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Aerosols impact climate via radiative forcing  
and biogeochemical cycling

Until recently, an additional climate impact
of aerosols has been largely ignored: the indirect
effect of aerosols on biogeochemical cycles. Sim-
ilar to the indirect effect on clouds, these effects
occur only to the extent that aerosols affect rel-
evant earth system processes. For example, the
indirect effect of aerosols changes cloud droplet
properties once clouds form downwind of the
aerosol source (cloud albedo effect) and can
change the lifetime of the cloud (cloud lifetime
effect). Aerosol indirect effects on biogeochemical
cycles similarly affect the fluxes downstream from
where they are emitted, through one of two dif-
ferent mechanisms: (i) changing the physical cli-
mate of the ocean or land ecosystem, and thereby
changing biogeochemical fluxes; or (ii) depos-
iting chemicals that modify the biogeochemical
cycles. In the latter case, the aerosols could sup-
ply either nutrients that stimulate growth or, alter-
natively, toxins that suppress growth. The aerosol
indirect effect on biogeochemical cycles tends
to occur on a longer time scale than the aerosol
indirect effect on clouds.

The impact of anthropogenic aerosols on bio-
geochemical cycles through physical processes is
just beginning to be recognized. Coupled climate-
carbon cycle model simulations suggest that the
dominant impact of aerosols on biogeochemical
cycles is cooling of the climate (4, 5). Because in-
creasing temperatures tend to decrease the ability
of the land and ocean to take up additional carbon
(6, 7), this cooling of the planet is likely to allow
the land and ocean to take up extra carbon today
of an amount between 1 and 14 parts per million
(ppm) of CO2 (4, 5), which translates to –0.02
to –0.24W/m2 radiative forcing (8). This physical
climate forcing is likely to be a combination of
the impact of changes in precipitation, tempera-
ture, and diffuse radiation, especially on the land
carbon cycle (4, 9, 10).

Once aerosols are removed from the atmo-
sphere, the materials in the aerosols are added to
the land or ocean and affect biogeochemical cy-
cles there. On land, the deposition of nitrogen spe-
cies in aerosols (as well as in gas form) is likely to

fertilize many land ecosystems that are nitrogen-
limited (11–15). Estimates of the carbon impact of
anthropogenic nitrogen deposition on land range
from 0.24 to 0.7 Pg of carbon (PgC)/year, based
on observational and model studies (16–20). As-
suming that one-half of the nitrogen deposition
derives from aerosols (21), we can estimate a
radiative forcing of –0.12 to –0.35 W/m2 from
the nitrogen deposition in anthropogenic aerosols
[see the supporting online material (SOM) for de-
tails of the calculations].

An additional sink of carbon may arise from
biomass burning in tropical forests. These forests
are likely to be phosphorus-limited (22), and bio-
mass burning provides a source of phosphorus to
the nonburned vegetation (23). Before the recent
drought, CO2 was being taken up by the Amazon
at a rate of 0.4 to 1.0 PgC/year (24). It is possible
that up to one-half of this uptake was due to
phosphorus fertilization from biomass burning
in the region due to deforestation (which is in-
cluded in estimates of carbon emissions) (23).
This would translate to a radiative forcing of 0
to –0.12 W/m2.

Even though anthropogenic activity has prob-
ably caused a large increase in nitrogen and phos-
phorus deposition to the oceans (25, 26), this is
unlikely to affect ocean biogeochemistry signif-
icantly because of the large inventories of marine
nitrogen and phosphorus (27). However, the case
for the micronutrient iron is probably different,
because iron deficiency is known to limit the
growth of phytoplankton in iron-poor regions
(28), and because nitrogen-fixing organisms re-
quire iron to function (29). Increases in the dep-
osition of the iron in desert dust since 1870 are
likely to have fertilized ocean biota, enhanced
nitrogen fixing, and resulted in the uptake of
~ 4 ppmmore CO2 (30), equivalent to a radiative
forcing of –0.07 T 0.07 W/m2 (8).

Aerosol deposition can also be harmful. Many
aerosols are acidic (such as sulfates or nitrates),
and the deposition of these aerosols onto land
ecosystems (called acid rain) can enhance the
leaching of nutrients from the system (31, 32).
Because some of the acidity that is deposited
comes in the form of nitrogen, which also fertil-
izes the ecosystems (15), the magnitude of the
impact of acid rain on the land carbon cycle is
unclear. Toxic aerosols can also harm ocean eco-
systems (33), and acid rain can enhance ocean
acidification in coastal regions (34), but there is
no estimate of the magnitude of the effect of
these changes on the carbon cycle.

Overall, aerosol indirect effects on biogeo-
chemical fluxes are estimated to be responsible
for the extra drawdown of 7 to 50 ppm of CO2

or a radiative forcing of –0.5 T 0.4 W/m2 (8),
which is similar in magnitude to the direct effects
(Fig. 1). The concept of aerosol indirect effect is
important because it attributes the changes in
CO2 we observe to the appropriate mechanism.
Aerosols in the atmosphere not only are current-
ly counteracting warming from greenhouse gases
but, in addition, are enhancing CO2 uptake by
the land and the ocean. There may be additional
impacts of aerosols on biogeochemical cycles
that affect climate that have not yet been studied
[such as the release of other greenhouse gases
or aerosols (35)].

The identification of additional impacts by
aerosols has implications for future climate pol-
icy. Emission projections suggest that globally
averaged aerosol forcingwill decrease (36–42) as
countries reduce emissions to improve their air
quality and reduce public health risks. Many aero-
sols are created in combustion processes at the
same time as CO2 is produced, so reductions in
CO2 emissions could cause corresponding re-
ductions in aerosol emissions. Aerosol effects are

Fig. 2. Net present val-
ue (NPV) of abatement
costs for different 2100
CO2 values, based on the
range presented in (36)
(dark gray outline) and
shifted by aerosol indirect
effect on biogeochemical
cycles (green arrows and
lightgrayoutline). For each
concentration level, the
values are shifted by the
aerosol indirect effect on
biogeochemical cycles, as-
suming that this effect is
equivalent to –30 ppm of
CO2 today (as derived in
the text as a rangebetween
7 and 50 ppm) and de-
creasing this effect as the
estimated aerosol radia-
tive forcing decreases in
the representative concentration pathways estimated for the next Intergovernmental Panel on Climate
Change assessment report (8, 36–42).
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Fig. 1. Aerosol direct and indirect (cloud albedo)
radiative forcing estimates (1) compared to the ra-
diative forcing estimates from the indirect effect of
aerosols from biogeochemical cycles.
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Aerosol impact climate via radiative forcing  and 
biogeochemical cycling

Image:hortidaily.com



(1980–1999), when it contributes a mean of 0.3 PgC yr21, as a result
of decreasing diffuse fraction.

The HadGEM2-A reconstruction suggests geographically varying
changes in diffuse fraction of 220% to 30% between 1950 and 1980
(Fig. 3c). The corresponding impact on the regional land sink is
estimated to be large, reaching up to 30 gC m22 yr21 across
Europe, the eastern United States, East Asia and some tropical
regions in Africa (Fig. 3d). By contrast, during the brightening period
1980–1999 (Supplementary Fig. 8), the HadGEM2-A reconstruction
suggests a reduction in diffuse fraction over Europe, the eastern
United States, Western Australia and some regions of Russia and
China, leading to a reduction in the regional contribution of the
diffuse fraction to the total land carbon accumulation during this
period. Overall, these results suggest that increases in diffuse fraction
have enhanced the global land carbon sink by 23.7% between 1960
and 1999 (Fig. 4b). As shown in Supplementary Fig. 9, the contribu-
tions of diffuse fraction to the land sink are of similar magnitude to
the net contributions of variations in temperature and precipitation
during this period.

Neglecting diffuse-radiation fertilization, as in the current genera-
tion of global models, we estimate that reductions in total PAR would
have caused a 214.4% change in the mean land carbon sink. Instead,
we model a net enhancement of the land carbon sink by overall
(diffuse and direct) radiation changes of 19.3%, as diffuse-radiation
fertilization overwhelms global dimming (see Supplementary Fig. 10
for regional contributions to the GPP). Contrary to the results of
current global models, it therefore seems that anthropogenic aerosols
have enhanced land carbon uptake during this period, despite sig-
nificant reductions in total PAR. Fully coupled Earth-system-model
simulations are now required to confirm this result when accounting
for the effects of short-timescale variability in atmospheric aerosol
loading.

To project these results into the twenty-first century, the environ-
mentally friendly emissions scenario mentioned above (ENSEMBLES
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Figure 3 | Impact of changes in diffuse fraction on the land carbon sink
during the twentieth century. a, Simulated global mean annual diffuse
fraction of the PAR, based on aerosol optical depth from volcanic17 and
anthropogenic sources, as simulated by HadGEM2-A, and observed Climate
Research Unit cloudiness15. b, Simulated contribution of diffuse fraction to
simulated land NEE (red), calculated as the difference between simulated

NEE under varying diffuse fraction (black, total NEE) minus simulated NEE
under constant diffuse fraction (not shown) and simulated contribution of
the total PAR to simulated land NEE (green). c, Simulated percentage change
(colour scale) in diffuse fraction between 1950 and 1980. d, Simulated
change (colour scale, grams carbon per square metre per year) in diffuse-
fraction contribution to land carbon accumulation between 1950 and 1980.
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Figure 4 | Historical and twenty-first-century projections (according to the
ENSEMBLES A1B-450 stabilization scenario). a, Prescribed atmospheric
CO2 (black) and aerosol optical depth (red). b, Simulated contribution of
diffuse-fraction variations (red) to the cumulative land carbon sink (black)
during the 1900–2100 period. In this scenario, future climate change for the
twenty-first century was not considered, and climate variables, including
cloud cover, were taken to be fixed at their 1999 values throughout the
simulation of the twenty-first century.
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NEE due to Diffuse PAR:  1950-1980

Simulations show a large increase in ecosystem 
carbon uptake due to diffuse PAR



Most aerosols over the United States are 
secondary aerosol from gas-phase emissions

20!
!

15!
!

10!
!

5!
!

0U
S 

SO
2 E

m
is

si
on

s 
(T

g 
y-

1 )



Aerosol Optical Depth (AOD) has decreased 
over the eastern US

Data: NASA MISR



Visibility in Great Smoky Mountains!
 1990 vs 2010

Dr. Jenny Hand, CIRA
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No difference between Acid Rain Program Phase I (1995-1999)
and Acid Rain Program Phase II (2000+).

4/3/2015 Comparison EPA CEMS SO2 to total emissions from
"1970 - 2014 Average annual emissions, all criteria pollutants in MS Excel - March 2015."

Year Fraction_CEMS_TotalFuelIndust
1975
1980
1985
1990
1991
1992
1993
1994
1995 0.66
1996 0.71
1997 0.72
1998 0.72
1999 0.75
2000 0.72
2001 0.70
2002 0.73
2003 0.77
2004 0.75
2005 0.74
2006 0.75
2007 0.80
2008 0.77
2009 0.66
2010 0.69
2011 0.72
2012 0.66
2013 0.66

Testing photosynthesis responses to AOD in CLM

SO2 Emissions

CAM4 with BAM
CLM4.5 !

(satellite phenology)
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CAM4 with Bulk Aerosol Model (BAM) simulates 
decrease in AOD over US with EPA SO2 emissions



Trend in AOD over eastern US comparable to observed 
trend from MISR



Diffuse solar radiation shows statistically significant 
increase over eastern US



CESM simulates a reduction of 0.5 Pg C per year



Photosynthesis in CLM4.5 decreases where diffuse 
solar radiation declines



Photosynthesis in CLM4.5 decreases where diffuse 
solar radiation declines

1995 2000 2005 2010
−0.6

−0.5

−0.4

−0.3

−0.2

−0.1

0

0.1

6
 G

PP
 [P

g 
C

 y
−1

]

Year

1995 2000 2005 2010
−0.1

−0.08

−0.06

−0.04

−0.02

0

0.02

6
 G

PP
 [P

g 
C

 y
−1

]

Year
Δ

G
PP

 [P
g 

C
]  

   
  



water
evergreen needleleaf forest
evergreen broadleaf forest
deciduous needleleaf forest
deciduous broadleaf forest
mixed forests
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4/30/2015 MODIS IGBP combined land cover with 0.05 deg spatial resolution
HDF files contain three landcover classification schemes.

Can we evaluate CESM simulations?

104 S.J. Cheng et al. / Agricultural and Forest Meteorology 201 (2015) 98–110

Table 2
Parameter estimate values from relationships between GPPr and diffuse PAR, vapor pressure deficit (VPD), and air temperature (Ta). All ˇi estimate values (Eq. (4)) have
p  < 6.02 × 10−4 (Bonferroni-corrected critical value), except for those designated as NS. The 16–30◦ interval includes AM and PM time points.

Site ˇi Zenith angle (◦)

AM PM

76–100 61–75 46–60 31–45 16–30 31–45 46–60 61–75 76–100

Howland Logged Diffuse PAR 0.014 0.007 0.004 0.004 0.005 0.003 0.004 0.008 0.009
VPD  −3.629 −2.627 −2.234 −3.847 −3.271 −3.205 −2.605 −2.339 −1.307
Ta 0.183 0.343 0.427 0.546 0.352 0.495 0.383 0.296 0.172

Howland Reference Diffuse PAR 0.010 0.005 0.004 0.005 0.005 0.005 0.008 0.010 0.011
VPD  −2.004 NS −1.914 −3.290 −2.728 −2.768 −2.309 −1.715 −1.208
Ta 0.125 0.266 0.358 0.432 0.260 0.311 0.237 0.152 0.131

Howland N Fertilized Diffuse PAR 0.014 0.007 0.006 0.005 0.006 0.006 0.007 0.012 0.014
VPD  −2.625 NS −1.876 −3.266 −3.204 −2.735 −2.052 −2.072 −1.330
Ta 0.150 0.270 0.287 0.380 0.252 0.254 0.156 0.145 0.143

Morgan Monroe Diffuse PAR NS 0.010 0.011 0.010 0.008 0.009 0.008 0.008 NS
VPD  NS NS NS NS −1.611 −1.734 −1.917 −2.479 NS
Ta NS NS NS NS NS NS NS 0.224 NS

UMBS Diffuse PAR NS 0.018 0.015 0.010 0.011 0.009 0.012 0.018 NS
VPD  NS 4.218 3.078 NS NS NS NS −1.156 NS
Ta NS NS NS −0.298 NS NS NS NS NS

Mead  Irrigated Maize Diffuse PAR 0.021 0.022 0.013 NS NS NS 0.024 0.050 NS
VPD  NS NS NS NS −5.650 −3.061 NS −1.252 NS
Ta 0.304 0.445 0.811 1.315 1.215 0.660 NS 0.245 NS

Mead  Irrigated
Rotation: Maize

Diffuse PAR 0.019 0.021 0.012 0.011 NS NS 0.027 0.042 NS
VPD  NS NS NS NS NS NS NS NS NS
Ta 0.332 NS 1.115 0.950 NS 1.135 NS NS NS

Mead  Irrigated
Rotation: Soybean

Diffuse PAR 0.017 0.015 NS NS NS NS 0.011 NS NS
VPD  NS NS NS NS NS NS NS NS NS
Ta 0.213 NS NS NS 0.598 0.534 NS NS NS

Mead  Rainfed Rotation:
Maize

Diffuse PAR 0.011 0.021 NS NS NS NS 0.021 0.045 NS
VPD  NS NS NS NS −6.365 −4.205 NS NS NS
Ta 0.281 NS NS NS NS NS NS NS NS

Mead  Rainfed Rotation:
Soybean

Diffuse PAR 0.014 0.021 NS NS NS NS NS 0.028 NS
VPD  −3.148 NS −5.123 −8.292 −8.021 −6.898 −5.035 −1.971 NS
Ta 0.277 NS NS 0.812 0.524 0.582 0.479 NS NS

in diffuse PAR, and Howland Forest Reference had the smallest
increases in GPPr. In addition, the calculated increases in GPPr with
diffuse PAR appear to depend on zenith angle at two  of the sites. At
UMBS, the influence of diffuse PAR on GPPr is greatest in the early

morning and late afternoon (zenith angles 61–75◦) and decreases
at mid-day (zenith angles 16–45◦). At Howland Forest Reference,
the response to zenith angle differs and the influence of diffuse
PAR on GPPr generally increases as the day continues and is highest

76-100 61-75 46-60 31-45 16-30 31-45 46-60 61-75 76-100

0.000

0.005

0.010

0.015

0.020

0.025

Zenith Angle ( °)

D
iff

us
e 

PA
R

 

UMBS
Morgan Monroe
Howland Forest Reference

AM PM

Fig. 3. Diurnal patterns in diffuse PAR ! estimates for unmanaged forests across zenith angles from a multiple linear regression that includes VPD and air temperature as
covariates (Eq. (4)). Error bars indicate one standard error. Only  ̌ estimates with p < 6.02 × 10−4 (Bonferroni-corrected critical value) are plotted.

Cheng et al., 2015



Relative trend in GPP from upscaling observational 
constraints is ~4x weaker than CLM4.5



CLM4.5 shows different sensitivity to diffuse light than 
FLUXNET sites with observational constraints

Howland MM UMBS Mead
0

0.005

0.01

0.015

0.02

`

CLM4.5!
Cheng



Discussion 

CLM4.5 shows reduction in 
photosynthesis in response to 
SO2 emissions reductions, albeit 
a larger decrease than 
FLUXNET!
!
Response of CLM4.5 to diffuse 
radiation reductions is 
significantly smaller than 
previously reported values!
!

Example: 
Reduce 

absorbing 
aerosol. 

Example: 
Reduce 

scattering 
aerosol. 

Continuing to develop an  upscaling approach for observed 
sensitivities that accounts for errors on drivers!
!


