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Background 2 Causal methods: LKIF PCMC
Identlfylng causes O.I: SpeCifiC prOcesseS iS CrUCiaI in Order to better understand our 1) Liang_K|eeman Information flow (LK":’ Liang’ 2021) derived Full name Liang—Kleeman information flow Peter and Clark momentary conditional independence
climate System. Traditiona”y’ correlation analyses have been used to |dent|fy cause- frO.m first p!‘lnCIpleS of iInformation theory; Computa’[lon of the rate Type of method Information flow Causal discovery algorithm
effect relationships in climate studies. However, correlation does not imply causation, gf |Sformat|3nctlrarl1(sfer from one vagg_ble tIO_ a(;\other(.j Use of time lags Not by defaul Always
which justifies the need to use causal methods. ) Peter and Clark momentary conditional independence Use of iterative conditioning N Yes
(PCMCI’ Runge et alv 2019) use of Partl_al correlations to Metric Rate of information transfer Path coefficient
iteratively test conditional dependencies In a set of actors. T (absolute) or T (relative)
Unit T': nat per unit time; t: % No unit
dxy = —x2dt +0.1dwy, complexity and 1 real-world case study based on climate indices < 0:x; variability — x; variability |~ <0:x; t—x; |
In the Atlantic and Pacific regions. Key references Liang (2014, 2021) Spirtes et al. (2001): Runge et al. (2019b)
(a)  Numerical R (b) Numerical ] (LKIF) (c) Numerical B (PCMCI) RESU'tS
“ % - Both methods are superior to the classical correlation analysis, especially in removing spurious links.
s - Considering the three simplest models (2D, 6D and 9D models), LKIF performs better with a smaller number of Lorenz (1963) model
=X variables (2D model) and PCMCI is best with a larger number of variables (9D model).
- Results V\_/ith the Lorenz (19(_53) m_oc_:lel are more challenging as the system is npnlinear gnd chaotic. Both methods only i_-f: — 100y —x), Panels (a)-(c) show results
o detect obvious causal links with original variables; other links appear when nonlinear variables (e.g. x?) are used. dy with the original (x,y,2) triplet
- For the real-world case study with climate indices, both methods present some similarities and differences at monthly P e panels (d)-(f) show results with
oS 0o o5 Mo s B2 a0 s a0 o5 1o timescale. One of the key differences is that LKIF identifies the Arctic Oscillation (AO) as the largest driver, while the El gzx y— 2 Lorenz (1963)  the modified (.y,2) triplet
T| (%) B "~ . . . . . . . 1)
i Nifio-Southern Oscillation (ENSO) is the main influencing variable for PCMCI.
(d)  Analytical R (e) Analytical [T] (LKIF) Correlation  LKIF  PCMCI _ N (b) Rate of information transfer || (c) Path coefficient B (PCMCI)
10 (f)  Correct links 2D model True positives (1) [%] 100 100 0(100) (8) Correlation coefficient & To..
| X1 X2 Atmospheric indices: Trllje negatives (1) [%] ]{} lﬂg 100 (éﬂg) X y z
s " - PNA: Pacific-North American 2 o L) s o
£ o X2 gD mOdEI - NAO: North Atlantic i e ® I o
2 — ek Oscillation mode rue positives o
xii=34x,1(1—x2, e 14255, 4 Xeu=34x61(1—x¢, e o1 +15x,5 | “AQ: Arctic Oscillation oD model T o SO
N +1.8x3,-2 4+ 1.5x4—2 +0.4uy,, +0.4u,, - QBO: Quasi-Biennial Raleonties (4] 0 0 0
¢ S 5 8 Oscillation False 1}e%al1ves [%] 0 0 0
X2, =34x0,1(1—x3, )e 21 +04uy,, X7, =3.4x7, 1 (1 —x7,_1)e 71 4+0.4u7,, | ‘I’C‘)em“‘"j“‘ 0 : 1
0 5 oo X1 X3 =3.4x3,-1(1 —xi;_l)e"‘?-f—l +0.25x;,;  X8a=34x,1( —xg,:—l)e_xi‘“ +0.8x7,—1 Oceanic indices: o modelwifhout e 1?32 E:;ttlfvi((gfjs[)@l 123 ?3 .
1| (%) +0.4u4 | +0.4ug - AMO: Atlantic Multidecadal False positives [%] 40 2 . . . .
ST, ) 3 g Oscillation False 1}e%a11ves [%] 0 11 - R |T| (%)
X4, = 3.4_}:4.}_1 (1 __xif_l)e_xrﬂ..:—l +1.5 X5 /-3 X9, _1—_3-:19.!—1 (1 _-x*}__:—l)e Aablints LBX?J—I - PDO: PaCIfIC Decadal PSR icgejﬁtfém TN 0]-22 0]-;2 1{); (e) Rate of information transfer | 1| (f) Path coefficient 8 (PCMCI)
+1.2x6 -1 +0.4uy,, glne Oscillation e N e X 5
X141 =0.1—0.6x3,+uj ;1. i ) - TNA: Tropical North Atlantic galse p(iitives ([i,)?f]) e i; 93 92
6D mOdEI " ‘ ' x5 =3.4xs5,-1(l ——7‘35__;_1)3 501 4+0.4us 4, Subramaniyam et al. (2021) - ENSO: Nifio3.4 index False negatives [%] 0 0 _0
X2 ja] = 0.7 — O-le,; +D-8xﬁ*r + UD (41- ¢ coefficient 0.21 0.77 0.81
X3 141 = 0.5 -+ 0.7 X2.1 -+ H3 41, Liang (2021) (@) Correlation coefficient R (with 4 lags) (b) Rate of information transfer |t| (with 4 lags)
Va1 = 024074+ 0.4%s, + a1, _ Climate indices
X541 =084+02x4,+0.7x6, + us 41, o 5’? _ o (b) Rate of information transfer |t
—03-05 N ] (a) Correlation coefficient R
A6,r+1 = U2 = U X6, +H6'I+l’ . . PNA NAO A0 QBO AMO PDO TNA ENSO TDF"IQJIA NAO AO QBO AMO PQG TNA  ENSO
. . < < % -0.23 011 | 0.33 0.16 | 0.17 % % 5.75
@) Correlation coefficient R (b) Rate of information transfer |T| (LKIF) 3 S : o - o E:
X1 X2 X3 Xa Xs Xs . X1 X2 X3 Xa Xs Xs =% = ; 095 " B ;
‘ 3 3 Conclusions
o- 011  -0.2 |-0. @)
? ) N = 033 : - The 2 causal methods used here should be
: x x < o016 |02 o - preferred to correlation, which suffers from e.g.
X ~1.00 -0.75 —0.50 —0.25 0.00 025 0.50 Eoo 0.0 ;- 0.17 0.45 0.16 ; random COInCIdence, absence Of IdentIfICathn Of
. [ : —— : external drivers, and application to 2D cases only.
c ath coefficien wi ags ! | ] | ' ] . . | ' ' _ .
I ‘ ‘ I I I ‘ I ‘ :o) Path coefficient B (with 5 lags) " ] - -Loo 075 050 -025 000 025 030 075 100 0o 25 50 75 |1-1|ng51 125 150 17.5  20.0 - AS both LKIF and PCMCI dlSp ay Strengths and
e ocemoemompoemoehmoemoke e omm W meome oo R e X X5 X X1 Xe X () Path coefficient B (PCMCI) S ©  oinuence weaknesses when used with relatively simple
(c) Path coefficient 8 (PCMCI) g; -0.01 - > ;14- ------ AO;_j— PNA | d I . h h I . k b d d
TO... ; ) ) ) ) (d) Correct links E;g s[> "PA nNAO A0 QBO AMO PDO TNA ENSO giz g ;:ff,,‘; modeis In W_ ICh correct causal links can be detecte
D pm N =< N — by construction, we do not recommend one or the
- . i- '3 005 | other method but rather encourage the climate
) . 9 029 0.09 | 0.09 N S v B community to use several methods whenever
Q 2 3 i T possible.
) % oan o2 | R L o o — - Both methods, as used here, assume linearity;
< . 2 = Pires et al. (2024) have recently developed a
. BB os |55 ] : nonlinear version of LKIF
O %0_1
-1.00 -0.75 -0.50 —0125 G.bO 0.‘25 0.|50 0.75 1.00 | | | i _ E &D.G- . . "
: THO0 07> 030 S023 0f0 02 030 07> 100 | - More detalls can be found in Docquier et al. (2024).
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