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Abstract23

The mean age since air was last at the Northern Hemisphere (NH) midlatitude sur-24

face is a fundamental property of tropospheric transport. Here we approximate the mean25

age in terms of an “SF6 age” (ΓSF6), derived from surface and aircraft measurements of26

SF6 that are broader in spatial scope and cover a longer time period (1997-2018) than27

considered previously. At the surface, ΓSF6 increases from near-zero values north of 30◦N28

to ∼1.5 years over the Southern Hemisphere (SH) extratropics, with the largest merid-29

ional gradients occurring in the tropics. By comparison, vertical gradients in ΓSF6 are30

weak throughout, with only slight increases/decreases with height in the NH/SH. The31

broader spatial coverage of the measurements reveals strong variations in the seasonal32

cycle of ΓSF6 within the (sub)tropics that are weaker over the Atlantic and Pacific oceans,33

compared to over the Indian Ocean.34

Observations from 2000-2018 reveal that the SF6 age at sites in the SH has been35

decreasing by ∼0.12 yr/dec. However, this decrease is not due to changes in transport36

but, rather, is likely related to changes in emissions, which have increased globally and37

reportedly shifted from northern midlatitudes into the subtropics. Simulations, which38

reproduce the SF6 age trends, show no decreases in an age-of-air tracer, reinforcing the39

fact that ΓSF6 represents only an approximation to the mean age. Finally, the modeled40

SF6 ages are older than observed, by ∼0.3-0.4 years throughout the southern extratrop-41

ics. We show that this bias is partly related to an overestimation in simulated SF6 near42

emissions regions, likely reflecting a combination of uncertainties in emissions and model43

transport.44

Plain Language Summary45

The mean age since air was last at the Northern Hemisphere midlatitude surface46

is a fundamental timescale of tropospheric transport. The mean age is not directly ob-47

servable, but can be estimated from measurements of SF6 to derive an “SF6 age” (ΓSF6),48

or the time lag since the SF6 mixing ratio at a given location equaled the mixing ratio49

over a northern midlatitude source region. Here we use new surface and aircraft mea-50

surements of SF6 to construct an estimate of the mean age that covers a longer period51

(1997-2018) and is more globally resolved, compared to previous estimates. The broader52

spatial coverage reveals strong variations in the seasonal cycle of ΓSF6 within the (sub)tropics53

that are weaker over the Atlantic and Pacific oceans, compared to over the Indian Ocean.54

The longer temporal record also reveals that ΓSF6 has been decreasing by ∼0.12 yr/dec.55

Quite importantly, this decrease is not due to underlying changes in transport but, rather,56

is likely related to changes in SF6 emissions, which increase globally while shifting from57

northern midlatitudes into the subtropics. We also show that the longstanding old bias58

in modeled ΓSF6 is partly related to an overestimation in simulated SF6 near emissions59

regions.60

1 Introduction61

The mean time since air last contacted the midlatitude surface layer of the North-62

ern Hemisphere (NH) – the mean age from the NH surface (Waugh et al. (2013)) – is63

a fundamental measure of troposphere transport. Unlike more conventional global met-64

rics, like the hemispherically integrated interhemispheric exchange time (e.g., Levin and65

Hesshaimer (1996); Geller et al. (1997)), the mean age provides a much richer (three-66

dimensional) description of interhemispheric transport (IHT).67

Similar to the mean age in the stratosphere (Kida (1983); T. Hall and Plumb (1994)),68

the mean age from the NH surface provides an integrated measure of transport that re-69

flects both advection by the meridional circulation and mixing across transport “barri-70
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ers”. The age considered here, however, refers to transport from the NH midlatitude sur-71

face, in contrast to the tropical tropopause used to define the stratospheric mean age,72

or to the entire Earth’s surface (e.g., the “tropospheric age of air” (Patra et al. (2009))).73

The mean age is not directly observable, but can be estimated from measurements74

of SF6 to derive an “SF6 age” (ΓSF6), or the time lag since the SF6 mixing ratio at a given75

location equaled the mixing ratio over a northern midlatitude source region. Using a com-76

bination of ship and ground-based as well as in-situ aircraft measurements of sulfur hex-77

afluoride (SF6) Waugh et al. (2013) showed that ΓSF6, is characterized by values that78

increase sharply from zero over northern midlatitudes to ∼1.3-1.5 years over the South-79

ern Hemisphere (SH). They also showed that the largest seasonal and interannual vari-80

ations occur over the tropics and near the surface, and are relatively weaker in the ex-81

tratropics and upper troposphere.82

The observational inferences of ΓSF6 derived in Waugh et al. (2013) provide strin-83

gent tests of simulated transport, independent of photochemistry, and have been used84

to evaluate interhemispheric transport in models (Waugh et al. (2013); Wu et al. (2018);85

Orbe et al. (2018); Yang et al. (2019)). In particular, the analyses of individual mod-86

els presented in Waugh et al. (2013) and Wu et al. (2018) showed that the simulated ages87

were biased old, relative to observations. This bias was subsequently shown to apply more88

generally across all models participating in the Chemistry Climate Modeling Initiative89

(CCMI) (Eyring et al. (2013)) and TransCom (Patra et al. (2011)) model intercompar-90

isons (Yang et al. (2019)).91

In order to meaningfully interpret the age biases in models, more observations are92

needed in order to better understand the observed spatial and temporal characteristics93

of ΓSF6. In particular, the observational analysis in Waugh et al. (2013) was limited to94

a relatively narrow (in longitude) network of measurements centered around the Pacific95

Ocean (see their Figure 1), which precluded an in-depth examination of the zonal char-96

acteristics of the mean age (and its variability). While previous studies have documented97

zonal variations in the observed interhemispheric transport of other trace gases (most98

commonly, CO2), focus has primarily been placed on the upper troposphere, where asym-99

metries in transport have either been linked to the presence of upper-level westerly ducts100

in the Pacific and Atlantic Oceans (e.g. Miyazaki et al. (2008); Frederiksen and Francey101

(2018)) or to the upper-level cross equatorial flow associated with the Asian monsoon102

anticyclone (e.g., Chen et al. (2017); Yan et al. (2020)). By comparison, less attention103

has been paid to examining zonal variations in IHT in the lower troposphere, although104

modeling studies do suggest the presence of longitudinally confined cross-equatorial trans-105

port paths over South America and the Indian Ocean (Orbe et al. (2016); Wu et al. (2018)).106

Most relevant to this study, Wu et al. (2018) showed that near-surface values of ΓSF6 ex-107

hibit considerable differences in variability between the Indian Ocean and the Pacific,108

although that study was mainly model-based and did not expand on the observational109

analysis presented in Waugh et al. (2013).110

In addition to being limited to one ocean basin, the observational analysis of ΓSF6111

presented in Waugh et al. (2013) only spanned 1997-2011, too short to justify an anal-112

ysis of age trends. At the same time, however, studies using different approaches have113

concluded that interhemispheric transport did change over that time period, with Patra114

et al. (2011) showing that the observed interhemispheric exchange time decreased by about115

∼0.2 years during 1996–1999 and ∼0.15 years during 2004–2007. While they suggest that116

these decreases in exchange time are likely driven by changes in the emission distribu-117

tion of SF6, it is not clear if such trends are also evident in the three-dimensionally re-118

solved mean age. Furthermore, recent emissions inventories suggest that the expansion119

in SF6 consumption moving from developed (Kyoto Protocol Annex-1) to developing coun-120

tries (non-Annex-1) has increased still further over the past decade (Simmonds et al. (2020);121

Lan et al. (2020)) and it is not clear how (if) these emissions changes contribute to sus-122

tained recent trends in inferred rates of interhemispheric transport.123
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Here we use the full network of surface SF6 measurements from the NOAA Car-124

bon Cycle Greenhouse Gases (CCGG) group that is much broader in its zonal coverage125

compared to previous studies and extends over the time period 1997-2018 in order to eval-126

uate zonal variations in the mean age and its long-term trends over the past two decades.127

Combining the surface measurements with new in-situ aircraft measurements sampled128

during the Atmospheric Tomography Mission (ATom) we show that, while there are weak129

zonal asymmetries in the annual mean ages, the amplitude of the seasonal cycle of ΓSF6130

is much larger over the Indian Ocean/Maritime Continent compared to over the Pacific131

and Atlantic Oceans.132

Our analysis of the full period spanning 1997-2018 reveals that the SF6 age has de-133

creased nearly uniformly throughout the 2000s at a rate of ∼0.12 yr/dec. We then use134

model simulations to show that this trend is mainly associated with a shift in emissions,135

as diagnosed from the Emission Database for Global Atmospheric Research (EDGAR)136

inventory, from northern to subtropical latitudes and is not, to first order, related to trends137

in transport through the tropics. Finally, we show that the model simulates substantially138

larger spatial variance in the SF6 mole fraction over northern midlatitudes, compared139

to the observations. We then show that the long-standing age bias documented in pre-140

vious studies is largely, but not entirely, traceable to this larger simulated spatial vari-141

ance over northern midlatitudes in the models.142

We begin by discussing the observations and model simulations that were used in143

Section 2, followed by a presentation of main results in Sections 3 and 4 and conclusions144

in Section 5.145

2 Methods146

2.1 Observations147

Here we use the monthly mean flask-air measurements from the NOAA/CCGG di-148

vision, which makes regular SF6 measurements from discrete samples going back to 1997,149

depending on the site (Figure 1, black squares). The monthly mean flask-air measure-150

ments are calculated from a smooth curve fitted to the data, which includes approximately151

four weekly samples per month. Unlike in Waugh et al. (2013), who only used NOAA/CCGG152

measurements from tropical sites and commercial ship-based measurements over the Pa-153

cific Ocean, here we consider a much broader range of (82) NOAA/CCGG sites that also154

span the extratropics and multiple ocean basins.155

The quoted uncertainty for the NOAA/CCGG measurements is ∼0.04 ppt in years156

since the early 2000s, during which the total measurement uncertainty is dominated by157

short term noise. These uncertainties translate to age uncertainties of approximately 0.13158

yr, assuming an SF6 growth rate of around 0.3 ppt/yr. For years prior to 2000, we note159

that there is an additional uncertainty contribution due to standard scale propagation160

which increases the total measurement uncertainty to ∼0.07 ppt. For this reason, when161

examining trends in the surface data, we exclude years before 2000 from our analysis.162

In addition to the surface measurements, we also use the SF6 measurements sam-163

pled on the NASA DC-8 aircraft during the Atmospheric Tomography Mission (ATom).164

ATom consisted of four aircraft campaigns that provided continuous profiles from 0.2 to165

12 km that originated from California, flew north to the western Arctic and south into166

the South Pacific, and east to the Atlantic up to northern Greenland before returning167

back to California (Fig. 1, open circles). The merged datasets from all four campaigns168

– ATom-1 (Jul-Aug 2016), ATom-2 (Jan-Feb 2017), ATom-3 (Sep-Oct. 2017) and ATom-169

4 (Apr-May 2018) – are used. Specifically, we use the 10 second merged SF6 in-situ chro-170

matographic measurements from the PAN and Other Trace Hydrohalocarbon Experi-171

ment (PANTHER) (J. W. Elkins et al. (2002); Wofsy (2011)) and the Unmanned Air-172

craft Systems Chromatograph for Atmospheric Trace Species (UCATS) (J. Elkins et al.173
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(1996); Moore et al. (2003); Fahey et al. (2006); B. Hall et al. (2011); Wofsy (2011)) in-174

strument. We also use the Programmable Flask Package (PFP) Whole Air Sampler merged175

data, which is obtained less frequently as integrated samples over longer time intervals176

(<30s) and is available as (weighted) averages of 1-second data.177

The stated uncertainty for the PFP measurements is around 0.05 ppt and, while178

the UCATS and PANTHER reported values vary across the 3-4 deployments for which179

measurements were available, on average their reported uncertainty is around 0.08 ppt180

(Table 1, col. 2-4). These reported uncertainties compare well with the standard devi-181

ation of the difference between instruments sampled for coincident measurements (within182

70 sec). That is, assuming that the uncertainties in two instruments X and Y are un-183

correlated, then σ2(X-Y) = σ2(X)-σ2(Y). Evaluating this variance in the difference be-184

tween co-incident SF6 measurements results in values (i.e. σ(PFP-UCATS)=0.09 and185

σ(PANTHER-UCATS)=0.11) that are (broadly) consistent with the reported uncertain-186

ties (Table 1, col. 5-7). Not only is the spread in the measurements generally consistent187

in magnitude with the reported uncertainties, we also find that the larger spread for cam-188

paigns also coincides with larger reported uncertainties (e.g. campaigns 1 and 4 for UCATS,189

and campaign 4 for PANTHER). This relationship has been evaluated and shown to hold190

well over the Southern Hemisphere (not shown).191

Assuming an SF6 growth rate (during AToM) of around 0.3 ppt/yr, then the un-192

certainties in the PFP (0.05 ppt) and UCATS/PANTHER (0.08 ppt) measurements trans-193

late to age uncertainties associated with an individual measurement of approximately194

0.16 yr and 0.26 yr, respectively.195

2.2 Models196

We use two simulations produced using the NASA Global Modeling Initiative (GMI)197

chemical transport model (Strahan et al. (2007, 2016)). Both simulations span 1980-2016198

and are constrained with fields from the Modern-Era Retrospective Analysis for Research199

and Applications, Version 2 (MERRA-2) (Gelaro et al. (2017)). While the simulations200

differ in their horizontal resolution (one- vs. two-degree), the primary difference is in their201

emissions. In the first simulation, denoted “CTM-Fix”, the emissions are identical to those202

used in Waugh et al. (2013) and are based on the EDGAR 2000 inventory using the tem-203

poral scaling factors in Table 2 of Levin et al. (2010) (assuming a constant scaling af-204

ter 2008) (Fig. 2a). In the second CTM simulation, hereafter simply “CTM”, the emis-205

sions are from EDGAR v4.2 (2011) and thus capture a substantial shift in SF6 emissions206

from northern midlatitudes, over Europe and the United States, into the subtropics over207

Asia during 1997-2007 (Fig. 2b). The emissions pattern from 2008 is used for years af-208

ter 2008, the last year of the EDGAR v4.2 inventory.209

2.3 SF6 age210

As in Waugh et al. (2013) we focus primarily on the “SF6 age” (ΓSF6) derived from211

both the observed and modeled SF6 fields. More precisely, the age at a particular loca-212

tion, ΓSF6(r), is defined as the time since the SF6 mixing ratio in the “source region” equaled213

the mixing ratio at that location, i.e., (χ(r, t) = χ0(t−ΓSF6(r,t))), where χ is the SF6214

mixing ratio at location r and χ0 is the mixing ratio in the (northern midlatitude) source215

region.216

In defining ΓSF6 one must choose a suitable reference time series, χ0. In Waugh217

et al. (2013) the authors used the average of three northern midlatitude sites, Mace Head218

(MHD; 53◦N,10◦W), Trinidad Head (THD; 41◦N,124◦W), and Niwot Ridge (NWR; 40◦N,106◦W)219

from the NOAA Halocarbons and other Atmospheric Trace Species (HATS) network.220

Here we capitalize on the much broader network of NOAA/CCGG sites included in this221
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study and define a boundary condition (BC) ([χ]0,30N−60N) which uses the mean of mea-222

sured SF6 mole fractions at all (31) available sites spanning 30◦N to 60◦N.223

As discussed in more detail in Section 4, this choice of a mean reference series, while224

consistent in form with the one used in Waugh et al. (2013) (in terms of averaging), adds225

an additional layer of complexity when comparing between the observations and the model,226

as compared to using the median of the sites (<χ>0,30N−60N). This is because the mean227

is more influenced by stations near emissive regions, and this influence is typically en-228

hanced in the model, compared to the observations. This results in a model reference229

time series with higher values which, for a given SF6 mixing ratio, translates to older ages230

outside of NH midlatitudes. While the high SF6 sites in the model results presented in231

this study represent a real model bias over that region, the median reference series is used232

when comparing the model with the observations in Section 4, as the focus of that sec-233

tion resides primarily in what the SF6 age reveals about interhemispheric transport (not234

local transport in close proximity to the northern midlatitude source region).235

Finally, in addition to analyzing the SF6 age we also briefly include comparisons236

with an idealized NH “age-of-air” clock tracer, which is shown only for the “CTM” sim-237

ulation as it is nearly identical in both runs (not shown). The clock tracer is defined with238

respect to a uniform source over 30◦N–50◦N and was compared among the CCMI mod-239

els in Orbe et al. (2018). This tracer is used for discerning the relative influence of emis-240

sions versus transport changes on recent trends in ΓSF6.241

2.4 Analysis242

We examine the climatological mean of ΓSF6, as well as its seasonal and interan-243

nual changes. Seasonality is examined at each grid point both in terms of the peak-to-244

peak amplitude in the climatological mean seasonal cycle as well as by calculating the245

standard deviation of the climatological 12-month annual cycle over the entire observa-246

tional period 1997-2018 (denoted as σseas). Similarly, the interannual variability (σinter)247

is examined by calculating the standard deviation at each given month over the same248

period. Note that there is a trend in ΓSF6 present over this time period, which is quan-249

tified herein using a simple linear fit and which is removed first before calculating inter-250

annual variations. This last step was not performed in the model-based analysis of ΓSF6251

presented in Wu et al. (2018) as that study only considered ΓSF6 variability up to 2010,252

over which the age trend is smaller.253

3 Observed Tropospheric SF6 Ages254

3.1 Climatological Mean Distribution255

We begin by examining the SF6 age (ΓSF6) as a function of latitude, evaluated at256

all of the NOAA/CCGG sites (Figure 3). Despite the use of a reference time series that257

considers a much broader range of sites than examined in Waugh et al. (2013), we find258

a meridional profile that is very consistent with what was reported in that earlier study259

(see their Figure 3). In particular, the SF6 ages are near zero (by construction) over the260

NH midlatitude source region and increase sharply in the northern subtropics and trop-261

ics, where the ages feature large meridional gradients, increasing to a value of ∼1.5 years262

over southern middle and high latitudes.263

Whereas the analysis in Waugh et al. (2013) focused primarily on ages over the Pa-264

cific Ocean, here we examine the variations in ΓSF6 over a much broader range of lon-265

gitudes (Fig. 4a). South of the source region throughout the tropics and SH latitudes266

we find that there are small zonal variations in the climatological annual mean SF6 ages.267

Over the northern subtropics and close to the source region there are larger asymme-268

tries in the age, with younger ages occurring near regions of high emissions and several269
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sites where ΓSF6 is negative. Waugh et al. (2013) made a similar observation, which they270

explained as resulting from the inclusion of the higher altitude NWR data in their (three-271

site) reference time series. By comparison, in this study, which utilizes a boundary con-272

dition formed from sites that cover a broader range of longitudes, we find that these neg-273

ative ages coincide with sites located in regions of high emissions over Europe (-0.24 yr.274

at HUN (47◦N,17◦E)), Southeast (SE) Asia (-0.32 yr. at TAP (37◦N,126◦E)), and the275

Pacific Ocean (-0.5 yr. at DSI (21◦N,117◦E)) (circles, Fig. 4a). As discussed later in Sec-276

tion 3.3, changes in SF6 emissions near these low-age sites dictate to a large extent the277

trends in ΓSF6 that occur over the tropics and southern latitudes during the 2000s.278

Next we examine the SF6 ages inferred from ATom over the period 2016-2018 (Fig-279

ure 4b-d). In particular, the ages, sampled at pressures greater than 400 hPa, have been280

binned into a 10◦ longitude by 5◦ latitude grid for the UCATS and PANTHER instru-281

ments and into a 15◦ longitude by 10◦ latitude grid for PFP, owing to the relatively coarser282

temporal sampling of the latter. Overall, there is good agreement between the ages in-283

ferred from the different instruments, which all show consistently weak zonal variations284

in ΓSF6 across oceanic basins. Most differences among instruments fall within the ∼0.16285

yr and ∼0.26 yr age uncertainties expected for PFP and UCATS/PANTHER, respec-286

tively. While there are a few exceptions where the age differences are larger than expected,287

we find that these reflect locations where the sampling density is small; furthermore, in288

practice, they comprise only a small fraction of the measurements.289

Overall we find that the SF6 ages inferred from ATom appear to also agree very290

well with the NOAA/CCGG-based surface ages (Fig. 4a), albeit for the different clima-291

tological time periods considered. In particular, the ages inferred from ATom also fea-292

ture weak zonal variations, with little differences between the Pacific, Atlantic and In-293

dian Oceans.294

One exception to this good agreement, however, occurs over the northern hemisphere295

middle and high latitudes, where ΓSF6 ∼0.3-0.6 yr in ATom, compared to only ∼0.1-0.3296

yr at the surface. This difference is due to a small increase in ΓSF6 with height over north-297

ern midlatitudes (Figure 5). In particular, over 50◦N-70◦N the ATom-inferred ages in-298

crease from ∼0.2 yr at the surface to ∼0.4-0.5 yr at 300 hPa, a feature that is evident299

in all three instruments (Fig. 5a). A similar (albeit smaller) increase in ΓSF6 with height300

appears over southern high latitudes (Fig. 5b), a feature that was also evident in the aircraft-301

based age estimates presented for the Pacific Ocean in Waugh et al. (2013). Physically,302

we interpret these increased ages in the upper troposphere as reflecting a decrease in tropopause303

height and increased sampling of lower stratospheric air masses, which in future work304

we plan to examine further in terms of reductions and elevations in nitrous oxide and305

ozone, respectively.306

By comparison, over the tropics the vertical gradients in ΓSF6 are much weaker (Fig.307

5c,d), and increase only slightly moving into southern high latitudes. These weak ver-308

tical gradients in the tropics are evident in both the Pacific (Fig. 5c) and Atlantic (Fig.309

5d) basins, consistent with the weak surface zonal asymmetries in the annual mean ages310

inferred from the surface measurements (Fig. 3).311

3.2 Seasonal and Interannual Variability312

Having shown in the previous section that there is generally very little vertical vari-313

ation in the age over the regions sampled during ATom (except over northern and south-314

ern high latitudes), we focus the remainder of our discussion on variability and trends315

at the surface. We begin by examining seasonal variations in the age (σseas) (Fig. 6a),316

which are largest over the tropics and northern subtropics. Within the tropics the stan-317

dard deviation across the seasonal cycle ranges between ∼20 days and ∼120 days (or al-318

most 0.3 years) (Fig. 6, left, top).319

–7–



manuscript submitted to JGR: Atmospheres

Examination of the seasonal cycle at individual sites over different regions (Fig-320

ure 7) shows considerable zonal variability in the amplitude of the seasonal cycle, in con-321

trast to the relatively small variations in the climatological annual mean ages noted in322

the previous section. More precisely, for sites located south of 20◦N, the largest seasonal323

variations in ΓSF6 occur over the Indian Ocean (Fig. 7b), with relatively weaker vari-324

ability over the Pacific Ocean (Fig. 7c) and still weaker seasonality over the Atlantic Ocean325

(Fig. 7d). Overall, the peak-to-peak amplitudes over the Indian Ocean range between326

0.7 yr and 1.4 yr, compared to ∼0.6 yr and ∼0.3 yr over the Pacific and Atlantic, respec-327

tively.328

The large differences in σseas between the Indian Ocean and the other basins re-329

flect the fact that the seasonality of ΓSF6 is not a simple function of distance from the330

equator. In particular, at the same latitude (∼5◦S) the amplitude of the seasonal cycle331

is much larger over the Indian Ocean (BKT (0.2◦S,100◦E), SEY (4.7◦S,56◦E)) compared332

to the Pacific (PCS05; 5◦S,165◦W). As noted in Waugh et al. (2013), the seasonal cy-333

cle in ΓSF6 at these tropical sites reflects the fact that older ages occur during summer334

as the Intertropical Convergence Zone (ITCZ) shifts northward, bringing in older SH ages335

into that region; conversely, during boreal winter the ITCZ shifts into the SH and the336

ages, of NH origin, are relatively younger. The larger seasonal variations at SEY there-337

fore reflect the fact that the seasonal variations in the latitude of the ITCZ are larger338

than at the longitudes of other (Pacific) sites. While we find that this argument also qual-339

itatively applies to the Indian Ocean site BKT (not considered in Waugh et al. (2013)),340

we note that this is only part of the story as Wu et al. (2018) later showed that the ITCZ-341

age relationship differs between the basins, with the relationship being much less linear342

over the Indian Ocean, with a more rapid change of age with latitude of the ITCZ when343

the ITCZ is south of 10◦N versus north.344

The amplitude of interannual variability (σinter), averaged over all months and in-345

ferred from the NOAA/CCGG observations, is similar to the seasonal cycle amplitude,346

albeit somewhat higher over southern latitudes (Fig. 6b). Compared to the seasonal cy-347

cle, σinter is also somewhat more uniform in longitude, with the exception of a few sites348

located near regions of high emissions.349

3.3 Trends350

Next, we capitalize on the longer time series afforded from the updated observa-351

tional record by calculating trends, ignoring years prior to 2000, during which the to-352

tal measurement uncertainty of the surface flask data was significantly larger. In par-353

ticular, over 2000-2018 the SF6 ages decrease south of the northern midlatitude source354

region (Figure 6c). Over southern extratropical latitudes the trends in ΓSF6 are ∼-45(-355

0.12) days(yrs)/dec (Fig. 6c, top); furthermore, with the exception of some variations356

close to regions of high emissions (i.e. Europe, SE Asia), the trends in the ages over south-357

ern latitudes are overall zonally uniform (Fig. 6c, bottom).358

The decreases in ΓSF6 are consistent with the results from Patra et al. (2011), as359

discussed in the Introduction. However, whereas they showed that the interhemispheric360

exchange time decreases by ∼0.05 years over 1996–2007, here we show that this trend361

applies more generally to all surface latitudes south of 30◦N and over a longer time pe-362

riod extending through 2018.363

Patra et al. (2011) suggested that the decreases in exchange time were driven by364

a subtropical shift in SF6 emissions. To test whether this hypothesis also applies to the365

SF6 age trends over the longer record, we first consider how changes in the reference time366

series used to calculate ΓSF6 (adjusted to in/exclude sites reflecting changes in emissions)367

affect the resulting age trends.368
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We begin by noting that, by construction, the changes in ΓSF6 summarized in Fig-369

ure 6, already partly reflect recent changes in the EDGAR SF6 emission inventory, which370

shift from northern midlatitudes during the late 1990s and early 2000s to lower latitudes371

(in Southern Asia) during the mid-2000s and 2010s. That is, the mean 30◦N-60◦N bound-372

ary condition ([χ]0,30N−60N) used to calculate ΓSF6, already averages in the contributions373

from sites in Northern Europe like HUN — near which emissions have been reportedly374

decreasing over recent years — and, conversely, sites over SE Asia (TAP,AMY), near which375

emissions have recently been increasing. As a result, removing HUN from the reference376

time series results in a new reference series (Figure 8a, cyan line) that differs by ∼0.01377

ppt during ∼2000 and by ∼0.025 ppt over more recent years; in turn, this change in the378

evolution of the reference SF6 series reduces the amplitude of the resulting (negative)379

age trend by ∼15% (Fig. 8b, cyan circle).380

While, in one sense, one can remove the influence of emissions changes over north-381

ern midlatitude sites (HUN), one can, alternatively, remove the contributions from the382

SE Asian sites (TAP, AMY). We only consider TAP, as that site has measurements for383

the entire period under consideration. Upon removing the influence of TAP, the result-384

ing reference time series becomes increasingly more negative with time, relative to us-385

ing the all-site 30◦N-60◦N mean (Fig. 8a, solid red line); in turn, the negative age trends386

over southern latitudes become even larger (Fig. 8a, solid red circle).387

One can take this exercise one step further by comparing the age trends inferred388

using the mean 30◦N-60◦N boundary condition with those from a “marine boundary layer”389

reference series that only uses sites between 30◦N-60◦N that are far removed from emis-390

sive sources. Consideration of only these marine locations results in a reference time se-391

ries that becomes increasingly smaller with time by up to ∼0.06 ppt, relative to the 30◦N-392

60◦N mean series (Fig. 8a, black line), resulting in negative age trends that are substan-393

tially larger (Fig. 8b, open black circle). While it is tempting to interpret this sensitiv-394

ity in the SF6 age trends to emissions shifts, the stronger trends might simply reflect in-395

creasing SF6 emissions over land that are not captured in the marine BC.396

To summarize, the negative SF6 age trends observed over tropical and southern lat-397

itudes become smaller (larger) when we include (exclude) sites near regions with sub-398

stantial and recently changing emissions into the reference series that is used to calcu-399

late ΓSF6. This suggests that recent decreases in ΓSF6 are partly related to a reported400

shift in emissions from northern midlatitudes into more southern latitudes over South-401

east Asia. We also find that the ΓSF6 trends become substantially larger when we use402

a marine reference series that only considers sites between 30◦N-60◦N that are far re-403

moved from emissive sources. However, this increase in trends might reflect simply in-404

creasing (not necessarily shifting) SF6 emissions over land. As this demonstration is mainly405

indirect (through modification of the reference series used to calculate the age) and in-406

conclusive regarding the impact of emissions shifts, we examine more directly the im-407

pact of recent emissions changes on age trends through use of targeted model simula-408

tions discussed next in Section 4.409

4 Modeled SF6 Ages410

To examine possible causes of the reported SF6 age trends we now compare model411

simulations that use different SF6 emissions. Specifically, we use two model simulations,412

one using emissions that shift in time, and the other using fixed emissions. We also com-413

pare the trends in ΓSF6 with those derived from the age-of-air “clock” tracer as another414

means for discerning the relative importance of transport versus emissions on recent ob-415

served trends in ΓSF6.416

To begin, we provide a brief examination of the simulated climatological mean SF6.417

The model simulates much larger spatial variance in SF6 over northern midlatitudes, com-418
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pared to the observations (Fig. 9). In particular, both simulations produce higher val-419

ues of SF6 over several sites spanning Europe, the United States and Southeast Asia, all420

of which are located near/downwind of emissions regions. Over some of these sites (HPB421

(48◦N,11◦E), OXK (50◦N,12◦E), PTA (39◦N,124◦E)) the model also fails to capture the422

observed seasonal cycle in ΓSF6 (Fig. 7a), although these biases in seasonal cycle am-423

plitude appear to be relatively confined to northern midlatitudes and do not propagate424

south of the source region.425

The disagreement between the observed and simulated values of SF6 over north-426

ern midlatitudes is not easy to interpret. In particular, while utilizing only measurements427

satisfying a certain criterion, such as flow regime, may account for discrepancies with the428

models at some of the sites, it does not consistently explain the differences between the429

simulated and observed concentrations across all sites. Therefore, while sampling may430

play a role in the mismatch between the models and observations, an alternative expla-431

nation is that the higher values of SF6 in the models reflect a tendency for tracer con-432

centrations to be excessively “trapped” near regions of high emissions (Denning et al.433

(1999); Peters et al. (2004)). The latter could reflect inaccurate emissions distributions434

in the EDGAR inventory, especially over the United States, where EDGAR may over-435

estimate emissions by ∼40% (Hu et al. (2021)). Alternatively, the higher values of SF6436

could reflect localized biases in transport away from emissions associated with mixing437

in the planetary boundary layer (Peters et al., 2004) or other processes. At present it438

is not clear which of these explanations dominates; rather, it is most likely a combina-439

tion of these effects, which we plan to disentangle in future research.440

The high SF6 at these NH sites has a major impact on the SF6 age. This is illus-441

trated in Figure 10, where we compare ΓSF6, calculated with respect to the mean (Fig.442

10a) versus the median (Fig. 10b) of the sites spanning 30◦N-60◦N ([χ]0,30N−60N vs.443

<χ>0,30N−60N). For the observations the inferred ages agree well at all latitudes, con-444

sistent with the lack of strong observed spatial gradients in SF6 over northern latitudes445

(Figs. 9,10 black circles). By comparison, in the models, the values of ΓSF6 reduce by446

∼0.3 years over SH high latitudes when <χ>0,30N−60N is used as the reference time se-447

ries (Figs. 9,10 red circles). (Note that only the results from the CTM simulation are448

shown, but the same sensitivity is exhibited by the CTM-Fix simulation.)449

Figure 10 indicates that after better accounting for the bias in SF6 (spatial) vari-450

ance over northern midlatitudes, there is substantially better agreement between the ob-451

served and simulated SF6 ages, at least to within the range of interannual variability.452

Specifically, the model bias over southern high latitudes is reduced by ∼50% from 0.3453

years to 0.15 years, comparable to the surface measurement uncertainty (±0.16 years).454

This finding expands on the hypothesis raised in Yang et al. (2019), who demonstrated455

that the bias in simulated ΓSF6 over the southern extratropics is most sensitive to trans-456

port processes between the northern midlatitudes and northern subtropics. That study,457

however, did not further partition this bias into transport out of the midlatitude surface458

versus transport from the northern subtropics into the tropics, owing to the use of a sim-459

ple box model. Here we show that much of this bias appears to be related to transport460

out of the midlatitude surface layer, although inaccurate emissions distributions may also461

be an important contributing factor.462

Finally, having demonstrated that the models capture the mean (Fig. 10b) and sea-463

sonal variability (Fig. 7) of ΓSF6, next we explicitly compare time series over 2000-2018464

(Figure 11). We find that the CTM-Fix run, in which SF6 emissions do not shift in time,465

does not capture the observed downward trend in ΓSF6 over the 2000s. (Note that the466

observed negative trend in ΓSF6 (Fig. 11, black lines) does not depend on whether the467

mean or median reference series is used to define the age, consistent with relatively weak468

spatial variance in observed SF6 over northern midlatitudes (Fig. 9)). By comparison,469

the CTM simulation, which uses emissions that shift in time, features a distinct decrease470

in ΓSF6 that is more consistent with the observed trend. This directly confirms our con-471
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clusion, inferred earlier through modification of the reference time series (Section 3.3),472

that the SF6 age trends are largely attributable to a subtropical shift in emissions from473

northern middle to subtropical latitudes. This point is perhaps still clearer through anal-474

ysis of the clock tracer (Fig. 11, green line), which does not exhibit any trends over this475

period. This confirms that any changes in ΓSF6 are primarily a reflection of changes in476

the latitudinal distribution of emissions, and are not related to underlying changes in trans-477

port. Furthermore, consistent with the lack of clock tracer changes, we do not identify478

any significant trends in either the ITCZ position or mean meridional circulation strength479

inferred from MERRA-2, relative to internal variability, over this time period (not shown).480

Interestingly, while the simulation driven with EDGAR v4.2 emissions does cap-481

ture most of the age decrease over the 2000s, it is clear that the more recent decreases482

in ΓSF6 after 2010 are less well simulated. This is consistent with the fact that the model483

uses the same (2008) emissions distribution for all years after 2007. By comparison, the484

continued decline in observed values of ΓSF6 indicates that SF6 emissions have contin-485

ued to shift into the subtropics, which has also been suggested in independently derived486

emissions estimates presented in recent studies (Simmonds et al. (2020); Lan et al. (2020)).487

Current protocols, such as those set forth in CCMI, for evaluating interhemispheric trans-488

port using EDGAR v4.2 emissions, may therefore need to be updated in order to prop-489

erly account for these continued shifts in emissions over recent years.490

As a final point, we note that over southern high latitudes the interannual age vari-491

ability is slightly underestimated in both the CTM and CTM-Fix simulations, even af-492

ter accounting for the differences in SF6 spatial variance between the model and the ob-493

servations (Fig. 11b,c). While this weaker variability does appear to be consistent with494

the values of σinter presented in Wu et al. (2018) (for the NCAR CAM model), we do495

not draw any firm conclusions, given that this apparent bias in σinter is somewhat de-496

pendent on which measurements are used. Furthermore, it is possible that the larger vari-497

ability in the observations could be due to uncertainty in the measurements, given the498

limited sampling that occurs for any given month at most sites. At this point, therefore,499

it is not clear how much of the bias in the models is due to model error or measurement500

uncertainty. A systematic evaluation of interannual variability in ΓSF6 among the broader501

range of models participating in CCMI will be examined in future work, but is beyond502

the scope of the present analysis.503

5 Conclusions504

Here we have used surface and aircraft measurements of SF6 to present a more global505

picture of the climatological distribution, recent trends, and variability in the tropospheric506

SF6 age. Our analysis, which has focused on the observations, shows that at the surface,507

the SF6 age increases from near-zero values north of 30◦N to ∼1.5 years over the SH ex-508

tratropics. While the surface meridional gradients in ΓSF6 are large in the tropics, they509

are significantly weaker in the extratropics; moreover, vertical gradients in the age are510

weak over all latitudes, in(de)creasing only slightly with height over northern(southern)511

high latitudes. In addition, our use of a more spatially resolved network of surface mea-512

surements shows that there are small zonal variations in the climatological annual mean513

SF6 ages, albeit large zonal variations in age seasonality, especially over the Indian Ocean.514

Unlike previous studies, which did not examine trends in the SF6 age within the515

troposphere, here we capitalize on the longer measurement record to show that ΓSF6 has516

decreased nearly uniformly south of northern midlatitudes by ∼0.12 yr/dec over 2000-517

2018. Interestingly, we show that changes in ΓSF6 are primarily associated with a change518

in reported emissions, possibly including a shift from northern midlatitudes into the north-519

ern subtropics, and are not related to fundamental changes in transport. In particular,520

simulations reproducing the observed SF6 age trends show no corresponding decreases521

in an age-of-air tracer over this time period, reinforcing our conclusion that the SF6 age522
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represents only an approximation to the mean age. Thus, while the SF6 age provides a523

useful estimate of the climatological mean and seasonal properties of the (tropospheric)524

mean age (Waugh et al. (2013); Wu et al. (2018)), we emphasize that care must be taken525

when interpreting the long-term trends in ΓSF6 as reflecting (transport-related) trends526

in the age-of-air. A similar disconnect between the age trends inferred from SF6 versus527

those derived from an age-of-air tracer was noted in Loeffel et al. (2021), albeit in the528

stratosphere, where the presence of mesospheric sinks in SF6 can result in opposite trends529

between the two tracer-based ages.530

Another novelty of our results relates to our use of a more spatially resolved ref-531

erence times series used to calculate the SF6 age. In particular, while model evaluation532

was not the main focus of this study, our use of a reference series that incorporates 31533

(as opposed to 3) stations, reveals that the simulated spatial variance of SF6 over north-534

ern midlatitudes is significantly larger than observed. We then demonstrated that this535

bias largely, but not entirely, accounts for the simulated age bias (∼0.3-0.4 years) in mod-536

els over the southern extratropics, reported in previous studies (Waugh et al. (2013); Yang537

et al. (2019)). More precisely, after removing the influence of high SF6 sites from the mod-538

eled reference time series used to calculate the age, we showed that the SF6 age bias is539

reduced by ∼50%.540

The presence of high SF6 sites in the models may reflect either incorrect transport541

or emissions (or a combination of both). Focusing strictly on transport errors, these may542

be either related to mixing within the planetary boundary layer (Peters et al., 2004) or,543

as more recent studies have noted, to biases in the (resolved) near-surface meridional flow,544

even in simulations constrained with (re)analysis fields (Yang et al., 2019). A natural545

next step in this direction will be to examine in more detail the drivers of larger spatial546

variance of northern midlatitude SF6 mixing ratios among the TransCom and CCMI mod-547

els, which were all constrained with EDGAR v4.2 emissions. At the same time, inaccu-548

rate emissions distributions in the EDGAR inventory, especially over the United States,549

might also contribute to the simulated biases (Hu et al. (2021)). To this end, new tar-550

geted simulations modifying regional components of the EDGAR inventory may provide551

insight into how the simulated age biases respond to changes in emissions.552

Finally, while our focus on trends and variability has primarily been on the sur-553

face, we have also used the aircraft measurements from ATom to investigate the verti-554

cal structure of ΓSF6. Owing to measurement uncertainty and to the short record of the555

aircraft data, however, our ability to robustly quantify age trends and variability in the556

free troposphere has been quite limited. Nonetheless, model simulations suggest that there557

is considerable seasonal variability in ΓSF6 in the mid-to-upper troposphere over the In-558

dian Ocean (Figure 5 in Wu et al. (2018)). While the lack of sufficient aircraft data from559

ATom currently limits our exploration of age variability over the Indian Ocean, the mea-560

surements obtained as part of future campaigns conducted over Asia may help in this561

endeavor. These may include measurements not only of SF6, but also of volatile organic562

compounds and short-lived halogens with different lifetimes, which may be used in com-563

bination to constrain the transit time distribution (Holzer and Waugh (2015)). Future564

work, therefore, will focus on quantifying transport variability in both observations and565

models, particularly over the Asian monsoon region.566
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Figure 1. Map of locations of SF6 surface measurements (NOAA/CCGG: black squares) and

aircraft flights (filled circles) for ATom-1 (blue), ATom-2 (orange), ATom-3 (purple) and ATom-4

(green). Only the PFP merged aircraft data locations are shown, for sake of simplicity.

Figure 2. Map showing the climatological mean (1980-2008) Levin et al. (2010) emissions

specified in the “CTM-Fix” simulation, which exhibit no shift from northern midlatitudes

into northern subtropics over the 2000s. b) Temporal evolution of the EDGAR v4.2 emissions

specified in the “CTM” simulation, averaged over the United States (green, US: 20◦N-40◦N,

230◦E-310◦E), Europe (black, EUR: 40◦N-65◦N, 0◦E-70◦E) and Asia (red, ASI: 15◦N-40◦N,

80◦E-140◦E). Note that any SH emissions represented in the Levin et al. (2010) and Edgar v4.2

inventories are not shown or visible in (a) as they are small (∼5%), relative to the emissions over

the northern subtropics and midlatitudes.

–16–



manuscript submitted to JGR: Atmospheres

Figure 3. Meridional profile of the climatological mean observed SF6 age (ΓSF6), averaged

over 2000-2018 and evaluated at all available NOAA/CCGG sites.
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Figure 4. Climatological mean observed SF6 age (ΓSF6) derived from the NOAA/CCGG

surface flask-air measurements (2008-2018) (a) and during ATom 1-4 for the PANTHER (b) and

UCATS (c) instruments. Measurements are also shown from PFP (d), which consists of a pack-

age of flasks holding air samples that is analyzed separately from the ATom instrumentation.

ATom-based ages have been averaged over pressures greater than 400 hPa; in addition, the PAN-

THER/UCATS and PFP measurements have been binned into a 10◦ longitude by 5◦ latitude and

15◦ longitude by 10◦ latitude grid, respectively, owing to the higher temporal sampling frequency

for the former two instruments, compared to the latter. Black circles in (a) highlight sites over

Europe (HUN) and Asia (DSI, TAP, AMY) where values of ΓSF6 are most negative and where

changes in SF6 emissions are important for interpreting age trends over the 2000s (see Figure

8). Note that the negative ages over the United States (at ITN (35◦N,77◦W)), which reflect

measurements over a very limited time period (05/1997-05/1999), are not circled as they do not

contribute to the trend analysis.
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Figure 5. ATom 1-4 averaged ΓSF6 for the PANTHER (red), UCATS (blue) and PFP (black)

measurements. Averages are presented over northern midlatitudes (a), southern middle and high

latitudes (b) and the tropics over the Pacific (c) and Atlantic (d) oceans. Thin dashed lines in-

dicate ±σ for each instrument, where σ is the standard deviation of all measurements sampled

within each region.
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Figure 9. Ratio of SF6 mixing ratio at individual sites, relative to the midlatitude (30◦N-

60◦N) mean mixing ratio. The observed and simulated (CTM) values are shown in the black

circles and diamonds, respectively. Also highlighted are the high-SF6 sites in the model (TAP

(red diamond), AMY (smaller red filled diamond), HPB (blue diamond), OXK (green diamond),

PTA (grey diamond)). Note that the diamonds for the TAP and AMY sites overlap.
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