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Abstract

This study investigates the influence of the phase of quasi-biennial oscillation (QBO) and the 11-year solar cycle on the Arctic

spring ozone, using satellite observations, reanalysis data, and outputs of a chemistry climate model (CCM) during the period

of 1979–2011. For this duration, we found that the composite mean of the Northern Hemisphere high-latitude total ozone in the

QBO-westerly (QBO-W)/solar minimum (S) phase indicates a large negative anomaly for the climatology in February–March.

An analysis of the passive ozone tracer defined at the pressure levels between 220 hPa and 12 hPa in the CCM simulation

indicates that this negative anomaly is primarily caused by transport. The negative anomaly is consistent with a weakening of

the residual mean downward motion in the polar lower stratosphere. The contribution of chemical processes estimated using the

total ozone difference between the chemically active ozone runs and the passive tracer simulations is less than 6% of the total

anomaly in February and between 10–20% in March. The lower ozone levels in the Arctic spring during the QBO-W/Syears

are associated with a stronger Arctic polar vortex from late winter to early spring, which is linked to the reduced occurrence of

sudden stratospheric warming in the winter during the QBO-W/Syears.
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Key Points: 22 

 Ozone levels during Arctic spring are studied for the period 1979–2011 to identify its 23 

relationship with QBO and the 11-year solar cycle. 24 

 The frequency of sudden stratospheric warming occurrence in the quasi-biennial 25 

oscillation-westerly/solar-minimum years is the lowest. 26 

 The QBO-westerly/solar-minimum years indicate a negative O3 anomaly during 27 

February–March, except in 2009, largely due to transport. 28 

  29 

mailto:yamashita.yosuke@nies.go.jp
mailto:hakiyosi@nies.go.jp
mailto:masaaki@aori.u-tokyo.ac.jp


Confidential manuscript submitted to Journal of Geophysical Research Atmospheres 

 

Abstract 30 

This study investigates the influence of the phase of quasi-biennial oscillation (QBO) and the 11-31 

year solar cycle on the Arctic spring ozone, using satellite observations, reanalysis data, and 32 

outputs of a chemistry climate model (CCM) during the period of 1979–2011. For this duration, 33 

we found that the composite mean of the Northern Hemisphere high-latitude total ozone in the 34 

QBO-westerly (QBO-W)/solar minimum (Smin) phase indicates a large negative anomaly for the 35 

climatology in February–March. An analysis of the passive ozone tracer defined at the pressure 36 

levels between 220 hPa and 12 hPa in the CCM simulation indicates that this negative anomaly 37 

is primarily caused by transport. The negative anomaly is consistent with a weakening of the 38 

residual mean downward motion in the polar lower stratosphere. The contribution of chemical 39 

processes estimated using the total ozone difference between the chemically active ozone runs 40 

and the passive tracer simulations is less than 6% of the total anomaly in February and between 41 

10–20% in March. The lower ozone levels in the Arctic spring during the QBO-W/Smin years are 42 

associated with a stronger Arctic polar vortex from late winter to early spring, which is linked to 43 

the reduced occurrence of sudden stratospheric warming in the winter during the QBO-W/Smin 44 

years. 45 

 46 

 47 

1 Introduction 48 

During winter and spring, the Arctic ozone exhibits a significant interannual variation 49 

(WMO, 2014). This variation is associated with the variation in the Northern Hemisphere (NH) 50 

polar vortex. When the polar vortex is strong and stable, the temperature inside the vortex is 51 

lower than climatology. This results in greater chemical ozone destruction due to increased 52 

formation of polar stratospheric clouds. Additionally, the ozone transport from midlatitudes to 53 

the vortex is reduced. 54 

The quasi-biennial oscillation (QBO) in the equatorial stratosphere and the 11-year solar 55 

cycle are known to cause interannual variability in the NH polar vortex (e.g., Holton and Tan, 56 

1980, 1982; Labitzke, 1987; Labitzke and van Loon, 1988; Naito and Hirota, 1997; Gray et al., 57 

2004; Matthes et al., 2013; Anstey and Shepherd, 2014). Holton and Tan (1980) found that the 58 

NH polar vortex is anomalously strong during the westerly phase of the QBO (QBO-W), defined 59 
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at 50 hPa for early and late winter, whereas it is anomalously weak in the easterly phase (QBO-60 

E). In addition to the QBO, the NH polar vortex varies with the influence of the solar maximum 61 

(Smax) and solar minimum (Smin) of the 11-year solar cycle. Labitzke and van Loon (1988) and 62 

others (e.g., Naito and Hirota, 1997) demonstrated that the NH polar vortex is strong in early 63 

winter and weak with frequent sudden stratospheric warming episodes in late winter during 64 

QBO-W/Smax conditions. Yamashita et al. (2015) supported the Labitzke and van Loon (1988) 65 

study by the composite analysis of the QBO and solar cycle with four groups (QBO-W/Smax, 66 

QBO-W/Smin, QBO-E/Smax, and QBO-E/Smin), and indicated that the strengthened polar vortex in 67 

early winter is followed by a weakened polar vortex in late winter for the QBO-W/Smax group. 68 

Thus, the relationship of the NH polar vortex strength with the phases of the QBO and 69 

the 11-year solar cycle may change from early winter to late winter (or early spring). As ozone 70 

depletion is enhanced in a stable and cold polar vortex from late winter to early spring, it is 71 

necessary to know the QBO phase wherein the NH polar vortex is strongest during late winter 72 

and early spring when sunlight reaches the Arctic region. For the QBO-W/Smin group, Labitzke 73 

and van Loon (1988) indicated that the NH polar vortex is strong with less sudden stratospheric 74 

warming in late winter. Camp and Tung (2007) suggested that the NH polar vortex is the most 75 

stable and least perturbed in late winter under the QBO-W/Smin group relative to the other three 76 

groups (QBO-W/Smax, QBO-E/Smax, and QBO-E/Smin), in agreement with the work of Labitzke 77 

and van Loon (1988). These results imply that minimum ozone levels may occur under the QBO-78 

W/Smin group. Furthermore, Li and Tung (2014) found that the Arctic total ozone in March is the 79 

lowest in magnitude for the QBO-W/Smin group by the analysis of the TOMS/OMI observations. 80 

Therefore, a quantitative estimation of the influence of the ozone transport and the chemical 81 

ozone destruction on the amount of the Arctic ozone for the QBO-W/Smin years remains a 82 

challenging issue for explaining the low total ozone levels in the late winter and early spring. 83 

In this study, we analyze the Arctic ozone using TOMS/OMI observations, reanalysis 84 

data, and the outputs of a chemistry climate model (CCM). The anomaly from the average Arctic 85 

total ozone for all years during 1979–2011 is calculated for the QBO-W/Smin group during late 86 

winter and early spring. We estimate the amount of ozone transport and chemical ozone 87 

destruction, and their effects on the derived Arctic ozone anomaly for the QBO-W/Smin group 88 

using the model output. Additionally, we analyze the occurrence of sudden stratospheric 89 

warming during the QBO/solar phases and investigate relationships between sudden 90 
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stratospheric warming, QBO/solar phases, polar vortex strength, and ozone amount during the 91 

seasonal evolution from winter to spring. 92 

2 Data and model description 93 

The daily mean total ozone data from version 8 of the NIMBUS-7/Total Ozone Mapping 94 

Spectrometer (TOMS) (1979–1993, 1.25° × 1.0° longitude–latitude grids), EP/TOMS (1996–95 

2004, 1.25° × 1.0° longitude–latitude grids), and Ozone Monitoring Instrument (OMI) (2005–96 

2017, 0.25° × 0.25° longitude–latitude grids) satellites are analyzed. These satellite observations 97 

are henceforth referred to as TOMS/OMI satellite data. We also analyze the daily total ozone 98 

data from the European Centre for Medium-Range Weather Forecasts (ECMWF) Interim Re-99 

Analysis (ERA-Interim) for 1979–2017 (Dee et al., 2011). The data set with 2.5° × 2.5° 100 

longitude–latitude grids provided by the ECMWF is used. In order to use the same grid points as 101 

those of the ERA-Interim, the TOMS/OMI satellite data are averaged and interpolated to 2.5° × 102 

2.5° longitude–latitude grids. 103 

The potential vorticity (PV) data at 430 K and 475 K levels are also obtained from the 104 

ERA-Interim reanalysis dataset with a resolution of 2.5° × 2.5° in longitude and latitude. The PV 105 

values at 430 K and 475 K levels are interpolated to the PV values at the 450 K level, and 106 

subsequently used to calculate equivalent latitudes. Thereafter, the equivalent latitudes are used 107 

to analyze the total ozone from the TOMS/OMI satellite data. 108 

The daily mean ozone data from the Center for Climate System Research/National 109 

Institute for Environmental Studies (CCSR/NIES)-MIROC3.2 CCM are also analyzed. This 110 

model has a T42 horizontal resolution with 34 vertical levels in the –p hybrid coordinate 111 

system (Akiyoshi et al., 2016). The 11-year solar cycle effect and QBO are included in the CCM 112 

(e.g., Yamashita et al., 2010).  113 

The model output data used in the analysis are those from the REF-C1SD experiment of 114 

the International Global Atmospheric Chemistry/Stratosphere-troposphere Processes and their 115 

Role in the Climate CCM Initiative (CCMI) (Eyring et al., 2013). The settings for the REF-116 

C1SD experiment are the same as those for the REF-C1 experiment: The experiment includes the 117 

historical evolution of the sea surface temperature (SST), sea ice, solar cycle, volcanic aerosol, 118 

greenhouse gas (GHG) concentrations, and ozone-depleting substance (ODS) concentrations. 119 

The HadISST-1 data set provided by the UK Met Office Hadley Centre (Rayner et al., 2003) is 120 
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used for the historical evolution of SST and sea ice. The daily mean data of the spectral solar 121 

irradiance from the NRLSSI model (Lean et al., 2005) are used for each radiation bin of the 122 

model. The evolution of GHG and ODS concentrations are from the RCP-historical scenario and 123 

the World Meteorological Organization (WMO) baseline (A1) scenario (WMO, 2011), 124 

respectively. 125 

In contrast to the REF-C1 experiment, the REF-C1SD experiment uses the hindcast 126 

simulation, wherein the meteorological fields of the model are assimilated into the observational 127 

data. Here, nudging is used as an assimilation method: the zonal wind, meridional wind, and 128 

temperature fields of the model are nudged towards those of the ERA-Interim data set with a 6-129 

hour interval from the surface to the 1-hPa level. Above the 1 hPa level, the climatological zonal 130 

mean zonal wind and temperature fields of the CIRA86 (Fleming et al, 1990) are used as 131 

nudging data due to the lack of ERA-Interim data. The REF-C1SD experiment is run from 132 

January 1, 1979 to December 31, 2011, using the output of the REF-C1 experiment as the initial 133 

data. 134 

To diagnose the influence of ozone transport on the change in ozone, a passive ozone 135 

tracer that is advected without changing due to chemistry is included in the model. Calculating a 136 

passive ozone tracer in the model is not straightforward because the ozone concentration in our 137 

model is a diagnostic quantity evaluated from a prognostic variable of odd oxygen (Ox = O + O3) 138 

on the assumption of photochemical equilibrium. In this study, we consider the passive odd 139 

oxygen tracer as a passive ozone tracer. This is because atomic oxygen concentration is very low 140 

in the middle and lower stratosphere, and thus, the ozone concentration is nearly equal to the odd 141 

oxygen concentration. We assume that the difference between chemically active odd oxygen and 142 

the passive odd oxygen tracer is nearly equal to that between chemically active ozone and the 143 

passive ozone tracer, and, thus, the chemical anomaly of ozone. 144 

The initialization for the passive tracer was performed for December 1 and June 1 each 145 

year by setting the concentration of the passive odd oxygen tracer to that of the chemically active 146 

odd oxygen. With the time-interval of 6 months for initialization, the passive tracer concentration 147 

in the upper stratosphere is different extensively from the chemically controlled, observed odd-148 

oxygen distribution by the time for the next initialization or shortly after the initialization. This is 149 

due to the short time scale of odd oxygen chemical reactions in the upper stratosphere and lower 150 

mesosphere above 10 hPa, especially in February and March. Subsequent evaluation of the 151 



Confidential manuscript submitted to Journal of Geophysical Research Atmospheres 

 

transport effect in the tracer distribution that is unrealistically far from the observed distribution 152 

is problematic. As we focus on an altitude range where the ozone amount accounts for most of 153 

the total ozone, the odd oxygen tracer function is specified only around these altitudes in the 154 

model, where the time scale of an ozone chemical reaction is half a month to more than 1 year 155 

(e.g., Solomon et al., 1985). That is, the passive odd oxygen tracer is not chemically altered in 156 

the vertical range of 220 hPa to 12 hPa in the model, not related to diabatic heating calculations 157 

in all regions of the CCM and influenced by transport in the same manner as chemically active 158 

odd oxygen. Subsequently, we can observe the chemical and transport anomalies within that 159 

altitude range, which may considerably explain the total ozone anomalies. 160 

 161 

3 Grouping of years according to the phases of the QBO and solar cycle and definition of 162 

the equivalent latitude  163 

We define the phases of the QBO and the solar cycle, and subsequently group the years 164 

according to the phases using the same method as Yamashita et al. (2015), where equatorial 165 

zonal mean zonal wind at 50 hPa is used for the grouping. Previous studies have used this 166 

pressure level, or those slightly above 40 hPa for the grouping (Holton and Tan, 1982; Labitzke, 167 

1987; Naito and Hirota, 1997). Figure 1a shows the yearly time-series of the December–168 

January–February (DJF) mean of the equatorial zonal mean zonal wind at 50 hPa and the result 169 

of the grouping into 4-phase groups for each year. Figure 1b shows the DJF mean of 10.7-cm 170 

solar radio flux (F10.7) with the grouping. The F10.7 is smoothed with the Fourier filter of a 2.5-171 

year rectangular window in advance. The data is standardized by subtracting the average and 172 

dividing by the standard deviation. Resultantly, five years of the 1979–2011 period are 173 

categorized as the QBO-W/Smin group (1986, 2005, 2007, 2009, and 2011), as shown by the 174 

closed triangles in Figure 1. The years after 2011 are also included in this figure for reference, 175 

although REF-C1SD simulations were not performed for these years. The year 2014 is 176 

categorized into the QBO-W/Smax group, 2015 into the QBO-E/Smax group, and 2017 into the 177 

QBO-W/Smin group. The years 2012, 2013, and 2016 are in the grey zones of the figures. 178 

As opposed to the Southern Hemisphere, planetary wave activities in the NH have large 179 

magnitudes, and the longitudinal variation of the polar vortex area is also high. This causes a 180 

significant longitudinal variation in the polar vortex, inducing difficulties in analyzing the ozone 181 
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change in the polar vortex area using a geographical latitude. Hence, we use the equivalent 182 

latitude (Nash et al., 1996) instead of the geographical latitude. In this study, the equivalent 183 

latitude was defined by the PV values on a 450-K isentropic surface. 184 

4 Results 185 

4.1 A scatter plot for the Arctic total ozone against the QBO and solar cycle phases in 186 

March 187 

  188 

Figure 2a shows the total ozone observed by TOMS averaged over the grids within the 189 

equivalent latitudes from 70° N to 90° N in March against the DJF mean of zonal mean zonal 190 

wind over 10° S–10° N at 50 hPa from ERA-Interim reanalysis data and the DJF mean of F10.7. 191 

The QBO-W/Smin group (1986, 2005, 2007, 2009, and 2011) is located at the bottom right of the 192 

figure (white portion). The total ozone of the OMI in 2017, which is the only QBO-W/Smin year 193 

after 2011, also shows a lower ozone value of 392.5 DU, as indicated in light blue color, 194 

compared to the average value of 410.1 DU for the years 1980–2017. Figure 2b is the same as 195 

Figure 2a, but for total ozone from ERA-Interim data. In this figure, the years 1994, 1995, and 196 

1996 are included, which are missing in the TOMS data and are not categorized into any of the 197 

four groups. The total ozone amount is nearly the same between these two datasets. Note that the 198 

total ozone of ERA-Interim data for 2017 does not indicate a negative anomaly, whereas that of 199 

OMI data indicates a slight negative anomaly. Figure 2c is the same as Figure 2a but for the 200 

results of the REF-C1SD experiment of the CCM. Note that the years after 2011 are not included 201 

in our analysis in Figures 3 to 11, as well as in Figure 2c, since the REF-C1SD simulation ended 202 

in 2011. Although there is a minor difference in the absolute amount between the CCM results 203 

(Figure 2c) and observations (Figures 2a and 2b), the CCM satisfactorily simulates the anomalies 204 

of total ozone in March. 205 

 206 

4.2. Zonal mean zonal wind evolution in the stratosphere of the QBO-W/Smin years and 207 

associated dynamical fields 208 

 209 

Before we show the zonal mean zonal wind evolution of each year in the QBO-W/Smin 210 

group, the evolutions averaged for the years of each group are represented in Figure 3, where the 211 
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ERA-Interim reanalysis data are used. From November to February, the westerly winds of QBO-212 

W/Smin years (blue solid line) are slightly weaker than those of QBO-W/Smax years (red solid 213 

line) and much stronger than those of QBO-E/Smax (red dotted line) and QBO-E/Smin (blue 214 

dotted) years. The westerly winds of QBO-W/Smax years become weak after the end of January. 215 

In mid-February the westerly winds of QBO-W/Smin years are strongest of the four group. From 216 

late February to early March, the westerly winds of QBO-W/Smin years are nearly the same as 217 

those of QBO-E/Smin years, and stronger than those of QBO-W/Smax and QBO-E/Smax years. 218 

From mid-March to April, the westerly winds of QBO-E/Smin years are strongest. To summarize, 219 

the QBO-W/Smin years indicate stronger westerly winds from mid-February to early March, 220 

although the difference from other groups are not as clear as in November–January. The strength 221 

of westerly wind in late winter–early spring is an important factor for ozone destruction because 222 

a strong polar vortex in this period produces isolated, cold, and sunlit airmass in the Arctic, 223 

wherein a large ozone destruction through heterogeneous chemistry can occur as in Antarctica. 224 

As explained in Section 4.1, five years (1986, 2005, 2007, 2009, and 2011) between 225 

1979–2011 are categorized as belonging to the QBO-W/Smin group. Note that, among these years, 226 

the total ozone in March 2009 is exceptionally large in magnitude (Figure 2). Herein, the daily 227 

time-series of the zonal mean zonal wind over 50–70° N at 10 hPa, related to the polar vortex 228 

intensity, are shown for these five years of the QBO-W/Smin group (solid lines in Figure 4). The 229 

ERA-Interim reanalysis data are used for the figure. The broken line denotes the daily zonal 230 

wind from the average of all years (1979–2011), smoothed by a Fourier filter with a rectangular 231 

window of three months. There were strong polar vortices (that is, stronger westerly winds) 232 

during December–February for four of the QBO-W/Smin years excluding 2009, compared to the 233 

average of 1979–2011. The years 1986, 2005, and 2011 dominantly contributes to the stronger 234 

westerly wind of the QBO-W/Smin years from mid-February to early March in Figure 4. The 235 

lower panel of Figure 4 is the same as that of the upper panel but for 50 hPa, where large 236 

chemical ozone loss occurs in winter and the ozone anomaly around this pressure level greatly 237 

contributes to total ozone anomaly. The time evolution of each year is similar to that at 10hPa, 238 

but slightly delayed. The zonal mean zonal wind for the four years excluding 2009 tends to 239 

indicate stronger westerlies than the climatology, as in 10 hPa. 240 

The westerly anomaly of the monthly mean zonal-mean zonal wind at 50-70° N from the 241 

climatology for the QBO-W/Smin group is presented in Table 1a for 10 hPa and in Table 1b for 242 
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50 hPa with the standard error for the climatological mean (1979–2011). The anomalies for the 243 

years excluding 2009 are also shown. The anomalies in February excluding 2009 is much larger 244 

than those including 2009. The anomalies for the QBO-W/Smin group do not exceed the standard 245 

error, even when the year 2009 is excluded. These tables indicate that the monthly mean zonal 246 

mean zonal winds of the QBO-W/Smin group in winter shows stronger westerly winds than the 247 

climatology, although the anomalies are not statistically significant with respect to the 33-year 248 

climatology. 249 

Regarding the difference in the seasonal evolution of the westerly winds from winter to 250 

spring in the QBO and solar phases, Yamashita et al. (2015) analyzed the evolution of the polar 251 

vortex intensity in the stratosphere in association with the sea level pressure (SLP) and wave 252 

activity for December–January. They found that for the QBO-W/Smax group, north–south dipole 253 

anomalies of SLP were present in the North Atlantic region. Intensification of the positive 254 

anomaly was seen from December to January, leading to an enhancement in the planetary wave 255 

propagation from the troposphere to the stratosphere, with a weak polar vortex in late winter. 256 

Conversely, for the QBO-W/Smin group, north–south dipole anomalies of SLP were not 257 

observed, and the planetary wave propagation from the troposphere to the stratosphere was 258 

weaker than that for the QBO-W/Smax group. This may lead to the persistence of the relatively 259 

strong polar vortex in the stratosphere until February–March for the QBO-W/Smin group (Figure 260 

4 and Table 1). 261 

Figure 5 indicates anomalies of the monthly mean EP-flux, divergence, residual mean 262 

circulation, temperature, and zonal mean zonal wind during the QBO-W/Smin years, based on 263 

climatology. This figure is a counterpart of Figure 9 for the QBO-W/Smax years in Yamashita et 264 

al. (2015). Anomalies of the EP-flux, divergence, temperature, and zonal mean zonal wind are 265 

similar in December and January between the QBO-W/Smax and QBO-W/Smin years, whereas 266 

they are significantly different in February and March. The easterly anomalies are evident in the 267 

Arctic during February and March for the QBO-W/Smax years, as indicated by the blue color in 268 

Figure 9 of Yamashita et al. (2015). Moreover, the westerly anomalies (red color) in February 269 

and March are also evident for the QBO-W/Smin years (the panels “i” and “l” in Figure 5). 270 

Accordingly, high temperature anomalies (red color) are observed in the Arctic lower 271 

stratosphere during February and March for the QBO-W/Smax years whereas low temperature 272 

anomalies (blue color) are observed during February and March for the QBO-W/Smin years (the 273 
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panels “h” and “k” in Figure 5). The direction of the EP-flux anomalies and the distribution of 274 

the EP-flux divergence anomalies in the Arctic stratosphere is similar in December and January; 275 

however, it is different in February and March (panels “a”, “d”, “g”, and “j” in Figure 5). These 276 

figures indicate that the dynamical fields in February and March are different between the QBO-277 

W/Smin years and the QBO-W/Smax years, and those in the QBO-W/Smin years indicates a 278 

stronger polar vortex. 279 

One exception for the QBO-W/Smin group is the year 2009. Zonal wind speeds greater 280 

than 50 m s-1 are apparent in early January 2009, whereas the zonal wind becomes weak and 281 

easterly in late January. This indicates a major stratospheric warming (see 2008/2009 in Table 2) 282 

and breakdown of the polar vortex. The weak polar vortex continues until February 2009. As the 283 

intensity of the polar vortex in 2009 is weak relative to the other four years, the ozone amount in 284 

2009 is exceptionally large for the QBO-W/Smin group (Figure 2). As discussed in the next 285 

section and Tables 2 and 3, sudden stratospheric warming occurred in 2007 and 2009 of all the 286 

QBO-W/Smin years. The sudden stratospheric warming in 2007 was categorized as vortex 287 

displacement (dominance in wave number one) while that in 2009 was categorized as vortex split 288 

(dominance in wave number two) (Cohen and Jones, 2012). The effect on the zonal mean zonal 289 

wind is smaller in 2007 and much larger in 2009 as shown in Figure 4. Charlton and Polvani 290 

(2007) showed somewhat larger anomalies of the area-weighted mean 100-hPa polar cap 291 

temperature (90°–50° N) and zonal mean zonal wind at 60°N and 10 hPa for the vortex split 292 

events than those for the vortex displacement events based on the NCEP-NCAR reanalysis 293 

dataset from 1958-2002. They also suggested that vortex displacements and splits should be 294 

considered dynamically distinct. However, the reason for such a large influence on the zonal-295 

mean zonal wind in 2009 is not apparent. It is not known if the vortex split was the main cause 296 

for the large anomaly in 2009, and whether a relationship exists between the QBO/solar phases 297 

and vortex displacement/split. 298 

 299 

4.3. Sudden stratospheric warming for the years 1979-2017 300 

 301 

During sudden stratospheric warming events in winter and early spring, westerly wind 302 

speed of the polar vortex falls, and the temperature rises drastically. Subsequently, chemical 303 

ozone loss in the polar vortex would weaken and ozone transport from outside the polar vortex 304 
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would strengthen, thus increasing the ozone concentration in the polar region. Therefore, sudden 305 

stratospheric warming may be a factor affecting the ozone amount in the polar region in winter 306 

and spring, along with the QBO phase and solar activity, which may be related with each other. 307 

We investigate the QBO/solar phase of the yeas with sudden stratospheric warming. Diagnosis of 308 

the occurrence of a sudden stratospheric warming (major warming) event is conducted by the 309 

commonly used method using ERA-interim reanalysis data: the central date of the warming is 310 

defined as the day when the daily mean zonal mean winds at 10 hPa and 60N initially change 311 

from westerly to easterly between November and March. The winds must return to westerly for 312 

20 consecutive days between the events and the final warmings are excluded (Butler et al, 2017; 313 

Charlton and Polvani, 2007; Cohen and Jones, 2012). This event diagnosis was conducted for the 314 

years 1979-2017.  315 

Table 2 presents the central date of stratospheric major warming and the QBO/solar 316 

phases from 1979-2017. The central dates diagnosed here are identical with those diagnosed by 317 

Butler et al. (2017) for the period 1979-2013 and Cohen and Jones (2012) for 1979-2010. These 318 

studies also used IRA-Interim data for the diagnosis. The period for comparison of the dates with 319 

those from previous studies was limited to 2013 by the data availability at that time. 320 

Table 3 presents the number of stratospheric major warming events in the four QBO/solar 321 

phases. As the warming occurred twice in the winter of 1998/1999, the number of each warming 322 

event and the number of winters with major warmings are shown separately. Additionally, the 323 

number is shown for the two different periods; one is for period of the CCM simulation (1979-324 

2011) and the other is that for the total ozone data used in this study (1979-2017). The results 325 

indicate a more frequent occurrence of sudden stratospheric warming in the QBO-Easterly years 326 

than in the QBO-Westerly years. Although the difference between QBO-W/Smax years and QBO-327 

W/Smin years is small, sudden stratospheric warming occurred at the least frequency during the 328 

QBO-W/Smin years. The lesser occurrence of sudden stratospheric warming may be associated 329 

with the stable Arctic polar vortex and lesser ozone amount in February and March during the 330 

QBO-W/Smin years. 331 

 332 

4.4. Total ozone anomaly during the QBO-W/Smin years  333 

 334 
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Figure 6 presents the equivalent latitude–month section of the total ozone (column ozone) 335 

anomaly for the QBO-W/Smin group, relative to the average for all years (1979–2011) from 336 

December to April. Figure 6a shows a negative ozone anomaly with the magnitude exceeding 20 337 

DU (a negative ozone anomaly of < −20 DU) within the equivalent latitudes of 70–90° N during 338 

February–March for the TOMS/OMI satellite observations. The total ozone results from the 339 

ERA-Interim reanalysis also indicate similar negative ozone anomalies of < −20 DU within the 340 

equivalent latitudes of 70–80° N in February and 70–90° N in March (Figure 6b). The results of 341 

REF-C1SD of the CCM experiment also indicate the occurrence of negative ozone anomalies of 342 

< −20 DU within the equivalent latitudes of 70–90° N during February–March (Figure 6c), 343 

which is in agreement with the TOMS/OMI and ERA-Interim results. 344 

To distinguish the effect of the chemical ozone destruction from that of ozone transport 345 

for the total ozone anomaly, we analyze the total ozone anomaly of the passive ozone tracer, 346 

which is not affected by any chemical change in the CCM (Figure 6d). However, as described in 347 

Section 2, it is noteworthy that the ozone tracer is switched off from chemical reactions in the 348 

altitude range between 220 hPa and 12 hPa. Thus, the ozone tracer concentration near the 349 

boundaries of this altitude range can be affected by chemical reactions at altitudes below 220 hPa 350 

and above 12 hPa, where the ozone tracer concentration is identical to the ozone concentration, 351 

and is affected by chemistry as well as transport. The total ozone of the passive ozone tracer 352 

indicates the presence of negative ozone anomalies, with values of −10 to −20 DU within the 353 

equivalent latitudes of 70–75° N and values of less than −20 DU within the equivalent latitudes 354 

of 75–90° N in February–March. 355 

Generally, negative anomalies of the passive ozone tracer in February and March are 356 

similar in distribution and magnitude to those of chemically active ozone in the REF-C1SD 357 

experiment, suggesting that the negative anomalies of the total ozone are mainly caused by 358 

ozone transport. This is evident by comparing Figure 6d with Figure 6e, which show the 359 

anomaly of the passive ozone tracer and the difference between ozone and the passive ozone 360 

tracer (a subtraction of passive ozone tracer concentration from ozone concentration). These 361 

figures indicate that the transport effect is dominant compared to the chemical effect in February 362 

and March. 363 

Tables 4 and 5 lists values of the total ozone anomaly and partial column ozone anomaly 364 

at the three equivalent latitude bands in the polar region and 50-100 hPa for the QBO-W/Smin 365 
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years, respectively. The anomaly of the passive ozone tracer (due to transport) exhibits a larger 366 

magnitude with negative values at higher equivalent latitude bands. The chemical anomaly (O3 – 367 

passive O3 tracer) is largest at the 70 –75° N equivalent latitude band in February and at the 75–368 

80° N equivalent latitude band in March, exhibiting negative values at both bands. The change in 369 

latitude distribution of the chemical anomaly between February and March may be attributed to 370 

the change in sunlight distribution in the polar region during these months. We observed that the 371 

chemical anomaly is less than 6% of the total anomaly in February and 10–20% of the total 372 

anomaly in March (Table 4).  373 

Henceforth, we use the results of the CCM to discuss the vertical profile of ozone. 374 

However, it is difficult to validate the vertical profile of the simulated ozone due to the lack of 375 

observed ozone vertical profile data, including those over the polar night region in winter. As the 376 

ozone amount at 50–100 hPa is greater, the total ozone anomalies during February–March in 377 

Figure 6 considerably reflect the ozone anomalies around this altitude range. Thus, we mainly 378 

discuss the chemical and dynamical ozone change near 50–100 hPa. 379 

 380 

4.5. Vertical distribution of the ozone anomaly during the QBO-W/Smin years 381 

 382 

The panels in the first and second columns from the left in Figure 7 show the equivalent 383 

latitude–height sections of the ozone partial column anomalies at each pressure level of the 384 

QBO-W/Smin group and that of the passive ozone tracer in January, February, and March. There 385 

are large negative ozone partial column anomalies of < −2 DU within the equivalent latitudes of 386 

70–90° N at 50 and 70 hPa in February. In March, large negative ozone anomalies of < −2 DU 387 

are observed in the same equivalent latitude ranges at 50 and 70 hPa, and within 80–90° N at 80 388 

and 115 hPa. The partial column of the passive ozone tracer at these pressure levels also shows 389 

negative anomalies with slightly smaller magnitudes, especially at 50 hPa in March. Figure 8(a-390 

c) shows the anomaly of the residual mean circulation for the QBO-W/Smin years and the zonal 391 

mean ozone mixing ratio averaged for all the years. In the polar lower stratosphere, indicated by 392 

the green dotted rectangle, the contours of the ozone mixing ratio are nearly horizontal with the 393 

positive vertical gradient. Therefore, a positive anomaly of the vertical component of residual 394 

mean circulation may lead to an ozone transport that causes a decrease in the ozone from the 395 

average for all years. Moreover, positive anomalies of the vertical wind are evident in the polar 396 
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lower stratosphere during January–March, which are consistent with the negative anomalies of 397 

the ozone tracer in the polar lower stratosphere during these months in Figure 7. However, a 398 

clear difference in the circulation anomaly between February and March is not evident, although 399 

a difference in the passive ozone tracer at 50 hPa occurs between February and March. This may 400 

partly be the result of depicting the distributions against the geographical latitude, as reflected in 401 

Figure 8, rather than against the equivalent latitude, due to the definition of the residual mean 402 

circulation on geographical latitude and pressure.  403 

The panels in the third column in Figure 7 indicate the difference in the partial column 404 

anomaly between chemical ozone and the passive ozone tracer (i.e., a subtraction of passive 405 

ozone tracer concentration from chemically active ozone concentration), which denotes the 406 

ozone anomaly created solely by chemistry. The negative anomalies are evident in the lower 407 

stratosphere, especially at 50 hPa in March, and the chemical effect is greater than the transport 408 

effect at this pressure level. The large negative anomalies in the lower stratosphere at 50–100 409 

hPa in March are associated with the larger negative total ozone anomaly in March than that in 410 

February (Tables 4 and 3). However, these chemical effects on the negative ozone anomalies in 411 

the lower stratosphere are partly canceled by the positive chemical anomalies below and above 412 

the lower stratosphere. This limits the contribution of chemistry to the total ozone anomaly in 413 

February and March (Table 4 and Figure 6). Table 5 indicates that the chemical effect in the 414 

lower stratosphere (50–100 hPa) is greater in March than in February; however, it is still lower 415 

than the transport effect. 416 

The panels in the fourth column in Figure 7 show the partial column mean temperature 417 

anomaly. The negative anomalies between −2 K and −4 K are evident within 70–90° N in the 418 

lower and middle stratosphere in February but within a smaller region in March. The panels 419 

indicate the negative anomalies in the QBO-W/Smin phase in almost all regions at 70–90° N and 420 

10–200 hPa. In regard to chemical ozone change, a negative anomaly in temperature should 421 

cause a negative anomaly in ozone in the lower stratosphere where heterogeneous reactions may 422 

occur, because additional PSCs are expected to form at lower temperature. Meanwhile, a 423 

negative anomaly in temperature should cause a positive anomaly in the ozone at altitudes where 424 

only gas-phase chemical reactions occur, because gas-phase chemical reactions produce 425 

additional ozone at lower temperatures. The anomalies in the ozone chemical tendency (the fifth 426 

column) in February and March are consistent with these anticipated ozone anomalies owing to 427 
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the gas-phase/heterogeneous reactions through the negative temperature anomaly. In the 428 

chemical tendency panels, the anomalies are shown in the units of DU month
−1

. The ozone 429 

chemical tendencies in February indicate negative anomalies in the lower stratosphere (50–130 430 

hPa) and positive anomalies below and above these levels. In March, as opposed to February, 431 

negative anomalies are evident at 70–75° N above 50 hPa. Anomalies of the surface area of nitric 432 

acid trihydrate (NAT), which is the primary component of PSCs in the Arctic, are depicted in 433 

Figure S1. Large positive NAT surface area anomalies are evident in the Arctic lower 434 

stratosphere. The lager surface area of NAT caused large negative ozone anomalies in the Arctic 435 

lower stratosphere during February and March for the QBO-W/Smin years, as illustrated in Figure 436 

7. 437 

The panels in the sixth column of Figure 7 highlight the difference in the partial column 438 

anomaly between the chemically active ozone and the passive ozone tracer estimated based on 439 

the anomalies in the preceding month. The anomalies in February are estimated by adding the 440 

monthly mean chemical ozone tendency in January (the top panel in the fifth column in units of 441 

DU/month) multiplied by 1.0 month with the difference between the chemically active ozone and 442 

the passive ozone tracer in January (top panel in the third column). Similarly, the anomalies in 443 

March are estimated based on the middle panels in the fifth and third columns for February. 444 

These results indicate that the anomaly distribution of the third column is similar to that of the 445 

sixth column, especially at pressure levels of 30–100 hPa. It is confirmed that the differences 446 

between the chemically active ozone and the passive ozone tracer in February and March are 447 

roughly reproduced by the anomalies and chemical tendency in the preceding month, i.e., 448 

January and February, respectively. 449 

 450 

4.6. Anomalies in the year 2009 and the other QBO-W/Smin years 451 

 452 

A large zonal mean zonal wind deviation is evident in 2009, compared to the other QBO-453 

W/Smin years from mid-January to late February (Figure 4). The positive total ozone anomalies in 454 

February and March 2009 are significantly different from the negative anomalies in the other 455 

QBO-W/Smin years (Figure 2). Therefore, it is necessary to compare the anomalies in 2009 with 456 

those in the other QBO-W/Smin years. 457 



Confidential manuscript submitted to Journal of Geophysical Research Atmospheres 

 

Figure 9 shows the equivalent latitude–month section of the total ozone anomaly for 2009 458 

from December to April. In contrast to the other QBO-W/Smin years (Figure S2), positive 459 

anomalies are evident in the polar regions in February and March, as shown in Figures 9a and 460 

8b. The positive anomaly of the observations (TOMS/OMI and ERA-Interim) is large between 461 

80–90° N. The model reproduced these positive anomalies in 2009, as shown in Figure 9c. The 462 

model simulation indicates considerable positive anomalies of total ozone because of the 463 

transport effect during this year (Figures 9d and 9e). 464 

The vertical distributions of the ozone partial column anomalies, passive ozone tracer, the 465 

difference between ozone and passive ozone tracer, and the temperature from February–March 466 

2009 are shown in Figure 10. The anomalies between Figure 10 and Figure S3 (QBO-W/Smin 467 

years excluding 2009) are quite different, such as those between Figure 9 and Figure S2. The 468 

large zonal mean zonal wind deviation during 2009 compared to the other QBO-W/Smin years is 469 

evident between mid-January and late February (Figure 4). The westerly wind rapidly 470 

decelerated and changed to the easterly wind in late January. Subsequently, the easterly wind 471 

decelerated in February and changed back to the westerly wind in late February. This is 472 

diagnosed as a major warming (Table 2). The anomaly of the residual mean circulation in 473 

January shows a clear poleward and downward direction, and that in February shows a slightly 474 

upward direction in the polar lower stratosphere (Figures 8d and 8e). As shown in Figure 8f, the 475 

anomaly in March shows a clear upward and equatorward direction, which is consistent with the 476 

stronger zonal mean zonal wind during this month (i.e., stronger polar vortex than average, see 477 

Figure 4). Such differences from the other QBO-W/Smin years led to positive anomalies of the 478 

passive ozone tracer in the polar lower stratosphere (second column of Figure 10), indicating 479 

positive ozone anomalies (first column of Figure 10), which differs appreciably from the other 480 

QBO-W/Smin years (Figure S3). 481 

The temperature in 2009 exhibits negative and positive anomalies in the polar 482 

stratosphere in January and February, respectively. In March, negative and positive temperature 483 

anomalies are observed in the polar middle and lower stratosphere, respectively (fourth column 484 

of Figure 10). The expected anomalies of the ozone chemical tendency caused by the 485 

temperature anomalies are evident in March and in the lower stratosphere in January. In other 486 

words, anomalies of the opposite sign between temperature and the ozone chemical tendency in 487 

the middle stratosphere and anomalies of the same sign in the lower stratosphere are observed. 488 
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This relationship is relatively less apparent in February and in the middle stratosphere in January. 489 

These weak chemical relationships are consistent with the dominance of the transport effect on 490 

the ozone anomaly during this year. Similar to the QBO-W/Smin years, the difference between the 491 

chemically active ozone and the passive ozone tracer in February and March are reproduced 492 

based on the anomalies in the previous month. 493 

The year 2009 shows a considerably different ozone anomaly from the other QBO-494 

W/Smin years. The year 2009 shows large positive ozone and temperature anomalies in the lower 495 

stratosphere in February and March, which weakens the statistical significance of the negative 496 

ozone and temperature anomalies of the QBO-W/Smin years. 497 

 498 

4.7. Anomalies in the year 2011 499 

 500 

In March 2011, unusually severe ozone loss occurred in the Arctic region inside the 501 

strong polar vortex (Manney et al., 2011), despite the fact that the concentrations of reactive 502 

chlorine (Cly) and reactive bromine (Bry) in the stratosphere started to decrease around the year 503 

2000. This year is also categorized into the QBO-W/Smin group. The large negative total ozone 504 

anomalies of approximately −40 DU were observed and simulated, particularly in March as well 505 

as in February, as shown in Figures 11a, 11b, and 11c. Figures 11d and 11e indicate a large 506 

negative transport anomaly and larger negative chemical anomaly in March 2011 than in 507 

February 2011. The chemical effect on the total ozone anomalies for 2011 is larger than that for 508 

the other QBO-W/Smin years, with values between 6% and 20% of the total effect in February 509 

and between 20% and 34% in March. The values for March 2011 are consistent with the results 510 

by Isaksen et al. (2012), which reports 23% of the chemical anomaly to the total ozone anomaly 511 

during this month. 512 

Figure 12 shows considerably large negative transport anomalies in the polar stratosphere 513 

in February and March (the middle and bottom panels of the second column). The negative 514 

transport anomalies are consistent with the residual mean circulation anomalies in the polar 515 

stratosphere, which show positive anomalies of the vertical wind (Figures 8h and 8i). The bottom 516 

panel of the third column indicates large negative chemical anomalies within the equivalent 517 

latitudes of 70–90° N between 50 and 80 hPa, which resulted in the large negative total ozone 518 

anomalies in March, as shown in Figure 11. The temperature shows significantly large negative 519 
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anomalies in the polar stratosphere in February and March. The chemical ozone tendency 520 

anomalies in February and March (the middle and bottom panels of the fifth column) show the 521 

same sign as that of the temperature anomaly in the lower stratosphere and the opposite sign in 522 

the middle stratosphere, as expected from the temperature dependence of the chemical ozone 523 

production/destruction in these regions. Finally, as shown in the middle and bottom panels of the 524 

sixth column, the difference between the chemically active ozone and the passive ozone tracer in 525 

February and March are reproduced by the anomalies in the previous months, i.e., January and 526 

February, respectively, especially at the levels of 30–100 hPa. 527 

5 Summary 528 

In this study, we investigate the ozone and related variables for the years categorized into 529 

the phase of QBO-westerly (QBO-W)/solar minimum (Smin). This study is motivated to address a 530 

scientific question to understand the phases of the QBO and 11-year solar cycle responsible for 531 

the strong NH polar vortex in late winter and early spring, resulting in the large total ozone 532 

depletion, along with the large interannual variation in the Arctic region. 533 

Our analyses indicate that 5 years are categorized as the QBO-W/Smin group (1986, 2005, 534 

2007, 2009, and 2011). Among these five years, excluding 2009, exhibit lower total ozone at 70–535 

90° N in March than the average for 1979–2011. More recently, the year 2017, which is also 536 

categorized into the QBO-W/Smin group, exhibits a low total ozone during March in the OMI 537 

data but not in the ERA-Interim data. 538 

The monthly-mean zonal mean zonal winds at 50-70° N in the stratosphere for the QBO-539 

W/Smin years indicate stronger westerly winds from mid-February to early March compared to 540 

the years of other groups. However, the anomalies are not statistically significant with respect to 541 

the 33-year climatology, even when the year 2009 is excluded. Further analyses of the dynamical 542 

fields (meridional section of EP-flux, divergence, temperature, and zonal mean zonal winds) 543 

confirm that February and March during the QBO-W/Smin years show stronger NH polar vortex 544 

and colder temperature in the Arctic from winter to early spring compared to the other years. 545 

Our analysis of ERA-Interim data indicates that sudden stratospheric warming occurred 546 

at the least frequency in the QBO-W/Smin years. The least occurrence of sudden stratospheric 547 

warming during the QBO-W/Smin years may be associated with the stable Arctic polar vortex and 548 

lower ozone amount in February and March. 549 
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The total ozone of TOMS/OMI and ERA-Interim in the QBO-W/Smin group shows lower 550 

than average values in February and March at the equivalent latitude range of 70–90° N. The 551 

CCM satisfactorily simulates the negative anomalies of the total ozone during spring in the polar 552 

regions. We also analyze the total ozone anomaly for the passive ozone tracer. The results 553 

indicate that the negative anomaly of total ozone is mostly caused by transport. The chemical 554 

anomaly (estimated by subtracting the passive ozone tracer concentration from the ozone 555 

concentration, i.e., O3 – O3 tracer) is less than 6% of the total anomaly in February and between 556 

10% and 20% in March. 557 

In addition to the total ozone, we also examine the vertical distribution of the partial 558 

ozone column anomaly using the CCM output. During the QBO-W/Smin years, large negative 559 

partial ozone column anomalies of < −2 DU are observed within the equivalent latitudes of 70–560 

90° N at 50 and 70 hPa in February. In March, the region of negative ozone anomalies of < −2 561 

DU slightly extended to lower altitudes. 562 

In February, the anomalies of the passive ozone tracer and the residual mean circulation 563 

suggest that the negative anomalies in the polar lower stratosphere are largely caused by the 564 

transport effect. The positive anomaly of the vertical component of the residual mean circulation 565 

in the polar lower stratosphere is associated with a stronger and more stable polar vortex. The 566 

transport anomaly is also large in March; however, it is smaller than that in February. 567 

Among the QBO-W/Smin years, the anomalies in 2011, when unusually severe ozone loss 568 

occurred in the Arctic, show very large negative anomalies in February and March, and evidence 569 

the dominance of the transport effect. The chemical effect on the total ozone anomalies is 570 

between 6% and 20% of the total effect in February and between 20% and 34% in March. 571 

These results indicate that ozone in the Arctic spring tends to be lower during the QBO-572 

W/Smin years than during the other years owing to the dominance of the transport effect. 573 

However, the statistical significance of the anomaly is lowered by one of the QBO-W/Smin years 574 

(i.e., 2009), which exhibits a different seasonal evolution than other years in the QBO-W/Smin 575 

group. This is attributed to the sudden stratospheric warming, dominated by wave number two, 576 

indicating the large positive anomalies of ozone and temperature in the Arctic region. Moreover, 577 

the small sample size of the QBO-W/Smin years for 1979-2011 is also a factor that lowered the 578 

confidence of our results, although the negative anomaly of the OMI total ozone in March 2017 579 

during the QBO-W/Smin phase may improve the confidence of our results. Therefore, additional 580 
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future studies based on a larger sample size of QBO-W/Smin years, including future years, are 581 

needed. 582 

 583 

Acknowledgments 584 

The authors thank Drs. N. Hirota in NIES, Hirooka in Kyushu University, and M. Inoue in Akita 585 

Prefectural University for their helpful discussions and comments. This work was supported by 586 

the Environment Research and Technology Development Fund (2-1303 and 587 

JPMEERF20172009) of the Ministry of the Environment, Japan, the GRENE Arctic Climate 588 

Change Research Project, Ministry of Education, Culture, Sports, Science, and Technology 589 

(MEXT) of Japan, and Japan Society for the Promotion of Science (JSPS) KAKENHI Grant 590 

Number JP16K16186, JP16H01183, JP19K03961, JP20K12155, and JP20H01977. The CCM 591 

calculations were performed using a supercomputer system (NEC-SX9/A(ECO)) at the Center 592 

for Global Environmental Research (CGER), National Institute for Environmental Studies 593 

(NIES). The ERA-Interim dataset used in this study can be accessed from the ECMWF website 594 

(http://www.ecmwf.int/). The Generic Mapping Tools (GMT), Matplotlib, and the Grid Analysis 595 

and Display System (GrADS) were used to draw the figures. ERA-Interim reanalysis data is 596 

available at http://apps.ecmwf.int/datasets/. Total 597 

ozone data of TOMS and OMI are available at https://disc.gsfc.nasa.gov/datasets/ 598 

TOMSN7L3dtoz_V008/summary?keywords=ozone%20 and 599 

https://disc.gsfc.nasa.gov/datasets/TOMSEPL3dtoz_V008/summary?keywords=ozone%20. 600 

The REF-C1SD simulation data are stored at the CCMI site of CEDA archive at 601 

http://data.ceda.ac.uk/badc/wcrp-ccmi/data/CCMI-1/output/NIES. 602 

 603 



Confidential manuscript submitted to Journal of Geophysical Research Atmospheres 

 

References 604 

Akiyoshi, H., Nakamura, T., Miyasaka, T., Shiotani, M., & Suzuki, M. (2016). A nudged 605 

chemistry-climate model simulation of chemical constituent distribution at northern high-latitude 606 

stratosphere observed by SMILES and MLS during the 2009/2010 stratospheric sudden 607 

warming. Journal of Geophysical Research: Atmospheres, 121, 1361–1380. 608 

doi:10.1002/2015JD023334. 609 

Anstey, J. A., & Shepherd T. G. (2014). High-latitude influence of the quasi-biennial oscillation. 610 

Quarterly Journal of the Royal Meteorological Society, 140, 1–21. doi:10.1002/qj.2132 611 

Butler, A. H., Sjoberg, J. P., Seidel, D. J., & Rosenlof, K. H. (2017). A sudden stratospheric 612 

warming compendium, Earth System Science Data, 9, 63-76. 613 

Camp, C. D., & Tung, K. K. (2007). The influence of the solar cycle and QBO on the late winter 614 

stratospheric polar vortex. Journal of the Atmospheric Sciences, 64, 1267–1283. 615 

Cohen, J., & Jones, J. (2012). Corrigendum for ‘Tropospheric precursors and stratospheric 616 

warmings, 2011’. Journal of Climate, 25, 1779-1790. 617 

Dee, D. P., Uppala, S. M., Simmons, A. J., Berrisford, P., Poli, P., Kobayashi, S. et al. (2011). 618 

The ERA-Interim reanalysis: configuration and performance of the data assimilation system. 619 

Quarterly Journal of the Royal Meteorological Society, 137, 553–597. doi:10.1002/qj.828 620 

Eyring, V., Lamarque, J.-F., Hess, P., Arfeuille, F., Bowman, K., Chipperfield, M P. et al. 621 

(2013). Overview of IGAC/SPARC Chemistry-Climate Model Initiative (CCMI) community 622 

simulations in support of upcoming ozone and climate assessments. SPARC Newsletter, 40, 48–623 

66. 624 

Fleming, E.L., Chandra, S., Barnett, J. J., & Corney, M. (1990). Zonal mean temperature, 625 

pressure, zonal wind, and geopotential height as functions of latitude, COSPAR International 626 

Reference Atmosphere: 1986, Part II: Middle Atmosphere Models, Advances in Space Research, 627 

10, 11–59. doi:10.1016/0273-1177(90)90386-E 628 

Gray, L. J., Crooks, S., Pascoe, C., Sparrow, S., & Palmer M. (2004). Solar and QBO influences 629 

on the timing of stratospheric sudden warmings. Journal of the Atmospheric Sciences, 61, 2777–630 

2796. doi:10.1175/JAS-3297.1 631 

Holton, J. R., & Tan, H.‐C. (1980). The influence of the equatorial quasibiennial oscillation on 632 

the global circulation at 50 mb. Journal of the Atmospheric Sciences, 37, 2200–2208. 633 

Holton, J. R. and Tan, H.‐C. (1982). The quasi‐biennial oscillation in the Northern Hemisphere 634 

lower stratosphere. Journal of the Meteorological Society of Japan, 60, 140–148. 635 

Isaksen, I. S. A., Zerefos, C., Wang, W.-C., Balis, D., Eleftheratos, K., Rognerud, B. et al. 636 

(2012). Attribution of the Arctic ozone column deficit in March 2011. Geophysical Research 637 

Letters, 39, L24810(1-5). 638 



Confidential manuscript submitted to Journal of Geophysical Research Atmospheres 

 

Labitzke, K. (1987). Sunspots, the QBO and the stratospheric temperature in the north polar 639 

region. Geophysical Research Letters, 14, 535–537. 640 

Labitzke, K., & van Loon, H. (1988). Associations between the 11-year solar cycle, the, QBO 641 

and the atmosphere, Part I: The troposphere and stratosphere in the Northern Hemisphere in 642 

winter. Journal of Atmospheric and Solar-Terrestrial Physics, 50, 197–206. 643 

Lean, J., Rottman, G., Harder, J., & Kopp, G. (2005). SORCE contributions to new 644 

understanding of global change and solar variability. Solar Physics, 230(1–2), 27–53. 645 

doi:10.1007/s11207-005-1527-2 646 

Li, K.-F., & Tung, K.-K. (2014). Quasi-biennial oscillation and solar cycle influences on winter 647 

Arctic total ozone. Journal of Geophysical Research: Atmospheres, 119, 5823–5835. 648 

doi:10.1002/2013JD021065 649 

Manney, G. L. et al. (2011). Unprecedented Arctic ozone loss in 2011. Nature, 478, 469–475. 650 

doi:10.1038/nature10556 651 

Matthes, K., Kodera, K., Garcia, R. R., Kuroda, Y., Marsh, D. R., & Labitzke, K. (2013). The 652 

importance of time-varying forcing for QBO modulation of the atmospheric 11 year solar cycle 653 

signal. Journal of Geophysical Research: Atmospheres, 118, 4435–4447. doi:10.1002/jgrd.50424 654 

Naito, Y., & Hirota, I. (1997). Interannual variability of the northern winter stratospheric 655 

circulation related to the QBO and the solar cycle. Journal of the Meteorological Society of 656 

Japan, 75, 925–937. 657 

Nash, E. R., Newman, P. A., Rosenfield, J. E., & Schoeberl, M. R. (1996). An objective 658 

determination of the polar vortex using Ertel’s potential vorticity. Journal of Geophysical 659 

Research, 101, 9471–9478. 660 

Rayner, N. A., Parker, D. E., Horton, E. B., Folland, C. K., Alexander, L. V., Rowell, D. P., et al. 661 

(2003). Global analyses of sea surface temperature, sea ice, and night marine air temperature 662 

since the late nineteenth century. Journal of Geophysical Research, 108, 4407. 663 

doi:10.1029/2002JD002670 664 

Solomon, S., R. R. Garcia, R. R., & Stordal, F. (1985), Transport processes and ozone 665 

perturbations, Journal of Geophysical Research, 90, 12981-12989. 666 

World Meteorological Organization (WMO), Scientific Assessment of Ozone Depletion: 2010, 667 

Global Ozone Research and Monitoring Project–Report No. 52, 516 pp., Geneva, Switzerland, 668 

2011. 669 

World Meteorological Organization (WMO), Scientific Assessment of Ozone Depletion: 2014, 670 

Global Ozone Research and 542 Monitoring Project—Report No. 55. 416 pp., Geneva, 671 

Switzerland, 2014. 672 

Yamashita, Y., Sakamoto, K., Akiyoshi, H., Takahashi, M., Nagashima, T., & Zhou, L.B. 673 

(2010). Ozone and temperature response of a chemistry climate model to the solar cycle and sea 674 



Confidential manuscript submitted to Journal of Geophysical Research Atmospheres 

 

surface temperature. Journal of Geophysical Research, 115, D00M05. 675 

doi:10.1029/2009JD013436 676 

Yamashita, Y., Akiyoshi, H., Shepherd, T. G., & Takahashi, M. (2015). The combined 677 

influences of westerly phase of the Quasi-Biennial Oscillation and 11-year solar maximum 678 

conditions on the Northern Hemisphere extratropical winter circulation. Journal of the 679 

Meteorological Society of Japan, 93(6), 629–644. doi:10.2151/jmsj.2015-054 680 

  681 



Confidential manuscript submitted to Journal of Geophysical Research Atmospheres 

 

Table 1a. Monthly mean zonal mean zonal wind anomaly at 50-70°N and 10 hPa for QBO-682 

W/Smin years and its standard error from the monthly mean climatology from 1979-2011 683 

 684 

 Nov. Dec. Jan. Feb. Mar 

U (m/s) anomaly for QBO-W/Smin 

years 
1.32 5.64 4.43 3.40 2.53 

U (m/s) anomaly for QBO-W/Smin 

years except for 2009 
1.18 7.37 6.18 10.34 2.18 

U (m/s) averaged for 1979-2011 25.99 31.96 30.72 19.74 11.98 

Standard Error 5.47 10.16 13.38 12.36 9.20 

 685 

 686 

 687 

Table 1b. Same as Table 1a, but for 50 hPa 688 

 689 

 Nov. Dec. Jan. Feb. Mar 

U (m/s) anomaly for QBO-W/Smin 

years 
-0.36 1.50 1.98 0.30 1.57 

U (m/s) anomaly for QBO-W/Smin 

years except for 2009 
-0.44 1.87 2.57 4.54 2.90 

U (m/s) averaged for 1979-2011 14.59 18.60 20.43 16.34 11.79 

Standard Error 2.60 4.87 6.46 7.52 5.73 

 690 

  691 
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Table 2. Central dates of sudden stratospheric warmings (major warmings) in Northern 692 

Hemisphere Winters diagnosed from ERA-Interim data 693 

 694 

NH Winter Date QBO/Solar Phase 

1978/1979 22 Feb 1979 - 

1979/1980 29 Feb 1980 QBO-E/Smax 

1980/1981 4 Mar 1981 QBO-W/Smax 

1981/1982 4 Dec 1981 QBO-E/Smax 

1982/1983   

1983/1984 24 Feb 1984 - 

1984/1985 1 Jan 1985 QBO-E/Smin 

1985/1986   

1986/1987 23 Jan 1987 - 

1987/1988 8 Dec 1987 

14 Mar 1988 

- 

1988/1989 21 Feb 1989 QBO-W/Smax 

1989/1990   

1990/1991   

1991/1992   

1992/1993   

1993/1994   

1994/1995   

1995/1996   

1996/1997   

1997/1998   

1998/1999 15 Dec 1998 

26 Feb 1999 

QBO-E/Smax 

1999/2000 20 Mar 2000 QBO-W/Smax 

2000/2001 11 Feb 2001 - 

2001/2002 30 Dec 2001 QBO-E/Smax 

2002/2003 18 Jan 2003 - 

2003/2004 5 Jan 2004 QBO-E/Smin 

2004/2005   

2005/2006 21 Jan 2006 QBO-E/Smin 

2006/2007 24 Feb 2007 QBO-W/Smin 

2007/2008 22 Feb 2008 QBO-E/Smin 

2008/2009 24 Jan 2009 QBO-W/Smin 

2009/2010 9 Feb 2010 

24 Mar 2010 

- 

2010/2011   

2011/2012   

2012/2013 6 Jan 2013 - 

2013/2014   

2014/2015 28 Mar 2015 QBO-E/Smax 

2015/2016   

2016/2017   

SSWs in the QBO-W/Smin are shaded. 695 

696 
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Table 3. Number of events and winters of sudden stratospheric warmings (major warmings) in 697 

the Northern Hemisphere during the four QBO/solar phases 698 

 699 

 QBO-W/Smax QBO-W/Smin QBO-E/Smax QBO-E/Smin 

1979-2011 (events) 3 2 5 4 

1979-2011 (winters) 3 2 4 4 

1979-2017 (events) 3 2 6 4 

1979-2017 (winters) 3 2 5 4 

 700 

 701 

 702 

 703 

Table 4. Total ozone anomaly (DU) for the QBO-W/Smin years 704 

 705 

February 706 

Equivalent latitude 70–75 N 75–80 N 80–90 N 

O3 −21.2 −23.5 −21.2 

Passive O3 tracer −19.9 −22.7 −21.9 

O3 – passive O3 tracer −1.3 −0.8 +0.7 

 707 

March 708 

Equivalent latitude 70–75 N 75–80 N 80–90 N 

O3 −20.2 −25.2 −27.2 

Passive O3 tracer −16.7 −20.9 −24.1 

O3 – passive O3 tracer −3.5 −4.3 −3.1 

 709 

 710 

 711 

 712 

Table 5. Partial column ozone anomaly at 50–100 hPa (DU) for the QBO-W/Smin years 713 

 714 

February 715 

Equivalent latitude 70–75 N 75–80 N 80–90 N 

O3 −10.3 −12.1 −10.9 

Passive O3 tracer −8.1 −10.4 −10.6 

O3 – passive O3 tracer −2.2 −1.7 −0.3 

 716 

March 717 

Equivalent latitude 70–75 N 75–80 N 80–90 N 

O3 −9.8 −13.1 −14.4 

Passive O3 tracer −5.5 −8.0 −10.0 

O3 – passive O3 tracer −4.3 −5.1 −4.4 
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 718 
 719 

Figure 1. (a) Yearly time-series of the DJF mean zonal-mean zonal wind over 10° S–10° N at 50 720 

hPa from ERA-Interim data. Absolute values of the equatorial zonal wind speed less than 5 m/s 721 

are gray-shaded. (b) Same as (a), but for the DJF mean of F10.7 from NOAA/NGDC. F10.7 is 722 

smoothed using a Fourier filter of a 2.5-year rectangular window, prior to calculating monthly 723 

mean values. Absolute values of F10.7 less than 0.2 are gray-shaded. Closed/open symbols 724 

denote QBO-W/QBO-E. Circles/triangles denote Smax/Smin. The closed triangles denote the 725 

QBO-W/Smin years, open triangles denote the QBO-E/Smin years, and open and closed circles 726 

denote the QBO-W/Smax and QBO-E/Smax years, respectively. 727 

 728 

  729 
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 730 
 731 

Figure 2. (a) Scatter plot between the QBO and F10.7 for the total ozone in March (color) 732 

averaged over the equivalent latitude from 70 °N to 90 °N for (a) TOMS/OMI observations, (b) 733 

ERA-Interim reanalysis data, and (c) REF-C1SD experiments. The average values of the 734 

TOMS/OMI observations, ERA-Interim reanalysis data, and REF-C1SD experiments are 410.1 735 

DU, 408.4 DU, and 415.0 DU, respectively, which correspond to white on the color scale. 736 

  737 
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 738 
 739 

Figure 3. Daily time-series of the zonal mean zonal wind averaged over 50−70 °N at 10 hPa for 740 

the years of the four groups from ERA-Interim reanalysis data with units of m/s. Red solid line: 741 

QBO-W/Smax, Red dashed line: QBO-E/Smax, blue solid line: QBO-W/Smin, and blue dashed line: 742 

QBO-E/Smin. 743 

  744 
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 745 
 746 

 747 
 748 

Figure 4. Daily time-series of the zonal mean zonal wind over 50−70 °N at 10 hPa (upper panel) 749 

and 50 hPa (lower panel) from ERA-Interim reanalysis data (solid lines with units of m/s). 750 

Purple line: 1986 (Sep. 1985−May 1986), green line: 2005, blue line: 2007, black line: 2009, and 751 

gray line: 2011. The broken line denotes the daily climatology of the zonal wind from 752 

1979−2011, smoothed using a Fourier filter with a rectangular window of 3 months. 753 

754 
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 755 
 756 
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Figure 5. (a) Longitude–height section of composite anomalies for QBO-W/Smin years from the 757 

December mean E-P flux (vector) and its divergence (shading, units: m s
-1

 d
-1

) from ERA-758 

Interim. (b) Anomalies of the residual mean meridional circulation (vector) and temperature 759 

(shading, units: K). The vertical components of the E-P flux and the residual mean meridional 760 

circulation are magnified by a factor of 200 relative to the horizontal component, and their scales 761 

for the horizontal vector are shown at the bottom right of the panel in units of kg m
-1

 s
-2

 and m s
-

762 
1
, respectively. Nine-point smoothing was applied to the gridded data of the E-P flux, its 763 

divergence, and the residual mean meridional circulation. (c) Anomalies of the zonal-mean zonal 764 

wind (shading, units: m/s) with the zonal wind climatology (gray contour, interval is 5 m s
-1

). 765 

The hatched areas with gray slash, gray grid, black slash, and black grid denote 80 %, 85 %, 90 766 

%, and 95 % statistical significance, respectively, for the anomalies in the E-P flux divergence, 767 

temperature, and zonal wind. (d-f) for January, (g-i) for February, and (j-l) for March. 768 

  769 
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 770 

 771 
 772 

Figure 6. (a) Equivalent latitude–month section of the total ozone anomaly for QBO-W/Smin 773 

years from TOMS/OMI data. The horizontal axis indicates equivalent latitude, and the vertical 774 

axis denotes the month from December (bottom) to April (top) (“D” denotes December, “J” 775 

January, and so on) The interval for the color scale is 10 DU. (b) Same as (a), but for ERA-776 

Interim data. (c) Same as (a) but for the REF-C1SD experiment. (d) Same as (c) but for the total 777 

ozone anomaly of the passive ozone tracer. (e) Subtraction of the passive ozone tracer anomaly 778 

(d) from the ozone anomaly (c).  779 

 780 

  781 
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 782 
 783 

Figure 7. (a) Equivalent latitude–height section of the partial column ozone anomaly in January 784 

(upper left panel) for the QBO-W/Smin years from the REF-C1SD experiment. The interval for 785 

the color scale is 2 DU. The colored squares above 10 hPa and below 200 hPa indicate the 786 

column mean values above 10 hPa and below 200 hPa, respectively. The 2nd and 3rd panels 787 

from the left display the partial column mean anomaly of the passive ozone tracer and the 788 

difference between the ozone anomaly and the anomaly of the passive ozone tracer, respectively. 789 

The 4th panel displays the temperature anomaly expressed in the 2 K interval for the color scale, 790 

and the 5th panel displays the monthly mean partial column mean anomaly of the chemical 791 
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tendency of ozone in units of DU/month with an interval of 2 DU/month for the color scale. (b) 792 

Same as (a) but for February. The 6th panel displays the anomalies estimated by the sum of the 793 

monthly mean chemical tendency in January and the difference between the ozone anomaly and 794 

the anomaly of the passive ozone tracer in January. (c) Same as (a) but for March. The 6th panel 795 

displays the anomalies estimated by the sum of the monthly mean chemical tendency in February 796 

and the difference between the ozone anomaly and the anomaly of the passive ozone tracer in 797 

February. 798 

  799 
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 800 
Figure 8. Residual mean meridional circulation anomaly for the QBO-W/Smin years in (a) 801 

January, (b) 802 

February, and (c) March. The vertical component of the residual circulation is magnified by a 803 

factor of 200 relative to the horizontal component, and the scale for the horizontal vector is 804 

shown at the bottom right of the panel in units of m/s. The contours/shadings indicate the ozone 805 

mixing ratio averaged for 1979–2011 with units of DU. (d–f) Same as (a–c), respectively but for 806 

anomalies in 2009. (g–i) Same as (a–c) but for anomalies in 2011. 807 

 808 

  809 
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 810 
 811 

Figure 9. Same as Figure 6 but for the anomalies in 2009 (December 2008–April 2009). 812 

 813 

  814 
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 815 
 816 

Figure 10.  Same as Figure 7 but for the partial column mean anomaly in 2009. 817 

 818 

  819 
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 820 
 821 

Figure 11. Same as Figure 6 but for the anomalies in 2011 (December 2010–April 2011). 822 

 823 

  824 
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 825 
 826 

Figure 12. Same as Figure 7, but for the partial column mean anomaly in 2011. 827 

 828 



Figure 1.



(a) ERA-interim DJF mean UEQ

(b) NOAA/NGDC F10.7



Figure 2.



(a) TOMS/OMI

(c) REF-C1SD

(b) ERA-interim



Figure 3.



Sep Oct Nov Dec Jan Feb Mar Apr May30
20
10

0
10
20
30
40
50
60
70

50
70

N,
 1

0 
hP

a 
U 

(m
/s

)

QBO-W/Smax
QBO-E/Smax
QBO-W/Smin
QBO-E/Smin



Figure 4.





Figure 5.



Dec.
(a) (b) (c) 

Jan.
(d) (e) (f) 

Feb.
(g) (h) (i) 

Mar.
(j) (k) (l) 



Figure 6.



(a) TOMS/OMI

(c) REF-C1SD

(b) ERA-interim

(d) REF-C1SD O3 Tracer (e) O3 − O3 Tracer 

D

J

F

M

A

70 80 90
Equivalent Latitude (˚)

70 80 90
Equivalent Latitude (˚)

-30 0 30

D

J

F

M

A

70 80 90
Equivalent Latitude (˚)

70 80 90
Equivalent Latitude (˚)

-30 0 30

D

J

F

M

A

70 80 90
Equivalent Latitude (˚)

70 80 90
Equivalent Latitude (˚)

-30 0 30

D

J

F

M

A

70 80 90
Equivalent Latitude (˚)

70 80 90
Equivalent Latitude (˚)

-30 0 30

D

J

F

M

A

70 80 90
Equivalent Latitude (˚)

70 80 90
Equivalent Latitude (˚)

-30 0 30



Figure 7.



(a) Jan.
O3 O3 Tracer O3 − O3 Tracer T O3 Chem Tendency

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

-6

-4

-2

0

2

4

6

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

-6

-4

-2

0

2

4

6

10

20

50

100

200
P

re
ss

u
re

 (
h

P
a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200
P

re
ss

u
re

 (
h

P
a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200
P

re
ss

u
re

 (
h

P
a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200
P

re
ss

u
re

 (
h

P
a
)

70 80 90
Equivalent Latitude (˚)

-6

-4

-2

0

2

4

6

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

-6

-4

-2

0

2

4

6

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

-6

-4

-2

0

2

4

6

(b) Feb.
O3 O3 Tracer O3 − O3 Tracer T O3 Chem Tendency

O3 − O3 Tracer
estimated from Jan.

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

-6

-4

-2

0

2

4

6

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

-6

-4

-2

0

2

4

6

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

-6

-4

-2

0

2

4

6

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

-6

-4

-2

0

2

4

6

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

-6

-4

-2

0

2

4

6

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

-6

-4

-2

0

2

4

6

(c) Mar.
O3 O3 Tracer O3 − O3 Tracer T O3 Chem Tendency

O3 − O3 Tracer
estimated from Feb.

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

-6

-4

-2

0

2

4

6

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

-6

-4

-2

0

2

4

6

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

-6

-4

-2

0

2

4

6

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

-6

-4

-2

0

2

4

6

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

-6

-4

-2

0

2

4

6

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

-6

-4

-2

0

2

4

6



Figure 8.



(b) Feb. (All)

(c) Mar. (All)

(e) Feb. 2009

(f) Mar. 2009

(h) Feb. 2011

(i) Mar. 2011

(a) Jan. (All) (d) Jan. 2009 (g) Jan. 2011



Figure 9.



(a) TOMS/OMI

(c) REF-C1SD

(b) ERA-interim

(d) REF-C1SD O3 Tracer (e) O3 − O3 Tracer 
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Figure 10.



(a) Jan.
O3 O3 Tracer O3 − O3 Tracer T O3 Chem Tendency
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(b) Feb.
O3 O3 Tracer O3 − O3 Tracer T O3 Chem Tendency

O3 − O3 Tracer
estimated from Jan.

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

-6

-4

-2

0

2

4

6

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

-6

-4

-2

0

2

4

6

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

-6

-4

-2

0

2

4

6

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

-6

-4

-2

0

2

4

6

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

-6

-4

-2

0

2

4

6

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

10

20

50

100

200

P
re

ss
u

re
 (

h
P

a
)

70 80 90
Equivalent Latitude (˚)

-6

-4

-2

0

2

4

6

(c) Mar.
O3 O3 Tracer O3 − O3 Tracer T O3 Chem Tendency

O3 − O3 Tracer
estimated from Feb.
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Figure 11.



(a) TOMS/OMI

(c) REF-C1SD

(b) ERA-interim

(d) REF-C1SD O3 Tracer (e) O3 − O3 Tracer 
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Figure 12.



(a) Jan.
O3 O3 Tracer O3 − O3 Tracer T O3 Chem Tendency
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(b) Feb.
O3 O3 Tracer O3 − O3 Tracer T O3 Chem Tendency

O3 − O3 Tracer
estimated from Jan.
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(c) Mar.
O3 O3 Tracer O3 − O3 Tracer T O3 Chem Tendency

O3 − O3 Tracer
estimated from Feb.
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Figure S1. Equivalent latitude–height section of the NAT surface area anomaly (10-9 cm2 25 

cm-3) in (a) January, (b) February, and (c) March for QBO-W/Smin from the REF-C1SD 26 

experiment. 27 
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 28 

Figure S2. Same as Figure 6, but for the anomalies without 2009. 29 
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 32 

Figure S3. Same as Figure 7, but for the partial column mean anomaly without 2009. 33 
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 35 

Figure S4. (a) The residual mean meridional circulation anomaly for QBO-W/Smin in 36 

January, but for anomalies without 2009. The vertical component of the residual 37 

circulation is magnified 200 times relative to the horizontal component, and the scale for 38 

the horizontal vector is shown at the bottom right of the panel in units of m/s. The 39 

contours/shadings indicate ozone mixing ratio averaged for 1979–2011 with units of DU. 40 

(b) Same as (a), but for February. (c) Same as (a), but for March. 41 
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