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Introduction

This has been a project to calculate global direct radiative forcing (DRF) of selected aircraft-relevant constituents in the GATOR-GCMOM atmospheric-ocean-land-surface computer model. The DRFs calculated account for feedbacks to meteorology thus are referred to as DRFs-with-feedback to distinguish them from DRFs calculated from Chemical Transport Models (CTMs), which don’t include feedbacks to meteorology (thus are referred to as DRFs-no-feedback). The chemicals for which DRFs-with-feedback due to aircraft emissions were calculated included black carbon (BC), ozone (O3), methane (CH4), sulfur dioxide/sulfate-aerosol, and linear contrails. Results of DRF-with-feedback are tabularized and compared with ACCRI DRF-no-feedback estimates. The DRF-WF from the present study was found to be similar to that from ACCRI for black carbon, but not for the other parameters. For ozone and sulfur dioxide/sulfate aerosol, the reason was that meteorological feedbacks due to aircraft had a greater impact on background ozone and sulfur dioxide/sulfate aerosol than they did on background black carbon. For methane, the reason was the simulation was not long enough here to obtain the full DRF of methane from aircraft


Model, Simulations, and Metrics

The model used here, GATOR-GCMOM (gas, aerosol, transport, radiation, general-circulation, mesoscale, and ocean model) treats the subgrid evolution of aircraft particle and gas exhaust, including subgrid contrail formation from each of over 30 million individual flight worldwide annually (Jacobson et al., 2011, 2013). The model simulates feedbacks among meteorology, gases, aerosols, hydrometeors, ocean and land surfaces, and solar and thermal-infrared radiation. It also treats mixed-layer ocean dynamics and both mixed- and deep-layer ocean diffusion and chemistry and land surface processes.

Global simulations were run at 4o-SN x 5o-WE horizontal resolution with 68 vertical sigma-pressure layers from the ground to 0.219 hPa (≈60 km), including 15 layers from 0-1 km and 500-m resolution from 1-21 km. The center of the lowest model layer was 15 m above ground. The model was initialized January 1, 2006 with 1ox1o reanalysis meteorological fields [GFS, 2007] and run forward for up to 5 years to date with no data assimilation. Meteorology and atmospheric composition of all gases, aerosol particles, and hydrometeor particles changed over time. 

Solar and thermal-infrared (TIR) irradiance changes and direct radiative forcing (DRF) at the top of the atmosphere were calculated for several parameters. DRFs are calculated from one simulation, but two radiation calls per radiation time step during the simulation. One radiation call is performed with all gas and aerosol chemicals present. The second, determined for the same time step, is calculated with all chemicals except the one of interest (e.g., ozone or black carbon), present. Each radiation call provides a net downward irradiance (W/m2). The difference in net downward solar plus thermal-infrared irradiance between two radiation calls from one simulation is the DRF of the component (e.g., ozone or black carbon) from that simulation. However, this DRF, which we will call DRF-base since it is from one simulation that is the baseline simulation, gives the DRF of the component from all sources, not just aircraft.

In order to determine the DRF of a component from aircraft, it is necessary to run two simulations – one with aircraft emissions present and a second with no aircraft emissions. For each simulation, it is necessary to perform two radiation calls, thus to calculate DRF. The DRF from the simulation with aircraft emissions is DRF-base and is the DRF of the chemical (e.g., ozone or black carbon) when aircraft emissions are present. The DRF from the simulation without aircraft emissions is DRF-sens (for sensitivity) and is the DRF of the chemical in the absence of aircraft emissions. The difference, DRF-base minus DRF-sens, is theoretically the DRF of the chemical due to aircraft emissions and is referred to as DRF-with-feedback (DRF-WF).

DRF-with-feedback is named such because each simulation (with and without aircraft emissions, respectively) is run independently with evolving meteorology, clouds, aerosols, gases, and land surface processes. As such, differences in any parameter (e.g., temperature, cloudiness, precipitation, aerosol concentrations, winds, irradiance, DRF) between the two simulations change over time, and the changes are largely due to climate responses of aircraft emissions. 

Thus, although DRF-base and DRF-sens are each calculated with the same meteorology, clouds, etc. for each of the two radiation calls each time step during their respective simulations, the meteorological, cloud, etc. fields, themselves change between the two simulations, so DRF-with-feedback is not strictly a DRF, which is calculated with constant meteorology, clouds, etc. It is the difference in DRF between two simulations that each account for feedback, thus it is really the DRF of, for example, black carbon accounting for the climate response of aircraft to black carbon by changing precipitation, cloud, and meteorological fields, causing non-aircraft black carbon to change globally as well.

The DRF-with-feedback calculated here differs from the DRF calculated with a Chemical Transport Model (CTM). In a CTM, aircraft emissions do not feed back to the meteorology, which is not physically correct but it is helpful for isolating DRFs in the absence of feedbacks. In a CTM, DRF-base and DRF-sens are still calculated, but the difference between them is not affected by meteorological feedbacks. However, it is subject to chemical feedbacks, since the chemistry differs when aircraft emissions are present versus absent, and that difference is not controlled.

One might ask why the DRF in GATOR-GCMOM can’t be calculated just by running one simulation with two radiation calls - one radiation call with all aircraft chemicals and the other with all chemicals except, say aircraft-induced ozone. The reason is that it is not possible to determine the contribution of aircraft to ozone formation without running two simulations, one with aircraft exhaust and a second without exhaust. During one simulation, it is possible to perform two radiation calls, one with and the other without ozone (thereby calculating DRF-base), but the ozone removed must be all ozone in the atmosphere since there is no way to distinguish aircraft-produced ozone versus background ozone from one simulation. Thus, in this case, two simulations are necessary, and DRF-with-feedback is calculated as the difference between DRF-base and DRF-sens.

For this project, DRFs-with-feedback of black carbon, ozone, and methane were calculated with the methodology above (two simulations – one with all aircraft and all other anthropogenic and natural emissions and the other with the same but no aircraft emissions – and two radiation calls per simulation – one with and the other without all BC, O3, or CH4). DRF-with-feedback for SO2 and linear contrail were calculated in a different manner, described shortly. 

Results

Black Carbon DRF-WF

Figure 1 shows the aerosol DRF of black carbon (BC) from all sources within aerosol particles for the baseline case run here, which included all aircraft emissions (DRF-base). The BC in this case included BC in aerosol particles in the clear sky and interstitially between hydrometeor particles at the relative humidity of the cloud, but not BC inclusions within hydrometeor particles. Aerosol particles interstitially between hydrometeor particles are more swollen then clear-sky particles due to the higher relative humidity in the cloud than in the clear sky. 

Figure 2 shows the DRF of BC from all sources when the BC is an inclusion within hydrometeor particles. The sum of Figures 1 and 2 is the net global DRF-base of BC from all sources. Note that the DRF in this case does not account for feedbacks to clouds or meteorology, so it is not a DRF-with-feedback, not a semidirect effect, not an indirect effect, and not a cloud absorption effect, which are feedbacks of BC to climate rather than DRFs.


Figure 1. Annually-averaged solar plus thermal-IR DRF-base (W/m2) of BC from all sources within aerosol particles in the clear sky and interstitially between cloud particles.
[image: ]
Figure 2. Annually-averaged solar plus thermal-IR DRF-base (W/m2) of BC from all sources as inclusions within cloud drops and ice crystals.
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Figure 1 indicates that the globally-averaged solar plus thermal-IR DRF-base (W/m2) of aerosol BC in the clear sky and interstitially between hydrometeor particles in its actual mixing state was +0.49 W/m2 and that of BC incorporated as inclusions within cloud drops and ice crystals was + 0.063 W/m2 for a total DRF-base for all BC of +0.55 W/m2.

Multiplying the globally-averaged aerosol DRF-base of BC (+0.49 W/m2) by the ratio of the globally-averaged aerosol mass absorption coefficients (AMAC) for externally- versus internally-mixed BC from Jacobson (2012) gives an estimate of the solar plus thermal-IR DRF-base of BC as if it were all externally-mixed in the clear sky and interstitially between hydrometeor particles, as +0.20 W/m2.

Multiplying the globally-averaged cloud-inclusion DRF-base of BC by the ratio of the AMAC for externally-mixed BC to the hydrometeor mass absorption coefficient (HMAC) for BC inclusions from Jacobson (2012) gives an estimate the solar plus thermal-IR DRF-base of BC inclusions within hydrometeor particles as if they were removed from hydrometeor particles and externally mixed, as +0.024 W/m2.

Thus, the total solar plus thermal-IR BC DRF-base under the externally-mixed assumption was approximately +0.225 W/m2 and that in its actual mixing state was ~ +0.55 W/m2. The annually-averaged atmospheric loading given these DRFs was 0.219 mg/m2 (0.112 Tg) of BC from all sources in the atmosphere.

Figure 3 shows the DRF-with-feedback of BC from aircraft after 9 years of simulation. The calculation was performed by running two simulations (one with and the other without aircraft emissions) and performing two radiation calls per simulation (one with all BC present and the other with no BC from any source present). The difference between each radiation call from the same simulation is the radiative forcing due to all BC from that simulation. The difference in radiative forcing between the two simulations is the radiative forcing due to BC from aircraft when feedbacks of aircraft to meteorology and BC were accounted for. 

After nine years, the DRF-WF of BC was calculated as +0.24 mW/m2. This number is lower than a DRF-NF because all aircraft between the two simulations increased total precipitation, removing black carbon from non-aviation sources in locations where BC could otherwise have a strong solar positive radiative forcing. Although aircraft emissions caused a net increase in global column BC (Figure 4), most increases were in areas of high cloudiness thus less solar radiative forcing; decreases occurred in locations of lower cloudiness thus stronger solar radiative forcing. 

Figure 3. Annually-averaged solar plus thermal-IR aerosol direct radiative forcing with feedback (DRF-WF) (W/m2) of BC resulting from aircraft emissions. Results are shown after 9 years of simulation. 
[image: ]
Figure 4. Annually-averaged change in BC column concentration with minus without all aircraft emissions. Results are shown after 9 years of simulation.
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Table 1 shows DRFs-with-feedback (DRF-WF) due to components of aircraft emissions and all aircraft emissions from this study versus DRFs-no-feedback (DRF-NF) from ACCRI. Results are discussed individually in subsequent sections. 


Table 1. Solar plus thermal-infrared top-of-the-atmosphere direct radiative forcing with feedback (DRF-WF) from this study with DRFs with no feedback (DRF-NF) to meteorology from the ACCRI report (Brasseur et al., 2013). Units are mW/m2. In the case of “all aircraft simulation,” “SO2/sulfate-aerosol,” “NOx,” and “linear contrails,” the DRF-WF values were net-downward irradiance changes at the top of the atmosphere determined from two simulations, both with aircraft emissions present, but one simulation with and the other without the component present in aircraft emissions. In the other cases (BC, O3, CH4), two simulations were run--one with and the other without all aircraft emissions. Each simulation had two radiation calls, one with the component from all sources present in ambient air and the other without, to determine radiative forcing of the component from all sources in the simulation. The difference in radiative forcing between the two simulations was the radiative forcing of the component from aircraft, accounting for feedback of all aircraft emissions to climate. Also shown are temperature changes resulting from each simulation pair with and without the component present in aircraft emissions and the corresponding climate sensitivity (ratio of temperature change to radiative forcing). Lc=linear contrails; ic=induced cirrus.
	Forcing agent
	T
(K)
	T / DRF (K/W/m2)
	DRF-WF (mW/m2)
This study
	DRF-NF (mW/m2)
ACCRI Report

	BC
	
	
	+0.24 (9 y)
	+3.4

	O3
	
	
	+87 (10 y)
	+26.3

	CH4
	
	
	-5.2 (8y)
	-12.5

	SO2/sulfate-aerosol
	-0.052
	+0.36
	-143 (-196 sol; +52.4 TIR) (8y)
	-4.8

	NOx
	-0.096
	+0.42
	-228 (-346 sol; +118 TIR) (8y)
	

	Linear contrails
	-0.086
	+0.38
	-254 (-456 sol; +202 TIR) (8y)
	+44.8 (+11.8 lc+33 ic)

	CO2
	
	
	+28 (assumed same as ACCRI)
	+28

	H2O
	
	
	+2.8 (assumed same as ACCRI)
	+2.8

	Total from linear sum
	
	
	-512
	+88

	All aircraft simulation
	+0.056
	+0.81
	+69 (+0.34 sol; +69 TIR) (9 y)
	



Ozone DRF-WF

Figure 5 shows the DRF-with-feedback of O3 resulting from all aircraft emissions after 10 years of simulation. The calculation was performed by running two simulations (one with and the other without aircraft emissions) and performing two radiation calls per simulation (one with all ozone present and the other with no ozone from any source present). The difference between each radiation call from the same simulation gave the radiative forcing due to all ozone in that simulation. The difference in radiative forcing between the two simulations gave the radiative forcing due to ozone from aircraft when feedbacks of aircraft to meteorology and ozone were accounted for.

Aircraft do not emit ozone. Instead ozone generally increases as a result of the emissions from aircraft of nitrogen oxides, carbon monoxide, and organic gases. The ozone increases in year 10 from the present simulations are larger than chemistry alone would cause because aircraft also affect the vertical stability of the atmosphere, clouds, precipitation, and poleward transport of air, all of which feed back to ozone. For example, the increase in Antarctic ozone due to aircraft over 10 years had little to do with emissions of ozone precursors over the Antarctic. Instead, it had to do with changes in the poleward transport of ozone due to changes in the horizontal temperature gradient due to aircraft emissions that are predominantly in the Northern Hemisphere. Thus, the change in ozone DRF over time in the DRF-with-feedback figures arises because aircraft emissions between the two simulations fed back to climate, changing the concentration of non-aircraft ozone, as illustrated in Figure 6. The difference between the ozone DRF-WF and the DRF-NF in Table 1 is due to the fact that the DRF-NF does not account for the effect of aircraft emissions on meteorology, thus background ozone.

Figure 5. Annually-averaged solar plus thermal-IR aerosol direct radiative forcing with feedback (DRF-WF) (W/m2) of O3 resulting from aircraft emissions. Results are shown after 10 years of simulation.
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Figure 6. Annually-averaged change in O3 column concentration with minus without aircraft emissions. Results are shown after 10 years of simulation.
[image: ]
Methane DRF-WF

Table 1 shows the DRF-WF of CH4 from aircraft. Like with ozone, the calculation was performed by running two simulations (one with and the other without aircraft emissions) and performing two radiation calls per simulation (one with all methane present and the other with no methane from any source present). The difference between each radiation call from the same simulation gave the radiative forcing due to all methane in that simulation. The difference in radiative forcing between the two simulations gave the radiative forcing due to methane from aircraft emissions when feedbacks of aircraft to meteorology and methane were accounted for.

Methane’s DRF-WF and DRF-NF are negative because aircraft emissions produce OH, which speeds up the loss of methane. The DRF-WF is lower in magnitude than the DRF-NF calculated from other studies in Table 1, because the DRF-WF for CH4 has not converged yet. Since methane is a long-lived greenhouse gas with an e-folding lifetime of 8-12 years, it would be necessary to run simulations of about 20 years or more for the DRF-WF of methane to be relatively fully realized. Such long simulations are not necessary for the other components of DRF discussed here because the lifetimes of such components are much shorter than the simulation time here. Previous simulations of the DRF-NF from other studies were run for sufficiently long periods so that methane’s lifetime was not an issue.

SO2/sulfate DRF-WF

In the case of SO2/aerosol-sulfate from aircraft, DRFs were calculated by running two simulations, one with all aircraft emissions and the second also with all aircraft emissions except for SO2 and aerosol sulfate emissions. The difference in net downward minus upward solar + thermal-infrared irradiance between the two simulations was called the DRF-with-feedback. This DRF included feedback because SO2 and aerosol sulfate emissions from aircraft fed back to climate by affecting cloudiness and atmospheric composition. As such, the DRF here again was not the same as the DRF-NF calculated with a CTM. 

The DRF for SO2/aerosol sulfate was calculated differently from that for BC, ozone, and methane for the following reason. In the former cases, it was possible to exclude BC, ozone, or methane from the second radiation call for each simulation, allowing DRF for each of those chemicals to be calculated directly. However, if this were done for SO2, virtually no impact would be seen because SO2 itself does not result in more than a trivial amount of radiative forcing. It is the change in cloudiness and aerosol from SO2 that triggers the radiative impacts of SO2. Thus, the only way to isolate this impact is to run two simulations, one with and the other without SO2/aerosol-sulfate emissions and the other without and examine the difference in irradiance between the two simulations. That difference accounts for the change in cloudiness and aerosols caused by these emissions.

CTMs calculating the DRF-NF of SO2/aerosol-sulfate look only at the impact of SO2 on aerosol sulfate formation, not on the change in cloudiness, which is the much larger impact. Thus, Table 1 indicates that the magnitude of DRF-WF of SO2/aerosol-sulfate found here is much larger than that of DRF-NF found from other studies, which did not include cloud impacts in their calculation.

The feedback of SO2/aerosol-sulfate to clouds is really an indirect effect, so the radiative forcing with feedback is roughly equivalent to a direct plus indirect forcing without feedback. The DRF-NF accounts only for the direct aerosol forcing.

The mass emissions of SO2/aerosol-sulfate from aircraft per kg of fuel is 34 times that of black carbon, so it is expected that the impact of SO2/aerosol-sulfate from aircraft on clouds should be much larger than that of BC. In addition, SO2/aerosol-sulfate is much more soluble than is BC, so the same mass of BC will have much less impact on enhancing cloudiness than will SO2/aerosol-sulfate. Both factors explain why the SO2/aerosol-sulfate DRF-WF is much larger than is the BC DRF-WF.

Linear Contrail DRF-WF

In the case of linear contrails, the DRF was calculated by running two simulations, both with aircraft emissions, but one accounting for contrail optical properties in the radiative transfer equation and the second, not accounting for contrail optical properties in the radiative transfer calculation. The difference in net downward minus upward irradiance (solar plus thermal-infrared) between the two simulations was the DRF-with-feedback. Note that this DRF still included meteorological feedback although aircraft emissions were present in both simulations because excluding optical properties of contrails in the second simulation fed back to radiation transfer throughout the atmosphere, affecting clouds, meteorology, and chemistry worldwide.

The optical properties alone of contrails fed back to non-contrail clouds and other weather parameters. Over eight years of simulations, they increased total cloud fraction by ~0.5% yet decreased total cloud optical depth by ~0.7% by increasing precipitation by ~0.04%. The net result, due primarily to an increase in total cloud fraction, was a decrease in the top-of-the-atmosphere (TOA) net downward minus upward solar plus thermal-infrared irradiance (DRF-WF), illustrated in Table 1. The total consisted of a positive (warming) forcing in the thermal-infrared spectrum more than offset by a negative (cooling) forcing in the solar spectrum.

The total DRF-WF exceeded the magnitude of the DRF-NF because the DRF-NF did not account for the effects of the contrail optical properties themselves on temperature profiles, thus other clouds, precipitation, and meteorology.

Contrails have a much greater mass than does BC from aircraft so should have a much greater feedback to cirrus and other clouds than does BC in terms of radiative forcing.

Temperature changes and total aircraft irradiance changes
Table 1 shows that, over 9 years, all aircraft emissions caused a net globally-averaged surface air temperature warming of +0.056 K. This increase was due to the net reduction in total cloud optical thickness and total cloud fraction caused by BC and all aircraft emissions, which allowed more sunlight to pour to the surface. The decrease in cloudiness was caused by the increase in stability of the upper troposphere due to aircraft emissions. This result is consistent with that from previous simulations of the effects of all aircraft emissions.

The net downward minus upward solar plus thermal-infrared irradiance change due to all aircraft emissions at the TOA corresponding to the surface temperature change found was +69 mW/m2. The resulting climate sensitivity was +0.81 K/W/m2. This compares with climate sensitivities for three cooling agents that also originate from aircraft emissions of +0.36 to +0.42 K/W/m2. The consistency of the climate sensitivities of the cooling agents suggests that the values determined were not random variations determined by the model.

Summing the DRF-WFs of all the aircraft components in Table 1 gives a total net negative DRF-WF, yet the net irradiance change (DRF-WF) from the simulations of all aircraft emissions together in the same table is positive, and the resulting globally-averaged surface air temperature change is positive. This indicates that the DRF-WF cannot be linearly added among all aircraft components to give a DRF-WF from all emissions together. 

However, it should also be pointed out that the DRF-WFs in Table 1 were calculated in one way for half the components and another way for the other half. The method of calculation resulted in some feedbacks accounted for with some components but not with others. For example, the DRF-WF for SO2/sulfate-aerosol accounted for the change in stability in the aircraft layer due to just the emissions of SO2/sulfate-aerosol from aircraft. However, the DRF-WF for BC did not. Instead, it isolated the DRF-WF of BC accounting for the feedback of all aircraft emissions on BC concentrations itself, but not on the effect of BC on stability, thus changes in cloudiness.

This difference is extremely important, because the largest impact of BC from aircraft in the upper troposphere is that on clouds through changes in stability and cloud heating, yet this impact was not reflected in the DRF-WF. As such, it is possible and likely that the inclusion of such feedback would have resulted in such a large positive value of DRF-WF for BC that it would have canceled the negative DRF-WFs of other components. This hypothesis is further justified by the fact that the DRF-WF from the simulation pair with and without all aircraft emissions in Table 1 indicates a strong net positive DRF-WF and corresponding positive surface temperature change.

In general, DRF-WFs should not be linearly additive because each component from aircraft affects aerosols and clouds, sometimes in the same way, so linearly summing DRF-WF can cause double counting of DRF-WF. In addition, each component can affect clouds in a way that would not be the same as if two components were acting together. It is interesting to note that the DRF-WF from all aircraft emissions from the simulations here is close to the linear sum of the DRF-NF from ACCRI.

In sum, it is hypothesized here that the DRF-WF of BC, if calculated in the same way as that for SO2/sulfate-aerosol, linear contrails, and NOx would cancel their negative effect  and was responsible for the net positive DRF-WF of all aircraft emissions and the resulting positive surface temperature change. However, additional simulations would be needed to verify this. 


Summary

[bookmark: _GoBack]This was a study to calculate the global direct radiative forcing (DRF) of selected aircraft-relevant constituents in the GATOR-GCMOM model. The DRFs calculated accounted for feedbacks to meteorology, thus were referred to as DRF-WF (with feedback). However, the DRF-WFs were calculated differently for SO2/sulfate-aerosol, linear contrails, NOx, and all aircraft emissions than they were for black carbon (BC), ozone (O3), and methane (CH4). In the former case, all relevant feedbacks were reflected in the calculation of DRF-WF. In the latter, only the feedbacks that affected the concentrations of BC, CH4, or O3 were accounted for. As such, it is inconsistent to linearly add the DRF-WF from this study among all aircraft components to obtain a net DRF-WF from all components. Instead, the DRF-WF from the simulation pair in which all aircraft components were included versus excluded should be used to obtain the net DRF-WF and the resulting temperature change at the surface.

The results here for DRF-WF cannot be compared directly with those from ACCRI, who calculated DRFs without feedback (DRF-NF), not only because the ACCRI values did not include feedbacks to meteorology but also because the results here are not yet converged in time, particularly for methane. The parameters most comparable with those from ACCRI are BC, O3, and CH4 since the meteorological feedbacks accounted for here with respect to these chemicals in the DRF-WF values included feedbacks only to their concentrations rather than to changes in cloudiness. DRF-WFs for SO2/sulfate-aerosol, linear contrails, and NOx are not comparable with DRF-NFs from ACCRI since the DRF-WFs for these chemicals affected cloud cover and other meteorological parameters, which the DRF-NFs from ACCRI did not.

Possibly by chance, however, the DRF-WF from all aircraft emissions from the simulations here is close to the linear sum of the DRF-NF from ACCRI. Another result is that the climate sensitivity for all aircraft emissions found here was larger than that for the three cooling components (SO2/sulfate-aerosol, linear contrails, NOx), which were themselves self-similar. The reason is hypothesized that the climate sensitivity of all aircraft emissions is dominated by that of black carbon, which has more than twice the climate sensitivity per unit direct forcing than does carbon dioxide or methane (Jacobson, 2002). Since we did not calculate the DRF-WF for BC in the same way as for SO2/sulfate-aerosol, linear contrails, or NOx, we cannot linearly sum the DRF-WFs here to obtain the DRF-WF for all aircraft emissions, which we did calculate separately.
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