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Do we see Climate change in the fundamentals of Geodesy?

In the gravity field - YES

Temperature Anomaly (" C)

Global Surface Temperatures
Four independent records show nearly identical long-term warming trends.
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In the planet’s rotation - WHY NOT?
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Joint Working Groups

Joint Working Group JWG C.1: Climate Signatures in Earth Orientation Parameters
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Chair: Jolanta Nastula (Poland)
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Introduction

Earth orientation parameters comprsing variations of both the position of the rotational pole and the spin rate are
precisely observed by modern space geodetic techmiques for several decades already. Moreover, optical astrometric
observations extending back in tfime over more than 100 years provide even carmy information about the mass transport
and mass distribution processes acting on Earth at historical times that might be explored to quantify slow and subtle
variations in the Earth's climate. This working group will study the various contributors of the global and interactively
coupled chimate sysiem o the ohserved changes of the Farth’s onentation on tme-scales from days to centenmials, 10 wall
explore possibilibies to validate numerical climate models and 1ts individual components by means of pssessing the
angular momentum budget and the associated torques. The working group will further invesngate predictive limits of
various Earth system state and flux variables in order to aid short- and long-term prediction of polar motion and changes
in the length-of-day, and might ultimately oster the incorporation of Earth Orientation Parameters inle conl@mporansous
global re-analyses of the Earth Svstem by means of data assimilation.
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Leomd Zotov {Russia)

https://www.dropbox.com/s/u8pfpvbvgozglcn/ToR_ICCC_2020.pdf



Proposal for a Joint IERS, IAG, GGOS Working Group: Climate Signatures in Earth Orientation Parameters

Towards an

International Panel for Earth Rotation and Climate Changes (IPERCC)

in the frame of the Inter-Commission Committee on Geodesy for Climate Research
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of the Earth rotation theory Euler equations of solid body rotation
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Excitation functions

_ 1 2 L
vy = P(C = A) (Q c13 + Qa3 + ha + Qhy ) ) L= ; (_92033_“;13 )
A+ . Q2
- C11 C12 C13 U, = 1 (92323 Qs — by - Ohy ) _
I+61= B+ c» : Q(C - A)

[ h 7. ip+p: RS motion __
= m=p— =p. X T X = X-
YTo—A) Tac-ay %




Precession, nutation and motion of the pole

Precession and nutation with periods of
26 000 and 18.6 years caused by the tidal influence of

the Sun and Moon
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Paleoclimate over 1 million years
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Chandler wobble Complex Love number

Centrifugal potential ky = k5 + iky" = ka(1 + ic),

Complex Chandler frequen
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Euler-Liouville equation for polar motion

Geodetic excitation Geophysical excitation
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RESEARCHARTICLE  Chandler wobble parameters from SLR and GRACE
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Figure 2. Cormpanson of estimates of the (a) pernod and (b) O of the Chandler wobble dunng the five time intervals: 1,
1985-2010: 2, 1991 -2010: 3, 1993-2010: 4, 2001 -2010: 5, 2003 - 2010. Mass and motion terms were indueded in the
excitation functions.



H. Jeffreys

1940 Jan. The Variation of Latitude 155

Summary

The international data on the variation of latitude have been analysed in
accordance with the idea that the free motion is a damped one maintained by
disturbances at irregular intervals of time. The results suggest a free
period of 1-202 = 0.016 years and a time of relaxation of 15-1 = 1-8 years,
There are notable irregularities in the motion, both in the harmonic
coefficients and in the means taken over 1-2-year intervals, which occur in
both the international and the Greenwich data. If of geophysical origin
they imply changes in the products of inertia that are difficult to explain.

The damping is too great to be attributed to friction in the sea, but might be
due to elastic afterworking in the body of the Earth.

Polar Motion: Historical and Scientific Problems
ASP Conference Series, Vol. 208, 2000
S Dhek, D McCarthy, and B, Luzum, eds,

Excitation of Polar Motion

Clark R. Wilson

Department of Geological Seiences Center for Space Research and
Institute for Geophysics University of Texas Austin, Austin TX 78712
USA

|

Current studies take advantage of greatly improved understanding and
global models of climate related sources of air and water mass redistribution
and motion. Mature atmospheric general circulation models are available from

a number of sources. Ocean general circulation models are available, though
remain relatively immature compared with atmospheric models. Least well-
developed are models of the hydrologic cycle, which are required to keep track
of water balance over land. There are few fully coupled climate models which
track water in all its forms in the atmosphere, oceans, and on land.
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Angular momentum — geophysical excitation

Mass term Motion term

H(t) = H™(t) + H™(t) = [ p(r, ) X [Q x r + v(r,t)]dV.

A 3 . o . .
H?‘”‘*(ﬂrﬂr—/ [ 56,3 sin s’ oo, Hy(0) == [ [ [lcos sinu(r,t) = sin g cos cos u(r, D] doa,
' q.J . J .

o (¢ _ _o— / [ ) sin ¢ cos? dsinAdodA, H'"on (t) = / / / cos ¢ cos Av(r, t) — sin ¢ cos ¢ sin Au(r, t)|dpdodA,

Hma. — _[[ O /\ CDb (,}d{,Jd)k Hmormn fffcob Q‘Ul r, t {fpd{’,}d)k

Effective angular momentum
1.5913 0.998

}mermn _ Tmotion kmmmn . Hﬂmtzrm
ALY Q(Cf o 34-} £ 1 AZ QC:
mass 1.098 H‘Jnti‘s‘s Mass D ?53HT?TEE‘5‘5
Xzy

— Q(CT_ A.J Ly 7 .-k.,_“’ QC



mas

Oceanic Angular Momentum OAM
Input to the polar motion

Equatorial x component Equatorial y component
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mas

Oceanic Angular Momentum OAM +
Atmospheric Angular Momentum AAM
Input to the polar motion
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https://doi.org/10.1007/511600-018-0227-x

RESEARCH ARTICLE - SOLID EARTH SCIENCES :
Terrestrial water storage variations and their effect on polar motion

Justyna Sliwinska' @ - Matgorzata Winska? - Jolanta Nastula'

Received: 5 July 2018 / Accepted: 17 November 2018 / Published online: 6 December 2018
© The Author(s) 2018

Analysis of groundwater storage changes in
main Polish river basins using GRACE
observations, in-situ data, and hydrological
and climate models

Jolanta Nastula?, Justyna Sliwinskal, Zofia Rzepecka?, Monika Birylo?
EGU 2020 - 13554



Long-term changes of the annual
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Geophysical processes

influencing Earth rotation o
from 1 to 1 000 000 years
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Motion of the Earth’s pole

Coordinates of
the pole

PM precision
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Trends in the polar motion and postglacial rebound

‘-A

—y
~
s
/
7

7’
- “Glacial isostatic adjustment
s (Paulson et al. 2007)




RESEARCH ARTICLE

CLIMATOLOGY 20186 © The Authors, some rights reserved;
exclusive licenses American Assodation for
Climate-driven polar motion: 2003-2015 Ve Peheomacrmecnt; of Sk, Dtotriknted
under a Creative Commons Attribution
. . . . MorCormrmercial License 4.0 (O BY-MNCL
Surendra Adhikari* and Erik R. lvins 10.1126/5ciadh 1501693

Earth's spin axis has been wandering along the Greenwich merdian since about 2000, representing a 75 eastward
shift from its long-term drift direction. The past 115 years have seen unequivocal evidence for a guasi-decadal pe-
riodicity, and these motions persist throughout the recent record of pole position, in spite of the new drift direction.
We analyze space geodetic and satellite gravimetric data for the period 20032-2015 to show that all of the main
features of polar motion are explained by global-scale continent-ocean mass transport. The changes in terrestrial
water storage (TWS) and global cryosphere together explain nearly the entire amplitude (83 = 23%) and mean di-
rectional shift (within 59 = 767 of the observed motion. We also find that the TWS variability fully exphins the
decadal-like changes in polar motion observed during the study perod, thus offering a clue to resolving the long-
standing quest for determining the origins of decadal osdllatons. This newly discovered link between polar motion
and global-scale TWS varability has broad implications for the study of past and future dimate.

Adhikari, Iwvins, Climate driven polar motion: 2003-2015, Sci. Adv., Vol. 2, No. 4, p. 1501693, 2016,

doi:10.1126 /sciadv. 1501693
*or—7T 1 T T 7 T T T 1 20

_Eﬁ & '= Elaa

Year

Fig. 1. Observed pole position data. Mean monthly polar motion excitations (black lines) derived from the Gmed.ailj.r wvalues after remowving semi-
annual, annual, and Chandler wobbles. Smoothed solutions (Blue lines) reveal quasi-decadal varnability in the corresponding component of the 20th-
certury linear trend (dashed red lines). Cyan shadows in the background cover our study period, over which the drift direction deviates (solid red lines)

from the long-term linear trend. EGU2018-10300 | Orals | G3.1/CL4.20/CRE.6/GD11.6/GM11.10/NH11.17 | | Highlight
Toward a Unified Theory for 20th Century Secular Polar Motion
Erik vins, Surendra Adhikari. Lambert Caron, Bernhard Steinberger, John Reager,. Kristian Kjeldsen, Ben Marzeion, and Eric
Larour
Wed, 11 Apr. 11:45-12:00. Room -2.32




Agreement between C,; S,; from SLR and GRACE with PM trends
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We can conclude: climatological mass redistribution is responsible for polar motion drift.
April 18, 2016 C.K. Shum wrote to Leonid: it looks like Erik and Surendra had stole your thunder and the idea that we
discussed in Moscow in the train to/from St. Petersburg!

Leonid Zotov, Christian Bizouard, C.K. Shum, Vera Zinovieva, Analysis of the Second Degree Stokes Coefficients of Geopotential
and Earth Rotation Trends, AIP proceedings & EGU-2018
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A possible interrelation between Earth rotation and
climatic variability at decadal time-scale
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Global mean temperature and sea level rise
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Global temperature and sea level changes
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Cross-spectrum of Sea Level and temperature T
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60- 20- 10-year variations of the Global temperature and Sea level,
Extracted by MSSA

L.V.Zotov, SAl MSU
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Atlantic multidecadal oscillation AMO

as a cause of 60-year global temperature changes

MSSA L=22 years, parabolic trend removed
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Atlantic Multidecadal Oscillation AMO
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Warming whole in North Atlantic in 2018
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A satellite era warming hole®
equatorial Atlantic Ocean

Hyacinth Nnamchi’, Mojib Latif', Noel Keenlyside® and Wonsun Park’
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WHICH FACTORS DETERMINE VARIABILITY AND
PREDICTABILITY OVER THE NORTH ATLANTIC REGION?

ocean

stratosphere greenhouse gases

local weather ; ’
and feedbacks Arctic sea ice
land surface processes

North Pacific precursors
and snow cover

tropical processes
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Results: LOD vs SST

Correlation SST/LOD for -4-yr Lag
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both, the lag is negative when LOD precedes SST. | confirmed here the significant correlations between LOD
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Long-term LOD, temperature changes, and magnetic dipole strength
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Multidecadal and 6-year variations of LOD IOP, 2020, in Press

Leonid Zotov!-**, Christian Bizouard®, Nikolay Sidorenkov?, Artem

Ustinov?, Tatiana Ershova®
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Figure 22. Comparison of the anomalies of the Earth magnetic field dipole and 60-year LOD
variations.
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Does an Intrinsic Source Generate a
Shared Low-Frequency Signature in
Coherent interannual and decadal variations in the atmosphere-ocean EGrih’S CllmQte Gnd ROfGiion RGfe?
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ABSTRACT: Previous studies have shown strong negative correlation be-
tween multidecadal signatures in length of day (LOD)—an inverse measure of
Earth’s rotational rate—and various climate indices. Mechanisms remain elusive.
The Earth’s Climate processes are ir}sufﬁcient to explain_obsewcq rotational variability,
leading many to hypothesize external (astronomical) forcing as a common source
for observed low-frequency signatures. Here, an internal source, a core-to-
climate, one-way chain of causality, 1s hypothesized. To test hypothesis feasi-
bility, a recently published, model-estimated forced component is removed from
an observed dataset of Northern Hemisphere (NH) surface temperatures to isolate
the intrinsic component of climate variability, enhancing its comparison with
LOD. To further explore the rotational connection to climate indices, the LOD
anomaly record 1s compared with sea surface temperatures (SSTs)—global and
regional. Because climate variability is most intensely expressed in the North
Atlantic sector, LOD is compared to the dominant oceanic pattern there—the
Atlantic multidecadal oscillation (AMO). Results reveal that the LOD-related

Variable Rotation
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One possible mechanism, proposed by anonymous reviewer of Journal of Geodesy

More solar energy comes to the
atmosphere and ocean
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Global Earth temperature is
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Figure 2. Effect of J, = —/5C40, provided in LOD changes.

It influences the outer-core pressure and flow, which results in the variations of magnetic field
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Table 2. Source of the Variation in the LOD at Low Frequency
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I. The largest contribution of the wind i1s mainly associated

Source Data ALOD with an increase in the zonal wind between 10-60 degrees of
. a latitude in both hemispheres. The effect is larger in the Southern
Core motion observ. 12 ms misphere—than—in—the_Northern_Hemisphereas-can—be-seen—ir
Tldal. friction nbsen:. 2[I|.m';|-'ear Figure 1. This increase m the zonal wind, by AM conservation,
Cuntlnl. “ﬂ]tﬂ E:‘]s‘ d EESEH‘ _ﬁl'm;'rear induces an increase in LOD.
F?ST glacial reboun ODSETY. =3 s fﬂﬂr 2. The effect of the pressure is strongly coherent for nearly all the
Wind AAM CMIP |.B s }fﬂar models. The decrease of the pressure contribution is associated with
Mass term CMIP —0.75 PSYE | 5 decrease of the atmosphere global flattening, i.e. mass displaced
Sea ].ﬂr'e' observ. 0.3 pslyear from the equator to the pole. inducing a decrease in LOD.
Glacier observ. 0.4 ps/year 3. The change of the contribution of the oceanic currents is
Earthquake observ. —0.1 FL'F"r:F’ﬂﬂr mainly associated with variation in the Southern ocean, a region of
(Ocean current CMIP 0.1 ps/year

strong zonal currents that display a large response to the increase in

“Not a trend but a decadal vanation.

greenhouse gases, e.g. [Boer et al., 2000].
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Tidal variations and LOD

IERS zonal tide model
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Tidal Earth rotation velocity changes
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El Nino fingerprint in LOD, acceleration of the Earth since 2015

Length of day change
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Figure 16. Comparison of LOD (geodetic, red) with the sum of OAM and AAM contributions
(geophysical, blue) in the interannual band from EOP PC site.
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Geophysical Processes
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To conclude:
It could be, that LOD variability and natural climate variations are
coupled stronger then it was expected.

Mechanisms could be more complicated, than in case
of polar motion drift.

It could be that:
Moon tides modulate geophysical processes and LOD (currents in
North Atlantic, El Nino, tidal deceleration of the Earth).

Internal processes in the Earth reflected in the magnetic field,
can influence planet’s rotation and heat release.



Singular spectrum analysis of polar motion
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Variable Chandler and Annual Wobbles in Earth’s Polar
Motion During 1900-2015
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Amplitude and phase variations of Earth’s Chandler wobble under continual
excitation

Benjamin F. Chao®-P*, Wei-Yung Chung?®

1 Institute of Earth Sciences, Academia Sinica, Taipei, Taiwan
B Department of Earth Sciences, National Central University, Chungli, Taiwan
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Fig. 1. (a) The x and y components of the Hipparcos polar motion series (for the
period 1899.7-1992.0) concatenated with EOP-CO1 (for the period 1992.0-2010.0)
for the total span of 110 years at 5-day intervals. (b) The Chandler wobble series m(t)
obtained from (a) after removing the least-squares estimates of the annual wobble
and a linear trend.



Chandler wobble: two more large phase jumps revealed

Zinovy Malkin and Natalia Miller
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Filtered Chandler wobble and its envelope

milliseconds of arc (mas)

X-compoenent

- Polar motion (PM)
- ~ Chandler wabble

1 I T ‘[ 1) T T ] 1
1860 1880 1800 1920 1840
years

1840
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E(t)exp{ifi(t)} = [f:e (

The impulse response of Panteleev’s bandpass filter is given by the formula:
t i
wot . woltl

is%—ﬂ?rfeﬂ) (c i 3 )

e
with parameters wg = 27 fy, which determine its width and f., which determines the center
frequency. The filter transfer function is given by:

h(t) = ;jﬁ (1)

fo
(f—f)*+ 15
We used f = 0.04 and f, = 0.843 cycles per year (cpy) [12], selecting the signal around
433-day period. It is important to note, that annual frequency is almost completely damped,

but edge-effects of such nattow-band filtering can extent up to 20 years from the initial and final
points of time series.

Ly(f) = (2)

L 4 o) =x(0),
() = E(t) exp{if (1)} explicee).
D+ i2040) + (1- ) A0 | exp(0)
E(t) = Ji [.4(¢} + (z:—,ﬁ{tj + ) {{t}}



Filtered Chandler wobble and its envelope

See Doctoral thesis by L. Zotov
http://Infm1.sai.msu.ru/~tempus/disser/index.htm
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Filtered Chandler wobble and its excitation

Chandler excitation envelope E(t) = 2 _.si{t} + (;a{tj + 2{3) 4{{}}
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Filtered Chandler wobble and its excitation modeling
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Comparison of excitations for Chandler wobble
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Module of the absolute AAM ECMWF wind term
in the Chandler frequency band

motion Chandler

—180° 1BO° 1207 —ag° —B0° —30 o 30 60" ag” 120° 150° 180°

—— , , ] masidg’2

0.0e+00 5.0e-04 1.0e-03 1.5e-03 2.0e-03 2.5e-03 3.0e-03 3.5e-03

processed by L. folov



Module of the absolute AAM ECMWEF pressure term
in the Chandler frequency band
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Panteleev’s band-pass filters
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Pue. 5. Periodograms of LOD based of EOP CO4 (left) and CO2 (right ) series and corresponding

band-passes of Panteleev's filters,



Comparison of LOD modulations and Chandler wobble amplitude changes
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Figure 21. Comparison of the Chandler wobble envelope with 60-year LOD (C02 and C04)
variations, left, and of the Chandler excitation envelope with 20-year LOD variations, right.



Low-frequency synchronization in the dynamical system
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What if amplitude changes of Chandler Wobble reflects low-frequency synchronization in the dynamical system

B3IAHMMHAA CHHXPOHH3ALINA IBYX CBASAHHBIX TEHEPATOPOB
C 3ATTA3IBIBAHHEM

B. B. Emernanos, KO I1. Evernanosa

_-1'.1+%_-1]—|—T_-1| = aye® [(1—k) (1= |A(t—1)[2) Ay (t—1)+k (1—|Aa(t—1)[2) Ax(t—1)].

;‘ig—%ﬂgﬂﬂg = o™ [(1—k) (1—|Aot—1)[*) Ax(t—1)+k (1—|A; (t—1) ) A, (£—-1)].

&= = 3 LS

i oA Ha
K Teopuil 3axBallblBaBus OIDH Majiofi aMOpHAYAES BHEIIHEH CHABH, Hox

{1] Xoxsos, P. B.,
CCCP. 47, 3, 411, 1954, .

j’\/inuaxona. Y. M., CaaxporH3aluid JAAaMOOBOTO TeneparTopa c»;szrcoananbm‘

A Panumorexuauxka, 11 7, 50—56, 1956.

11l. KepammuuBule PanHorexsnka 14: 9,

[2] Pafiamr, T. A., =
EOALGauni NPOIHO-KPATHOR rapMasHyecKod CHJIOH

(3] K teopum pesmEeinblXx KoOJbCAHHH B pPAnMOTEXHUKE B
17—18, 1959,

[4] Boponun, 2. C.,
14: 2, 48—56, 1959,

‘ ' {f cuJiofi PanHUOTEXHHKA
() cHHXPOHH3AIMA aBTOreHepaTopa MO Y AFPOBAHHOI BHEIUHEH C p

HOJIbBAHUNA
CMHXPOMM3ALLMA FEHEPATOPA GUHYCOMAAJBHBIX ‘
Yau Ly
dl;u‘l Ig — IQ 0
P Me Wolg = 1,
‘ €310 dt Il
u%Wf;(iberchcxn " 3SKCHepuMeHTaJbHO H3yueHO SIBJIEH dﬁ.u‘;;_v Il . 1.3
rg;H,.‘Iif(:"C" BAN HH3KOYACTOTHBIX CTOPOHHHX CHUIL. Tloxkasas 4 Wal = 0.
f'if<'r;j:: °Pa mmakowacroTHON cToponHel cmiol, M HaGJIIo dat IQ
 CXeMpr gg YaCTOTHYIO IOJOCY CHHXPOBM3AIHH. dll.u‘g IQ - Il

i L

wig = 0.

o1
CnoxHas guHaMuKa npocToil Mogenn pacnpepgeneHHomn
aBTOoKoneb6arenbHOW cUcTeMbl ¢ 3anasgbliBaHUEM

@ H.M. Poickin, A.M. Wwrass

A+yA =aexp(i®)(1 — |4(t — 1)*)4(t — 1).

2.0 20

400 ElG]
1.5 15+
1o 1.0 b ﬁ
05k 0.5k /"
UU i 1 L — 0{] 1 1 1 J 40 1 1 1 ]
0.0 25.0 50.0 75.0 00 05 10 L5 2.0 i T Y D
b
20 20
1.5 15+
2?7
Sl MWW T @2
D[] L L L l u-'}/ L L L ] _4'} L L L ]
0.0 25.0 50,0 75.0 00 05 10 15 2 2 -1 0 1 2



Surface: air temperature, wind speed and direction, water vapour, pressure, precipitation,
surface radiation budget

ATMOSPHERIC Uppelj-air: temperature, wind speed and direction, water vapour, cloud properties, Earth
radiation budget, lightning
Composition: carbon dioxide, methane, other long-lived greenhouse gases, ozone,
aerosol, precursors for aerosol and ozone

Physics: temperature: sea surface and subsurface; salinity: sea surface and subsurface;
currents, surface currents, sea level, sea state, sea ice, ocean surface stress, ocean
surface heat f ux

Biogeochemistry: inorganic carbon, oxygen, nutrients, transient tracers, nitrous oxide ,
ocean colour

Biology/ecosystems: plankton, marine habitat properties

Hydrology: river discharge, groundwater, lakes, soil moisture,evaporation from land
CGryosphere: snow, glaciers, ice sheets and ice shelves, permafrost

Biosphere: albedo, land cover, fraction of absorbed photosynthetically active radiation,
leaf area index, above-ground biomass, soil carbon, fire, land surface temperature
Human use of natual ressources: water use, greenhouse gas fluxes




Essential Climate Variables




Conclusions

Climate signals present in excitations of LOD and PM
Mass term can be accessed through GRACE and GRACE-FO

Water cycle is very important, hydrological and glaciological changes can
shift the axis of the Earth, annual oscillation can also become phase shifted

Sea level, related to both figure of the Earth and climate can demonstrate
forward and backward links to Earth rotation

Atlantic Ocean gives evident input into Earth temperature variations, which
are correlated with Earth rotation velocity on 60 yr scale

If we can predict climate and ERP together better, then separately, then
there is “Granger causality” between them

We should promote Climate and Earth rotation working group and our
ideas. Very few scientists understand the importance of this
interdisciplinary scientific field.
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Earth rotation
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Wavelet-scalogramm of LOD

Magnitude Scalogram
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On Estimating the Cross-Correlation and Least-squares Fit of One Dataset to Another with

Time Shift

B. F. Chao', C. H. Chung"’

A key statistical question to ask 1s: given the DOF of processes 4 and B, what 1s the
probability at which the obtained p can reject the null hypothesis that 4 and B are actually
uncorrelated? In the context of statistics, analytical expressions relating the significance of
correlation with the DOF for random samples can be found in textbooks (e.g.. Jenkins & Watts
1968; Bevington & Robinson, 2003). The probability P, for the correlation value to exceed a
certain |p| (between O and 1) for random samples with DOF = v 1s given by:

1 T [(v+1)/2]
Vi T(vi2)

Pelp:v)=F Ji, (1) 2 (2)

where I'(z)= f; x*le™dx (for Re(z)>0) is the Gamma function. The significance level is 2P,

accounting for both positive and negative p values, and the confidence level 1s 1-2P., for given v.



P

v 0.20 0.15 0.10 0.05 0.01 0.005 0.001
60 0.165 0.185 0.211 0.250 0.325 0.352 0.408
70 0.153 0.171 0.195 0.232 0.302 0.327 0.380
80 0.143 0.160 0.183 0.217 0.283 0.307 0.357
90 0.135 0.151 0.173 0.205 0.267 0.290 0.338
100 0.128 0.144 0.164 0.195 0.254 0.276 0.321
P

% 0.20 0.15 0.10 0.05 0.01 0.005 0.001
900 0.043 0.048 0.055 0.065 0.086 0.093 0.109
950 0.042 0.047 0.053 0.064 0.083 0.091 0.106

1000 0.041 0.046 0.052 0.062 0.081 0.089 0.104
1500 0.033 0.037 0.042 0.051 0.066 0.072 0.085
2000 0.029 0.032 0.037 0.044 0.058 0.063 0.073
3000 0.023 0.026 0.030 0.036 0.047 0.051 0.060
4000 0.020 0.023 0.026 0.031 0.041 0.044 0.052
5000 0.018 0.020 0.023 0.028 0.036 0.040 0.047
10000 0.013 0.014 0.016 0.020 0.026 0.028 0.033

Table S1. Correlation coefficients corresponding to significance levels (of 20% - 0.1%;
corresponding to confidence levels of 80% - 99.9%) from Equation (2) in the main text. (v =

degree of freedom, ranging 1-10,000).



