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Importance to represent climate gases for 
radiative forcing: (CO2), CH4, O3, H2O
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Chapter 8 Anthropogenic and Natural Radiative Forcing
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tration change, 0.97 (0.80 to 1.14) W m–2 versus 0.48 (0.43 to 0.53) 
W m–2, respectively. This is because emission of CH4 leads to ozone 
production, stratospheric water vapour, CO2 (as mentioned above), and 
importantly affects its own lifetime (Section 8.2). Actually, emissions of 
CH4 would lead to a stronger RF via the direct CH4 greenhouse effect 
(0.64 W m–2) than the RF from abundance change of CH4 (0.48 W m–2). 
This is because other compounds have influenced the lifetime of CH4 
and reduced the abundance of CH4, most notably NOx. Emissions of CO 
(0.23 (0.18 to 0.29) W m–2) and NMVOC (0.10 (0.06 to 0.14) W m–2) 
have only indirect effects on RF through ozone production, CH4 and 
CO2 and thus contribute an overall positive RF. Emissions of NOX, on 
the other hand, have indirect effects that lead to positive RF through 
ozone production and also effects that lead to negative RF through 

reduction of CH4 lifetime and thus its  concentration, and through con-
tributions to nitrate aerosol formation. The best estimate of the overall 
effect of anthropogenic emissions of NOX is a negative RF (-0.15 (-0.34 
to +0.02) W m–2). Emissions of ammonia also contribute to nitrate aer-
osol formation, with a small offset due to compensating changes in 
sulphate aerosols. Additionally indirect effects from sulphate on atmos-
pheric compounds are not included here as models typically simulate 
a small effect, but there are large relative differences in the response 
between models. Impacts of emissions other than CO2 on the carbon 
cycle via changes in atmospheric composition (ozone or aerosols) are 
also not shown owing to the limited amount of available information.

For the WMGHG, the ERF best estimate is the same as the RF.  The 
uncertainty range is slightly larger, however.  The total emission-based 
ERF of WMGHG is 3.00 (2.22 to 3.78) W m–2.  That of CO2 is 1.68 (1.33 
to 2.03) W m–2; that of CH4 is 0.97 (0.74 to 1.20) W m–2; that of strat-
ospheric ozone-depleting halocarbons is 0.18 (0.01 to 0.35) W m–2.

Emissions of BC have a positive RF through aerosol–radiation interac-
tions and BC on snow (0.64 W m–2, see Section 8.3.4 and Section 7.5). 
The emissions from the various compounds are co-emitted; this is in 
particular the case for BC and OC from biomass burning aerosols. The 
net RF of biomass burning emissions for aerosol–radiation interactions 
is close to zero, but with rather strong positive RF from BC and negative 
RF from OC (see Sections 8.3.4 and 7.5). The ERF due to aerosol–cloud 
interactions is caused by primary anthropogenic emissions of BC, OC 
and dust as well as secondary aerosol from anthropogenic emissions 
of SO2, NOX and NH3. However, quantification of the contribution from 
the various components to the ERF due to aerosol–cloud interactions 
has not been attempted in this assessment.

8.5.2 Time Evolution of Historical Forcing

The time evolution of global mean forcing is shown in Figure 8.18 for 
the Industrial Era. Over all time periods during the Industrial Era CO2 
and other WMGHG have been the dominant term, except for short-
er periods with strong volcanic eruptions. The time evolution shows 
an almost continuous increase in the magnitude of anthropogenic 
ERF. This is the case both for CO2 and other WMGHGs as well as sev-
eral individual aerosol components. The forcing from CO2 and other 
WMGHGs has increased somewhat faster since the 1960s. Emissions 
of CO2 have made the largest contribution to the increased anthropo-
genic forcing in every decade since the 1960s. The total aerosol ERF 
(aerosol–radiation interaction and aerosol–cloud interaction) has the 
strongest negative forcing (except for brief periods with large volcanic 
forcing), with a strengthening in the magnitude similar to many of the 
other anthropogenic forcing mechanisms with time. The global mean 
forcing of aerosol–radiation interactions was rather weak until 1950 
but strengthened in the latter half of the last century and in particular 
in the period between 1950 and 1980. The RF due to aerosol–radiation 
interaction by aerosol component is shown in Section 8.3.4 (Figure 8.8).

Although there is high confidence for a substantial enhancement in the 
negative aerosol forcing in the period 1950–1980, there is much more 
uncertainty in the relative change in global mean aerosol forcing over 
the last two decades (1990–2010). Over the last two decades there 
has been a strong geographic shift in aerosol and aerosol precursor 

Figure 8.17 | RF bar chart for the period 1750–2011 based on emitted compounds 
(gases, aerosols or aerosol precursors) or other changes. Numerical values and their 
uncertainties are shown in Supplementary Material Tables 8.SM.6 and 8.SM.7. Note 
that a certain part of CH4 attribution is not straightforward and discussed further in 
Section 8.3.3. Red (positive RF) and blue (negative forcing) are used for emitted com-
ponents which affect few forcing agents, whereas for emitted components affecting 
many compounds several colours are used as indicated in the inset at the upper part 
the figure. The vertical bars indicate the relative uncertainty of the RF induced by each 
component. Their length is proportional to the thickness of the bar, that is, the full length 
is equal to the bar thickness for a ±50% uncertainty. The net impact of the individual 
contributions is shown by a diamond symbol and its uncertainty (5 to 95% confidence 
range) is given by the horizontal error bar. ERFaci is ERF due to aerosol–cloud interac-
tion. BC and OC are co-emitted, especially for biomass burning emissions (given as 
Biomass Burning in the figure) and to a large extent also for fossil and biofuel emissions 
(given as Fossil and Biofuel in the figure where biofuel refers to solid biomass fuels). 
SOA have not been included because the formation depends on a variety of factors not 
currently sufficiently quantified.

(             )

Importance of Chemistry and Aerosols for Climate 

Chemistry and aerosols interact with the climate system, 
-> need to be well describe in climate models 

IPCC, AR5 Report (2013)
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Poor air quality is a mayor health issue
Health Burden of Global Air Pollution is 

Enormous

(7+ million premature 
deaths due to air 

pollution per year !!)
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Young et al., 2017
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Importance of the Stratosphere,
and Exchange Processes

• Exchange of chemistry 
and aerosol due to 
stratospheric/troposperic
transport 

• Impact of halogen 
loading on stratospheric 
ozone (ozone hole) and 
impact on climate 
(importance of very 
short-lived species)

-> local changes of short 
time scales are important

Stratosphere-Troposphere Analyses of Regional Transport (2008)

UTLS exchange processes
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Chemistry-Climate Interactions in CESM2
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CAM6 vs CAM-chem
Same atmosphere, physics, resolution
Different chemistry and aerosols -> emissions and coupling
• CAM6: Aerosols are calculated, using simple chemistry (“fixed” 

oxidants) (prescribe: N2, O2, H2O, O3, OH, NO3, HO2; chemically 
active: H2O2, H2SO4, SO2, DMS, SOAG)

Limited interactions between Chemistry and Climate
-> prescribed fields have to be derived using chemistry-

climate simulations 
– Prescribed ozone is used for radiative calculations
– Prescribed oxidants is used for aerosol formation
– Prescribed methane oxidation rates
– Prescribed stratospheric aerosols
– Prescribed nitrogen deposition 
– Simplified secondary organic aerosol description
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Chemistry-Climate Interactions in CESM2
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Surface emissions and concentrations
• emissions: anthropogenic, biogenic, biomass burning, ocean, soil, volcanoes

• surface concentrations (greenhouse gases)

Chemical mechanism: important for chemistry and aerosol production

Dry Deposition: uptake of chemical constituents by plants and soil (CLM), 

depending on land type, roughness of surface, based on resistance approach

Wet Deposition: uptake of chemical constituents in rain or ice (linked to 

precipitation, both large-scale and convective).

Modeling Chemistry-Climate Interactions in 
CESM2
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Emissions: surface emissions fields, fixed boundary conditions, calculated using 
vegetation type (biogenic, VOC)

Lamarque et al., 2010
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Modeling Chemistry-Climate Interactions in 
CESM2

• Greenhouse gases are prescribed as monthly fields of CO2, CH4, 
O3, N2O, CFCs) through lower boundary conditions. All CFCs can 
be combined to effective CFC emissions.
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Surface emissions and concentrations
• emissions: anthropogenic, biogenic, biomass burning, ocean, soil, volcanoes
• surface concentrations (greenhouse gases)
Chemical mechanism: important for chemistry and aerosol production
• WACCM and CAMchem: 483 reactions and 231 solution species
• CAM6: 6 chemical reactions and 25 solution species (much simpler)
Dry Deposition: uptake of chemical constituents by plants and soil (CLM), depending 

on land type, roughness of surface, based on resistance approach
Wet Deposition: uptake of chemical constituents in rain or ice (linked to precipitation, 

both large-scale and convective).

Modeling Chemistry-Climate Interactions in 
CESM2
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Tropospheric Chemistry and Aerosols

Photo-chemistry
Gas-phase 
chemistry
Heterogeneous 
and 
Aqueous phase 
chemistry,
Aerosol formation
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Available Chemical Mechanisms
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Modal Aerosol Model (MAM)

Curtesy Mike Mills

Liu et al., 2016

508 X. Liu et al.: Four-mode version of Modal Aerosol Module

Figure 1. Schematic of aerosol modes and associated aerosol trac-
ers in MAM4.

BC and POM, while the refractive index of aged particles is
the volume mean of the refractive index of all components of
the accumulation mode.
With the new primary carbon mode, three prognostic vari-

ables are added in MAM4 compared to MAM3: mass mix-
ing ratios of POM and BC in the primary carbon mode and
number concentration of the primary carbon mode particles,
which brings the total number of aerosol tracers from 15 in
MAM3 to 18 inMAM4. The other aerosol tracers and precur-
sor gases are the same as those in MAM3. The computational
cost increases by ⇠ 10% for the stand-alone CAM5 (i.e., an
uncoupled atmosphere-only simulation with prescribed sea
surface temperatures and sea ice) with MAM4 compared to
CAM5 with MAM3. As noted in Liu et al. (2012), CAM5
with MAM7 is 30% slower than CAM5 with MAM3. Fig-
ure 1 shows the schematic of aerosol modes and associated
aerosol tracers in MAM4.

3 Model configurations and experiments

Two sets of experiments were performed using version 5.3
of CAM (CAM5.3) with the new MAM4 (hereafter CAM5-
MAM4), as listed in Table 1. The first set is to test the model
sensitivity to the criterion of number of monolayers required
for the ageing of POM /BC particles from the primary car-
bon mode to the accumulation mode. We conducted four ex-
periments with the number of monolayers set to 1, 2, 4 and
8, respectively. A higher monolayer criterion means that a
larger sulfate or SOA coating thickness is needed to age the
primary carbonaceous aerosols, and thus these particles will
stay longer in the primary carbon mode before converting to
the accumulation mode. As noted in Liu et al. (2012), for a
non-hygroscopic particle with a 0.134 µm diameter, which is

the volume-mean size for BC /POM emissions, the critical
supersaturation in the case of eight monolayers of sulfate is
0.32% based on the Köhler theory, in comparison to 0.49%
in the case of three monolayers. These CAM5-MAM4 sim-
ulations were conducted for present-day (year 2000) emis-
sions and climate conditions with freely evolving meteoro-
logical fields (e.g., winds and temperature) at 0.9� ⇥ 1.25�

(1� hereafter) horizontal resolution for 11 years. The last 10-
year results are used for analysis. For comparison, an ad-
ditional experiment using CAM5.3 with the default MAM3
was performed for 11 years at the same 1� horizontal resolu-
tion. We also conducted an experiment with MAM7, which
gave BC and POM results very similar to MAM4 (figure not
shown), and thus are not included in the comparison.
The second set of experiments is to test the model sensitiv-

ity to the horizontal resolution (see Table 1), since model res-
olution has been suggested to play an important role for the
BC transport to the remote regions (Ma et al., 2013a, 2014).
Four experiments were conducted at 1.9� ⇥ 2.5� (2� here-
after), 1, 0.5, and 0.25� using the specified dynamics (SD)
configuration (also known as the nudging technique) where
the model meteorology is strongly constrained by an external
meteorological analysis (Ma et al., 2013a, b, 2015; Tilmes
et al., 2015). To explore the behavior of MAM4 at higher
horizontal resolution, we used the ECMWF Year of Tropical
Convection (YOTC) high-resolution (0.15�) analysis to drive
the model, while aerosol emissions are the same as that in the
first set of experiments. The SD configuration has been re-
calibrated so that the model physics properly responds to the
realistic meteorology (Ma et al., 2015). This approach facil-
itates the direct comparison between model simulations and
field campaign measurements since the simulation of aerosol
lifecycle (emission, transport, and deposition) is based on a
realistic climate. These SD simulations were performed from
1 November 2008 to 1 January 2010, and the 1-year results
in 2009 were used for our analysis. The eight-monolayer cri-
terion was used in this set of experiments. In addition, by
comparing the second set of experiments with the SD config-
uration to the first set of experiments with the free-running
configuration (e.g., MAM4L8 versus MAM4R1), we can ex-
amine the effect of model meteorology on aerosol simula-
tions. We also ran CAM5.3 with the default MAM3 at 1�

resolution with the SD configuration for comparison.

4 Results

4.1 Comparison of MAM4 with MAM3

Figure 2 shows the latitudinal and longitudinal distributions
of annual mean column burdens of BC and POM from the
set 1 experiments with CAM5-MAM4, in comparison with
the default MAM3. BC and POM burdens have maxima in
industrial regions (e.g., East Asia, Europe, and North Amer-
ica) and in biomass burning regions (e.g., central and south-

Geosci. Model Dev., 9, 505–522, 2016 www.geosci-model-dev.net/9/505/2016/

a4

Representation of 

• Sulfates, 

• Black Carbon

• Organic Carbon, 

Organic Matter 

(OC, SOA),

• Mineral Dust 

and Sea-Salt

a1a2 a3

MAM4

-> changes the lifetime of BC
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Secondary Organic Aerosol Description in 
WACCM and CAM-chem

Modified after C. Heald, MIT Cambridge

SOAG species

Simplified Chemistry (CAM6):
• SOAG (oxygenated VOCs) 

derived from fixed mass yields
• no interactions with land

Comprehensive Chemistry:
• SOAG formation derived from 

VOCs using Volatility Bin Set 
(VBS) description

• 5 volatility bins
• Interactive with land 

emissions
-> more physical approach

Anthropogenic Source / Fires

OH
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Surface emissions and concentrations
• emissions: anthropogenic, biogenic, biomass burning, ocean, soil, volcanoes
• surface concentrations (greenhouse gases)
Chemical mechanism: important for chemistry and aerosol production
• WACCM and CAMchem: 483 reactions and 231 solution species
• CAM6: 6 chemical reactions and 25 solution species (much simpler)
Dry Deposition: uptake of chemical constituents by plants and soil (CLM), depending 

on land type, roughness of surface, based on resistance approach
Wet Deposition: uptake of chemical constituents in rain or ice (linked to precipitation, 

both large-scale and convective).

Modeling Chemistry-Climate Interactions in 
CESM2
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Dry Deposition Velocity

C: concentration of species am 10m
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Surface concentrations and emissions 
Chemical mechanism: important for chemistry and aerosol production
Dry Deposition: uptake of chemical constituents by plants and soil (CLM), 

depending on land type, roughness of surface, based on resistance approach
Wet Deposition: uptake of chemical constituents in rain or ice (linked to 

precipitation, both large-scale and convective).
• Removal is modeled as a simple first-order loss process

• Xiscav is the species mass (in kg) of Xi  scavenged in time
• F  is the fraction of the grid box from which tracer is being removed, and λ is the loss rate.

Compsets define the specifics of emissions, chemistry, and deposition! 

Modeling Chemistry-Climate Interactions in 
CESM2
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Interactive Modeling with Chemistry
MACCITY Emissions (2005)              2-7km

WACCM forecast: https://www.acom.ucar.edu/waccm/forecast/
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AMWG Diagnostic Package includes WACCM 
and Chemistry diagnostics
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Tropospheric Column Ozone Difference to OMI/MLS
CCMI Comparison (Revell et al., 2018)
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User Support: CAM-Chem Wiki page
https://wiki.ucar.edu/display/camchem/Home
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WACCM and CAM-Chem Customer Support

CGD Forum: http://bb.cgd.ucar.edu/ 

Mike Mills
WACCM Liaison
mmills@ucar.edu
(303) 497-1425

Simone Tilmes
CAM-Chem Liaison
tilmes@ucar.edu
(303) 497-1445

http://bb.cgd.ucar.edu/
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Extras
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New Secondary Organic Aerosol approach in CESM2 
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Oxygenated 
VOC (gas)

0.38 Tg

SOA
1.04 Tg

142 Tg/yr  

Biogenic, anthropogenic and 
biomass burning VOC, SIVOC 

44Tg/yr

dr
y

w
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w
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72 Tg/yr12 Tg/yr

VBS Budgets 1995-2010

Net gas-particle
partitioning Depends on

J values for different 
chemicals

Most of it from biogenic emissions
-> strongly dependent on MEGAN emissions

108Tg/yr

chem. Prod.
294Tg/yr

+ Oxidants
Glyoxal uptake

Lifetime: 4.5 years 

Values very close to observational estimates!


