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Abstract
Two independent chemistry-transport models with troposphere-stratosphere coupling are used to quantify
the different components of the radiative forcing (RF) from aircraft emissions of NOx, i.e., the University
of L’Aquila climate-chemistry model (ULAQ-CCM) and the University of Oslo chemistry-transport model
(Oslo-CTM3). The tropospheric NOx enhancement due to aircraft emissions produces a short-term O3 in-
crease with a positive RF (+17.3 mW/m2) (as an average value of the two models). This is partly compensated
by the CH4 decrease due to the OH enhancement (−9.4 mW/m2). The latter is a long-term response calculated
using a surface CH4 flux boundary condition (FBC), with at least 50 years needed for the atmospheric CH4
to reach steady state. The radiative balance is also affected by the decreasing amount of CO2 produced at
the end of the CH4 oxidation chain: an average CO2 accumulation change of −2.2 ppbv/yr is calculated on
a 50 year time horizon (−1.6 mW/m2). The aviation perturbed amount of CH4 induces a long-term response
of tropospheric O3 mostly due to less HO2 and CH3O2 being available for O3 production, compared with the
reference case where a constant CH4 surface mixing ratio boundary condition is used (MBC) (−3.9 mW/m2).
The CH4 decrease induces a long-term response of stratospheric H2O (−1.4 mW/m2). The latter finally per-
turbs HOx and NOx in the stratosphere, with a more efficient NOx cycle for mid-stratospheric O3 depletion
and a decreased O3 production from HO2+NO in the lower stratosphere. This produces a long-term strato-
spheric O3 loss, with a negative RF (−1.2 mW/m2), compared with the CH4 MBC case. Other contributions to
the net NOx RF are those due to NO2 absorption of UV-A and aerosol perturbations (the latter calculated only
in the ULAQ-CCM). These comprise: increasing sulfate due to more efficient oxidation of SO2, increasing
inorganic and organic nitrates and the net aerosols indirect effect on warm clouds. According to these model
calculations, aviation NOx emissions for 2006 produced globally a net cooling effect of −5.7 mW/m2 (−6.2
and −5.1 mW/m2, from ULAQ and Oslo models, respectively). When the effects of aviation sulfur emissions
are taken into account in the atmospheric NOx balance (via heterogeneous chemistry), the model-average
net cooling effects of aviation NOx increases to −6.2 mW/m2. Our study applies to a sustained and constant
aviation NOx emission and for the given background NOy conditions. The perturbation picture, however, may
look different if an increasing trend in aviation NOx emissions would be allowed.

Keywords: Aviation NOx, Long-term aviation effects, Methane lifetime, Stratospheric water vapor, Strato-
spheric ozone, Tropospheric ozone

Key points: Short- and long-term global radiative ef-1

fects of aviation NOx tend to balance. CH4 mass burden2

changes due to the aviation NOx need to be explicitly3

calculated. Accurate radiative transfer calculations are4

required for the CH4 forcing. Impacts of stratospheric5

H2O and primary mode ozone are explicitly calculated.6

Long-term changes of stratospheric HOx, NOx, and O37

are explicitly calculated.8

1 Introduction9

Kerosene is the main fuel used in civil aviation and its10

combustion primarily produces carbon dioxide (CO2)11
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and water vapor (H2O). Other trace species such as ni- 12

tric oxide (NO), nitrogen dioxide (NO2), sulfur dioxide 13

(SO2), carbon monoxide (CO), hydrocarbons (HCs) and 14

soot, are also emitted during the combustion process. 15

These aircraft emissions can directly alter global atmo- 16

spheric composition through CO2, H2O, NOx, SO2 and 17

soot emissions, or indirectly by increasing tropospheric 18

ozone (O3) and hydroxyl radical (OH) through nitro- 19

gen oxides (NOx) emissions, or indirectly by changing 20

upper tropospheric cirrus cloudiness through contrails, 21

contrail-cirrus and soot-cirrus formation. The resulting 22

atmospheric perturbations may act on very different time 23

scales, inducing long-term responses with CO2 accumu- 24

lation and methane (CH4) lifetime changes or producing 25

short-term climate responses with additional O3 produc- 26
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tion and by increasing aerosols and cloud particles (Lee27

et al., 2010).28

Aircraft NOx emissions play a key role in tropo-29

spheric and lower stratospheric chemistry, by enhanc-30

ing O3 production and OH concentration (Köhler et al.,31

2008; Hoor et al., 2009). The chemical reaction with32

OH, in turn, acts as the main sink for atmospheric CH4,33

so that aircraft NOx emissions will decrease CH4 life-34

time. The lowering of CH4 atmospheric abundance in-35

duces a cooling that may partially compensate the warm-36

ing due to other aircraft gaseous impacts such as CO237

and H2O, as well as the warming due to upper tropo-38

spheric particle formation and aviation-induced cloudi-39

ness (Holmes et al., 2011). Temporally, the aircraft im-40

pact on O3 is particularly complex, due to a superposi-41

tion of short- and long-term effects that takes place via42

direct NOx emissions (short-term) and via OH-driven43

CH4 changes that can feedback on HOx chemistry and44

finally on O3 (long-term) (Holmes et al., 2011). In addi-45

tion, the dilution of aircraft plumes increases the com-46

plexity of this problem; Kraabøl et al. (2002) found47

∼ 20 % reduction in O3-changes caused by aircraft NOx48

while Cariolle et al. (2009) found the reduction to be49

in the range of 10–25 %.50

The general effects of aviation NOx have been widely51

discussed in the modeling community, e.g., by Köh-52

ler et al. (2008), Hoor et al. (2009), Grewe et al.53

(2010), Holmes et al. (2011), Köhler et al. (2012),54

Gottschaldt et al. (2013), providing insights to many55

relevant aspects of the problem (photochemistry, sensi-56

tivity approach, climate impacts, uncertainties) includ-57

ing recent modeling studies that focused on NOx/aerosol58

interaction (Unger, 2011; Pitari et al., 2015). However,59

there are still knowledge gaps on the effects of aviation60

NOx emissions on CH4 lifetime and its subsequent im-61

pacts on stratospheric O3 and H2O concentrations. This62

largely stems from the computational resources avail-63

able to run Chemical Transport Models (CTMs). It is64

computationally inexpensive for CTMs to model the ef-65

fects of aviation NOx on tropospheric O3. This is due66

to its short lifetime, which is in the order of weeks,67

where steady state condition can be achieved from a68

few years of model run using constant emissions. How-69

ever, CH4 changes due to aviation NOx emissions re-70

quire more than a few CTM simulation years, since it71

takes CH4 decades to reach equilibrium from perturbed72

OH fields (Skowron, 2013; Khodayari et al., 2015).73

To save computing time, the aviation community has74

adopted the feedback factor of 1.4 to the CH4 lifetime75

change, which is applied to a reference CH4 concen-76

tration (typically generated from the same CTM run77

that provides the ‘short-term’ O3 response), in a sim-78

plified formulation to represent its steady state concen-79

tration (Prather et al., 2001; Holmes et al., 2011). The80

O3 concentrations are then used explicitly in radiative81

transfer models (RTMs), to provide the radiative forcing82

(RF) estimate of short-term O3, while a simplified ex-83

pression from Ramaswamy et al. (2001) is used to deter-84

mine the CH4 RF. As a consequence of this type of CTM85

setup, whereby a fixed mixing ratio boundary condition 86

is assumed, the RF from CH4-induced long-term O3 and 87

stratospheric H2O changes, are determined as a func- 88

tion of CH4 RF, as described in Myhre et al. (2013) for 89

long-term O3 and Myhre et al. (2007) for stratospheric 90

H2O. The issues surrounding the use of fixed mixing ra- 91

tio boundary condition in CTMs have been discussed in 92

IPCC (1999) and subsequently shown in other studies 93

such as Skowron (2013) and Khodayari et al. (2015). 94

The recent study by Khodayari et al. (2015) compared 95

CH4 concentration results from simulations using fixed 96

mixing ratio boundary condition and flux boundary con- 97

dition, where they found the simplified technique over- 98

estimated CH4 concentrations by ∼ 9 %. 99

The aim of this study is to provide a new insight to 100

the evaluation of long-term O3 and stratospheric H2O 101

RFs associated with CH4 lifetime changes produced by 102

the aviation-induced tropospheric OH perturbation (cal- 103

culated as a full aviation signal perturbation from NOx 104

emissions). In this case, we have followed an approach 105

that firstly, determined the steady state CH4 concentra- 106

tions through an explicit numerical experiment whereby 107

the surface CH4 was calculated using a flux bound- 108

ary condition (similar to that conducted by Khodayari 109

et al., 2015). This allows the OH change from aircraft 110

NOx emissions to produce a CH4 lifetime change that 111

was directly linked to CH4 mixing ratio distribution. 112

Secondly, these results were explicitly used in an offline 113

RTM to determine the RFs for these perturbations with- 114

out resorting to simplified RF expressions discussed pre- 115

viously. The experimental design for this study will be 116

presented in Section 2, while the impact of this setup on 117

atmospheric chemistry will be discussed in Section 3. A 118

revised RF estimate of aviation NOx induced changes to 119

total O3 (the sum of both the short- and long-term re- 120

sponses); CH4 and its effects on stratospheric H2O, all 121

of which were explicitly calculated, will be presented in 122

Section 4 of this paper. 123

2 Experimental design 124

A brief description of the numerical models and the 125

aviation emissions dataset, along with the experimen- 126

tal setup used in this paper will be presented in the fol- 127

lowing subsections. For additional details on model fea- 128

tures, we refer to Søvde et al. (2014) and Pitari et al. 129

(2015). 130

2.1 ULAQ-CCM 131

For this study, the University of L’Aquila global scale 132

climate-chemistry coupled model (ULAQ-CCM), which 133

extends from the surface to the mesosphere (0.04 hPa), 134

is operated in CTM mode and with offline radiative 135

transfer calculations. From now on, we will refer to the 136

chemistry-transport module of the CCM as the ULAQ- 137

CTM. Dynamical data, i.e., velocity stream-function and 138

velocity potential, are provided by the background GCM 139
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run in a reference case, with no feedbacks of aviation-140

induced changes. The oceanic surface temperature is as-141

similated from the Hadley Centre for Climatic Predic-142

tion and Research. A parameterization is included on-143

line for periodic natural forcings, i.e., solar cycle and144

quasi-biennial oscillation, (Eyring et al., 2006; Mor-145

genstern et al., 2010).146

The ULAQ-CCM has been fully described in Pitari147

et al. (2002a and 2002b) and more recently in Pitari148

et al. (2014) and Pitari et al. (2015), with some impor-149

tant updates with respect to the previous version. These150

are: (a) increase of horizontal and vertical resolutions,151

now T21 with 126 log-pressure levels and approximate152

pressure altitude increment of 568 m; (b) inclusion of153

a parameterization to describe the formation of upper154

tropospheric cirrus cloud ice particles (Kärcher and155

Lohmann, 2002); (c) update to Sander et al. (2011)156

recommendations for cross sections of species, and157

the parameterization of Minschwaner et al. (1993) for158

the Schumann-Runge bands, which is based on fixed-159

temperature opacity distribution function formulation;160

(d) new radiative transfer code for photolysis calcu-161

lations, solar heating rates and tropopause RF, which162

is based on a two-stream delta-Eddington approxima-163

tion. In addition, a companion broadband, k-distribution164

longwave radiative module is used to compute radiative165

transfer and heating rates in the planetary infrared spec-166

trum (Pitari et al., 2014).167

The chemistry module is organized by long-lived168

and surface-flux species (CH4, N2O, CFCs, HCFCs,169

CO, NMVOC, NOx) and by all medium and short-170

lived species grouped in the Ox, NOy, HOx, CHOx,171

Cly, Bry, SOx, and aerosols families. The model in-172

cludes the major components of stratospheric and tro-173

pospheric aerosols (sulfate, carbonaceous, soil dust,174

sea salt, PSCs). An evaluation example of the ULAQ175

model’s tropospheric chemistry is given in Brunner176

et al. (2005); for the stratosphere it is given in Pitari177

et al. (2014) and Pitari et al. (2015). The adopted sur-178

face emissions of NOx, CO and VOC are discussed in179

Søvde et al. (2014). The NOx lightning source accounts180

for 5 Tg-N/yr and is treated according to Grewe et al.181

(2001).182

The updated ULAQ radiative transfer module treats183

both solar (from Lyman-alpha up to 7 µm) and planetary184

infrared radiation interactions with major atmospheric185

optically active species, including gases, aerosols and186

clouds. The solar spectrum is split among 250 bins for187

chemical species photolysis rate calculation, solar heat-188

ing rates and RF. The planetary infrared spectrum is189

treated by a k-distribution formulation over ten spec-190

tral bands (Chou et al., 2001) for the computation of191

heating rates and RF, including stratospheric tempera-192

ture adjustment. The ULAQ radiative model results have193

been validated in the framework of inter-comparison194

campaigns: SPARC-CCMVal for photolysis rates (Chip-195

perfield et al., 2014) and AeroCom for radiative fluxes196

(Randles et al., 2013).197

2.2 Oslo CTM3 198

The Oslo CTM3 (Søvde et al., 2012) is a three dimen- 199

sional offline CTM, spanning 60 layers between the sur- 200

face and 0.1 hPa, with a horizontal resolution of T42 201

(approximately 2.8×2.8 degrees). The tropospheric sul- 202

fur cycle, sea salt aerosols and nitrate aerosols are in- 203

cluded, in addition to tropospheric and stratospheric 204

chemistry, as described by Søvde et al. (2012). In to- 205

tal, there are 111 species, of which 105 are transported, 206

and for this study, the chemistry scheme has been up- 207

dated to include stratospheric H2O chemistry. Advection 208

is carried out using the second order moments scheme 209

(Prather et al., 2008; Søvde et al., 2012), using 3-hour 210

forecasts generated by the Integrated Forecast System of 211

the European Centre for Medium-Range Weather Fore- 212

casts (ECMWF), cycle 36r1. Vertical winds are calcu- 213

lated from continuity equation, except convective trans- 214

port of tracers, where the convective upward flux from 215

the ECMWF model is used. A 5 Tg-N/yr lightning NOx 216

source is adopted, using the vertical profiles of Ott et al. 217

(2010). Boundary layer turbulent mixing is treated ac- 218

cording to the Holtslag K-profile scheme (Holtslag 219

et al., 1990). In this study, we use the meteorologi- 220

cal year 2006 perpetually, keeping the meteorology the 221

same from one year to the next, in order to quantify only 222

the chemical impacts. 223

Anthropogenic emissions are taken from the EDGAR 224

v4.2 dataset (EC-JRC/PBL, 2011), for year 2006, while 225

natural emissions are taken from the MEGAN v2 226

(Guenther et al., 2006), where only the year 2000 227

data was available. Biomass burning emissions, for year 228

2006, are taken from GFEDv3.1 (van der Werf et al., 229

2010). However, the 2006 emissions of natural and 230

biomass burning of CH4, along with CH4 soil uptake, 231

are taken from Bousquet et al. (2011). Due to the long 232

CH4 lifetime, we scaled up its emissions to match model 233

loss, allowing us to maintain the total burden of simula- 234

tions with fixed boundary condition. 235

2.3 Aircraft emissions 236

The aircraft emissions used in this study were gen- 237

erated for the EU FP7 project REACT4C (“Reducing 238

Emissions from Aviation by Changing Trajectories for 239

the benefit of Climate”) (see also Pitari et al., 2015). 240

These were generated by the aviation emissions model 241

FAST (Lee et al., 2005; Lee et al., 2009; Owen et al., 242

2010), which has been approved by the Modelling and 243

Database Group (MDG) of the International Civil Avia- 244

tion Organization (ICAO)’s Committee on Aviation En- 245

vironmental Protection (CAEP) (ICAO, 2013). Aircraft 246

movements from the CAEP Round 8 (CAEP/8) MDG 247

work programme for the year 2006 were used as the ba- 248

sis of the emissions calculation. These were calculated 249

using radar data from North American and European 250

airspace, and for the rest of the world, the Official Air- 251

line Guide (OAG) schedule data. Routes were assumed 252

to follow great circle trajectories and to correct for this 253
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assumption, CAEP/8 empirical factors were applied to254

the distance and fuel consumption (ICAO/CAEP, 2009).255

The aircraft fleet was divided into 42 representative256

types, and the fuel flow for these was estimated with257

the PIANO aircraft performance model (Simos, 2008).258

FAST then used the fuel flow data to calculate NOx259

emissions, which were based on the relationship be-260

tween sea-level NOx certification data and emissions at261

altitude (Lee et al., 2005). A 3D grid of 1 × 1 degrees262

horizontal spacing and 2,000 ft vertical spacing of NOx,263

was generated by the FAST gridding utility, with the cal-264

culated total NOx from aviation of 0.71 Tg-N/yr.265

2.4 Numerical experiments setup266

Six simulations were performed for this study:267

NO-AIRCRAFT (NA, simulation with no aircraft emis-268

sions), AIRCRAFT EMISSION (AE: simulation with269

only NOx emissions) and AIRCRAFT EMISSION*270

(AE*: simulation with coupled NOx and sulfuric acid ul-271

trafine aerosol emissions). The latter experiment was in-272

cluded to account for the aircraft impact on surface area273

density (SAD) of sulfate aerosols for the heterogeneous274

chemical reactions relevant for NOx (i.e., hydrolysis of275

N2O5 and BrONO2). These three experimental setups276

were performed with a version of ULAQ and Oslo mod-277

els, firstly using a fixed CH4 surface mixing ratio bound-278

ary condition (MBC), and then repeated using a surface279

flux boundary condition (FBC) for CH4. After a prelim-280

inary model spin-up of 5 years, the MBC experiments281

were run for 10 years (2001–2010 for the ULAQ model282

and perpetual 2006 for Oslo-CTM3), allowing aircraft283

perturbation to reach a satisfactory statistical steady-284

state. The dynamics are taken from the global circula-285

tion module of the ULAQ-CCM (2001–2010), whereas286

Oslo-CTM3 uses ECMWF forecast meteorology for287

2006. The FBC experiments were run for a longer time288

period (a total of 50 years in both models; 5 consecutive289

cycles of model years 2001–2010 for the ULAQ model290

and perpetual year 2006 for Oslo CTM3), allowing the291

CH4 mixing ratios to adjust to the OH field, which is in292

turn perturbed by aircraft NOx emissions. Background293

surface fluxes (NOx, CO, VOCs, FBC-CH4) and aircraft294

emissions are kept fixed in the models at values repre-295

sentative of year 2006, as well as surface mixing ratios296

of long-lived species relevant for the O3 photochemistry297

(CFCs, HCFCs, HFCs, N2O and MBC-CH4). The FBC298

experiment used gridded CH4 fluxes at the surface for299

natural and anthropogenic sources (IPCC, 2013; Wecht300

et al., 2014; Lamarque et al., 2010; Bousquet et al.,301

2006) and the global values are presented in Table 1.302

All annual mean values of the aircraft perturbations303

discussed in this study (i.e., AE-NA or AE*-NA) refer to304

an average over “steady-state” model years 2001–2010305

for the ULAQ model and 2006 for Oslo CTM3. One306

point that needs to be highlighted is that our study ap-307

plies to a sustained and constant aviation NOx emis-308

sion and for the given background NOy conditions. The309

perturbation picture may look different if an increasing310

trend in aviation NOx emissions is allowed.311

Table 1: CH4 surface emissions, sinks, global mass burden and
lifetime in the models. (a) IPCC (2013); (b) Wecht et al. (2014);
(c) Lamarque et al. (2010); (d) Bousquet et al. (2006); (e) same
as (d) but scaled up by 16.4 %; (f) EDGAR v4.2 scaled up by 16.4 %.

Emissions (Tg/yr)
Sinks (Tg/yr)
Burden (Tg)
Lifetime (yr)

ULAQ-CTM
[FBC]

Oslo-CTM3
[FBC]

Natural sources 230(a–b) 211(e)

[wetlands] 160(a–b) 167(e)

[termites] 20(a–b)-

[geological] 50(a) 44(e)

Anthropogenic
sources

340(a–c) 451(e–f)

[agriculture] 125(a–c) 174(f)

[fossil fuel] 100(a–c) 151(f)

[waste] 79(a–c) 71(f)

[biomass burning] 36(a–c) 55(e)

Total sources 570(a) 662(e–f)

Soil deposition 30(a) 16(d)

Atmospheric loss
[OH O(1D) Cl]

540 629

Total sinks 570 645
Global mass
burden

4760 4820

Mean lifetime 8.35 7.47

3 Impact on atmospheric chemistry 312

In this section, we will present the results of the numeri- 313

cal simulations, starting from the short-term aviation im- 314

pact due to NOx emissions to the long-term impact due 315

to CH4 changes, including the troposphere-stratosphere 316

coupling. We will present and discuss the calculated 317

long-term changes of tropospheric and stratospheric O3 318

concentrations in the final subsection. The radiative im- 319

pact will be discussed in Section 4. In addition, we 320

present a systematic model evaluation using available 321

observations or climatological data for key species in- 322

volved in the chemistry-transport processes relevant for 323

this study, in order to increase the robustness of model 324

findings on the calculated aviation NOx perturbations. 325

3.1 NOx-OH 326

A summary of the direct aircraft perturbation to tro- 327

pospheric chemistry is presented in Fig. 1, starting 328

from the average steady-state accumulation of NOx 329

(= NO + NO2) (Fig. 1a and 1b) (refer to Søvde et al., 330

2014 for further details). For the 2006 aircraft emis- 331

sions, both CTMs calculated a maximum change at the 332

northern mid-latitudes, between approximately 200 and 333

300 hPa. This change was in the order of 50–100 pptv 334

on an annual basis, with larger values observed in the 335

ULAQ-CTM by approximately a factor of 2, compared 336

with Oslo-CTM3. The direct “instantaneous” effect of 337

this NOx enhancement is to increase the photochemical 338

production of O3 and OH (Fig. 1c and 1d), the latter 339
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Figure 1: Panels (a, b): Zonal and annual mean of tropospheric NOx (= NO + NO2) mixing ratio changes (AE-NA) (pptv), for (a) ULAQ-
CTM and (b) Oslo-CTM3. Panels (c, d): as in (a, b), but for tropospheric OH (106 molec/cm3). All panels are for the FBC model experiments.

largely from the reaction NO + HO2 → NO2 + OH. The340

models show that the annually averaged maximum in-341

crease of OH is 0.15–0.2 × 106 molec/cm3. A sample342

evaluation of model results for tropospheric NOx and343

NO using data from a collection of aircraft campaigns344

(Emmons et al., 2000, Schumann et al., 2000) is pre-345

sented in Fig. 2a and 2b (NOx) and Fig. 2c and 2d (NO).346

Solid green and red lines show model profiles at the347

same latitude and longitude of the campaign, including348

the variability interval of the observations (±1σ). The349

modeled NOx results have been evaluated at the same350

time of the year against measurement campaigns PEM-351

West-A-DC-8 in Japan (Fig. 2a) and POLINAT-2-Falcon352

in Ireland (Fig. 2b), while the modeled NO against353

TRACE-P-DC8 in Hawaii (Fig. 2c) and POLINAT-2-354

Falcon in Canary-Island (Fig. 2d). In general, the mod-355

eled vertical profiles conform to the range of variability356

of measurement data, and this is normally true for all357

the campaign locations reported in Emmons et al. (2000)358

and Schumann et al. (2000). Fig. 2 was produced with359

the ESMValTool (Eyring et al., 2016).360

3.2 CH4-OH 361

Any attempt to assess the long-term atmospheric re- 362

sponse to upper tropospheric NOx emissions from global 363

aviation requires the calculation of atmospheric CH4 364

distribution that allows surface CH4 to respond freely 365

to tropospheric perturbations of its main sink process, 366

i.e., oxidation by OH. The usual modeling approach of 367

adopting a fixed surface mixing ratio can still be used to 368

calculate aviation-induced changes in CH4 lifetime, but 369

as previously introduced in Section 1, this does not pro- 370

vide information on the tropospheric mass changes of 371

CH4 that are caused by upper tropospheric NOx emis- 372

sions. In addition, to obtain a meaningful estimate of 373

the lifetime perturbation, the MBC approach necessi- 374

tates the use of a correction factor, due to the missing 375

feedback of lower tropospheric CH4 changes on HOx 376

chemistry (see for example IPCC, 1999; Myhre et al., 377

2011). The alternative approach of using FBC, would in 378

principle, resolve these issues. 379
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Figure 2: Panels (a, b): tropospheric NOx evaluation of ULAQ-CTM and Oslo-CTM3 results, using data from a collection of aircraft
campaigns (Emmons et al., 2000, Schumann et al., 2000): (a) PEM-West-A-DC8 (Japan, Sept–Oct 1991) and (b) POLINAT-2-Falcon
(Ireland, Sept–Oct 1997). Units are in pptv. Panels (c, d): as in (a, b) but for NO mixing ratios, from campaigns (c) TRACE-P-DC8 (Hawaii,
Feb–Apr 2001) and (d) POLINAT-2-Falcon (Canary Islands, Sept–Oct 1997). The thick-black solid lines show the observations mean values;
the variability intervals are shown with solid whiskers (±1σ) and dotted whiskers (minimum and maximum). Red and green solid lines show
the FBC AE results of ULAQ-CTM and Oslo-CTM3, respectively. Red and green dashed lines are for the FBC AE-NA changes from the
same two models.

3.2.1 Comparison of modeled CH4 mixing ratio380

with observations381

Annually averaged zonal CH4 mixing ratios from the382

FBC experiments (AE case) are presented in Fig. 3a and383

Fig. 3c, for ULAQ and Oslo models respectively, while384

the observations from the Aura TES thermal infrared ra-385

diances at λ = 8 µm, corrected using co-retrieved N2O386

estimates are shown in Fig. 3b (Worden et al., 2012).387

The tropopause signature was well captured in the FBC388

model predictions, with a sudden CH4 decrease due to389

downward transport of CH4-poor stratospheric air in390

the downwelling branch of the extra-tropical Brewer-391

Dobson circulation. The inter-hemispheric asymmetry392

was reasonably represented in both models, whereas the393

positive vertical gradient of mixing ratios in the tropics394

and in the Southern Hemisphere was not replicated in 395

model predictions. However, as discussed in Worden 396

et al. (2012), a significant bias was found in the TES- 397

retrieved CH4 values in the upper troposphere with re- 398

spect to the lower troposphere. A large part of this bias 399

was adjusted by the TES team applying a correction that 400

is based on co-retrieved N2O estimates. After correction, 401

a residual of 2.8 % bias was still found in the upper tro- 402

posphere relative to the lower troposphere. 403

A quantitative point-by-point spatial evaluation of 404

the ULAQ and CTM3 model results for the FBC case 405

is depicted in Fig. 4, where HALOE data (Grooss and 406

Russel, 2005) were used for the lower stratosphere 407

(Fig. 4a), Aura TES satellite observations for the tro- 408

posphere (Fig. 4c–4e) and both datasets for the tropical 409

upper troposphere and extra-tropical lowermost strato- 410
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Figure 3: Evaluation of zonal and annual mean CH4 mixing ratios
from the FBC numerical simulations for the AE case of (a) ULAQ-
CTM and (c) Oslo-CTM3, using observations from TES Aura radi-
ances (b), averaged over the years 2004–2013 (Worden et al., 2012).
Units are in ppbv.

sphere (Fig. 4b). An average inter-hemispheric differ-411

ence of 7.5 % was calculated in the mid-troposphere,412

which was ∼ 50 % larger than the observations, where413

an average of 5 % inter-hemispheric difference was414

found. Mixing ratios in the Southern Hemisphere were415

underestimated in the models by approximately 50 to416

100 ppbv. This may be attributed to a slower horizontal417

eddy mixing in the tropical troposphere, with respect to418

real atmosphere. However, considering also the above419

discussed residual positive bias of the Aura/TES up-420

per tropospheric CH4, we may conclude that the inter-421

Figure 4: Evaluation of annually averaged latitudinal sections of
CH4 mixing ratios (FBC AE case results) from ULAQ-CTM (red
line) and Oslo-CTM3 (green line), using observations from HALOE
in the lower stratosphere (panel a) (Grooss and Russell, 2005),
from TES Aura radiances in the troposphere (panels c–e) (Worden
et al., 2012) and from both sources in the tropical upper troposphere
and extra-tropical lowermost stratosphere (panel b). The shaded
areas are ±1σ of the climatological zonal mean values of HALOE
and TES data, averaged over the years 1991–2005 and 2004–2013,
respectively.
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Figure 5: Evaluation of zonal and annual mean OH concentrations
(106 molec/cm3) from the FBC numerical simulations (AE case) for
(a) ULAQ-CTM and (c) Oslo-CTM3, with a climatology derived in
Spivakovsky et al. (2000) (panel b).

hemispheric gradient in the models is roughly consistent422

with observations, in their ±1σ variability interval. By423

comparing the TES data with HALOE data, the residual424

bias of TES-retrieved upper tropospheric CH4 mixing425

ratio is clearly visible in Fig. 4b. The models are gen-426

erally within the HALOE data’s 1σ uncertainty interval427

and thus, showing that the models have a good ability428

in capturing the strong horizontal gradient in the lower429

stratosphere, pointing out a good isolation of the tropical430

pipe in the models.431

3.2.2 CH4 lifetime432

The major atmospheric sink of CH4 is the reaction with433

OH and this determines the CH4 lifetime, except for an434

additional smaller contribution from soil deposition (see435

Table 1) and an additional stratospheric sink due to CH4436

reactions with O(1D) and Cl. The calculated OH abun-437

dance is then critical in the determination of a realistic438

global burden and lifetime of CH4. Annual zonal av-439

erage of OH mixing ratios in the troposphere are pre-440

sented in Fig. 5a and 5c for the ULAQ and Oslo mod-441

els respectively, while Fig. 5b shows the climatological442

values of mean annual values from Spivakovsky et al.443

(2000). The Oslo-CTM3 tends to overestimate OH in444

the boundary layer of the Northern Hemisphere subtrop-445

ics and mid-latitudes, most probably due to an excess of446

surface NOx emissions.447

The horizontally averaged surface mixing ratio pre-448

dicted in the ULAQ model for the FBC and MBC449

experiments is 1754 ppbv, while CTM3 predicted sur-450

face mixing ratio is 1774 ppbv for FBC and 1769 ppbv451

for the MBC experiment (see Table 2). The calculated452

global lifetime (τ) from the FBC experiment is 8.35453

and 7.47 years for the ULAQ and Oslo models respec-454

tively. These values are comparable to the value from455

the SPARC multi-model assessment of atmospheric life- 456

times of 8.7 ± 1.4 years (Chipperfield et al., 2013). 457

The expected deviation in global CH4 mass burden 458

changes due to aviation NOx emissions is given by 459

d = exp(=50/τ), and this was found to be ∼ 0.25 % and 460

∼ 0.12 % for the steady state results of ULAQ and Oslo 461

models respectively. 462

The CH4 global burden response to aircraft NOx 463

emissions of 0.71 Tg-N/yr from the two CTMs used 464

in this study is presented in Fig. 6 as a function 465

of time. The results from a tropospheric 2D CTM, 466

TROPOS-2D (Hough and Johnson, 1991; Skowron 467

et al., 2009), with a global aircraft NOx emission per- 468

turbation of 0.80 Tg-N/yr is also shown in Fig. 6. Here, 469

the larger asymptotic difference in the CH4 burden from 470

TROPOS-2D in comparison with the ULAQ and Oslo 471

model results, is likely due to a combination of factors; 472

essentially the larger NOx perturbation applied (0.80 473

instead of 0.71 Tg-N/yr), and the longer CH4 lifetime 474

(10.1 instead of 7.9 years). The steady state burden 475

change of −88 Tg is consistent with that in the 3D CTMs 476

(−88 × 0.71/0.80 × 7.9/10.1 = −61 Tg). Therefore, 477

TROPOS-2D produced an aircraft-induced CH4 lifetime 478

change of −1.8 % instead of −1.24 ± 0.07 % calculated 479

from the 3D CTMs. Note that the uncertainty expressed 480

here indicates the spread of values between the ULAQ- 481

CTM and Oslo-CTM3 results. Holmes et al. (2011) has 482

also calculated a CH4 lifetime change of −1.70±0.35 % 483

with 1.0 Tg-N/yr aircraft NOx emissions and if the life- 484

time changes from the ULAQ and Oslo models are 485

scaled up from 0.71 Tg-N/yr to 1.0 Tg-N/yr, a consistent 486

change of −1.75±0.10 % is obtained. In a model simula- 487

tion that evaluated the atmospheric chemistry sensitivity 488

to the HNO3-forming channel of HO2+NO, Gottschaldt 489

et al. (2013) found an approximate −1.3 % reduction 490

of CH4 lifetime that is due to ∼ 0.85 Tg-N/yr aircraft 491

NOx emissions. A scaling of the ULAQ and Oslo mod- 492

els’ lifetime changes from 0.71 Tg-N/yr to 0.85 Tg-N/yr 493

would imply a change of −1.48 ± 0.08 %. The CH4 life- 494

times calculations from the FBC experiment of both 495

models show that they are comparable to previous stud- 496

ies referenced above and also those summarized in Ta- 497

ble 7 of Lee et al. (2010). 498

3.3 CH4-H2O 499

Most air enters the stratosphere in the tropics and 500

therefore, it is important to simulate the correct bal- 501

ance between ascent and mixing across the subtropi- 502

cal barriers. Transport in this region is critical in de- 503

termining the stratospheric composition and informa- 504

tion on the tropical ascent, vertical diffusion and the 505

tropical-extratropical mixing can be obtained from the 506

vertical propagation of the annual cycle in water va- 507

por, known as the “tape recorder” signal (Hall et al., 508

1999), as well as from the mean age of air. The latter is 509

the time elapsed since a stratospheric parcel of air was 510

last in contact with the troposphere, and can be calcu- 511

lated from observations of conserved tracers whose con- 512

centrations increase approximately linearly over time. 513
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Figure 6: Calculated CH4 global burden change (AE-NA) as a func-
tion of time in response to aircraft NOx emissions of 0.71 Tg-N/yr
in the ULAQ-CTM (solid line) and in the Oslo-CTM3 (dashed
line) and in response to aircraft NOx emissions of 0.80 Tg-N/yr in
the TROPOS-2D model (dotted line). The ULAQ-CTM has mean
background CH4 lifetime of 8.35 years and a lifetime change of
−1.17 % (AE-NA); the Oslo-CTM3 has mean background CH4 life-
time of 7.47 years and a lifetime change of −1.32 % (AE-NA);
the TROPOS-2D model has a mean background CH4 lifetime of
10.1 years and a lifetime change of −1.8 % (AE-NA).

Figure 7: Evaluation of the mean age of air (years), from ULAQ-
CTM (red) and Oslo-CTM3 (green), at (a) 10 hPa and (b) 50 hPa.
Observed values are based on ER-2 aircraft measurements of CO2

(Andrews et al., 2001), balloon CO2 measurements made in north-
ern mid-latitudes (Waugh and Hall, 2002), and satellite mea-
surements of HF and HCl from HALOE (Anderson et al., 2000).
Whiskers show the uncertainty in the measurement-derived mean
age of air at 10 hPa.

Observations of CO2 and SF6 have been used in pre- 514

vious studies to derive empirical estimates of the mean 515

age of air and to qualitatively evaluate model repre- 516

sentations of the residual circulation and mixing (Hall 517

et al., 1999; Eyring et al., 2006). Age of air observa- 518

tions in Fig. 7 are based on ER-2 aircraft measurements 519

of CO2 (Andrews et al., 2001), balloon CO2 mea- 520

surements made in northern mid-latitudes (Waugh and 521

Hall, 2002) and satellite measurements from HALOE 522

(Anderson et al., 2000). 523

These observations are compared with the ULAQ 524

and CTM3 results. Fig. 7 shows that both models com- 525

pared well with the observations data for mean age of 526
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Table 2: Summary of CH4 model calculations and AE-NA differences (annual-global averages).

Model Experiment Surface
mixing ratio

[ppbv]

Tropospheric
mixing ratio

[ppbv]

Mass
burden

[Tg]

Lifetime
[years]

Experiment Tropospheric
mixing ratio

change
[ppbv]

Lifetime
change

[%]

ULAQ-CTM FBC 1754 1732 4760 8.35 FBC AE-NA −18.7 −1.17
ULAQ-CTM MBC 1754 1735 4765 8.36 MBC AE-NA −0.27 −0.81
Oslo-CTM3 FBC 1774 1754 4820 7.47 FBC AE-NA −23.7 −1.32
Oslo-CTM3 MBC 1769 1756 4826 7.67 MBC AE-NA −0.13 −0.96

Figure 8: Evaluation of tropical stratospheric H2O tape recorder signals in ppmv from (a) ULAQ-CTM and (c) Oslo-CTM3 results, using
(b) HALOE data. Plotted values are monthly mean tropical anomalies of H2O (10S-10N) averaged over the years 1991–2005.
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air at 50 hPa at all latitudes (panel b), while the ULAQ527

model tend to underestimate at 10 hPa (panel a), but528

still close to the lower limit of the uncertainty inter-529

val. The deviation of the water vapor mixing ratio from530

the monthly mean profile averaged over 10S to 10N for531

combined HALOE and MLS observations is depicted in532

Fig. 8b, and for the ULAQ and CTM3 models in Fig. 8a533

and Fig. 8c respectively. As noted before, the two mod-534

els represent in a reasonable way the pronounced isola-535

tion of the tropical pipe above the tropical tropopause536

layer (TTL), which is essential to reproduce a realistic537

tape recorder signal. The Oslo model, however, shows538

fewer minima, indicating either a faster tropical up-539

welling or a stronger vertical diffusion and/or a stronger540

horizontal eddy mixing. The models’ reasonable rep-541

resentation of tracer transport in the lower-mid strato-542

sphere can be deduced from both the calculated age of543

air and the water vapor tape recorder signal. Fig. 8 was544

produced with the ESMValTool (Eyring et al., 2016).545

The instantaneous OH perturbation plays a key role546

in the global atmospheric chemistry by decreasing the547

CH4 lifetime and then linking together short- and long-548

term effects of aircraft emissions. This is clearly visi-549

ble in Fig. 9a and 9b, where the CH4 mixing ratio air-550

craft perturbation for the FBC experiments is shown.551

Due to the OH change depicted in Fig. 1c and 1d, a552

non-negligible inter-hemispheric gradient of the CH4553

perturbation is visible, even though CH4 is quite well-554

mixed in the troposphere due to its long lifetime. Con-555

servation of the global hydrogen mass among the main556

H reservoirs (CH4, H2O and H2), requires the aver-557

age tropospheric CH4 change due to aircraft NOx emis-558

sions to be conserved in the stratosphere as the sum of559

ΔCH4 + 0.5ΔH2O + 0.5ΔH2 (Fig. 9c and 9d), thus be-560

coming the driver for photochemical changes of strato-561

spheric water vapor (Fig. 9e and 9f). A more pronounced562

isolation of the tropical pipe is visible in the ULAQ563

model with respect to Oslo and this is consistent with564

what shown in Fig. 8 for the tape recorder signal.565

A comparison of FBC and MBC Hx anomalies can566

be made in Fig. 9c and 9d. In the MBC approach the567

surface mixing ratio of CH4 is kept fixed in both AE and568

NA cases and as a consequence the upper tropospheric569

OH change forced by the aviation NOx perturbation570

cannot produce a mass density adjustment of CH4 over571

the whole troposphere, due to its long lifetime. The Hx572

perturbations (CH4, H2O, H2) are approximately two573

orders of magnitude smaller in the MBC approach with574

respect to FBC, due to the zero AE-NA difference at the575

surface in the MBC approach. This represents the key576

point in our study, pointing out the importance of letting577

CH4 to evolve freely in the whole atmosphere, following578

the mid-upper tropospheric OH increase induced by the579

aviation NOx. The use of a fixed CH4 surface mixing580

ratio (i.e., the MBC case) only allows the calculation of581

CH4 lifetime perturbation and not the tropospheric CH4582

mass distribution changes (see Table 2). The lifetime583

change may be underestimated by a factor of 1.41, as an584

average from the ULAQ and Oslo models, and this can585

be attributed to the missing feedback of CH4 changes 586

with the HOx chemistry (IPCC, 1999). 587

A comparison of the H2O model results with satel- 588

lite data in the stratosphere is presented in Fig. 10. The 589

high-latitude vertical profiles calculated by the models 590

(Fig. 10a and 10b) are in reasonable agreement with 591

HALOE observations. The Antarctic springtime dehy- 592

dration is well represented in the ULAQ-CTM, with 593

mixing ratio values down to 2 ppmv at 70–100 hPa in 594

October, compared with 4 ppmv in the same layer over 595

the Arctic in March. It can be seen in the latitudinal sec- 596

tions of Fig. 10c that the Oslo-CTM3 water vapor dis- 597

tribution in the mid-lower stratosphere compared well 598

with HALOE observations, whereas the ULAQ-CTM 599

H2O values are low-biased by ∼ 5–15 %. However, both 600

models correctly capture the amplitude of the pole to 601

equator horizontal gradient, which is an indication of a 602

realistic coupling of horizontal mixing and tropical up- 603

welling (Strahan et al., 2011). 604

3.4 NOx-HOx-O3 605

The stratospheric decrease of water vapor described in 606

Section 3.2, produces a negative anomaly of HOx (di- 607

rectly) and a positive anomaly of NOx (indirectly) that 608

is caused by the reaction NO2 + OH + m→ HNO3 + m 609

and thus, acting as the most important NOx sink in 610

the stratosphere. Fig. 11a–f present the effects of the 611

water vapor anomaly on HOx and NOx stratospheric 612

changes as FBC-MBC, since no significant tropospheric 613

CH4 mixing ratio changes can be calculated in the 614

MBC (AE-NA) experiment. Inter-model differences in 615

the anomalies of stratospheric OH (Fig. 11a and 11b) 616

and tropospheric HO2 (Fig. 11c and 11d) can be ex- 617

plained in term of inter-model differences in the distribu- 618

tion of the NOx anomalies. The latter are often attributed 619

to the difference in the models’ ability to export tropo- 620

spheric NOx into the stratosphere above the TTL. Fig. 9 621

shows that the stratospheric H2O perturbation is a result 622

of tropospheric CH4 mixing ratio adjustment to direct 623

aircraft emission of NOx. Therefore, the stratospheric 624

FBC-MBC of HOx and NOx for the AE-NA perturba- 625

tions represents the driver of long-term O3 responses to 626

aircraft emissions, both in the troposphere and strato- 627

sphere. 628

The NOx enhancement in Fig. 11e and 11f drives an 629

O3 decrease in the mid-stratosphere, where it acts as an 630

O3 depleting species in the classical NOx catalytic cy- 631

cle (Fig. 12a). On the other hand, the HO2 lower strato- 632

spheric decrease of Fig. 11c and 11d has the net ef- 633

fect of lowering the O3 production term k[NO][HO2] 634

(Fig. 12b). Both these effects lead to a reduction of 635

stratospheric O3 (Fig. 13). However, this is only visible 636

in the FBC case and absent or much smaller in the MBC 637

case, since the tropospheric CH4 decrease is signifi- 638

cant in the long-term and thus, triggering the long-term 639

stratospheric effects on H2O and O3. In the MBC case, 640

small positive/negative O3 changes in the lower/mid 641

stratosphere (respectively) are short-term effects due to 642
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Figure 9: Panels (a, b): Zonal and annual mean of tropospheric CH4 mixing ratio changes (AE-NA) (ppbv), for (a) ULAQ-CTM and
(b) Oslo-CTM3. Dashed and dotted lines highlight contour lines of −19 and −18 ppbv respectively in Panel (a), and 24 and 23 ppbv
respectively in Panel (b). Color scales and highlighted contour line are different because the CH4 change due to aviation emission of
NOx is slightly different in the two models (see Table 2 and Fig. 5). Panels (c, d): Horizontally averaged AE-NA mean annual changes of
CH4 (blue line), 0.5H2O (red line), 0.5H2 (green line) and total net (black line), for (c) ULAQ-CTM and (d) Oslo-CTM3, with results of
the FBC case on the left hand side of panels (c,d) and results of the MBC case on the right hand side. Panels (e, f): Zonal and annual mean
of stratospheric H2O mixing ratio changes (AE-NA) (ppbv), for (e) ULAQ-CTM and (f) Oslo-CTM3. Dashed and dotted lines highlight
contour lines of −2 and −10 ppbv respectively. All panels are for the FBC model experiments.
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Figure 10: Stratospheric H2O evaluation of ULAQ-CTM (red) and
Oslo-CTM3 (green) results, using HALOE data (dots) (Grooss and
Russell, 2005). Panels (a, b) show springtime polar vertical profiles
from 1 to 100 hPa at 75S (October) and 75N (March) respectively.
Panel (c) shows a latitudinal section at 20 hPa as an annual average.
The grey areas show ±1σ of the climatological zonal mean values
(averaged over the years 1991–2005)

a limited penetration of tropospheric aircraft NOx in the643

lower stratospheric tropical pipe (Rogers et al., 2002).644

This effect may slightly increase the short-term O3 pro-645

duction/loss at altitudes that are below/above (respec-646

tively) the so-called turnover point of O3 production647

from NOx anomalies (Pitari et al., 2008).648

The negative O3 changes in AE-NA, obtained from649

FBC-MBC, represent the long-term O3 response to the650

changing atmospheric HOx distribution produced by the651

CH4 adjustment to the OH field perturbed by aircraft652

NOx emissions. Upper tropospheric O3 anomalies of the653

order of −0.5 ppbv are calculated in both model simula-654

tions (Fig. 14a and 14b). The corresponding long-term655

stratospheric O3 anomalies AE-NA (from FBC-MBC)656

are presented in Fig. 14c and 14d and these are consis-657

tent with the AE-NA FBC-MBC anomalies of HOx and658

NOx in Fig. 11. The maximum long-term decrease of659

O3 production in the extra-tropics is found below the al-660

titude of 20 km, while a maximum long-term increase661

of O3 destruction in the tropics are found above 30 km. 662

These stratospheric anomalies will produce a long-term 663

negative correction to the aviation O3 radiative forcing, 664

normally referred to as PMO-RF, i.e., primary mode O3 665

radiative forcing, with the largest values in the extra- 666

tropics (to be discussed in detail in the following sec- 667

tion). 668

An evaluation of the model calculated O3 fields has 669

been made using HALOE and TES/Aura satellite data, 670

as shown in Fig. 15. Springtime high-latitude vertical 671

profiles indicate that both models are successful in cap- 672

turing the lower stratospheric O3 depletion forced by 673

the large concentrations of halogen species (Fig. 15a 674

and 15b) (Austin et al., 2010). The large latitudinal gra- 675

dients of the O3 mixing ratio are also well captured 676

by the models in the lower stratosphere (Fig. 15c), up- 677

per stratosphere and lowermost stratosphere (Fig. 15d) 678

and finally in the mid-upper troposphere (Fig. 15e). It 679

is worth noting that the O3 retrieval from TES/Aura ra- 680

diances in the upper troposphere and lowermost strato- 681

sphere features the same tendency to overestimate the 682

chemical tracer with respect to HALOE observations, as 683

illustrated by the TES/Aura CH4 in Fig. 4b. 684

4 Radiative forcing 685

The ULAQ-CCM radiative transfer module (ULAQ- 686

RTM) was applied offline to the monthly averaged fields 687

of O3, CH4 and stratospheric H2O calculated by the 688

ULAQ and Oslo models and the RF results are presented 689

in Table 3a and 3b respectively. NO2 and aerosol data 690

were also used in the ULAQ-RTM, the latter only from 691

the ULAQ-CTM calculations. 692

4.1 Short-term O3 and PMO 693

The O3 RF breakdown between tropospheric and strato- 694

spheric contributions makes it possible to calculate the 695

long-term effects for the two regions by comparing the 696

results of MBC and FBC model experiments. In the 697

MBC case, where CH4 is fixed at the surface, the life- 698

time change is due to the NOx-driven OH enhance- 699

ment and therefore, it is not able to trigger a realistic 700

CH4 decrease and consequently, a related loss of strato- 701

spheric H2O. Thus, the O3 RF is a pure “instantaneous” 702

response to aviation NOx, i.e., short-term O3. This is 703

15.17 mW/m2 and 19.41 mW/m2 for the ULAQ-CTM 704

and Oslo-CTM3 models respectively. These short-term 705

O3 RFs are smaller to those reported in Søvde et al. 706

(2014) and Pitari et al. (2015) due to an updated and 707

more realistic setup of tropospheric cloudiness in the 708

ULAQ-RTM. 709

The difference between MBC and FBC gives an 710

indirect estimate of the long-term impacts of aviation 711

NOx on both tropospheric and stratospheric O3 (see Ta- 712

ble 3a and 3b). The long-term tropospheric O3 RF cal- 713

culated by the ULAQ-RTM is −3.91 mW/m2 for the 714

ULAQ-CTM results and −3.94 mW/m2 for the Oslo- 715

CTM3. This represented 47 % (ULAQ-CTM) and 38 % 716
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Figure 11: Panels (a, b): Zonal and annual mean of long-term stratospheric OH concentration changes (AE-NA, FBC-MBC) (106

molec/cm3), for (a) ULAQ-CTM and (b) Oslo-CTM3. Panels (c, d): Zonal and annual mean of long-term tropospheric and lower
stratospheric HO2 mixing ratio changes (AE-NA, FBC-MBC) (pptv). Panels (e, f): Zonal and annual mean of long-term stratospheric
NOx (= NO + NO2) mixing ratio changes (AE-NA, FBC-MBC) (pptv). All panels show FBC-MBC values that represent the long-term
atmospheric response to aircraft emissions of NOx, via CH4 adjustment to the tropospheric OH perturbation.

(Oslo-CTM3) of the CH4 RF calculated by the ULAQ-717

RTM, and 52 % (ULAQ-CTM) and 46 % (Oslo-CTM3)718

of the CH4 RF calculated with the Myhre et al. (2011)719

parametric lifetime formula. The parametric formula of720

Myhre et al. (2011) expresses the CH4 RF as a function721

of the percentage lifetime change: CH4-RF(mW/m2) =722

χ-CH4(ppbv)× 0.37×Δτ-CH4(%)/100, where Δτ is the723

lifetime change (AE-NA) and χ is the tropospheric mix-724

ing ratio. It was used to estimate the CH4 RF in the MBC725

case. An average feedback factor of 1.4 was applied to726

the tropospheric CH4 mixing ratio to account for the727

CH4 adjustment to the upper tropospheric OH perturba-728

tion, since the model prediction was made using a fixed729

mixing ratio boundary condition at the surface. Table 4730

also shows that the ratio of the long-term tropospheric731

O3 RF to that of CH4 RF are within the 50 ± 27 % esti-732

mated by Myhre et al. (2013) for primary mode ozone733

(PMO). This is the long-term response of tropospheric734

O3 to the change in CH4 distribution and its impact on735

HOx chemistry, and on tropospheric O3 production from 736

NO + HO2 and NO + CH3O2 (Wild et al., 2001). 737

4.2 CH4 and long-term stratospheric H2O 738

and O3 739

The CH4 RF computed through a radiative transfer code 740

could be higher by 10–20 % than those calculated us- 741

ing parameterizations that are based on the average tro- 742

pospheric mixing ratio and lifetime change (Myhre 743

et al., 1998). This trend was also observed in the FBC 744

case (Tables 3a and 3b), where for the ULAQ model, 745

the RF decreased from −8.38 mW/m2 (from RTM) to 746

−7.50 mW/m2 (from parameterization) and for the Oslo 747

model from −10.35 mW/m2 (RTM) to −8.57 mW/m2
748

(parameterization). The difference is mainly due to 749

the inclusion of solar near-infrared contribution in the 750

4–10 µm wavelength band, and partly due to the inhomo- 751

geneity of the CH4 spatial distribution. In the FBC case, 752
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Figure 12: Zonal and annual mean changes (AE-NA) of long-
term O3 (a) production and (b) loss frequency rates, as FBC-MBC
percentage of the baseline rates (NA, MBC). The results are shown
as an average of ULAQ-CTM and Oslo-CTM3. The dashed line
highlights the contour line of −0.3 % in panel (a) and the zero
contour line in panel (b).

it was not necessary to include the 1.4 feedback factor753

to the tropospheric CH4 mixing ratio since the CH4 RF754

was calculated from the mixing ratio change itself. In755

Tables 3 we also show the RF contribution of CO2 from756

the products of CH4 oxidation, on a 50 year time hori-757

zon, by calculating the difference in CO2 accumulation758

(in ppbv/yr) for ULAQ and Oslo models.759

The changing tropospheric CH4 distribution has a760

direct feedback on stratospheric water vapor, because761

of the global amount of hydrogen mass that has to762

be conserved among the three major reservoir species763

(mainly CH4 and H2O) (Section 3, Fig. 9). The calcu-764

lated net stratospheric H2O RFs from the models are765

−1.34 mW/m2 and −1.45 mW/m2 for the ULAQ and766

Oslo models respectively. They represent the long-term767

stratospheric response to aircraft NOx emissions (via768

OH and CH4) and are 14 % (ULAQ) and 12 % (Oslo)769
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Figure 13: Zonal and annual mean changes (AE-NA, FBC) of
O3 mixing ratio (ppbv) for (a) ULAQ-CTM and (b) Oslo-CTM3.
Dashed and dotted lines highlight contour lines of 0 and −1 ppbv
respectively.

of the respective CH4 RF (see Table 4), which are in 770

good agreement with the 15±10 % estimated in Myhre 771

et al. (2007) and Myhre et al. (2013). The use of a 772

fixed mixing ratio boundary condition at the surface 773

almost does not allow changes in photochemical life- 774

time to feedback on the tropospheric CH4 mass dis- 775

tribution. The reduction of CH4 mixing ratios is lim- 776

ited to the upper troposphere and the average decrease 777

below the tropopause was found to be only 0.27 ppbv 778

and 0.13 ppbv for the ULAQ and Oslo models respec- 779

tively (Table 2). These are only 1.4 % (ULAQ) and 0.5 % 780

(Oslo) of the tropospheric mixing ratio decrease in the 781

FBC case. Therefore, the MBC CH4 lifetime change 782

(−0.81 % and −0.96 % for the ULAQ and Oslo mod- 783

els respectively) is underestimated when compared with 784

the FBC case (−1.17 % and −1.32 %). The FBC/MBC 785

lifetime change ratio of 1.44 (ULAQ) and 1.38 (Oslo), 786
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Figure 14: Panels (a, b): Zonal and annual mean of long-term tropospheric O3 mixing ratio changes (AE-NA) (ppbv), for FBC-MBC results
of ULAQ-CTM and Oslo-CTM3 respectively. Panels (c, d) are as in (a, b), but for the long-term stratospheric O3 mixing ratio changes.

which are consistent with the factor 1.4 estimated in787

IPCC (1999), were applied to the aviation CH4 RF cal-788

culated from lifetime perturbation.789

As previously discussed in Section 3, the O3 photo-790

chemistry is affected by the decreasing amount of strato-791

spheric H2O and this effect can only be captured in the792

FBC experiment (refer to Fig. 11– 12). From Tables 3,793

we can see that the stratospheric O3 column change de-794

creases from 0.04 DU in MBC to −0.07 DU in FBC,795

resulting in the net RF change from +1.17 mW/m2 to796

−0.05 mW/m2 (as an average of the values calculated in797

ULAQ-CTM and Oslo-CTM3). The stratospheric O3 RF798

difference of −1.2 mW/m2 between the FBC and MBC799

cases can be defined as the stratospheric O3 long-term800

response to aircraft NOx emissions (via tropospheric801

OH–CH4 and then, stratospheric H2O–HOx–NOx). It802

represents 11 % of the CH4 RF (see Table 4). The com-803

bined tropospheric and stratospheric long-term O3 ef-804

fects resulted in a total of approximately 51 % and 43 %805

of the CH4 RF from the ULAQ and Oslo models respec-806

tively.807

As shown in Table 5, the calculated model- 808

average net contribution to RF from aircraft NOx 809

emissions (−5.7 mW/m2) is obtained by summing up 810

the instantaneous short-term O3 RF (+17.3 mW/m2) 811

(MBC) with the five long-term responses: CH4 812

(−9.4 mW/m2) (FBC), CO2 from CH4 oxidation 813

(−1.6 mW/m2 on a 50 year time horizon) (FBC), 814

tropospheric O3 (−3.9 mW/m2) (FBC-MBC), strato- 815

spheric H2O (−1.4 mW/m2) (FBC), stratospheric O3 816

(−1.2 mW/m2) (FBC-MBC). Alternatively, the net air- 817

craft NOx RF can be obtained by subtracting the long- 818

term CH4 (−9.4 mW/m2), CO2 from CH4 oxidation 819

(−1.6 mW/m2) and stratospheric H2O (−1.4 mW/m2) re- 820

sponses from the FBC net O3 RF (+12.2 mW/m2, short- 821

and long-term). The net gaseous RF from aviation NOx 822

emissions is obtained by summing up these terms with 823

the short-term contributions from NO2 (+0.6 mW/m2), 824

resulting in +0.4 mW/m2. Finally, the net RF from avi- 825

ation NOx emissions is obtained by summing up the 826

ULAQ model calculated aerosol direct and indirect ef- 827
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Figure 15: Stratospheric and tropospheric O3 evaluation, using
observations from HALOE (Grooss and Russell, 2005) and
TES/Aura Level 3 ozone monthly data obtained from the NASA
Langley Research Center (http://reverb.echo.nasa.gov/reverb/). Pan-
els (a, b) show springtime polar vertical profiles from 10 to 100 hPa
at 80S (October) and 60N (March), respectively. Panels (c to e) show
annual mean latitudinal sections at pressure layers (c) 50–100 hPa,
(d) 100–200 hPa and (e) 200–400 hPa. The grey areas show ±1σ
of the climatological zonal mean values (averaged over the years
1991–2005 for HALOE, and 2005–2012 for TES/Aura). Units are
ppmv.

fects (−6.1 mW/m2) to the net gaseous RF, resulting in 828

−5.7 mW/m2. 829

4.3 Aerosols 830

The impact of NOx emissions on secondary aerosols 831

(sulfates, nitrates and organics) was calculated only in 832

the ULAQ-CTM, with offline RFs in the ULAQ-RTM. 833

The RF results for these aerosol components are pre- 834

sented in Table 3a and do not include the contribution of 835

direct aerosol emissions by the aircraft (i.e., black car- 836

bon and SO2/SO4). The impact is produced by the tro- 837

pospheric enhancement of oxidants (OH, H2O2, O3), re- 838

sulting in a more efficient SO2 oxidation in SO4, and 839

also by increasing the nitrate formation from NO3 + 840

BVOC (biogenic organics) and HNO3 heterogeneous re- 841

actions on the surface of soil dust or sea salt particles 842

(Ayres et al., 2015). 843

The indirect forcing of aerosols on warm clouds was 844

not calculated explicitly, but scaled to direct forcing (as 845

recommended in Fuglestvedt et al., 2008 from the re- 846

sults of Kvalevåg and Myhre, 2007). This is the only 847

physical process not explicitly resolved in our study, but 848

parameterized with scaling factors: on the other hand, a 849

proper detailed treatment of aerosol-cloud interactions 850

is beyond the purposes of the present study. For nitrates, 851

the mass fraction coated on soil dust is not considered in 852

the indirect forcing, due to the low dust hygroscopicity 853

(Bauer et al., 2007). The aerosol components from Ta- 854

ble 3a produced a net RF decrease of −5.7 mW/m2 for 855

the MBC case and −6.1 mW/m2 for the FBC case. An 856

assessment of the indirect NOx-induced aerosol change 857

was made in Brasseur et al. (2015). Differences with 858

respect to our calculations may arise in the treatment of 859

the indirect effects related to aerosol-cloud interactions 860

and in the feedbacks of aviation SOx and NOx emissions, 861

whereas we have isolated the effects of NOx emissions 862

in the AE simulation. Here the calculated NOx impact 863

on sulfate aerosols is only due to aviation NOx induced 864

changes in the concentration of SO2 oxidants. 865

4.4 Spatial RF distribution 866

From the modeling results, the net effects of aircraft 867

NOx emissions (short- and long-term) is then approx- 868

imately zero on a global scale, with a small negative 869

residual from different contributions (i.e., cooling). This 870

is visible in Fig. 16a and 16b, where the mean zonal RF 871

values are shown separately for the O3 short-term “in- 872

stantaneous” value (MBC) and the different long-term 873

responses (i.e., CH4, stratospheric H2O, tropospheric 874

and stratospheric O3). The net forcing shows a clear pos- 875

itive peak at the northern mid-latitudes, where the largest 876

change of O3 column was produced by the aircraft emit- 877

ted NOx. As a result of the long CH4 lifetime, the nega- 878

tive long-term responses of CH4, H2O and O3 are spread 879

globally in a quasi-uniform way and this produced an av- 880

erage cooling effect of approximately −10 mW/m2 over 881

the tropics and in the Southern Hemisphere. 882

http://reverb.echo.nasa.gov/reverb/
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Table 3a: Summary of ULAQ-CTM NOx-related RF terms (global averages): O3, CH4, stratospheric H2O, NO2, NO3
−,SO4

= and net from
NOx emissions (i.e., AE-NA). The six columns show, respectively: species, type of experiment, species global changes, shortwave RF,
adjusted longwave RF, net RF. All RFs are calculated at the tropopause in total sky conditions with stratospheric temperature adjustment
and with the ULAQ radiative transfer module (see text for details). The short-term O3 perturbation is obtained from the MBC model run;
trop-strat long-term O3 perturbations are obtained as difference between FBC and MBC model runs. Global changes of gas species are
shown in terms of delta-column in Dobson Units (DU), except for CH4: here the average tropospheric mixing ratio change is reported
(ppbv), along with the lifetime perturbation (%). Global changes of the aerosol components (NO3

−, SO4
= and SOA) are shown in terms of

the optical depth (AOD) at λ = 0.55 μm. The indirect forcing of aerosols on warm clouds is parameterized using scaling factors with respect
to direct forcing, as recommended in Fuglestvedt et al. (2008). For nitrate, the mass fraction coated on soil dust is not considered in the
indirect forcing, due to the low dust hygroscopicity (Bauer et al., 2007).

Species EXP Global changes
[DU] for gases

AOD for aerosols

RF-SW
[mW/m2]

RF-LWadj
[mW/m2]

RF-NET
[mW/m2]

O3 Total FBC 0.26 3.79 6.37 10.16
MBC 0.46 4.02 11.15 15.17

O3 troposphere FBC 0.32 3.23 6.80 10.03
MBC 0.43 4.16 9.78 13.94

O3 stratosphere FBC −0.06 0.56 −0.43 0.13
MBC 0.03 −0.14 1.37 1.23

O3 short-term MBC 0.46 4.02 11.15 15.17

O3 long-term trop FBC-MBC −0.11 −0.93 −2.98 −3.91

O3 long-term strat FBC-MBC −0.09 0.70 −1.80 −1.10

CH4 FBC −18.7 ppbv 0.0 −8.38 −8.38
−1.17 % [lifetime] 0.0 −7.50 −7.50 [lifetime]

MBC −0.27 ppbv [trop] – – –
−0.81 % [lifetime] 0.0 −7.50 −7.50 [lifetime]

CO2 from CH4 oxidation
[50 year time horizon]

FBC −1.9 ppbv/yr – −1.34 −1.34

MBC −0.03 ppbv/yr – −0.02 −0.02

H2O stratosphere FBC −0.57 0.15 −1.49 −1.34
MBC −0.01 0.00 −0.01 −0.01

NO2 FBC 3.7 × 10−4 0.28 0.43 0.71
MBC 3.6 × 10−4 0.27 0.41 0.68

NO3
− FBC 6.2 × 10−5 −1.98 0.26 −1.72

MBC 5.2 × 10−5 −1.60 0.25 −1.35

SO4
=aerosols from increase

of oxidants (OH, H2O2, O3)
FBC 2.5 × 10−4 −4.29 1.22 −3.07

MBC 2.6 × 10−4 −4.49 1.31 −3.18

SOA from increase of
oxidants (NO3, OH, O3)

FBC 1.0 × 10−5 −0.22 0.02 −0.20

MBC 0.8 × 10−5 −0.18 0.01 −0.17

Aerosol indirect effect on
warm clouds

FBC −1.07 – −1.07

MBC −0.96 – −0.96

NET from NOx FBC −3.34 −2.91 −6.25
MBC −2.94 5.60 2.66

The geographical distribution of the long-term con-883

tributions discussed above (CH4, stratospheric H2O,884

O3), are presented in Fig. 17. The net NOx-related RF885

was dominated by the O3 short-term peak at the north-886

ern hemisphere (see Fig. 16) and by the CH4 cooling887

over the tropics and the southern hemisphere. Peak val-888

ues of the CH4 RF are located in the tropical region889

where there is the largest temperature difference of the 890

surface and cloud layers with respect to the tropopause. 891

Fig. 17 shows that the stratospheric long-term response 892

of H2O and O3 is a cooling with maxima of approxi- 893

mately −2 mW/m2 in the extra-tropics. The latitudinal 894

gradient of the H2O RF is consistent with the mixing 895

ratio changes presented in Fig. 9. This is caused by 896
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Table 3b: As in Table 3a, but for Oslo-CTM3 calculations, using the ULAQ-RTM for RFs. The direct and indirect contributions of NO3
−,

SO4
= and SOA are calculated in ULAQ-CTM (see Table 3a).

Species EXP Global changes [DU] RF-SW
[mW/m2]

RF-LWadj
[mW/m2]

RF-NET
[mW/m2]

O3 total FBC 0.36 4.41 9.72 14.13
MBC 0.61 4.25 15.16 19.41

O3 troposphere FBC 0.45 3.69 10.67 14.36
MBC 0.56 4.66 13.63 18.29

O3 stratosphere FBC −0.09 0.72 −0.95 −0.23
MBC 0.05 −0.41 1.53 1.12

O3 short-term MBC 0.61 4.25 15.16 19.41

O3 long-term trop FBC-MBC −0.11 −0.97 −2.97 −3.94

O3 long-term strat FBC-MBC −0.14 1.13 −2.47 −1.34

CH4 FBC −23.7 ppbv [trop] 0.0 −10.35 −10.35
−1.32 % [lifetime] 0.0 −8.57 −8.57

MBC −0.13 ppbv [trop] – – –
−0.96 % [lifetime] 0.0 −8.57 −8.57 [lifetime]

CO2 from CH4 oxidation
[50 year time horizon]

FBC −2.6 ppbv/yr – −1.86 −1.86

MBC −0.02 ppbv/yr – −0.01 −0.01

H2O stratosphere FBC −0.71 0.17 −1.62 −1.45
MBC 0.01 0.00 −0.02 −0.02

NO2 FBC 4.1 × 10−4 0.30 0.13 0.43
MBC 4.1 × 10−4 0.29 0.14 0.43

Net aerosol [ULAQ model] FBC −7.57 1.50 −6.07
MBC −7.23 1.57 −5.66

NET from NOx FBC −2.69 −2.48 -5.17
MBC −2.69 8.27 5.58

Table 4: Summary of NOx-related long-term RF components relative to CH4 (including also the CO2 contribution from CH4 oxidation on a
50 year time horizon), from ULAQ-CTM and Oslo-CTM3 and comparison with IPCC estimates.

Species Model Global changes
H2O, O3 [DU] CH4 [Tg]

CO2 [ppbv/yr]

RF-NET
[mW/m2]

RF/RF-CH4 [%] RF/RF-CH4 [%]
(IPCC, 2013)

CH4 ULAQ −52 −8.38 – –
CTM3 −66 −10.35 – –

CO2 from CH4 oxidation
[50 year time horizon]

ULAQ −1.9 −1.34 13.8 –

CTM3 −2.6 −1.86 15.2 –

H2O stratosphere ULAQ −0.57 −1.34 13.8 15 ± 10
CTM3 −0.71 −1.45 11.9

O3 troposphere ULAQ −0.11 −3.91 40.0 50 ± 27
CTM3 −0.11 −3.94 32.3

O3 stratosphere ULAQ −0.08 −1.10 11.3 –
CTM3 −0.14 −1.34 11.0 –

O3 total ULAQ −0.20 −5.01 51.5 50 ± 27
CTM3 −0.27 −5.27 43.2
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Table 5: Summary of RF contributions from aviation NOx emissions (first two columns) as an average of ULAQ and Oslo model results.
Contributions from direct and indirect effects of aerosols are calculated only in the ULAQ model. The last two columns summarize the
indirect effects of SO4 aircraft emissions on NOx chemistry, via heterogeneous chemistry on SO4

= aerosol SAD. The uncertainty interval
indicates the spread of values between the two models.

Species [NOx emission] RF
[mW/m2]

Species
[indirect effect of SO4

= emissions on NOx chemistry,
via heterogeneous chemistry on aerosol SAD]

RF
[mW/m2]

O3 short-term total +17.3 ± 2.1 O3 short-term total −0.80±0.05

O3 long-term troposphere −3.92±0.01 O3 long-term troposphere +0.40±0.05

O3 long-term stratosphere −1.2 ± 0.1 O3 long-term stratosphere +0.05±0.01

CH4 long-term −9.4 ± 1.0 CH4 long-term +0.5 ± 0.1

CO2 from CH4 oxidation
[50 year time horizon]

−1.6 ± 0.3 CO2 from CH4 oxidation [50 year time horizon] +0.10±0.01

H2O long-term stratosphere −1.4 ± 0.1 H2O long-term stratosphere +0.08±0.02

NO2 total +0.6 ± 0.1 NO2 total −0.05±0.01

NO3
− aerosols −1.7 NO3

− aerosols from increase of HNO3direct + indirect −1.0

SO4
= aerosols and SOA

from increase of oxidants
(OH, H2O2, O3, NO3)

−3.3 SO4
= aerosols and SOA from decrease of oxidants

(OH, H2O2, O3, NO3)
[direct + indirect]

+0.2

Indirect effect of aerosols
on warm clouds

−1.1 NET from the indirect effect of SO4
= emissions on NOx

chemistry
−0.5 ± 0.1

NET from NOx emission −5.7 ± 0.6 NET from NOxemissions and the indirect effect of SO4
=

emissions on NOx chemistry
−6.2 ± 0.7

a combination of stratospheric transport and CH4 oxi-897

dation into water vapor. The tropical minimum in the898

stratospheric O3 long-term RF in Fig. 17 is consistent899

with the mixing ratio changes presented in Fig. 14. Be-900

low 25 km altitude the negative O3 changes are larger in901

the extra-tropics, whereas the opposite is found above902

30 km, where the UV radiative impact tends to domi-903

nate, producing a positive RF (also see Fig. 13). This904

positive forcing partially mitigates the negative RF in905

the region where O3 acts primarily as a greenhouse gas,906

i.e., below ∼ 25 km, where the largest stratospheric O3907

changes are found in the extra-tropics.908

4.5 Aviation sulfate aerosols impact on NOx909

chemistry910

The tropospheric NOx budget may be affected not only911

by direct aircraft emissions of NOx, but also indirectly912

by aviation emissions of ultrafine sulfuric acid aerosols.913

The latter may significantly increase the available sur-914

face area density (SAD) for heterogeneous chemical re-915

actions relevant for the NOx-HNO3 balance (Weisen-916

stein et al., 1998; Danilin et al., 1998; Pitari et al.,917

2002a). Approximately 5 % of total emitted sulfur in air-918

craft plumes is ultrafine sulfuric acid particles (Curtius919

et al., 1998; Kärcher and Meilinger, 1998). These920

particles have the ability to greatly increase the sulfate921

aerosol SAD in the upper troposphere and lower strato-922

sphere, thus mitigating the direct NOx increase due to923

aircraft emissions, mainly via the hydrolysis of N2O5924

and BrONO2. Less NOx increase results in less OH en- 925

hancement. This, in turn, means that there is less O3 in- 926

crease in the troposphere, leading to less CH4 decrease 927

(see Table 5). This also implies that the long-term strato- 928

spheric effects are slightly mitigated, i.e., less H2O de- 929

crease and less NOx enhancement in the stratosphere and 930

therefore, less stratospheric O3 decrease when compared 931

with the results presented in Table 3, where the sulfate 932

aerosol SAD was kept unchanged by the aircraft emis- 933

sions. 934

Nitrate aerosols tend to be more abundant for a more 935

efficient NOx conversion into HNO3 on the enhanced 936

sulfate SAD. However, the mass density and optical 937

depth of sulfate and organic aerosols will be lowered if 938

there is a decreased amount of oxidants (OH, H2O2, O3, 939

NO3), which is due to the enhanced NOx loss (see Ta- 940

ble 5). According to the models, in this aerosol-sensitive 941

case the net contribution to RF from aircraft NOx emis- 942

sions resulted in −6.2 mW/m2, with an additional con- 943

tribution of −0.5 mW/m2 due to the effects of heteroge- 944

neous chemistry of NOx on aviation sulfate SAD. 945

5 Conclusions 946

Two independent chemistry-transport models with tropo- 947

sphere-stratosphere coupling have been used to quantify 948

the different radiative forcing components from NOx air- 949

craft emissions, by taking into account both the short- 950

term tropospheric O3 response and the long-term re- 951

sponses due to OH-driven changes of tropospheric CH4 952
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Figure 16: Annually and zonally averaged tropopause RF values due
to aircraft NOx emissions (AE-NA) shown by species in mW/m2 for
(a) ULAQ-CTM and (b) Oslo-CTM3 results. RF calculated with the
ULAQ radiative transfer model, includes stratospheric temperature
adjustment and total sky conditions. Short-, long-term effects (MBC
and FBC-MBC, respectively) are presented separately for the O3 RF.
The net RF in panel (b) for the Oslo-CTM3 includes the aerosol con-
tribution calculated by the ULAQ-CTM. The CH4 curves includes
also the RF due to CO2 from CH4 oxidation, on a 50 year time hori-
zon.

and then, in tropospheric HOx chemistry and strato-953

spheric H2O, and finally on stratospheric O3. A broad-954

band radiative transfer model has been applied offline,955

to calculate the tropopause adjusted RF from the per-956

turbed greenhouse gases (i.e., O3, CH4 and H2O), as957

well as from NO2 absorption of UV-A, indirect SO4958

and SOA increase due to the tropospheric enhancement959

of oxidants (OH, H2O2, O3, NO3) and additional NO3960

aerosol formation from NOx and HNO3. Background961

chemistry results, where possible, are compared with962

measurements data and in general, the models are con-963

sistent with observations in their range of variability.964

In the first case, the established experimental method 965

of using a fixed mixing ratio boundary condition (MBC) 966

was used. The model-average short-term O3 and CH4 967

RFs was 17.3 (24 mW/m2/Tg-N) and −8.0 mW/m2
968

(−11 mW/m2/Tg-N) respectively. These are within the 969

range of Holmes et al. (2011), Myhre et al. (2011) and 970

Brasseur et al. (2015), which took into account inter- 971

model differences. For completeness, simplified para- 972

metric formulations for long-term O3 and stratospheric 973

H2O (Søvde et al., 2014; Pitari et al., 2015) were 974

also included to derive respective RFs of −4.0 mW/m2
975

(−5.6 mW/m2/Tg-N) and −1.2 mW/m2 (−1.7 mW/m2/ 976

Tg-N). The long-term O3 value is also consistent 977

with the range of values published in Holmes et al. 978

(2011) and Myhre et al. (2011) and for both per- 979

turbations in Khodayari et al. (2015). In the second 980

case, a more computationally expensive experimental 981

method that used a surface flux boundary condition 982

(FBC) was conducted. Here, we were able to explic- 983

itly calculate the long-term effects from aviation NOx 984

emissions, without using simplified formulations. We 985

found that the FBC experiment produced a CH4 RF of 986

−9.4 mW/m2 (−13 mW/m2/Tg-N) that is ∼ 17 % larger 987

in absolute magnitude than the MBC estimate, while 988

the long-term changes in O3 and stratospheric H2O 989

were ∼ 29 % (−5.1 mW/m2 or −7.2 mW/m2/Tg-N) and 990

∼ 16 % (−1.4 mW/m2 or −2.0 mW/m2/Tg-N) larger in 991

absolute magnitude respectively. The negative RF es- 992

timates are larger in terms of magnitude, and this is 993

due to the compounding effects of the larger CH4 life- 994

time changes (in absolute terms) and the correspond- 995

ing radiative transfer calculations. In terms of the CH4 996

lifetime estimates, the feedback factor of 1.4 largely 997

compensated the differences in the simplified MBC for- 998

mulation. However, using the actual CH4 mixing ratio 999

change in the radiative transfer calculation increases the 1000

absolute value of CH4 RF estimate by ∼ 17 %. This 1001

is consistent with the findings of Myhre et al. (1998). 1002

In addition, the radiative balance is also affected by 1003

the decreasing amount of CO2 produced at the end of 1004

the CH4 oxidation chain: an average CO2 accumula- 1005

tion change of −2.2 ppbv/yr is calculated with the mod- 1006

els on a 50 year time horizon, with a corresponding 1007

RF=-1.6 mW/m2. The FBC experiment also allows the 1008

long-term O3 changes to be split between the tropo- 1009

spheric and stratospheric components, with the tropo- 1010

spheric effect contributing ∼ 75 % of the long-term O3 1011

RF (−3.9 mW/m2). 1012

The comparison between the FBC and MBC results 1013

in this study highlight that firstly, the long-term aviation 1014

NOx impacts that have been reported in previous stud- 1015

ies such as Holmes et al. (2011), Myhre et al. (2011), 1016

Søvde et al. (2014), Brasseur et al. (2015), are likely to 1017

be underestimated. Secondly, it is important to recognize 1018

that the underestimation of CH4 RF, in absolute terms, 1019

will have a subsequent effect on the long-term O3 and 1020

stratospheric water vapor estimate, which are derived 1021

from CH4 RF in the simplified formulation. The under- 1022
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Figure 17: Annually averaged and temperature adjusted tropopause 2D RF values (mW/m2) due to aircraft NOx emissions (AE-NA) for
(a) CH4 (b) stratospheric H2O (c) long-term tropospheric O3 (FBC-MBC) and (d) long-term stratospheric O3 (FBC-MBC). The CH4 RF
includes also the CO2 contribution from CH4 oxidation, on a 50 year time horizon.

estimation found in the study was ∼ 17 %. Combining1023

the short-term O3 and long-term effects from CH4, this1024

study shows a RF decrease of more than 90 % in the1025

magnitude of that calculated using simplified formula-1026

tions. However, it should be noted that there is a trade-1027

off in terms of computing time between the parameter-1028

izations (MBC) and using the explicit FBC method to1029

calculate the long-term aviation NOx effects. This study1030

provides a revised estimate on the potential uncertainty1031

that may arise when the MBC experiment is used in a1032

CTM to simulate aviation NOx effects.1033

Other contributions to net NOx RF that have not been1034

included in previous studies are those due to NO2 ab-1035

sorption of UV-A (+0.6 mW/m2) and aerosol pertur-1036

bations; the latter were calculated only in the ULAQ1037

model (−6.1 mW/m2). In absolute terms, the resulting1038

net RF related to aircraft NOx emissions is calculated1039

to be a small negative residual (−5.7 mW/m2), with1040

−6.2 mW/m2 and −5.1 mW/m2 in ULAQ and Oslo mod-1041

els respectively. This net negative RF residual is calcu-1042

lated to increase up to −6.2 mW/m2 when the effects on1043

NOx chemistry due to the enhancement of the sulfate1044

aerosol SAD produced by aviation emissions of SO2 and1045

SO4 are also included.1046

Another multi model inter-comparison study of the1047

aviation emissions impact on atmospheric ozone and1048

methane (Olsen et al., 2013) did not show a model1049

agreement comparable to ours. The main reason for this 1050

is that the seven models presented by Olsen et al. (2013) 1051

used a very different representation of chemistry and 1052

physics among them. Only three of these models were 1053

3D offline models (i.e., CTMs as our case), with the oth- 1054

ers being fully coupled climate chemistry models or a 1055

2D earth system model. The three CTMs, however, did 1056

show a rather compact response to the aviation emis- 1057

sions, as in our study. 1058

The results presented in this paper are important to 1059

the aviation community by providing a more robust and 1060

complete estimate of the likely effects from aircraft NOx 1061

emissions, which accounts for the short- and long-term 1062

gaseous and aerosol impacts, with explicit CTM and 1063

RTM calculations. This study suggests that the net over- 1064

all NOx-related RF is smaller than previous estimates, 1065

and if we include the NOx-aerosol effects as well, then 1066

the net RF is negative. Previous focus on the positive 1067

short-term O3 effects should be extended to include not 1068

only the long-term contributions related to CH4 but also, 1069

the indirect aerosols due to NOx-chemistry. This has the 1070

wider implication that it may be the case that except 1071

for CO2 and contrail/contrail-cirrus, which are known to 1072

produce significant globally-averaged warming effects, 1073

the other aircraft RFs may produce a very small warm- 1074

ing or even a cooling effect. However, further work is 1075

necessary to account for possible CTM and RTM model 1076
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differences using a FBC setup and the effects of aerosols1077

on NOx chemistry. This is because an accurate quantita-1078

tive measure of the net RF related to aviation NOx is dif-1079

ficult for several reasons, as the uncertainties in lightning1080

NOx, HOx-NOx chemical kinetics, non-linearity among1081

different NOx sources, perturbation versus tagging ap-1082

proach, steady state versus transient emissions approach,1083

treatment of future NOx emissions, uncertainties in the1084

treatment of complex aerosol-cloud interactions. So we1085

conclude that a safe overall conclusion of the present1086

study is that the net RF due to aviation NOx emissions,1087

considering both short- and long-term effects, might be1088

very small and possibly also on the negative side.1089
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