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1.  Introduction
Nitrous oxide (N2O) is a long-lived greenhouse gas that directly affects climate and participates in strato-
spheric ozone depletion, further altering atmospheric composition and posing a threat to human health 
and society. Agricultural practices and fossil fuel combustion have played important roles in increasing 
the global burden of fixed nitrogen (Erisman et al., 2013), leading to a steady increase in atmospheric N2O 
abundance over the last 50 years (Fowler et al., 2015; Hall et al., 2007; Thompson, Chevallier, et al., 2014; 
Tian et al., 2020). The photochemical sink of N2O is almost entirely stratospheric and is manifested at the 
surface as a negative perturbation in N2O abundance (Hamilton & Fan, 2000; Mahlman et al., 1986; Ne-
vison et al., 2004). Uncertainty in this stratospheric influence confounds the scientific effort to derive the 

Abstract Nitrous oxide (N2O) is a long-lived greenhouse gas that affects atmospheric chemistry 
and climate. In this work, we use satellite measurements of N2O, ozone (O3), and temperature from the 
Aura Microwave Limb Sounder (MLS) instrument to calculate stratospheric loss of N2O, and thus its 
atmospheric lifetime. Using three chemistry transport models simulating the Aura period 2005–2017, we 
verify the stratospheric sink using MLS data and follow that loss signal down to the surface and compare 
with surface observations. Stratospheric loss has a strong seasonal cycle and is further modulated by the 
Quasi-Biennial Oscillation (QBO); these cycles are seen equally in both observations and the models. 
When filtered for interannual variability, the modeled surface signal is QBO-caused, and it reproduces the 
observed pattern, highlighting the potential role of the QBO in tropospheric chemistry and composition, 
as well as in model evaluation. The observed annual surface signal in the northern hemisphere matches 
well with the models run without emissions, indicating the annual cycle is driven mostly by stratosphere-
troposphere exchange (STE) flux of N2O-depleted air and not surface N2O emissions. In the southern 
hemisphere (SH), all three models disagree and thus provide no guidance, except for indicating that 
modeling annual STE in the SH remains a major model uncertainty. Parallel model simulations of 
CFCl3, which has greater stratospheric loss that N2O and possibly surreptitious emissions, show that 
its interannual variations parallel those of N2O, and thus the observed N2O variability can identify the 
stratospheric component of the observed CFCl3 variability.

Plain Language Summary Nitrous oxide (N2O) is a long-lived greenhouse gas that drives 
climate change and ozone depletion, posing a threat to society's health and well-being. The abundance 
of N2O at Earth's surface, where we can measure it most precisely, fluctuates over seasons and years 
due to increasing human emissions, variable natural emissions, varying stratospheric destruction, and 
the movement of air throughout the atmosphere. Scientists use these fluctuations to separate natural 
from human emissions and quantify what humans can do to reduce the growth in N2O. In this work, we 
model the physical side of atmospheric N2O that drives fluctuations through chemistry and atmospheric 
transport. Our model simulations match most of the observed seasonal and multi-year fluctuations seen in 
satellite and surface observations, indicating that N2O loss is causing the dominating signal, not emissions. 
Unfortunately, in the southern hemisphere, the annual cycle of the models is in disagreement and cannot 
help us interpret the observed fluctuations. In addition to helping understand the human role in N2O 
increases, we find that the N2O observations provide a valuable test of models and guidance to improve 
them.
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location and magnitude of surface emissions and to identify anthropogenic sources from the variability 
in surface abundance (Nevison et  al.,  2004,  2011,  2018; Thompson, Chevallier, et  al.,  2014; Thompson, 
Ishijima, et al., 2014; Thompson, Patra, et al., 2014; Tian et al., 2018). These N2O source-inversion studies 
seeking to accurately derive emissions must be able to model and remove the stratospheric variability from 
the surface fluctuations (Corazza et al., 2010; Ray et al., 2020; Thompson et al., 2011). The most extensive 
of such studies (Thompson, Chevallier, et al., 2014; Thompson, Ishijima, et al., 2014) continues to admit 
“errors in stratosphere–troposphere exchange (STE) represent an important source of model error.” Here, 
we use a much wider range of stratospheric and surface measurements, along with models specific to the 
years of observation and provide a more critical evaluation of the stratospheric influence on surface N2O.

This work uses three independent chemistry transport models (CTMs) that calculate N2O stratospheric loss 
and compares them with the loss calculated directly from NASA's Aura Microwave Limb Sounder (MLS) 
satellite observations using a photochemical box model as in Prather et al. (2015). We design new tracer 
simulations that allow us to follow the signal of stratospheric loss down to the surface. We examine the 
National Oceanic and Atmospheric Administration (NOAA) Earth System Research Laboratories (ESRL) 
surface N2O measurements for stratospheric-driven variability. The observed latitude-by-month annual pat-
terns could be caused by either emissions or the stratospheric sink; whereas the Quasi-Biennial Oscillation 
(QBO) pattern seen in the measurements appears to be uniquely stratospheric (see IPCC AR5, WG1, Chap-
ter 6, Figure 6.19; Ciais et al., 2013). The QBO alternates phase about every 28 months (Baldwin et al., 2001) 
and increases (decreases) the N2O sink by enhancing (suppressing) tropical upwelling of N2O-rich air to 
the loss region in the tropical middle stratosphere (Strahan et al., 2015). The QBO can also modulate the 
transport of N2O-depleted air to the surface. This work identifies a distinct QBO signal originating from the 
stratosphere that appears in both observed and modeled surface N2O. These results are a 20-year follow-on 
to the Hamilton and Fan (2000) original work that showed a QBO-forced signal in surface N2O but lacked 
the satellite data, surface observations, and modern CTM capabilities to confirm it. If we use the QBO signal 
as a metric to test a CTM's stratosphere-troposphere exchange (STE), we can constrain the larger annual 
surface pattern that is also of stratospheric origin.

CFCl3 (CFC-11), another ozone depleting substance, has a stratospheric photochemical loss region much 
lower at ∼25 km altitude compared to the N2O loss region at ∼32 km, and thus the phasing and amplitude 
of stratospherically depleted air at the surface could be different from that of N2O. Given the recent fugitive 
emissions of CFC-11 (Montzka et  al.,  2018; Rigby et  al.,  2019), we also included some CFC-11 simula-
tions in parallel with N2O. Since there are no equivalent MLS-like observations for CFC-11 to integrate loss 
(and lifetimes), we rely solely on model results to investigate stratosphere-to-surface variability as in Ray 
et al. (2020).

In Section 2, we present the updated N2O lifetime based on the 2005–2018 MLS observations and three inde-
pendent CTMs driven with meteorology of the same period. In spite of some biases in absolute magnitude, 
the models are able to capture most of the observed variability of stratospheric N2O loss throughout the 
period. In Section 3, we follow the stratospheric loss of N2O and CFC-11 down to the surface, focusing on 
the long-term annually smoothed statistics that separate surface variability tied to the QBO from seasonal 
cycles in transport and surface emissions. The three models each use a different meteorology to drive the 
atmospheric circulation, but they all predict a clear QBO signal similar to that in the NOAA surface data. 
The larger annual cycle driven by seasonality of emissions and transport including stratospheric influence 
has previously been studied by Nevison et al. (2004). Section 4 looks at the modeled annual cycle in surface 
N2O driven only by stratospheric loss. The comparison with observations is limited here, as we did not 
model surface emissions, and we rely on comparisons with the more extensive study of the annual N2O 
cycle by Nevison et al. (2004). We conclude in Section 5 with a discussion of how this work can provide an 
innovative model-measurement STE test.

The overall goal of developing more accurate quantification of STE here is to derive a best estimate of the 
signal of stratospheric N2O-depleted air at the surface. With this knowledge, we can more accurately deter-
mine the signal of the emissions in the surface observations leading to more accurate emission estimates 
through inverse modeling.
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2.  Observed and Modeled Stratospheric Loss
2.1.  The MLS Record of N2O Loss

Since mid-2004, the MLS instrument aboard the Earth Observing System Aura satellite has provided relia-
ble measurements of trace gases throughout the stratosphere and upper troposphere. Employing the meth-
od established in Prather et al. (2015) (henceforth P2015), we adopt MLS profiles and expand the calculation 
of N2O loss from 2005–2010 to 2005–2018. This work uses coincident monthly mean profiles of N2O, O3, and 
temperature that are zonally averaged and available at every latitude in 5° bins (87.5°N–87.5°S), similar to 
the data record from Global OZone Chemistry And Related trace gas Data for the Stratosphere (GOZCARDS; 
Froidevaux et al., 2015) but on a finer latitude grid. N2O loss in TgN/yr is calculated for each month-latitude 
cell using these three profiles. In P2015, we used MLS observations from the 640 GHz (N2O) channel, which 
failed in mid-2013 and have since been replaced by the 190 GHz channel. The profiles for temperature and 
O3 use the same measurement channels as in P2015 but are derived from updated (version 4; V4) retrieval 
algorithms. After 2009, N2O values in the equatorial stratosphere show a drift of approximately −0.75%/
yr at the 68 hPa layer (see Froidevaux et al., 2019; Livesey et al., 2018). N2O loss is centered on the middle 
stratosphere (∼10 hPa) and sensitivity tests show the effect of the drift at lower profiles on calculated N2O 
loss is small: +1% in N2O at 68 hPa increases total loss by +0.020%; and +1% at 46 hPa increases loss by 
+0.036%. Thus, a drift at 68 hPa of −6.75% from 2009 to 2018 would decrease the loss by 0.14% (0.018 TgN/
yr). The drift at 46 hPa over the period is much smaller, −0.25%, and thus the effect on N2O loss is negligible 
(<0.002 TgN/yr). In addition to the drift, there is an offset between the two N2O channels due to possible 
systemic errors in MLS: N2O-190 is biased 5%–10% high relative to N2O-640 at 68 hPa and by <5% high at 
46 hPa. Combining the maximum difference (10% and 5%), we calculate N2O loss is +0.38% (0.05 TgN/yr) 
greater for N2O-190. At the time of this work, release of version 5 (V5) MLS products began. Development 
of V5 sought to address the persistent bias between the two N2O channels, but this is taken into account 
in our analysis and does not affect our results (Livesey et al., 2020). Overall, these errors are much smaller 
than the annual cycle or long-term variations, and their effect on the lifetime calculations is well below the 
uncertainty estimated for the lifetime (below).

Following the P2015 methodology, we use an offline photochemical column model to calculate photolysis 
rates and O(1D) densities from the MLS profiles, providing the loss of N2O throughout the column. Solar cy-
cle variability in photolysis rates is not included in these calculations, but an estimate of photolysis changes 
is discussed in Section 2.4. N2O loss is calculated for each monthly profile and latitude bin from August 2004 
through December 2018. The seasonal pattern of N2O loss is matched very well by the CTMs (see P2015). 
Here, we focus on interannual variations using a 12-month running filter, and hence we present results 
centered on February 1, 2005 through July 1, 2018.

Over this period, the tropospheric mean abundance of N2O increased almost linearly from about 319 ppb 
(nanomoles per mole) to 330 ppb, or equivalently from a burden of 1,528 to 1,586 TgN (using a scaling 
factor of 4.79 TgN/ppb [Prather et al., 2012; Volk et al., 1997]). We want to analyze a stationary time series, 
and so we rescale both the burden and chemical loss each month with the same factor so that the burden 
corresponds to our reference value of 320 ppb. With this scaling, the average N2O loss over the MLS period 
2005–2018 is 12.9 (interannual min-max ± 0.3) TgN/yr, corresponding to a global mean loss frequency of 
about 0.84%/yr.

Figure 1 compares our rescaled N2O loss derived from past and current MLS products (different retrieval 
channels and version algorithms). The mean difference between V3 (P2015; green) and V4 products for the 
old N2O (640 GHz; blue) channel is 2%, while the mean difference between V3 640 GHz (P2015; green) and 
the new updated V4 190 GHz channel (red) is much smaller during the overlapping period (2005–2010). 
This disagreement is well within the MLS uncertainty range in N2O of 3%–5% (one-sigma). Interannual 
variability clearly shows a QBO signal and is nearly identical across the three records, except when the 
640 GHz channel fails in the 2nd half of 2012. In the tropical lower-stratosphere, the downward propagating 
zonal winds of the QBO alternate direction every ∼28 months. The shear produced by descending winds 
can enhance or suppress transport of N2O to the middle stratosphere where it is destroyed (∼10 hPa), and 
thus generate a QBO signal in the loss of N2O.
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2.2.  Chemistry-Transport Modeling of N2O – Methods

For models, we identified three CTMs that could simulate stratospheric loss of N2O using prescribed histor-
ical meteorology for the MLS period, see Table 1: the Goddard Space Flight Center (GSFC) Global Modeling 
Initiative (GMI) CTM, the Laboratoire de Météorologie Dynamique, Zoom, Version 5 (LMDz5) CTM, and 
the University of California Irvine (UCI) CTM. The CTMs are similar in resolution (1°–3° horizontal) with 
40–70 atmospheric layers. GMI uses Modern-Era Retrospective analysis for Research and Applications-2 
(MERRA-2) wind fields and full stratosphere-troposphere chemistry (Strahan et  al.,  2016); LMDz5 uses 
the European Center for Medium-Range Weather Forecasts Re-Analysis-Interim (ECMWF ERA-Interim) 
meteorology with prescribed fields for O(1D) and photolysis rates from a previous run (Remaud et al., 2018); 
and UCI uses ECMWF Integrated Forecast System (IFS) pieced forecasts with a linearized stratospheric 
chemistry including O3, N2O, and CH4 (Hsu & Prather, 2010; Prather et al., 2017).

We design a CTM simulation whereby any variability in N2O in the stratosphere down to the surface will 
be driven completely by stratospheric loss and atmospheric transport. If emissions are used to maintain the 
observed N2O, then the surface variability will also be determined by the location and magnitude of those 
emissions, confounding the stratospheric signal. Resetting lower-boundary N2O to observations does not 
get around this constraint since it is effectively a surface source. To isolate the stratospheric N2O signal, 
the CTMs simulate an artificial tracer N2OX like that in Hamilton and Fan (2000). N2OX is initialized as 
N2O at the beginning of the simulations, has the same stratospheric chemical loss frequency as N2O, has no 
sources or emissions, and thus decays at a semi-regular rate of about 0.8%/yr (see Figure 1 for loss frequency 
and supplementary Figure S1a for change in burden (TgN) of N2O versus N2OX). With the decaying N2OX 
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Figure 1.  Rescaled loss of N2O (TgN/yr, monthly values averaged over 12 months) calculated from Aura MLS 
measurements of N2O, O3, and temperature. The green line represents N2O loss calculated with the version 3 (V3) 
N2O product using the 640 GHz channel (data used in Prather et al., 2015). The blue line represents N2O loss based 
on version 4 (V4), also at 640 GHz. The red line represents N2O loss based on V4 at 190 GHz (primary data used here). 
The right y-axis shows the loss frequency (%/yr) of the total fixed burden when scaled to 320 ppb or 1,533 TgN. The O3 
profiles use the 240 GHz channel, and temperature uses 118 GHz (16–90 km) and 239 GHz (9–16 km). MLS, Microwave 
Limb Sounder; N2O, nitrous oxide; V3, version 3; V4, version 4.
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Abbreviations: CTM, chemistry transport model; ECMF, European Center for Medium-Range Weather Forecasts; 
ERA, ECMF Re-Analysis; GMI, Global Modeling Initiative; GSFC, Goddard Space Flight Center; IFS, Integrated 
Forecast System; LMDz, Laboratoire de Météorologie Dynamique; MERRA-2, Modern-Era Retrospective analysis for 
Research and Applications-2.

Table 1 
Participating Models
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tracer, the loss frequency (%/yr) values are calculated directly from the model loss divided by the model 
burden, averaging both the loss and burden over 12 months (i.e., 12-month running mean). For comparison 
with absolute amounts such as mass loss frequency (TgN/yr) or surface fluctuations in ppb, we scale the 
model-derived chemical loss to a mean tropospheric abundance of 320 ppb (our reference standard estab-
lished in Section 2.1).

The relative atmospheric distribution of N2O will be different between N2OX (driven only by a stratospheric 
sink) and real (observed) N2O (driven by surface emissions and a stratospheric sink). N2OX is a pure decay 
mode tracer (lifetime is a true e-fold; see Prather, 1998), whereas loss of N2O is kept at steady state due to 
emissions. This results in N2OX having a greater stratospheric abundance and greater stratospheric loss 
by about 2% when compared to a surface-driven N2O with the same mean tropospheric abundance. For 
example, in the UCI model with a surface source maintaining a 320 ppb N2O abundance, the lifetime is 
139 years; but for the no-source decaying N2OX, it is 135 years. As a bias offset, this difference is much less 
than the uncertainty in the MLS derived lifetime and also less than the model-to-model differences. As an 
added complication, the observed atmospheric N2O is not in steady state but is increasing at about 0.25%/
yr, and thus, for the same stratospheric abundance and loss, the tropospheric burden is larger than when 
run at steady state. This effect is <1% (i.e., a 4-year lag from troposphere to mid-stratosphere) and also well 
within the uncertainties here.

Solar-cycle variations in ultraviolet (UV) flux along with ensuing photochemical changes in O3 are included 
in GMI and (obviously) in the observations, but not in LMDz5 or UCI. The change in N2O loss from solar 
minimum to maximum is buffered: increased UV flux at 190–240 nm will drive greater N2O loss, but also 
greater upper-stratospheric O3 columns that reduce N2O photolysis. Overall, the O3 increases vary from 
0% to 3%, and the UV flux changes near 200–210 nm (peak N2O loss region) is estimated to be 2%–6% (Ball 
et al., 2019; Gray et al., 2010; Hood, 2004). We judge the uncertainty in solar-cycle and solar-rotation effects 
for this study to be well within the MLS observational uncertainties (∼2% level) or the model differences.

2.3.  Chemistry-Transport Modeling of N2O Loss

The modeled N2OX mean loss frequencies (%/yr) are compared with MLS N2O in Figure 2a and summa-
rized in Table 2. For the MLS period (2005–2018), UCI mean loss frequency is about 0.10%/yr less than MLS, 
while LMDz5 is 0.04%/yr greater, and GMI is a match. In P2015, both GMI and UCI had similar offsets from 
MLS, but the new GMI model matches MLS. The GMI chemistry has not changed much, but the P2015 GMI 
was run with MERRA Goddard Earth Observing System, Version 5 (GEOS-5) circulation, while the current 
GMI uses MERRA-2 circulation. Based on P2015 (their Figure 3), these different loss rates are not caused by 
differences in photochemistry between the GMI simulations, but rather the circulation's ability to maintain 
high levels of N2O at 10 hPa in the tropics where most of the loss occurs. It is interesting that LMDz5 and 
UCI have the largest difference since both models are using ECMWF meteorology, but in different forms 
(ERA-Interim vs. IFS cycle38r1 forecasts). If we drop all the model values by 0.02%/yr to account for bias of 
N2OX loss versus a surface forced N2O (see example with UCI CTM; Section 2.2 and Table 2), then MLS falls 
in between LMDz5 and GMI with UCI still having the largest underestimate of loss rate at any given time.

Comparing the QBO-like variability in N2O loss across the models with the MLS-derived loss, we find that 
all have about the same peak-to-peak amplitude, ±0.04%/yr (Figure 2a). Unusually, the UCI model, with 
the largest bias in total loss (see above), has the closest direct match to the MLS variations (correlation 
coefficient, cc = 0.86); while for GMI (cc = 0.45) and LMDz5 (cc = 0.32), the variations occur at different 
times. In 2013, GMI shows an extra peak loss (i.e., due to enhanced upwelling) that is not seen in the other 
models or observations, which may account for the lower correlation. For the 15-year period before MLS 
(1990–2004), the models show a similar overall range of variability, but less temporal correlation between 
them than in the MLS period. LMDz5 and UCI are reasonably consistent showing parallel variations over 
1995–2005 (cc = 0.64), but GMI (with LMDz5 cc = 0.33 and with UCI cc = 0.41) clearly diverges.

For the pre-MLS period, the models show less agreement with one another than in the MLS period and 
also exhibit significant shifts in their loss frequencies. N2OX loss in GMI starts at 11.5 TgN/yr, rising to 
>13 TgN/yr over this pre-MLS period; whereas UCI loss also starts at 11.5 TgN/yr but returns to that value 
by 2004. We conclude that large differences emerge from 1990 to 2004 in the circulation of the tropical 
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middle stratosphere between ECMWF (both ERA-Interim and IFS Forecasts used in LMDz5 and UCI, re-
spectively) and MERRA-2 (GMI), and that these differences are maintained consistently throughout the 
MLS period. These disagreements may stem from known transport problems in the MERRA-2 subtropical 
lower stratospheric circulation (Coy et al., 2016; Manney et al., 2017) that also affects upwelling rates to the 
tropical middle stratosphere where N2O is destroyed. In addition, Douglass et al. (2017) showed that the 
MERRA-2 transport circulation had time-dependent biases prior to the Aura MLS period that caused poor 
agreement with simulated long-lived trace gases. Stauffer et al. (2019) showed that changes in the observing 
system in 1998 led to significant improvements in the MERRA-2 stratospheric circulation.

2.4.  Decadal Trends and Variability in N2O Lifetime

The lifetimes of the gases in Table 2 are simply the inverse of their global mean loss frequencies, shown 
for the MLS period (2005–2018, ending in 2016 for LMDz5 and 2017 for UCI) and for the pre-MLS period 
(1990–2004, beginning in 1995 for LMDz5). The full MLS record of 12-month averages runs from February 
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Figure 2.  (a) Absolute loss of N2O (TgN/yr; left axis) and global mean loss frequency (%/yr, right axis) for MLS 
observations (2005–2018, thick black line, GMI [1990–2018, green]), LMDz5 (1995–2016, blue), UCI (1990–2017, 
red). Absolute loss for the models with decaying tracer N2OX is scaled to a tropospheric mean of 320 ppb. MLS loss 
frequency is based on NOAA's tropospheric burden rescaled to 320 ppb. (b) Modeled loss (%/yr) of N2OX (solid lines; 
left y-axis) and F11X (dashed lines; right y-axis). Results are shown for GMI (green, blue) and UCI (red, gold). Note: 
F11X loss y-axis scale is twice that of N2OX loss. GMI, Global Modeling Initiative; LMDz, Laboratoire de Météorologie 
Dynamique; MLS, Microwave Limb Sounder; N2O, Nitrous oxide; NOAA, National Oceanic and Atmospheric 
Administration; UCI, University of California Irvine.
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1, 2005 to July 1, 2018 and has a mean loss frequency of 0.84%/yr, corre-
sponding to a lifetime of 119 years. This lifetime is only slightly longer 
than the 117 years (118 years when rescaled to 320 ppb) reported in P2015 
for the period 2005–2010. The three models show different decadal shifts 
in N2O lifetime over the extended period: UCI has a clear long-term in-
crease (i.e., decreasing N2O loss); LMDz5 has a small decrease; and GMI 
has almost no trend but oscillates widely (20% min-to-max amplitude) 
in the pre-MLS period. GMI is the only model to report an earlier dec-
ade, which was proven to be unreliable prior to ∼2000 due to unrealistic 
transport of air-parcels in the middle stratosphere (Douglass et al., 2017).

Many studies find long-term shifts in the annual Brewer-Dobson circula-
tion (BDC) which transports tropospheric air to the stratosphere (Butch-
art,  2014). As climate change drives the acceleration of the BDC, one 
would expect increased loss of F11 and N2O. Fu et al. (2019) finds chang-
es to the BDC over the last four decades based on satellite observations 
and reanalysis data. However, we do not see trends in N2O lifetime over 
the sustained climate change of the MLS period (2005–2018). Only GMI 
shows shifts in lifetime during the early years of the simulation (1980–
2000), but these are discredited as noted above.

What changes in the chemistry could drive interannual or decadal shifts 
in lifetime? N2O loss is driven primarily by the overhead O3 column that 
controls photolysis rates (90% of loss), and secondarily by local O3 that 
is the source of O(1D) oxidation (10% of loss). For the MLS period, there 
is a positive trend in upper stratospheric O3 of 1%–2% per decade above 
30 km (see WMO, 2018, Chapter 3, Figures 3–8; Braesicke et al., 2018). 
This O3 increase shields N2O loss, increasing the lifetime, and it is natu-

rally included in the loss rate derived from MLS observations. Given an effective optical depth of about 1 
for the O3 column above 30 km, we might expect N2O photolysis to respond with similar percentage reduc-
tions. The MLS loss in Figure 2 shows much larger variability (10%) but is consistent with a 1%–2% drop 
(∼0.2 TgN/yr) in loss rate. The LMDz5 and UCI models used parameterized N2O loss not including chlorine 
changes, but the GMI model used full chemistry that did. A simple linear trend fit shows that MLS and UCI 
agree in overall trend, while LMDz5 and GMI are different, but we find little statistical significance in these 
differences given the short length of the record.

Solar cycle variations in the UV-flux change N2O photolysis directly, in addition to changing O3. The so-
lar-cycle driven O3 changes in the upper stratosphere are small over the MLS period, estimated to be +1% 
during the weak maximum of Cycle 24 in 2011–2015 (WMO 2018, Figures 3–7). This has a small impact, 
but UV-flux driven increase in N2O loss is estimated to be a 4%–7% at full solar maximum (P2015's Table 2). 
Since the recent Cycle 24 had less than half the amplitude of typical cycles, we estimate that N2O loss may 
have increased by about 0.3 TgN/yr. This solar cycle was not included in LMDz5 and UCI but was in GMI. 
The MLS loss, calculated with the offline UCI photochemistry box model, also did not include this direct 
solar cycle effect although it would have included the ozone changes noted above (see P2015). It is possible 
that the anomalous 2013 peak loss in GMI of magnitude 0.6 TgN/yr may be in part a solar cycle signal.

2.5.  Chemistry-Transport Modeling of CFC-11 – Methods

Using only GMI and UCI CTMs, we simulate a synthetic F11X tracer that has the loss frequency of CFCl3 
and decays without sources (see supplementary Figure S1b). LMDz5 did not simulate F11X. With no equiv-
alent stratospheric observational counterpart, we cannot compare the modeled stratospheric loss with ob-
servations. F11X responds to stratospheric circulation changes in the lower stratosphere with loss occurring 
in the tropics about 8 km below that of N2O. Although N2O must be transported through the lower strato-
sphere into the middle stratosphere where it is destroyed, it is not particularly sensitive to the rate of tropical 
upwelling below 24 km because little N2O is lost there. Thus, the covariance of F11X and N2OX losses iden-
tifies some coherence in tropical upwelling in the stratosphere from 20 to 40 km altitude. In addition, F11X 
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1990–2004 2005–2018

Loss (%/
yr) Lifetime (yr)

Loss (%/
yr)

Lifetime 
(yr)

MLS N2O - - 0.84 119

GMI N2OX 0.82 122 0.83 120

LMDz5 N2OX 0.86 116 0.88 114

UCI N2OX 0.77 130 0.74 135

UCI N2O @ 320 ppb 0.75 133 0.72 139

GMI F11X 1.79 56 1.77 57

UCI F11X 1.58 63 1.58 63

MLS N2O uses NOAA ESRL N2O burden for 2005–2018. Aura MLS 
overlap period may end slightly prior to December 2018 depending on 
the CTM. LMDz5 reports only for 1995–2016; and UCI, for 1990–2017. 
GMI is the only model to report an earlier decade 1980–1990, which has 
reduced mean loss frequencies for N2OX (0.74%/yr) and F11X (1.60%/yr), 
similar to UCI; but the stratospheric transport in GMI for that period is 
discredited (Douglass et al., 2017).
Abbreviations: GMI, Global Modeling Initiative; LMDz, Laboratoire de 
Météorologie Dynamique; MLS, Microwave Limb Sounder; N2O, Nitrous 
oxide; UCI, University of California Irvine.

Table 2 
Annual Mean Loss Frequency (%/yr) and Respective Lifetime (yr) of N2O, 
N2OX, and F11X in Each of the Simulations for the MLS Overlap Period 
(2005–2018) and for the Previous Years of Each Simulation (Years Vary)
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can indicate if the surface signal of chemically depleted stratospheric tracers depends on the loss region 
(e.g., ∼24 km for F11X and ∼32 km for N2OX).

2.6.  Chemistry-Transport Modeling of CFC-11 Loss and Lifetime

UCI and GMI F11X mean loss frequencies (%/yr; Figure 2b) and lifetimes (Table 2) are compared with each 
other and N2OX. The behavior of the N2OX and F11X losses are similar, but not identical: for GMI the cc 
of N2OX versus F11X is 0.38 for years 2001–2016; and for UCI, it is 0.37 (see Table S2). For both models, the 
F11X mean loss frequency and amplitude is about twice that of N2OX. This increased loss frequency puts 
the lifetime of UCI F11X during the MLS overlap period at 63 years, which is slightly longer than GMI's at 
57 years. The timing of most F11X extrema matches well across the two models (cc = 0.47 for GMI vs. UCI 
F11X) and is comparable with their N2OX counterparts, indicating transport variations in the lower strato-
sphere are similar between MERRA-2 and ECMWF-IFS. The systematic difference in N2OX loss frequency 
between UCI and GMI carries over to F11X in proportion to the mean loss frequency. Thus, the systematic 
UCI-GMI difference in annual mean tropical upwelling is consistent throughout the stratosphere. The most 
obvious N2OX-F11X disagreement occurs in 2010, with the F11X peak loss reached nearly a full year before 
the corresponding N2OX peak loss. Interestingly, the timing of this F11X peak in GMI and UCI agree with 
the timing of the early portion of the broad MLS N2O peak loss (Figure 2a) during an anomalous QBO (see 
Section 3.3). Another notable N2OX-F11X mismatch occurs in 2013 but only for GMI. In addition to not 
being captured by the other models and the MLS observations, the anomalous peak loss of N2OX in GMI 
(see Section 2.4) was also not accompanied by F11X peak loss. Since tropical transport directly affects the 
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Figure 3.  Surface N2O change (ppb/yr) composites centered on the QBO phase transition at 40 hPa based on a rescaled 
tropospheric abundance of 320 ppb. Composites show the mean QBO surface impact throughout the overlap period 
(years 2001–2016*; six standard QBO cycles) for each respective data set. Simulations (top panel and bottom left) are 
of N2OX (zero emissions), while the NOAA ESRL observations (bottom right) are of surface N2O (with emissions). 
Warmer colors indicate positive change changes with respect to a tropospheric mean abundance of 320 ppb (i.e., driven 
by lower loss frequencies, resulting in greater abundances of N2OX) while cooler colors coincide with increases in 
loss rates (see Figure 2). *Note: the 2010/11 anomalous QBO centered on August 2010 has been removed from these 
composites and is shown separately in Figure S4. ESRL, Earth System Research Laboratories; N2O, Nitrous oxide; 
NOAA, National Oceanic and Atmospheric Administration; QBO, Quasi-Biennial Oscillation.
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loss rates, the low correlation between N2OX and F11X in the two models indicates that upwelling changes 
phase with altitude. When including pre-MLS years (1990–2005), there are no obvious decadal shifts in 
F11X loss rate, unlike N2OX.

3.  Surface Impacts of Stratospheric QBO
3.1.  Introduction and Methods

The Brewer-Dobson overturning circulation transports air masses throughout the stratosphere (Butch-
art,  2014), bringing air containing tropospheric levels of N2O and CFCl3 upward in the tropics to their 
respective loss regions where they are photolyzed or destroyed by O(1D). Then, air that is photochemically 
depleted in these gases is transported down to the lower stratosphere outside the tropics where STE carries 
N2O- and CFCl3-depleted air into the troposphere and down to the surface. The overturning circulation, 
including the stratosphere-to-troposphere flux, has a large seasonal cycle driven by solar heating, but also 
well-known interannual variability associated with dynamics like the tropical QBO and wintertime sudden 
stratospheric warmings.

The surface signal in these model calculations should be uniquely stratospheric since we included no trop-
ospheric chemistry or emissions for N2OX and F11X. The N2O loss due to O1D in the troposphere, 1% of the 
budget (Hsu & Prather, 2010), is not included here. Therefore, the observed surface QBO signal provides an 
unambiguous test of STE of N2O-depleted air on sub-decadal time scales. We compare modeled N2OX with 
NOAA ESRL surface observations of N2O (Dlugokencky et al., 2019) over years 2001–2016.

Surface N2O measurements from NOAA are taken from the cooperative global air sampling network collect-
ed by the Global Greenhouse Gas Reference Network for the Carbon Cycle and Greenhouse Gases (CCGG) 
Group. These air-flask samples are collected weekly from a discrete and dense network of global back-
ground sites, air-sampling towers, small aircraft, and cooperative regional background sites (Dlugokencky 
et al., 2019). The rate of change over a 12-month period is calculated to remove seasonal trends and produce 
zonally averaged annual growth rates of N2O (ppb/yr) for each month.

For this QBO analysis, we calculate the modeled interannual (year-to-year) rate of change for each month 
(e.g., the %/yr change in January 1991 = N2OXJan1991/N2OXJan 1990−1), while the observed change is based 
on the annual growth rate of N2O. As expected, the long-term mean interannual rate of change for modeled 
N2OX matches the model's loss frequency (Table 1, −0.76% to −0.89%/yr) and is opposite in sign to that 
for real N2O with its observed growth rate for this period of +0.25%/yr. In supplementary Figure S2, we 
show the latitude-by-month interannual anomalies with the mean removed for the full period available. 
The N2OX anomalies from the three models look remarkably like the observed N2O, although they may be 
more regular than the observations. The observations will, of course, also include interannual variability in 
emissions that is not QBO-related, but to first order, it appears that the majority of interannual variability in 
observed N2O is QBO-driven as shown in Ray et al. (2020). The interannual change (%/yr) can be converted 
to abundance (ppb/yr) through multiplying by 320 ppb, and fluctuations are about ±0.7 ppb, equivalent to 
the annual growth rate. The mean annual cycle has a slightly larger amplitude and is discussed in Section 4.

For a clearer picture of the QBO signal at the surface, we create a composite of QBO cycles in surface N2O 
in ppb/yr by averaging at each latitude for each month starting 14 months prior and extending to 14 months 
after the QBO (Figure 3). For this diagnostic, the mean interannual percent change is removed and we 
multiply models and observations by 320 ppb. The synchronization point for each QBO cycle is chosen as 
the month when the zonal wind at 40 hPa shifts from westerly (negative) to easterly (positive) based on the 
Singapore sonde data (Newman, 2020). If we extend these graphs beyond ±14 months, the coherent signal 
of the QBO is lost. Since the NOAA ESRL data begins in 2001 and LMDz5 extends only to 2016, this work 
is restricted to these years for consistency. This period includes 7 QBO phase transitions (01/2002, 03/2004, 
04/2006, 04/2008, 08/2010, 04/2013, 07/2015). The QBO period centered on 08/2010 is clearly anomalous: 
there was a disruption to the stratospheric QBO, there was a strong La Niña, and the NOAA surface QBO 
composite was highly anomalous, unlike the models (see supplementary Figure S4). Therefore, our com-
posites use only the standard six QBO cycles and we address the anomalous 2010 QBO in Section 3.3.
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The Ray et al. (2020) study showed QBO impacts at the surface for CFC-11 and N2O, using a chemistry-cli-
mate model that was tied to the historical meteorology only by nudged winds in the tropical stratosphere. 
Therefore, the lowermost stratospheric circulation, jet streams, and stratosphere-troposphere exchange, 
and tropospheric mixing were mostly driven by climatological sea-surface temperature boundary condi-
tions, unlike the CTMs meteorologies used here that followed the synoptic weather conditions of the peri-
od. Their paper focuses on CFC-11, and the published diagnostics for modeled N2O (global mean surface) 
cannot be readily incorporated in this analysis.

3.2.  QBO Impact

Composites of the six standard QBOs for surface N2O/N2OX in Figure 3 show a distinct pattern and gen-
eral agreement among the models and the NOAA ESRL observations, indicating that this QBO-composite 
is robust. Variability caused by emissions tied to wildfires or El Niño-Southern Oscillation (ENSO) events 
would only degrade this NOAA composite. All four data sets look similar in terms of timing and latitudinal 
patterns before and after the QBO phase transition, especially in the southern hemisphere (SH). The nega-
tive N2O anomaly occurs first in the southern hemisphere (NH) in the ∼2 months leading up to the phase 
change and extends into the SH 0–4 months afterward. This pattern cannot simply be the lagged interhem-
ispheric transport of a NH signal because the SH amplitude is greater than or equal to that in the NH. The 
surface variability for UCI (σ = 0.03%/yr), GMI (σ = 0.03%/yr), and NOAA observations (σ = 0.04%/yr) 
are all comparable, however, LMDz5 variability is twice as large (σ = 0.08%/yr). For LMDz5 and GMI, the 
amplitudes in each hemisphere are similar, but for UCI and NOAA, the amplitude is much greater in the 
SH than in the NH. This larger SH amplitude of QBO-modulated signal was expected for the UCI CTM as it 
is also seen in stratosphere-to-troposphere ozone flux (Hsu & Prather, 2009). UCI performs the best among 
the CTMs at capturing the observed pattern overall (correlation coefficient, cc, of UCI vs. NOAA is 0.80). All 
the models do well in the SH: cc is 0.93 for LMDz5, 0.89 for UCI, 0.70 for GMI. In the NH, the models are 
distinctly worse: 0.54 for LMDz5, 0.51 for GMI, and 0.32 for UCI. The models tend to agree with each other 
in the NH QBO composite (except for LMDz5 having twice the amplitude), and thus the disagreement with 
the observations may be caused by the predominantly NH emissions and their annual cycle disrupting the 
QBO composite. These results are part of the Taylor statistics (standard deviation, root-mean-square error, 
and correlation coefficients) for the models versus observations (NOAA) given in supplementary Table S1. 
In terms of phasing between the hemispheres, GMI has the best NH-SH phase shift, keeping opposite signs 
in the hemispheres, while LMDz5 and UCI (both using ECMWF products) have much less phase shift 
between hemispheres. The observed NH-SH difference in amplitude is only matched by UCI, indicating 
that LMDz5's meteorological fields have distinctly different STE fluxes, at least in the NH over a QBO cycle.

With GMI and UCI also running tracer F11X, we assemble similar diagnostics for surface F11X and find 
surprising results (see supplementary Figure S3 and Table S2). The surface patterns for F11X match those 
of their N2OX counterparts nearly exactly but with twice the amplitude. The cc values of F11X versus N2OX 
within each model range from 0.96 to 1.00 for the annual, QBO composite, or the 2010 anomalous QBO 
at the surface. This is surprising since the stratospheric losses have cc values of 0.37–0.38. The implication 
is that the large QBO signal in the chemical creation of N2O-depleted (or F11-depleted) air in the tropical 
stratosphere is not transmitted to the surface. Rather, it is the QBO-related changes in dynamics of the 
mid-latitude lowermost stratosphere that causes the surface signal. The large QBO signal in tropical N2O 
loss is mixed and forgotten by the time it reaches the lowermost stratosphere.

3.3.  Anomalous QBOs and ENSO-Related Emissions

Not all QBOs are alike and the composite smooths over these differences. During the 2005–2018 MLS peri-
od, there were two notably anomalous QBOs. In 2010/11, the QBO pattern was disrupted with a weakening, 
but not reversal of the zonal westerly winds, followed by a strengthening (Coy et al., 2017; Newman, 2020). 
This pattern appears as a deep and persistent westerly phase that results in prolonged, enhanced tropical 
upwelling in the mid-stratosphere (Newman et al., 2016; Osprey et al., 2016). A stronger disruption oc-
curred in 2015/16, causing a QBO phase reversal where the westerlies changed to descending easterlies. 
Following the 2015/16 disruption, there was a long westerly phase until mid-2018. A primary consequence 
of the QBO cycle is to alter upwelling of trace gases to loss regions in the stratosphere, and anomalous QBOs 
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should be manifested in the stratospheric loss of N2O and F11 (Tg/yr). In Figure 1, we find a fairly regular 
(∼28 months) signal in the MLS-derived loss, but in 2010/11 the peak loss from enhanced upwelling during 
the westerly phase is sustained for more than a year. None of the CTMs are able to capture this sustained 
peak loss: GMI and UCI N2OX simulations show peak loss near the end of this period; while the LMDz5 
N2OX simulations have peak loss near the beginning (Figure 2). For this 2010/11 anomaly, the modeled 
F11X peak loss (GMI and UCI only) occurs about 1 year prior to the N2OX peak loss, which then coincides 
with minimum F11X loss. Because F11 is destroyed much lower in the stratosphere than N2O, this pattern 
indicates that the enhanced tropical upwelling in the two regions is disconnected and starts in the lower 
stratosphere. There are other periods when the F11X and N2OX losses are uncorrelated, but the 2010/11 
period is unique in that both models show the same pattern. In sharp contrast, the 2015/16 QBO anomaly in 
MLS N2O loss is well matched in both GMI and UCI simulations, and further, the F11X losses parallel those 
of N2O. The sustained westerlies during 2016/18 produce a broad peak of N2O loss that is well matched by 
GMI and UCI. The UCI simulation ended during this anomaly but appears to capture the first half of the 
peak loss. GMI was able to capture this anomaly in its entirety, but unfortunately, the LMDz5 simulation 
ended before the anomaly began.

The next question is how these anomalous QBOs are manifested as anomalies in surface abundance (ppb/
yr). For this, we compare the anomalous 2010/11 QBO centered at the 08/2010 QBO phase change (supple-
mentary Figure S4), with the composites of six standard QBO cycles (Figure 3). The NOAA surface pattern 
of this 2010 anomaly is surprisingly different from its composite with a large positive N2O anomaly in the 
SH from about −9 to +4 months (relative to the QBO phase change), which extends into a weaker NH pos-
itive anomaly centered about 0 to +9 months (see Figure S4). This anomaly is also captured by the separate 
NOAA Halocarbon and other Atmospheric Trace Species group (HATS; not shown here) using a separate 
surface observing network, and thus this pattern is most likely a robust global signal. In sharp contrast, the 
modeled patterns mostly match their standard-QBO composites despite minor differences (i.e., reversal 
from negative to positive in the SH for GMI).

Thus, for more than a year, N2O showed a sustained growth of 0.25 ppb/yr above the long-term average 
(about 0.8 ppb/yr over the period analyzed here). This growth was not caused by a reduction in stratospheric 
influx of N2O-depleted air that we modeled. The simplest explanation is that starting in late 2009, there was 
an enhanced N2O source of about 1 TgN that accumulated in the SH and then mixed into the NH with the 
typical interhemispheric exchange time of about 1 year. This source could be from the equatorial Pacific 
Ocean because the inter-tropical convergence zone is north of the equator and the emissions would accu-
mulate in the SH.

The 2010/11 anomalous QBO was accompanied by the cool phase (La Niña) of ENSO, while the 2015/16 
anomalous QBO was accompanied by a strong warm phase (El Niño). Studies have shown that El Niño 
events, which suppress tropical upwelling in the Eastern Pacific, lead to a reduction in oceanic N2O emis-
sions; while the opposite is true for La Niña events (e.g., Butler et al., 1989; Cline et al., 1987; Ji et al., 2019). 
Nevison et al. (2007) and Thompson et al. (2019) show that the ENSO index is negatively correlated with 
N2O abundance and growth rates. This supports our simplistic proposal above that an equatorial source of 
∼1 TgN during the 2010 La Niña can explain the observed anomaly.

We have a unique capability here in that we have three independent CTMs generating N2O surface patterns 
that include all the chemistry and transport, but without emissions. The dynamical link between the QBO 
and ENSO is unclear (Coy et al., 2017) and poorly reproduced in models (Serva et al., 2020). Nevertheless, 
we expect our CTM simulations based on reanalysis meteorological fields should include a semblance of 
the chemistry and transport variability, QBO and ENSO related, that affects surface N2O. Thus, we remove 
the modeled chemistry-transport-driven surface variability from the observed signal (i.e., NOAA observa-
tions minus models from Figure S2) to search for an emissions signal tied to ENSO. Since the obvious QBO 
amplitude of this signal is different across the models (Figure 3), we rescale the models' surface variability 
to match the root-mean-square deviation from the mean of the observed QBO signal (Figure  3) before 
calculating the residuals. The NOAA-minus-model residuals are then correlated with the Niño 3.4 index 
(calculated from the monthly Extended Reconstructed Sea Surface Temperature, Version 5 by NOAA's Cli-
mate Prediction Center) at each latitude. Figure 4 shows that this presumably emissions-driven anomaly is 
negatively correlated with the Niño 3.4 index (opposite in sign to the 2010 La Niña anomalies as expected) 
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with a lag of −2 to +4 months in the SH and occurring more weakly and 10 months later in the NH. All 
three models give the same basic pattern for ENSO-driven emissions.

4.  Annual Surface Climatology
Nevison et  al.  (2004, Figure  1) noted that the annual cycle of N2O at three remote sites was caused as 
much by the stratospheric influx of N2O-depleted air as tropospheric transport of emissions. Thompson, 
Chevallier, et al. (2014a, Figure 8) compared the annual cycle of N2O at seven remote sites in an 8-model 
intercomparison project that included surface emissions and model-calculated STE. Here, we construct a 
latitude-by-month annual cycle composite (in ppb) for each time series (observed N2O, modeled N2OX and 
F11X) using a global rescaling factor so that the annual mean value is 320 ppb. These annual cycles, aver-
aged over the years 2001–2016, are shown for all latitudes in supplementary Figure S5. The annual cycle in 
modeled F11X parallels that of N2OX (cc = 0.98 for GMI and 1.00 for UCI) but with twice the amplitude 
because of the shorter lifetime. While the modeled N2OX annual cycle is driven only by STE of N2O-deplet-
ed air, the observed annual cycle of N2O includes the signal of surface emissions and N-S transport of these 
emissions. In Figure 5, we compare the annual cycle in the NH and SH mid-latitudes (30°–90°) from obser-
vations and models. Our observed cycles, as expected, are similar to the mid- and high-latitude stations in 
Nevison et al. (2004) and Thompson, Chevallier, et al. (2014), with the notable exception of Trinidad Head, 
which does not match other NH stations.

First, it appears that the STE flux, both annual and QBO-related, creates only small N-S gradients, ranging 
from +0.3 ppb (UCI) to −0.2 ppb (LMDz5), and thus the observed gradient (+1.3 ppb) is driven predomi-
nantly by NH emissions. Second, the modeled NH annual amplitude looks much like the observations: the 
models peak to peak amplitude ranges from 0.51 to 0.75 with a June–August minimum; while the observed 
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Figure 4.  Correlation coefficients between surface N2O residuals (NOAA N2O minus modeled N2OX from Figure S2) 
and Niño 3.4 index at each latitude for years 2001–2016. The offset represents the lag between residuals and the Niño 
3.4 index (i.e., −12 offset = N2O residualJan2000 vs. the Niño IndexJan2001). Before the residuals were calculated, the 
modeled surface variability was rescaled to match the RMS of the observed QBO signal in Figure 3. ENSO, El Niño-
Southern Oscillation; N2O, Nitrous oxide; NOAA, National Oceanic and Atmospheric Administration; QBO, Quasi-
Biennial Oscillation.
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amplitude is ∼0.50 ppb with an August–September minimum. Thus, the observed NH seasonality can be 
driven for the most part by the STE flux and not by seasonality of emissions or interhemispheric exchange. 
Third, for the SH, the amplitude is reduced and there is a range of phases between the models. It is inter-
esting to note that the amplitude of the QBO in the mid-latitudes (box-whiskers on the annual cycles in 
Figure 5) can be as large or larger than the annual cycle and confounds a simple separation of the STE flux 
into annual and interannual cycles from observations.

With the model experiments conducted here, it is difficult to assess how STE flux competes with SH sources 
or interhemispheric exchange. We see agreement across the models in SH STE using QBO composites, but 
the annual cycles are discordant. Thompson, Chevallier, et al.  (2014) recorded widespread disagreement 
of N2O seasonality in the SH among six different models. We find here that the annual STE cycle in the 
SH is substantially different among three standard meteorological models (MERRA-2, ERA-Interim, ECM-
WF-IFS), while in the NH it is essentially the same.

Nevison et al. (2004) showed the annual minimum of F11 occurred 1 month before that of N2O in the SH 
(Cape Grim) due to the influence of N2O sources. Since our model simulations do not have emissions or in-
terhemispheric gradients driven by emissions, we find that the variations in F11 and N2O are almost perfect-
ly correlated (see discussion above and Table S2). A more detailed study of QBO- or STE-related diagnostics 
with these models or similar CTMs running with assimilated or forecast meteorology is needed, with a focus 
on the SH. Such a study should include correlated trace species (CF2Cl2 as in Nevison et al., 2004, Thomp-
son, Chevallier, et al., 2014, and probably also O3) and also isotopic studies that may be able to separate STE 
fluxes from oceanic emissions (McLinden et al., 2003). Since different N2O isotopes have different sources 

RUIZ ET AL.

10.1029/2020JD033979

13 of 16

Figure 5.  The annual cycle of surface N2O/N2OX for the northern hemisphere (30°N–90°N; solid red line) and 
the southern hemisphere (30°–90°S; dashed blue line). Simulations (top panel and bottom left) are of N2OX (zero 
emissions), while the NOAA ESRL observations (bottom right) are of surface N2O (with emissions). The 12-month 
running average of the global abundance for each data set was rescaled to 320 ppb. From there each month was 
averaged for the years 2001–2016 (i.e., all Januarys averaged, etc.). Vertical box-whiskers show the interannual peak-to-
peak amplitude of the QBO in each hemisphere taken from Figure 3. ESRL, Earth System Research Laboratories; N2O, 
Nitrous oxide; NOAA, National Oceanic and Atmospheric Administration; QBO, Quasi-Biennial Oscillation.
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and stratospheric chemistry, inclusion of them in a future study will provide unique information about their 
transport (Nevison et al., 2005; Park et al., 2012).

5.  Conclusions
This work expands the MLS N2O lifetime record from 2005–2010 to 2005–2018, providing more than a dec-
ade of observations with which to test models. Despite small biases in total loss rates, we show that three 
chemistry-transport models using different meteorological fields can simulate the observed stratospheric 
variability of N2O induced by the QBO. With this capability, we follow the stratospheric signals down to 
the surface across all latitudes. By comparing CFCl3 (F11) and N2O simulations, we find that the surface 
variability is driven almost entirely by dynamical variations in cross tropopause fluxes of air rather than by 
propagation of the variability in stratospheric loss.

At the surface, we are able to quantify the QBO fingerprint in N2O, showing that, for the most part, the 
three models match the observed interannual variations in N2O in both hemispheres despite the presence 
of emissions. The annual cycle in stratospheric influx (hard to validate with observations) is modeled to be 
only slightly larger than the QBO pattern. In the NH, the models without emissions can match much of the 
observations. In the SH, the models have a much weaker annual cycle and differ in phasing when compared 
to the observations, indicating possible influence of seasonal transport and SH sources. Thus, we have confi-
dence based on three similar results, that the NH annual cycle in N2O due to stratospheric influence is well 
determined in phase and amplitude. In addition, we have confidence that the north-south gradient in N2O 
caused by the stratosphere is at most ±0.3 ppb, is much less than the observed interhemispheric gradient of 
∼1 ppb, which thus must be driven by emissions being larger in the NH than in the SH. Our results support 
this well-known feature of the N2O budget derived from previous studies (Nevison et al., 2018; Thompson 
et al., 2019; Tian et al., 2020).

We investigate disruptions to the QBO, their impacts on N2O loss, and the models' ability to capture these 
impacts. The models have trouble capturing the surface impact of anomalous QBOs which coincide with 
strong, but opposite ENSO events (La Niña (2010/11) versus El Niño (2015/16)), which further confounds 
the problem. Using the three CTMs in this study, we are able to remove the interannual variability at the sur-
face driven by stratospheric chemistry and tracer transport, thus we produce clear signal of the anomalous 
emissions from the 2010 La Niña. These results highlight the capability of the QBO signal as a diagnostic 
metric with which to investigate model circulation and transport mechanisms on interannual time scales.

Another consequence of this study is the extremely tight correlation of the interannual surface variations 
in F11 with those of N2O found in both models. With this relationship, it is possible to use the observed 
interannual N2O variations to remove the stratospheric influence on F11 and deduce its changing emis-
sions. Interannual variations in N2O emissions will certainly disrupt this tight relationship, but based on 
the 2001–2016 record, these appear to be no larger than stratosphere-driven changes. This result indicates 
an improved constraint on F11 emissions is possible.

Data Availability Statement
The data and scripts used to produce the figures and tables in this work are accessible via the DRYAD repos-
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Figure S1.  Total burden of (a) N2O and N2OX in TgN-N2O and (b) F11/F11X in Tg F11 for each 
dataset. Black is NOAA HATS observations (4.79 Tg N of N2O/ppb and 22.33 Tg F11 of F11/ppb; Volk 
et al., 1997, Prather et al., 2012). All other lines depict the different CTM simulations. X-tracers are 
simulations of N2O and F11 in the absence of surface emissions and shown in solid lines, while N2O and 
F11 with emissions are shown as dashed lines. In panel (a), the UCI N2OX, N2O, and F11X* are 
rescaled to an initial burden of 1520 TgN-N2O.  The initial value of UCI F11X in panel (b) is rescaled to 
match the burden of GMI F11X on Jan 1990 to highlight the slightly smaller decay rate.   
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Figure S2.  Surface N2O, N2OX and F11X interannual rate of change (%/yr). The top panels and 
middle-left show the decaying tracer N2OX; the middle-right panel is the NOAA ESRL surface N2O, 
and the bottom panels show the decaying tracer F11X. Each plot is normalized by subtracting its mean 
rate of change during the overlap period (years 2001-2016), The global mean rate of change and 
standard deviation are shown in the top caption of each panel.  Note, the scale of the F11X colorbar is 
twice the magnitude of the N2O/N2OX colorbar. 
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Supplementary Figure S3.  Surface F11X change (ppb/yr) composites centered on the QBO phase 
transition at 40 hPa, see Figure 3.  F11 is typically measured in mole fraction parts per trillion (ppt), but 
to directly compare with the N2OX composites and highlight the larger magnitude, we rescale surface 
F11X to a mean tropospheric abundance of 320 ppb.  Note, the scale of the F11X colorbar is twice that 
of the N2O/N2OX composites in Figure 3.    

 
 
 
 
 
 
 
 



 
 

4 
 

 
Supplementary Figure S4. Surface change (ppb/yr) during the anomalous 2010/11 QBO phase 
transition (08/2010 = 0 months).  The top panels and middle left are from modeled N2OX (GMI, 
LMDz5, UCI) scaled to a mean tropospheric N2O abundance of 320 ppb. The middle right panel is from 
NOAA ESRL observations, also scaled to 320 ppb.  The bottom panels are of modeled F11X (GMI and 
UCI only) rescaled to N2OX at 320 ppb. Note, the scale of the F11X colorbar is twice that of 
N2O/N2OX. 
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Figure S5. This figure complements Figure 4 and shows the annual cycle of N2O/N2OX/F11X at all 
latitudes in each dataset. N2OX simulations are in the two top panels and middle left, while the NOAA 
ESRL observations are in the middle right, and F11X simulations are shown in the bottom two panels. 
Just as in supplementary Figures S3 and S4, all datasets, including F11X, are rescaled to N2OX at 320 
ppb for direct comparison.  Note, the scale of the F11X colorbar is twice that of N2O/N2OX. 
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Table S1.  Taylor statistics (Standard deviation, root-mean square error, correlation coefficient) for each of the 
composites of the six standard QBOs and their domains (northern and hemispheres; Figures 3 and S3) compared 
with NOAA N2O observations. 

Dataset/Domain/Tracer Std. dev. RMSE w/ NOAA Correlation w/ NOAA 

NOAA N2O 0.038 - - 

NOAA NH N2O 0.016 - - 

NOAA SH N2O 0.052 - - 

GMI N2OX 0.026 0.032 0.58 

GMI NH N2OX 0.026 0.023 0.51 

GMI SH N2OX 0.025 0.038 0.70 

LMDz5 N2OX 0.075 0.054 0.73 

LMDz5 NH N2OX 0.078 0.071 0.54 

LMDz5 SH N2OX 0.073 0.031 0.93 

UCI N2OX 0.035 0.023 0.80 

UCI NH N2OX 0.023 0.023 0.32 

UCI SH N2OX 0.044 0.023 0.89 

GMI F11X 0.045 0.039 0.56 

GMI NH F11X 0.049 0.044 0.49 

GMI SH F11X 0.038 0.034 0.76 

UCI F11X 0.058 0.035 0.82 

UCI NH F11X 0.041 0.038 0.40 

UCI SH F11X 0.071 0.031 0.92 
 

 
 

Table S2. Correlation coefficients for N2OX versus F11X in GMI and UCI. 
Footnotes reference the corresponding Figure for each value.  

N2OX versus F11X Correlation Coefficients 
 

GMI UCI 

Stratospheric loss*,1 0.38 0.37 

Surface variability*,2 0.92 0.95 

Surface mean QBO impact3 0.98 0.99 
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Surface 2010/11 QBO impact4 0.96 0.97 

Surface annual cycle5 0.98 1.00 

* Correlations coefficients are for years 2001-2016 to match the overlap 
with the surface observations. 
1 Figure 2b  
2 Figure S2 
3 Figures 3 and S3 
4 Figure S4 
5 Figure S5 
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