
1.  Introduction
As an important source for the tropospheric ozone budget, stratosphere-troposphere exchange (STE) of ozone 
could substantially impact surface ozone concentrations and air quality (e.g., Lin et al., 2015; Ordonez et al., 2007). 
For example, using surface ozone measurements and a nudged chemistry-climate model, Lin et al. (2015) showed 
that surface ozone concentrations over the western US could be elevated to unhealthy levels by stratospheric 
ozone influx. In addition, the ozone STE could impact the tropospheric oxidation capacity and methane lifetime 
(e.g., Fiore et al., 2002; Geng et al., 2017; Kentarchos & Roelofs, 2003).

Abstract  Stratosphere-Troposphere exchange (STE) of air mass and ozone in ERA5 and Modern Era 
Retrospective analysis for Research and Application, version 2 (MERRA2) reanalyses from 1980 to 2022 are 
investigated on their seasonal cycle, annual-mean climatology, and monthly anomalies smoothed using a 1-year 
Lanczos low-pass filter. We employ a lowermost stratosphere mass budget approach with dynamic isentropic 
surfaces fitted to tropical tropopause as the upper boundary of lowermost stratosphere. The annual-mean 
ozone STEs over the NH extratropics, SH extratropics, tropics, extratropics, and globe in ERA5 are −342, 
−239, 201, −581, and −380 Tg year −1, respectively, versus −305, −224, 168, −529, −361 Tg year −1 from 
MERRA2. The annual-mean global ozone STE difference between ERA5 and MERRA2 is dominated by the 
diabatic heating difference, partly compensated by the ozone concentration difference. There are about 40% 
(−40%) differences between ERA5 and MERRA2 in global ozone STEs in boreal summer (autumn), mainly 
due to the difference in seasonal breathing of the lowermost stratosphere ozone mass between reanalyses. The 
correlation coefficient between ERA5 and MERRA2 global ozone mass STE monthly anomalies is 0.57 and 
thus ERA5 and MERRA2 can only explain each other's variance by 33%. Multiple linear regression analysis 
shows that El Niño–Southern Oscillation, quasi-biennial oscillation, and Brewer-Dobson circulation explain the 
variance in the ERA5 (MERRA2) global ozone STE monthly anomalies by 17.3 (5.0), 5.4 (7.2), and 1.0 (3.1)%, 
respectively. The volcanic aerosol impacts on ozone STEs from ERA5 and MERRA2 have opposite signs and 
thus are inconclusive. Cautions are therefore needed when using ERA5 and MERRA2 to investigate the STE 
seasonal cycle and interannual variability.

Plain Language Summary  Stratosphere-troposphere exchange (STE) of ozone can impact surface 
ozone concentration and air quality. We investigate air mass and ozone STEs using two state-of-art and widely 
used reanalyses, that is, ERA5 and Modern Era Retrospective analysis for Research and Application, version 
2 (MERRA2) from 1980 to 2022, on annual-mean climatology, seasonal cycle, and monthly anomalies. 
The magnitudes of annual-mean global ozone STEs in ERA5 and MERRA2 are 380 and 361 Tg year −1, 
respectively. The relative differences between ERA5 and MERRA2 in global ozone STEs can be up to 40% 
(−40%) in boreal summer (autumn). In addition, we find the ERA5 and MERRA2 STE monthly anomalies are 
quite different: the correlation coefficient between ERA5 and MERRA2 global ozone STE monthly anomalies 
is only 0.57. We further investigate the impacts of climate variabilities and perturbations, including El Niño–
Southern Oscillation, quasi-biennial oscillation, Brewer-Dobson circulation, solar cycle, and volcanic aerosols 
on the air mass and ozone STE interannual variabilities. We find that the Brewer-Dobson circulation can only 
explain very small variances in ERA5 and MERRA2 air mass and ozone STE monthly anomalies. We show 
that 67%–77% of the global ozone STE interannual variances from ERA5 and MERRA2 cannot be explained 
by the climate variabilities and perturbations considered.
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The reanalysis data have been widely used to investigate air mass and ozone STEs (e.g., Boothe & Homeyer, 2017; 
Gettelman et al., 1997; Olsen et al., 2013; Škerlak et al., 2014; Wang & Fu, 2021). For example, by applying 
the Lagrangian trajectory approach to the reanalysis fields, air mass and ozone STE transport pathways can be 
identified (e.g., Boothe & Homeyer, 2017; Škerlak et al., 2014; Stohl et al., 2003). Š;kerlak et al. (2014) esti-
mated the global air mass and ozone STEs for 1979–2011 and quantified their geographical distribution and 
preferred transport pathways based on the ERA-Interim reanalysis. Boothe and Homeyer (2017) examined the 
global large-scale STEs from four modern reanalysis, including ERA-Interim, JRA-55, Modern Era Retrospec-
tive analysis for Research and Application (MERRA), and version 2 of this system (MERRA2). The lowermost 
stratosphere mass budget method (e.g., Appenzeller et al., 1996) is a powerful approach that is accurate to esti-
mate the net fluxes of air, ozone, and other chemical species across the tropopause over the Northern Hemisphere 
(NH) extratropics, Southern Hemisphere (SH) extratropics, tropics, and globe (e.g., Gettelman et al., 1997; Olsen 
et al., 2013; Wang & Fu, 2021). Although the location and time of STE events cannot be isolated using the budget 
approach, the estimates obtained from this approach are often used as references to check the results from other 
methods (e.g., Stohl et al., 2003; Š;kerlak et al., 2014). This is partly because the net fluxes across the tropopause 
derived using the budget approach are not sensitive to the details of resolved near-tropopause phenomena, espe-
cially on seasonal or longer timescales (Holton et al., 1995; Yang et al., 2016).

Wang and Fu (2021) estimated air mass and ozone STEs based on ERA5, MERRA2, and observations using the 
lowermost stratosphere mass budget approach (Appenzeller et al., 1996; Schoeberl, 2004). They found that the 
tropical upward ozone flux, which was not considered in previous studies (e.g., Gettelman et al., 1997; Olsen 
et  al., 2004; Yang et  al., 2016), compensates for about one-third of the extratropical downward ozone fluxes 
and should not be neglected. In the budget approach, the 380 K isentropic surface is often used as the upper 
boundary of the lowermost stratosphere (e.g., Appenzeller et  al.,  1996; Olsen et  al.,  2004; Schoeberl,  2004; 
Wang & Fu, 2021; Yang et al., 2016). The upper boundary of the lowermost stratosphere, however, is expected 
to change with the changing tropical tropopause. Wang et  al.  (2022) proposed the dynamic upper isentrope 
method, in which a dynamic isentropic surface is determined by fitting to the tropical tropopause as the upper 
boundary of the lowermost stratosphere. Wang et al. (2022) used this method to investigate air mass and ozone 
STE changes in the Last Glacial Maximum as compared to the preindustrial simulations (Fu et al., 2020a, 2020b; 
Wang et al., 2020). Wang and Fu (2023) recently examined the STE changes from 1960 to 2099 based on multiple 
model simulations from Chemistry Climate Model Initiative (CCMI), showing that global ozone STE trends are 
−2.7% decade −1 for 1960–2000%, and 4.7% decade −1 for 2000–2099 in RCP6.0 scenario. The dynamic upper 
isentrope method is particularly suitable for estimating air mass and ozone STEs across different climates.

This study examines air mass and ozone STEs based on ERA5 and MERRA2, two state-of-the-art and widely 
used reanalyses, from 1980 to 2022. Different from Wang and Fu (2021) who used the 380 K isentropic surface 
as the upper boundary of the lowermost stratosphere, we employ the dynamic upper isentrope method (Wang 
& Fu, 2023; Wang et al., 2022) here. We also investigate the seasonal cycle and monthly anomalies of air mass 
and ozone STEs in ERA5 and MERRA2 in this study, in addition to the annual-mean STE climatology as in 
Wang and Fu (2021). This is partly motivated by the timing of ozone STEs could impact the potential mixing of 
stratospheric ozone into the surface because of the relatively long photochemical tropospheric ozone lifetime in 
winter and spring as compared to summer (Roelofs & Lelieveld, 1997). We further systematically document the 
main factors responsible for the discrepancies in STEs between ERA5 and MERRA2. For example, we find that 
differences between ERA5 and MERRA2 in the seasonal breathing of lowermost stratosphere air and ozone mass 
play a vital role in explaining the differences in their air mass and ozone STE seasonal cycle.

Under greenhouse gas-induced climate change, the chemistry-climate models predict an acceleration of 
the Brewer-Dobson circulation (BDC) (e.g., Abalos et  al.,  2021; Butchart,  2014; Butchart et  al.,  2006; Fu 
et al., 2015, 2019; Li et al., 2008; Lin & Fu, 2013), and increased ozone STEs (e.g., Abalos et al., 2020; Collins 
et  al.,  2003; Hegglin & Shepherd,  2009; Hess et  al.,  2015; Meul et  al.,  2018; Wang & Fu,  2023). Previous 
studies have also shown that the ozone STEs can be modulated by the El Niño–Southern Oscillation (ENSO), 
quasi-biennial oscillation (QBO), solar cycle, and volcanic eruptions (e.g., Albers et al., 2018; Hsu & Prather, 2009; 
Lu et al., 2017; Tie & Hess, 1997; Zeng & Pyle, 2005). Based on a chemistry-climate model using prescribed 
sea surface temperatures from 1990 to 2001, Zeng and Pyle (2005) showed that there was a close relationship 
between ENSO (with a 6-month lead) and ozone STE, with a correlation coefficient of −0.6. Using a chemistry 
transport model and a 5-year (2001–2005) ECMWF meteorology data, Hsu and Prather  (2009) showed that 
20% and 45% of the interannual ozone STE variance can be explained by the QBO in the Northern hemisphere 
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(NH) and Southern hemisphere (SH), respectively. However, they found that including the ENSO index does 
not decrease the unexplained interannual variances although the 2002–2003 El Nino is readily apparent in their 
ECMWF meteorological fields. With a Chemistry-Transport Model driven by two distinct European Centre fore-
cast fields, Hsu and Prather (2014) showed that use of the BDC residual vertical velocity as a scaled proxy for 
ozone flux fails to capture the ozone STE interannual variability. In this study, we show that the correlation coef-
ficient between ERA5 and MERRA2 global ozone mass STE monthly anomalies is 0.57. In other words, ERA5 
and MERRA2 can only explain each other's global ozone STE monthly anomaly variance by 33%, indicating 
large uncertainties in STE monthly anomalies derived from ERA5 and MERRA2. We perform a multiple linear 
regression (MLR) analysis to investigate the interannual variabilities in air mass and ozone STEs due to ENSO, 
QBO, BDC, solar cycle, and volcanic aerosols. We find that the BDC can only explain a very small amount of 
variances (less than 5%) in the ERA5 and MERRA2 air mass and ozone STE monthly anomalies. The impacts 
of stratospheric volcanic aerosols on both air mass and ozone STE variabilities based on ERA5 and MERRA2 
are inconclusive.

This study consists of six sections. Section 2 describes the data and method used. Section 3 presents air mass 
and ozone STEs from ERA5 and MERRA2, including the annual-mean climatology, seasonal cycle, and monthly 
anomaly. The causes for the differences between ERA5 and MERRA2 are examined in Section 4. Section 5 
investigates air mass and ozone STE interannual variability associated with large-scale circulations, volcanic 
eruptions, and solar activities. The conclusion and discussion are given in Section 6.

2.  Data and Method
We use the monthly ERA5 (Hersbach et al., 2020) and MERRA2 (Gelaro et al., 2017) reanalysis data with a 
1.5° latitude by 1.5° longitude resolution to derive STEs from 01/1980 to 12/2022. The variables provided by the 
reanalysis, including radiative heating rate (R), temperature (T), pressure (p), ozone mass mixing ratio (𝐴𝐴 𝐴𝐴𝑂𝑂3

 ), are 
used in this study. Here the radiative heating rate is the summation of longwave and shortwave radiative heating 
rates.

For examining the impact of ENSO on the derived STE monthly anomalies, multivariate ENSO Index (Wolter 
& Timlin, 2011; https://psl.noaa.gov/enso/mei/) is used. Following Zeng and Pyle (2005), we use a 6-month lead 
for the ENSO index. Following Sweeney et al. (2023), the QBO index is based on ERA5 and MERRA2 monthly 
anomalies of zonal wind averaged over 5°S–5°N at 50 hPa with a three-month lead to obtain the maximum 
correlation between the STE monthly anomalies and the QBO index. The three-month lead accounts for the QBO 
descent from 50 hPa to the tropical tropopause (Sweeney et al., 2023). Similar results are obtained using the 50 hPa 
QBO index with a two-month lead. Following Lin et al. (2009), Ueyama and Wallace (2010), Fu et al. (2010), and 
Li and Thompson (2013), the BDC index is the three-month mean of the given month and two previous month 
eddy heat fluxes averaged from 10 to 50 hPa over latitudes from 25° to 90° for both hemispheres, which measures 
the upward propagating wave activity. The BDC time series are derived from six-hourly ERA5 and MERRA2 
data (various BDC indexes including the consideration of the BDC shallow branch i.e., not part of the eddy heat 
flux-based BDC index are examined, and similar results are obtained; see the details in Section 5). The 10.7 cm 
radio flux (Tapping & Morton,  2013; https://www.ngdc.noaa.gov/stp/space-weather/solar-data/solar-features/
solar-radio/noontime-flux/penticton/penticton_adjusted/tables/table_drao_noontime-flux-adjusted_monthly.txt) 
is used for solar activity index (Seidel et al., 2016). The stratospheric aerosol optical depth (AOD) from Sato 
et al. (1993; https://data.giss.nasa.gov/modelforce/strataer/) is used for the volcanic stratospheric aerosol index. 
Note that the stratospheric AOD was only available through September 2012, and we use the low 2012 values 
through 2022. We used the original AOD and solar cycle time series, but the monthly anomalies of ENSO, QBO, 
and BDC indexes (see Figure 13).

We use the lowermost stratosphere mass budget approach with a dynamic upper isentropic boundary (Figure S1 
in Supporting Information S1) to derive STEs, which is briefly described here. More details are referred to Wang 
et al. (2022) and Wang and Fu (2023). Contrary to a constant 380 K isentrope (e.g., Appenzeller et al., 1996; 
Olsen et al., 2004; Schoeberl, 2004; Wang & Fu, 2021; Yang et al., 2016), the dynamic upper isentrope of the 
lowermost stratosphere (red solid line in Figure S1 in Supporting Information S1) is determined for each month 
by fitting an isentrope to the lapse-rate tropopause over the tropics that is equatorward of the latitudes with zero 
tropopause diabatic heating. The tropical boundaries are then the latitudes with zero diabatic heating at the fitted 
isentrope (Figure S1 in Supporting Information S1).
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The diabatic flux across fitted upper isentrope, Fupper, over the NH extratropics, SH extratropics, and tropics is

𝐹𝐹upper = ∬ 𝑄𝑄𝑄𝑄 𝑄𝑄𝑄𝑄𝑄� (1)

where Q is the diabatic heating rate, 𝐴𝐴 𝐴𝐴 = −𝑔𝑔−1 𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
 is isentropic density, θ is the potential temperature, p is pressure, 

g is the gravitational acceleration constant, and A is the area at the fitted isentropic surface in the NH extratropics, 
SH extratropics, and tropics. The diabatic heating rates is calculated from

𝑄𝑄 =𝑅𝑅
𝜃𝜃

𝑇𝑇
,� (2)

where R is the radiative heating rate provided by ERA5 or MERRA2, and T is the temperature. Following 
Appenzeller et al. (1996), the net air mass flux across the tropopause (Ftrop) over NH and SH extratropics can be 
derived from the sum of the diabatic flux across the fitted upper isentrope (Fupper) and the lowermost stratosphere 
air mass change rate (𝐴𝐴

𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
 ) by,

𝐹𝐹trop = 𝐹𝐹upper +
𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
,� (3)

where M is the lowermost stratosphere air mass. In the tropics, Ftrop = Fupper. Herein Fupper is positive (negative) for 
the upwelling (downwelling) flux, and Ftrop is negative for the net flux entering the troposphere.

Similarly, the diabatic ozone flux at the fitted upper isentropic surface, 𝐴𝐴 𝐴𝐴
𝑂𝑂3

upper , is determined by

𝐹𝐹
𝑂𝑂3

upper = ∬ 𝑄𝑄𝑄𝑄𝑄𝑄𝑂𝑂3
𝑑𝑑𝑑𝑑� (4)

where 𝐴𝐴 𝐴𝐴𝑂𝑂3
 is the ozone mass mixing ratio. The net ozone flux across the tropopause (𝐴𝐴 𝐴𝐴

𝑂𝑂3

trop
 ) over NH and SH extra-

tropics can be calculated from the diabatic ozone flux at the fitted upper isentropic surface 𝐴𝐴 (𝐹𝐹
𝑂𝑂3

upper) and the rate of 
change of ozone mass in the lowermost stratosphere (𝐴𝐴

𝑑𝑑𝑑𝑑𝑂𝑂3

𝑑𝑑𝑑𝑑
 ),

𝐹𝐹
𝑂𝑂3

trop
= 𝐹𝐹

𝑂𝑂3

upper +
𝑑𝑑𝑑𝑑𝑂𝑂3

𝑑𝑑𝑑𝑑
,� (5)

where 𝐴𝐴 𝐴𝐴𝑂𝑂3
 is the lowermost stratosphere ozone mass. In the tropics, 𝐴𝐴 𝐴𝐴

𝑂𝑂3

trop
= 𝐹𝐹

𝑂𝑂3

upper . Herein we neglect the ozone 
net chemical source in the lowermost stratosphere (CTO3) in Equation 5. That is because ERA5 does not provide 
ozone chemical production and loss terms. More importantly, the magnitudes of CTO3 in the lowermost strat-
osphere are small (e.g., Hegglin & Shepherd, 2009), including the polar stratosphere (e.g., Wang & Fu, 2021).

The summation of the downwelling air mass is not always equal to the upwelling air mass at the fitted upper 
isentrope. Following Olaguer et al. (1992) and Rosenlof (1995), we adjust the diabatic heating rate at the fitted 
upper isentrope by subtracting/adding a constant to produce a global zero net air mass flux for each month. The 
annual-mean adjustment is 0.03 (0.01) K day −1 for ERA5 (MERRA2), in good agreement with the theoretically 
imbalance (∼0.03 K day −1) shown in Olaguer et al. (1992). The adjustment applied to the diabatic heating rates has 
little impact on the comparison of ERA5 and MERRA2 air mass and ozone STE interannual variabilities though 
the adjustment may make the magnitudes of the STE climatology become slightly larger or smaller depending 
on the regions (not shown). Unless otherwise indicated, “diabatic heating” is referred to as diabatic heating after 
adjustment. The diabatic air mass and ozone fluxes are referred to as those across the fitted upper isentrope.

In this study, the monthly anomaly is derived by removing the seasonal cycle climatology for 1980–2022. To 
focus on the STE interannual variability, a 1-year Lanczos low-pass filter (Duchon, 1979) is applied to all the 
monthly anomaly time series, unless otherwise indicated. Thus, the monthly anomaly time series in this study 
is presented from 01/1981 to 12/2021. The MLR analysis is for the time period from 01/1981 to 12/2021. The 
ENSO (QBO) time series used is then from 07/1980 to 06/2021 (10/1980 to 09/2021).

3.  STE Annual-Mean Climatology, Seasonal Cycle, and Monthly Anomaly
Figure 1 shows the seasonal cycle and monthly anomaly of tropical tropopause pressure (Figures 1a and 1b), 
temperature (Figures  1c and  1d), and fitted isentrope (Figures  1e and  1f) in the ERA5 and MERRA2. The 
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corresponding annual-mean values from ERA5 and MERRA2, and correlation coefficients between their monthly 
anomalies are provided. In ERA5, the tropical lapse-rate tropopauses have maximum pressures and temperatures 
from July to September, and minimum pressures and temperatures from December to February. The MERRA2 
has similar seasonal patterns of tropical tropopause pressure and temperature to the ERA5. However, the tropical 
tropopause pressures in MERRA2 are lower than ERA5 from June to October and higher in other months, with 
maximum pressures around June and July, which are earlier than ERA5 (Figure 1a). The tropical tropopause 
temperature in MERRA2 is higher than ERA5 in all months (Figure 1c). The MERRA2 annual-mean tropical 
tropopause height is lower in the deep tropics but higher in the subtropics than ERA5 (not shown), leading to 
almost identical annual-mean tropical lapse-rate tropopause in MERRA2 (106.4 hPa) and ERA5 (106.3 hPa). 
However, the annual-mean tropopause temperature in MERRA2 (197.5 K) is 1.5 K higher than ERA5 (196.0 K). 
This is because the higher MERRA2 tropopause temperature in the deep tropics than ERA5 dominates.

The fitted isentrope is related to tropical tropopause pressure (P) and temperature (T) by 𝐴𝐴 𝐴𝐴 = 𝑇𝑇

(

1000

𝑃𝑃

)0.286

 . The 
fitted isentrope in ERA5 has a minimum in September and a maximum in January (Figure 1e). By contrast, the 
fitted isentropes in MERRA2 have two peaks in February and August and two valleys in May and October. This 
is due to a decrease in tropopause pressure (Figure 1a) but an increase in tropopause temperature (Figure 1c) from 
June to August in MERRA2, leading to an increase in fitted isentrope from Jun to August (Figure 1e). On the 
other hand, from June to August, the ERA5 tropopause pressure increase results in a larger θ decrease than the θ 
increase caused by the tropopause temperature increase, leading to a decrease in fitted isentrope (Figures 1a, 1c, 
and 1e). Fitted isentropes in MERRA2 are larger than ERA5 almost every month, with the annual-mean value in 
MERRA2 (376.8 K) larger than ERA5 (374.5 K) by about 2 K (Figure 1e). This difference is primarily due to the 
higher tropopause temperature in MERRA2 than in ERA5 (Figure 1c). For monthly anomalies, the correlation 
coefficients between ERA5 and MERRA2 are 0.91, 0.91, and 0.86 for tropical tropopause pressure, tempera-
ture, and fitted isentrope, respectively. There are increasing trends in fitted isentrope from both ERA5 (0.9 K 
Decade −1) and MERRA2 (0.6 K Decade −1) (not shown), which are statistically significant at 95% confidence 

Figure 1.  (a) Seasonal cycle climatology and (b) time series of monthly anomaly of the tropical-mean lapse-rate tropopause pressure (hPa) in ERA5 (blue) and 
MERRA2 (red) from 1980 to 2022. Panels (c) and (d), and (e) and (f) are the same as corresponding (a) and (b) but for tropical-mean lapse-rate tropopause temperature 
(K) and fitted isentrope (K), respectively. The numbers in (a), (c), and (e) are the corresponding annual-mean climatology values. Numbers in (b), (d), and (f) are the 
correlation coefficients between ERA5 and MERRA2 monthly anomalies, with bold representing statistically significant at a 95% confidence level. In Panels (b), (d), 
and (f), a 1-year Lanczos low-pass filter is applied to the monthly anomaly time series to focus on interannual variability and thus only the monthly anomalies from 
1981 to 2021 are shown.
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level after considering autocorrelation (Santer et al., 2000). In addition to the tropopause changes (i.e., Figures 1b 
and 1d), the increasing trends in fitted isentrope in ERA5 and MERRA2 could also be related to tropical warming 
(e.g., Woollings et al., 2023), which are coupled with the tropopause change.

The seasonal cycle and monthly anomalies of air mass STEs in the NH extratropics, SH extratropics, and tropics 
are shown in Figure 2, with the monthly relative anomalies shown in Figure S2 in Supporting Information S1. 
The seasonal cycles in air mass STEs from ERA5 and MERRA2 over all regions are similar and agree well with 
previous studies (e.g., Appenzeller et al., 1996; Schoeberl, 2004). The magnitudes of air mass STEs in the NH 
and SH extratropics have the maximum around May and June, respectively, with the minimum around Octo-
ber and November (Figures 2a and 2c). On the other hand, the tropical upward air mass STEs have a smaller 
seasonal dependence (Figure  2e). Consistent with the peak isentrope around July-September in MERRA2 
(Figure 1e), the MERRA2 tropical air mass STEs in those months are smaller than in other months (Figure 2e). 
The annual-mean air mass STEs in the NH extratropics and tropics from ERA5 are −12 and 22.5 × 10 9 kg s −1, 
respectively, the magnitudes of which are both larger than the corresponding MERRA2 values (i.e., −10.7 and 
21 × 10 9 kg s −1), while the SH extratropics annual-mean values from ERA5 (−10.5 × 10 9 kg s −1) and MERRA2 
(−10.3 × 10 9 kg s −1) are very similar. This suggests that there is a larger difference between ERA5 and MERRA2 
in the NH extratropics as compared to the SH extratropics. The annual mean climatology values of air mass 
STEs (Figure 2) are consistent with previous studies (e.g., Appenzeller et al., 1996; Schoeberl, 2004). Note that 
Appenzeller et al. (1996) used a tropical boundary of 30° Ν/S in their calculations (Rosenlof & Holton, 1993).

The correlation coefficients between the ERA5 and MERRA2 air mass STE monthly anomalies in the NH extrat-
ropics, SH extratropics, and tropics are 0.62, 0.45, and 0.37, respectively (Figures 2b, 2d, and 2f). Thus, the ERA5 
and MERRA2 can only explain 13.7%–38.4% of each other's STE monthly anomaly variances, depending on 
regions. The monthly anomalies of air mass STEs range from about −15% to 15% of annual-mean climatology in 
the extratropics and tropics (Figure S2 in Supporting Information S1). It is interesting to note that in ERA5, there 
are large air mass STE anomalies (larger than 10%–20% of the annual-mean climatology) around 1983 and 1992 

Figure 2.  Same as Figure 1, but for tropopause net air mass fluxes (10 9 kg s −1), that is, air mass stratosphere-troposphere exchange (STE), over (a–b) the Northern 
hemisphere (NH) extratropics, (c–d) Southern hemisphere (SH) extratropics, and (e–f) tropics. The numbers in the parentheses are the corresponding percentage of 
variances by which the ERA5 and MERRA2 air mass STE monthly anomalies can be explained by each other.
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in the tropics (Figure S2c in Supporting Information S1), which may be related to the El Chichon (year 1982) 
and Pinatubo (year 1991) volcanic eruptions (see Figure 13e and Section 5). However, the signature of these 
two volcanic eruptions in the MERRA2 air mass STEs is not distinct. The trends of air mass STEs over various 
regions for 1980–2000, 2001–2022, and 1980–2022 are shown in Table S1a in Supporting Information S1, which 
are either statistically insignificant or show inconsistent results from ERA5 and MERRA2.

The ozone STEs in the NH extratropics, SH extratropics, tropics, extratropics, and globe are presented in Figure 3 
(see monthly relative anomalies in Figure S3 in Supporting Information S1). Consistent with previous studies 
(e.g., Hegglin & Shepherd, 2009; Olsen et al., 2004; Wang & Fu, 2021; Yang et al., 2016), the magnitudes of 
ozone STEs in the NH and SH extratropics peak around spring (Figures 3a and 3c), because of the seasonal 

Figure 3.  Same as Figure 1, but for tropopause net ozone fluxes (Tg year −1), that is, ozone stratosphere-troposphere exchange (STE), over (a–b) the Northern 
hemisphere (NH) extratropics, (c–d) Southern hemisphere (SH) extratropics, (e–f) tropics, (g–h) extratropics, and (i–j) globe. The numbers in the parentheses are the 
corresponding percentage of variances by which the ERA5 and MERRA2 ozone STE monthly anomalies can be explained by each other.
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breathing of lowermost stratosphere ozone mass (i.e., 𝐴𝐴 𝐴𝐴𝐴𝐴𝑂𝑂3
∕𝑑𝑑𝑑𝑑 as shown in Figure 8). On the other hand, the 

seasonal dependence in the tropics is small (Figure 3e), due to the small seasonal dependences for air mass STE 
and ozone concentration in the tropics (Figures 2e and 6e). The latter is consistent with Abalos et al. (2013), 
who showed much smaller tracer variability on the seasonal timescale in the isentropic coordinate. The seasonal 
cycles of global ozone STEs closely follow those in the extratropics (Figures 3g and 3i). The annual-mean ozone 
STEs over the NH extratropics, SH extratropics, tropics, extratropics, and globe in ERA5 are −342, −239, 201, 
−581, and −380 Tg year −1, respectively, with the magnitudes all larger than those of the corresponding MERRA2 
values (i.e., −305, −224, 168, −529, −361  Tg  year −1). The magnitudes of ozone STE in the NH extratrop-
ics are larger than the SH extratropics from both ERA5 and MERRA2, agreeing with previous studies (e.g., 
Gettelman et al., 1997; Olsen et al., 2004; Ruiz & Prather, 2022; Yang et al., 2016). The magnitudes of ozone 
STEs over the extratropics derived from EAR5 (581 Tg year −1) and MERRA2 (529 Tg year −1) are in the range of 
400–600 Tg year −1 from previous studies (e.g., Gettleman et al., 1997; Hsu et al., 2005; Murphy & Fahey, 1994; 
Olsen et  al.,  2001,  2004,  2013; Ruiz & Prather,  2022; Yang et  al.,  2016). In ERA5, the tropical ozone STE 
anomalies around 1983 and 1992 are not as distinguishable as the air mass STE (Figure S3c vs. Figure S2c in 
Supporting Information S1).

The monthly relative anomalies of ozone STEs can be up to 30% of the annual-mean climatology (Figure S3 in 
Supporting Information S1). The correlation coefficients between the ERA5 and MERRA2 ozone flux monthly 
anomalies are 0.68, 0.34, 0.50, 0.46, and 0.57 in the NH extratropics, SH extratropics, tropics, extratropics, and 
globe, respectively (Figures 3b, 3d, 3f, 3h, and 3j). Thus only 11.6%–46.2% of the ERA5 and MERRA2 ozone 
STE monthly anomaly variances can be explained by each other. For example, ERA5 and MERRA2 can only 
explain each other's variance in global ozone STE monthly anomalies by 32.5%. The much lower correlation coef-
ficient between ERA5 and MERRA2 ozone STE in the SH extratropics (i.e., 0.34) may be related to the ozone 
fields (see Figure 12b and related discussions in Section 4.1). The ozone STE trends (Table S1b in Supporting 
Information S1) are either statistically insignificant or show inconsistent results from ERA5 and MERRA2.

4.  Attributing the Differences Between ERA5 and MERRA2
This section investigates the differences between the ERA5 and MERRA2 air mass and ozone STEs, including 
their seasonal cycle, annual-mean climatology, and monthly anomalies. The air mass and ozone STEs are the 
summations of diabatic fluxes across fitted isentrope and the change rates of the lowermost stratosphere mass 
(i.e., dM/dt or 𝐴𝐴 𝐴𝐴𝐴𝐴𝑂𝑂3

∕𝑑𝑑𝑑𝑑 ). The diabatic fluxes are further decided by diabatic heating, isentropic density, ozone 
mass mixing ratio, and tropical boundaries (see Equations 1 and 4). Here we examine the differences in those 
individual fields between ERA5 and MERRA2 (Section  4.1) and their contributions to the STE differences 
(Section 4.2). Note that the differences between ERA5 and MERRA2 in diabatic heating, isentropic density, 
ozone, tropical boundaries, and dM/dt or 𝐴𝐴 𝐴𝐴𝐴𝐴𝑂𝑂3

∕𝑑𝑑𝑑𝑑 can be traced back to the different practices in these two 
reanalyses (see Fujiwara et al., 2022 for the details), which is beyond the scope of this study.

4.1.  Differences in Individual Factors That Determine the STEs

The seasonal cycle and monthly anomalies of diabatic heating are shown in Figure 4. There is diabatic cooling 
in the extratropics (Figures 4a and 4c) and diabatic heating in the tropics (Figure 4e). The magnitudes of diabatic 
cooling in the NH (SH) extratropics peak around December (May), with the minimum around May (November), 
while there are smaller seasonal dependences in the tropics (Figures 4a, c, and 4e). Annual-mean diabatic heating 
in the NH (SH) extratropics are −0.55 (−0.48) K day −1 in ERA5, which are close to the corresponding MERRA2 
values (i.e., −0.53 and −0.49 K day −1). The ERA5 diabatic heating in the tropics is larger than MERRA2 in all 
months (Figure 4e) by about 0.1 K day −1. Correlation coefficients between ERA5 and MERRA2 monthly anom-
alies are 0.36, 0.51, and 0.65 in the NH extratropics, SH extratropics, and tropics, respectively.

In addition to the diabatic heating, air mass and ozone STE are dependent on the isentropic density at the fitted 
isentrope, which is shown in Figure 5. It is interesting to note that the isentropic density in ERA5 is larger than 
MERRA2 every month in both NH and SH extratropics (Figures 5a and 5c), but smaller than MERRA2 in the 
tropics except during July-September (Figure 5e). For the isentropic density monthly anomalies, the correlation 
coefficients between ERA5 and MERRA2 in NH extratropics and SH extratropics are 0.72 and 0.73 (Figures 5b 
and 5d), respectively. But the correlation is smaller in the tropics, which is 0.55 (Figure 5f). The tropical isentropic 
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densities are decreasing until 2000, with no distinct trend in 2000–2022 (Figure 5f), in line with the changes in 
the tropical tropopause and fitted isentrope (Figure 1).

The seasonal cycle and monthly anomaly of ozone mass mixing ratios are shown in Figure 6. There is an excel-
lent agreement in seasonal cycles and annual-mean climatology between ERA5 and MERRA2 over all regions. 
The ozone concentrations in the NH (SH) extratropics peak around February (August) and have the minimum 
around September (February-March) (Figures 6a and 6c). The seasonal cycle of ozone concentrations is small 
in the tropics (Figure 6e). However, the correlation coefficients between ERA5 and MERRA2 monthly anom-
aly are only 0.55, 0.64, and 0.53 in the NH extratropics, SH extratropics, and tropics, respectively (Figures 6b, 
6d, and 6f). Figures S4, S5, and S6 in Supporting Information S1 show the relative anomalies of ERA5 and 
MERRA2 diabatic heating, isentropic density, and ozone, respectively. The relative anomalies range from about 
−15% to 15% for diabatic heating (Figure S4 in Supporting Information S1), −5% to 5% for isentropic density 
(Figure S5 in Supporting Information S1), and −15% to 20% for ozone concentration (Figure S6 in Supporting 
Information S1).

The tropical boundaries define the regions of tropics and extratropics and thus would impact air mass and ozone 
STE magnitudes (see Equations 1 and 4). Figure 7 shows the tropical boundary in the NH and SH, and the tropical 
width. There is a good agreement between ERA5 and MERRA2 in both seasonal cycles and annual-mean values 
(Figures 7a, 7c, and 7e). The correlation coefficients between ERA5 and MERRA2 are 0.80, 0.61, and 0.75 for 
the tropical boundaries in the NH and SH, and the tropical width, respectively (Figures 7b, 7d, and 7f).

The change rates of lowermost stratosphere air and ozone masses are shown in Figure 8 (see the relative monthly 
anomalies in Figure S7 in Supporting Information S1). As expected, the annual mean dM/dt and 𝐴𝐴 𝐴𝐴𝐴𝐴𝑂𝑂3

∕𝑑𝑑𝑑𝑑 are 
nearly zero (Olsen et al., 2013; Schoeberl, 2004; Wang et al., 2022; Wang & Fu, 2021). There is a larger seasonal 
variation of dM/dt and 𝐴𝐴 𝐴𝐴𝐴𝐴𝑂𝑂3

∕𝑑𝑑𝑑𝑑 in the NH extratropics than the SH extratropics (Figures 8a and 8e vs. Figures 8c 
and 8g), which are related to the hemispheric differences in the tropopause seasonal cycles (see Figure 4 in 
Appenzeller et al., 1996 and their discussion). It is also interesting to note that the seasonal evolutions of dM/dt 

Figure 4.  Same as Figure 1, but for adjusted diabatic heating (K day −1) at fitted upper isentrope averaged over (a–b) the Northern hemisphere (NH) extratropics, (c–d) 
Southern hemisphere (SH) extratropics, and (e–f) tropics.
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and 𝐴𝐴 𝐴𝐴𝐴𝐴𝑂𝑂3
∕𝑑𝑑𝑑𝑑 are similar in the NH extratropics, but are more different in the SH extratropics. The latter may 

be caused by the ozone seasonal cycle there. The correlation coefficients between ERA5 and MERRA2 dM/dt 
in NH and SH extratropics are 0.86 and 0.71, respectively (Figures 8b and 8d). The correlation coefficient for 

𝐴𝐴 𝐴𝐴𝐴𝐴𝑂𝑂3
∕𝑑𝑑𝑑𝑑 is 0.73 in the NH extratropics and becomes much smaller in the SH extratropics (0.33) (Figures 8f 

and 8h). The monthly relative anomaly of dM/dt is within about ±7% of annual mean air mass STE climatology, 
and the relative anomaly of 𝐴𝐴 𝐴𝐴𝐴𝐴𝑂𝑂3

∕𝑑𝑑𝑑𝑑 is within about ±10% of annual mean ozone STE climatology (Figure S7 
in Supporting Information S1).

4.2.  Causes of the Differences in STEs Between ERA5 and MERRA2

Following Wang and Fu (2021), we quantify the STE differences in the seasonal cycle, annual-mean climatology, 
and monthly anomalies due to differences in diabatic heating, isentropic density, ozone, tropical boundaries, and 
dM/dt or 𝐴𝐴 𝐴𝐴𝐴𝐴𝑂𝑂3

∕𝑑𝑑𝑑𝑑 . For example, for ERA5 versus MERRA2 ozone STEs, the MERRA2 tropical boundaries are 
replaced with ERA5 tropical boundaries, retaining the MERRA2 fields of diabatic heating, isentropic density, 
ozone and 𝐴𝐴 𝐴𝐴𝐴𝐴𝑂𝑂3

∕𝑑𝑑𝑑𝑑 . Then we replace the MERRA2 isentropic density field with ERA5 isentropic density and 
retain the MERRA2 fields of diabatic heating, ozone and 𝐴𝐴 𝐴𝐴𝐴𝐴𝑂𝑂3

∕𝑑𝑑𝑑𝑑 . The MERRA2 diabatic heating field is then 
replaced with the ERA5 diabatic heating, with the MERRA2 ozone and 𝐴𝐴 𝐴𝐴𝐴𝐴𝑂𝑂3

∕𝑑𝑑𝑑𝑑 unchanged. Note that the down-
ward diabatic air mass fluxes in the extratropics may not equal the upward diabatic air mass fluxes in the tropics 
after replacing diabatic heating or isentropic density field. Following Wang and Fu (2021), we keep adjusting 
the diabatic heating to keep a global zero net air mass flux at the fitted isentropic surface. We then replace the 
MERRA2 ozone field with the ERA5. We finally replace the MERRA2 𝐴𝐴 𝐴𝐴𝐴𝐴𝑂𝑂3

∕𝑑𝑑𝑑𝑑 with the ERA5 field, and now 
all fields are from ERA5. The differences between the two calculations are referred to as STE differences due to 
the variable being replaced. The impacts of replacement order on the results are small (not shown).

Figure 9 shows the seasonal cycle of relative differences in air mass and ozone STEs for ERA5 versus MERRA2 
due to differences in diabatic heating, isentropic density, and ozone at the fitted isentrope, tropical boundary, and 

Figure 5.  Same as Figure 1, but for isentropic density (kg m −2 K −1) at fitted upper isentrope averaged over (a–b) the Northern hemisphere (NH) extratropics, (c–d) 
Southern hemisphere (SH) extratropics, and (e–f) tropics.
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seasonal breathing of lowermost stratosphere mass (i.e., dM/dt or 𝐴𝐴 𝐴𝐴𝐴𝐴𝑂𝑂3
∕𝑑𝑑𝑑𝑑 ). The relative differences in air mass 

and ozone STEs between ERA5 and MERRA2 can be up to ±40%. Over the extratropics, the relative differences 
in air mass STE are generally dominated by diabatic heating and dM/dt, while isentropic density also plays a role 
(Figures 9a and 9c). The tropical air mass STE differences are determined by both diabatic heating and isentropic 
density differences. For ozone STE over the extratropics, differences are primarily due to 𝐴𝐴 𝐴𝐴𝐴𝐴𝑂𝑂3

∕𝑑𝑑𝑑𝑑 and diabatic 
heating generally, but ozone also plays an important role (Figures 9b, 9d, and 9g). In the tropics, the ozone STE 
difference is mainly due to ozone except from July to September (Figure 9f). The global ozone STE difference for 
ERA5 versus MERRA2, which is 40% in June and July and −40% in October and November, is largely due to the 
difference in 𝐴𝐴 𝐴𝐴𝐴𝐴𝑂𝑂3

∕𝑑𝑑𝑑𝑑 (Figure 9h). The differences in dM/dt between ERA5 and MERRA2 may be attributed to 
the tropopause permeability, which could involve the small-scale processes and vertical resolution near the upper 
troposphere/lower stratosphere. For 𝐴𝐴 𝐴𝐴𝐴𝐴𝑂𝑂3

∕𝑑𝑑𝑑𝑑 , the differences could also be related to the ozone concentration 
difference in the lowermost stratosphere.

Figure 10 presents the ERA5 versus MERRA2 relative differences in annual-mean climatology of air mass and ozone 
STEs. The contributions from dM/dt and 𝐴𝐴 𝐴𝐴𝐴𝐴𝑂𝑂3

∕𝑑𝑑𝑑𝑑 to the annual-mean climatology differences are zero and thus not 
shown in Figure 10. The relative differences in annual-mean air mass climatology, which are 12%, 2%, and 7% over 
NH and SH extratropics and tropics, respectively, are dominated by the differences in diabatic heating (Figure 10a). 
The ozone STE relative differences between ERA5 and MERRA2 are 12%, 7%, 20%, 10%, and 5% over NH and SH 
extratropics, tropics, extratropics, and globe, respectively. These differences in the NH and SH extratropics are domi-
nated by diabatic heating differences. In the tropics, by contrast, the contribution from diabatic heating is comparable 
to but a little bit smaller than the contribution from ozone concentration difference (Figure 10b). The global ozone 
STE differences are primarily due to the diabatic heating differences, compensated partly by the contributions from 
ozone differences. Tropical boundary differences make a small contribution to air mass and ozone STE differences 
in all regions for both seasonal cycle and annual-mean climatology (Figures 9 and 10).

The relative differences in monthly anomalies of air mass and ozone STE between ERA5 and MERRA2 are 
shown in Figures 11 and 12, respectively. Here, the relative differences are the differences between ERA5 and 

Figure 6.  Same as Figure 1, but for ozone mass mixing ratio (ppm) at fitted upper isentrope averaged over (a–b) the Northern hemisphere (NH) extratropics, (c–d) 
Southern hemisphere (SH) extratropics, and (e–f) tropics.
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MERRA2 monthly anomalies, scaled by corresponding MERRA2 annual-mean climatology. The air mass STE 
differences are primarily due to diabatic heating differences in all regions, while isentropic density also plays 
a role (Figure 11). dM/dt also makes some contributions to the air mass STE differences over the extratropics 
(Figure 11). For ozone STEs over the extratropics and globe, the differences can be up to ±20%, which are domi-
nated by the ozone in many years (Figures 12a, 12b, 12d, and 12e). Over the tropics, the ozone STE differences 
are mainly due to ozone differences (Figure  12c). Over all regions, the diabatic heating differences are also 
important, while 𝐴𝐴 𝐴𝐴𝐴𝐴𝑂𝑂3

∕𝑑𝑑𝑑𝑑 contributes to the ozone STE differences in some years. Again, the tropical boundaries 
play a small role in the air mass and ozone STE monthly anomaly differences (Figures 11 and 12).

5.  STE Interannual Variability
Only 14%–38% (12%–46%) of the ERA5 and MERRA2 air mass (ozone) STE monthly anomaly variance can be 
explained by each other (Figures 2 and 3), indicating that significant non-physical signals (errors) are contained 
in these monthly anomalies. On the other hand, the interannual variabilities of air mass and ozone STEs can be 
contributed from various climate variabilities and perturbations, including ENSO, QBO, BDC, solar activities, 
and volcanic aerosols (e.g., Albers et al., 2018; Hsu & Prather, 2009; Lu et al., 2017; Tie & Hess, 1997; Zeng & 
Pyle, 2005). Here we use MLR to investigate the air mass and ozone STE interannual variabilities due to those 
climate variabilities and perturbations, and then examine how much variance in ERA5 and MERRA2 monthly 
anomalies can be explained by these interannual variability.

Figure 13 shows the predictor time series used in MLR. The heat map of the correlation coefficient matrix for 
those predictors is shown in Figure S8 in Supporting Information S1. The BDC and QBO indexes for ERA5 and 
MERRA2 are almost identical (Figures 13b and 13c), with correlation coefficients of 0.97–0.99 (Figure S8 in 
Supporting Information S1). ENSO, BDC, QBO, and solar cycle indices are largely independent of each other, 
but AOD has a relatively high correlation coefficient (0.38) with ENSO, although it is not statistically significant 
(Figure S8 in Supporting Information S1). In addition, the AOD signals around 1983 and 1992 in the ERA5 

Figure 7.  Same as Figure 1, but for tropical boundaries (i.e., latitudes with zero diabatic heating at the fitted upper isentrope) in the (a–b) Northern hemisphere (NH) 
and (c–d) Southern hemisphere (SH), and (e–f) the tropical width.
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tropical air mass and ozone STEs are distinct (Figures 2f and 3f). Therefore, we perform MLR using the predic-
tors of ENSO, QBO, BDC, solar, and AOD to derive the regression coefficients for these predictors. Then, the air 
mass and ozone STE time series due to ENSO, QBO, and BDC from 1981 to 2021 (first columns in Figures 14 
and 15) are derived using these coefficients along with the ENSO, QBO, and BDC time series. We then obtain the 
time series due to the solar cycle (second columns in Figures 14 and 15) and AOD (third columns in Figures 14 
and 15) from 1981 to 2021. The fourth columns in Figures 14 and 15 are the residual time series that cannot be 
explained by ENSO, QBO, BDC, solar, and AOD.

The correlation coefficients between ERA5 and MERRA2 air mass STE time series predicted by ENSO, QBO, 
and BDC together are 0.98, 0.61, and 0.91 over NH and SH extratropics and tropics, respectively (Figures 14a, 
14e, and 14i). The correlation coefficients between ERA5 and MERRA2 ozone STE time series predicted by 
ENSO, QBO, and BDC together are relatively high in the NH extratropics (0.96), extratropics (0.87), and globe 
(0.94) (Figures 15a, 15m, and 15q), but smaller in the SH extratropics (0.64) and tropics (0.62) (Figures 15e 
and 15i). We can see that the variability explained by ENSO, BDC, and QBO together is much smaller than 
those shown in the residual (Figures  14 and  15). For air mass STE, the solar cycle contributions are in the 
opposite  signs for ERA5 and MERRA2 in all regions (Figures 14b, 14f, and 14j). For ozone STE, the signs of 

Figure 8.  Same as Figure 1, but for change rates of air mass in the lowermost stratosphere (dM/dt) in the (a–b) Northern hemisphere (NH) extratropics, and (c–d) 
Southern hemisphere extratropics. Panels (e–f) and (g–h) are the same as corresponding (a–b) and (c–d) but for change rates of ozone mass in the lowermost 
stratosphere (𝐴𝐴 𝐴𝐴𝐴𝐴𝑂𝑂3

∕𝑑𝑑𝑑𝑑 ).
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Figure 9.  Relative differences between ERA5 and MERRA2 (gray shading) in seasonal cycle of air mass (left) and ozone (right) stratosphere-troposphere exchanges 
(STEs) over (a–b) the Northern hemisphere (NH) extratropics, (c–d) Southern hemisphere (SH) extratropics, (e–f) tropics, (g) extratropics, and (h) globe. Red, blue, 
and cyan lines are the air mass and ozone STE relative differences due to the differences in diabatic heating and isentropic density at the fitted isentrope, and tropical 
boundaries, respectively. The orange lines in the right panels are the ozone STE relative differences due to ozone mixing ratio differences. The black dotted lines are 
the STE relative differences due to differences in the change rates of air mass (dM/dt, left) and ozone mass (𝐴𝐴 𝐴𝐴𝐴𝐴𝑂𝑂3

∕𝑑𝑑𝑑𝑑 , right) in the lowermost stratosphere. The relative 
differences are calculated by using the corresponding MERRA2 monthly climatology as the denominator.
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solar cycle contributions are opposite for ERA5 and MERRA2 in the SH extratropics (Figure 15f) but the same 
in other regions (Figures 15b, 15j, 15n, and 15r). On the other hand, the AOD contributions are in opposite 
signs for ERA5 and MERRA2 in all regions for air mass and ozone STE, except for the air mass STE in the NH 
extratropics (Figure 14c). For air mass STEs, the AOD leads to about 10%–20% positive relative anomalies in all 
regions around the years 1983 and 1992 in the ERA5, while the AOD signals are close to zero in the MERRA2 
(Figures 14c, 14g, and 14k), consistent with Figure 2. Thus, the impacts of volcanic stratospheric aerosols on both 
air mass and ozone STEs are inconclusive based on ERA5 and MERRA2 reanalyses, which may be related to how 
aerosol is assimilated in ERA5 and MERRA2 (Fujiwara et al., 2022). It is interesting to note that the correlation 
between the ERA5 and MERRA2 residual air mass STEs becomes larger over SH extratropics and tropics while it 
remains the same in the NH extratropics (Figure 14 vs. Figure 2). The correlation coefficients between the ERA5 
and MERRA2 residual ozone STEs are also somewhat larger than those before removing the known climate vari-
abilities and perturbations in all regions (Figure 15 vs. Figure 3). The correlation coefficients of the residual time 
series between ERA5 and MERRA2 do not become smaller as compared with the original time series because the 
AOD and solar cycle play very different (often opposite) roles in modulating the STEs in ERA5 and MERRA2.

We define the variances explained by predictors using the adjusted coefficient of determination (R 2), which 
accounts for artificially high R 2 due to collinearity among predictors used in MLR (Lindeman, 1980). Figure 16 
shows R 2 for air mass and ozone STE explained by ENSO, BDC, QBO, solar cycle, and volcanic aerosols, along 
with R 2 that cannot be explained by predictors (i.e., residual). For air mass STE, the variances in all regions 
explained by ENSO are 0.3%–4.3% in ERA5 and MERRA2. As expected, the air mass STE variances explained 
by QBO are much larger in the tropics (15.6%–20.6%) than in the extratropics (3.8%–13.1%). Figure 16 also indi-
cates that the QBO play a more important role in the NH extratropics than the SH extratropics. This is because the 
QBO-induced mean meridional circulation is mainly confined in the winter hemisphere, but is located more pole-
ward in the NH during the boreal winter than that in the SH during the austral winter (see Figure 5 in Pahlavan 
et al., 2021). QBO signals obviously stand out in Figures 14a, 14e, and 14i.

Figure 10.  (a) Relative differences between ERA5 and MERRA2 (gray colors) in annual-mean air mass 
stratosphere-troposphere exchange (STE) climatology over the Northern hemisphere (NH) extratropics, Southern hemisphere 
(SH) extratropics, and tropics. Panel (b) is the same as (a) but for ozone STE relative differences in the NH extratropics, SH 
extratropics, tropics, extratropics, and globe. Red, blue, and cyan colors indicate the air mass and ozone STE differences due 
to the differences in diabatic heating and isentropic density at the fitted isentrope, and the tropical boundaries. Orange colors 
in (b) indicate the ozone STE differences due to ozone mass mixing ratio differences. The annual-mean climatology of change 
rates of air and ozone mass in the lowermost stratosphere are zero, and their effects are also zero, which are thus not shown 
here. The bars with the slant lines indicate the relative differences are statistically significant at a 95% confidence level.
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Interestingly, the BDC can only explain 0.5%–1.7% of air mass STE variances in all regions in ERA5 and MERRA2. 
Similar results are obtained by using different BDC indexes, including the three-month mean eddy heat flux at 
100 hPa over latitudes from 25° to 90° and the tropical air mass flux at 70 hPa based on residual vertical velocity 
(Rosenlof, 1995) (not shown). Sweeney and Fu (2023) recently showed that the BDC shallow branch that was not 
part of the eddy heat flux-based BDC can explain significant portion of the tropical cold point temperature interan-
nual variability. We calculate the tropical air mass fluxes at 100 hPa based on the transformed Eulerian mean (TEM) 
vertical velocity (Andrews et al., 1987) by using the 6-hourly ERA5 and MERRA2 data from 1980 to 2022. It is 
interesting to note that the correlation coefficient between the ERA5 and MERRA2 tropical air mass flux monthly 
anomalies at 100 hPa is 0.63, similar to that between the ERA5 and MERRA2 diabatic heating over the tropics 
(Figure 4f). As shown in Figures 9–12, a large proportion of air mass and ozone STE differences between ERA5 and 
MERRA2 are attributed to the diabatic heating differences. Following Sweeney and Fu (2023), we use the tropical air 
mass flux at 100 hPa after removing QBO, ENSO, and eddy heat flux-based BDC to consider the impact of the BDC 
shallow branch that was not included in the eddy heat flux-based BDC. Consideration of this BDC shallow branch 
does not change the results: the two BDC indices together can only explain 1.6%–3.1% of the air mass STE variances.

The solar cycle can explain 0.0%–6.3% variances over extratropics and 3.0%–7.9% variances over tropics. The 
air mass STE variances explained by AOD are much larger for ERA5 than MERRA2, which are 16.3%, 28.8%, 

Figure 11.  Relative differences between ERA5 and MERRA2 (gray shading) in monthly anomalies of air mass stratosphere-troposphere exchange (STE) over (a) 
the Northern hemisphere (NH) extratropics, (b) Southern hemisphere (SH) extratropics, and (c) tropics. The red, blue, and cyan solid lines are the STE relative 
differences due to the differences in diabatic heating and isentropic density at the fitted isentrope, and the tropical boundaries. The black dotted lines in (a) and (b) are 
the STE relative differences due to differences in change rates of air mass in the lowermost stratosphere (dM/dt). The corresponding MERRA2 air mass annual-mean 
climatology values are used as the denominator for the relative differences. In panels (a), (b), and (c), a 1-year Lanczos low-pass filter is applied to focus on interannual 
variability and thus only the monthly anomalies from 1981 to 2021 are shown.
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Figure 12.  Same as Figure 11, but for relative differences in the monthly anomalies of ozone stratosphere-troposphere exchange (STE) over (a) the Northern 
hemisphere (NH) extratropics, (b) Southern hemisphere (SH) extratropics, (c) tropics, (d) extratropics, and (e) globe. Orange lines are the ozone STE relative 
differences due to differences in ozone mass mixing ratio. The black dotted lines in (a), (b), (d), and (e) are the ozone STE relative differences due to differences in 
change rates of ozone mass in the lowermost stratosphere (𝐴𝐴 𝐴𝐴𝐴𝐴𝑂𝑂3

∕𝑑𝑑𝑑𝑑 ).
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and 43.3% over NH and SH extratropics, and tropics, respectively, from ERA5, but are all close to zero from 
MERRA2, consistent with Figures 2 and 14. We see from the residuals in ERA5 (MERRA2) that 58.7%–68.5% 
(84.6%–85.7%) of variances cannot be explained over extratropics, while 28.1% (71.7%) variances cannot be 
explained over tropics. The difference between ERA5 and MERRA2 is mainly associated with the impact of 
AOD, which again may be related to how aerosol is assimilated in ERA5 and MERRA2 (see Fujiwara et al., 2022).

For ozone STEs over the extratropics and globe, the variances in ERA5 and MERRA2 monthly anoma-
lies explained by ENSO are 5.0%–17.3% in the ERA5, which are all larger than the MERRA2 (0.1%–5.0%) 

Figure 13.  Predictor time series from 1981 to 2021 used in multiple linear regression analyses, including indices of (a) El Niño-Southern Oscillation (ENSO), (b) 
Quasi-Biennial Oscillation (QBO), and (c) Brewer-Dobson circulation (BDC), (d) solar cycle (1 solar flux unit = 10 −22 W m −2 Hz −1), and (e) stratospheric aerosol 
optical depth (AOD). The time series in (a), (d), and (e) are derived from observation. The ENSO index in (a) has a 6-month lead (i.e., from 07/1980 to 06/2021) to 
investigate its impact on air mass and ozone STEs from 01/1981 to 12/2021 in multiple linear regression analyses. The QBO index in (b) is the time series of monthly 
anomalies of zonal wind at 50 hPa averaged over 5°S–5°N with a three-month lead (i.e., from 10/1980 to 09/2021) from ERA5 (blue line) and MERRA2 (red line). In 
(c), the BDC time series are derived from six-hourly ERA5 and MERRA2 data. A 1-year Lanczos low-pass filter is applied to focus on interannual variability.
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Figure 14.  Monthly anomaly of air mass stratosphere-troposphere exchange (STE) scaled by the corresponding annual-mean climatology STEs in the ERA5 (blue) 
and MERRA2) (red) from 1981 to 2021 due to (a) the combination of El Niño-Southern Oscillation (ENSO), Quasi-Biennial Oscillation (QBO), and Brewer-Dobson 
circulation (BDC), (b) solar cycle, (c) Stratospheric aerosol optical depth (AOD), and (d) the residual that cannot be explained by ENSO, QBO, BDC, solar, and AOD 
in the Northern hemisphere (NH) extratropics. Panels (e–h) and (i–l) are the same as (a–d) but for the Southern hemisphere (SH) extratropics and tropics, respectively. 
The values shown within panels are the correlation coefficients between ERA5 and MERRA2 monthly anomalies, with bold representing statistically significant at a 
95% confidence level.

Figure 15.  Same as Figure 14, but for monthly relative anomaly of ozone stratosphere-troposphere exchange (STE) over (a–d) the Northern hemisphere (NH) 
extratropics, (e–h) Southern hemisphere (SH) extratropics, (i–l) tropics, (m–p) extratropics, and (q–t) globe.
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(Figures 16b, 16d, 16g, and 16h). Over the tropics, by contrast, the ENSO explained variance in the ERA5 (0.2%) 
is smaller than the MERRA2 (13.9%). Depending on the regions and reanalysis, the variances explained by QBO 
are larger or smaller than ENSO, which are 2.3%–15.7% for ERA5 and 5.5%–10.9% for MERRA2. The BDC can 
only explain 0.9%–4.4% of ozone STE variance, while solar activities can explain 0.3%–11.1% of the variance. 
Contrary to air mass STE, the variances that AOD can explain are similar for ERA5 (1.2%–11.8%) and MERRA2 
(3.1%–9.5%). The residual variances are 60.3%–78.2% for ERA5 and 72.5%–86.6% for MERRA2. For the global 
ozone STE monthly anomalies, ENSO, QBO, BDC, solar cycle, and volcanic aerosols can explain the variance 
by 5.0%–17.3%, 5.4%–7.2%, 1.0%–3.1%, 0.3%–1.8%, 7.0%–7.6%, respectively, with a residual variance as large 

Figure 16.  The adjusted relative variance (i.e., R 2) explained by each predictor and the residual for ERA5 (blue) and MERRA2 (red) air mass stratosphere-troposphere 
exchange (STE) in (a) the Northern hemisphere (NH) extratropics, (c) Southern hemisphere (SH) extratropics, and (e) tropics. (b), (d), (f), (g), and (h) are the same as 
(a) but for ozone STE in the NH extratropics, SH extratropics, tropics, extratropics, and globe, respectively. Values shown at the top of color bars are the corresponding 
adjusted R 2.

 21698996, 2023, 24, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JD

039270 by South K
orea N

ational Provision, W
iley O

nline Library on [17/12/2023]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



Journal of Geophysical Research: Atmospheres

WANG ET AL.

10.1029/2023JD039270

21 of 24

as 67.4%–76.9% (Figure 16h). We also examine the air mass and ozone diabatic fluxes using the fixed upper isen-
trope at 380K and performed the MLR, and the results remain quite similar (not shown). Furthermore, the BDC 
by considering both eddy heat flux-based index and the BDC shallow branch index can explain the ozone STE 
variance less than 4.5% over all regions from both reanalyses (the only exception is from ERA5 over the tropics 
where the explained variance increases from 3.5% to 8% by using both indices vs. using eddy heat flux-based 
BDC index only).

Based on three reanalyses (ERA-Interim, MERRA, and JRA-55), Abalos et al. (2015) showed that for the period 
1970–2012 the variances of tropical upwelling at 100 hPa can be explained by the QBO and ENSO by about 
0%–7.5% and 0%–12%, respectively, depending on the reanalysis and methods used to estimate the tropical 
upwelling (see their Figure 9). Our results for the small variances of air mass STEs explained by the QBO and 
ENSO are generally consistent with Abalos et al. (2015). For the period of 1990–2002 considered in Zeng and 
Pyle (2005), we get a correlation coefficient of −0.52 between the ENSO index with a 6-month lead and the 
global ozone STE from the ERA5, which is somewhat smaller than the correlation coefficient of −0.6 from Zeng 
and Pyle  (2005). However, the correlation coefficient is only −0.07 in the MERRA2. In our study, the QBO 
impact on air mass and ozone STEs can be clearly seen in the first column of Figures 14 and 15, and it can explain 
3.8%–20.6% of air mass STE variances and 2.3%–15.7% of ozone STE variances. The latter is smaller than the 
QBO contribution (20%–45%) shown in Hsu and Prather (2009). Such a discrepancy may be related to the differ-
ent data used (reanalysis vs. meteorology data), and different period considered (1981–2021 vs. 2001–2005). It 
may also be related to the method used, that is, the ozone STEs in this study are integrated over the NH extratrop-
ics, SH extratropics and tropics (which may average out part of QBO signal), while in Hsu and Prather (2009) the 
QBO impact was quantified with latitudinal distribution (see their Figure 6).

Finally, it is worth pointing out that as expected, the easterly QBO enhances the air mass and ozone STEs in both 
ERA5 and MERRA2 over all regions based on our analyses (not shown), which can also be seen by comparing 
Figures 14 and 15 with Figure 13. The El Nino phase of the ENSO enhances the air mass and ozone STEs in 
ERA5 while ENSO shows little impact in MERRA2 except over tropics where the El Nino decreases the ozone 
STE (not shown). The solar activity enhances the ozone STEs in ERA5 but show little impact in MERRA2 
(Figure 15). That the solar activity enhances the ozone STEs in ERA5 is consistent with an increased ozone 
concentration in response to an increase in the Sun's UV radiation output (e.g., WMO, 2010).

6.  Conclusion and Discussions
This study investigates the air mass and ozone STEs in ERA5 and MERRA2 from 1980 to 2022 using the 
dynamic upper isentrope method where the upper isentrope of the lowermost stratosphere is determined by fitting 
to the tropical lapse-rate tropopause instead of using a fixed isentrope of 380 K. The annual-mean climatology, 
seasonal cycle, and monthly anomalies of air mass and ozone STEs from ERA5 and MERRA2 are derived, and 
the differences between ERA5 and MERRA2 are systematically examined. We further investigate the interannual 
variability of air mass and ozone STEs associated with ENSO, QBO, BDC, solar cycle, and volcanic aerosols, 
and quantify the variances in the ERA5- and MERRA2-derived air mass and ozone STE monthly anomalies that 
can be explained by these interannual variabilities.

The annual-mean air mass STEs in the NH and SH extratropics and tropics from ERA5 are −12 × 10 9 kg s −1, 
−10.5 × 10 9 kg s −1, and 22.5 × 10 9 kg s −1, respectively, the magnitudes of which are 12%, 2%, and 7% larger than 
the corresponding MERRA2 magnitudes of −10.7 × 10 9 kg s −1, −10.3 × 10 9 kg s −1 and 21 × 10 9 kg s −1. The 
annual-mean ozone STEs over the NH extratropics, SH extratropics, tropics, extratropics, and globe in the ERA5 
are −342, −239, 201, −581, and −380 Tg year −1, the magnitudes of which are 12%, 7%, 20%, 10%, and 5% larger 
than the corresponding MERRA2 magnitudes for −305, −224, 168, −529, −361 Tg year −1. The annual-mean 
global ozone STE differences between ERA5 and MERRA2 are dominated by diabatic heating differences, 
compensated somewhat by ozone differences. The relative difference between ERA5 and MERRA2 in global 
ozone STE seasonal cycle is 40% in June and July and −40% in October and November, which is primarily due 
to difference in seasonal breathing of the lowermost stratosphere ozone mass (i.e., 𝐴𝐴 𝐴𝐴𝐴𝐴𝑂𝑂3

∕𝑑𝑑𝑑𝑑 ).

The correlation coefficients between ERA5 and MERRA2 air mass STE monthly anomalies are 0.62, 0.45, and 
0.37, respectively, over the NH and SH extratropics and tropics, corresponding to the variances of 38%, 20%, 
and 14% in the ERA5 and MERRA2 monthly anomalies that can be explained by each other. The correlation 
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coefficients between ERA5 and MERRA2 ozone STE monthly anomalies are 0.68, 0.34, 0.50, 0.46, and 0.57 
in the NH extratropics, SH extratropics, tropics, extratropics, and globe, respectively, corresponding to the vari-
ances of 46%, 12%, 25%, 21%, and 33% in the ERA5 and MERRA2 monthly anomalies that can be explained by 
each other. It is also shown that relative differences in global ozone STE monthly anomalies between ERA5 and 
MERRA2 can be up to ±20%, which are mainly due to differences in ozone and 𝐴𝐴 𝐴𝐴𝐴𝐴𝑂𝑂3

∕𝑑𝑑𝑑𝑑 . The diabatic heating 
difference also plays a role.

The air mass and ozone STE interannual variabilities related to ENSO, QBO, BDC, solar cycle, and volcanic 
aerosols are examined. For the global ozone STE monthly anomalies, the variances that can be explained by 
ENSO, QBO, BDC, solar cycle, and volcanic aerosols are 5.0%–17.3%, 5.4%–7.2%, 1.0%–3.1%, 0.3%–1.8%, 
7.0%–7.6%, respectively, with a residual variance 67.4%–76.9%. Similar results are obtained for ozone STE 
monthly anomalies over other regions. In addition, the volcanic aerosol impacts on ozone STEs from ERA5 and 
MERRA2 have opposite signs and thus are inconclusive.

Noting that ERA5 and MERRA2 can only explain each other's ozone STE monthly anomaly variance by 
12%–46%, there must be large non-physical signals or errors in ERA5 and MERRA monthly anomalies. Caution 
is needed when using ERA5 and MERRA2 reanalyses to investigate the STE interannual variability. Future 
research is required to derive the air mass and ozone STEs based on observations, which could help understand 
the large discrepancies in STE seasonal cycle and especially monthly anomalies between ERA5 and MERRA2.

Data Availability Statement
The ERA5 data is downloaded from Copernicus Climate Change Service (C3S, 2017). The MERRA-2 data used 
in this study are available upon request from NASA Goddard Earth Sciences Data and Information Services 
Center (DISC) and described by Bosilovich et al. (2015).
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