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CMIP5/6 models with QBO

CMIP5 models Top (lev no.)

CESM1-WACCM 5.1×10–6 hPa (L66)

CMCC-CMS 0.01 hPa (L95)

HadGEM2-CCS 85 km (L60)

MIROC-ESM-CHEM 0.0036 hPa (L80)

MIROC-ESM 0.0036 hPa (L80)

MPI-ESM-MR 0.01 hPa (L95)

CMIP6 models Top (lev no.)

BCC-CSM2-MR 1.46 hPa (L46)

CESM2-WACCM 4.5×10–6 hPa (L70)

CNRM-CM6-1 78.4km (L91)

CNRM-ESM2-1 78.4km (L91)

EC-Earth3 0.01hPa (L91)

EC-Earth3-Veg 0.01hPa (L91)

HadGEM3-GC31-LL 85 km (L85)

IPSL-CM6A-LR 80 km (L79)

MIROC6 0.004hPa (L81)

MRI-ESM2-0 0.01hPa (L80)

UKESM1-0-LL 85 km (L85)

QBO nudged with a ~28-month period
QBO generated in models



Simulated QBO in models
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 1034 
Fig. 1. Pressure-time evolution of the equatorial (5°S±5°N) zonal-mean zonal winds from 200±1035 
5hPa in the selected 13 years for (a, b) two reanalyses, (c±i) seven CMIP5 models, and (j±r) 1036 
nine CMIP6 models. Considering that the historical runs from CMIP5/6 models are very long, 1037 
only the first 13-yr data are shown for models. ERA-Intermin and JRA55 reanalyses are shown 1038 
as a reference for QBO-resolving CMIP5/6 models.1039 

Reanalysis ERA-Interim and JRA55:
• The QBO winds are asymmetric with
easterlies stronger than westerlies.

• QBO winds can descend to 100 hPa.
• Easterly period above 30hPa is
longer than the westerly period for
each QBO cycle; vice versa below
30hPa.

CMIP5/6 simulations:
• More CMIP6 models can produce
QBO than CMIP5 models

• No evidence shows that CMIP6
models work better than CMIP5
models.

• QBO amplitude is underestimated in
most models.

• Some models show a stalling of the
westerly and easterly wind (CMCC-
CMS).



QBO amplitude in models
Eight phases composite in reanalysis:
• The maximum QBO variability
center is at 30-20hPa, easterlies
lower than westerlies.

• QBO winds can descend to 100hPa
with large wind anomalies.

• High consistency between ERA-
Interim and JRA55.

CMIP5/6 simulations:
• QBO cycle simulated in all models
in the middle stratosphere.

• CMIP6 models underestimate the
QBO maximum center.

• QBO winds fail to develop below 70-
50hPa in some models.
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 1076 
Fig. 6. Composite pressure±phase evolutions of the equatorial zonal wind anomalies (units: m 1077 
s±1) from 200±5hPa, phase 1±phase 8 (phase 9 is identical to phase 1) for (a, b) the two 1078 
reanalyses and (c±r) 16 CMIP5/6 models. The eight phases of QBO are based on the QBO30 1079 
index and its tendency.1080 



QBO period
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Fig. 2. Spectral analysis on the QBO index defined as the zonal-mean zonal wind anomalies 1041 
over the equator at 30 hPa (QBO30) for (a, b) two reanalyses, (c±i) seven CMIP5 models, and 1042 
(j±r) nine CMIP6 models. The dominant period is marked with a vertical line and printed on 1043 
the top right for each dataset. The black thick curve is the power spectra of the QBO30, the red 1044 
solid curve is red noise, and the blue and green dashed curves are the lower (5%) and upper 1045 
(95%) confidence bounds.1046 

Rao, J., C.I. Garfinkel, and I.P. White, 2020: Impact of Quasi-Biennial 
Oscillation on the northern winter stratospheric polar vortex in CMIP5/6 
models. J. Climate, https://doi.org/10.1175/JCLI-D-19-0663.1

Spectral analysis on the QBO30 index
in reanalysis:
• The maim cycle period is 28-29

months in both reanalyses.
• Significant periods: 25–30 months.

CMIP5/6 simulations:
• The QBO period is better simulated

(25–31 months) in CESM1-WACCM, 
HadGEM2-CCS, MIROC-ESM-CHEM, 
MPI-ESM-MR, CESM2-WACCM, 
IPSL-CM6A-LR, MIROC6, MRI-
ESM2-0.

• The QBO is faster in CMCC-CMS, 
GEOSCCM, MIROC-ESM, BCC-
CSM2-MR, CNRM-CM6-1, CNRM-
ESM2-1, EC-Earth3.

• The QBO is slower in UKESM1-0-LL .

https://journals.ametsoc.org/doi/abs/10.1175/JCLI-D-19-0663.1
https://doi.org/10.1175/JCLI-D-19-0663.1


Holton-Tan (HT) relationship in models
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 856 
Fig. 1. Pressure-latitude cross sections of zonal-mean zonal wind differences (contours; units: 857 
m/s) between EQBO and WQBO with the ENSO signal removed from 1000±5hPa in the 858 
northern winter (December±February) for (a) the JRA55 reanalysis, (c±h) six CMIP5 models, 859 
and (i±r) eleven CMIP6 models. The equatorial stratospheric QBO winds encircled by the gray 860 
box are nearly an order larger than outside, so the contour interval is 5 (0.5) m/s inside (outside) 861 
the gray box to clearly display the winds. The zero contours are skipped for clarity. The light 862 
(dark) shadings mark the wind anomalies at the 90% (95%) confidence level according to the 863 
SWXGHQW¶V t-test. The purple contours are the climatological zonal mean zonal winds for the 864 
subtropical tropospheric jet (starting from 25 with a contour interval of 5 m/s). The green 865 
asterisk marks the subtropical jet center from 1000±100hPa. 866 

EQBO (QBO30≤ -7.5 m/s) minus WQBO
(QBO30≥7.5 m/s) composite in reanalysis:
• The stratospheric polar vortex is

weakened in EQBO winters (HT
relationship).

• The extratropical response develops
throughout the stratosphere and
troposphere.

CMIP5/6 models:
• The HT relationship can be produced

qualitatively in all models, but
underestimated quantitatively.

• In contrast, the response in the Arctic
stratosphere is much shallower in most
models than in the reanalysis.

• The extratropical zonal wind response
develops downward into the upper
troposphere in a few models (MIROC-
ESM-CHEM, MIROC-ESM, CESM2-
WACCM, CNRM-ESM2-1, EC-Earth3,
MIROC6, UKESM1-0-LL).Zonal-mean zonal wind



Pathway 1 for tropospheric response: the
stratospheric polar vortex
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 867 
Fig. 2. Composite differences in the mean sea level pressure (MSLP, shadings, units: Pa) and 868 
200-hPa geopotential height (contours, units: gpm) between EQBO and WQBO with the ENSO 869 
signal removed in the northern winter (December±February) for (a) JRA55, (b) the ensemble 870 
mean of seven models with a realistic HT relationship shown in Figs. 1e, 1f, 1i, 1k, 1l, 1p, 1r 871 
(i.e., fairly/well simulated for the pathway 1 in Table 3) and (c) the ensemble means of the 872 
remaining ten models (i.e., poorly/badly simulated for the pathway 1 in Table 3). Hatched 873 
regions and purple contours mark the MSLP and 200-hPa geopotential height anomalies at the 874 
95% cRQILGHQcH OHYHO accRUGLQJ WR WKH SWXGHQW¶V t-test, respectively. 875 

EQBO minus WQBO
composite:
A negative NAO pattern,
i.e., high SLP anomalies in
the Arctic ocean but low
SLP anomalies in mid-
latitudes of the North
Atlantic–Europe region.

Good MME (MIROC-ESM-
CHEM, MIROC-ESM,
CESM2-WACCM, CNRM-
ESM2-1, EC-Earth3,
MIROC6, UKESM1-0-LL):
A negative NAO pattern.

Bad MME (the
remaining models):
NAO-like response with
the sign reversed.



Pathway 2 for tropospheric response: downward
arching of the QBO winds over Pacific

Zonal wind in the Pacific sector (160–220E)
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 892 
Fig. 4. Similar to Fig. 1 but for the pressure-latitude cross sections of zonal-mean zonal winds 893 
(contours; units: m/s) in the Pacific sector (160±220°E) from 1000±5hPa during mid-to-late 894 
winter (January±March). The purple contours are the climatological zonal mean zonal winds 895 
for the subtropical tropospheric jet in the Pacific sector (starting from 25 with a contour interval 896 
of 5 m/s). The green asterisk marks the subtropical jet center in the Pacific center from 1000±897 
100hPa. 898 

EQBO minus WQBO composite in
reanalysis:
• The HT effect seldom reaches the

Pacific sector.
• The direct meridional circulation cell

response associated with the QBO
makes the zonal wind anomalies arch
downward to the subtropical Pacific in
the troposphere (20-40N)

CMIP5/6 models:
• Half of the models (HadGEM2-CC,

MPI-ESM-MR, BCC-CSM2-MR,
CESM2-WACCM, CNRM-CM6-1, EC-
Earth3-Veg, HadGEM3-GC31-LL,
MIROC6) simulate the extratropical 
easterly anomaly center over 20–40N 
in the Pacific sector during EQBO.
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 899 
Fig. 5. Composite differences the 200-hPa geopotential height anomalies (contours, units: gpm) 900 
between EQBO and WQBO with the ENSO signal removed in the northern mid-to-late winter 901 
(January±March) for (a) JRA55, (b) the ensemble mean of eight models with a successful 902 
simulation of the QBO wind arching in Figs. 4d, 4g±4j, 4m, 4n, 4p (i.e., fairly/well/better 903 
simulated for the pathway 2 in Table 3) and (c) the ensemble means of the remaining nine 904 
models (i.e., poorly/badly simulated for the pathway 2 in Table 3). The zero contours are 905 
skipped for clarity. Light (dark) shadings mark the height anomalies at the 90% (95%) 906 
cRQILGHQcH OHYHO accRUGLQJ WR WKH SWXGHQW¶V t-test. The gray box (30±60°N, 160±220°E) denotes 907 
the observed North Pacific height response center. 908 

EQBO minus WQBO
composite in JRA55:
The Pacific extratropical 
easterlies in the upper 
troposphere create 
negative relative velocity 
poleward of the easterly 
center, which explain a 
North Pacific high center 
(! ’≪ #’, ζ’ = −$#′/$% ≈ 
−$#&′ ⁄$% ~ $2'′⁄$%2~ − '′).

Good MME (HadGEM2-CC,
MPI-ESM-MR, BCC-CSM2-MR,
CESM2-WACCM, CNRM-CM6-
1, EC-Earth3-Veg, HadGEM3-
GC31-LL, MIROC6):
A high anomaly center is
induced over North Pacific.

Bad MME (the
remaining models):
No signal modelled
over North Pacific.

Geopotential height response at 200hPa



Pathway 3 for tropospheric response: deep 
convection over the Indo-Pacific Ocean 
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 926 
Fig. 7. Composite differences in the outgoing longwave radiation (OLR; shadings; units: W/m2) 927 
between EQBO and WQBO with the ENSO signal removed in the northern winter (December±928 
February) for (a) the JRA55 reanalysis, (c±h) six CMIP5 models, and (i±r) eleven CMIP6 929 
models. The purple box (15°S±15°N, 60±160°E) marks the key Indo-Pacific region, where 930 
enhanced convection is detected in the observation. The area-weighted composite OLR 931 
difference in the purple box is printed on the top right for each plot. The white hatched regions 932 
mark the OLR anomalies at the 90% confidence level. The green contours (=230 W/m2) mark 933 
the climatological lowest OLR centers (i.e., the strongest convection centers) in the tropics. 934 

EQBO minus WQBO composite

based on the observation:

• The QBO signal is only 

observed in the region with the 

strongest climatological 

convection.

CMIP5/6 models:

• Seven models (e.g., CESM1-

WACCM, HadGEM2-CCS, 

MIROC-ESM-CHEM, MIROC-

ESM, MPI-ESM-MR, BCC-

CSM2-MR, IPSL-CM6A-LR)

simulate the convection 

anomalies associated with the 

QBO over the Maritime 

Continent.
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Fig. 10. (a) Scatterplot of the composite winter-mean (December±February) Indo-Pacific OLR 949 
difference between EQBO and WQBO versus the winter mean Indo-Pacific precipitation 950 
difference between EQBO and WQBO in the tropical key region (15°S±15°N, 60±160°E) with 951 
the ENSO signal removed. (b) Scatterplot of the composite winter-mean (December±February) 952 
Indo-Pacific vertical velocity (averaged from 1000±100hPa) difference between EQBO and 953 
WQBO versus the winter mean (December±February) Indo-Pacific precipitation difference 954 
between EQBO and WQBO in the tropical key region with the ENSO signal removed. (c) 955 
Scatterplot of the composite winter-mean (December±February) Indo-Pacific precipitation 956 
difference between EQBO and WQBO versus the 100-hPa buoyance frequency square (N2) 957 
difference between EQBO and WQBO in the tropical key region with the ENSO signal 958 
removed. (d) Scatterplot of the composite winter-mean (December±February) Indo-Pacific 959 
OLR difference between EQBO and WQBO versus the mid-to-late winter (January±March) 960 
height difference between EQBO and WQBO at 200 hPa over the North Pacific (30±60°N, 961 
160±220°E) with the ENSO signal removed. The circle (square) is shown for models (JRA55), 962 
and cross (plus) sign denotes the composite value of the y- (x-)axis at the 95% confidence level. 963 
The correlation between each pair of indicators (R) and its significance level (α) are also shown 964 
on the top right of each panel. 965 

All indicators are based
on the EQBO minus
WQBO composite with the
ENSO signal removed:

(a) OLR vs precipitation in
the key region (15S–15N, 
60–160E);

(b) Omega (1000–100hPa)
vs precipitation in the key
region;

(c) Omega (1000-100hPa)
vs 100-hPa buoyance 
frequency square (N2) in
the key region;

(d) OLR in the key region
vs North Pacific height
(30–60N, 160–220E) .

Rao, J., C. I. Garfinkel, I. P. White, and C. Schwartz, 2020: How does the Quasi-Biennial Oscillation affect the boreal winter tropospheric 
circulation in CMIP5/6 models? Revised for J. Climate.



Conclusions
• Few models can reproduce all aspects of the QBO, including its amplitude, period, the

HT relationship, and the three tropospheric QBO routes.
• No evidence shows that the CMIP6 models work better than the CMIP5 models in

simulating the amplitude and period of the QBO, although the number of models with a
QBO increases.

• Most models are able to simulate a weakened polar vortex during EQBO winters. 
However, the weakened polar vortex response during EQBO winters is underestimated 
or not present at all in other models, and hence the chain for QBO, vortex, and 
tropospheric NAM/AO is not simulated. 

• For the second pathway associated with the downward arching of the QBO winds, nine 
models incorrectly simulate the extratropical easterly anomaly center over 20-40N in the 
Pacific sector during EQBO, and hence the negative relative vorticity anomalies 
poleward of the easterly center is not resolved, leading to an underestimated or 
incorrectly modelled height response over North Pacific. However, the other eight do 
capture this effect. 

• The third pathway is only observed in the Indo-Pacific Ocean, where the strong 
climatological deep convection and the warm pool are situated. Seven models can 
simulate the convection anomalies associated with the QBO over the Maritime 
Continent, which is likely caused by the near-tropopause low buoyancy frequency 
anomalies. 



Summarizing Table
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Table 3. KH\ QRWHV SHUWDLQLQJ WR WKH HYDOXDWLRQ RI WKH WKUHH SDWKZD\V IRU 4BO¶V LPSDFW RQ WKH 849 
troposphere and QBO-ENSO relationship in CMIP5/6 models, with the JRA55 reanalysis as a 850 
baseline. WC = Walker circulation. The skill grade in an ascending order should be bad ĺ poor 851 
ĺ fair ĺ good ĺ better (simulated badly ĺ poorly ĺ fairly ĺ well ĺ better). Positive QBO-852 
ENSO relationship in the last column refers to that QBO30 and ENSO SST anomalies are of 853 
the same sign; vice versa. 854 

Model or 
baseline 

Pathway 1: HT 
mechanism and polar 
vortex 

Pathway 2: QBO winds 
downward arching 

Pathway 3: Tropical 
convection over Indo-
Pacific Ocean 

Statistical 
relationship 
between QBO and 
ENSO 

JRA55 (baseline) EQBO → weak polar 
vortex → negative NAO 

EQBO → locally 
negative vorticity → 
North Pacific high center 

EQBO → enhanced 
convection → more rainfall 
and cold tropopause 

Undetectable 

CESM1-WACCM Poorly simulated Badly simulated Stronger convection (fairly 
simulated) Well simulated 

CMCC-CMS A shallow vortex response 
(poorly simulated) Badly simulated Large convection center bias 

(poorly simulated) 
Negative (badly 
simulated) 

HadGEM2-CCS A shallow vortex response 
(poorly simulated) Fairly simulated Fairly simulated Well simulated 

MIROC-ESM-
CHEM Well simulated Poorly simulated Fairly simulated Well simulated 

MIROC-ESM Well simulated Poorly simulated Fairly simulated Well simulated 

MPI-ESM-MR A much shallower vortex 
response (badly simulated) Fairly simulated Fairly simulated Well simulated 

BCC-CSM2-MR A much shallower vortex 
response (badly simulated) Fairly simulated Fairly simulated Fairly simulated 

CESM2-WACCM Fairly simulated Fairly simulated Unrealistic WC response 
(Poorly simulated) 

Positive (badly 
simulated) 

CNRM-CM6-1 A much shallower vortex 
response (badly simulated) Well simulated Badly simulated Well simulated 

CNRM-ESM2-1 Well simulated Poorly simulated Badly simulated Well simulated 

EC-Earth3 Fairly simulated Poorly simulated Badly simulated Well simulated 

EC-Earth3-Veg A shallow vortex response 
(poorly simulated) Fairly simulated Badly simulated 

Negative but not 
robust (poorly 
simulated) 

HadGEM3-GC31-
LL 

A much shallower vortex 
response (badly simulated) Much better simulated Unrealistic WC response 

(badly simulated) 
Positive (badly 
simulated) 

IPSL-CM6A-LR Poorly simulated Poorly simulated Fairly simulated 
Positive but not 
robust (poorly 
simulated) 

MIROC6 Well simulated Fairly simulated Poorly simulated 
Positive but not 
robust (poorly 
simulated) 

MRI-ESM2-0 Badly simulated Poorly simulated Incorrect convection center 
(poorly simulated) Well simulated 

UKESM1-0-LL Fairly simulated Poorly simulated Large convection center bias 
(badly simulated) 

Negative but not 
robust (poorly 
simulated) 
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