFESIIINET, RAPTRENET B4 T TOINIY
BERREEMRINYT 5729, KEEBREEBL TEL. FiEE
LTWB 01, ZARORNIEEINER T 5504 FTOM
SWEORENRXTH S, UL, T LRMsED, £
92 ZHIAO N TORKW EOBIREE B 5 DITHILD
LEAONDHTHS. ZhRAIDFHZEZ 180° IZEEL,
T & ke & 28k X ¥ 7= Taniguchi and Endo (2007)
DOFEBRTIE, EHLZ2TORTICREL T, mrAkic
U CBEFEDIERRITIR D HMED R » T 7 21 AR I N
7. FEROHBIE, RKAOMINBETHEHEINTHD
(Bishop, 2001), ‘rear slipface” &MEENTWS. Fiz,
LH_ARZEEVRUERS®S &, ZAMZTNZTNDR
NOMREFEREHE L &I &K AE T 2 4 OO T E L
o, ZO5EOVEDIE, KEEMICASNS “HEABN
VN EHERIT D, ULinL, A2 180° OFEERTIE,
BRm & AT D EAR D Z R Dt 1 7 Hig<> Bagnold
(1941) BTHUL =L D72 R—LAHBOBEHICIZES 8->
2. INSOEBTWEZHETE CORWINI RBEED
A EEAD ZEBARMEDOEHMDVEDTH .

ZREAOAMEEEZ TH IR FKERER

FhrZZe (0°<6 < 180°) Z7/A LU TXKAEIIERT S HM
HFHE - MO ORI 88 2) 2INTHITBICERD
BUMEHET R 2/KERBZEB IR FIEELZDI,
i OFREDEBHINAE &, ZCH A MO RFRENEEIRIT
KO EHICHEN D HEIIRTH 5.

EBITIE, FERRER SRR A —T > TR T -
) —IZRESIN TN D ERKEE AW REBROKER
1, ACEICERE S NKEEER (i 50 cm, & E 50 cm, K&
5.6m) &, KEEHERITKZEfEHET D LR MIKAE S KO EREr
KiEEMS72% (Fig. 3a). FEBRAEEIIKEH THS. T
Bk S _EFRAVKEEAN SR L, =A% TR
KT %, KEEER FFIROKM D ST 2 KIS R BRI~
B9 5. fa/kBitAE 20 REE T, /KGN ORIUIE IR
RELT2%. KIS DIATEIZAR > 7DV 712K 0 Ft
T&E%. —F, KT FREOKMAOBEE ZH#ET 2 &
T, BEOKE (13.5cm) MESNS. FREE, KENIC
BREINTEER Ry T —FEEt (ADV) &> T, &’
H25 0.6 cm OFES THIEINZ. KIEEEIC TS AF v
DHORERHL T, KEHEEZ—HRKICLE. TIAF v
WO—FIITDIAATE, B 48.5cm OMEZEFEHLI &5
Z&ITkD, FIEDANEEFFD iR EFIH L 72,

SEETRIEE 80 um, S HRE 0.48 DAHERY 15 g M 5785
#EOWIL (B 1.2~1.5cm, BE6~7cm O&EDEM
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Fig. 3. Experimental design for creating bidirectional wa-
ter flows with angular variations. (a) Sketch of the water
flume. (b) Schematic diagram showing the generation of
variable flow orientations using a rotating disk.

Table 1. Experimental conditions.

Run No. Flow velocity [cm/s] Duration [min.] 14
a 21 2 45°
b 21 2 90°
c 21 2 135°
d 21 2 180°

R EICED, InEEMIEE Uk, RIS TSR
MELDIED EBWOMHENDH 2 EBDONDSH, KL T
EREEE &M D > P O—)VEMRICT B0, EBRPITH
KRS 2 2 LU ok WIS L, HE
21 c/s DK Z 2.0 rREA S E 72 (Fig. 3b %) & &,
WISEE G AN E DY <D &ihzibo/-. Mgz
O I ER SR, O Uit & ke ot 2 1
SH7 (Fig. 3b H). Zo—HOEEZ 1 EMEL, 204
MoETE2 4ARB Ik, 0IIERITRE TEDN, AHE
BRCid 45°, 90°, 135°, 180° D4 @D ITREL = 4~
DIFTTIE, 0ld—E &L L7z (Table D). 72, 20 Hiz
#&Z TR L THIE DS [EHRAR D SMEINIE A B & &7 o
7z

BRER

L REZECRDIEROEE)
MEAED % EE < ORYRL T OB a4 D %, Zhi
KO, ERRIALE BB EEA D, BERITETT Z LIk
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30 sec. Fig. 4. Photographs showing the

deformation processes occurring
in the second half of the first cy-
cle. The solid line in each photo
indicates the actively forming or
migrating crest line. The dotted
60 500 line shows the position of the ini-
tial crest line that developed in
the flow during the first half of
the first cycle. Note that the initial
crest line has blown out or mi-
grated to another location, except
in Run (a). The rose diagrams to
the left of the photographs indi-
cate the flow directions for each
trial. The lengths and directions
of the bars labeled “First” and
“Second” represent the velocities
and source directions of the alter-
nating flows, respectively. The ar-
60 sec. row labeled “Average” indicates

10 cm

Trace of the active crest line

Position where the initial crest line existed
under the flow of the first half

the averaged vector of the two
flows. (a) Run a (6=45°). (b) Run
b (6=90°). (¢) Run ¢ (6=135°). (d)
Run d (6=180°).

e EEg e R Uiz, 55 1 RHIRTE QKRR T U R
T, £ TOHTIZBNTHIRO THRANZ MO =H A B DI
NBHN (Figs. da-d DHEFE D). ZDOEZDERK (5
BP0 2OMIERE SRR i, —HREFT
FET D)V MBI S, FgRICAS S, &
AT CHER DM ALAETT L (Figs. 4a-d DHFE 2-5).
MiTa 2RE, WTNOBRE S EEEORNZE(L & FRIFEC
FIHNEARIIB BT 2 008 L WIERICE > Thbshdnhl
T, PO ENSITHEET 5. UTIcENENOMITHE
12, WEIC X BB L EFEL <R 5.

itfTa (0 = 45°, Fig. 4a) Tld, ENLIEGICHEERNEEL
SO TG CH L IR (Fig. 4a BH 2 DEWERAD) 2
AUk, Z3Ud il (FEE ORI LT LUFAH
D DIZVRRD FER) ITMET 2R — 2 B ST, SR
S FRNZ A L7sm S FIRATNBE L. —7, WG
D55, EHEM (GEEFMD 13H 7 RIERE D & miE
T2 EICE>THA, MRl GERBAD ofR—> ki
(LB 280 DANBECLEREZETHE L (Fig. 4a5
H4, 5 ODHWERHD.

#17b (0=90°, Fig. 4b) Tl&, LEAIOFR—1ih->T
O 2 WHLR DGR 7212 U (Fig. 4b HHE 2, B
KED. FHREIOKR—> LTI, #IHERICR > THRED
Flciz AV TT 24 AW SN (ABEWERED. Zh
557D DRIV T NS R ARFIEL = (Fig. 4b 5
H2-5). 92 EMLEICE, LRAOH - g R AT R

DHDITBNDWTHEREL, WENOLEDDIERRE L T
HEANBET DX DI/ FIHEERO_ BiRARE S T,
THREITRSNZE D IHi /272 v 77 11 XD
57, EHMIIHEKL 2.

ifTc 0=135° Fig. 4c) Tl& K7 1 LOFIMIERRN
FHE LIRS H = Inigignsibi 7z (Fig. 4c 5HE 2, &
WERED. FHRMOF—>2 T, AIHIERRWICHEE D R
Uy I oA AR I N (ABEWERED. Zhs 2 fEE
DIFITER L THO, LBITFRAMANEHIELZ (Fig.
4c BH 3-5). #fTb DEE EFKRIC, WIHIERO EFRERR
I L 7=

ilf7d (0=180°, Fig. 4d) T3, FHMAZ(LEES I
IR BRI > THME DAY v T7 24 ARSI, Z
NS TRARANBE L 72, WI0SEFIRIBICET DRI
WABNIEE > TS0, Fig. 4d DEHE 2 TEETIERD
B R TE 2.

DI EOBIRXD, REECBICHRE DIEROME S BB
M OZLDOBFEITIE, PATOD 2 fEOEENZEE TE 5.
FNZ NPT & R SRR, SN TS, wHER &
IZRILDMEBITH L WERB IO v T 7 21 A0S
N5, ZOFHUVIERIT, WAt i3 R 5 A micBs)
T5. KERTIE, FHIERICH-> TEfMEDRY Y 77 <
A AR E N, FZALRT VIO DA S IR OFEE)
HDZALT . EROETTAMER Y v 77 21 ZOfL#E
AT D EIFTNA, TR AT DIERANRIMZA L1 © IR
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ELUTEET 5. ilfTa TSR, #H17d Cl3iRR Ol
WMELASN, #dfTb &c TIIMENERHCHET L. Z
NHOINY =13, FikfTO42 20 A &8 Ueh e n ik
L7

2. REZARRD 20 BEAD#Y IR L TH U 7=tz

RHE MR ZE 20 Fich 7z > TROR UER S Bkl
& ZA, —H FCIRR S AR WBRROHITENFEE L 72
(Fig. 5). I OB, ZhEnNRKRO R—LW R, i
¥ (k1 7)) W, UN—2F7WE McKee, 1979) &
BT HRMERLZ. RRXTIE, IhesEehEh R—
LB, HEFRHE, UN— 2 BRI LIRS & ET
5.

fTa TSN/ R—ARMEOR#IZ, KAD R—LA
WEIGEWEMEOEEREZFF DR T« &, RT 1 DTl
UAHEICH 5 N2 S DDENEETH S (Fig. Sa). HY
OBEILNL, IO TRAIMEIZIF—H L7z HE i
RS FRICHM LU ZIEENH 0, WA boEIcEznE
TR DAEITH T IRIERR DR U E NS (ST
TIDIERZE(L) . BB D 2 RADZEHNE, R LNV RS
EOR—=ITBTWS. UL, NIV EDFR— 2 HE
—IEHRDEIRIZIN > TS DR L, A OZSISIgH
DFRE—F LIz, A=DDZERE, FNTNERR DA
TCOBEFET D, RRDERTIHINT S, £z, /NN
W 1T B ZEER IR - D RERRA SR .

#A17b (Fig. 5b) Tid, FEEHRENIH LU T LRMANCAET

ode
—r =

E Fig. 5. Photographs showing the
w‘g m topography developed after 20

The first half
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flow direction |!
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cycles. Dotted lines show the
crest line. (a) Run a (6=45°). (b)
Run b (6=90°). (c) Run c (6=135°).
(d) Run d (6=180°).

The second half

%, RMOVHpEZREOME (GEAR) &, TRz
BT R (FEEM) S rEaHBNERE N
fz. MHEDEFRIINITNOERIRTH > 2. MHEMBO 1T
(3, RIAZAE DB RERF DIERR & 13575 B AL T HT 72 I IERR
DGR E N7z WSERMOIERZE ). —75, BRiE Lok
FRCI, TR O EICBHEDIERRICIh > THERE DAY v
TT A AR E N, WEROBES AR L - (KR
DUEREAL) . FT= IR DR U IR S N 5 RERHIE -
DIERERZ D, FRIRHE EOBREI—E L CEERmO S
MO, R SRR, IRl d 2 2 &<
HAEL THBO, REHMIED S FRIRHIE A OR OB E)E Z D
fiEl e Uz, RISk & UCESRE & F U5
CBEIL DD, ALI DML REMITED 5 O O
ZRTTBRRHIBIE, SR> TR<G>Tho 7.
ilfrc (Fig. 5¢) T, alfrb &R U < ALY &K
BOEEHIENEN. 2L, #iTb LYo &, Bk
WIEDIENA S, REMBEORE S/, 7205, W
b DFE LV BL < ORWHFRIRMIITER L 7=

AATh, ¢ TRONBEIRMIBE, TR S SR
MEWFERRE, RO SN EHTTHS E0n SRk
Rl ML DB IR IEZS S % 5 A CERRAMALS
BEIT2RICBNT, RAOHEFIT T EIET D, BRHY
i WP EANORER ETHDEEALGND. —F4, BIR
WIBICHS 2 #6592 mBRIE, KA RO A 2% %
FENTHIANL 722 &5, KO ZLEIR D 2R3 USRS
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Fig. 6. Summary of the development
of dune topographies characteristic of
bidirectional water flows with peri-
odic angular variations. The intersec-
tion angle of the flows, 6, affects the
deformation of the crest line and the

Flow direction in the first half of the cycle
<:1 Flow direction in the second half of the cycle

shape of resultant topographies. The
topography at 6=0° represents a uni-
directional flow with the same flow
velocity as that in the other runs.

BIHEIIHAT 5 B A 50, K OMFIRD il mikicis
% EHEHIENS.

tfrd (Fig. 5d) T, HIANCIFIFELT 2 HAN Kz
FEOBROHIE (UN— 2 VRIHE) DRI Nz, IR
OEEHBHRANIEIL Uz, RIADSRKIET 5 /= N &
DAYy TT A ARSI N, IBRROBEN G RDKER L
ZOREOWFEME—R LTz I OMBILFHAG I35 ER
g, WNCERT 2 (Fig. 5d FOLEAH) 1TKE
<IgoTwolz oL, 10 FLREIZIZE A EHmTRL
7oz, WMNCESY SR AW E R DR LT S ifm]
IR TEET S LW FMOAITIERT S L, ZOfTT
15 5 NI OB EIFESIND AW A DR ZE 2T TERT
BUYN— 2 T RIELT 5.

3. EEEEWEREDRER

iTa~d THESI N H—FATOBREL & £ AR
WEOWEEDEBZREE LD D ERDLIITRD. R—A
B Glfra) SRAMIE GRITb, o 4%, MNTH DR
BlOREER L. —F, BR#E GliTb, o &V
IN—= 2 7RI GRMTd) 13, KM OBRE Lo Rz
BRL 7.

IAZ R OIERRDEENL, 61Tk > TS (Fig. 6).
O MNEW (~0°) &, —JIiR F ERBRIZ/N)LN g )
BmREns LHfEI NS, MTROBKRENZEELC S0 DM
fE1Z 0°<0<45° DHIPAICH B, F7z, NEBOBERELZE
AU %0 DREfEIL 45°<0<90° DHEIFHICH 5. MALI & K
BRI D ST D DIEREL S FERFICHDON LD HE (90° <0 <
135° &%), 0fEMNL D KE N EKIER 2R 57 DR
HREWN.

£ & 0B

LHHHEFHO S & TOINLH ERRE 2 #i 5kl 2
BIB-okETA, WAHMNZE DRESICKRD, EHFORE
HE2EE) & BRI BIRICN ) T—3 3 ODEEL © %
ZENbhoTk.

TN D DR OIEROZEENTNE, BEF O E Rz 27
EIZH L WSRO DM &, BEF OISERITHERIE D
2w T T 1A AR S NZFNE TOBE A &R
BEiT 5 KIREO 2 BENED 5N NI 720 (~45°
DB ETIIMILA, KERO (~180°) Db & TIHKEAMN
EEPLTWV., INSOFHIOREESDO DB & TIEMmHEN
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FRLZE DK & SITRTE U 7z G Bl 0iE W s, BRI
RKMEINZFERTHDEEZEZOND. 5%, KHEEHESEZ XL
DREME DB HDIT LI /AEERZBIRD ZET,
B2 e th FE ORI 2 BT H O & Bbh 5.

#t 33

EBRFTICELD, NEXROFME 2 MWL 2l 8
K HEELEK,SOBER, FECHERTHo 2. Wk
ZEOMIEMEK, REEkFK, EHHE oM v o
BRERNSDIAAY M, FEROUBRITHEL> 2. kD
HRZ, BATHELBL LTS,
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