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Abstract: The aim of this study is to investigate how volumetric strain and super typhoon
Lekima interact with each other. By combining the intensity and spatio-temporal evolution of
Lekima, we systematically analyze the extracted volumetric deformation of shallow crust at five
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stations in the southeastern coastal area of China induced by Lekima using a decomposition
analysis called the empirical mode decomposition (EMD). Furthermore, we discuss the physical
mechanism of typhoon-induced volumetric strain. The results show that: (D The super typhoon’s
signature consists in a ground dilatation due to barometric pressure drop drastically, generally
followed by a ground compression due to the barometric pressure recovery. The dynamic

patterns for the volumetric strain and the barometric pressure are both similar to the symme-
trical funnel, and the response of volumetric strain to the barometric pressure is almost instant
and linear. In addition, the durations are nearly equivalent for both of them. (2) The maximum
magnitude in volumetric strain induced by barometric pressure with fluctuation of —18.2 hPa
can reach up to —112.1X 107 in the 62 m deep borehole, and the corresponding coefficient of
barometric pressure response is about 6.2 X 10~°/hPa at the 103-hour period. (3 Obviously, the
dilatometer records can be remotely disturbed by super typhoon at a distance of approximately
980 km away from the borehole site. When the typhoon center approaches or moves away from
the borehole site, the dilatational magnitude of borehole strain will increase or decrease corres-
pondingly. The obtained results can be used not only for identifying and determining reason-
ably the physical mechanism of anomalous changes induced by typhoon in low-frequency range
for southeastern coastal and inland areas in China, but also for contributing the reliably observa-
tional evidences to the theoretical model research for the volumetric strain in response to baro-
metric pressure in the low-frequency range.

Key words: super typhoon Lekima; borehole volumetric strain; southeastern coastal area of

China; atmospheric loading; typhoon torrential rainfall
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Bl FLAA I AR X [ 1968 4F 8 )il S #9F 1 LA K (Sacks et al, 19715 Evertson, 1977), i T H & R
R (PR 107°) AL S0 (B B8 T Hez) S5 i, B R B R ik . IR AR . Wi 2
3 M B 3 A LS K 55 Bl ) 2E HLET 4R A 1T fA (Sacks er al, 1978; Linde et al, 1996;
Roeloffs, 2006; 5K a5, 4445, 2008; HPEHEEE, 2012; Takanami ef al/, 2013; Bonaccorso et
al, 2016; ERF4E, 2017; Barbour, Crowell, 2017). 7Ei A2 B WI 54E RSB, HE
Eﬁﬁﬁﬁfjm{ﬁ%ﬂﬁﬁﬂ’ﬂm V& 7 W R A

R R 22 A 2 5 L AR 07 2 430 Ay SO0 T 68 5 25 3 5 6 (300 mi LAWY ), A< R /K SCAE A A 1 P
B2 E T TR TRl P X O I 7 A K B ) TR (Asai et al, 2009) , 3 AU FIF 22 5% |
MEﬁmﬂngﬂﬁﬁﬁ A BRAR I, BRI T R 1 AE S R S EOE R AL A
PN i, 7 VA b DX ) B LA N AR I 45 B ) A2 3] 5 KUY 3R T 38 (Mouyen et al, 2017) . 58 % & H R
VﬁmAﬂLﬂﬁ 1 2 TR R RT3 B A R AR ) S AR A L DN H AR g O AR Ml X X
LHIRE, GMRIRGE T WM R IA 20.4X10°/hPa (1 2 A 584, 1983); Iz,
U 28 AR R A5 11 5 5 R A0F 1512 i 7 Al 8 AR AL, I AR B #3510 (Liu et al, 2009; Hsu et al, 2015;
Mouyen et al, 2017) . b, FRGHI2 Wi & KU, FLAR R 28 UL B9+ P AR 4E B 2 i o, X B2
I 22 3T 2 0 SR 25 Y L RUSRL AT T 7 A ) M A N T 3 DA B R BE A ER I Sl 1 M R A
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AR, P25 N E R BIH T BCF 55 A0 PR BRI A 45 Jy s, X LR )@
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Fig. 1 The best track and intensity (colored circles) of super typhoon Lekima (from 14:00 BJT on
4 August 2019 to 11:00 BJT on 13 August 2019, equally spaced at 1 h or 3 h, respectively)
marked with time as well as locations of borehole dilatometer stations (black triangles)

and meteorological stations (green triangles) in southeastern coastal area of China
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Fig. 2 The low-frequency signatures of super typhoon
Lekima recorded by the borehole dilatometers
at five stations during 1-17 August 2019

Time series after linear curves are removed from the original one-
minute-sampled volumetric strain data (black lines), and red lines
show the trends of long-period changes in volumetric strain. The
vertical left and right dashed lines mark the timing of Lekima's
initiation and first landfall, respectively. The blue circle
indicates the time when the typhoon was the nearest to

the borehole dilatometer station.
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Fig. 3 Records of the volumetric strain and barometric pressure at the stations Dongyang (a) and
Liyang (b) as well as daily rainfall data at Hangzhou meteorological station under
the passage of super typhoon Lekima during August 1-17, 2019
The upper panels show the traces of the volumetric strain (black) and barometric pressure (gray), where red and

green lines show the trends, respectively; the middle panels represent the variation rates of the volumetric

strain (red) and barometric pressure (green) ; the lower panels represent the daily rainfall
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Fig. 4 Records of the volumetric strain and barometric pressure at the stations Changshu (a) and
Nantong (b) as well as and daily rainfall data at Shanghai meteorological station under
the passage of super typhoon Lekima during August 1-17, 2019

The upper panels show the traces of the volumetric strain (black) and barometric pressure (gray), where red and
green lines show the trends, respectively; the middle panels represent the variation rates of the volumetric

strain (red) and barometric pressure (green) ; the lower panels represent the daily rainfall

JE B FLIAR R A7 8 7 8 H 17 B ZE A7 R I st N 5 78 & KOS Bl B 2], — 3% 28 b 4 43 3ol ik
—16.8 hPa fi1-43.5X 107, 3T 10 H 11 Bk B 5 E, F0{E 5351k 971. 1 hPa F1-60.7X 107, 4H
N7 B KA AR B 43 S —20. 1 hPa Fl1—-52.8 X 1077, LI & vl B & K0 A2 35 km; )5, BE#H
BRGEEE R, ZFTE 12 H 10 BHR R 2 1E 5 A8k, 2w ) i FE REAF 29 89 h. Wi [a], SUEM
1A 3 78 A5 Al 2R Y 2 3 —0.016—0.014 hPa/min F1—0.040X 10 °—0.038X 10 °/min
(1¥ 3a) . MAEZS[E] b, AT LLE B3 & ul %k <RI &5 5 7 5 BBl Il 30 0 45 o me 7 i) 3B 25 4R IR
4770, 150, 35 F1900 km (5] 1) .
2.3 $hALBERT A “FFDS” MK ) 1S

U G IR AR 5 SR R AR A B A G, (R A R A HA W B OCIR AT T T R
P 2 1 B R W R 1 TR AT a0 . T A KGR AR B B B R i ek, BT LA, T DAZR FH
G Rl K 3af Nl —AT 0 LA W, £ 8 H 9—12 H & Kk T4, i< uiiiz B
ST FEK & B AR 35 167 mm, (HIF AR5 R & 1 3053 00 FE PR AR 0 AR 305 M U B 5
KA XF 12 5 B B RS W A /N L R T R — A R IE i I A T SR, AR SO AR £ KU BE SR R K )
1265 3l 05 ) S B HEAT T D X L

&1 6 24 2019 4F 7 J 8—14 H AT G a1 5% 200 — WAl & R AU 7™ Az 1 3 B K L 72



3 /AR A 2R R I T M DR LR I A X B 5 XU A A T i R A AT 5 B 313

100 11050 1000
. y 20
S 0 v £ = g
*S " - 1030 f! #ﬁ( 0 }j
£ 00t C = 90
oY i _
‘ A% % 010 20
. — PN G AN A RS I U — B A TS AU
= T T oom o ‘ ‘ 001 =
: | R g
= s = AWANEAY N\ £
5 Y < N4 N AN\ )Y, 2
) T ‘ ‘ %
P s 2 U\ : / >
B o A —o001f ! ‘ =
& 4 —0.02 1§ ~:;< ! ' 3
= —005 o4 ‘ —0.01 I¥
(c) =
60
£ ‘ ‘
= : :
1 40 1 ‘
= '
Iéh‘: 1
. i : I |
0 - L ! O |
2019-08-01 05 09 13 17 2019-07-01 05 09 13 17 21
H i H #
Bl 5 HEHEMETSRREE“HAFD” Kl 6 dEEXAEN oK FEST ARG
I3 15 407 1) P SO 5 UL 5 s B9 52 W)
(a) BEFLIARRIAE AR IE S K3 (b) B5FL (a) BHFLIRR A AR L St (b) &AL
IR AR R AEIE R (¢) HFKE PRRAS TSR R A (L% (¢) H K

Fig. 5 Records of the volumetric strain and barometric ~ Fig. 6 Records of the volumetric strain and barometric
pressure at Qingdao station and daily rainfall data at pressure at Dongyang station and daily rainfall data at
Qingdao meteorological station under the passage of Hangzhou meteorological station under the heavy rainfall

super typhoon Lekima during August 1-17, 2019 induced by non-typhoon weather during July 1-20, 2019

(a) Traces of the volumetric strain (black) and barometric (a) Traces of the volumetric strain (black) and barometric
pressure (gray), red and green lines show the trends; pressure (gray), red and green lines show the trends;
(b) The variation rates of the volumetric strain (red) (b) The variation rates of the volumetric strain (red)
and barometric pressure (green); (¢) The daily rainfall and barometric pressure (green); (c) The daily rainfall
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AT RS 5 I S 0 2 S ANk i 2E 7 SRR, AT RE S B R TR P M X R K TR
Z AR B K B AT 3K 1100—1 600 mm (242, 2012), M2 & /K s AH X 55 5 . 24 30 Ao it
B KA, BRI MIE Xt dia s, HAB SR AR, BTl G X2 R A &
A= 1 57 A R 138D

B FA . MEMmES A, £ HE K H RiFFEK KK 167, 141, 142
A1 54 mm, Hop= A A9 HE MR R AR A IR R (D) ST AR R 1 BT A4S B B SR AT,
EAMRIHL 40, 10, 15 F1 50 GPa, {HAA L v B AY(E 0,25, W) R K 67 far BT 77 Az 1 B0 4K 7 AR
2 51.3X107°, 172.5X107°, 115.8X10° 1 13.2X10°. BHR, HF &G WEE /N, T K
Hzmg; T A A B, A X 5 I oA I B B 2 0 R AR TR (18] 3b, 4), X UL 1
W B G B K i AR S IR B . B, T KB S A XU sh R R K T X 45
S8 RE7/R. A

gr L prik, “REHH” EHARSRPMRIERSG, Z51E & & 0 AR AR 52X R I =F IR
EIOEZEL RS

WEAh, A SCA TG T 4% 6wl xd R 25 5 7 w7 g BAR B R0 2 S 8O0 (8, AR DG S5 R TE
W2, ATLLEN, RSB (A 7>240), “FI& D7 X4 G ul (9P sh BE B . D7 i A0 e (5 &
S RBCERAERTAA N . © “FFF D7 AT B 5 980 km B, EC MW E & &0
PR AR, MG . s A MARHEG IR R, ®AE M E/ADN, A 760 km; @ & K
el 1) D5 B A 89—120 h Z [a], b, ZREH G AP P s, (R BEE & KAFSEdE [, Hag s
BTN, 5 RS AR AR B R, T LA i b 7 1] 6 3l 9 450 30 D st R R 8 L R RS
JE, M G AR 2 BT LK IR 120 h, FEERG T CRET D KA R R
e FERTECK TS @ “RIAr D 7 fE Rt BE & A uhi R, AR AR fE R B0 F-0.017—0. 014 hPa/min
B4 FE R PN T 5 5 3l R I A i o R 2 AR, R B A AR R R K, BRI A R/ .
XA 5 0 i FLER AT, (ELme N R 25 S B 2, AT AR R TR S RN AL LA SR
TR A Db 2 T PH & B L B 0 R R s M2 LA T8, @ & WKGU™ A 1 i =R RO &
HAE R G vl BT 5 SRR R AR AR 8 43 1) 8 —17.2——22. 8 hPa f1-36.8 X 10°——112. 1X107°; K JE
B RBE SR, Hh AR A KRR, N 6.2X10°/MPa, 5 FH & W /N, X~ 2.1X10°/hPa,
SEHREZERNEH, T EZIE T 6 B LB A R R .

T2 SABEFLARRIAE G X IR T 7 R 1 RHE S R

Table 2 The response patterns and magnitudes to Lekima for the five borehole dilatometer stations

MR 23 /km =L i AR HRAR R SR 2t AUREm
B Grm an am geg EER B RKARR RN AL Ak 7/ E3
WaR EEE R wgw PR /h /hPa /10 /(hPa-min™) /(107 min™") /mm  /(10” hPa™)
AW 770 150 35 900 FRIGEXEE 89 -20.1 -52.8 —0.016—0.014 —0.040—0.038 167 2.6
T 830 390 88 650 TR 96 -17.2 -36.8 —0.012—0.009 —0.028—0.027 167 2.1
W 760 380 30 640 HlKEE 103 -18.2 ~112.1  —0.012—0.011 —0.069—0.076 141 6.2
Ml 780 410 27 - BWEREE 120 -20.7 -76.7 —0.011—0.010 —0.037—0.034 142 3.7
HE 980 870 26 - HERKE 107 -22.8 -72.1  —0.017—0.009 —0.030—0.041 54 3.2

TE: =7 ORI ZI B A RS S, TEEFRBOZI 2] & KU HAR AL B

SRR, 2% 6 Bl FL A R AZ X ) 25 1 7 ity e i BT LAUR PO AR D R E Y
SURGTE K- [ 70 A B FR s @ & WG 2 B T B0 R A I B 8l , 245 6 uli A0 A8 A2 4l
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B A, XU T K AR 0 AR 5 K 0N 5 B A R AR AT RIS e Rz £ KU SO R G T AR Y
SRPESAT, H o B B R G AR s X T AL T 89—120 h Y I A R P8, KUK
S R R 2. 1X107—6.2X 10/hPa; @ M58 5 K0 72 FE 5 36 980 km Ab {5 G5 i 5 3k
B o A L, LB 2 5 XU R AS 7 3 T SO R, R e R R R Y SR s 5 s Y IR
i 30 km B, 7E 62 m PR AL T 51 2 19 i KA R A8 AT 7K -112. 1 X107,

3 ENSEHLM RN T EZ T LW IEYL S

QAT SCRTIA, ORI 7 B A A R R R A Bl BTN L TR
BB A MR 3, e RIS ATIE 120 he X ARITOC T, 78 BE SR A (A 7 728 X6 4 8 38 0 19
Wi 17 AR, 3 5 25 R Al FL A 107 A2 4SS i 1A BE T R 5 s L A T AR B BEAEL, T R SRR
TR MK U8 B SRR AR L SE LI R S Rk e A, AR, 2019) . {HAS B A
FLAR AR AL 2R R, IR X DL B G S B AT S, BT LUK SR R 45 BEIS T3 Ok TR
E PN

it — A AR IR, AR SCABURE Bt FL T 7297 T3 R 4% 1) R PR SRR A4 s [ A, A 2% & 1) BE A
IKVE 1A RFPERE W s FE, 2T 5 )UUR 3 207 B0 XSk, 220 AP 1) B2
M v, 7R SRS A T, BRI ORI AR B4 % A A% (Hsu er al, 2015) 24

&= —2v)e,, (2)
szzzf, (3
E

K, e, W R, e WARRAS, PONMIRSRMAT, E MR, vIIAR L. SCPrit
B, EMyEEARE S G G A A RO 2 8, PIRESEIE . BARAY 52 B B iR
BB T3 3.

£ 3 KB E IS A TSRO S R SR B Y B8 1A AR
Table 3 The modeled volumetric strain induced by observed atmospheric loading based on
corresponding rock mechanical parameters for the five borehole dilatometer stations

LA S5 5
Al S B/MPa S AR AE/107 IR AE/107
PP BL/GPa TS
ARIA 20 0.25 -20.1 -52.8 -50.3
HERH 40 0.25 -17.2 -36.8 -21.5
B 10 0.25 -18.2 —-112.1 -91.0
i 15 0.25 -20.7 -76.7 -69.0
Ty 50 0.25 -22.8 -72.1 -22.8

MBS SRR, 4% 6 ol PR A2 1) BE (EL 3/ T WA, X m] AEJE i T BLe TH 3 p oy
SRR PR A B B LSS U S . b, AR BH B R RE B R I RS B W) S A L, (B
5 5 0 B (E A2 o LB A =73 2 —, X AT BE il T 0% £ uli 4l L LA 1 SRR R B (558
HAE, 2009) , PRI ) 2 0m BE AT . RVURTIT &, AR BT 2 SR R SO A e S D1

PAb gt oy B i 2 2R, Bk — 20 3R W] T R 3 S 7 3 A S ) A R I RO e gl i AR
] S T 96 DXt L AR 0 2 DR M e P SR 8 ) T ) B A PR
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4 Wit 5%t

AR SCR)FH 3R AR T T b DX L AR R AR B L S, W) AR R T MR B K <RI AT 5 T AR
P 72 36 A8 g R e, 0k G b R B L AR O AR L B e ) A S, JRAE B ERER b, s T A KUK
i) 22 R AR ) 3000 28 78 4 0 fr BT 5 | A B B AR N AR, R EEZS IR R

1) SR b, A D7 AR b B b Ul SR otk K T AR D B, 2 1 R LA AR R R
PEARTE A9 2 15, FLAR I A8 X 5 KU HE 2R 48 HAg R AsE A £ ik o o7 AR . b4, 2450 I 3 A
W17 103 h B, —18.2 hPa A SR AR Ak BI AT 5 | ke 335 —112. 1X 107 BRI AR, 12000 a5 9 SR R 2L
4 6.2X10°/hPa.

2) Zs ) I, Bl SR A KU O B AN DB 0 s i, G B L AR R A ) R e R R L AH
Mz B B R s 55 . Horh, S A R A 7 e R S o BEORR, HL g i B S G 3 980 km.

3) Bl FLAA I AR X R A3 7 R S O U Bl e g o, AT g B R TR AR TR R v e
FEHAT R .

ZE bR, AR SCHE S AR B, IR R T R SR 5 KOG TR AR e 1 IR b DX AL A 0 R Y
SR FEAE RO LG . AR, X M AT AR 32 & KT B A, AL BEAT 1Y 53 B 45
SOk, G X sh 1 BB 75 55 980 km. T LA, Qi fe] JBE i A Bl b IXC bR AR SO A5 5 P i B XKL
T, R B AT EE L 3 g At b DX R ORI A AR S R A BT R,
A BRI X

BT A SO R R BB 5%, 5 2 70 43 488 7 TR ] 7R 1 T 10 D oAy Bl e, DX L AR 7 728 % 5 XL e
N Bh F1 2 ML, T R 20 & R T R R B A B SE . R, & K AR AR 5 R
1] 3y 3 F8 A5 JUT 35 5 1) b 5 V8 U2 A N A 3 ) o 2 Y 8 5 5 ], AT % BE 22 1 R AR 4 . GNSS
o BRI 1 & KUE S HEAT RGN, 3o, B FE TR SR A0 1 5 5 4 o o R T R R K
VS B 7 T 5 | R ) A A e 28 DG L, (ELIK T 1) S SR T AR 2 R B BT LA, AR
X Al L AAR 7 8 L0 37 3t 114 3 2 M B T e B R A B T 5

PIAE PR L ZEER I T 38 2 R UL, X AR SO i A 4R T B AR K, AR A e R
S
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