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Figure 1 Regional settings. (a) The South China Sea and the Xisha islands; (b) the Yongle Atoll; (c) the Yongle blue hole. Remote sensing images,
Landsat image in (a) and DigitalGlobe image in (b), were acquired from ArcGIS Earth software. The aerial photo in (c) was taken by the Track Ocean
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(1) MR, RATRDI WHS 300 kHz# 7R
24 2208 IR 5 17 {Y (acoustic doppler current profil-
er, ADCP)JT Ji& ifi 3t 31 i 08 I () 6 5 R e K nT 35110
m, AR N0.1 cm/s), ¥ ADCPR ETEF- 5 —M |
KT2 mZEA KT, R R TAE (burs)) B X, ££10
minZEAT — UM, FELEM25 h HA, HH—F
Nortek 2 ] 9 1 XA 27 22 3% 8y 3t # X (acoustic  dop-
pler velocimeter, ADV), H:l K5 [ 350.1 mm/s,
¥+ ADV 5 CTD(conductivity, temperature and depth)—
[ Rk, 3543 9I7E10, 40, 701150 mib L2 Hzf RAE
AR LN 3 min.

(i) ZKSCWM.  RFSBE 19 plus®GREE . &
JEE Y E A B ) FIJFE-Advantech 2y 7] ASTD 1027
GREE . FhEE . WE . BEA . M ERa, ME)CTD
BRI 2R 48, e ) N e RO IR BE 24 R 170 m,
S RN TR BE Ky 80 m. AN SCUR . R RN AR
¥ JISBE 19 plus CTD Wil %7 95, ol 2= %% H
JFE-Advantech CTDWLINZE. i 74N WL I SBE
19 plus CTD#L LA TAESH, N R g it
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[F) Aoy 6 AN (R T BE SRe SE /K RE IO FH 9 i b A 7 2 R alfk
FE43 T, DAKE 3 CTDM 2 2% 2 a¥fk BE (ARG B2

(i) ZVRRYIRLE 4. 7858 B CTD & T W
W5, 1 H SEQUOIA 723 w] BH 37 30t R BE 43 By AX
(LISST-100X), A2 WL E 24 2.5~500 wm, 435150
T 324 21 43 A A B e . 3000 el P Y 0 XA
Al AT T, IR T S SO R AR

2 4k

2.1 FREFAE

3 Je 3R BRI BE 520, ADCP T RE WL A9 fe KA
WO EZ) K80 m. HETADCP 25 hiEZe Wi, 455 5
RN 8.5 mPAF (B — 2 2437 8.5 m)ADCPST
W45 B I 1) 2R VY ) 3 38 40 F e K(E 29 80 mm/s,
AL LI i B3 A ] — i 200 A (] 9% B8 ) 9 3k R[] — 1%
JEE N [v) B 221 F14 0 2 241G B 30 e A R R B0, 9
N (L B ML S 2, ) 5 R AR Dy W R
Tt 5 2 (R IR 1) 55 80 55 37 0% TR 5% T 5 1) 5%
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Figure 2 Observed tidal currents in the Yongle blue hole using ADCP
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e 2N IR PGEAS AR, 43537 F /KIR3, 10, 50
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BN A, HOR BB EE AT 350.6°C/mbA b, HAPA
JE A IR R RR ik 3]0.2°C/m L, 445k 3 B i K
200 m D7 R R 2 R B FEE A 1 1,02 °C /m) 8. R
JZ155 mUA /KA BE JLIGAE A (181 3).
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T3 PN 7K AR 2 B it K SR B n i e, %% B AR Ak
FEZE TR, U HREE, KR 5
R BEAR AR AL, 3F150 m/KIRMHIER)ZE el B3, %
JIE R B d 2 AT 3K 0.5 kg/m, AN IR R B RS i 2 Ry
0.1 kg/m. ZiRELARfLE ], 155 mPA R KR % B JC B
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Figure 3 Profiles of the key hydrographic elements in the Yongle blue hole, the points with “+” indicate the concentrations of Chl-a which were

measured in the laboratory
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T [0) /3 A I ZIEHFAE, 7E10~20 mfHzf7qE—Ik
KEMGRalg KNEX, e RafF w2 80.6 pg/L.
Bl K BRI 2R R a B b PR PRI, %250 mftiE R
RERMRME L H0.1 pg/L, FEIRER)Z T i 2 K atht
HETFE0.2 wg/L, Him M4 2% avk B % W7 AR 2 B %
EBFFT, 7E K90 miff 3T 2 28 a¥fe i A 31l i KA,
Z9°91.0 ug/L, TiE 4R atE L. 130 mLL T K
PRI 2 a ORS A 1.

VA TR M A R IO R s, 7TIKT7 mg/L,
RS 32 488 s i SR B DR RIS, 2210 miklBRJZ Bt il
FHIRZE 296 mg/L, TMiJE M ARIERIE TS, JEE40 m
BRI T hReE . 7EIRERERZ A OKIRLI50 m), A
W P AR R 23,5 me/L. HJE VAR R R
T, EAKIEZ65 mib T E4 me/LJaE, HHA
W PR Dl B PO PR AR, ZE/KIR80 mBfiT, A M A MK

JiE 2 BIREAR, FFTEKIR90 mBHIE IR0, BITCAECIRA.

KA ol 5 2 0 A R R EL A — i A B
20 mPAMR AR R B, 29°80.4 FTU, 20 mJFihK
A B B U AR, FRAREZY°M0.2 FTU, 80 mJi/Kik
MU BN, HAE90 mftiT WA INE0.5 FTU,
E100 mMEEZ0.4 FTU. 130 mbA T 2K 44 i 37 128 7
AN, 2160 mibik F|IE(H2)1.2 FTU.
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Figure 4 Grain size distributions (a) and their vertical variations (b) of suspended particulate matter (SPM) in the Yongle blue hole
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JE 38 ik B B SRR AR (B 4(b)). R IZ IR 2 2
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KRR G AR (D 5). 30 muKIR VAT RE B
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BRI, HJRRE AT IA30 mAc Ay, BRJZ 50 355 T R i
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T3 PR AR, TR DL R T e .
ANIEIKARER BE A i TR S, JEHUE 100 mPd
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F I RJE1E20 m/KIRLL T, 50 mBfhiz ik 3 e R 200
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U PGE MG, HAERIZUREE6 me/L, HEERT
e I8 AR TR B A 3 i 4L B (2.5 mg/L), BT K
VA A B E T ANE. MK RS0 mP) ik
FERATEO.L FTULAN, H-5 04 ARk 0 I 8 AH ¢
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Figure 5 Comparisons of profiles of key hydrographical elements between the Yongle blue hole (solid lines) and its adjacent ocean (dashed lines).
Data of salinity, temperature and density (a) were observed by the Argo float in the basin of the South China Sea (WMO: 2902698, Latitude:
14°20.76'N, Longitude: 113°9.3'E) on November 3, 2016. Data was acquired from China Argo real-time Center (http://www.argo.org.cn/data/argo.
php). Other parameters of the water column in the adjacent South China Sea (b) were obtained using the JFE-Advantech CTD
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Figure 6 6-S diagrams of Yongle blue hole and the northern South
China Sea. The contour lines indicate the density of seawater (o) in
kg/m’. Data in the basin of the northern South China Sea was acquired
by the Argo float (see Figure 5), and that in the continental slope of the

northern South China Sea was observed by CTD in the offshore of Vi-
etnam (15°N, 110°45'E) in September, 2004!"!
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Figure 7 Correlations between the turbidity and volume concentrations of SPM. (a) The finer component; (b) the coarser component
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Hydrographic features of the Yongle blue hole in the South
China Sea and their influential factors
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A study of the hydrographic features of the Yongle blue hole (YLBH) in the South China Sea has been conducted using
an extensive set of hydrological data collected in October, 2016. Observations include water column measurements of
temperature, salinity, density, chlorophyll-a (Chi-a), dissolved oxygen (DO), turbidity, grain size of suspended particulate
matter (SPM) and tidal currents. The variability of tidal currents indicates that the YLBH has no large-scale connection
with the adjacent ocean. Four thermoclines were observed in the YLBH at depths of 3, 10, 50 and 80-110 m. The water
column was most stratified at 50 m depth and was homogeneous below 155 m depth. A subsurface Chl-a maximum was
present at 10-20 m depth, and an additional peak of Chi-a coincided with the deepest thermocline at 90 m depth. A high
concentration of DO was present at the surface with values up to 7 mg/L, and concentrations decreased sharply at the
thermoclines becoming 0 mg/L below approximately 90 m. Turbidity seems to vary with Chl-a, namely high values at
depths of 10-20 m and approximately 90 m. The SPM in the YLBH had two major components in terms of grain size
(5.28-38.55 and 145-500 um). The volume concentration of the coarser component was 2—3 orders of magnitude higher
than the finer component. A 8-S diagram indicates that the water properties below 80 m were distinct from the upper wa-
ter column. The thermoclines above 80 m exhibit diurnal and seasonal variability, suggesting that the vertical circulation
could reach as deep as a permanent thermocline at 80 m depth, that restricts water exchange between the upper water
column and water below 80 m. In addition, the supply of DO from the atmosphere was inhibited by the permanent ther-
mocline, which contributes to the formation of anoxic water below approximately 90 m. Concentration of the finer com-
ponent of SPM dominated the turbidity signal in the YLBH, suggesting that the finer component was mainly composed
of sediment, and the coarser component might be dominated by algae and marine snow.

Yongle blue hole in the South China Sea, hydrographic features, vertical distribution, influential factors
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2194




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 350
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 650
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


