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A coupled global aerosol–carbon–climate model is applied to assess the impacts of

aerosol physical climate change on the land ecosystem services gross primary

productivity (GPP) and net primary productivity (NPP) in the 1996–2005 period. Aerosol

impacts are quantified on an annual mean basis relative to the hypothetical aerosol-free

world in 1996–2005, the global climate state in the absence of the historical rise in

aerosol pollution. We examine the separate and combined roles of fast feedbacks

associated with the land and slow feedbacks associated with the ocean. We consider all

fossil fuel, biofuel and biomass burning aerosol emission sources as anthropogenic. The

effective radiative forcing for aerosol–radiation interactions is �0.44 W m�2 and

aerosol–cloud interactions is �1.64 W m�2. Aerosols cool and dry the global climate

system by �0.8 �C and �0.08 mm per day relative to the aerosol-free world. Without

aerosol pollution, human-induced global warming since the preindustrial would have

already exceeded the 1.5 �C aspirational limit set in the Paris Agreement by the 1996–

2005 decade. Aerosol climate impacts on the global average land ecosystem services

are small due to large opposite sign effects in the tropical and boreal biomes. Aerosol

slow feedbacks associated with the ocean strongly dominate impacts in the Amazon

and North American Boreal. Aerosol cooling of the Amazon by �1.2 �C drives NPP

increases of 8% or +0.76 � 0.61 PgC per year, a 5–10 times larger impact than

estimates of diffuse radiation fertilization by biomass burning aerosol in this region. The

North American Boreal suffers GPP and NPP decreases of 35% due to aerosol-induced

cooling and drying (�1.6 �C, �0.14 mm per day). Aerosol–land feedbacks play a larger

role in the eastern US and Central Africa. Our study identifies an eco-climate

teleconnection in the polluted earth system: the rise of the northern hemisphere mid-

latitude reflective aerosol pollution layer causes long range cooling that protects

Amazon NPP by 8% and suppresses boreal NPP by 35%.
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1. Introduction

Gross primary productivity (GPP) is the amount of carbon dioxide (CO2) removed
from the atmosphere by photosynthesis every year. GPP drives the global carbon
cycle and is the basis of all food production on planet Earth. Net primary
productivity (NPP), the difference between GPP and plant autotrophic respiration
(Ra), provides a useful indicator of land carbon uptake and ecosystem health. GPP
and NPP are estimated to be about 120 PgC per year1 and 63 PgC per year,2

respectively. Understanding human impacts on the land ecosystem services GPP
and NPP is critical for sustainable use of the land biosphere and future climate
safety. Plant isoprene emission is an abiotic stress function related to the
protection of photosynthetic capacity during high temperatures.3–5 Isoprene is
produced in the chloroplast from precursors formed during photosynthesis. The
estimated global source of isoprene from plants to the atmosphere is about 0.5
PgC per year.6

GPP, NPP and isoprene emission have differing and complex sensitivities to
physical climate change.7 Land carbon–climate feedbacks are the subject of
intensive research8–11 because future global and regional climate change over the
21st century depends on the rate at which anthropogenic CO2 emissions are
removed from the atmosphere by the land carbon sink.10 At the global-scale, GPP
decreases with rising temperature, which contributes to the negative land
carbon–climate feedback sensitivity estimated to be �58.4 � 28.5 PgC per �C.12 In
tropical and temperate ecosystems, the land carbon storage has a negative rela-
tionship with increasing temperature, in contrast to boreal ecosystems that have
a strong positive relationship.7 Precipitation controls GPP in more than 40% of
vegetated land, and radiation control plays an important role in boreal ecosys-
tems.1,13 The isoprene response to physical climate change must reect a signa-
ture of the GPP response.14,15 However, isoprene emission has higher temperature
and light optimums than photosynthesis, such that at high leaf temperature and
light exposures, the rate of isoprene production and photosynthesis are inversely
correlated.16,17 This behavior of isoprene emission suggests an increase in
a warmer physical climate state.18

Human activities since the industrial and agricultural revolutions have led to
an increase in aerosol loading concentrated in the NH mid-latitudes and over
tropical biomass burning regions. Globally, this aerosol pollution is estimated to
cause about 3.3 million premature deaths per year worldwide.19 The rise of
atmospheric aerosols through the industrial era has altered the global physical
climate state in distinctly different ways from CO2 and the other well-mixed
greenhouse gases (WMGHGs).20 In the initial step, anthropogenic aerosols
interact with the atmospheric radiation budget; most anthropogenic aerosol
particles (sulfate, nitrate, organic carbon) scatter solar radiation back to space
and lead to net global cooling, while black carbon absorbs solar radiation and
warms the planet.21 Aerosols modify cloud properties by affecting cloud micro-
physical processes.20 Then, as the earth system responds to the radiative energy
imbalance imposed by the atmospheric aerosol loading, physical climate change
occurs on a range of spatiotemporal scales. Aerosol-induced physical climate
change can broadly be separated into: (i) fast feedbacks associated with the land–
atmosphere system adjusting to the aerosol radiative perturbation (days to years)
122 | Faraday Discuss., 2017, 200, 121–142 This journal is © The Royal Society of Chemistry 2017
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and (ii) slow feedbacks associated with the ocean–atmosphere system adjusting to
the aerosol radiative perturbation (decades to centuries). The combined response
is not expected to be the exact linear sum of (i) and (ii) due to dynamical coupling
mechanisms between land, atmosphere and ocean. The land–atmosphere fast
feedbacks are equivalent to the effective radiative forcing (ERF) dened in the
IPCC AR5.21 ERF is the change in net top of the atmosphere (TOA) downward
radiative ux aer allowing for atmospheric and land temperatures, water vapor
and clouds to adjust. ERF is calculated by xing sea surface temperatures (SSTs)
and sea ice cover at climatological values while allowing all other parts of the
system (land–atmosphere) to respond until reaching steady state.

Incorporating both land and ocean feedbacks, global climate models suggest
that anthropogenic aerosols have cooled the global temperature by about 1 �C
relative to the preindustrial,22,23 masking approximately 50% of the global
warming caused by carbon dioxide (CO2) and other WMGHGs.24,25 Aerosols have
larger impacts on regional precipitation changes than WMGHGs, but the effects
tend to be model dependent.26,27 A robust impact of the interhemispheric asym-
metry in net reective aerosol radiative forcing, which is concentrated in the
northern hemisphere (NH), is the shi in tropical precipitation toward the rela-
tively warming southern hemisphere (SH).28

Even though aerosols impose a large cooling effect on the global climate state
today, effectively restraining CO2-induced global warming, the impacts and
relevance for land ecosystem services are not well understood. A few global
coupled climate–carbon cycle modeling studies begin to isolate aerosol physical
climate change effects on the global carbon cycle.29–32 Simulations with the
HadCM3 Earth System Model suggested vegetation carbon increases of 0.5 to 6
kgC m�2 in the Amazon, and decreases of �0.5 to �3 kgC m�2 in the boreal zone,
for the 1970–2000 average period, due to sulfate aerosol cooling.29 Applying the
same model framework, Cox et al. found that future reductions over the coming
century in reective aerosol pollution in the NHmid-latitudes increase the risk of
severe drought conditions in the Amazon, similar to those experienced in 2005.30

The dominant impact of aerosols on the carbon cycle likely occurs through
cooling the climate, which acts to increase the land and ocean carbon sinks, and
represents an indirect CO2 radiative forcing of �0.02 to �0.24 W m�2.32

Most research to date on aerosol–carbon cycle interactions focuses on aerosol
diffuse radiation fertilization rather than global cooling.33–41 For example, a recent
study suggested that biomass burning aerosols in the Amazon increase the
annual mean diffuse light and NPP by 3.4–6.8% and 1.4–2.8%, respectively.39

Similarly, Strada and Unger (2016) found that biomass burning aerosols increase
annual GPP by 2–5% in the Amazon and that anthropogenic aerosols enhance
annual GPP by 5–8% in the eastern United States (US).40 The model framework
included bio-meteorological feedbacks from the aerosol-inuenced vegetation
physiology, but used xed canopy structures and phenology. It is not possible to
change the light environment without altering the climatic conditions.

The Coupled Model Intercomparison Project (CMIP) land carbon–climate
experimental design is based on 1% per year increases in CO2 and does not
consider anthropogenic aerosols. Trends and attribution studies apply meteoro-
logical reanalysis data that embeds both WMGHG and aerosol inuences.2 Since
aerosols have fundamentally different impacts on surface radiation, temperature
and precipitation than CO2 and WMGHGs, and given the probable future aerosol
This journal is © The Royal Society of Chemistry 2017 Faraday Discuss., 2017, 200, 121–142 | 123
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removal due to public health concerns, there is a need to improve understanding
of aerosol climate change impacts on land ecosystem services. This study employs
the NASA ModelE2-YIBs global aerosol–carbon–climate model42 to quantify the
impacts of persistent anthropogenic aerosol forcing on the land ecosystem
services: GPP, Ra, NPP, and isoprene emission. The study period is the 1996–2005
decadal average. We dene the “aerosol-free”world as the hypothetical 1996–2005
global climate state in the absence of the historical rise in anthropogenic aerosol
loading. Aerosol impacts are analyzed relative to this aerosol-free world, not the
preindustrial. The goals are to assess the separate roles of the fast feedbacks
associated with the aerosol-induced land energy changes, the slow feedbacks
associated with the aerosol-induced ocean energy changes, and the combined
inuences of the land and ocean feedbacks. The model incorporates interactive
oxidants and aerosols, physical climate, and dynamic land carbon allocation and
phenology, such that land ecosystem structure and the atmospheric aerosol
composition coevolve. This study does not address anthropogenic changes in
dust aerosol or the biogeochemical impacts of aerosol deposition on the land
biosphere.31 The model does not include permafrost carbon.

2. Methods
2.1 NASA ModelE2-YIBs aerosol–carbon–climate model

The Yale Interactive Terrestrial Biosphere Model (YIBs) has been embedded
inside the NASA ModelE2 global aerosol–climate model43 in a framework known
as NASA ModelE2-YIBs.42 The framework fully integrates the land carbon–
oxidant–aerosol system such that these components interact with each other and
with the physics of the climate model. Simulated meteorological and hydrological
variables have been validated against observations and reanalysis products.43

Simulated surface solar radiation demonstrates the lowest model-to-observation
biases compared with 20 other IPCC-class global climate models.44 The global
climate model provides the meteorological drivers to YIBs, and the land-surface
hydrology submodel provides the grid cell level soil characteristics. This study
applies 2� � 2.5� latitude by longitude horizontal resolution with 40-vertical layers
extending to 0.1 hPa. The vegetation is described using 8 ecosystem types: tundra,
C3 grassland, C4 grassland, shrubland, deciduous broadleaf forest, evergreen
needleleaf forest, tropical rainforest, and C3 cropland. We use the satellite-
derived global vegetation cover dataset for the present day from the Commu-
nity Land Model (CLM) that is based on retrievals from both the Moderate
Resolution Imaging Spectroradiometer (MODIS) and the Advanced Very High
Resolution Radiometer (AVHRR).45

2.1.1 The Yale Interactive Terrestrial Biosphere Model (YIBs). YIBs simulates
dynamic land carbon assimilation, allocation, and autotrophic and heterotrophic
respiration. YIBs biophysics applies the Farquhar, Ball, and Berry coupled
photosynthesis and stomatal conductance leaf models for C3 and C4 plants.46–48

The model vertically straties each canopy into diffuse and direct light levels
using an adaptive number of layers (typically 2–16).49 The assimilated carbon is
dynamically allocated and stored to support leaf development (changes in leaf
area index, LAI) and tree growth. Dynamic daily LAI is simulated based on carbon
allocation and temperature- and drought-dependent prognostic phenology.42

YIBs incorporates 2 isoprene emission algorithms: (1) ISO-P: isoprene emission is
124 | Faraday Discuss., 2017, 200, 121–142 This journal is © The Royal Society of Chemistry 2017
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calculated as a function of electron transport-limited photosynthesis, intercel-
lular and atmospheric CO2 and canopy temperature;50 and (2) ISO-M: isoprene
emission is calculated using empirical functions of canopy temperature and light
commonly applied in The Model of Emissions of Gases and Aerosols from Nature
(MEGAN).6 MEGAN is the most widely used system for estimating isoprene
emissions from terrestrial ecosystems. The YIBs model has been benchmarked
and evaluated using land carbon ux measurements from 145 ux tower sites and
multiple satellite products.42,51,52 At the site level, YIBs simulates reasonable sea-
sonality (correlation coefficient R > 0.8) of gross primary productivity (GPP) at 121
out of 145 sites with biases inmagnitude ranging from�19% to 7% depending on
ecosystem type.52

2.1.2 NASAModelE2 aerosol–climate model. Themass-based aerosol module
includes simulation of sulfate, black carbon, primary organic matter, nitrate,
biogenic secondary organic aerosol (BSOA), sea-salt, and mineral dust.43 NOx-
dependent BSOA production from the oxidation of biogenic volatile organic
compound (BVOC) emissions (isoprene, monoterpene and other VOCs) is calcu-
lated using a 2-product scheme that describes partitioning of semi-volatile
compounds between the gas and aerosol phases depending on their volatility
and pre-existing carbonaceous aerosol availability.53,54 Aerosols are treated as
externally mixed and have prescribed size and optical properties. The aerosol
optical thickness and radiative forcing calculations are based on Mie code
embedded in the GCM. Sulfate, nitrate and BSOA radiative parameters (including
particle size, density and refractive index) depend on relative humidity, and
include formulation for deliquescence.55 Effective radii (dry) are assumed to be
0.15 mm for sulfate and nitrate, and 0.2 mm for BSOA. The impact of the rst
aerosol indirect effect on clouds is parameterized according to a simple budget of
unactivated cloud condensation nuclei.56 On-line aerosols provide surfaces for
chemical reactions and inuence photolysis rates, and on-line oxidants affect
photochemical formation of secondary aerosols. Tropospheric oxidation chem-
istry includes NOx–HOx–Ox–CO–CH4 chemistry as well as peroxyacyl nitrates and
the hydrocarbons: isoprene, terpenes, alkyl nitrates, aldehydes, alkenes, and
paraffins. The gas-phase chemical oxidation scheme includes 156 chemical
reactions among 51 species. Photolysis rates are calculated using the Fast-J2
scheme,57 which takes into account the model distribution of clouds, aerosols
and ozone.58 The present-day atmospheric composition model has been well
tested against observations and compared with other models.59–62 NASA ModelE2-
YIBs simulated aerosol optical depth (AOD) demonstrates skill in comparison
against MODIS AOD (R ¼ 0.7 and RMSE ¼ 0.05); global boreal summer average
agreement is as high as R ¼ 0.8 and RMSE ¼ 0.06.40
2.2 Simulations

A total of 4 fully coupled land–atmosphere time-slice simulations are performed
in which the land ecosystem structure and atmospheric composition coevolve
(Table 1). All simulations allow the online interactive aerosols to impact atmo-
spheric radiation and inuence dynamics and meteorology. A present day control
simulation (CTRL) applies observed decadal average (1996–2005) monthly varying
sea surface temperatures (SSTs) and sea ice elds from the Hadley Centre Sea Ice
and Sea Surface Temperature data set (HadISST).63 Anthropogenic and biomass
This journal is © The Royal Society of Chemistry 2017 Faraday Discuss., 2017, 200, 121–142 | 125
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Table 1 Summary of simulation experiments

Name

SSTs and sea ice 1996–2005
monthly varying decadal
average

Anthropogenic and
biomass
burning precursor
emissions year 2000 Purpose of [CTRL � Sim0X]

CTRL HadISST obs Yes N/A
Sim01 HadISST obs No Isolate impacts of aerosol

fast feedbacks “AEROSOL–
LAND”

Sim02 HadISST obs + CMIP5
[histGHG � histALL]
anomalies

Yes Isolate impacts of aerosol
slow feedbacks “AEROSOL–
OCEAN”

Sim03 HadISST obs + CMIP5
[histGHG � histALL]
anomalies

No Isolate impacts of aerosol
fast + slow feedbacks
“AEROSOL–ALL”
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burning emissions of reactive gases and aerosols are from the IPCC AR5 global
gridded inventory for the year 2000.64 WMGHG concentrations are prescribed to
year 2000 values in the radiation submodel (CO2 ¼ 369 ppmv; N2O ¼ 316 ppbv;
CH4 ¼ 1774 ppbv). Atmospheric CO2 is held constant at 369 ppmv in YIBs. In the
atmospheric composition submodel, CH4 is prescribed to 1814 ppbv in the NH
and 1733 ppbv in the SH. A sensitivity simulation (Sim01) is performed that is
identical to CTRL but removes all anthropogenic and biomass burning emissions
of short-lived gases and aerosols.

Next, SST and sea ice elds are constructed that represent today’s global
climate state in the absence of the historical rise in anthropogenic aerosols. The
CMIP5 provided a set of past transient simulations integrated from 1850 to 2005:
(i) “histALL” includes all transient anthropogenic and natural forcings; (ii)
“histGHG” includes transient forcings of WMGHGs. We extract decadal average
(1996–2005) monthly varying SSTs and sea ice residual anomalies [histGHG
minus histALL] from 10 CMIP5 models that incorporated prognostic cloud
microphysics and aerosol–cloud microphysics interactions.28 This method has
been used in previous CMIP5-based analyses because the aerosol radiative forcing
is 3–4 times larger than other non-WMGHGs, and the climate responses to
forcings are approximately linearly additive.28,65,66 The residual anomalies are
added to the 1996–2005 observed HadISST SST and sea ice elds. A second
sensitivity simulation (Sim02) is performed that is identical to CTRL except forced
with the modied SST and sea ice elds. A nal sensitivity simulation (Sim03) is
performed that is identical to Sim02 except removes all anthropogenic and
biomass burning emissions of short-lived gases and aerosols.

All simulations are run for 40 years to allow the land–atmosphere climate state
and aboveground carbon to reach steady state. The last 20 years are averaged for
analyses. The difference [CTRL minus Sim01] isolates the fast feedback aerosol
climate change effects associated with the land–atmosphere system, referred to as
“AEROSOL–LAND”; the difference [CTRLminus Sim02] isolates the slow feedback
aerosol climate change effects associated with the ocean–atmosphere system,
referred to as “AEROSOL–OCEAN”; the difference [CTRL minus Sim03] isolates
the aerosol climate change effects associated with both the land–atmosphere and
126 | Faraday Discuss., 2017, 200, 121–142 This journal is © The Royal Society of Chemistry 2017
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ocean–atmosphere systems combined referred to as “AEROSOL–ALL”. For all
cases, vegetation physiology, leaf phenology and land carbon allocation respond
to the aerosol-induced climate change. The standard deviations of the aerosol
impacts are calculated based on interannual climate variability for n ¼ 20 model
years. We present results that are statistically signicant at 95% condence level.
3. Results
3.1 Aerosol radiative effects at TOA

The total ERF for aerosol–radiation interactions is �0.44 � 0.03 W m�2, close to
the IPCC AR5 estimate of �0.45 � 0.5 W m�2 for preindustrial to present day
changes.21 Individual ERFs for aerosol–radiation interactions are: sulfate ¼
�0.32 W m�2; nitrate ¼ �0.17 W m�2; fossil and biofuel black carbon ¼ 0.20 W
m�2; fossil and biofuel organic carbon ¼ �0.06 W m�2; biomass burning black
carbon ¼ 0.13 W m�2; biomass burning organic carbon ¼ �0.11 W m�2.
Anthropogenic short-lived pollution emissions drive a BSOA ERF of�0.10 Wm�2.
Thus, the presence of anthropogenic aerosol pollution in the climate system
causes an increased loading of BSOA, discussed further in Section 3.5.54,67 The
standard deviation of ERFs based on interannual variability is less than 5% for all
aerosols, except for BSOA (�30%). Using the calculated changes in the net solar
and thermal radiation at TOA, we estimate the total ERF for aerosol–cloud
interactions to be �1.64 � 0.25 W m�2, slightly larger than a median estimate of
�1.4 Wm�2 provided by the IPCC AR5 based on 14 published studies since AR4.20

This discrepancy occurs because the present model includes aerosol interactions
with liquid-phase clouds only, and neglects possible interactions with mixed-
phase and ice clouds. In summary, the model provides a realistic interactive
global distribution and forcing of scattering and absorbing aerosols from human
activities.
3.2 Aerosol impacts on surface visible radiation

Annual average impacts of anthropogenic aerosols on the direct, diffuse and total
surface visible radiation are shown for the 3 feedback cases in Fig. 1. AEROSOL–
LAND feedbacks govern the changes to surface radiation. The aerosol-induced
changes in the quantity and quality of surface radiation are concentrated
around the industrial pollution and biomass burning land regions. At the global-
scale, aerosols decrease annual average direct surface visible radiation by 8.73 �
0.40 W m�2 (�11%) and increase diffuse surface visible radiation by 2.32 �
0.52 W m�2 (1–2%), resulting in a change to total surface visible radiation of
�6.42 � 0.33 W m�2 (�3%) in good agreement with other estimates.68

We dene 4 key land regions for further analyses shown in Fig. 1: Amazon
(53W–75W; 10S–5N), Central West Africa, CW-Africa (10–25E; 10S–10N), Eastern
US, E-US (70–95W; 30–50 N) and North American Boreal, NA-Boreal (60W–165W;
56N–73N). Fig. 2 presents a summary of the annual average regional changes to
surface visible radiation. In the Amazon, aerosols decrease annual average direct
surface visible radiation by 11.04 � 0.97 W m�2 (�11%), increase diffuse surface
visible radiation by 2.11 � 1.42 W m�2 (2%), and decrease total surface visible
radiation by 8.93� 1.04 Wm�2 (�4%). Larger reductions in annual average direct
surface visible radiation occur in CW-Africa of �23.49 � 1.06 W m�2 (�36%)
This journal is © The Royal Society of Chemistry 2017 Faraday Discuss., 2017, 200, 121–142 | 127
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Fig. 1 Spatial distribution of annual average aerosol impacts on direct, diffuse and total
visible radiation at the surface for the 3 feedback cases relative to aerosol-free world in
1996–2005 (Wm�2). Dots indicate areas where aerosol impacts are statistically significant
at the 95% confidence level. The 4 key regions are defined in the top left panel: Amazon,
Central West Africa (CW-Africa), Eastern US (E-US), and North American Boreal (NA-
Boreal).
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accompanied by a decrease in diffuse surface visible radiation by 1.50 � 1.47 W
m�2 (�1%) resulting in a change to total surface visible radiation of �24.99 �
1.01 Wm�2 (�13%). These reductions are predominantly due to the large loading
of absorbing biomass burning aerosol in this region. The E-US experiences
stronger conversion of direct to diffuse light than tropical regions. Aerosols
decrease annual average direct surface visible radiation by 22.33 � 2.16 W m�2

(�28%) and increase diffuse surface visible radiation by 7.70 � 3.53 W m�2 (5%)
resulting in a change to total surface visible radiation of �14.63 � 2.80 W m�2

(�7%). In NA-Boreal, aerosols decrease annual average direct surface visible
radiation by 9.29 � 1.40 W m�2 (�19%) and increase diffuse surface visible
radiation by 4.91 � 2.66 W m�2 (3%) resulting in a change to total surface visible
radiation of �4.39 � 2.26 W m�2 (�2%). The largest absolute and fractional
increases in diffuse radiation due to aerosols occur in E-US and NA-Boreal.
3.3 Aerosol impacts on surface climate

Fig. 3 shows the annual average aerosol impacts on surface air temperature (SAT),
canopy temperature (CanT) and precipitation for the 3 feedback cases relative to
the aerosol-free world in 1996–2005. Aerosols are cooling and drying the global
climate state. Global annual average SAT is decreased by 0.78 � 0.04 �C, CanT by
1.26 � 0.11 �C, and precipitation by 0.08 � 0.01 mm per day. At the global-scale,
AEROSOL–OCEAN feedbacks dominate the aerosol effects on surface climate.
NASA GISTEMP indicates that global warming in 1996–2005 relative to 1880–1889
was already 0.75 �C.69 Therefore, we estimate that without the simultaneous rise
128 | Faraday Discuss., 2017, 200, 121–142 This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Summary of annual average aerosol impacts on direct, diffuse and total visible
radiation in 4 key regions and globally for the 3 feedback cases relative to aerosol free
world in 1996–2005 (W m�2). Vertical axes have different scales. Error bars represent �1
standard deviation due to interannual variability in the climate model calculated as stan-
dard error of the mean based on 20 model years.
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Fig. 3 Spatial distribution of annual average aerosol impacts on surface air temperature
(SAT, �C), canopy temperature (CanT, �C), and precipitation (mm per day) for the 3
feedback cases relative to aerosol-free world in 1996–2005. Dots indicate areas where
aerosol impacts are statistically significant at the 95% confidence level.
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of anthropogenic aerosols, human-induced global warming would have exceeded
1.5 �C, the aspirational limit set in the Paris Agreement, more than a decade ago.

Aerosol feedbacks from energy exchange with the ocean drive strong cooling in
the NH high-latitudes and over land masses, essentially the reverse of regional
patterns in CO2-induced warming. AEROSOL–LAND feedbacks drive weaker
cooling that is widespread over the NH mid-latitude continents. Aerosols cause
cooler canopies across global ecosystems that mirror changes in SAT. The aerosol-
driven shi in large-scale tropical precipitation from the NH into the SH agrees
quantitatively with a previously published estimate.28 This meridional shi in the
intertropical convergence zone (ITCZ) occurs in order to restore the vertically
integrated atmospheric energy budget in response to an anomalous energy
imbalance imposed in one hemisphere. The Hadley circulation anomaly mani-
fests as a shi in the ITCZ tropical rain belt toward the warmer hemisphere.70–72

Regionally, annual average aerosol-induced changes in surface climate are
much larger than the global impacts (Fig. 4). For SAT, CanT and precipitation, the
linear sum of AEROSOL–LAND and AEROSOL–OCEAN is within 10% of AERO-
SOL–ALL for all regions except CW-Africa and E-US. Aerosols decrease annual
average SAT in the Amazon, CW-Africa, E-US and NA-Boreal by 1.17� 0.29 �C, 0.80
� 0.11 �C, 1.49 � 0.64 �C, 1.61 � 0.64 �C, respectively. The regional cooling in the
Amazon, CW-Africa and NA-Boreal is mainly caused by AEROSOL–OCEAN feed-
backs. In the E-US the relative role of AEROSOL–LAND versus AEROSOL–OCEAN
in causing the annual average surface cooling is 35 : 65%.

Aerosols cause substantial drying in CW-Africa (�0.33 � 0.12 mm per day;
�10%), E-US (�0.14 � 0.22 mm per day; �5%) and NA-Boreal (�0.14 � 0.09 mm
per day; �9%). In the Amazon, aerosols do not have a statistically signicant
130 | Faraday Discuss., 2017, 200, 121–142 This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Summary of annual average aerosol impacts on surface air temperature (SAT, �C),
canopy temperature (CanT, �C), and precipitation (mm per day) in 4 key regions and
globally for the 3 feedback cases relative to aerosol-free world in 1996–2005. Vertical axes
have different scales. Error bars represent �1 standard deviation due to interannual vari-
ability in the climate model calculated as standard error of the mean based on 20 model
years.
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effect on annual precipitation relative to interannual climate variability. However,
separately, AEROSOL–LAND feedbacks decrease precipitation by 0.16 � 0.26 mm
per day (�3%), while AEROSOL–OCEAN feedbacks increase precipitation by 0.31
� 0.25 (6%). For both the tropical regions, AEROSOL–LAND (drying) and AERO-
SOL–OCEAN (wetting) feedbacks have opposite sign impacts on precipitation. In
CW-Africa, the strong drying is controlled by AEROSOL–LAND feedbacks (Fig. 3).
The large reduction in surface visible radiation (Section 3.2) reduces surface
evaporation. In addition, atmospheric heating from black carbon aerosols
stabilizes the atmospheric column and reduces convection. In NA-Boreal, the
drying is driven by AEROSOL–OCEAN feedbacks.
3.4 Aerosol climate change impacts on GPP, Ra and NPP

In CTRL, the global mean annual average GPP ¼ 125.7 � 1.5 PgC per year; Ra ¼
61.5� 0.5 PgC per year; and NPP¼ 64.1� 1.0 PgC per year. Soil respiration is 62.3
� 0.8 PgC per year and NEP is �1.83 � 0.54 PgC per year. The simulated CTRL
land carbon uxes for 1996–2005 are fully consistent with ensemble means from
a recent multi-model assessment for the period 1990–2009.2 At the global scale,
relative to the aerosol-free world in 1996–2005, aerosol climate impacts on the
land ecosystem services are small due to strongly contrasting sign responses in
the tropical and boreal biomes (Fig. 5). Spatially, aerosol impacts on Ra and NPP
are similar to the GPP responses (Fig. 5). The global-average impacts result in
small reductions in GPP of�2.4� 2.0 PgC per year (�2%), in Ra of�2.4� 0.7 PgC
per year (�4%), and no statistically signicant impact on NPP. This nding is in
Fig. 5 Spatial distribution of annual average aerosol climate impacts on land ecosystem
services (GPP, Ra, and NPP) for the 3 feedback cases relative to aerosol-free world in
1996–2005 (gC per m2 per day; m2 refers to area of vegetated land). Dots indicate areas
where aerosol impacts are statistically significant at the 95% confidence level. The 4 key
regions are defined in the top left panel: Amazon, Central West Africa (CW-Africa), Eastern
US (E-US), and North American Boreal (NA-Boreal).
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agreement with a previous study using CCSM3.1, which concluded that aerosols
do not signicantly impact the globally averaged carbon cycle.31

Yet, the global-average results conceal substantial opposing regional impacts
on land ecosystem services (Fig. 6). In the Amazon, aerosol cooling drives
increases in GPP (0.36 � 0.30 gC per m2 per day; 4%), net impacts on Ra are tiny
(�1%), resulting in a boost to NPP of 0.30 � 0.25 gC per m2 per day (8%). Inte-
grating over the Amazon Basin, this enhancement in plant productivity amounts
to about 0.76 � 0.61 PgC per year, a ux of comparable magnitude to anthropo-
genic CO2 emissions from global land use change.73 The Amazon NPP boost from
aerosol global cooling is 5–10 times larger than the NPP enhancement of 0.078 to
0.156 PgC per year from localized aerosol diffuse radiation fertilization.39 We nd
that an eco-climate teleconnection from the rise in the NH mid-latitude aerosol
pollution band is the protection of Amazon land ecosystem services. Long-term
AEROSOL–OCEAN feedbacks control this benet to Amazon ecosystem health.

A different tropical regime emerges in CW-Africa where AEROSOL–LAND
feedbacks control the overall aerosol impacts on land ecosystem services.
Potential benets to plant productivity from regional aerosol cooling associated
with AEROSOL–OCEAN feedbacks are offset by strong reductions in surface
visible radiation and drying associated with AEROSOL–LAND feedbacks. In this
region, aerosols dampen GPP with decreases of 0.23 � 0.17 gC per m2 per day
(�3%), and Ra with decreases of 0.17� 0.06 gC per m2 per day (�5%), resulting in
no statistically signicant impact on NPP.

In the E-US temperate zone, aerosol climate effects do not signicantly impact
GPP and Ra relative to interannual climate variability, but result in NPP
enhancements of 0.14 � 0.22 gC per m2 per day (6%). At the same time, aerosols
decrease the growing season length by 5.1 days relative to the aerosol-free world.
Our results suggest that the NPP enhancements are mostly associated with
AEROSOL–LAND feedbacks: aerosol diffuse radiation increase of 5% and aerosol
cooling outweigh the detrimental effects of slight regional drying, leading to the
net NPP enhancement.

The strong aerosol-induced cooling and drying in the NA-Boreal region, driven
mainly by AEROSOL–OCEAN feedbacks, leads to the largest fractional changes in
land ecosystem services of all the regions. Opposite to the Amazon where the
cooling supports GPP and NPP enhancements, the aerosol cooling and drying in
NA-Boreal results in GPP decreases of 0.27 � 0.06 gC per m2 per day (�35%), Ra
decreases of 0.08 � 0.02 gC per m2 per day (�32%), and NPP decreases of 0.19 �
0.05 gC per m2 per day (�37%), relative to the aerosol-free world. Integrating over
the NA-Boreal region, the aerosol-driven dampening of plant productivity
amounts to �0.45 � 0.11 PgC per year.
3.5 Aerosol climate change impacts on isoprene emission

In CTRL, the global mean annual average ISO-P ¼ 410.8 � 4.8 TgC per year and
ISO-M ¼ 381.9 � 2.4 TgC per year. The simulated global source functions are at
the low end of the range of previous estimates.6 At the global-scale, aerosol
cooling of the climate state reduces ISO-P by �30.5 � 7.0 TgC per year (�7%) and
ISO-M by �45.9 � 4.7 TgC per year (�12%). ISO-P changes follow those of GPP,
temperature and surface radiation, while ISO-M is more directly related to
This journal is © The Royal Society of Chemistry 2017 Faraday Discuss., 2017, 200, 121–142 | 133
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Fig. 6 Summary of annual average aerosol climate impacts on land ecosystem services
(GPP, Ra, and NPP) in 4 key regions and globally for the 3 feedback cases relative to
aerosol-free world in 1996–2005 (gC per m2 per day; m2 refers to area of vegetated land).
Vertical axes have different scales. Error bars represent �1 standard deviation due to
interannual variability in the climate model calculated as standard error of the mean based
on 20 model years.
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Fig. 7 Spatial distribution of annual average aerosol climate impacts on isoprene emission
for 2 emission models (ISO-P and ISO-M) for the 3 feedback cases relative to aerosol-free
world in 1996–2005 (mgC per m2 per day; m2 refers to area of vegetated land). Dots
indicate areas where aerosol impacts are statistically significant at the 95% confidence
level.
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temperature and surface radiation changes (Fig. 7). Aerosol impacts on plant
productivity inuence ISO-M indirectly through changes to LAI.

Regional responses are summarized in Fig. 8. In the Amazon, ISO-P is not
signicantly altered by aerosols relative to interannual climate variability.
Aerosol-induced GPP increases, which tend to drive increases in ISO-P, are offset
by the effects of regional cooling on isoprene emission. For example, AEROSOL–
LAND decreases ISO-P by 1.62 � 1.28 mgC per m2 per day (�4%) and AEROSOL–
OCEAN increases ISO-P by 1.77 � 1.41 mgC per m2 per day (4%). The ISO-M
algorithm suggests strong decreases in Amazon isoprene emission of 4.32 �
1.23 mgC per m2 per day (�11%) in direct response to aerosol cooling, dominated
by AEROSOL–OCEAN feedbacks in this region. In CW-Africa, the strong reduction
in surface visible radiation predominantly due to AEROSOL–LAND feedbacks
results in overall similar responses of isoprene emission algorithms to the aerosol
effects in this region: ISO-P decreases by 2.86 � 0.59 mgC per m2 per day (�11%)
and ISO-M by 3.56 � 0.39 mgC per m2 per day (�13%). In the E-US, ISO-P is
decreased by 1.14 � 0.98 mgC per m2 per day (�9%), even though NPP increases
by 6% in this region. ISO-M is reduced by 1.76� 0.84 mgC per m2 per day (�17%).
This journal is © The Royal Society of Chemistry 2017 Faraday Discuss., 2017, 200, 121–142 | 135
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Fig. 8 Summary of annual average aerosol climate impacts on isoprene emission for 2
emission models (ISO-P and ISO-M) in 4 key regions and globally for the 3 feedback cases
relative to aerosol-free world in 1996–2005 (mgC per m2 per day; m2 refers to area of
vegetated land). Vertical axes have different scales. Error bars represent �1 standard
deviation due to interannual variability in the climate model calculated as standard error of
the mean based on 20 model years.
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Here, aerosol regional dimming and cooling drive the isoprene reductions in both
algorithms. At higher latitudes in the NA-Boreal, ISO-P is decreased by 0.38� 0.09
mgC per m2 per day (�56%) while ISO-M is decreased by 0.17 � 0.08 mgC per m2

per day (�30%). The larger response in ISO-P reects the additional role of the
decreases in GPP on top of the direct effects of the cooling.

The aerosol-induced reductions in isoprene emission (and monoterpene
emission, not shown) are expected to cause a decrease in the BSOA loading rep-
resenting a negative climate feedback. Despite these aerosol-induced reductions
in the BVOC precursor source emissions of BSOA, in fact, anthropogenic pollution
causes an overall increase in the BSOA loading (�0.10Wm�2). The dependence of
the BSOA production on the pre-existing organic aerosol availability from fossil,
biofuel and biomass burning sources completely offsets the impacts of reduced
BVOCs and results in an overall increase in BSOA loading in response to
136 | Faraday Discuss., 2017, 200, 121–142 This journal is © The Royal Society of Chemistry 2017
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anthropogenic aerosol pollution. Meteorological feedbacks on BSOA production
are smaller. Hence, the anthropogenic–biogenic aerosol feedback is positive
according to this model; anthropogenic air pollution results in an increased
loading of biogenic aerosol.

4. Discussion and conclusions

We applied the NASA ModelE2-YIBs global aerosol–carbon–climate model to
quantify the anthropogenic aerosol climate change effects on GPP, Ra and NPP.
This study considers all fossil fuel, biofuel and biomass burning aerosol sources
as anthropogenic. Our objective was to gain insights into the separate and
combined roles of fast feedbacks associated with the land energy exchange and
slow feedbacks associated with the ocean energy exchange. We present our
annual average aerosol impact results for the 1996–2005 world relative to the
hypothetical 1996–2005 world in the absence of the historical rise in aerosol
pollution. Globally, we nd that aerosols decrease direct and total surface visible
radiation by �11% and �3%, respectively, and increase diffuse light by 1–2%.
Relative to the aerosol-free world, aerosols cool and dry the global climate system
by about �0.8 �C and �0.08 mm per day. At the global-scale, aerosol climate
effects on GPP, Ra and NPP are small due to strongly contrasting large effects in
tropical and boreal biomes. To rst order, aerosol climate effects in different
biomes are the reverse of CO2 climate effects:7 increases (decreases) in tropical
and temperate regions and decreases (increases) in boreal regions. Aerosol slow
feedbacks associated with the ocean strongly dominate impacts in the Amazon
and North American Boreal. Aerosol fast feedbacks associated with the land play
a more important role in the temperate zone and Central Africa where high levels
of aerosols and vegetation are co-located. Aerosol-induced changes in tempera-
ture and precipitation completely overwhelm the impacts of aerosol diffuse
radiation fertilization on land ecosystem services in all regions except the eastern
US and areas in the temperate zone.

Aerosol–ocean energy exchange cools the Amazon by �1.2 �C relative to the
aerosol-free world. This cooling drives GPP increases of 4% and NPP increases of
8%. The Amazon NPP boost, mostly caused by the long-range climate cooling
effect of the NHmid-latitude reective pollution layer that is transmitted through
the ocean, is about 5–10 times larger than estimates of local aerosol diffuse
radiation fertilization due to biomass burning in the region. Conversely, in the
North American Boreal, aerosol-induced cooling and drying (�1.6 �C, �0.14 mm
per day), again mostly through ocean feedbacks, dampen GPP and NPP by about
�35% relative to the aerosol-free world in this region. In the eastern US, aerosol
increases in diffuse radiation of 5% and cooling of �1.5 �C drive NPP increases of
6% relative to the aerosol-free world. We examined impacts on isoprene emission
using 2 conceptually different emission algorithms. Our results suggest global
reductions in isoprene emission of 7–12% mostly driven by aerosol cooling. The
isoprene impact is algorithm dependent in the Amazon region. For the
photosynthesis-dependent isoprene emission model, aerosols have no signicant
impacts on isoprene in the Amazon due to compensating inuences of GPP
increases and cooling. Our results suggest aerosol decreases of �11 to �13% in
Central West Africa,�9 to�17% in the eastern US, and�30 to�56% in the North
American Boreal. Aerosol-induced surface cooling and decreases in isoprene
This journal is © The Royal Society of Chemistry 2017 Faraday Discuss., 2017, 200, 121–142 | 137
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emission imply reductions in high surface ozone episodes relative to the aerosol-
free world.74 Aerosol pollution climate effects have a hidden benet of protecting
humans and ecosystems from worse ozone health damage.

Our analyses have been performed using a single global Earth system model
framework and are subject to uncertainties and limitations. An impact uncer-
tainty measure has been provided relative to interannual climate variability in the
model. Our study focuses on aerosol physical climate forcing and does not
address aerosol deposition of nutrients to land ecosystems. YIBs does not
currently include dynamic C–N coupling, which may potentially lead to enhanced
GPP and NPP climate sensitivities. We do not account for feedbacks from altered
atmospheric CO2 concentrations (“carbon-concentration feedbacks”) due to the
aerosol impacts. However, we speculate that the impacts on global CO2 concen-
tration are likely to be small, especially based on the minor to negligible global
impacts on GPP and NPP. The climate response of soil carbon, and therefore net
ecosystem exchange, is still under experimental investigation and associated with
large uncertainties.

Aggressive air pollution abatement and climate stabilization strategies that
reduce cooling aerosols are essential to protect public health. Yet, our results
suggest that tropical and temperate land ecosystem health is currently beneting
from the rise in aerosol pollution. The only logical conclusion is that efforts to
reduce the atmospheric aerosol increase the urgency to reduce CO2 emissions.
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A. Olsen, T. Ono, F. F. Pérez, B. Pfeil, D. Pierrot, B. Poulter, G. Rehder,
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