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1. Introduction 2. Sample Topography Analyses, continued 4. Spatial Variation in Roughness and Covariance

What numbers characterise topography? How can we reduce a complex landscape to a few numbers that let us easily and e The fit between the observed histogram of residuals and their predicted probability density often appears relatively good, () - _Siematkm) | — (b)

robustly compare different regions at different scales, perhaps with different data coverage available? Mean and variance might but there is evidence of a consistent shift towards lower numbers (marked in Figure 2b, but present in all four examples). s000 (8
be an obvious starting point, but this implies some rather strong assumptions — that the topography is a stationary, white,

and Gaussian process. A common alternative assumption is that the covariance is takes an exponential, rather than Gaussian,
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e Quantile-quantile plots show varying amounts of divergence from the 1:1 line, and can fall either above or below it, but are
generally concave-upward to straight.
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form — an equally strong, if different, assumption. . stch-PacEXGEB-DTU-data-TOPOT-+-457.0-y2323.8-2000km
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Here, we instead use a Matérn parameterisation to let us solve for, rather than assume, the shape of the covariance function. imprint of anisotropy, €.g., M Figure 2b>. orthogona} to the - / 2000 2000
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This form uses three parameters to characterise the topography: (1) o, the variance; (2) v, the smoothness or strong fract}lre zones of Figure 1b. Lhere is a suggestion that \ S o - £
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differentiability; and (3) p, the correlation length or range. Building on Simons & Olhede (2013), we use a stronger anisotropy may correlate with stronger divergence. X‘ oo [° 5 Los s o g g
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spectral domain ‘Whittle’ maximum-likelihood estimation procedure to estimate these three parameters across sample regions e An example centred over Hawaii (Figure 3), where the large 20 \ TeE0-B |2 2 200
. . . . .. . . . . . . . . . 2 m(2X) = 2.25 S 2 E
of the Atlantic and Pacific Oceans. The results highlight the need to explicitly account for anisotropy in analysis of oceanic volcanic chain might dominate the background signature of £,,. PO S g
structure, even in fast-spreading areas and focusing on mid- to long-wavelength features (data were low-pass filtered to 20 km). the seafloor spreading fabric, shows a fundamentally similar it 200 © : i i
: 017 ject at 0. - 63
2 Sa le Topocraphv Analvses pattern to the other examples. The trend of the anisotropy;, v o
. mp pog bp Yy Yy . N however, is different to that of Figures 1b and 2b, and ap-  °7 ! ;3 1o e
C . . uadratic residua | xwav.enum er (rad/m >< 4 | -1000 ~1000
() o (b) . - pears orthogonal to the island chain. I per el 16
[ - . 2600 . . . . . . x wavelength (km) x wavelength (km)
4000 . -42 -63 -126 2000 126 63 42 -42 -63 -126 2000 126 63 42
s a0 B Thls 15 COI:lSlSteﬂt Wlth reSU1tS .Of Kalnlns & SlmOHS. (2017) 15" ' l._.:_._' ' ' ' 40 -4000 -3000 -2000 -1000 0 1000 2000 3000 -4000 -3000 -2000 1000 0 1000 2000 3000
o § o 3 v 3 on the anisotropy in the relationship between gravity and ‘é} . : (c) casting (k) casting (k)
p S as00 < < : : : : : . o, : | e Rho (km) .
topography in the oceans, and its potential relationship to . R ] B - Fig. 5: Maps of the mean (a) o, (b) v, and (c¢) p across the
F o s E PR o 5 F P anisotropy in the long-term mechanical strength of oceanic — Zesju 2 ,.-.?E - 5 central and northern Atlantic Ocean using a range of starting
: g : 7 Fa g 81?:: § llthOSthTG. Unlike in the continents, where little robust % 0'.. i .:.."_ g § 2ooo§ ouesses and a 2000 km window. Dot size is inversely scaled
anisotropy in this relationship could be detected, the oceans ¢ |\ == s f I e a000 with standard deviation. Gaps in the central Atlantic near
3 S 2600 - S S . . . . s Sl Py e g .
oo b 1000 showed Wldespread amsotropy with a first-order correlation -] e W 'i.._.f > . 1, the Strakhgv) f{ornanche7 Charcot7 and Ascension Fracture
. oty | - TNESST E S with spreading direction. However, this form of anisotropy * % f_:_:f, : . Zones did not produce estimates with a sufficiently close match
1900 000 00 B0 g 0 € RO sk B U T eastng b U T T Vgt vanished around large ocean islands like Hawail. [ | | 45 4 05 o 05 1 1s - 1° between the residual hjgt()gram and 1ts predictjon. There
Fig. 1: Sample regions of de-meaned topography from (a) and (b) the Pacific and (¢) and (d) Atlantic. : venameer (zam) 110" . oeverumter e 10" < e i it] ' “Vari )
g ple reg pograpiy () (b) (c) (d) Fig. 3: Analysis for a region centred on Hawaii : {f Is a strong p)osm(ve. correl.atlc.)r.l b)etwee.n o (‘variance’) and v
(a) Patch-PacExGEB-DTU-data-TOPOT-x-957.0-y4323.9-2000km (b) Patch-PacExGEB-DTU-data-TOPOT-x1043.0-y3323.9-2000km g 100 ( SmOOthHeSS or dlﬁerentlablhty )7 Wthh are bOth then nega-
o=8763m v =0.49 p=90844 km x wavelength (km) 0=3057m v =042 p=36121 km x wavelength (km) ® ® ® P . . .
N ‘.‘ L, o T S A | ‘.‘ ? L o B S A 3. Stablllty of the Estimates tively correlated with p (‘correlation length’ or ‘range’).
Rl -~ ' 0.9 -7 '
; i = (&) (b) 0 . )

00 ﬁ\ “” _ v'o Y o :i --"': _ ¢IO h - Gue§s: sigma=l1.0e+04n:|, nu=0.59, rho=2.9e+07km Gu?gs: sigma=l1.0e+04nT|, nu=0.59, rho=3.Qe+07km Guegs: sigma=l1.0e+04nT|, nu=0.69, rho=2.Qe+07km Gu?gs: sigm§|=1.Oe4704m, nu = 0.50, rll'|o=2.0e|+07km Gu%gs: sigml.':|=1.Oe-|TO4m, nu = 0.50, rll10=3.0el+07km Gu?gs: sigma = 1.0e+04m, nu = 0.60, rll'|o=2.0el+07km Flg' 6 (belOW): AS for Flgure 57 but for the northeaStern
gos wson [ * 2 os e e ‘ o [0 ~os g ol | ; Pacific Ocean. v and p still appear negatively correlated, but
s K w@o-zz | g 8 0 B go\ oe-2er | g 2000 2 | i ; 1000 o 1s dominated by the contrast between the Hawaiian Chain
3 m(@X) = 1.68 S 8 e 5 . I\m m(2X) = 1.03 S 8 © %4' E P E 8 E 8 E .

: \ nan| E % £ IR PO I SR f S| g .| 8! 8 ol § ol : and the rest of the area. High values of p and low values of v

0.2 \ —4 5 5 0° 12 03 4 5 5 057 -2 Al ol al E . .

N\ neanpcifye 106 O 3 S nean(x1= 081 - | .| f ) ) | o P oo o ' o . - trace the boundary between these two domains.
0.1 /] accept at 0.05 b - 63 reject at 0.05 7 63 . easting (km)
~ ] p= 0.07 > p= 0.00 ’ 05 1 1.5 g ’ 0.5 1 1.5 ¢ ’ 0.5 1 1.5 2 ° 056 0565 057 0575 058 0 056 0565 057 0575 058 056 0565 057 0575 058
0 | | ' 0 15 - 42 . LT | — ' . 15 - 42 sigma (m) x10% sigma (m) x10% sigma (m) «10* nu nu nu (a) Sigma (km) (b)
0 4quadratic residual 2X8 2 T " xwa-\(/).esnumbero(rad/m)of10'4 1 " ° 4quadratic residual 2)(8 2 o " xwa-\(/).:numbero(rad/m)ofm"" 1 " Guegs: sigma = 1.0e+04m, nu = 0.60, rho = 3.0e+07km Guegs: sigma = 1.0e+05m, nu = 0.50, rho = 2.0e+07km Guegs: sigma = 1.0e+05m, nu = 0.50, rho = 3.0e+07km Gu?%s: sigma = 1.0e+04m, nu = 0.60, rho = 3.0e+07km Gu%gs: sigma = 1.0e+05m, nu = 0.50, rho = 2.0e+07km Gu?gs: sigma = 1.0e+05m, nu = 0.50, rho = 3.0e+07km 5000 - - 6000 -
x wavelength (km) x wavelength (km) x wavelength (km) x wavelength (km) | : |
-42 -63 -126 2000 126 63 42 -42 -63 -126 2000 126 63 42 -42 -63 -126 2000 126 63 42 -42 -63 -126 2000 126 63 42 4t | 5500 5500
157| l |"1 -.lﬁ_l l l |_42 4o 1.57| l |.-I... l ; :I l |_42 4o E ES E §10 E 0.65
ﬁ._-.’,ﬁr J : e R : S S : S | :
1 v "'.-' .-I_.'El. - - 63 - 63 1 J_:iz. .': - 63 - 63 2l j: 5000 5000
| P _ 5 i e _ | . _
€ o b ."1' : . C = 43 € e g € "o 1|- = 43 € e g 0.5 1 15 2 0.5 1 15 2 ° 05 1 15 2 0 : ' ' ‘ ' ' 4500 4500 o
E - % _E; % E % E % sigma () 10t sigma (m) 10t sigma (m) 10t 0.56 0.565 nuO.S? 0.575 0.58 0.56 0.565 nu0.57 0.575 0.58 0.56 0.565 nuO.S? 0.575 0.58 r
% - L | ) & ..]-.._: .-.1: . s m , g % | » § % - _|L | AL , % % | » § Guefsi: sigma=l1.0e+05n:|, nu=0.69, rho=2.9e+07km Guefs-: sigma=l1.0e+05n7|, nu = 0.60, rho=3.9e+07km :Z . Combiqed Flesults : Gue%sés: sigma = 1.0e+05m, nu = 0.60, rll'|o=2.0e|+07km Guggs: sigma =1.Oe-|705m, nu = 0.60, rI:|o=3.0el+07km 120 . Combined Results . . %4000 | % %4000 |
Z N oy _I_:;;:.ii- -Fﬁé 'f_ ":_u- . < » > N . J -?E:: . » Z » 6F 61 | 10f 1:2: gssoo : % %3500 :
v R ; 5 Tl : . : :
1.5 T #3;‘:% - - -42 - -42 15 LT "E. - 42 - 42 8| 8 S 15 g g 8 %
R T T T T T T B T T T T T T 37 37 ] 3000 3000
-1.5 -1 -0.5 0 0.5 1 1.5 -1.5 -1 -0.5 0 0.5 1 1.5 -1.5 -1 -0.5 0 0.5 1 1.5 -1.5 -1 -0.5 0 0.5 1 1.5 ol oL 107 40
X wavenumber (rad/m) x107 x wavenumber (rad/m) x107 x wavenumber (rad/m) x107 X wavenumber (rad/m) x107 1L 1l 51 201
Patch-AtIEXGEB-DTU-data-TOPOT-x-2037.7-y3228.4-2000km (d) Patch-AtIEXGEB-DTU-data-TOPOT-x-2617.7-y1731.6-2000km ° 05 1 15 > ° 05 1 15 > ° 05 : 15 > Y-Sl e By~ o L ——— 2500 2500
(C) 0=8313m v =0.56 p=11796 km . a=64f4m v =0.50 p=168853 km ” - - -1;(6wave;%rc1)gth (kr:12)6 . " (C) sigma (m) «10% sigma (m) «10% mean:1-266583?.35“;)@=2-4528+g;04 . . nu. . . ) ) nu. ) ) ) ) nu_ ) )
° ) ° h o Xwave;%ggth " * ] | /I ” ' I I 42 Guess: sigma = 1.0e+04m, nu = 0.60, rho = 2.0e+07km o ° ° o 2000 2000

L | | o e g / I § Fig. 4: Histograms of the estimates of (a) o, (b) v, and (c¢) p

0 % " \ . N | | based on different starting guesses (20 estimates for each com- 1500 _ ’ 1500 . |

5 - 0.4 - S % . . . . . .

\_ ;s o 3 SK wze | 3 : Rl bination), with the combined histogram from all the starting 2000 1000 e 1000 2000 3000 2000 1000 LI 1000 2000 3000
3 041 A 99.75% 3 E £ Sos- max(2X) = 42.95 § E = : : : (C)
g \ ) 3 e : 2 £ - 2000 2 ouesses shown in the lower right of each set of nine panels. Rho (km)
° max(2X) = 18.80 o £ oo 2 B mEX) = 2. S 3 g
- O paed i B wf 3 Xx e E 4 . 5. Future Work
g =278 |, 2 5 | 106 : | - § g - — — — s : . o ) o
FREE RN A T L - 15 o o o o o Olnl}ff Hestlmate;l Vrllth at 1ea§t }?O% 05 th(e]1 obsedrveld residu _ o Extend the Matérn framework to explicitly account for and
L\ = 0. N v reject at 0. . . . ; 11 . . . 5 . .
0.1 - /) reject at 0.05 63 % p= 0.00 . Guegs: sigma = 1.0e+04m, nu = 0.60, rho = 3.0e+07km Guegs: sigma = 1.0e+05m, nu = 0.50, rho = 2.0e+07km Guegs: sigma = 1.0e+05m, nu = 0.50, rho = 3.0e+07km alsd ad ln% Wlt t. e range O t e pre ]'C.te 11 res.]' hua S arle 1; estlmate anlsotropy 11’1 ]_tS Characterlsatlon Of topography7 aS
- p = 0.00 0 ! S 0 ' a5 _ . . .
: | - : I i ; - o 4w o e s | clu 650 (7( I %actlce,tiercentages ME typically eltf er 953 00 % oo § essential to capturing the nature of oceanic topography and
quadratic residual 2X x wavenumber (rad/m) x 10 Ez_s- _ ?ir < O)H C U.Sce .IS &I})lplﬂl(?ﬂmas meé.lsure. O gOOh HGSE O - : to meaﬂiﬂgfuuy U.Siﬂg I"ObU.St StatiStiCal tests to assess the
x wavelength (km) x wavelength (km) 3 2 é r . .
« wavelengih (k) cwavelength (k) @ w ow ow0 m w e @ s o me o @ t.essentla y as 8 Saﬂ}ty, check” on the est.lmatlon, rat cl than . 1s quality of those estimates
R R S g ) using the formal statistical test (shown in the lower right of = s , , , ,
e ; ‘ ‘ . - ¢ e Explore influence of data resolution and window size on re-
e R ; - = e e | B the histogram plots, 95% confidence level) because of the clear E " cieularly stabilitv of estimat
1 i -';".." — 63 1 - 63 vc, v'o rho (km «107 rho (km «107 rho (km <107 . . . . . . . E i SU S ar ICU ar S a 1 1 O eS lma/ eS
2 AT e E % osq P W< X s . " - influence of anisotropy, which is not yet included in the esti- 3500 _ » P y y
é 0.5 : . . = ¥ e . i — 126 4§ é 0.5 — 126 g ?; N . g f; 2000%; Guegs: sigma = 1.0e+05m, nu = 0.60, rho = 2.0e+07km Gu:is-: sigma = 1.0e+05m, nu = 0.60, rho = 3.0e+07km . __ Combined Results mation procedure. . o EXtend Work tO Vertlcal graVIty gradlent dad‘ta)7 Wthh empha_
LoD | > BEE =3 I _ £ : _ sises shorter wavelength signal, and hence may be sensitive
S oo i s e 3 I i T JE e Overall, the estimates are largely consistent across the eight 2500 to different tectonic processes
g B '-.-_-..:|_l_ LR . %i 1 - - - - - S 81.5— S I I ] . 1 1 . . . :
-;;1:_ EE | s © o1, ; 1| - | combinations of o, v, and p used as starting guesses, even with . e Eixtend mapping of spatial variations in o, the variance; v,
TR - g4 . 0 15 - 42 . - 42 051 1 05} . . . . . - 114 .
[ R | 7 | - il an order of H.lagm?;ude of dlffereqce i .the starting guesses for the smoothness or differentiability; p, the correlation length
_1I_5 _I1 _ol_5 (I) 0!5 - -: 1!5 _1I_5 - 05 0 0.5 — 1 1!5 xwavenumber(rad/m)x10'4 xwavenumber(rad/m)x10'4 ° ! 2rho(:m) N > 107 ° ! ) tho (km) ) 107 O-. AS Seen ln thls examp1€7 V ].S typlcally hlghly COHSIStent 1500 - ' - OI- ran e- and the anisotro arameters acrOSS the Worldjs
ber (rad/m) x 107 ber (rad/m) x 107 mean = 2.41e+07, std dev = 7.072e+06 d 1 d h f 1 ) y
e I o | across estimations, and also produces the fewest outliers. 2000 1000 0 1000 2000 3000
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Observed histogram of the residuals (grey bars) and 1ts prediction (thlck black hl’le) together with the quantile-quantile plot The variance, o, and correlation length, p, are less tightly constrained, but still produce a relatively normal distribution, References: Kalnins & Simons (2017), Exploring the Tectonic Fvolution of the Seafloor using Roughness, Covariance, and Anisotropy
(thick red line). Top right: Predicted blurred spectral density. Bottom left: Spectral map of the residuals. Bottom right: and there is no indication that the final estimate is significantly determined by the starting guess or of a bi- or multi-model i Bathymetry and Marine Gravity, AGU Fall Meeting, Abstract O522B-03. Simons & Olhede (2013), Mazimum-likelihood estimation of
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