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Abstract

The development of effective emissions control policies that are beneficial to both
climate and air quality requires a detailed understanding of all the feedbacks in the
atmospheric composition and climate system. We perform sensitivity studies with a
global atmospheric composition-climate model to assess the impact of aerosols on
tropospheric chemistry through their modification on clouds, aerosol-cloud interactions
(ACI). The model includes coupling between both tropospheric gas-phase and aerosol
chemistry and aerosols and liquid-phase clouds. We investigate past impacts from
preindustrial (PI) to present day (PD) and future impacts from PD to 2050 (for the
moderate IPCC A1B scenario) that embrace a wide spectrum of precursor emission
changes and consequential ACI. The aerosol indirect effect (AIE) is estimated to be -2.0
Wm? for PD - Pl and -0.6 Wm for 2050 — PD, at the high end of current estimates.
Inclusion of ACI substantially impacts changes in global mean methane lifetime across
both time periods, enhancing the past and future increases by 10% and 30%, respectively.
In regions where pollution emissions increase, inclusion of ACI leads to 20%
enhancements in in-cloud sulfate production and ~10% enhancements in sulfate wet
deposition that is displaced away from the immediate source regions. The enhanced in-
cloud sulfate formation leads to larger increases in surface sulfate across polluted regions
(~10-30%). Nitric acid wet deposition is dampened by 15-20% across the industrialized
regions due to ACI allowing additional re-release of reactive nitrogen that contributes to
1-2 ppbv increases in surface ozone in outflow regions. Our model findings indicate that
ACI must be considered in studies of methane trends and projections of future changes to

particulate matter air quality.



1 Introduction

Chemistry-aerosol-climate interactions represent one of the most important and most
difficult foci of global change research. On the one hand, a significant part of the current
human-made radiative forcing occurs through chemically active species, the most
important of which are tropospheric ozone (O3) and fine aerosol particles including
sulfate, black carbon (BC) and organic carbon (OC). On the other hand, changes in
climate can lead to changes in the chemical composition of the atmosphere both by
altering emissions and through changes in the chemical processes that occur in the
atmosphere. Furthermore, coupling between gas and aerosol systems, especially O3 and

sulfate can influence both composition and climate change (Unger et al., 2006a).

Aerosols affect tropospheric chemical composition through a number of pathways. In
polluted regions, aerosols usually act to suppress photochemistry by decreasing available
photochemically active radiation and providing surfaces for heterogeneous reaction
processes, effects that have been reasonably well studied (e.g. Dentener et al., 1993; Tie
et al., 2003; Martin et al., 2003; Liao and Seinfeld, 2005). It is essential to include such
effects of aerosols in global atmospheric chemistry models in order to reconcile
simulations of O3 and precursors with observations. Aerosol direct radiative forcing may
also influence chemical composition by driving changes in meteorological parameters
including temperature, precipitation and winds (e.g. Chen et al., 2007). Whilst research is
emerging to quantify the climate response to changes in aerosol loading (e.g. Jones et al.,
2007; Koch et al., 2009), feedbacks to chemical composition and surface air quality are
less well studied. The radiative effects of clouds on tropospheric photochemistry on the
global average have been found to be only modest, the dominant effect being to influence
the vertical redistribution of the intensity of photochemical activity (Liu et al., 2006). To
our knowledge, the impact of aerosols on tropospheric chemistry through their
modification on clouds remains poorly quantified. A recent model study found that the
aerosol-induced cloud changes for the near future 2030 to present day time period may
decrease O3 forcing by up to 20% globally (Menon et al., 2008a). Therefore such cloud-

aerosol-chemistry interactions warrant further examination.



Aerosol-cloud interactions (ACI) that give rise to the “aerosol indirect effect’ (AIE) are
usually split into two effects: (a) the first aerosol indirect effect: increased (decreased)
cloud reflectivity due to an increase (decrease) in aerosols and cloud droplet number
concentrations (CDNC) and reduced (increased) droplet sizes for the same liquid water
content (LWC) (Twomey, 1991); and (b) the second aerosol indirect effect: change in
cloud cover (CC), cloud liquid water path (LWP) and precipitation due to smaller droplet
sizes that inhibit precipitation processes, thereby increasing CC and LWP (and thus cloud
optical depths) (Albrecht, 1989). ACI may influence photochemistry and composition
through several pathways. Changes to available radiation fields may impact photolysis
frequencies and changes to cloud lifetime and precipitation may alter rates of in-cloud
processing and wet deposition of pollutants and precursors. Furthermore, ACI can
influence meteorological factors such as surface air temperature due to cloud cover
change. In turn, all of these cloud effects on chemistry will influence Og, sulfate and
methane (CH,) lifetime. The overall impact of ACI on composition is complex due to
effects of competing sign and cannot be determined without a 3-dimensional global

model that includes all processes and feedbacks interactively.

We apply a state-of-the-art global atmospheric composition and climate model to
simulate three time periods: preindustrial (PI), present day (PD) and a future world at
2050. For each time slice, two simulations are performed: the first includes an interactive
treatment of ACI (allowing CDNC to change with changing aerosol concentrations) and
the second uses fixed CDNC. With fixed CDNC, cloud droplet size and optical properties
are mainly dependent on cloud condensate, whereas for the interactive ACI treatment,
both CDNC and cloud condensate determine cloud droplet size and cloud optical
properties. Differences between the sensitivity simulations provide assessment of the
impact of ACI on composition. The PD — PI change (labeled *past’) features a large
increase in anthropogenic aerosol loading across the polluted northern hemisphere and
therefore substantial aerosol-cloud effects. For the 2050 future projection, the IPCC
SRES A1B emissions scenario is selected. The 2050 — PD change (labeled “future’)

features more complex regional shifts in gas and aerosol precursor emissions, and



consequently ACI, with decreases at northern hemisphere mid-latitudes and increases in
subtropical developing regions. The 2050 A1B scenario has already been the focus of
chemistry-climate studies that have investigated the climate response due to O3 and
aerosol pollution (Shindell et al., 2007) and future changes to surface air quality over the
U.S. (Wu et al., 2008). Here, we extend these previous analyses by probing the role of
aerosol-induced cloud changes in affecting the composition.

The goal of this study is to quantify the impacts of ACI on tropospheric chemistry and
composition for past and future changes where there are substantial changes in aerosol
loading. We focus on several composition parameters that are likely to be sensitive to
changes in clouds. The photolysis of O yields excited state oxygen atoms, O(*D), that
react with water vapor (H,0) to form the hydroxyl radical (OH), the major tropospheric
oxidizing agent. This reaction pathway is the most important direct source of OH and
therefore key in the photochemical processing that may lead to O3 formation or
destruction and controls the lifetime of methane. The rate of this photolysis process
(J(O'D)) is dependent on available incoming ultra violet radiation and therefore
susceptible to cloud changes. In-cloud formation of sulfate aerosol may represent 50% of
the total production budget globally, although the importance may be higher in polluted
regions (Koch et al., 2006). Wet deposition is a key loss process for many trace species,
especially nitric acid (HNOg) that represents radical termination in O3 formation
chemistry, and aerosols and therefore strongly affects the ground level distribution of

these pollutants.

In Section 2 we describe the methodology including: Atmospheric composition-climate
model (2.1), Emissions (2.2) and Simulations (2.3). In Section 3 we present analysis of
the simulation results including: Past and future aerosol-cloud interactions (3.1), Aerosol
distributions and impacts on cloud properties (3.1.1), Aerosol direct radiative forcing and
AlE (3.1.2), Impacts of aerosol-cloud interactions on precipitation and temperature
(3.1.3), Impacts of ACI on J(O'D) photolysis rate (3.2), Impacts of ACI on zonal mean
OH and global mean CH, lifetime (3.3), Impacts of ACI on sulfate in-cloud production



and wet deposition (3.4), Impacts of ACI on surface air quality (3.5), and Impacts of ACI

on radiative forcing (3.6). In Section 4 we present conclusions and recommendations.

2 Methodology

2.1 Atmospheric composition-climate model description

We applied the NASA Goddard Institute for Space Studies (GISS) model for Physical
Understanding of Composition-Climate INteractions and Impacts (GISS-PUCCINI)
described in detail and comprehensively evaluated in Shindell et al. (2006). The model
comprises the GISS version ModelE general circulation model (Schmidt et al., 2006)
with embedded fully interactive photochemistry and aerosol modules. The version used
here includes sulfate, black carbon (BC), organic carbon (OC) and sea salt with coupling
between the gas-phase chemistry and sulfate aerosol modules (Bell et al., 2005). Nitrate
represents only a small component of the anthropogenic inorganic aerosol (e.g. Forster et
al., 2007) and is not included in this study. Since nitrate aerosol is formed from HNOs,
this omission likely leads to only modest overestimates of the impacts on HNO3 and
therefore O3 based on our previous findings (Bauer et al., 2007).

We use 23 vertical layers (model top in the mesosphere) and 4 x 5 degree latitudinal by
longitudinal horizontal resolution. Chemical calculations are performed only in the
troposphere in the present version of the model. We use a thermal tropopause defined by
the meteorological lapse rate. Stratospheric values of O3, NO, and CH, are prescribed
according to satellite observations with seasonally varying abundances (Shindell et al.,
2003). Photolysis rates are calculated using the FAST-J2 scheme (Bian and Prather,
2002). The wet deposition scheme is described in detail in Koch et al., (1999). Briefly,
soluble gases and aerosols can be removed into either moist convective plumes or large-
scale clouds as derived from the GCM’s internal cloud scheme (Del Genio and Yao,
1993). During convection, all chemical species are transported along with the convective
plumes, with scavenging of soluble species within and below cloud updrafts. In large-

scale stratiform clouds, soluble gases are removed based on the fraction of the grid box



over which precipitation is taking place. Washout of soluble species is calculated below
precipitating clouds. The model includes a dissolved species budget (Koch et al., 2006)
for stratiform clouds that makes the simulation more faithful to the cloud scheme and

more physically realistic.

The model performance with respect to key short-lived tracers has been comprehensively
evaluated for Os, nitrogen species, and reduced carbon species (Shindell et al., 2006), CO
(Shindell et al., 2005) and sulfate and sea salt aerosols (Koch et al., 2006) and
carbonaceous aerosols (Koch et al., 2007). Tropospheric O3 is well simulated, especially
in the vicinity of the tropopause, where it has the greatest effect on climate, and at the
surface, where is affects air quality, with an average bias of only 6% against a
comprehensive ozonesonde dataset (Shindell et al., 2006). The tropospheric chemistry
version of GISS-PUCCINI performed well in a recent multi-model intercomparison
involving evaluation against ozonesonde climatology, with a root-mean-square (rms)
error value of 6.3 ppbv compared with a range of rms error values of 4.6 to 17.0 ppbv
(Stevenson et al., 2006). Comparisons of the vertical profiles of NOy and nitric acid
(HNO3) show good agreement between the model and observations from a variety of
aircraft measurements across many regions (Shindell et al., 2006). The model’s
simulation of CO has been compared extensively with both surface and satellite
observations (Shindell et al., 2005). It shows good agreement in both magnitude and
seasonality, suggesting that the model’s hydroxyl radical fields are reasonably realistic.
Monthly mean correlations against mid-tropospheric satellite observations from MOPITT
(Measurements of Pollution in the Troposphere) were typically in the range of 0.8-0.9.
The sulfate model is generally within a factor of 2 of observations (Koch et al., 2006).
Model sulfate at remote sites is generally less than observed. Carbonaceous aerosols are
also typically within a factor of 2 of surface concentration observations, but are
underestimated by more than a factor of 5 in Southeast Asia.

The direct instantaneous top-of-the-atmosphere (TOA) radiative forcing by the short-
lived pollutants (O, sulfate, BC and OC) is calculated internally within the climate
model’s radiation scheme (Schmidt et al., 2006). The aerosols are assumed to be



externally mixed. Additional details on optical and radiative schemes are provided in
Koch et al. (2006). The schemes used to treat the ACI, coupling between aerosols and
cloud microphysics for liquid-phase stratus and cumulus clouds, are described in detail in
Menon and Rotstayn (2006). Essentially, separate relationships are used to describe the
coupling between aerosols and liquid-phase stratiform and convective clouds. Aerosol
mass concentrations are converted to aerosol number concentrations assuming log-
normal distributions and are related to CDNC through empirical equations. Additionally,
effects of changes to cloud cover and turbulence on CDNC are also included. To
represent aerosol effects on precipitation, the autoconversion scheme in the model is
modified to include a dependence on droplet size (as well as CONC and droplet
dispersion effects) such that autoconversion is triggered if droplet sizes exceed 14 um as
described in Rotstayn and Liu (2005). In the standard scheme, without ACI,
autoconversion is an increasing function of cloud condensate. The AIE is estimated based
on the difference in net cloud radiative forcing between time periods (Menon et al.,
2002).

Model simulated ACI have been evaluated with satellite-based retrievals to constrain the
magnitude of the AIE (Menon et al. 2008b). Results indicate that the AIE may be over-
predicted over the ocean regions due to an under-prediction of cloud droplet size and an
over-prediction of cloud optical depth. Simulated CDNC was found to be within satellite
retrieved uncertainty. Over land locations, coincident retrievals of aerosols and cloud
properties are not easily available from satellites and thus evaluation of changes to cloud
properties from aerosols is more difficult. Over some land locations such as the Arctic,
model-simulated values of the CDNC have been found to be too large, compared to
satellite-retrievals, though COD and effective radii were within the observed range
(Menon et al. 2008a). A more meaningful global evaluation of the AIE is challenging in
the absence of global observations of CDNC that serve as the main link between aerosols
and cloud properties.

2.2 Emissions



Table 1 indicates the trace gas and aerosol precursor emissions inventories used for the
PD, PI and 2050 simulations. For PD, we used anthropogenic CO, NOx, NMVOCs and
SO, emissions from the Emissions Database for Global Atmospheric Research
(EDGARS3.2) for the year 1995 (Olivier and Berdowski, 2001). BC and OC emissions are
not available in the EDGAR3.2 database and we used values from another global
inventory for the year 1996 (Bond et al., 2004). The emissions include all anthropogenic
fossil fuel, biofuel and biomass sources. Natural precursor and aerosol emissions are
prescribed according to conventional estimates detailed elsewhere (Unger et al., 2006b).
The conventional approach to Pl emissions is adopted. We switch off all anthropogenic
fossil and biofuel emissions and reduce biomass burning to 10% of PD values. The 2050

A1B emissions scenario is described in further detail in Shindell et al. (2007).

2.3 Simulations

Two sensitivity simulations were run for each of three time periods: PD, Pl and future
2050, described in Table 2. The first set of models runs: Sim PD_ACI, Sim PI_ACI, Sim
2050 _ACI, include interactive treatment of aerosol-cloud coupling. The second set of
model runs: Sim PD, Sim P, Sim 2050, use fixed CDNC (60 cm™ over ocean and 174

cm™ over land).

For the PI, PD and 2050 simulations we use monthly mean sea surface temperatures and
sea ice climatologies for 1876-1885 (Rayner et al., 2003), 1990-1999 (Rayner et al.,
2003) and 2050-2059 (IPCC A1B scenario) (Hansen et al., 2007), respectively. Thus,
both emission changes and physical climate change effects are included. Clouds will be
affected by changes in both aerosol loading and changes in sea surface temperatures and
both types will impact the chemistry. Our sensitivity study approach allows isolation of
the impacts of the aerosol-induced cloud changes only on composition since both
experiments in each time slice use the same sea surface temperature (SST) and sea ice
climatologies. Switching on ACI will influence dynamics and meteorological factors
such as precipitation and temperature due to cloud cover change that can also affect
composition. Thus, in the experimental setup employed here, we have essentially



decoupled the meteorological changes driven by ACI from climate changes driven by
greenhouse gases (GHGs) and direct aerosol effects. In reality, these effects are coupled
to each other, although recent work suggests that the climate response to GHG and

aerosols forcings may be additive (Kloster et al., 2009).

CH, concentrations used for the different time periods are included in Table 1. For PD
and 2050 conditions, CH,4 concentration is prescribed to hemisphere average values that
were generated in previous simulations with a similar model but using a fully interactive
CH, cycle (Unger et al., 2006b; Shindell et al., 2007). For PI, CHy is fixed to the

observed concentrations from ice core records.

All the simulations were run for 12 model years with the same emissions each year, but
with GCM meteorological interannual variability; the first 2 years of the simulations
allow for the chemistry to adjust from initial conditions and are discarded as spin-up and

the remaining 10 years are averaged for analysis.

3 Results

Differences between the two sensitivity simulations in the same time slice are dependent
on the choice of fixed CDNC, therefore may be somewhat arbitrary. Our focus here is the
impact of changing aerosol loading on clouds and feedbacks to composition across time
periods. In order to isolate the impacts of past and future ACI on the change in a
composition variable, we take the difference between the change in variable (X) between
the two time periods for simulations that include ACI versus the simulations that do not
include AClI e.g. [(Sim PD_AIE(X) — Sim P1_AIE(X)) - (Sim PD(X) — Sim PI(X))]. The
statistical significance of the difference is determined relative to the model’s interannual
meteorological variability over the 10 model run years.

3.1 Past and future aerosol-cloud interactions (ACI)

3.1.1 Aerosol distributions and impacts on cloud properties

10



Table 3 shows the aerosol column densities for the time periods of interest. Human
activities have led to a huge increase in aerosol loading in the atmosphere especially over
polluted source regions. Globally, for the PD — PI change, there is a 100% increase in
sulfate, 200% increase in OC and 2000% increase in BC, regional increases in polluted
regions are more dramatic. The changes in aerosol loading are more complex for the
future change. Sulfate loading increases by around 20% globally and 40% over East Asia,
but decreases over North America (-20%) and Europe (-10%). BC loading decreases by -
25% globally and by around -40% across all of the regions, mainly due to reductions in
emissions from fossil and biofuel sources. Similarly, OC loading decreases globally and
over Europe by -15% with larger decreases of up to -25% across North America and
Asia. We do not dwell here on analysis of past and future changes in composition since
these have been extensively examined previously in the GISS model for PD - PI
(Shindell et al., 2003; Koch et al., 1999) and 2050 — PD (Shindell et al., 2007; Koch et
al., 2007).

The influences of the changes in human-made aerosol loading on cloud properties are
indicated in Table 4. The PD — PI increases in global average CDNC, LWP and COD and
coincident decrease in cloud droplet effective radius (Refr) are consistent with prior
studies using similar treatment of ACI in the GISS model (Menon and Del Genio, 2007).
As expected CC increased from Pl to PD due to ACI. Without including aerosol-induced
changes to clouds, CC decreases between PD and PI, due to climate-related changes that
tend to decrease CC with increased GHG warming, as also found by Koch et al. (2009).
Figure 1 shows the spatial distribution of the aerosol-induced changes in cloud properties
between PD — PI and 2050 — PD. Changes in CDNC are consistent with changes in
aerosol concentrations. For the future case, areas where aerosol concentrations decrease
(e.g. N. America, Europe) indicate a decrease in CDNC. Over East Asia and the biomass
burning regions, CDNC increases due to an increase in aerosols (industrial over Asia and
biomass for South America and Africa). Although COD increases/decreases in areas
where CDNC increase/decrease, as expected, CC changes do not follow a similar pattern.
For the PD-PI simulations, large changes in CDNC (~80%) result in an increase in total
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and low CC (0.13% and 0.18%, respectively), even though climate-related changes tend
to decrease CC. For the future scenario, CDNC is approximately the same and thus CC
changes are more determined by climate-related changes, as indicated by CC changes for
simulations without ACI. Menon et al. (2008b) found that CC changes, due to ACI, were
more strongly dependent on meteorological changes than on aerosol-induced changes.
Similar effects are observed in these simulations. Thus, the ACI influence is relatively
small for the future scenario as compared to the changes obtained for the past (PD-PI)

simulations.

3.1.2 Aerosol direct radiative forcing and AIE

The resultant aerosol direct radiative forcings for the past (PD - PI) and future (2050 -
PD) time periods are included in Table 5. In this version of the model the past direct
aerosol forcing is -0.11 Wm™ since the negative sulfate and positive BC forcings largely
cancel each other out. For the future scenario, where there are more complex spatial
changes in aerosol loading, the net aerosol direct forcing is larger than for the past change
by about a factor of 1.7 (-0.18Wm) because the carbonaceous aerosol direct forcings are
so small, despite a sulfate direct forcing only around one third of the PD - PI effect.

We estimate the AIE by taking the difference in net cloud radiative forcing between time
periods (Figure 2). The past AIE is -2.0 Wm, higher than previous GISS model
estimates (Menon et al., 2008a; Koch et al., 2009) and estimates based on constraints
from the temperature record using a parameterized AIE treatment in a similar version of
the GISS model (Hansen et al., 2005). However, changes in CDNC in the Koch et al.
(2009) simulations are about half of that obtained in this study since the Koch et al. study
used a different set of emissions that had a lower sulfate burden change. Thus, the AIE
we obtain is high but within the range predicted by other studies that vary from 0.5 to -
2.0 Wm for both indirect effects (Lohmann and Feichter, 2005). Forster et al. (2007)
give a current best estimate of the range (-1.1 to +0.4 Wm) and median value (-0.70
Wm™) from a multi-model assessment of the cloud albedo effect only. Our simulations

include both indirect effects and are thus larger.
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3.1.3 Impacts of ACI on precipitation and temperature

Figure 3 shows precipitation changes due to the prescribed SST and sea ice boundary
conditions and the impacts on those precipitation changes of including on-line ACI.
Without ACI, global annual mean precipitation increases by +0.02 +£0.006 mm/day for
the past case and +0.13 +0.008 mm/day for the future case. The well-known spatial
pattern of the precipitation changes expected due to GHG-induced warming is evident:
strong increases in tropics and drying in subtropics. In both the past and future cases,
inclusion of ACI tend to increase the global annual mean precipitation change although
neither result is statistically significant even at the global scale. For the past case, the
impact of ACI is +0.005 +0.009 mm/day and for the future case is 0.004 +0.014 mm/day.
None of the regional impacts in Figure 3 are 95% statistically significant, however, there
are suggestions of ACI influence that tends to either reinforce or counteract the GHG-
induced changes in rainfall. In general, where aerosol pollution increases across the time
period, ACI impose decreases in rainfall and vice versa, (the exception being high
latitude Europe). Thus, ACI appear to have a drying influence on the PD-PI change on
the U.S. east coast region of around 0.3-0.5 mm/day, opposite in sign to the GHG-
induced change alone. Meanwhile, ACI increase the PD-PI change over Europe by
around 0.1-0.3 mm/day that appears to dominate the GHG-induced change. The PD-PI
drying over South and Southeast Asia is strengthened when ACI are included. Drying
also occurs over the biomass burning regions due to inclusion of ACI up to 1-2 mm/day.
In the future case, there is evidence of ACI leading to precipitation increases over the
southeastern U.S. up to 0.5 mm/day. ACI counteract the future precipitation decreases
over the Middle East and South Asia by 0.3-0.5 mm/day and counteract the future

precipitation increases in Pacific outflow regions by around 0.5 mm/day.

Figure 4 shows surface air temperature (SAT) changes due to the prescribed SST and sea
ice boundary conditions and the impacts of ACI on the SAT changes. Without ACI, the
global mean SAT change for the past is 0.63 + 0.02 °C and for the future is 1.1 + 0.06 °C.
Including ACI for the past case, generally decreases SAT over large regions, especially

the continental northern hemisphere where the ACI impacts may be -1 to -2 °C. The
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global average impact on the past change amounts to about a 20% reduction of -0.13 +
0.07 °C. The global impact of including ACI on the SAT change is small +0.03+ 0.05 °C
and features more complex regional changes including SAT increases in regions where
aerosol emissions have decreased (N. America, Eurasia) and decreases in regions where
aerosol emissions have increased (Middle East, North Africa). However, the ACI impacts

on future SAT are not statistically significant.

3.2 Impact of ACIl on J(O'D) photolysis rate

The impacts of ACI on the past (PD — PI) and future (2050 — PD) changes in J(O'D) at
the surface, important for O3 air quality, and in the mid-troposphere at 500mb are shown
in Figure 5. For the PD — PI surface change, ACI impose further decreases in J(O'D)
across large regions of the globe. The ACI impacts the PD-PI surface change by about
50% across the eastern U.S., 80% across East Asia and across Europe, the ACI impacts
dominate over the PD-PI change. The effects of the future ACI on the surface change in
J(O'D) are found to be insignificant across North America and Europe since the aerosol
loading changes are modest for the scenario that we examine. However, the suppression
of J(O'D) at the surface due to increased ACI is evident across the Middle East and South
Asian regions (~50-100% of 2050 — PD change). Changes in cloud optical depth (COD)
provide the dominant mechanism for the J(O'D) response to ACI at the surface level.
Thus, decreases (increases) in J(O'D) when ACI are included are largely driven by
increases (decreases) in COD (Figure 1). However, in some tropical and southern
hemisphere regions such as South America and South Africa in the past and future cases
and southeastern China in the future case, surface J(O'D) increases due to ACI even
though COD has increased in those regions. The J(O'D) response in these regions is
determined by a co-located decrease in cloud cover (CC) that exposes greater incoming
radiation (Figure 1). In the mid-troposphere at 500mb, ACI drives enhancements in the
J(O'D) change in tropical and subtropical regions for both time periods that can be 25-
50% of the change for each time period (Figure 5). These increases at higher altitudes
closely follow increases in CDNC (Figure 1) and therefore are a result of enhanced above

cloud radiative scattering.
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The effect on O3 of a decrease in the J(O'D) photolysis channel depends on the
background NO, concentration. Under low NO, conditions, a decrease in J(O'D) can
induce increases in O3 levels. Under more polluted photochemically active regions, the
opposite may be true since this chain initiation process also drives the production of Os.
The net impact of ACI on past and future surface O3 changes is discussed in Section 3.5.

Since the J(O'D) photolysis channel is the major direct source of OH, the ACI influence
on OH changes mostly follows the spatial patterns of J(O'D) changes shown in Figure 5.
Thus, there are corresponding decreases in the surface OH change (~-20%) over polluted
regions due to the ACI effects that somewhat counteract the general increase in surface
OH fields for the PD-PI time period due to NOx emissions increases (not shown).
Similarly, there are ACI-driven increases in the OH change at higher altitudes in
subtropical regions. In the next section, we discuss further the impacts of ACI on OH

changes throughout the troposphere.

3.3 Impact of ACI on zonal mean OH and global mean CHjy lifetime

Figure 6 shows the impact of ACI on past and future changes in annual zonal mean OH
throughout the troposphere. The model PD-PI change in OH is discussed in more detail
in Shindell et al. (2003). Briefly, the PD-PI change features lower tropospheric OH
increases in Northern Hemisphere tropical to mid-latitudes due to NOy emissions
increases at the surface, and more broad decreases in OH levels throughout the free
troposphere due to increases in carbon monoxide (CO), CH4 and non-methane volatile
organic compounds (NMVOC) emissions. Inclusion of the ACI acts to amplify these
changes further on the order of ~ 10%. The largest ACI impact (~-30%) on the OH
change is in the middle and upper tropical troposphere where CH,4 oxidation is important.
The suppression in J(O'D) photolysis rates in the lower troposphere due to enhanced ACI
leads to reduced OH production and therefore decreased oxidation rates near the surface,
allowing greater vertical transport of CO and NMVOC precursors to the middle and
upper troposphere. In consequence, the OH in this region is decreased further for the PD-
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P1 change when ACI effects are considered. The ACI-induced increases in the OH
changes in the northern hemisphere subtropics are partly driven by increases in J(O'D) at
higher altitudes as discussed in the previous section. Increased availability of NOy (not
shown) due to reduced HNO3 wet deposition (discussed in the following section) also
likely plays a role in the OH enhancements. The impacts of ACI on the 2050 — PD
change in OH follow a broadly similar pattern but shifted to lower latitudes in keeping
with the precursor emissions shift, but are weaker (only a few percent at most) than past
impacts. Temperature changes (Figure 4) may also have an impact on the OH changes.
The ACI-induced decreases in PD-PI SAT likely slow chemical activity, although it is
not easy to discern the net effects of such temperature decreases on OH.

The global mean CH, lifetime (calculated as [global mean tropospheric CH4 mass (kg) /
global mean tropospheric loss rate with respect to OH (kg/s)] for each simulation and
time period is shown in Table 6. At all 3 time periods the influence of including ACI in
the model is to reduce the global mean CHy lifetime by about 2-3% relative to
simulations that do not include ACI in the same time slice. Global mean CHy, lifetime
increases from PI to PD and to a lesser extent from PD to 2050 due to increases in
emissions of CO and other NMVOCs that compete with CH,4 for OH reaction, and
increases in emissions of CH, itself, despite co-increases in NOx emissions that tend to
recycle OH radicals and decrease the CH,4 lifetime. Inclusion of ACI enhances the past
and future increases in CH, lifetime by about 10% (1.1 versus 1.0 years) for the past case
and 30% for the future case (0.21 versus 0.16 years). A previous model study attributed
the observed decline in the CH,4 growth rate between 1990 and 2004 to a 1.6% reduction
in the CHy lifetime (0.17 years) mainly due to OH increases driven by increases in
lightning NOy (Fiore et al., 2006). The substantial response of the change in CHj, lifetime
to ACI found here suggests that changing aerosol-cloud effects may play a significant
role in influencing the CH, lifetime and need to be considered in studies of CH, trends.

3.4 Impact of ACI on sulfate in-cloud production and wet deposition
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The influences of ACI on the past and future changes in sulfate in-cloud production, wet
deposition and HNO3 wet deposition are shown in Figure 7. Inclusion of ACI in the PD -
Pl case drives larger increases in in-cloud sulfate production across polluted regions
where there have been aerosol-induced increases in CDNC, LWP and COD. This
enhancement in sulfate production in clouds amounts to around 15-20% of the PD-PI
change across eastern U.S. and East Asia (~ +50-100 mg m?yr™) due to ACI effects

alone.

In general, though not in every case, the impacts of ACI on changes in wet deposition
map the influence on precipitation (Figure 3) such that in the regions where aerosol
pollution emissions increase and ACI drive decreases in rainfall, precursor wet deposition
decreases. There are compensating increases in wet deposition downwind and where the
rainfall has increased. Exactly the opposite pattern occurs in regions where aerosol
emissions decrease, especially evident in the future case. Since the tracer fate is
ultimately wet removal from the atmosphere, the ACI effects on wet deposition appear to

displace precursor washout away from source regions.

Thus, for the past case, in the immediate location of the pollution sources in the eastern
U.S. and China, the ACI drive decreases in sulfate wet deposition that represent only 5-
10% of the PD-PI change. However, in response to the enhanced in-cloud production,
there are ACI-driven increases in sulfate wet deposition further north of the source
regions and across Europe (~ +50-100 mg m2yr). The PD-PI increase in HNO; wet
deposition rate is dampened due to ACI effects up to 10-15% across polluted source
regions (~ -100 mg m?yr™). Over Europe, where ACI causes increases in rainfall, HNO3
wet deposition decreases. Therefore, this effect is most likely due to a decrease in the
production rate of HNO; due to reductions in J(O'D) that deplete OH levels there. A
corollary is that the notorious acid deposition problem due to industrialization in the past
century in the northern forests across Europe and northeastern U.S was made worse by
ACI in the case of sulfate but lessened by ACI in the case of HNOs. Unlike for sulfate
aerosol, if the HNOj3 lifetime with respect to washout is lengthened, the HNO3; may be
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photolyzed such that the reactive nitrogen is re-released and available to participate in O3

photochemistry.

For the future 2050 A1B scenario that we examine, the projected decreases in aerosol-
loading and ACI over North America and Europe are only modest and correspondingly
the model suggests weaker impacts than for the past change on precursor washout and
sulfate in-cloud production in these regions (Figure 7). There is a dampening of in-cloud
sulfate production across the U.S. and movement of HNO3; wet deposition back to the
source regions due to ACI effects on the 2050 — PD change that amounts to around 10%
of the future change. ACI driven enhancements in in-cloud sulfate production (~ +20% of
future change) are localized in source regions along the northeastern African coastline.
Large and significant effects occur over Africa, the Middle East and South Asia where
there are large increases in SO, emissions and thus aerosol loading. Fossil fuel and
biofuel aerosol-driven increases in CDNC and COD in Central Africa cause marked
dampening (~ -20% of the 2050-PD change) in the local wet deposition of sulfate and
HNO3, which is displaced across the Middle East and South Asian regions where there
are enhancements up to 50-100% of the future change due entirely to ACI effects. This
ACI-driven displacement of acid deposition adds new dimensions and complications to

transboundary pollution problems.

3.5 Impact of ACI on surface air quality

The resultant ACI effects on annual average surface O3 and sulfate for the past and future
changes are complex (Figure 8). Enhanced ACI for the PD — PI change leads to enhanced
surface Oz in outflow regions from the major industrialized continental areas (western
Europe, western Atlantic, western Pacific) that is about 1-2- ppbv or up to 10-20% of the
past change on the annual average. This effect on surface O3 may be driven by several
factors including: (1) suppression of surface level J(O'D) which is a sink for Oz under
low NO conditions (2) reduction in precursor washout, e.g. HNOg that increases the
availability of NOy radicals for O3 formation (3) temperature changes that affect reaction
rates. A more quantitative attribution is difficult due to unavailability of reaction rate
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diagnostics in these particular model simulations. Tropospheric O3 is well known to be
highly buffered and relatively robust to perturbation. A recent multi-model
intercomparison study found that 20% decreases in all O3 precursors across major source
regions exerted at most a ~1 ppbv decrease in local surface Oz (Fiore et al., 2008). The
ACI impacts on surface Oz changes are therefore comparable to, or larger than, the
impact of 20% reductions in all local Oz precursor emissions.

Similarly, for the 2050-PD change, enhanced ACI drives an increase in surface O3 change
in the outflow region from South Asia, representing about 50% of the future change
there. The 2050 A1B scenario projects only modest decreases in aerosol loading over
North America and Europe relative to PD. Hence, there are only relatively weak ACI
impacts on the future O3 change over these regions for this particular emissions scenario
(< 0.5 ppbv). Other future scenarios that project more aggressive reductions in precursor
emissions at these latitudes would likely have larger impacts on O3 through aerosol-
induced cloud changes (e.g. IPCC SRES B1, B2).

ACI impacts on surface sulfate change reflect both the influences of in cloud production
and wet deposition. Past enhancements in ACI drive increases in surface sulfate that are
about 10-20% of the PD-PI change across the eastern U.S., and up to ~20% across
northern Europe and South East Asia, due to local increases in in-cloud production. For
the future case, where ACI is diminished over the eastern U.S., there are further decreases
in surface sulfate up to 50% of the 2050-PD change. The future ACI drives significant
surface sulfate enhancements in tropical latitudes over western Africa and South East
Asia (~20% of the future increase). Our model findings suggest that simulation of future

changes to particulate air quality must include ACI.
3.6 Impact of ACl on O3 and aerosol direct radiative forcing
The effects of including ACI on past and future global annual mean direct forcings are

small (Table 5) and appear largely negligible for past changes. In the future case, where
pollution emissions are shifted to lower latitudes with higher insolation, inclusion of ACI
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reduces the magnitude of the sulfate direct forcing, and as a result the net aerosol direct
forcing, by ~8%. This reduction in sulfate forcing is driven by enhanced in-cloud sulfate
formation when ACI are included in the model. Sulfate formed in aqueous phase has a
shorter lifetime and smaller impact on radiative forcing (e.g. Koch et al., 1999). The
effect is more pronounced for precursor emissions increases at subtropical latitudes rather

than for the past change when the emissions increases occurred at higher latitudes.

4 Discussion and conclusions

We performed sensitivity studies with a global atmospheric composition-climate model
to assess the impact of aerosols on tropospheric chemistry through their modification on
clouds. The model includes coupling between aerosol and O3 chemistry and aerosols and
liquid-phase clouds. The time periods that we considered are preindustrial to present day
(past) and present day to 2050 (future). The model simulated AIE is -2.0 Wm for PD —
Pl and -0.6 Wm for 2050 — PD. To our knowledge, this is the first global modeling
assessment of ACI impacts on changes in CH,4 lifetime, in-cloud sulfate production and

precursor wet deposition, and surface O3 and fine particulate surface air quality.

Inclusion of ACI substantially impacts changes in global mean CH, lifetime across both
time periods, enhancing the past and future increases by 10% and 30%, respectively.
Inclusion of ACI has only subtle effects on global annual mean O3 and aerosol direct
radiative forcing, except for sulfate forcing in the future case, which is reduced by ~8%
when ACI are included. More generally, including ACI in the past and future changes has
only small impacts on global scales but large and significant effects on regional

composition.

In regions where pollution emissions increase, inclusion of aerosol-cloud effects leads to
20% enhancements in the increases in in-cloud sulfate production. Sulfate wet deposition
is enhanced by a similar amount further north of source regions and HNO3 wet deposition
is dampened by 15-20% and displaced away from the source regions. The enhanced in-
cloud sulfate formation leads to larger increases (~10-30%) in surface sulfate across
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polluted regions. For the future case when precursor emissions are reduced over the
eastern U.S., diminished ACI further reduces the surface sulfate change by ~50%.
Impacts of ACI on surface O3 changes are on the order of 1-2 ppbv increases in the
outflow from polluted source regions (up to 10-20% of the PI to PD change). In our
model, there is little net impact on surface the O3 change between 2050 and PD over
North America and Europe because the aerosol decreases are relatively modest over these

regions for the A1B scenario.

The results are dependent on the emissions scenarios that we have considered but may be
extrapolated to serve as a guide to impact assessment for alternative projections. For
example, future worlds with more aggressive aerosol reduction policies, or conversely
with substantially greater aerosol emissions, will likely exert larger impacts on surface

O,, sulfate and CHy,4 lifetime than found here.

The major limitations of the study are the large uncertainties associated with the ACI,
partly driven by uncertainties in aerosol emission inventories (especially for
carbonaceous aerosols), partly due to the parameterizations used to link aerosols with
cloud droplet number, and the lack of available observations to assess aerosol-cloud
feedbacks. At present it is challenging to provide observational constraints on aerosol-
cloud impacts on composition. Next generation satellite data products may provide

unprecedented insights into ACI and effects on composition.

Despite these shortcomings, our model sensitivity studies suggest that aerosol-cloud
effects are an important feedback on regional-scale cloud processing, surface particulate
matter and global scale CH, lifetime. Based on our model findings, we recommend that
projections of future changes to particulate matter air quality and investigation of CH,

trends must consider aerosol-cloud interactions.
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Table 1. Total and anthropogenic precursor emissions of CO (Tg yr), NO (Tg N yr}),
NMVOC (Tg C yrl), SO, (Tg S yr'), BC (Tg yr), OC(Tg yr™) used in each time slice.

Biomass burning is classified as anthropogenic. Prescribed CH,4 concentrations (ppbv) are

also indicated.

Total Emission Pl PD 2050 A1B
CO 30 847 1146
NOy 13 46 77
NMVOC 579 707 759
SO, 11 84 82
BC 0.4 8 6
oC 20 58 51
Anthropogenic

Emission

CO 30 847 1146
NOy 0.4 33 65
NMVOC 2 132 192
SO, 0.1 73 71
BC 0.4 8 6
oC 3 42 35
Prescribed CH,

concentration

Northern 790 1850 2932
Hemisphere

Southern 790 1720 2780
Hemisphere
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Table 2. Description of simulations.

Name Description Emissions Climate AIE
Sim PD_ACI Present day 1995 1990s ON
Sim PD OFF
Sim PI_ACI Preindustrial ~1850 1880s ON
Sim Pl OFF
Sim 2050_ACI | Future 2050 2050 2050s ON
Sim 2050 OFF
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Table 3. Aerosol column densities for the simulations with aerosol-cloud interactions
included for the global domain and key source regions.

Domain and time Sulfate (mgm™) BC oC
slice (mgm?) (mgm™®)
Global

Pl 1.43 0.014 0.58
PD 2.93 0.31 1.91
2050A1B 3.48 0.23 1.6
North America

Pl 1.35 0.007 0.847
PD 5.40 0.383 2.04
2050A1B 4.36 0.23 1.51
Europe

Pl 1.50 0.004 0.554
PD 5.37 0.43 1.55
2050A1B 4.83 0.26 1.3
East Asia

Pl 0.89 0.009 0.555
PD 3.96 0.637 2.38
2050A1B 5.70 0.37 1.77
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Table 4. Global and regional average cloud variables (cloud droplet number

concentration [CDNC], effective radius [Reff], liquid water path [LWP], cloud optical

depth [COD] and cloud cover [CC]) for the simulations with aerosol-cloud interactions

included. Results for simulations without aerosol-cloud interactions are in brackets. In the

simulations without aerosol-cloud interactions switched on CDNC is fixed to 60 cm™

over ocean and 174 cm™ over land. For CC, values for both total and low CC are

indicated.

Domain CDNC Reff (um) | LWP COD Total CC Low CC

and time | (cm™®) (g/m?) (%) (%)

slice

Global

Pl 80.7 21.5 59 (83) 10.3 64.61 54.34
(15.2) (65.05) (54.62)

PD 145.6 20.7 63 (84) 13.1 64.74 54.52
(15.2) (64.78) (54.30)

2050A1B | 150.0 21.2 66 (87) 13.32 65.07 55.03
(15.5) (65.21) (54.91)

North

America

Pl 58.8 17.3 44 (73) 11.4 51.52 39.49
(20.0) (52.25) (40.02)

PD 221.4 16.0 54 (74) 19.4 52.70 40.72
(20.0) (53.20) (40.86)

2050A1B | 200.3 18.3 60 (88) 18.2 55.86 44.53
(20.7) (56.74) (45.16)

Europe

Pl 68.3 18.0 41 (73) 9.9 (17.6) | 68.27 59.21

(70.32) (61.70)

PD 245.5 16.5 56 (74) 16.2 69.26 60.48
(17.7) (69.70) (60.70)

2050A1B | 1745 16.3 51 (76) 14.9 69.71 60.89
(19.0) (70.76) (61.76)

East Asia

Pl 83.8 24.1 78 (117) |13.3 63.85 47.29
(20.7) (64.38) (47.34)

PD 288.9 21.3 92 (115) | 224 64.03 47.66
(20.5) (63.81) (46.67)

2050A1B | 300.0 19.8 87 (117) | 22.9 60.90 46.88
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| (20.9) | (61.63) | (46.66) |
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Table 5. Radiative forcings in Wm for past and future changes calculated using

simulations that have AICI switched on (bracketed values are for simulations without

AIE).

Climate forcing agent

Radiative forcing PD - PI

Radiative forcing 2050 - PD

Ozone

+0.338 (+0.349)

+0.217 (+0.215)

Sulfate -0.305 (-0.308) -0.113 (-0.122)
BC +0.313 (+0.324) -0.091 (-0.097)
ocC -0.111 (-0.111) +0.025 (+0.026)
Total Aerosol Direct -0.103 (-0.095) -0.179 (-0.193)
Aerosol Indirect Effect -2.001 -0.601
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Table 6. Global mean CH, lifetime (years) for each of the sensitivity simulations
described in Table 2. The percentage change relative to the relevant present day

simulation is indicated.

Simulation Global annual mean CHjy lifetime
Sim Pl_ACI 8.53 (-11.5%)

Sim PD_ACI 9.64

Sim 2050 ACI 9.85 (+2.2%)

Sim PI 8.81 (-10.3%)

Sim PD 9.83

Sim 2050 9.99 (+1.6%)




Figure captions

Figure 1. Difference in annual average cloud droplet number concentration (CDNC) in
cm’, total cloud cover in % and cloud optical depth (COD) for the past (top row) and

future (bottom row) cases.

Figure 2. Annual average cloud radiative forcing for PD-PI (top panel) and 2050-PD

(bottom panel) in Wm™.

Figure 3. Annual average precipitation change for past (top left) and future (top right)
cases for simulations that do not include ACI and the impact of ACI on the past (bottom
left) and future (bottom right) changes. All units are mm/day. Impacts of ACI on past and

future precipitation are not 95% significant.

Figure 4. Annual average surface air temperature (SAT) change for past (top left) and
future (top right) cases for simulations that do not include ACI and the impact of ACI on
the past (bottom left) and future (bottom right) changes. Hatched regions indicate
significance at 95% confidence. (Impacts of ACI on future SAT are not 95% significant.)

All units are deg C.

Figure 5. Impact of ACI on the surface and 500mb changes in annual average photolysis
rate J(O'D) for the past (left) and future (right) cases. All units are 107 s™*. Colored
regions are 95% significant.

Figure 6. Impact of AIE on the past (left panel) and future (right panel) changes in

annual average zonal mean OH concentration in 10* molecule cm™.
Figure 7. Impact of ACI on the rates of sulfate in-cloud production, sulfate wet

deposition and HNO3 wet deposition for past (left column) and future (right column)

cases in mgm2yr. Colored regions are 95% significant.
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Figure 8. Impact of ACI on past (PD - PI) and future (2050 - PD) changes in surface O3

in ppbv (left) and surface sulfate in pgm™ (right). Colored regions are 95% significant.
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Figure 1: Difference in annual average cloud droplet number concentration (CDNC) in cm ™3, total
cloud cover in % and cloud optical depth (COD) for the past (top row) and future (bottom row) cases.
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Figure 2: Annual average cloud radiative forcing for PD-PI (top panel) and 2050-PD (bottom panel)
in Wm~—2.
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Figure 3: Annual average precipitation change for past (top left) and future (top right) cases for
simulations that do not include ACI and the impact of ACI on the past (bottom left) and future
(bottom right) changes. All units are mm/day. Impacts of ACI on past and future precipitation are
not 95% significant.
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Figure 4: Annual average surface air temperature (SAT) change for past (top left) and future (top
right) cases for simulations that do not include ACI and the impact of ACI on the past (bottom left)
and future (bottom right) changes. Hatched regions indicate significance at 95% confidence. (Impacts
of ACI on future SAT are not 95% significant.) All units are deg C.
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Figure 5: Impact of ACI on the surface and 500mb changes in annual average photolysis rate J(O!D)
for the past (left) and future (right) cases. All units are 10~"s~1. Colored regions are 95% significant.
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Figure 6: Impact of ACT on the past (left panel) and future (right panel) changes in annual average
zonal mean OH concentration in 10* molecule cm™3. Colored regions are 95% significant.
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Figure 7: Impact of ACI on the rates of sulfate in-cloud production, sulfate wet deposition and HNOg3
wet deposition for past (left column) and future (right column) cases in mgm~2yr—!. Colored regions
are 95% significant.
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Figure 8: Impact of ACI on past (PD - PI) and future (2050 - PD) changes in surface O3 in ppbv
(left) and surface sulfate in ugm™=2 (right). Colored regions are 95% significant.





