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Abstract. Large positive anomalies of nitrous oxide (N2O) were observed in the northern hemisphere lower stratosphere in the

late 2018/2019 boreal winter. Thanks to its long lifetime in the lower stratosphere, N2O is a robust tracer for stratospheric trans-

port. This study investigates the magnitude, vertical structure, and dynamical origin of the late 2018/2019 boreal winter N2O

anomaly using multiple chemical transport model simulations, chemical reanalyses, a specified-dynamics chemistry-climate

model, and merged satellite observations. All datasets consistently show pronounced N2O positive anomalies in February 20195

in the northern mid-latitudes at 50 hPa. The N2O Transformed Eulerian Mean budget indicates that the N2O anomalies are

primarily driven by enhanced meridional residual advection, which is in turn determined by enhanced planetary wave forcing.

The extratropical effects of the quasi-biennial oscillation (QBO) determine these transport anomalies: the poleward QBO sec-

ondary circulation was unusually strong in the late 2018/2019 boreal winter, and a marked northward displacement of the zero

wind line induced the enhanced planetary wave forcing. The combined strengthening of both the northward QBO secondary10

circulation and the planetary wave forcing led to unusually strong poleward advection in the northern lower stratosphere, which

ultimately built up the N2O positive anomalies. These results indicate the value of long-lived stratospheric tracers such as N2O

for diagnosing dynamically driven extreme events and for disentangling the contributions of different transport processes.

We highlight the importance of the QBO teleconnections, particularly as a warming climate may change the frequency and

intensity of extreme events thereby impacting these teleconnections.15

1 Introduction

Nitrous oxide (N2O) is the fourth most important greenhouse gas (Tuckett, 2019) and participates in the destruction of ozone in

the stratosphere (Crutzen, 1970). N2O is continuously emitted in the troposphere, through natural processes such as nitrification

in the oceans and freshwater, and microbial nitrification in soils, but also through anthropogenic processes such as agriculture

and biomass burning (Tian et al., 2020; Costa et al., 2021). The N2O concentrations in the atmosphere have been constantly20

increasing with an estimated rate of increase of 2% per decade (Tian et al., 2020). The only significant atmospheric destruction
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of N2O occurs in the tropical upper stratosphere through photodissociation (Seinfeld and Pandis, 2016). The atmospheric

lifetime of N2O is approximately 120 years (Prather et al., 2015), even though a recent analysis has shown that the N2O

lifetime has been decreasing at around 2% per decade (Prather et al., 2023). This very long lifetime makes N2O an excellent

tracer for transport studies in the stratosphere (Brasseur and Solomon, 2005).25

One of the most relevant transport mechanisms in the stratosphere is the Brewer-Dobson Circulation (BDC, Brewer, 1949;

Dobson and Massey, 1956). The BDC consists in upward motion over the tropical latitudes (upwelling), poleward transport

followed by downward motion (downwelling) over the extra-tropical latitudes (Plumb, 2002). For the transport of tracers, the

BDC is often divided into an advective component (the residual mean meridional circulation, hereafter residual circulation)

and a mixing component (Garny et al., 2014). The residual circulation transports air masses from the tropical region towards30

the poles and creates the vertical and meridional gradients in the tracer’ concentrations (Shepherd, 2007). The mixing consists

in a two-way transport that occurs mostly on isentropic surfaces, hence, it is quasi-horizontal in the stratosphere (Shepherd,

2007). The residual circulation is mostly driven by the breaking of Rossby and planetary waves, hence it is the strongest during

winter, i.e., when the breaking of these wave maximizes (Minganti et al., 2020). The BDC maintains the observed meridional

and vertical temperature structure of the stratosphere (Holton, 2004), and strongly influences the stratospheric distribution of35

chemical tracers, like ozone and greenhouse gases (e.g., Butchart, 2014).

In the tropical stratosphere, one of the most important modes of variability is the Quasi Biennial Oscillation (QBO, Baldwin

et al., 2001). The QBO consists in easterly (i.e., u < 0, E-QBO) and westerly (i.e., u > 0, W-QBO) zonal wind regimes that

propagate downward in the tropical stratosphere, with a variable period from 20 to 37 months (Pascoe et al., 2005; Anstey

et al., 2022). This irregular period is mainly driven by the variability in small scale (gravity wave) activity and, to a lesser40

extent, by variability in tropical upwelling (Kim, 2025). The QBO is not only restricted to the equatorial regions, but its

impacts can reach the subtropical and even extratropical regions (i.e., teleconnections). In the tropical region, the QBO induces

a temperature anomaly that is in thermal wind balance with the vertical wind shear (Baldwin et al., 2001). In order to maintain

this thermal wind balance, a meridional circulation occurs in the Tropics and subtropics (i.e., the QBO secondary meridional

circulation, hereafter secondary circulation, Plumb and Bell, 1982; Baldwin et al., 2001). Under conditions of descending45

easterlies (i.e., E-QBO), there is increased tropical upwelling that causes adiabatic warming and preserves the temperature

maximum at the equator (Baldwin et al., 2001). Such increased upwelling is compensated by descent in the subtropics. The

circulation pattern is completed by poleward motion at the levels of maximum easterly wind (i.e., usually located in the upper

stratosphere) and by equatorward motion at the levels of maximum westerly winds (usually located in the lower stratosphere)

(Choi et al., 2002). During descending westerly wind shears (i.e., W-QBO), an opposite circulation develops. The secondary50

circulation is substantially stronger in the winter hemisphere, especially the meridional and vertical velocities in the subtropics

(Baldwin et al., 2001), and can also be significantly impacted by ozone changes through changes in heating (Hitchcock and

Ming, 2025). The QBO impacts not only the tropical and subtropical regions, but also the extratropics through teleconnections.

In particular, the wintertime northern polar vortex is weaker during the E-QBO phase and stronger during the W-QBO phase:

this teleconnection is often referred to as the Holton-Tan effect (Holton and Tan, 1980). The mechanisms driving the Holton-Tan55

effect are still uncertain (Anstey et al., 2022; Butchart, 2022). One proposed mechanism is the poleward shift of the zero zonal
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wind line in the winter subtropics. The zero zonal wind line acts as a waveguide and confines the extratropical planetary waves

towards the higher latitudes, leading to a warmer and weaker vortex (Holton and Tan, 1980). Another proposed mechanism

involves the QBO secondary circulation enhancing extratropical refraction of planetary waves (Garfinkel et al., 2012). Despite

modeling studies investigating the origin of the Holton-Tan effect (e.g., Anstey and Shepherd, 2014), there is still no consensus60

on the dominant underlying mechanism (Anstey et al., 2022; Butchart, 2022). In addition, Yamazaki et al. (2020) proposed

that QBO-induced tropospheric anomalies in convection can contribute to the Holton-Tan effect, which has in turn a strong

influence on the tropospheric and surface climate at mid and high latitudes, e.g., on mean sea level pressure, temperature and

snow cover (Gray et al., 2018; Kidston et al., 2015; Kumar et al., 2024).

In the past decade, the chemical and dynamical conditions of the stratosphere have been highly perturbed (Salawitch et al.,65

2025). In late 2018/2019 boreal winter, anomalous concentrations of N2O were first identified in the Northern Hemisphere

(NH) mid-latitudes by Manney et al. (2022). That study proposed that the particular QBO phase during that period (together

with the 2019 SSW) and its resulting modulation of stratospheric transport might be responsible for the N2O anomalies. Despite

their magnitudes, the N2O anomalies in late 2018/2019 boreal winter in the northern mid-latitudes have not been extensively

examined. In this study, we investigate these N2O anomalies that occurred in the NH in late 2018/2019 boreal winter, with70

the specific aim of quantifying their magnitude and identifying their dynamical and transport origins. Since this manuscript

focuses on a specific event in the late 2018/2019 boreal winter, we will not use free-running models but observationally

based products (e.g., reanalyses, specified-dynamics models and merged observational satellite datasets). Reanalysis datasets

combine atmospheric observations with a global forecast model through data assimilation to provide a global multi-decadal and

continuous state of the past atmosphere. Meteorological reanalyses assimilate dynamical observations such as surface pressure,75

wind and temperature and are often used to drive chemistry transport models (CTMs) to simulate realistic distributions of

chemical species (e.g., Ménard et al., 2020). Chemical reanalyses assimilate chemical observations and their transport is driven

by external meteorological fields (often obtained from meteorological reanalyses, Errera et al., 2019). Chemical reanalyses

are often used to evaluate the evolution of the concentrations of chemical tracers in CTMs and climate models (e.g., Minganti

et al., 2020; Chabrillat et al., 2025). Specified dynamics models usually constrain the dynamics of a chemistry climate model80

towards the dynamics of a meteorological reanalysis (e.g., Davis et al., 2022).

This manuscript follows up on the closely related works of Minganti et al. (2020, hereafter M2020) and Minganti et al.

(2022, hereafter M2022). M2020 investigated the climatologies of the impact of transport on the N2O concentrations and its

rates of change, and paved the way for studies of changes in stratospheric transport using N2O as a tracer. M2022 studied

decadal changes (trends) of N2O concentrations in the stratosphere and related it to changes in the BDC. The present work85

aims to use the climatological groundwork of M2020 and the knowledge obtained in M2022 to study the extreme anomaly in

N2O concentrations that occurred in late 2018/2019 boreal winter in the NH.

The manuscript is structured as follows. Section 2 describes the datasets used in this study and the method used to investigate

the N2O anomalies. Section 3 shows time series at 50 hPa of N2O anomalies (together with transport-related quantities) in order

to highlight the magnitude of the anomalies in late 2018/2019 boreal winter compared to the rest of the records. In Section90
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4, we focus on the anomalies in late 2018/2019 boreal winter over the NH. Section 5 discusses the dynamical causes of these

anomalies. Section 6 summarizes and concludes the study.

2 Data and Method

In this Section, we describe the datasets used and the Transformed Eulerian Mean (TEM) diagnostics.

2.1 SWOOSH95

The Stratospheric Water and OzOne Satellite Homogenized (SWOOSH, Davis et al., 2016) dataset is a merged record of

satellite datasets that includes data from several limb-viewing instruments. The primary products in SWOOSH include ver-

tical profiles of zonal and monthly means of ozone and water vapour concentrations on pressure levels (from 1 to 316 hPa).

SWOOSH products are provided on several horizontal and vertical grids, but in this study we use the zonal-mean SWOOSH

products with 5◦latitude spacing on pressure levels.100

In this study, we use a new merged N2O SWOOSH product, which is constructed using profiles from the Atmospheric

Chemistry Experiment Fourier Transform Spectrometer (ACE-FTS, Bernath, 2017) and Aura Microwave Limb Sounder (MLS,

Waters et al., 2006). Aura MLS N2O provides complete spatial sampling but contains drifts that render N2O unsuitable for long-

term trends (Livesey et al., 2021), while ACE-FTS is deemed more stable but provides sparse sampling. These two products are

combined in a way that preserves the long-term absolute values of ACE-FTS, with data gaps filled in using the MLS meridional105

anomaly structure on a month-by-month basis. The SWOOSH N2O product is publicly available as of version 2.8, which is

used in this paper.

We also use the 5◦latitude zonal mean ozone product from SWOOSH. The ozone product in SWOOSH benefits from more

instruments compared to N2O, although for the time period addressed here the merged record is dominated by Aura MLS. The

variability of stratospheric ozone profiles from SWOOSH has been validated in several studies (e.g., Kuttippurath et al., 2024).110

2.2 M2-GMI

The Modern-Era Retrospective analysis for Research and Application version 2 (MERRA-2 Gelaro et al., 2017) - Global

Modeling Initiative (M2-GMI, Strode et al., 2019) is a multidecadal (1980 to 2019) simulation of atmospheric composition

using NASA’s full chemistry model GMI (Douglass et al., 2004; Duncan et al., 2007; Nielsen et al., 2017). The meteorology

of M2-GMI is constrained by temperature, winds, and surface pressure from the MERRA-2 meteorological reanalysis. The115

chemical species in M2-GMI are not constrained by observations except indirectly via the assimilated meteorology in the

MERRA2 driving reanalysis. The GMI chemical mechanism includes over 120 species and more than 400 reactions. The

simulation was run at a horizontal resolution of approximately 50 km on 72 vertical layers between the Earth’s surface and

0.01 hPa. The vertical resolution in the stratosphere is between 1 and 2 km depending on the altitude.
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2.2.1 M2-SCREAM120

The MERRA-2 Stratospheric Composition Reanalysis of Aura MLS (M2-SCREAM, Wargan et al., 2023) is a chemical reanal-

ysis of stratospheric composition developed at NASA’s Global Modeling and Assimilation Office. It uses a configuration of

the Constituent Data Assimilation System (Wargan et al., 2020a, b; Weir et al., 2021, 2026), in which MLS version 4.2 strato-

spheric profiles of ozone, water vapor, hydrogen chloride (HCl), nitric acid (HNO3) and N2O are assimilated into the Goddard

Earth Observing System (GEOS) atmospheric general circulation model coupled with the stratospheric chemistry mechanism125

StratChem (Nielsen et al., 2017, and references therein). Temperature, winds, surface pressure and tropospheric water vapor

are constrained by the MERRA-2 meteorological reanalysis using the replay methodology (Orbe et al., 2017). In addition to

MLS, total column ozone data from the Ozone Monitoring Instrument (Levelt et al., 2006, 2018) is also assimilated. Similarly

to M2-GMI, M2-SCREAM is run at a horizontal resolution of approximately 50 km on 72 vertical layers, and covers the period

between September 2004 and December 2024. M2-SCREAM N2O product is constrained by assimilated MLS observations130

between 68 hPa and 0.46 hPa. Version 4.2 MLS N2O suffers from a spurious negative drift in the lower stratosphere after 2010

(Livesey et al., 2021). While this makes M2-SCREAM N2O unsuitable for studies of long-term trends, its utility as a metric

for interannual variability of transport has been demonstrated (Salawitch et al., 2025; Wargan et al., 2023).

2.3 BASCOE CTM simulations

We performed three simulations using the Belgian Assimilation System for Chemical ObsErvations CTM (BASCOE CTM,135

Errera et al., 2008). Each BASCOE CTM simulation is driven by one of the following three meteorological reanalyses: the

European Center for Medium-Range Weather Forecast (ECMWF) fifth Reanalysis (ERA5, Hersbach et al., 2020), the Japanese

Reanalysis for Three Quarters of a Century (JRA3Q, Kosaka et al., 2024) and MERRA-2 (Gelaro et al., 2017). These BASCOE

CTM simulations driven by the meteorological reanalyses MERRA-2, ERA5 and JRA-3Q are indicated here as BASCOE-

MERRA2, BASCOE-ERA5 and BASCOE-JRA3Q, respectively. The BASCOE CTM advects around 60 chemical species140

using a flux-form semi-Lagrangian scheme (Lin and Rood, 1996) and solves approximately 200 chemical reactions using a

chemical kinetic preprocessor (Damian et al., 2002). The BASCOE CTM was run on a reduced horizontal grid of 2◦x 2.5◦, and

a vertical grid that was adjusted for each reanalysis to limit the number of tropospheric levels where chemistry is not computed

in BASCOE, while maintaining a high resolution in the upper layers, with a model top at around 0.01 hPa (Vervalcke et al.,

2026). This approach reduces computational cost while ensuring accurate transport. The model was run on 49 vertical levels145

for MERRA2, 61 vertical levels for ERA5 and 53 vertical levels for JRA-3Q. All simulations were initialized in January

1997 using output from a BASCOE CTM simulation driven by ERA5 and terminated in December 2023. More information

regarding the simulation setup and the driving reanalyses can be found in Vervalcke et al. (2026) and references therein.

2.4 BRAM2

This study uses the N2O product from the BASCOE reanalysis of Aura MLS version 2 (BRAM2, Errera et al., 2019).150

The BRAM2 chemical reanalysis is driven by the meteorology from the ECMWF Interim Reanalysis (ERA-Interim, here-
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after ERAI, Dee et al., 2011), and covers the period from August 2004 to August 2019. BRAM2 is produced on a 3.75◦x

2.5◦(longitude-latitude) horizontal resolution, with 37 vertical levels, 25 of which are above 100 hPa. BRAM2 assimilates sev-

eral chemical species from Aura MLS version 4.2 observations, including N2O standard product from the 190 GHz radiometer.

MLS N2O has a vertical range of validity between 68 and 0.46 hPa, where this species is assimilated in BRAM2. BRAM2155

N2O has been evaluated against several independent observations (ACE-FTS and the Michelson Interferometer for Passive

Atmospheric Sounding, MIPAS, Fischer et al., 2008). Below 3 hPa, BRAM2 agrees well with ACE-FTS (±10%) and MIPAS

(±15%). Above that level, BRAM2 is poorly characterized showing larger differences against these instruments. BRAM2 N2O

is thus recommended for scientific use between 68 and 3 hPa. BRAM2 N2O displays also the negative drift that character-

izes MLS version 4.2 N2O, ranging from 5 to 15%, with a maximum in the lower stratosphere (Errera et al., 2019; Livesey160

et al., 2021). This drift, which similarly affects M2-SCREAM, does not pose a problem for this study because linear trends are

removed prior to the computation of anomalies.

2.5 SD-WACCM

We use a specified dynamics (SD) simulation from the Community Earth System Model (CESM, Danabasoglu et al., 2020)

version 2.2.0 with the Whole Atmosphere Community Climate Model (WACCM, Gettelman et al., 2019) version 6 as its165

atmospheric component (SD-WACCM, Orbe et al., 2020; Yu et al., 2022). The simulation was performed with a horizontal

resolution of 1.9◦latitude x 2.5◦longitude and uses the middle atmospheric chemistry scheme, with the dynamics nudged to

MERRA-2 meteorology (i.e., component set FWmaSD). Davis et al. (2023a) showed that this middle atmospheric chemistry

scheme, which is simplified primarily in the troposphere, is appropriate for stratospheric studies. Although long-term residual

circulation changes are in general not well represented in SD simulations, they are generally expected to be more reliable than170

their free-running counterparts in reproducing intraseasonal to interannual variability of long-lived trace gases such as N2O

(Davis et al., 2022; Chrysanthou et al., 2019; Davis et al., 2023b).

2.6 TEM

For stratospheric tracers, the TEM diagnostics (Andrews et al., 1987) allows separating the impact of transport and chemistry

on the zonal mean local rate of change of a tracer with mixing ratio χ:175

χt =−v̄∗χy − w̄∗χz + ez/H∇ ·M+S+ ε, (1)

where χ represents N2O concentrations, M =−e−z/H(v′χ′−v′θ′χ̄z/θ̄z,w′χ′+v′θ′χ̄y/θ̄z) is the eddy flux vector, and (v̄∗, w̄∗)

are the meridional and vertical components of the residual circulation, respectively. Overbars denote zonal means and prime

quantities indicate deviations from it, while subscripts indicate partial derivatives. H = 7 km is the scale height, and z ≡
−Hloge(p/ps) is the log-pressure altitude, with the surface pressure ps = 105 Pa. The S term is the net rate of change due to180

chemistry, defined as the difference between the production (P̄ ) and loss (L̄) rates S̄ = P̄ − L̄. The ε contribution represents

the residual of the budget, i.e., the difference between the actual rate of change of χ and the sum of the transport and chemistry

terms on the right-side hand of Eq. 1.
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The transport terms in Eq. 1 can be grouped as follows:

χ̄t =Ay +My +Az +Mz + (P̄ − L̄) + ε̄, (2)185

where:

Ay =−v̄∗χ̄y, (3a)

My = ez/Hcosφ−1(M (y)cosφ)y, (3b)

Az =−w̄∗χ̄z, (3c)

Mz = ez/H(M (z))z, (3d)190

with Ay representing the impact of meridional residual advection on the N2O concentrations, My that of the horizontal

transport due to eddy mixing, Az that of the vertical residual advection and Mz that of the vertical eddy mixing (all expressed

in ppbv/day). We refer to M2020 for a more detailed description of the TEM framework applied to the N2O mixing ratios in

the stratosphere and for a comprehensive discussion of the contribution of each term to the N2O budget.

In order to better interpret the N2O TEM budget, we also compute the Eliassen-Palm Flux Divergence (EPFD). The Eliassen-195

Palm flux is a 2-D vector defined as F≡ (F (φ),F (z)) (Andrews et al., 1987), with its meridional and vertical components given

respectively by:

F (φ) ≡ e−z/Hacosφ(uzv′θ′/θz − v′u′), (4a)

F (z) ≡ e−z/Hacosφ{[f − (acosφ)−1(ūcosφ)φ]v′θ′/θz −w′u′}. (4b)

The EPFD is a measure of the dynamical forcing from resolved waves (i.e., planetary waves) on the mean flow (Edmon Jr200

et al., 1980):

EPFD =∇ ·F = EPFDy +EPFDz, (5)

with EPFDy and EPFDz defined as:

EPFDy ≡−(ρ0v′u′)y, (6a)

EPFDz ≡ (ρ0f0v′θ′/θz)z. (6b)205

3 Exceptional characteristics of the late 2018/2019 boreal winter

In this Section, we show the characteristics of the late 2018/2019 boreal winter in the context of the recent climate record in

terms of tracer and transport anomalies. Figure 1 shows latitudinal profiles of N2O and ozone concentrations obtained from

SWOOSH at 50 hPa for February 2019, along with latitudinal profiles for the rest of the SWOOSH record. In the lower

stratosphere, the ozone concentrations are mostly determined by transport (Chipperfield et al., 2018; Ball et al., 2019), as their210
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chemical lifetime is of the order of months or even years, since the solar radiation is not sufficient to drive photochemistry in

the lower stratosphere (Brasseur and Solomon, 2005). Hence, we also show ozone concentrations to highlight the impact of

transport on determining not only the N2O anomalies, but also other tracers anomalies. We show results at 50 hPa because that

is the pressure level where the tracer anomalies are the largest (Salawitch et al., 2025). As shown already by Manney et al.

(2022) and Salawitch et al. (2025), Fig. 1 indicates that the N2O concentrations are anomalously large in the NH in February215

2019. These N2O anomalies are accompanied by negative ozone anomalies over the same stratospheric region and period.

Both the N2O and the ozone anomalies in the NH in February 2019 are record-breaking in the SWOOSH dataset. The opposite

sign in the ozone and N2O anomalies is consistent with their anti-correlation in the lower stratosphere at extratropical latitudes

(Hegglin and Shepherd, 2007). Contrarily to the NH, no anomaly in N2O nor ozone was observed in the Southern Hemisphere

(SH) in February 2019.220

Figure 1. Latitudinal profiles of N2O concentrations (ppbv, left) and ozone concentrations (ppmv, right) at 50 hPa for SWOOSH. The red line

indicates February 2019. The light dashed blue line indicates the mean N2O and ozone concentrations for the Februaries between 2005 and

2018. The dark dashed blue line indicates the mean N2O and ozone concentrations for the Februaries between 2020 and 2024. The shadings

indicate the minimum/maximum values of the tracer’s concentrations for the two periods mentioned above.

In the rest of the Section, we show time series of anomalies of stratospheric tracers (N2O and ozone), together with anomalies

of the Ay term of the N2O TEM budget and of the EPFDz . Anomalies are computed as the difference between the monthly

time series and their mean climatological value of each month. We also scale the anomalies by their respective standard

deviation to have the same units (i.e., sigmas) and compare the respective magnitudes of the tracers, the Ay and the EPFDz

terms. Since we do not aim to investigate trends, we remove the linear trend from the anomalies time series by fitting a simple225
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linear term. Section 3.1 presents time series of anomalies of N2O and ozone, Section 3.2 shows time series of anomalies of Ay ,

and Section 3.3 the time series of EPFDz anomalies.

3.1 Time series of tracer anomalies

Figure 2 shows time series of N2O anomalies over the northern mid-latitudes (30◦N to 60◦N) at 50 hPa. The datasets generally

agree well among each other and the N2O anomalies tend to oscillate between -2 and 2 sigmas and occasionally reach 3 sigmas.230

Regarding the timing of the N2O anomalies, the datasets generally agree well in the considered record. This indicates a good

representation of the frequency and duration of the anomalies in the stratospheric transport of N2O, which consists mainly in

the meridional transport at these latitudes and pressure level (M2020). On the other hand, the amplitude of the N2O anomalies

varies among the datasets (e.g., in BASCOE-MERRA2). The differences in the amplitudes of the N2O anomalies indicate

differences in the strength of the stratospheric transport of N2O, which is related to the accuracy of each dataset in resolving235

and transporting horizontal and vertical N2O gradients (see Sect. 2.6). Because of that, some of the differences in Fig. 2 can be

partly explained by differences in spatial resolution of the datasets (both horizontal and especially vertical). Nevertheless, the

different spatial resolutions between the datasets alone cannot explain the differences in the N2O anomalies, and the nature of

each dataset plays a major role in determining these differences.

Figure 2. Time series of anomalies of the de-trended N2O concentrations scaled by their standard deviations at 50 hPa averaged between

30◦-60◦N. The vertical dashed black line indicates February 2019. The color code is in the legend. The vertical axis is in units of standard

deviations.
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The BASCOE-MERRA2 simulation differs from the other datasets in some parts the period considered here. It simulates240

smaller amplitudes of the N2O anomalies in periods when the other datasets show larger N2O anomalies (e.g., early 2002,

early 2004). From 2008 to 2013, BASCOE-MERRA2 shows the opposite behaviour, with larger negative amplitudes of the

N2O anomalies, when the other datasets show smaller anomalies (in 2011 together with BASCOE-JRA3Q). In early 2013,

BASCOE-MERRA2 show also large differences compared to the other datasets, with smaller amplitudes of the N2O positive

anomalies, and provides larger amplitudes of the positive N2O anomalies after 2020. Overall, BASCOE-MERRA2 generally245

tends to deliver smaller amplitudes (i.e., less positive/less negative) of the N2O anomalies compared to the other datasets.

This underestimation occurs also with respect to the other MERRA2-based datasets (i.e., M2-GMI, M2-SCREAM and SD-

WACCM). Surprisingly, these other MERRA2-based datasets agree more with the datasets based on other meteorological

reanalyses (BASCOE-ERA5, BASCOE-JRA3Q, BRAM2, SWOOSH) than with BASCOE-MERRA2. This discrepancy indi-

cates that BASCOE-MERRA2 suffers from particular features that deteriorate its simulation of N2O transport in this region.250

In the lower stratospheric mid-latitudes, the N2O concentrations are inversely proportional to the mean Age of Air (mAoA,

M2020). Hence, the smaller magnitudes of the N2O anomalies are consistent with the recent mAoA results from Vervalcke

et al. (2026), who found that MERRA2 delivers the oldest mAoA compared to ERA5 and JRA3Q using the same BASCOE

CTM simulations.

The comparison between the chemical reanalyses BRAM2 and M2-SCREAM generally delivers very good agreement, with255

a few differences at specific times of the record. Notably, in early 2005, M2-SCREAM shows a negative N2O anomaly that is

not present in BRAM2 (nor in the other datasets). Other small differences between the two chemical reanalyses occur later on

with slightly larger amplitudes in M2-SCREAM compared to BRAM2. Wargan et al. (2023) showed good agreement between

the N2O climatologies of BRAM2 and M2-SCREAM, with the largest differences at mid-latitudes below the lowermost validity

level for BRAM2 (i.e., 68 hPa). They did not show comparison of N2O anomalies between M2-SCREAM and BRAM2, but our260

results at 50 hPa (with little differences between the two datasets) are consistent with their results for the N2O climatologies.

Wargan et al. (2023) showed N2O anomalies at around 50 hPa (their Fig. 13), and the N2O anomaly in early 2019 at mid-

latitudes is present in their figure, but no explanation was given at that stage.

In early 2013, a large positive N2O anomaly occurred, similar to the anomaly in early 2019, but with smaller amplitude. This

anomaly was shown in Wargan et al. (2023), but not investigated in detail. Manney et al. (2022) also shows the 2013 and 2019265

anomalies and suggests a connection with the QBO phase. We will show later that the 2013 and 2019 N2O anomalies were

preceded by very different transport and dynamical anomalies.

Across all datasets, the largest N2O anomaly occurs in early 2019 (February and March). In these months, the N2O anoma-

lies reach large positive values of 2.5 sigmas in the BASCOE-JRA3Q, BASCOE-MERRA2 and M2-GMI and 3 sigmas in

BASCOE-ERA5, SWOOSH, BRAM2 and M2-SCREAM. SD-WACCM reproduces well the positive N2O anomalies, with270

values close to those of SWOOSH and the CTM simulations. We notice that the datasets that assimilate N2O concentrations

(BRAM2 and M2-SCREAM) or directly measure them (SWOOSH) provide the largest N2O anomalies. BASCOE-ERA5 de-

livers N2O anomalies larger than the other CTM simulations and closer to the MLS-based datasets. M2022 showed that the

ECMWF reanalyses provided the most realistic N2O interannual variability compared to MERRA2 and JRA-55. The results
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for the N2O anomalies shown here confirm that ERA5 produces realistic variability for N2O, both decadal and interannual. The275

other datasets (BASCOE-MERRA2, BASCOE-JRA3Q, M2-GMI and SD-WACCM) slightly underestimate the N2O anomalies

at 50 hPa at mid-latitudes in these early 2019 months. In the NH, the average mAoA in ERA5 is larger than in the observa-

tional datasets (Ploeger et al., 2021). Given the inverse relationship between N2O and mAoA, this discrepancy in mAoA is

consistent with the smaller N2O anomalies in the BASCOE-ERA5 compared to the MLS-based observational datasets shown

in this study. Interestingly, the mAoA derived from ERAI in the NH is younger than that calculated from observational datasets280

(Ploeger et al., 2021). However, BRAM2 (driven by ERAI winds) does not show a corresponding larger N2O anomalies. This

is because the N2O concentrations in BRAM2 are constrained by the assimilation of MLS observations.

The smaller N2O anomalies in SD-WACCM in early 2019 compared to MLS-based datasets are consistent with the underes-

timation of the N2O variability in WACCM4(CESM1) compared to MLS itself (but over a different period, Froidevaux et al.,

2019). In the NH mid-latitudes, Garny et al. (2024) found a larger amplitude of the mAoA anomalies in the lower stratosphere285

in the reanalyses compared to climate models. The SD-WACCM simulation shown here does not produce significantly smaller

amplitudes of N2O anomalies for a similar stratospheric region. This indicates that the nudging towards the MERRA2 dynam-

ics successfully modifies the WACCM N2O anomalies towards more realistic values. The good representation of variability

in SD-WACCM (here expressed with N2O anomalies) is confirmed also by Yu et al. (2022), who evaluated the water vapour

variability in the tropical region and reported realistic trends in water vapour in SD-WACCM compared to merged satellite290

datasets.

Figure 3 shows time series of ozone anomalies at 50 hPa averaged over the same latitude band as the N2O anomalies in

Figure 2. Decadal trends in ozone in the lower stratosphere in the mid-latitudes are a subject of current research, as there

are significant discrepancies between model simulations and observations (WMO, 2022; Benito-Barca et al., 2025). Hence,

(as done for the N2O anomalies) we detrend the ozone concentrations before computing their anomalies in order to exclude295

possible impact from ozone trends. The N2O and ozone concentrations are anti-correlated in the lower stratosphere at extrat-

ropical latitudes because of stratospheric transport (Hegglin and Shepherd, 2007). At these latitudes and pressure levels in the

stratosphere, the climatological transport is directed northward, with consequent increase of N2O concentrations (transported

in the tropical stratosphere from the troposphere, M2020), and decrease in ozone (produced in the tropical stratosphere, Abalos

et al., 2013). Hence, negative ozone anomalies correspond to positive N2O anomalies, and both occur during boreal winter,300

when stratospheric transport is the strongest (Birner and Bönisch, 2011). For example, the positive N2O anomalies in early

2004 and 2006 correspond to negative ozone anomalies in the same periods. Larger positive N2O anomalies (e.g., early 2013)

also correspond to larger negative ozone anomalies.

All datasets agree quite well among each other. The timing and magnitudes of the largest ozone anomalies are consistent

among the datasets with a few exceptions. Notably, the BASCOE-JRA3Q, BASCOE-MERRA2 and M2-GMI simulations oc-305

casionally show larger magnitudes of the ozone anomalies (e.g., negative in early 2000 for BASCOE-MERRA2, positive in

early 2003 for M2-GMI and negative in early 2008 for BASCOE-JRA3Q). These discrepancies correspond to similar differ-

ences in the N2O anomalies (with the opposite sign) in Fig. 2. This correspondence highlights the prominent role of transport

in determining the ozone (and N2O) concentrations in this region. On the other hand, in early 2010 all datasets show con-
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Figure 3. As Fig. 2, but for ozone.

sistent positive ozone anomalies (reaching 3 sigmas in BASCOE-MERRA2) that do not correspond to equally large negative310

N2O anomalies for the same period. This discrepancy between ozone and N2O anomalies is related to the origin of the ozone

anomalies in 2010. These large positive ozone anomalies in 2010 originated from an unusually pronounced negative phase of

the Arctic Oscillation and North Atlantic Oscillation (Steinbrecht et al., 2011), which did not substantially affect N2O (Fig. 2).

The largest negative ozone anomaly in the record (i.e., in late 2018/2019 boreal winter) coincides with the largest N2O

positive anomaly shown in Fig. 2. In early 2019, in particular in February, the negative ozone anomalies reach and exceed 3315

sigmas (for BASCOE-JRA3Q, BASCOE-MERRA2 and M2-GMI) and 4 sigma (for BASCOE-ERA5, SWOOSH, BRAM2,

M2-SCREAM and SD-WACCM). As for the N2O anomalies, all datasets agree well both on the timing and on the exceptional

magnitude of these ozone anomalies in February 2019. In addition, the differences in the amplitudes of the ozone anomalies are

consistent with the differences in the amplitudes of the N2O anomalies. M2-GMI, BASCOE-MERRA2 and BASCOE-JRA3Q

deliver the smallest amplitudes for both ozone and N2O in February 2019, while SWOOSH, M2-SCREAM and BRAM2320

provide the largest amplitudes for both N2O and ozone. The ozone anomalies in BASCOE-ERA5 and SD-WACCM are closer

to the chemical reanalyses and SWOOSH compared to the N2O anomalies for the same period.

Both Figures 2 and 3 provide strong evidence that the N2O and ozone anomalies in February 2019 in the northern mid-

latitudes at 50 hPa were driven by transport. In the rest of the manuscript, we will show only N2O results because N2O has no

significant chemical reactions in the whole stratosphere at mid-latitudes. In addition, we will show that large N2O anomalies are325

not limited to the lower stratosphere, but they occur also at higher levels (e.g., at 15 hPa, see Fig. S1). In the upper stratosphere,
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ozone undergoes chemical reactions that limit our capacity to understand the impact of transport on its concentrations (Brasseur

and Solomon, 2005). As a consequence, the ozone anomalies at the upper levels (e.g., at 15 hPa) are not as pronounced as in

the lower stratosphere (Fig. S2).

3.2 Time series of Ay anomalies330

Figure 4 shows time series of anomalies of the Ay term, i.e., the term of the N2O TEM budget that quantifies the impact of the

meridional residual advection on the N2O concentrations. We show anomalies of the Ay term because the amplitudes of the

anomalies of the other N2O TEM terms in the 2018/2019 boreal winter are much smaller (see Supplement, Figs. S3-S6). As in

Figs. 2 and 3, the Ay anomalies are detrended and normalised by their standard deviations for each dataset. Contrarily to Figs.

2 and 3, SWOOSH is not shown because it is not possible to compute its N2O TEM budget from satellite observational data.335

In the lower stratospheric mid-latitudes, the climatological Ay is positive in boreal winter, indicating the wintertime poleward

residual advection due to the BDC (M2020). Hence, positive (negative) Ay anomalies (on top of the positive climatological

Ay) indicate that the residual meridional advection of N2O was enhanced (weakened) over that region.

Figure 4. As Fig. 2, but for the Ay term. SHOOSH is not shown.
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Across the whole period, the Ay anomalies generally agree among the datasets and rarely exceed 3 sigma. Occasionally,

BRAM2 shows larger amplitudes of the Ay anomalies compared to the other datasets (e.g., early 2005 and 2009). These larger340

amplitudes in BRAM2 do not correspond to similar features in M2-SCREAM, indicating that the different winds driving

the two reanalyses are the main reason of the differences. Indeed, differences in stratospheric transport between ERAI and

MERRA2 have been reported using age of air (Chabrillat et al., 2018; Ploeger et al., 2019), the N2O TEM budget (M2020), and

ozone (Davis et al., 2023b). Another possible reason for the differences between BRAM2 and M2-SCREAM is their different

vertical and horizontal resolutions. BRAM2 has a coarser vertical and horizontal resolutions compared to M2-SCREAM, which345

impacts the computation of the meridional and vertical gradients in the Ay term.

Across all the dataset record, early 2019 stands out: the Ay anomalies are positive and largely exceed 3 sigmas for SD-

WACCM, M2-GMI, BASCOE-JRA3Q, BASCOE-MERRA2 and BRAM2 and reach 4 sigma for M2-SCREAM and BASCOE-

ERA5. These Ay anomalies occur approximately one month before the N2O anomalies shown in Fig. 2 (i.e., in January 2019).

This time lag between the Ay and N2O anomalies is expected because the N2O concentrations are a cumulative quantity, while350

the Ay term is an instantaneous quantity that (by construction) contributes to the local N2O rate of change and ultimately to the

N2O concentrations. The good agreement of SD-WACCM with the other datasets for the interannual variability of Ay is not

surprising: M2022 showed that the free-running version of CESM2/WACCM6 reproduced well the decadal changes of the Ay

(+Az) term in the lower stratosphere at northern mid-latitudes compared to BASCOE-ERA5. The BASCOE-ERA5 simulation

shows the largest Ay anomaly in January 2019, indicating the strongest impact from the meridional residual advection on the355

N2O concentrations. In the northern mid-latitudes, ERA5 delivers slower mean BDC (quantified with mAoA) compared to

ERAI, and comparable to MERRA2 (Ploeger et al., 2021; Diallo et al., 2021). This slower mean BDC does not necessarily

contradict our findings of strongerAy anomalies in January 2019, because the seasonal cycle (i.e., the largest contribution to the

mean Ay term, M2020) has been removed in the computation of the Ay anomalies. Concerning BASCOE-JRA3Q, Kobayashi

and Iwasaki (2024) showed that the mean BDC intensity (quantified there with the tropical upwelling) is weaker in JRA3Q360

compared to ERA5 in boreal winter. This difference is consistent with the larger anomaly in the Ay term in BASCOE-ERA5

compared to BASCOE-JRA3Q in January 2019.

For each dataset, the magnitudes of the Ay anomalies do not always correspond to the magnitudes of the corresponding

N2O anomalies in early 2019. BASCOE-ERA5 shows larger Ay anomalies compared to M2-SCREAM in January, but smaller

N2O anomalies in February. This discrepancy can be attributed to the anomalies in the vertical residual advection (Az), which365

are stronger in M2-SCREAM compared to BASCOE-ERA5 (Fig. S4), in determining the final N2O anomaly. As a result, the

anomalies in the total residual advection (i.e., Ay +Az) in M2-SCREAM are larger compared to BASCOE-ERA5 (Fig. S5).

Similar considerations can be done for M2-GMI and BRAM2. The BASCOE-MERRA2 and BASCOE-JRA3Q simulations

simulate rather consistent magnitudes of the anomalies in Ay and N2O concentrations. SD-WACCM is an exception because

it shows one of the largest anomalies in the total advection term (Ay +Az , Fig. S5), but it does not simulate the largest N2O370

anomalies. This discrepancy is likely due to the differences in the anomalies of the residual term (that includes sub-scale effects

and numerical errors) between the datasets (Fig. S6). The anomalies in the residual term are near-zero in SD-WACCM and

are different from zero in the other datasets, i.e., generally within 1 sigma except for M2-SCREAM and BRAM2 that reach
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1.5 sigma (Fig. S6). The larger anomalies in the residual term in M2-SCREAM and BRAM2 are consistent with M2020, who

showed that chemical assimilation results in larger residual terms compared to CTM experiments.375

From our analysis, it is clear that the anomalies in the N2O concentrations are driven by anomalies of transport via its residual

meridional advection. This becomes even more evident when looking at the anomalies of v̄∗ (Fig. S7), which are consistent

with the anomalies in Ay in both timing and magnitude. Assuming little impact from sub-grid processes and steady-state

mean flow, the meridional residual transport is mainly forced by the EPFD (Eq. 12.7 of Holton, 2004). Hence, we expect that

anomalies in meridional residual advection (that ultimately drive the N2O anomalies) are driven by anomalies in the EPFD.380

In the next Section, we will show anomalies of the vertical component of the EPFD (i.e., EPFDz) and relate them to the Ay

anomalies.

3.3 Time series of EPFDz anomalies

Figure 5 shows time series of the detrended anomalies ofEPFDz scaled by their standard deviations (as previous figures). We

show only the vertical component of the EPFD, i.e., EPFDz , because its meridional component EPFDy does not present385

large anomalies in late 2018/2019 winter (see Fig. S8). In this Section, we show the convergence of EPFDz (i.e., -EPFDz),

because it drives the forcing from planetary waves, while the divergence of the EP flux inhibits it (Holton, 2004). In this way,

positive (negative) anomalies indicate enhanced (inhibited) forcing from the breaking of planetary waves. In the following,

we will show only the meteorological reanalyses that drive the CTM simulations and the chemical reanalyses (i.e., JRA3Q,

MERRA2, ERAI and ERA5) together with SD-WACCM.390

The timing of the EPFDz anomalies agrees remarkably well among the datasets, but their magnitudes can vary. SD-

WACCM tends to simulate slightly larger magnitudes of the EPFDz anomalies, both positive and negative (e.g., early 1998,

1999, 2006, 2010, 2018). M2020 showed that the free-running configuration of the previous WACCM version (CESM1/WACCM4)

simulates smaller climatological EPFD in a similar region. This discrepancy between the free-running and specified-dynamics

WACCM configurations indicates that the nudging towards MERRA2 meteorology plays a role in determining the planetary395

wave forcing in WACCM. In addition, this difference between the free-running and SD configurations is consistent with Davis

et al. (2022), who showed that the frequency of the nudging towards the MERRA2 meteorology impacts the planetary wave

forcing by reducing the globally-averaged errors in the EPFD.

In early 1999, large anomalies of the EPFDz occur, reaching and exceeding 3 sigmas. These anomalies correspond to

positive anomalies in N2O and in the Ay term and to negative anomalies in ozone, suggesting a dynamical origin. Even though400

the EPFDz anomalies in early 1999 are record-breaking, they do not correspond to equally large anomalies in N2O or ozone

concentrations, nor in the Ay term. In addition, MLS data were not available at that time, and this lack of observational data

reduces our capability to evaluate that period. For these reasons, we do not investigate the EPFDz anomalies in early 1999 in

detail.

In January 2019, the positive EPFDz anomalies indicate an enhanced wave breaking compared to the rest of the period.405

All datasets agree with an increase of around 2.3 to 2.6 standard deviations above the average, with SD-WACCM and ERA5

providing the largest EPFDz anomalies and JRA3Q and MERRA2 showing smaller amplitudes. ERAI provides the smallest
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Figure 5. As Fig. 2, but for -EPFDz (see text for details).

EPFDz anomalies and do not reach 2 sigma. This difference between ERAI and the other datasets can be attributed to the

coarse vertical resolution of the ERAI reanalysis dataset used in this study. For the sake of consistency, the ERAI results

(together with the ERA5, MERRA2 and JRA3Q results) shown in Fig. 5 use the same dynamical quantities used to compute410

the Ay term (Fig. 4). As mentioned in Sect. 2.4, BRAM2 uses 37 levels in the vertical (and around 30 in the stratosphere). This

reduced number of levels (compared to the original 60 levels of ERAI) results in less precise vertical gradients that ultimately

impact the EPFDz computation. In addition, the amplitudes of the EPFDz anomalies increase with finer vertical resolution.

BRAM2 shows the smallest amplitudes with the coarsest resolution (30 levels in the stratosphere), then MERRA2 and JRA3Q

(36 and 38 levels in the stratosphere, respectively) show larger amplitudes, and ERA5 and SD-WACCM deliver the largest415

amplitudes with the finest vertical resolution (45 and 40 levels in the stratosphere, respectively). A coarser vertical resolution

implies larger vertical separation (dz) in the computation of the vertical gradients. This implies smaller vertical gradients,

which play a major role in the definition of the EPFDz (Eq. 6b). Despite the differences in their magnitudes, the positive

EPFDz anomalies in January 2019 corresponds to the enhanced Ay term for the same month in Fig. 4. As mentioned before,

this correspondence occurs because the breaking of planetary waves is the main driver of the meridional residual transport420

(assuming steady state and small sub-grid processes).
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In early 2021, all datasets show large positive EPFDz anomalies (reaching 3 standard deviations) that are among the

largest in the record and are comparable to the anomalies in January 2019. These EPFDz anomalies indicate enhanced wave

breaking, but they do not correspond to significant anomalies in the Ay term, nor in N2O or ozone concentrations for the same

period (and no other term of the N2O TEM budget presents significantly large anomalies in that period). The lack of anomalies425

in the Ay term in early 2021 indicates that the enhanced EPFDz did not substantially strengthen the meridional residual

advection. This unexpected result can be explained by the different QBO phases in early 2019 and early 2021. The QBO in

early 2019 was characterized by descending westerlies (W-QBO) with easterly winds at 50 hPa (Fig. S9), which generated

a poleward secondary circulation at that level over. We will expand on the impact of the QBO on the anomalies in the next

section. On the other hand, in early 2021, the QBO was in a transition period, with weak westerly winds across the whole430

tropical stratosphere (Fig. S10), resulting in a weak secondary circulation in the lower stratosphere (because the winds of the

QBO secondary circulation peak and the maximum of the westerlies/easterlies). The weak secondary circulation in early 2021,

which is primarily meridional in the lower stratosphere, is then the main driver of the differences between the large tracer

anomalies in early 2019 compared to the absence of tracer anomalies in early 2021. In the following, we will focus on the

anomalies in early 2019, and we will investigate their meridional and vertical structure, in order to illustrate the particular435

stratospheric conditions related to the QBO phase that occurred in early 2019.

4 Meridional and vertical structure of transport anomalies in the late 2018/2019 boreal winter

In this Section, we discuss latitude-pressure distributions of the N2O, Ay , and EPFDz anomalies for selected months of the

late 2018/2019 boreal winter. For N2O, we show February 2019 because the anomalies maximize in that month, and because

February marks the end of boreal winter, when the cumulative impact of the BDC is the strongest. For Ay and the EPFDz ,440

we show January 2019, because their anomalies are the largest in that month (see previous figures). For each dataset, we aim

to explore the latitudinal and vertical patterns of the N2O, Ay and EPFDz anomalies shown before only at 50 hPa. Unlike the

previous Section, the anomalies shown here are not normalised by the standard deviation (but are still detrended) in order to

keep the original units of each quantity.

4.1 N2O anomalies in February 2019445

In this Section, we show latitude-vertical distributions of the anomalies of the N2O concentrations over the NH for February

2019 (Fig. 6). In the mid-upper stratosphere (roughly between 25 and 10 hPa), the N2O anomalies become negative for large

part of the NH, minimizing in the subtropics. All datasets agree in the magnitude and pattern of these negative N2O anomalies.

Above 10 hPa, the N2O anomalies in the NH change again sign and become slightly positive, but their magnitude and their

meridional extension are largely reduced compared to the levels below. Over the Tropical region, all datasets show positive450

N2O anomalies above approximately 20 hPa. These positive anomalies are due to the upwelling from the lower levels that

brings N2O-rich air to the upper stratosphere (M2020).
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Figure 6. Latitude-Pressure cross sections of N2O anomalies (with respect to their climatology) for February 2019 for the NH. The linear

trend has been removed from these anomalies. First row: SD-WACCM (left) and BASCOE-ERA5 (right). Second row: BASCOE-MERRA2

(left) and BASCOE-JRA3Q (right). Third row: M2-GMI (left) and M2-SCREAM (right). Fourth row: BRAM2 (left) and SWOOSH (right).
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In the lower stratosphere below 30 hPa and equatorward of 15◦N, Figure 6 shows near-zero or slightly negative N2O anoma-

lies, and positive N2O anomalies between 15◦N and 65-70◦N. Equatorward of 15◦N, all datasets broadly agree, with BRAM2

and M2-SCREAM slightly overestimating the amplitude of the weak negative N2O anomalies compared to SWOOSH. In the455

tropical lower stratosphere, N2O concentrations from Aura MLS show larger amplitudes in their seasonal cycle compared to

ACE-FTS (Livesey et al., 2021). This discrepancy likely plays a role in the differences between BRAM2 and M2-SCREAM

(only MLS-based) and SWOOSH (based on MLS and ACE-FTS) in the tropical lower stratosphere. Between 15◦N and 65-

70◦N, all datasets show very similar N2O positive anomalies, with M2-GMI showing the smallest magnitude. In particular, the

N2O positive anomaly at mid-latitudes at 50 hPa (see Fig. 2) is clearly visible in all datasets. The differences between M2-460

SCREAM and BRAM2 are minimal: the magnitudes and the patterns of the N2O anomalies are very similar between the two

chemical reanalyses. This indicates that the assimilation of the MLS profiles successfully constrains the N2O concentrations at

these latitudes, regardless of the driving meteorological reanalysis. Regarding the CTM experiments, the patterns of the N2O

anomalies are broadly in agreement with the chemical reanalyses and SWOOSH. This indicates the consistency among the

driving meteorological reanalyses in reproducing the latitudinal and vertical extent of the N2O anomaly. SD-WACCM shows465

results very similar to the CTM simulations, the chemical reanalyses and SWOOSH, indicating that its transport of N2O in

February 2019 is realistic. In this study, the MERRA2 reanalysis is used to drive the BASCOE-MERRA2 simulation and M2-

SCREAM, in a replay mode for M2-GMI, and as nudging dataset for SD-WACCM. All these methods deliver similar results

for the N2O anomalies, but with some differences (e.g., different magnitude of the N2O anomalies in the northern mid-latitudes

in the lower stratosphere). These small differences (of the order of few ppbvs) in the N2O concentrations indicate that changes470

in the treatment of the same meteorological quantities do not significantly alter the pattern of the N2O anomalies for such

extreme events. This pattern of alternating signs and of such magnitudes in the N2O anomalies over the NH mid-latitudes is

unique in our study and is not present at the end of previous boreal winters (see Figs. S11-S13).

Strahan et al. (2015) has showed that N2O anomalies generated by the QBO can propagate to the Antarctic in the SH.

They demonstrated that QBO-induced N2O anomalies generated in the subtropics move towards the southern mid-latitudes475

and end up within the Antarctic polar vortex in the lower stratosphere. This QBO-induced transport process to the Antarctic

takes approximately 1 year. Nevison et al. (2024) showed that the QBO signal can even impact the surface N2O growth rate

in the SH with a time lag of 18 months. In the NH, the wave activity is significantly stronger than that over the SH because

of the larger land-sea contrast. The larger wave activity increases the strength and variability of the stratospheric transport

in the NH compared to the SH (Baldwin et al., 2021). Because of this stronger variability in the NH, QBO signals in the480

N2O concentrations (related to the secondary circulation induced by the QBO) are weaker in the NH compared to the SH

(Strahan et al., 2015; Nevison et al., 2024). Nevertheless, we suggest that the N2O anomalies in February 2019 in Fig. 6 are

caused by a combination of different dynamical and transport processes that involve the QBO, but with a much shorter time

lag compared to the events described above. As mentioned before, within the Tropics and subtropics, the QBO induces the

secondary circulation that depends on its phase (Strahan et al., 2015). In February 2019, the QBO was in a descending W-QBO485

phase with the zero wind line at 50 hPa. In the Tropics and subtropics, this QBO phase determines a secondary circulation

that consists in enhanced poleward motion in the lower stratosphere and equatorward motion in the upper stratosphere. Such
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secondary circulation usually generates negative N2O anomalies at the Equator and positive N2O anomalies in the subtropics

in the lower stratosphere, and vice-versa in the upper stratosphere. In February 2019, the N2O anomalies slightly resemble the

description above, but they peak around 30◦N and extend into the mid-latitudes, and this extension is not visible in the pattern490

of the N2O anomalies with similar QBO conditions (Figs. S14-S16). In particular, the positive N2O anomalies at 50 hPa in

February 2019 are much larger compared to previous similar QBO conditions. This indicates that the secondary circulation

plays a role in determining the N2O anomalies, but also other transport and dynamical mechanism (related to the QBO)

influence the stratospheric N2O anomalies in February 2019, especially in the extratropics. In the following, we will elucidate

on the role of the secondary circulation and of other QBO-related dynamical processes in creating the N2O anomalies. The495

impact of the QBO (and its secondary circulation) in the northern extratropics (i.e., 30◦-70◦N) is not instantaneous, but it occurs

with some time lag (Strahan et al., 2015). Given the shorter time lag in the NH compared to the SH, and given the results of

the Ay term shown before, in the next Section we will focus on the term that determines the N2O anomalies in February 2019,

i.e., the Ay term in January 2019.

4.2 Anomalies of the Ay term in January 2019500

In this Section, we show latitude-vertical distributions of the detrended anomalies of the Ay term of the N2O TEM budget in

the NH for January 2019 (Fig. 7). We will compare the Ay anomalies with the N2O anomalies shown in Fig. 6. We highlight

that the Ay term is a tendency and contributes to the instantaneous and local rate of change of N2O (Abalos et al., 2013,

M2020), while N2O is a cumulative quantity that continuously builds up in the atmosphere (Tian et al., 2020). Because of this

fundamental difference, we limit our comparison to a qualitative analysis of the agreement of the signs of the Ay and N2O505

anomalies, rather than a quantitative comparison of their magnitudes.

Above the Equator, the Ay anomalies are generally small below 20 hPa. These small values are not surprising as the clima-

tological Ay term itself is small below 15 hPa during boreal winter (M2020). Above 20 hPa, all datasets show slightly positive

Ay anomalies. At these altitudes, the climatological Ay term is approximately zero as this is the transition region between the

two hemispheres, with almost zero or slightly negative values in the SH and positive values in the NH, indicating poleward510

advection of N2O in both hemispheres (M2020). The positive Ay anomalies indicate then that the meridional advection is

enhanced over that region, ultimately leading to positive N2O anomalies (see Fig. 6).

Over the subtropics, the Ay anomalies are very small below 30/40 hPa. Above 20/30 hPa, the Ay anomalies become largely

negative, and extend further down to 60/70 hPa in BRAM2 and BASCOE-JRA3Q compared to the other datasets. BASCOE-

JRA3Q also shows smaller magnitudes of the Ay anomalies at these latitudes compared to the other CTM simulations. SD-515

WACCM successfully simulates the pattern of the Ay anomalies but with reduced magnitude compared to the chemical re-

analyses. In this subtropical region, the climatological Ay term is positive in boreal winter (because of the northward residual

advection) but with small magnitudes (M2020). As mentioned before, the QBO In January 2019 is in the descending W-QBO

phase, and the secondary circulation in the subtropics is equatorward at the height of maximum westerlies (between 10 and 30

hPa) and poleward at the height of maximum easterlies (50 hPa). The negative Ay anomalies between 10 and 20 hPa indicate520

then a weakening of the climatological northward advection that originates from the upper branch of the secondary circulation
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Figure 7. As Fig. 6, but for Ay in January 2019.
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directed equatorward. Such negative Ay anomalies ultimately result in the negative N2O anomalies in February 2019 shown

in Fig. 6. Around 40/50 hPa, the stronger poleward advection generated by the lower branch of the secondary circulation is

visible in almost all the datasets as a slightly positive Ay anomaly around 20◦N. This slightly positive anomaly is not present

in BRAM2 and BASCOE-JRA3Q. This indicates that the ERAI and JRA3Q dynamical reanalyses underestimate the strength525

of the lower branch of the secondary circulation pattern, at least in January 2019. The weaker secondary meridional advection

in ERAI compared to ERA5 is consistent with the results of Diallo et al. (2021), who found that the QBO modulation of the

BDC is stronger in ERA5 compared to ERAI above 20 km (approximately 60 hPa).

Over the mid-latitudes, all datasets show a consistent vertical dipole pattern of the Ay anomalies, with positive values below

20 hPa and negative values above. In this latitudinal region, the climatological Ay term is generally positive, indicating north-530

ward advection of N2O concentrations (M2020). Hence, the the structure of the Ay anomalies indicates enhanced northward

residual advection of N2O below 20 hPa, and weakened northward residual advection of N2O above 20 hPa. This pattern in

the sign of the Ay anomalies is similar to that of the N2O anomalies (Fig. 6), suggesting a causal relationship between the Ay

and the N2O anomalies. Around 50 hPa, the meridional component of the secondary circulation does not generally reach these

latitudes, as it is usually confined in the subtropics where it is poleward in the lower stratosphere during descending W-QBO535

(Strahan et al., 2015). In the next Sections, we will elucidate the mechanism driving these Ay anomalies (that determine the

N2O anomalies) in the NH mid-latitudes.

Around 60-70◦N, all datasets show negativeAy anomalies in the whole stratosphere, with very similar magnitudes. The only

exception is SD-WACCM that simulates smaller magnitudes compared to the other datasets. In this region, the climatological

Ay term has near-zero values, as the downwelling is the main driver of transport-driven N2O changes (M2020).540

4.3 Anomalies of EPFDz in January 2019

Figure 8 is similar to Fig. 7 but for EPFDz . We show anomalies of EPFDz because, as mentioned above, it dominates

the EPFD anomalies in January 2019 compared to anomalies in EPFDy . The EPFD (and specifically its vertical component

EPFDz) and their anomalies quantify the forcing from the breaking of the planetary waves, and are one of the main drivers

of the residual circulation, hence also for its meridional component (Butchart, 2014; Baikhadzhaev et al., 2025). In general,545

negative values of EPFDz (related to convergence of the EP flux) indicate enhanced wave forcing, while positive EPFDz

values (related to divergence of the EP flux) indicate inhibited wave forcing (Park et al., 2024). Contrarily to Fig. 5, we show

the original EPFDz (i.e., without changing its sign). This way, negative EPFDz values represent enhanced forcing from the

wave breaking and positive EPFDz indicate weakened forcing from the wave breaking. The goal of this Section is studying

the meridional and vertical structure of the EPFDz anomalies in January 2019 in order to relate them to the Ay anomalies in550

Fig. 7, and ultimately to the N2O anomalies (Fig. 6).

In the mid-upper stratosphere (between 10 and 20 hPa) in the mid-latitudes, the EPFDz anomalies are positive, indicating

divergence of the vertical component of the EP flux, thus reduced planetary wave breaking. This pattern is consistent across

the reanalyses and SD-WACCM. Concerning the ECMWF reanalyses, Diallo et al. (2021) showed that the planetary wave

breaking is stronger in ERA5 than in ERAI in the extratropics between 30-40 km (2-13 hPa). This is not clearly visible in Fig.555
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8 as we consider a specific and short period. At these levels (2-13 hPa), the impact of the QBO easterlies at 50 hPa on the wave

breaking is reduced compared to the lower stratosphere (Lu et al., 2020). On the other hand, the coupling between the phases

of the QBO and of the Semi Annual Oscillation (SAO, Smith et al., 2017) could play a role in determining the planetary wave

forcing, but this interaction is still a subject of research (Gray et al., 2022; Smith et al., 2023). The reduced wave breaking

in the upper stratospheric mid-latitudes in January 2019 implies a reduced forcing for the residual circulation, which at these560

latitudes and altitudes consists mostly in the meridional poleward residual advection (Rosenlof, 1995; Butchart, 2014). As a

result, the meridional residual advection is weakened in this region, and this is clear from the negative anomalies of Ay term

in the same region (Fig. 7). This reduction in the strength of the Ay term ultimately leads to a reduction of the build-up of N2O

for February 2019, which results in negative N2O anomalies (Fig. 6).

In the low stratosphere (below 20-30 hPa), all datasets agree in reproducing the negative EPFDz anomalies (i.e., enhanced565

wave forcing) at mid-latitudes. Such anomalies drive the anomalies in Ay in the same region, which in turn determine the N2O

anomalies one month later. Concerning the ECMWF reanalyses, theEPFDz anomalies are more positive (i.e., less negative) in

ERA5 compared to ERAI, indicating reduced planetary wave breaking in ERA5 compared to ERAI. This is broadly consistent

with Diallo et al. (2021), who showed that the climatological gravity wave breaking at the equatorial flank of the subtropical jet

is weaker in ERA5 compared to ERAI. Recently, Kobayashi and Iwasaki (2024) showed that the climatological wave breaking570

is stronger in JRA3Q compared to ERA5 in the lower stratospheric (70-100 hPa) NH extra-tropics in DJF. This cannot be

clearly seen in January 2019 (Fig. 8), as the EPFDz anomalies around 70 hPa are very similar between ERA5 and JRA3Q. In

the next Section, we will investigate the causes of the anomalies inEPFDz (andAy), and we will relate them to the secondary

circulation and the Holton-Tan effect.

Poleward of 60◦N, the EPFDz anomalies are negative across most of the stratosphere, indicating enhanced forcing from575

the wave breaking. Such enhanced forcing is related to the major Sudden Stratospheric Warming (SSW, Butler et al., 2017)

that occurred in January 2019 (Lee and Butler, 2020). Such SSW in January 2019 was a split-type SSW and was conditioned

by the QBO easterlies at 50 hPa (Lee and Butler, 2020; Butler et al., 2020). Despite the magnitude of the EPFDz anomalies,

we do not discuss them in detail because they do not correspond to outstanding anomalies in N2O concentrations.

5 Dynamical causes of the anomalies in EPFDz and Ay580

This Section aims to investigate the dynamical causes of the anomalies in EPFDz and Ay that ultimately led to the anomalies

in N2O concentrations. Given the prominent role of the QBO and of the secondary circulation in driving the anomalies, we

will focus on the zonal (u) and meridional (v) components of the horizontal wind. As mentioned before, the QBO in January

is in a W-QBO descending phase, and the zonal winds at 50 hPa are easterly. With these zonal wind conditions at 50 hPa, the

Holton-Tan effect consists in more disturbed polar vortex, while the polar vortex is stronger and more stable with westerly585

winds at 50 hPa. Such relationship has been thoroughly studied both with models and satellite observations (Flury et al., 2013;

Elsbury et al., 2021). In January 2019, given the easterly winds at 50 hPa, the Holton-Tan effect induces a strengthening of

the planetary wave breaking in the mid-latitudes around 50 hPa (i.e., the negative EPFDz anomalies in Fig. 8) in all datasets,
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Figure 8. As Fig. 6, but for EPFDz in January 2019.
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which in turn strengthens the meridional residual transport at 50 hPa (see Fig. 7). These results are consistent with those of

Flury et al. (2013) in the lower stratosphere, where they find faster meridional transport during descending W-QBO phase. As590

mentioned before, one of the contributions to the Holton-Tan effect (i.e., the strengthened planetary wave forcing EPFDz)

in January 2019 arises from a northward shift of the QBO zero zonal wind line. As mentioned before, the QBO zero zonal

wind line acts as a waveguide for planetary waves by modulating the occurrence of low-latitude wave breaking (Hitchman and

Huesmann, 2009). With easterlies at 50 hPa, the zero zonal wind line generally shifts towards the winter subtropics, keeping

the planetary waves forcing at higher latitudes (Anstey et al., 2022).595

Figure 9. Annual cycle of the zero wind latitude at 50 hPa between 0◦and 20◦N for ERA5. The red dots indicate year 2019 and the shading

indicates the minimum and maximum over the rest of the period. The blue crosses indicate months when the was no sign change of the zonal

wind.

Figure 9 shows the seasonal cycle of the latitude of zero zonal wind line between 0◦and 20◦N at 50 hPa for ERA5. The zero

zonal wind line shows a marked seasonal cycle, with the largest northward shift during boreal winter and the smallest during

boreal summer. In January 2019, the northward shift of the zero zonal wind line was among the largest, but not the largest, with

a northward displacement that reached 15◦N. Such northward shift of the zero zonal wind line drove the negative anomalies in

the EPFDz in January 2019 at 50 hPa in the mid-latitudes (the Holton-Tan effect, see Fig. 8), and contributed to the enhanced600

residual meridional advection at the same level (Fig. 7). The other reanalyses and SD-WACCM deliver very similar results

(Figs. S17-S20).

The northward shift of the zero zonal wind line alone cannot explain the record-breaking anomalies of the Ay term that

occurred in January 2019. As mentioned before, the other contribution to the anomalous Ay in January 2019 arises from

the secondary circulation. During descending W-QBO phases, the secondary circulation in the subtropical lower stratosphere605

is directed poleward, and the easterlies at 50 hPa phase acts to re-inforce it at that level (Lu et al., 2020). Figure 10 shows
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anomalies of the meridional wind v (that contributes to the secondary circulation) in January as a function of latitude at 50

hPa for ERA5. We show the meridional wind v because it comes into play in the calculation of v∗ (M2020), which is directly

proportional to Ay . Over the northern subtropics (from the Equator to around 40◦N), the anomalies of the meridional wind

in 2019 are positive, indicating a northward motion that is consistent with the secondary circulation typical of the descending610

W-QBO phases. In addition, from the Equator to around 20◦N, the anomalous meridional wind was stronger in January 2019

compared to the averages across the rest of the ERA5 record. From 20◦N to around 35◦N, the meridional wind anomalies

in January 2019 are the largest of the ERA5 record, indicating the strongest poleward secondary circulation at 50 hPa in the

record. Such large anomalies between 20◦N and 35◦N in the meridional wind are present also in the other reanalyses and

SD-WACCM (Figs. S21-S24).615

Figure 10. Latitudinal profiles of the anomalies of the meridional component of the wind v [m/s] at 50 hPa for ERA5. The red line indicates

January 2019. The light dashed blue line indicates the v anomalies for the Januaries between 2005 and 2018. The dark dashed blue line

indicates the v anomalies for the Januaries between 2020 and 2024. The shadings indicate the minimum/maximum values of v for the two

periods mentioned above.

For January 2019, we suggest that the record-breaking poleward meridional residual advection in the lower stratospheric

mid-latitudes arise from the combined effect of the two processes described in this Section. On one hand, the northward

shift of the zero zonal wind line (the Holton-Tan effect) triggered enhanced wave breaking over the mid-latitudes, which

in turn reinforced the eddies component of the meridional residual circulation. On the other hand, the anomalously strong

poleward secondary circulation in the subtropics also resulted in a record-breaking meridional wind anomalies over the lower620

stratospheric subtropics and mid-latitudes. The combination of the anomalies of both the eddies and the meridional wind

components resulted in the unprecedented enhancement of the meridional residual advection over the subtropics and mid-

latitudes, which ultimately led to the transport of anomalously large N2O concentrations from the tropical region towards the

northern mid-latitudes.
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6 Summary and Conclusions625

In this study, we investigated the exceptional anomalies in the N2O concentrations in the stratosphere in the NH in the late

2018/2019 boreal winter. To this end, we analyzed the impact of the meridional residual advection on the N2O concentrations

(through the N2O TEM budget), and we related it to the forcing from the breaking of planetary waves (i.e., the EPFD and

its vertical component). We further investigated the dynamical causes of these anomalies using the zonal and meridional

components of the horizontal wind. We examined several datasets: the BASCOE CTM driven by three dynamical reanalyses630

(ERA5, JRA3Q and MERRA2), M2-GMI, the BRAM2 and M2-SCREAM chemical reanalyses, the SD-WACCM model (with

the dynamics nudged towards MERRA2), and the SWOOSH merged observational dataset. This is the first intercomparison of

this numbers of reanalyses for studies of stratospheric transport using N2O concentrations.

Across all datasets, the largely positive N2O anomaly in February 2019 stands out as the most striking transport-driven N2O

perturbation in recent decades. The datasets agree very closely among each other, indicating that the N2O anomaly reveals an635

actual anomaly in stratospheric transport. In particular, the dynamical reanalyses driving the BASCOE CTM tend to show very

similar results to the chemical reanalyses and SWOOSH. This is in agreement with previous studies using N2O and its TEM

budget (M2020, M2022) and indicates that these dynamical reanalyses are still a powerful tool to study stratospheric transport,

even for transport-driven extreme events. Concerning the N2O anomalies, the BASCOE-ERA5 simulation agrees best with the

chemical reanalyses and with SWOOSH. This indicates that ERA5 simulates a more realistic stratospheric transport compared640

to JRA3Q and MERRA2. This difference is consistent with the more realistic N2O inter-annual variability in ERA5 compared

to JRA55 and MERRA2 (M2022). The chemical reanalyses deliver very similar results to SWOOSH concerning the N2O and

ozone anomalies, and their N2O TEM budget is consistent with the other datasets. The validity of the chemical reanalyses in

detecting extreme events in stratospheric transport also paves the way to using them for extreme events related to chemical

processes (e.g., wildfires, extreme polar vortex conditions), especially because of their regular temporal and spatial coverage.645

The results from SD-WACCM agree well with those of the chemical reanalyses and SWOOSH. This is in line with Chrysanthou

et al. (2019), who showed that nudged dynamics delivers more realistic inter-annual variability in chemistry climate models

compared to their free-running versions.

The TEM diagnostics indicates that the N2O anomalies in the NH in February 2019 originate from enhanced meridional

residual advection in January 2019, which is in turn partly generated by enhanced planetary wave activity over the same650

region and period. The enhanced planetary wave activity anomaly was generated by one of the largest northward shifts of

the zero-wind line in the dataset records, reaching around 15◦N. In addition, the descending W-QBO phase (corresponding to

easterlies at 50 hPa) in January 2019 generated a anomalously strong secondary circulation that was directed poleward in the

NH at the level of maximum easterlies. The combination of the exceptionally strong poleward secondary circulation with the

enhanced planetary wave activity generated the extreme residual meridional advection in January 2019, and in turn the positive655

N2O anomalies in the lower stratosphere in February 2019. This combination of processes highlights the importance of the

secondary circulation in combination with an enhanced (or reduced) planetary wave activity due to the Holton-Tan effect in

creating these N2O anomalies. In particular, we emphasize the importance of considering the QBO secondary circulation when
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studying transport-related processes in the extratropical mid-lower stratosphere. Under the specific circumstances described in

this work, the meridional residual advection can extend to the edge of the polar vortex, and may impact polar processes via660

the transport of constituents relevant for ozone chemistry (e.g., HCl). Moreover, a better understanding of the extratropical

role and extent of the secondary circulation can shed some light on the large uncertainties on the ozone trends in the northern

mid-latitudes (Benito-Barca et al., 2025), a region that can be substantially impacted by an extended secondary circulation. In

future climate projection under warming conditions, the zero zonal wind line is projected to be displaced both vertically and

meridionally (Kawatani et al., 2011). In addition, the secondary meridional circulation is projected to become stronger in late665

winter in the NH under a warming climate (Karami et al., 2023). Given these QBO-related perturbations with climate change,

especially the strengthening of the secondary circulation in the NH, we argue that the episode of late 2018/2019 boreal winter

can be one of the early episodes of enhanced secondary circulation in the observational record.

N2O has been shown to be a valuable tracer to study trends in the stratospheric circulation (e.g., Dubé et al., 2023, M2022).

The present study shows that N2O concentrations can be used as a diagnostics also for other dynamically-driven extreme events670

in the stratosphere. Such dynamically-driven extreme events are not limited to QBO-related processes, but can arise from a

variety of sources: large volcanic eruptions that reach the stratosphere (e.g., the Hunga eruption, Wilmouth et al., 2023) or

large wildfires that significantly change the temperature of the lower stratosphere (Stocker et al., 2021). In particular, since

wildfires are likely to become more frequent and intense with a changing climate (Jones et al., 2022), temperature changes

related to wildfires are likely to become more pronounced and reach the stratosphere (e.g., the Australian 2019/2020 wildfires,675

Yu et al., 2021). Temperature changes impact zonal winds through thermal wind balance and can alter the residual circulation

by modifying the eddy heat fluxes that contribute to it. Hence, we expect that N2O will be further impacted by such possible

perturbations in the stratospheric transport, and the analysis of the N2O changes will lead to a better understanding of the

evolution of stratospheric transport under such extreme events.

Finally, the continuity of global N2O measurements is an important concern, as key satellites such as MLS and ACE-FTS680

are reaching the end of their operational lifetimes, and there is no confirmed plan to extend daily satellite N2O measure-

ments (Salawitch et al., 2025). Other current (and upcoming) satellite missions can provide profiles of stratospheric tracers,

but their tracer coverage is limited compared to MLS and ACE-FTS: for example, the upcoming Atmospheric Limb Tracker

for the Investigation of the Upcoming Stratosphere (ALTIUS, Fussen et al., 2019) will measure profiles of CH4, water va-

por, ozone and possibly SF6, and the Ozone Mapping and Profiler Suite Limb Profiler (OMPS-LP, Kramarova et al., 2018)685

currently provides ozone measurements. Recently, the National Aeronautics and Space Administration selected the STRIVE

(Stratosphere Troposphere Response using Infrared Vertically-resolved light Explorer) mission, marking an important step in

extending stratospheric monitoring. STRIVE will measure emitted and scattered radiation profiles in the infrared to provide

profiles of temperatures, trace gases concentrations, aerosols extinctions and cloud properties in the limb geometry in both day

and night (Jaeglé et al., 2025). With its very fine vertical resolution and an unprecedented horizontal sampling, together with690

multi-species measurements beyond ozone (including N2O), STRIVE will substantially contribute to atmospheric composition

studies. However, its launch will not occur before 2030, leaving a multi-year gap when N2O measurement capabilities will

remain limited. Ground-based measurement can help filling this gap (e.g., the Network for the Detection of Atmospheric Com-
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position Changes, Petropavlovskikh et al., 2026), even though their intrinsic limitations (e.g., their sparseness over the tropical

region) can reduce the potential scientific interpretations compared to satellite measurements. The extreme event analyzed in695

this study (and the likely increase of extreme events with a warming climate) highlight the importance of maintaining continu-

ous observations of long-lived tracers to investigate dynamically-driven extremes and to monitor the changing stratosphere.
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