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Introduction and motivation
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The climate system

Climate system @ The Earth is a complex system with highly nonlinear

and unknown feedbacks between the components of the
climate (atmosphere, ocean, land and ice)

f

External forcings

@ Internal (natural, unforced) climate variability:
processes that occur naturally within the climate

) (EI-Nifio, North Atlantic Oscillation)
LAnthropogenlc‘
[mj‘ @ Forced climate variability: external forcings (sun,

volcanic activity, human influence)
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Introduction and motivation
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The climate system

Climate system

@ Regionally, the internal (natural) variability is large
enough to mask climate changes for possibly many
T decades to come.

Ext 1f i . .
xhernal torcings @ Open questions: What changes will happen on

[Anthropogenic | regional scales and on shorter timescales? How strongly
- will the Earth’s temperature respond to increasing CO2

[ Natural \ levels?

Al4Climate, January 24, E. Székely (SDSC) A direct approach to D&A of climate change



Introduction and motivation
000@0

Detection and attribution (D&A) of climate change

D&A studies the causal links between external drivers of

Climate system . . . )
climate change and observed changes in climate variables.

T @ Detection aims to find if there is a change in the
_ observations that cannot be explained by internal
External forcings (natural) climate variability alone.
[Anthropogenic ‘

@ Attribution tries to assign the detected change to a

Natural\\ . . T .
[7’ particular external forcing or a combination of forcings.
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Traditional D&A

Global mean temperature anomaly w.r.t. 1850-1900

10 === HadCRUT3
Total
Anthropogenic

Natural

Xobs = f(Xanta Xhnats 5X)

1850 1875 1900 1925 1950 1975 2000

[Huber & Knutti (2011)]

@ Unsupervised fingerprint (EOF) extraction

@ Empirical Orthogonal Functions (EOF) < Principal Component Analysis (PCA)
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Direct D&A

x = climate variable (temperature, humidity, precipitation)
y = external forcing (anthropogenic, solar, volcanic)

~

5= arggnin E(xy)~p [y f3(x))]

ynew = fﬁ(Xnew)

@ Supervised fingerprint (/3) extraction

@ The predicted forcing y used as a test statistic for D&A
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Direct D&A (linear setting)

Y eR”

target metric (e.g.,
radiative forcing,
energy imbalance)

X e Rnxp

B eRP

fingerprint
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Detection and attribution as hypothesis testing

Detection:
@ Null hypothesis: absence of an externally forced climate change

@ The predicted forcing y is indistinguishable from internal variability, e.g., not significantly
different from zero

Attribution:

@ If the true forcing y lies within the confidence intervals of the predicted forcing y, then we
attribute the detected change to the respective forcing
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Local vs. global daily weather

Al4Climate, J.

Daily detection
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Signal vs. noise problem
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Detection of externally forced climate change

(1) extraction of fingerprint B
Y = X8 + ¢
Y (annual global climate metric)

X (daily global spatial pattern)

Climate system

(oxtornal forcings | Yous
External forcings
Anth ic| ) o o
‘\w‘ (2) prediction (2) prediction
| Natural | Xobs 3 X.8

(Observations) X ,p
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Daily detection in global weather

@ Assess whether externally forced climate change can be detected on shorter timescales

detection
000800

(daily) if the detection is based on a global spatial pattern

Al4Climate, January

nature
climate change

LETTERS

https:/doi.org/10.1038/541558-019-0666-7

Climate change now detectable from any single
day of weather at global scale

Sebastian Sippel ®'23*, Nicolai Meinshausen?, Erich M. Fischer ©', Enikd Székely ®* and Reto Knutti®'

For generations, climate scientists have educated the public
that ‘weather is not climate’, and climate change has been
framed as the ch h weather

emerges from large variability over decades™. However,
weather when considered globally is now in uncharted terri-
tory. Here we show that on the basis of a single day of globally
observed isture, we detect the fingerpri
of externally driven climate change, and conclude that Earth as
a whole is warming. Our detection approach invokes statisti-

We start with a simple example to illustrate the difference in
warming experienced locally and globally (Fig. 1). The past decade
(2009-2018) has been on average 0.7°C warmer than an earlier
period (1951-1980). Locally, deseasonalized daily temperature
anomalies fluctuate due to internal weather-related variability with
2 magnitude of up to 30°C (Fig. 12.), depending on region and
season. This substantial variation implies that despite an overall
warmer climate, cold anomalies or even cold records can still occur
and are to be expected”. However, at the global scale, weather-
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Daily detection in global weather

Mean Included

80°N Ocean temperature coefficients
60°N

40°N

—20°N

-40°N

-60°N

-80°N

Jan Mar May Jul Aug Oct Dec
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Daily detection in global weather

@ The fingerprint of climate change is detected from any single day in the observed global
record since early 2012, and since 1999 on the basis of a year of data

@ While changes in weather locally are emerging over decades, global climate change is now
detected instantaneously

o
o

Predictors (mean included): Temp. Predictors (mean removed): Temp.+Hum. (land)
1.0 Reanalyses Avg., daily predictions o 1.0 Reanalyses Avg., daily predictions
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Distributional robustness

R

F1 = solar forcing
F> = volcanic forcing
F3; = anthropogenic forcing

i,

y=F
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Distributional robustness

F1, F>, F3 have a causal effect on x

x = g(F1, F2, F3,ex)

= fs(x)

F1 = solar forcing
F> = volcanic forcing
F3 = anthropogenic forcing

@ Changes in p(F1) = changes in p(x, y) even if p(y)
y=F; remains the same

o Causal inference: interventions or perturbations

Al4Climate, January 24, 2020 E. Székely (SDSC) A direct approach to D&A of climate change



Attribution
000®0000000000

Distributional robustness

Goal: Good prediction accuracy even under distributional
changes of the external forcings (shift interventions).

Observational distribution

B = arggnin E(x,y)~p [y, f3(x))]

F1 = solar forcing
F> = volcanic forcing
F3 = anthropogenic forcing
Class of distributions (x.y) ~ @ where Q € Q:
y=F

B = argmlngup Eeeyy~q [y f3(x))]
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Anchor regression

Anchor regression estimator [Rothenhausler et al. (2019)]:

B = argﬁmin (I = MA)(Y = XB)[I5 +vIMa(Y — XB)II3 y=Fs

@ 14 € R™" is the matrix that projects on the column space of A € R"*9, i.e.,
Ma=AATA) AT

@ v = “causal”’ regularization parameter that gives the strength of the intervention on the
anchor variable A

@ The causal regularization encourages orthogonality (uncorrelatedness) of the residuals
with the anchor variable.
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Anchor regression

B = arg/;ﬂin (s = TLA)(Y = XB)I[3 + ¥[Ma(Y — XB)|I3

y=0 = p°= argming [[(/ = Ma)(Y — XpB)||3  Partialling out A (PA)
y=1 = pl= argming | Y — X313 Ordinary Least Squares (OLS)

o0 = [ = argming [Ma(Y — XB)|3 Instrumental variables (IV) = Causality
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Anchor regression

Let X e R™*P Y € R", 8 € RP, n = number of samples, p = dimensionality

X = (I, = Ma)X + AN aX
1%

= (In — I'IA)Y+ \FyI'IAY

B7 = argmin ||V — X33
5

A direct approach to D&A of climate change
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Anchor regression

Let X e R™*P Y € R", 8 € RP, n = number of samples, p = dimensionality

X = (I, = Ma)X + AN aX
1%

= (In — I'IA)Y+ \FyI'IAY

37 = argmin || Yy — )?ﬁ”%
B

@ Ridge regularization allows to handle the multicollinearity of the predictors

B = argg’nin 1Y — X813 + A5l
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Data

CMIP5 models, RCP scenarios
Climate simulations:

57 — Historical (42) [
. ; — RCP26(26)
@ CMIP5 (Coupled Model Intercomparison o] = RePasG
Project) — RCPE5(30)

@ control runs (climate simulations with no
external forcings, only internal variability)

Global surface warming (°C)

@ Representative Concentration Pathways
(RCP) (climate simulations with all
external forcings)

1950 2000 2050 2100
Year

[Knutti & Sedlacek (2013)]

Al4Climate, January 24, 2020 E. Székely (SDSC) A direct approach to D&A of climate change



on and motivation )proac o} Attribution

0000000000000

Data

@ Climate simulations Yer X e Rr< peRrr

e 42 RCP 8.5 and 40 control runs Model 1
e Temperature and precipitation

Model 2
@ Temporal resolution

e annual (1870-2100)
e n =82 x 231 = 18,942 samples

target metric (e.g.,

Y Spatla| reSO|utiOn radiative forcing, L

energy imbalance) fingerprint
e p =144 x 72 = 10,368 dimensions
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Radiative forcing

RCP 4.5 RCP 8.5
o] anthropogenic forcing g{ — anthropogenic forcing
valcanic forcing wvolcanic forcing
- solar forcing = solar forcing
31 — natural forcing (volcanic + solar) 61 = natural forcing (volcanic + solar)
g = all forcings g = all forcings
22 =
& £ 4
: H
B 1 "
k-] T 2
] ]
= o«
o
0
-1
-2
1900 1950 2000 2050 2100 1900 1950 2000 2050 2100
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Cross validation

Cross validation (anchor regression y = 10000): PR -- ANTHRO forcing [rcp85] (1870 - 2100)

109 { —— msE-TOTAL : 10°
o - A =20 i
= — Asreasan =90 !
5 — Asorezsen =90 E
0 —— Asprszmen = 380 !
- ]
[ 1
= 1
[°] = 1
g 1
-
@ 107t !
= ! 107!
o T
8 i
= |
1

105 1073

10! 10°

10°

105 1073 107! 10! 10° 10°

Model-wise splitting for training - testing - folds.
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Ridge regression (no anchor)
Raw coefficients

° 60°E  120°E 180° 120°W 60°W
Volcanic anchor (y =100)

Raw coefficients
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Volcanic anchor (y =10000)
Raw coefficients
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0.0002

0.0001

+0.0000

~0.0001

~0.0002

~0.0003

0.0004
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+0.0000

—~0.0002

~0.0004

0.0010

0.0005

+0.0000

~0.0005

~0.0010

Predicted forcing

Predicted forcing

Predicted forcing

RMSE = 0.2249 --- R2 = 0.9494

Residuals ANT
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Temperature - y = ANT, A = VOL

No anchor: corr p = -0.105

05 .« 4

0.0

-05 00 05 10 15 20 25 30 35
True forcing

RMSE = 0.2267 --- R2 = 0.9486

5 -4 -3 -2 -1
Forcing VOLCANIC
VOL anchor (y=100) : corr p = -0.092

=

~

Residuals ANT

-05 00 05 10 15 20 25 30 35
True forcing

-5 4 -3 2 -1
Forcing VOLCANIC

-

o

RMSE = 0.2751 --- R2 = 0.9243

Residuals ANT

VOL anchor (y=10000) : corr p = -0.05
15 1

-05 00 05 10 15 20 25 30 35
True forcing

-5 -4 -3 -2 -1
Forcing VOLCANIC
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Precipitation - y = ANT, A = VOL

Ridge regression (no anchor)

60°E  120°E  180° 120°W 60°W

Volcanic anchor (y =100)

Predicted forcing

RMSE = 0.3074 --- R2 = 0.9055

Residuals ANT

No anchor: corr p = -0.109
:

00 05 10

True forcing
RMSE = 0.2939 --- R2 = 0.9136

15

VOL anchor (y=100) : corr p = -0.064

5 4 3 2 -1
Forcing VOLCANIC

Raw coefficients

-

60°E

Volcanic anchor (y =10000)

120°E  180° 120°W 60°W

Predicted forcing

Residuals ANT

10

0.0 0.5 1.0 15
True forcing

RMSE = 0.296 --- R2 = 0.9124

20 25

VOL anchor (y=10000) :
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20°5
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Attribution of externally forced climate change

@ If the true forcing y lies within the confidence intervals of the predicted forcing y

IPSL-CM5A-MR, RCP8.5 MPI-ESM-MR, RCP8.5
4
S True forcing —— True forcing
—— Predicted forcing 3{ — Predicted forcing
3 95% confidence interval 95% confidence interval
2
o o
E 2 =
P P
(=] o 1
o1 i
o ]
-1 -1
1900 1950 2000 2050 2100 1900 1950 2000 2050 2100
Time Time

E. Székely (SDSC) A direct approach to D&A of climate change

Al4Climate, January



Summary
®000

QOutline

© Summary

Al4Climate, Januar E. Székely (SDSC A direct approach to D&A of climate change
Yy by



Summary
000

Summary

.. . Climate system
@ Introduced a novel statistical learning approach for

D&A that fits into the framework of supervised methods

@ We can now detect the signal of externally forced T
climate change in any single day since 2012 when External forcings
considering the weather globally P

LAnthropogenicJ

@ Distributional robustness protects us against future (Natural |
distributional changes allowing us to do attribution —
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Future work

@ Apply the direct D&A approach to observations, other
climate variables, multivariate relationships
(temperature and precipitation)

Climate system

@ Relationship between external forcings and the water T
cycle is more complex than temperature because of External forcings
larger internal variability which can mask externally
forced climate changes

[Anthropogenic}

) ) ) o | Natural |
@ Daily detection has implications for extreme events

attribution
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Thank you!
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