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Ensemble Sensitivity Analysis as a Linear Regression
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Synopsis

Ensemble sensitivity analysis, which aims to detect the source of a forecast error, can be
framed as a multivariate linear regression problem between initial perturbations and a forecast
metric. While previous studies have examined the differences between univariate and multi-
variate formulations, there has been limited research on the impact of multicollinearity. This
study compares various regression algorithms for ensemble sensitivity analysis to determine
the most accurate one for estimating a nonlinear response. Using a spatially one-dimensional
toy model, our idealized experiments reveal that the choice of linear regression algorithm im-
pacts the sensitivity gradients, especially with a larger ensemble size or a longer optimization
time. For strongly nonlinear cases, the responses predicted by partial least squares regression
with a large ensemble size were the most consistent with the measured changes in nonlinear
perturbed forecasts, outperforming other algorithms, including traditional adjoint sensitivity
analysis. These findings suggest that partial least squares regression is well-suited for sensitiv-
ity estimation when nonlinearity is significant. However, they also highlight the importance
of mitigating sampling errors in sensitivity estimation.
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Fig. 1: Estimated analysis error covariance
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Fig. 2: Distribution of composite (a, d) sensitivity gradients and optimal initial perturbations (b, ) without or (c,

f) with covariance localization for eight-member ensembles. The verification time is (a—c) 24 forecast hours and

(d—f) 96 forecast hours, respectively. Gray shade in the middle indicates the verification region.
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X N—FRERTIZONT ASA ¥ EnASA R #
N 725 Z e R E Nz (KIIg). FT96 1213,
FT24 X D d FHHEE O OMR b 23EM X 4, 8 X
Y N—DRFE D b EnASA DOYRIELHE K % 7R3 (&
A3 ASA 2RI R REBUTNIS LT % (Fig. 3d).
DL besgh &, #AY A e o e & %
FENT N DEBETAN5120F, FHtE i~y 7 v
J VLI K o TER I NS Rl 2 P18 E & b 3
DHEF LW, DT, Rtz ERL =0
HEH»oHE I ZI0E L, IFAEEERICE
I BINEDHEEITS.

5.2 FRBLEOHTE
HEOLE2, 7VoF Y TAEPZNVIEY
EnASA OFEMTOENZ-> & D BN 2 L HEX
N3. FZTET, 32 X N—DERITBWT, FT24
Z BEERZ & 5 2 R 2 515 5 1 2 #HIHE S
N3 % IERIIGE & MR 2 iR S 5 (Fig. 5). &
PRV DU, RS R AT IC X o THE
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Fig. 3: Same as Fig. 2, but for 32-member ensembles.
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Fig. 4: Normalized histgrams of forecast metric J in

ensemble representation.

TE SN2 TREEDZAL (36), #MtAsIERRAL T HIC
X o THEBIE SN THREEOZL (35) ZR LT
BY, AoMEE 1 oA (B 1SEWEy, #EE
TNZINBELEBEDINENR LI MIGLTVWE 2%
KT, i, BEFOREN T IR (R4 FR) DL &,
FASAFRO T (1) 1R TV 2 583 E AT I X
BHEEDERFHMH L TWA Z %, wfaiRo L (F)
WWRTVWBEGEEN L TWd 2 e 2RT. B
HRKDOEBITED LA NI AT ENZNHEE X
NBIE L KBS EDERL L 20 f%ERLTH
D, HEINZIEEDOFMIHED-0, HFIZ01IZ

MUTHME 25, 2 ORBGEERZITEIEREINE O
BAVNZ W=D, ASA 1T & B HEE LIRSS A &
XIS LT3 (Fig. 5a). DIAG IZ & B H#EEH K &=
< ARFHE LT % (Fig. 5b) DX, Riffi TR~ &
SWHEBOE TR L DINEEZERTHED > T
27:0ThH5. TOMOZERNFFIELILEKT S
¥, RIDGE, MINNORM, PCR (Fig. 5c—e) 1¥%%i A
FHME R % RS DR L, PLS (Fig. 5) 1 ftho Fi%
I DB HEBEHRWHIEZRLTWS. ZOMEANE
Fe L R ZE (RMSD, FLANCEE#E) O/hX Xicd
htws., ZLEEMNEFEOTTHRS RIDGE O
RMSD 28K E WD, 32 X N—=D7 ¥ ¥ I8
FOETOHREMATZ LT, F—N=T4 v
TAYILTLEI DeEZLNE. LHL ASA

LS % v, EnASA 1Y OFED MR L 51
5OVTED, HAMEE L IFRICE DRSS I
BABBEELTVS. ZHFRIEITRZ X512, K
JERATICBT 29 > 7Y ¥ FREORETREY) 2
BEXMboTLES D EEZILNS.

MFEREZ % FT96 ¥ 3% &, JEMAIE D E DR
b, BEIO/FEIC & 2 IFRAEE O IENT R A
FT24 XD d K& %% (Fig.6). 2D %, ASAT
IEMBLE L A E DB KRE LD, KRS
FRIFEZEZ S T HPIOHEE (—) 138 KFEME R
» % (Fig. 6a). EnASA Ti%, DIAG ¥ RIDGE Dj#
K EANE FT24 O ¥ & ¥ 2 572\ (Fig. 6b, d)
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Fig. 5: Comparison of predicted (Eq. 36, horizontal) and measured (Eq. 35, vertical) forecast responses to optimal

initial perturbations for (a) ASA and (b—f) EnASA with localized ensemble Hessian norm. The verification time is

24 forecast hours, and the ensemble size is 32. The *+’ and -’ markers indicate the sign of initial perturbations,

and figures in legends show the root mean square difference (RMSD) between predicted and measured responses.

The histgrams on each axis show the normalized distribution of responses. Panels show the results of (b) DIAG,

(c) MINNORM, (d) RIDGE, (e) PCR, and (f) PLS.

73, MINNORM, PCR, PLS T3 K = S A THH S B
2HDD, ASA kb H RMSD 23/N&X W (Fig. 6c, e,
). FHZ PLS TIE, THIERZEZ S 377 ROHEENR
DY ASA Z B DMOFEL D DL 2ITE L, FER
BRIV VIR T D PLS O MR REL TW5.
IS E DR E X L IERAILE L AHEE & O
ZICBL T, ASA ZZEMICHED < EnASA %
s % (Fig. 7). JERRAISEIIMGEERZ £ T O TH
PR RZIFERELRD, —J 205 FROTFE
T34 FATFELID S, LROKRWT I A/FE
DJTHEENNEASK = W (Fig. 7a). FT24, £72138 X >
N—0DKi X, EnASA OFEMDOZEFIZFE A YRV,
TR 21204, ASA ¥ EnASA DMK
&, FORATD ASAICX BIREDIRDKE
V. EnASA B CHERT 2 &, XU N—$16 L ETF
TIRERI A 72 BREILL EiC 2 2 &, (0722 TEH 2
PLS, MINNORM, PCR, RIDGE DJIETItE /N E <
2o TW5. IERBIRE L #IHEE O 7 (Fig. Tb) %

H2Y, ASA TIEFFEMED TR & 2 12O TARIC
EZMWEAT e bh 5. EnASA OFHIRERT I
THEDBMEBIX, X N—EHE % 72D RIDGE
ZERE, ASA X /X, ZHUZ, EnASA A3 EH)
DRI REZEL TV 2 DD, EEIZIZIE
PRANCHERIRE L2 7 v > 788D o B &
ELTWS®, IEMREEOEE LD 2EERD A
NTVWBEZrERLTWEEEZLNS., TT7RD
FFE12B LTk, MINNORM, PCR, PLS OTA X
REZRSAZWV. LrL, ¥4 FARNBERT
% &, PLS O THIRERENIN 3 2 2 DD & 5
WX, Zh s ofERIE, Fig 6 Ak, PLS A3
SRIFARIIMEZ R TIRIT O EREREEZITA S 2 8
ERBLTWS.
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Fig. 6: Same as Fig. 5, but for the verification time as 96 forecast hours.
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Fig. 7: Dependency on ensemble size and verification time of (a) the magnitude of measured response and (b)

RMSD between predicted and measured responses. The solid and dotted curves indicate the minus and plus signs

of initial perturbations, respectively. The results of DIAG is omitted since it shows significantly different behavior

from the other methods.
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