ML in the dating
of ice cores

A GRU Method for Automated
Annual Layer Identification

Rasmus Arentoft Nielsen
Supervisors:

Sune O. Rasmussen
Troels C. Petersen

UNIVERSITY OF COPENHAGEN




&® UNIVERSITY OF COPENHAGEN Outline Introduction ~ Model & Setup Results Discussion Conclusion

Outline

« Abroad introduction
Motivation, data and a bit of glaciology

 The model
GRU model structure and peak detection

* Results
Examples and overall performance

* Discussion
What are the limitations of the model?

* Conclusions



&® UNIVERSITY OF COPENHAGEN Outline [gligele[V[eiile] ) Model & Setup Results Discussion Conclusion 3/16

%

Introduction 3

Loans

PN

o

fnr”

NGRIP A
a

GRIP
700 .

DT ER

e
SN
N
N

65°N

.v
6 0 °N {i«
¢

P

60 w
45°W
30°W



.? UNIVERSITY OF COPENHAGEN

Results Discussion

Introduction Model & Setup

Outline

Overview of the temporal ice core data availability and measured features

Conclusion 4/16

b2k [ka]

&
NGRIP
—
GRIP
——
DYE3
[ — Comg iSISeHr
Na*
510 H20; Ca?t
Ca2* [NH, 1+ §
[NH 1™ [NOs]~ w
Giccai GICCO5->
0 1 2 3 4 5 6 7 8 9 10 11 12



NNNNNNNNNNNNNNNNNNNNNNNN

GRU Model

Outline

Introduction Model & Setup Resu

GRU
Encoder

GRU
Decoder

Its

iscussion



&® UNIVERSITY OF COPENHAGEN Outline Introduction  EWY/[ele[=IREST=1i0]0) Results Discussion Conclusion 6/16

GRU - Looking Inside

GRU GRU
Encoder Decoder h
d
hél) h((f) e
Input hd_l _- \‘I ': hd
layer h(l) h 5 Reset gate i; E
1 1 = :? .
Output 0 -
n 10 =
hél) héQ) layer . E z E
- i =
: -
n /o =
. 5

A4
*
AEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEnnmns®

*

1 2
B




&® UNIVERSITY OF COPENHAGEN Outline Introduction  EWY/[ele[=IREST=1i0]0) Results Discussion Conclusion 7/16

GRU - Looking Inside

=y
SH

“-llllllllllllllllllllllllllllllllllll..
* gate *

________

S

=
5
e
=
ISH

Reset gate

higy = (1= 24) © ha + 24 © hyg_y)

A

hq = tanh(W; zq + U; (g © hg—1) + b;)

oTv15 TOpPTY SIEPIPUET |

e ol e s s

g ENENEEEEENEEEENEENENEENE]| »
..IIIIIIIIIIIIIIIIIIII“

*

Zd = U(szd + U hg—1 + bz)

1.00

— 0=1/(1+exp(—x))

Td = O-(WTxd + Urhg—1 + br) H e

0.0 o e e e 0.50

0.75

-0.5 0.25

-1.0 | 0.00 =1 :
-4 -3 -2 -1 0 1 2 3 4 -4 -3 -2 -1 0 1 2 3 4



&® UNIVERSITY OF COPENHAGEN Outline Introduction  EWY/[ele[=IREST=1i0]0) Results Discussion Conclusion 8/16

GRU GRU
Encoder Decoder

WA
© ()

/ GRU Output\

Input GRU Decoder layer
layer Encoder

AN M NS EEEEEEEEEEEEEEEEEEERREEEAEEy
XY .

beis

B

0

o

e

ssssssssssssnssuneh
. o,
Yessssssssssnnsnnnn)s®

o

*essssssnsssnnssnnnnnnnnnnnnnnnnnnnn’

Gate Weight matrix Column Weight matrix Previous Bias Gate Weight matrix Summary Weight matrix Previous Bias
Input matrix 2, Tih W of Input U hidden state  vector(s) z,rh W ¢ U hidden state  vector(s) Output matrix Weight vector Sigmoid output
(H x1) (H x F) (Fx1) (H x H) (H x1) (Hx1)  (Hx1) (H x 2H) (2H x 1) (Hx H) (Hx1) (H x1) (D' x 2H) (2H x 1) (D' x 1)
9nd wi wig cc Wip T1d uy wip ccowmy I by 9a win wiy s wign c1a un w e ourg hig-1 b o T2 - Tim t
92.4 w1 Wyy ++ W T24 Uz uzy - uzy h2.4-1 by 924 war wyy e Wanp 24 ust uze -co uay a1 by ¢ oy @22 rant ts
I= ; = R + : S + 5 i = . o . . #+ . + . S % . b= (S Ss-- Spr)

ZF1 T2 o TED gH.d WH1 WH2 - WHF, Tpd, Wl g2 o UHH hid—1 by 9H.d, WH1 WH? *** WH2H C2H.d, UHL UH2 Cc UHH s b D LDy D tn



&® UNIVERSITY OF COPENHAGEN Outline Introduction  EWY/[ele[=IREST=1i0]0) Results Discussion Conclusion 9/16

GRU Model - Setup

Model type Bidirectional GRU Encoder-Decoder
Encoder 32 neurons, return_sequences = False
Decoder 32 neurons, return_sequences = True
Optimizer Adam, loss = ‘binary_crossentropy’ (BCE)

Window size 1-2 years (35-140 samples for GRIP/NGRIP) in GICCO05 timescale

Learning rate | Typically [5e-4, 1e-4, 5e-5]
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GRU Model - Making predictions
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Human annual layer
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Human annual layer GRU annual layer trained on 0-5 and 104-109
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GRU

annual layer LR = 0.0001

Within each block, 89.9%
and 79.8% of GRU counts
are within 1 of the GICCO05
count for NGRIP and GRIP,
respectively.
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Matchpoints 23-25

AGRIP and ANGRIP

AGRIP — ANGRIP
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Difference in annual layer counts between human and GRU for GRIP and NGRIP2, training on matchpoint 0-5 and 104-109
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Frequency (# of blocks)

Run GRU counting GICC countihg Difference Summary
NGRIP K =2 1395 1394 0.07% Figure 20
NGRIP K =3 1354 1394 2.87T% Figure 29
GRIP K =2 1353 (1382) 1395 3.01% (0.93%) Figure 20
GRIP K =3 1355 (1384) 1395 2.86% (0.78%) Figure 29
NGRIP TOE 1215 1259 3.49% Figur

GRIP TOE 1204 (1233) 1259 4.36% (2.06%) | Eigure 31
DYE-3 K =2 20 3814 2.39% Figure 33
DYE-3 K =3 3749 3814 1.70% Figure 33
DYE-3 "TOFE’ 3439 3414 0.73% Figure 37

Table 4: Summary of the overall model performance for each run. Note that this is merely differences
for the total count in the existing timescales versus the model predictions. A better overview of the
performance can be found in the figures referenced in the rightmost column.

14/16
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Discussion

e Training and evaluation is done using manually identified annual layers

e Model assumes equidistant time-series input, but the data is a
depth-series.

e Peak detection is sensitive to used parameter values.

e Training and testing on shorter sections of cores with similar
characteristics is recommended.
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Appendix A - Hyperparameter tun

le-4
Prediction windowsize = 70

Runs with varying input/output window sizes and learning rate
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Sigmoid output

10714

10724¢

Input and output windowsize = 70

Input and output windowsize = 105 Input and output windowsize = 140
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10°

Sigmoid output

= GRIP LR le-4, run used in Section 4.5.
—— GRIP LR 5e-4, converged but extra peaks.
= GRIP LR le-5, not converged.

——— GRIP LR 5e-5, converged but not used.

1074

1547.112 1547.114 1547.116 1547.118 1547.12
GRIP Depth [m]
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Appendix B - Perturbed data for feature importance

Example of perturbed data using the Rypdal-Boers noise algorithm

—— Original data, NGRIP Na *
—— Perturbed data
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Appendix C - Model

GRU
Decoder

GRU
Encoder

LYLELLEN
= =

tGRU i GRU }

REITETLLEN emmEEEEEN,
» " . =

Gate
nun

hO 2orh
(Hx1)
9Nd

92,4

IH.d,

Input

layer

Gate Weight matrix Column Weight matrix Previous Bias
Input matrix z,1,h " of Input l hidden state  vector(s)
(Fx D) (H x1) (H xF) (Fx1) (H x H) (H x1) (H x1)
T 212 T 914 wi wiz - Wi T1d uin uip e Uy hig-1 by
T2l X2 v+ T2p 92.d Wy Wap -+ Wap Tad Upy Uy e Usy haa-1 by
. . = : . . + .
TR TF2 - TFD 9H.d WH1 WH2 - WHE TFd UpL Up2 ccc UHH M- bir
L T T T T PP T PP T PP P PP PP PPN
. o,
W %
h .
. .
: :
. .
. .
: :
H
. H
. H
. .
. H
H 1 H
", AW o
asssnnsnnnsnnnnnnnnnnnnnnnnnnnnnnnn®
Weight matrix Summary Weight matrix Previous Bias
" c U hidden state  vector(s) Output matrix Weight vector  Sigmoid output
(H x 2H) (2H x 1) (H x H) (H x 1) (Hx1) (D x H) (H x 1) (Dx1)
wy wi2 s Wwi2H Cla w wz e hig-1 by on w1 - T i
wy Wy cc W22H 2,4 ug Uy - uzp ha - by . 021 Taz v Loyt ty
2 ¢ f + S=1. . . +b= (S 8- Sp)
WH1 WH ** WH2H CaHd, Uy UED ccc UHH I by D1 TPy - TDI ti

GRU
Encoder

e mEE s EEEEssEEEEEEEEEEEEEEEEEEEE,,
0 .

sEssmmmmEssmsmEEEEy
. .

0
P ——




o? UNIVERSITY OF COPENHAGEN

Appendix D - Sensitivity of peak detection

Number of peaks detected in NGRIP, run with K= 2 Number of peaks detected in GRIP, run with K= 2
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Appendix E - Pseudo-data
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Appendix F - Data
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Appendix G: Glaciology
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Appendix H: Annual Layer Thicknesses

# Counts
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