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Fig. S1: December and January time averaged zonal mean zonal winds during different phases of the QBO cycle. The contour interval for all panels is +/- 4 m/s. The phase of the QBO cycle is indicated above each plot along with the number of DJ “members” used to create that composite. The phase angle QBO indexing technique is described nicely by Huang et al. (2012) and Rao et al. (2020). For ease of replication, our reproduction of this QBO indexing is described below.
6, 7, 11, 9, 9, 7, 7, 6
Huang, B., Hu, Z. Z., Kinter, J. L., Wu, Z., & Kumar, A. (2012). Connection of stratospheric QBO with global atmospheric general circulation and tropical SST. Part I: Methodology and composite life cycle. Climate dynamics, 38(1-2), 1-23.

Rao, J., Garfinkel, C. I., & White, I. P. (2020). Impact of the Quasi-Biennial Oscillation on the Northern Winter Stratospheric Polar Vortex in CMIP5/6 Models. Journal of Climate, 33(11), 4787-4813.

Steps to set up the phase angle QBO indexing scheme in ERA5

(1) Extract the 1979-2019 annual timeseries of 30 hPa winds between 5N-5S for all longitudes. Longitudinally and cosine-weighted latitudinally average this timeseries.
(2) Smooth the timeseries with a five-month running mean. Append two NaN values to the beginning and end of the smoothed timeseries as placeholders for the four months of data lost during smoothing. This timeseries is hereafter referred to as QBO30.
(3) Set up an empty array. Center finite difference QBO30 along the time axis with one sided differencing on the ends to calculate the tendency of QBO30. Append to empty array. This is hereafter referred to as dQBO30/dt.
(4) Normalize (standardize) both QBO30 and dQBO30/dt. With a 1979-2019 timeseries, we have 492 timesteps. Reshape both QBO30 and dQBO30/dt so that they have shape (41 years x 12 months/year). Calculate the climatological average and climatological standard deviation along the year axis. Subtract the climatological average from each timeseries and then divide this difference by the corresponding climatological standard deviation. Reshape QBO30 and dQBO30/dt so that they are again 492 timesteps. These are hereafter referred to as normalized(QBO30) and normalized(dQBO30/dt).
(5) Calculate the principal angle () using the following equation:


(6) For brevity normalized(QBO30) is now referred to as X(t) and normalized(dQBO30/dt) as Y(t).
(7) As a sanity check, make a scatter plot of X(t) and Y(t). The QBO winds and their tendency should look something like this:
[image: ]
(8) Your methodology from this point forward may vary if you like. We are going to adjust  so that it is between -180 and +180. Create an empty array. If X(t) and Y(t) are positive, append the corresponding  to the empty array. If X(t) is negative, regardless of the sign of Y(t), add 180 to the corresponding  and append this value to the empty array. If X(t) is positive and Y(t) is negative, add 360 to the corresponding  and append this value to the empty array. This empty array contains the phase angles. The 492 angles should be ordered: The 3rd angle should correspond to March 1979, the 4th angle to April 1979 and so on.
(9) Phase 1 = -180 to -135/ Phase 2 = -135 to -90 / Phase 3 = -90 to -45 / Phase 4 = -45 to 0 / Phase 5 = 0 to 45 / Phase 6 = 45 to 90 / Phase 7 = 90 to 135 / Phase 8 = 135 to 180
(10) Using the angles and their corresponding indices, calculate the phase of your QBO index and try to make a plot similar to Fig. S1. Because of how step 8 and step 9 is done here, the phases have to be re-ordered to P1, P2, P7, P8… instead of P1, P2, P3, P4 to correctly see the QBO cycle.


Fig. S2
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Figure S2: December and January time averaged zonal mean zonal wind anomalies. Anomalies are calculated as the phase 4 QBO response minus the DJ climatological mean response. Thin contours show anomalies between +/- 8.5 m/s with an interval of +/- 1m/s. Thick contours correspond to +10, 15, 20 … m/s. Gray shading denotes statistical significance, p-values < 0.05 via a student’s t-test, when comparing the phase 4 QBO anomalies to all other anomalies. To the right of each model title is the number of DJ months averaged together to make each composite and the 10 hPa latitudinal width of the QBO in the composite calculated using the “half-maximum” method of Richter et al. (2020) and Bushell et al. (2020).




Fig. S3
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Figure S3: December and January time averaged 850 K PV anomalies for each of the 18 datasets. Anomalies are calculated as the phase 4 QBO response minus the DJ climatological mean response. Contour intervals are +/- 10 m/s. Hatching denotes statistical significance, p-values < 0.05 via a student’s t-test, when comparing the phase 4 QBO anomalies to all other anomalies. In panels (i), a black box is placed around the Asia  domain to show the PV intrusion signal important for the HTE.



Fig. S4
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Figure S4: The first three empirical orthogonal functions of the ERA5 850 Kelvin potential vorticity are shown. The variance accounted for by each principal component is denoted in the title of each frame.


Fig. S5
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Figure S5: December and January time averaged 850 K zonal wind anomalies (m/s) for each of the 18 datasets. Lined contour intervals are +/- 6 m/s excluding the 0 m/s contour. Shaded contours are +/- 3.6 m/s.  Hatching denotes statistical significance, p-values < 0.05 via a student’s t-test, when comparing QBOE50 anomalies to all other anomalies. The QBOW10(E10) index is defined as the temporally, zonally, and cosine weighted meridionally averaged 5S-5N 10 hPa DJ zonal wind exceeding (less than) +(-) 2.5 m/s. The number of DJ periods used to create each composite are indicated in to the right of panel title.



Table S1
	Longitude (all 40N to 60N)
	Correlation (Temp 10)

	0E:60E
	-0.54

	30E:90E
	-0.73

	60E:120E
	-0.82

	90E:150E
	-0.71

	120E:180E
	-0.52

	150E:210E
	-0.40

	180E:240E
	-0.46

	210E:270E
	-0.44

	240E:300E
	-0.46

	270E:330E
	-0.54

	300E:360E
	-0.53

	330E:30E
	-0.50



Table S1: Pearson correlation coefficients between the 10 hPa polar cap (cosine weighted latitudinal average poleward of 60N) temperature anomalies and the anomalous longitudinally averaged meridional potential vorticity (PV) gradient between 40N and 60N and various 60 longitude windows. Each row of the Table S1 corresponds to a different 60 longitudinal domain. The QBOE50 index is defined as the temporally, longitudinally, and cosine weighted latitudinally averaged 5S-5N 10 hPa DJ zonal wind exceeding 2.5 m/s. Bolded correlations correspond to p-values < 0.05 when comparing QBOE50 anomalies to all other anomalies. Calculations are for all CMIP6 models and ERA5 reanalysis.



Fig. S6
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Figure S6: The anomalous zonally averaged meridional potential vorticity (PV) gradient between 40N and 60N and 60E and 120E is compared to the 10 hPa latitudinal width of the anomalous zonal wind anomalies in of Figure 1 in the manuscript. All averaging over time is during December and January (DJ). The latitudinal width is calculated using similar methods to Richter et al. (2020) and Bushell et al. (2020). The peak value of the QBO westerlies between 5S-5N is identified. This is the maximum. Half of the maximum defines the northern and southern hemisphere bounds of the QBO. To cleanly identify the latitudinal width to a tenth of a degree latitude, the 10 hPa transect is linearly interpolated from 96 latitude points per dataset to 1800. Transient reversals of the QBO phase that last for 1~4 months are removed from the 10 hPa zonal wind timeseries as is done in the previously mentioned papers.

image4.png
Pressure (hPa) Pressure (hPa)

Pressure (hPa)

1000

AWI-CM-1-1-MR (35 members)

D) Zonal Mean Zonal Wind (m/s)

BCC-CSM2-MR (37 members)

CESM2-WACCM (43 members)

CNRM-CM6-1 (28 members)

CNRM-ESM2-1 (24 members)

CPS (59 members)

I\ TITTTTTTTT
\\\\\\ /////IIIIH
NN - T

N

271\

0

ZTIMT

2
~ 770~
Zzzz7M

- T =
Jig O

\_§\§72/
D‘:’

=
D~

B,

NS

AR

U SN
RSS2
AN

s)

IPSL-CM6A-LR (36 members)

AN AT T \/

WS
=,

/; \Q\
/I
NN

—_—.

m,

20S Eq 20N 40N 60N 80N

T T T T T
20S Eq 20N 40N 60N 80N

T T T T T
20S Eq 20N 40N 60N 80N

T T T T T
20S Eq 20N 40N 60N 80N

I
20S Eq 20N 40N 60N 80N

I I I
20S Eq 20N 40N 60N 80N




image5.png
D) 850 K PV (PVU)

AWI-CM-1-1-MR (35 months) BCC-CSM2-MR (37 months) CESM2-WACCM (43 months)

LRI
,,,,, AL
Rl g > { ,{*/ Y 5” /;/
e & }5 & {{j
LSS S ST S s PS srss f Y
= = =~
90°E T80 50°W 50°E 180° 90°W 90°E T80 S0°W
CNRM-CM6-1 (28 months) CNRM-ESM2-1 (24 months) E3SM-1-0 (56 months)
2 . (o - RS 7 St S

Pt FRAS W el
P

.

A ( - = L 7 e
o
30on = Iz,\{'ga ns b / o g N e ——————=
£ = Vi

= P CH 4 7 P ¥ /
8.9
g P — R PO e o 0
- = = _ o “2:77 L T 2,,“ o /%// ’///// . /7;’7,777f/7, T {4,//7‘
;“E m 9-0°W 9-0°E ]E“ 9-0"W 0° ‘;"E ]E‘ 9-0°W
EC-Earth3 (31 months) GFDL-ESM4 (39 months) HadGEM3-GC31-MM (36 months)

60°N
NP TR ey L DT
T X e T A

o e

30°s N Ji (,//
& e
60°S /////{{1/ g P
——— === =R e S o & 20— =5 S T
90“5. ~— o~ — — ——— — n —— —
0° 90°E 180° 90°W 90°E 180° 90°W 90°E 180° 20°W
MRI-ESM2-0 (32 months) UKESM1-0-LL (37 months) ERA5 (14 months)

SR Fes

_—— S

= A
A T PN T T Ll





image6.png
ERA5 1979-2019 Dj 850 K PV (PVU)

1st EOF (0.36) 2nd EOF (0.15) 3rd EOF (0.12)

= SET





image7.png
D) 850 K U-wind (m/s)

AWI-CM-1-1-MR (107) BCC-CSM2-MR (41) CESM2-WACCM (72)

»»»»»»»

N o //}#/7&/?;}/4«///////////{49}/
%

CNRM-CM6-1 (73) CNRM-ESM2-1 (77) E3SM-1-0 (88)

= SN )

N PP o AT
Ve 7 i

7,

GFDL-ESM4 (64) HadGEM3-GC31-MM (69)
T [
3° ~ 23

XS5 s
20 X T 4

//////////7//7‘///////////&;’ LT | >

e~ e -5 o~

.v” | _ - _ .7 i H _ - (0 V B

IPSL-CM6A-LR (100) MIROC6 (79)

e~ s e - B

S 9 Y - - S ,
g v { .- 5 P
T — S— ~ I — S " e e S ~T
= e e - — = L - — 7 L
. _ _ — . _ _ — . _ _ —

UKESM1-0-LL (59) ERAS5 (15/41)

e N RS

7 e
<o~ S
p 3 S

e

e
e -

{ s /W 7 f;;//// /\t 7

L2
/N
e

2 e R S M L
& (5 m <Y ¢

154

T - = L .r'«; P e I T

CPS (63/300) AMIP (150/390)

AA e r 4 /;;e/ = (AT o I
¥ > A K

q;‘x\;’,ﬁ/ ; /// %;’j\ S w57 F

g / %

iy 77 70 i 4
A





image8.png
Latitudinal extent (degrees)

31
30
29
28
27
26
25
24
23
22
21
20
19
18
17

y= —0.060 x +22.225
R%=0.253
&ERA5

E3SM

-60

| | | | | | | | | | |
-55 -50 -45 -40 -35 -30 -25 -20 -15 -10 -5
PV, averaged between 40°N-60°N and 60°E-120°E





image1.png
QAGUPUBLICATIONS




image2.png
10

50

100

200

500

1000

10

500

1000

ERAS5 D) Zonal Mean U-wind (m/s) Phase Angle QBO Indexing

Phase 1 (8 members)

Phase 2 (7 members)

A=

Phase 5 (14 members)

I
20S Eq 20N 40N 60N 8ON

\)

20S Eq 20N 40N 60N 80N

10 T
o
1y \/

.I’ll
n
n
n
4 n
“
50 4
4 W
s R
100 '~
200 -
500 —

1000

10

20S Eq 20N 40N 60N 8ON

Phase 6 (12 members)

A

20S Eq 20N 40N 60N 8ON

10

50

100

200

500

1000

10

500

1000 38

20S Eq 20N 40N 60N 8ON

Phase 7 (15 members)

B =

Phase 3 (1 members)

I
20S Eq 20N 40N 60N 8ON

10

500

10

500

1000 -’

20S Eq 20N 40N 60N 80N

Phase 8 (9 members)

v

,
1
1
’ 1

1000 |‘ f T T

20S Eq 20N 40N 60N 8ON

Phase 4 (14 members)

10

500

1000

500

1000

Phase 4 - D) Clim. Mean

U '.‘.“ ':

T
1
1 1
1 1
[} 1
1 1
[} 1
1 ]
] 1
1} 1
1

4 o

)
-’y . ’

R

20S Eq 20N 40N 60N 8ON

Phase 4 - Phase 7

R

20S Eq 20N 40N 60N 8ON





image3.png
Y. (si
t (sigma units)

q,'.

—1

0

X, (<
t (sigma units)





