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Tropospheric sulphate aerosols (TSAs)may oxidise the photosynthesising tissues if they are taken up by plants. A
parameterisation of this impact of tropospheric sulphate aerosols (TSAs) on the terrestrial gross primary produc-
tion is suggested. This parameterisation is implemented into the global Earth systemmodel developed at the A.M.
Obukhov Institute of the Atmospheric Physics, Russian Academy of Sciences (IAP RAS CM). With this coupled
model, the simulations are performed which are forced by common anthropogenic and natural climate forcings
based on historical reconstructions followed by the RCP 8.5 scenario. The model response to sulphate aerosol
loading is subdivided into the climatic (related to the influence of TSA on the radiative transport in the
atmosphere) and ecological (related to the toxic influence of sulphate aerosol on terrestrial plants) impacts.
We found that the former basically dominates over the latter on a global scale and modifies the responses of
the global vegetation and soil carbon stocks to external forcings by 10%. At a regional scale, however, ecological
impact may be as much important as the climatic one.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

It is broadly accepted now that the atmospheric composition greatly
affects the state of the Earth's climate. In turn, the former depends on
both natural processes and human activities. In particular, atmospheric
aerosols are important for the Earth's climate. Their direct (e.g., related
to scattering and absorption of radiation in the solar and near-infrared
bands, and change of snow albedo due to deposition of black carbon
on snow) and indirect radiative effects (arising because of impact of
hygroscopic aerosols on cloud albedo (Twomey, 1974) and cloud
lifetime (Albrecht, 1989)) are known to modify climate state both at
global and regional scales. Until recently, it was commonly adopted
that scattering aerosols dominate in the total aerosol burden, aerosol
radiative forcing counteracts the ongoing climate warming and leads
to a reduction of precipitation (e.g., Charlson et al., 1992; Mitchell
et al., 1995; Taylor and Penner, 1994; Meehl et al., 1996; Lohmann
and Feichter, 1997; Boer et al., 2000; Bertrand et al., 2002; Jones et al.,
2003a; Volodin and Diansky, 2006; Stendel et al., 2006; Knutson et al.,
2006; Meehl et al., 2006; Eliseev et al., 2007). Recent estimates,
however, concluded that, despite the central estimate for aerosol direct
radiative forcing is negative, its uncertainty range is large and contains
both positive and negative values (Myhre et al., 2013).

Nonetheless, one may speculate on other impacts of aerosols on the
Earth's climate. First, change in climate statemaymodify the state of the
biogeochemical cycles, hence activating a respective feedback loop. In
particular, Jones et al. (2003a) have shown that accounting for the
tropospheric sulphate aerosol in the simulations with the HadCM3L
model leads to significant changes in the terrestrial and oceanic carbon
uptakes and in the vegetation and soil carbon stocks.

In addition, there is an ecological impact of tropospheric sulphate
aerosols (TSAs) which are toxic for terrestrial plants. When these
aerosols are taken up by plants, they could oxidise the photosynthetic
tissues of these plants. Hence, these aerosols might suppress terrestrial
photosynthesis and, therefore, are able to impact the Earth's carbon
cycle as well (Semenov et al., 1998; Kuylenstierna et al., 2001). In this
respect, the sulphates are similar to the ozonewhich hurts plant stoma-
ta (Sitch et al., 2007). Such an ecological impact of sulphate aerosolswas
never implemented in global climate models, and its climatic conse-
quences are unknown. Semenov et al. (1998), based on the empirical
relations, assessed this impact for Europe and found that it is not signif-
icant. However, the TSA ecological impact might be important in other
principal aerosol-polluted regions, e.g., China and south-eastern North
America. The latter regions also exhibit a relatively high biological pro-
ductivity. Moreover, plant functional types (PFTs), typical for these
regions, exhibit strong sensitivity to toxic impact of sulphate aerosols
(Semenov et al., 1998; Kuylenstierna et al., 2001).

We note that sulphate ions enter a number of commonly used
agricultural fertilisers (e.g., Huang et al., 2011). Upon entering the soil,
sulphate anions may react with soil alkalis and make the soil more
fertile. However, if these anions are taken up by plants, they, depending
on other conditions, may serve as a nutrient or may still be toxic for
these plants (e.g., Rubin, 1985).

In the present paper, a simple representation of the toxic impact of
sulphate aerosol on terrestrial gross primary production is suggested.
This representation is implemented in the carbon cycle module of the
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global climate model developed at the A.M. Obukhov Institute of Atmo-
spheric Physics of the Russian Academy of Sciences (IAP RAS CM)
(Eliseev and Mokhov, 2011; Mokhov and Eliseev, 2012; Eliseev and
Sergeev, 2014). Then, the impact of sulphates on the terrestrial carbon
cycle and on the climate–carbon cycle feedback is estimated for simula-
tions covering the last millennium and the future period until the year
2300.
2. Methods

2.1. The model

An implementation of the direct radiative effects of the tropospheric
sulphate aerosols in the IAP RAS CM is described by Eliseev et al. (2007).
Currently, our model implements only the corresponding direct radia-
tive effect and neglects the respective indirect effects. We acknowledge
this caveat of our model.

In addition, the IAP RAS CM accounts for aerosol impact on the
fraction of diffuse radiation in the total short-wave radiative flux
coming to the upper boundary of the vegetation layer in the model
(Eliseev, 2012). Diffuse radiationmay penetrate deeper into the canopy
and, hence, might amplify gross primary production via enhancement
of the photosynthesis of the leaves which are shaded from direct
beam (Roderick et al., 2001).

The terrestrial carbon cycle scheme implemented in the IAP RAS CM
was validated against the observations collected during the historical
period (Eliseev and Mokhov, 2011; Eliseev, 2012; Eliseev and Sergeev,
2014). As awhole, it reproduces the known global and regional features
of the terrestrial carbon cycle (gross carbon uptakes and vegetation and
soil carbon stocks) with sufficient accuracy. In particular, it simulates
the known enhancement of the terrestrial carbon uptake after major
volcanic eruptions which emit sulphate aerosols into the stratosphere
(Eliseev, 2012). This enhancement in our model is related to the
cooling-induced suppression of heterotrophic respiration rather than
to the enhancement of the terrestrial primary production by the in-
creased fraction of the diffuse radiation. The lattermechanism is typical-
ly adopted for the post-eruption enhancement of terrestrial carbon
uptake (Mercado et al., 2009; Volodin et al., 2011; Ciais et al., 2013)
based on the measurements by Gu et al. (2003) collected after the Mt.
Pinatubo eruption in 1991. However, the relevance of this mechanism
for this eruption was questioned by Angert et al. (2004) who simulated
the similar uptake without accounting for the enhancement of the
terrestrial primary production by diffuse radiation and attributed it to
the same mechanism as operating in our model. Some support for
their conclusion was found by Krakauer and Randerson (2003) by
employing the tree ring data. In addition, Angert et al. (2004) suggested
that the measurements reported in (Gu et al., 2003) might be biased
because of the neglect of the data obtained in cloudy conditions. In par-
ticular, according to (Barford et al., 2001; Law et al., 2002), terrestrial
primary production was at minimum rather than at maximum in
1991 in the same place where Gu et al. performed their measurements.
In addition Jones et al. (2003b) attributed the post-eruption enhance-
ment of terrestrial carbon uptake to the response of soil respiration
rather than to the response of the terrestrial primaryproduction. Finally,
some Earth Systemmodels, completely neglecting the impact of diffuse
radiation on the penetration of the shortwave radiation into the canopy,
are able simulate the post-eruption enhancement of terrestrial carbon
uptake (similarly to our model), such as the ECHAM5/JSBACH
(Segschneider et al., 2013), the NCAR CSM 1.4 (Frölicher et al., 2013),
and a number of Earth System models of intermediate complexity
(Foley et al., 2014).

The ecological effects of sulphates on terrestrial gross primary pro-
duction (GPP) are computed as follows. At the first step, we determine
the potential GPP, fGPP,pot. Here and below the subscript ‘pot’ indicates
the ‘potential’ value before accounting for the aerosol stress. Then we
compute this stress, ΔfGPP, as an additional term for photosynthesis
intensity.

Calculation of the latter term is based on measurements of the
change of the biomass of some terrestrial plant species due to their
exposure to tropospheric sulphates as a function of the concentration
of these sulphates as reported by Semenov et al. (1998). Because in
the latter paper the results are figured for the decline of the logarithm
of vegetation biomass rather than for the gross primary production,
we adapt it to our terrestrial carbon cyclemodel as follows. First, we as-
sume that carbon stock is a fixed fraction of total biomass for a given
PFT. This allows us to relate the coefficients reported by Semenov
et al. (1998), bsul thereafter, to living carbon stock instead of total bio-
mass. As a result, sulphate induced suppression of vegetation carbon
stock is

Δcv ¼ cv;pot exp bsulSð Þ; ð1Þ

where the coefficient bsul is negative and depends on PFT, and S is the
near-surface concentration of sulphate aerosols.

Further, we relate Δcv to the respective changes in gross primary
production ΔfGPP, autotrophic respiration Δrv, and litter fall Δffl. The
latter two variables are assumed to depend linearly on vegetation
carbon stock:

Δrv ¼ kvΔcv;
Δ f fl ¼ kflΔcv:

ð2Þ

In turn, gross primary production is assumed to be independent
from cv in the IAP RAS model (Eliseev, 2011; Eliseev and Mokhov,
2011). This leads to

Δ f GPP ¼ kv þ kflð Þ 1− exp bsulSð Þ½ �cv: ð3Þ

We caution on a possible interpretation of Eq. (3). First, because the
term kfl enters this equation, it may bemisinterpreted as saying that the
litterfall intensitymay affect the gross primary production in ourmodel.
Nonetheless, there is no direct influence of the litterfall on the gross pri-
mary production. Similarly, sulphates do not directly affect autotrophic
respiration and litterfall. Eq. (3) is a consequence of the assumption that
the uptake of sulphates by plants depends on biomass, as it follows from
Eq. (1). This biomass is affected by litterfall. It is the latter indirect
dependence that leads to the term kfl in Eq. (3). We note that Eq. (3)
is very similar to that used by Semenov et al. (1998) in their semiempir-
ical model of the TSA impact on vegetation in Europe.

Another thing concerns the term cv entering Eq. (3). This equation
might bemisinterpreted as stating that the TSA ecological impact affects
the whole biomass rather than the photosynthesising tissues of plants.
Again, the term cv is just a consequence of the usage of Eq. (1). The latter
is dictated by the way how the results of the measurements are report-
ed by Semenov et al. (1998). In principle, Eq. (1) may be replaced by a
similar equation, but with employment of the carbon stock in these
photosynthesising tissues in place of cv. The latter formulation is likely
to be more mechanistic and applicable in a wider set of conditions. In
this case, bsul would be recalculated from the values reported by
Semenov et al. (1998). However, it would complicate the numerical
scheme because some iterative approach should be employed to invert
the vegetation carbon budget equation which, contrary to Eq. (2),
would become nonlinear.

In addition, as it was already stated, we assume that the carbon stock
is a fixed fraction of the total biomass. It means that masses of all chem-
ical constituents, which are present in plants, scale linearly with the
vegetation carbon stock. The latter may be invalid generally, but it is
consistentwith the neglect of interaction between the terrestrial carbon
cycle and other biogeochemical cycles in ourmodel. If one considers the
latter interaction, it may change the results obtained in the present
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paper. Thus, it should be a route for future improvement of the approach
suggested in the present paper.

One more point concerns Eq. (2). In particular, because these two
equations represent variations of autotrophic respiration and litterfall
due to the TSA ecological impact, a more general formulation for them
should read

Δrv ¼ kvΔcv þ Δkvcv;pot;
Δ f fl ¼ kflΔcv þ Δkflcv;pot:

ð4Þ

The terms with Δkv and Δkfl represent either the response of these
fluxes of carbon to climate conditions or the respective response to
changes in the amount of nutrients (e.g., Dickinson et al., 2002). Howev-
er, as it will be shown below, the climate changes associated with the
TSA ecological impact are very small and unable to affect markedly
the rv and ffl. In turn, the interactions between the terrestrial carbon
cycle and other biogeochemical cycles are neglected in our model.
Again, an implementation of such interaction may be the route of
improvement of our model.

To finish with the discussion of the assumptions embedded in our
model, we remind and highlight that Eq. (3) completely neglects all
the fertiliser-related impacts of sulphates (see Section 1).

Values of bsul for each PFT are adapted from the respective central
estimates reported by Semenov et al. (1998) (see Table 1). Its magni-
tude is the largest for cool broadleaf trees and shrubs, somewhat smaller
for crops and wetlands, and rather small for grasses. For two plant
functional types, warm broadleaf trees and extratropical needleleaf
trees, bsul is set equal to zero. For the latter it is done because in
Semenov et al. (1998) the results for the impact of sulphates on vegeta-
tion carbon stockwere statistically insignificant for this PFT. In turn, bsul
is zeroed for the former because the just mentioned data set lacks any
information on this plant functional type. In this respect, the proposed
scheme is conservative. In Section 3.4, we discuss how the results
would change if bsul ≠ 0 for these two PFTs as well. In the model
code, kv is calculated directly. The calculation for kfl is not so straightfor-
ward, however, since litterfall is computed not from the total cv
but from separate carbon stocks for leaves/thin branches and thick
branches/hardwood. As a result, we calculate kfl = ffl/c0, where c0 =
max (cv, 0.01 kg Cm−2). The lattermodification is done to avoid numer-
ical problems in grid cells in which the carbon stock is very small.
In these grid cell, fl is very small as well, and such modification affects
our results only insignificantly. In addition, it is checked that total
gross primary production fGPP = fGPP,pot − ΔfGPP ≥ 0. Otherwise, fGPP
is zeroed.

The above calculations are done separately in every grid cell and for
each PFT.

2.2. Simulations

Our simulation follows theCMIP5 (CoupledModels Intercomparison
Project, phase 5) protocol (Taylor et al., 2012). In particular, we have
performed ‘historic’ simulation forced by the forcing reconstructions
for 850–2005 AD. This simulation is initialised from the model state
Table 1
Values of bsul (in ppmv−1) adapted in the IAP RAS CM. Shown are central es-
timates and the respective standard deviations reported by Semenov et al.
(1998).

PFT Value

Warm broadleaf trees 0
Cool broadleaf trees −7.2 ± 1.8
Extratropical needleleaf trees 0
C3 grasses −3.9 ± 0.5
Shrubs −7.2 ± 2.3
Wetlands −5.5 ± 2.0
Crops −6.3 ± 3.0
occurring after a 200-year spin-up with the forcing values correspond-
ing to the year 850 AD. This simulation was continued until the year
2300 under the Representative Concentration Pathways (RCPs) scenar-
io RCP 8.5 (see Moss et al., 2010). We note, however, that TSA burden
remains ‘frozen’ since the year 2100 until the end of the simulation.
In our simulations, we employ forcings due to three well-mixed atmo-
spheric greenhouse gases (GHGs, namely, CO2, N2O, and CH4), tropo-
spheric and stratospheric sulphate aerosols (only direct forcing),
change in surface albedo due to land use, and total solar irradiance.
Orbital forcing, possible change in vegetation types under climate
changes, and changes in ozone burdens in the stratosphere and tropo-
sphere are neglected. Ice sheet distribution and heights are prescribed
in the model.

We use anthropogenic CO2 emissions rather than the prescribed
concentration of this gas. Carbon dioxide content in the atmosphere is
calculated interactively by the model's carbon cycle module. For other
well-mixed GHGs (N2O and CH4) atmospheric concentrations are used.

In the CMIP5 historic simulation, the prescribed TSA burden starts
to increase in 1850 AD and reaches maximum (1.84 TgS) in the mid-
1980s. In scenario RCP 8.5 it decreases to 0.88 TgS in 2100 AD. In
addition, the spatial pattern of emissions changes as well. In 1850 AD,
almost all sulphates are all over the ocean, with the only exception in
North Africa, downwind of the Mediterranean Sea. Than gradually two
major regions of pollution develop, one is in Europe, and another is in
the south-eastern part of North America. In addition, a secondary pollu-
tion region occurs in the southern part of Japan. Pollution in these re-
gions strengthens until the 1980s, and then starts to decay. However,
in the 1980s, an additional polluted region in west China develops.
The latter starts to dominate in overall sulphate pollution around
2000 AD. In the last decade of the 20th century, pollution in India be-
comes visible. Aerosol pollution prevails in the latter region until the
2040s. As was already stated, aerosol burden remains constant after
2100 AD. However, to account for the inertia of climate and carbon
cycle, we continued our simulations until the year 2300.

We note that the RCP 8.5 scenario is similar to the IS92a scenario
used by Jones et al. (2003a) to force their model. So, the results of the
present paper may be compared to their results, at least qualitatively.

Four simulations are performed:

• ctrl: the full model is used.
• noGPP: direct impact of sulphate aerosols on terrestrial gross primary
production is neglected. Technically, it is achieved by zeroing ΔfGPP in
Eq. (3).

• SAPI: the preindustrial distribution of atmospheric sulphates during
the whole course of the simulation is employed. In the CMIP5 proto-
col, this preindustrial (PI) distribution corresponds to the year
1850 AD. This suppresses both direct and indirect (arising due to
influence of sulphate aerosols on climate) impacts of sulphates. For-
mally, ΔfGPP is not zeroed in these simulations. However, it is almost
zero because PI distribution arose due to dimethyl sulphide aerosols
(DMS) emitted from the ocean surface and localised basically over
oceans. As a result, the difference between noGPP and SAPI simula-
tions may be interpreted as a characteristic of the indirect (climatic)
impacts of sulphates on terrestrial carbon cycle.

• ctrl+: In this simulation, bsul for each PFT is set to− 10 ppmv−1. This
is larger inmagnitude than the respective values listed in Table 1. This
was done in order to estimate a speculative ‘upper limit’ on direct
impact of sulphates on terrestrial carbon cycle. The relevance of this
value of bsul for the just mentioned ‘upper limit’ is discussed in
Section 3.4. However, we acknowledge that spatial distribution of
aerosols, while changes in time, still corresponds to historical evolu-
tion of S. Aside from the DMS-affected regions, aerosol burden is larg-
est in the areas of industrial pollution which were mentioned in
Section 1. As a result, S is relatively small in tropical forests which
are the world's most productive ecosystem. The approach to assess
the parametric sensitivity of the obtained results is conceptually



33A.V. Eliseev / Global and Planetary Change 124 (2015) 30–40
similar to that used in the papers modelling the oxidising impact of
the tropospheric ozone on terrestrial plants (Sitch et al., 2007; Yue
and Unger, 2014). In the latter papers, typically two cases are consid-
ered (“low ozone sensitivity” and “high ozone sensitivity”) which
differ between each other by the values of the coefficients of the pre-
scribed function scaling the gross photosynthesis as a function of
plants exposure to ozone.

These simulations are used to isolate different impacts of tropo-
spheric sulphates. In particular, for any variable Y, the climatic impacts
of anthropogenic (non-DMS) sulphatesmaybe estimated as a difference

δclimY ¼ YnoGPP−YSAPI: ð5Þ

In turn, the respective ecosystem impact reads

δecoY ¼ Yctrl−YnoGPP: ð6Þ

Total (climatic+ ecosystem) impact, therefore, may be expressed as

δtotY ¼ Yctrl−YSAPI ¼ δclimY þ δecoY: ð7Þ

The subscripts in the right-hand sides of Eqs. (5)–(7) indicate partic-
ular simulations within the above-mentioned set. In addition, we may
define δeco +Y and δtot +Y, which are similar to δecoY and δtotY respective-
ly, but with Yctrl + in place of Yctrl.

We note that our definitions are distinctly different from those used
in estimating the impact of aerosols on climate. In particular, thus
defined climatic impact, potentially, is a response of the climate and
the terrestrial carbon cycle to all radiative effects of sulphates (again,
we remind that ourmodel implements only the respective direct effects
and completely neglects the indirect ones). In termsof terrestrial carbon
cycle, it also accounts for the above-mentioned change in fraction of
diffuse radiation in total short-wave radiative flux coming to the
upper boundary of the vegetation layer in the model.

Thereafter, only the statistically significant between-simulation
differences of variables are shown and discussed. The statistical signifi-
cance is estimated in terms of the signal-to-noise ratio (SNR) by using a
conventional t-criterion. In this paper, only the results with SNR N 1 are
presented. We acknowledge that this threshold may be considered as
rather small. If we use a larger threshold for SNR (say, 2), the areas in
which the results are statistically significant decrease. The latter is not
pronounced for the climatic impact of sulphates, but more marked for
the respective ecological impact. However, even for the latter, the
principal regions in which the TSA ecological impact is statistically
significant, e.g., in China and in the southeast of the United States (see
below), are still visible but become somewhat disaggregated. As a result,
we decided to use the threshold SNR N 1 in our paper for clarity of the
presentation.

3. Results

In the following, we will start with the climatic impact of the tropo-
spheric sulphates, and then proceed with the ecological and total im-
pacts. The reason for such a division is the difference in causal chains
between climatic and ecological impacts. In the former case, sulphates
modify radiative transfer in the atmosphere, affecting climate state
and, hence, the state of the carbon cycle. In the latter case, the impact
on the carbon cycle is direct, and on the climate state is indirect.

3.1. Climatic impact

Tropospheric sulphates lead to the retardation of greenhouse-
induced climatewarming (Fig. 1a). This retardation ismost pronounced
in the middle to subpolar latitudes of the Northern Hemisphere, where
the decrease of the annually averaged surface air temperaturemay be as
large as 1 K in the time of the maximum sulphate burden in the atmo-
sphere (Fig. S1a). The latter is a consequence of the decrease of the
short-wave radiation coming to the Earth's surface (Fig. S2a). The sim-
ulated aerosol-induced cooling in our model over the land is similar to
that simulated by other climate models of different complexity which
accounts only for the direct aerosol effect, such as CCCma CGCM1
(Boer et al., 2000), GISS modelE (Hansen et al., 2007), MoBidiC
(Bertrand et al., 2002), and CLIMBER-2 (Bauer et al., 2008). Over the
oceans, the response in our model is similar to that obtained with the
CCCma CGCM1 but markedly smaller than simulated by other just
listed models. The reasons for the latter difference are unclear. As a re-
sult, the global mean cooling due to aerosol radiative forcing in the IAP
RAS CM is smaller than obtained by the four latter models, 0.07 K and
0.2 K, respectively. We note, however, that this discrepancy is partly
(but far from completely) caused by the difference in aerosol burden
between the simulations employed in the present paper and in the pa-
pers published in the 2000s. In particular, anthropogenic sulphate
emissions recently revised to be smaller values than it was believed
in the 2000s (Smith et al., 2011). In terms of the temperature change
since the preindustrial time, TSA retards the climate warming by
about 1/4 (Fig. 2a).

Aerosol cooling is comparable between the warm and cold parts of
the year. The latter somewhat contradicts the results obtained with
the GISS modelE and CLIMBER-2, which both exhibited stronger re-
sponse to the aerosol loading during warm part of the year. However,
at least partly this discrepancy is caused by the neglect of the annual
cycle of the TSA burden in our model. In turn, this annual cycle is
taken into account in the both just mentioned models.

The underestimation of the annual mean surface air temperature
response to the TSA loading into the troposphere over the oceans may
lead to the correspondingunderestimation of the response of the ocean-
ic carbon uptake. In turn, the underestimation of the respective
response over the continents during the warm part of the year may
lead to the underestimation of the response in the terrestrial carbon up-
take. As a result, onemay argue that the climatic impact of tropospheric
sulphates on the terrestrial carbon cycle would be even greater than
what is obtained in the present paper.

In addition, TSA led to the small reduction of precipitation (Fig. 1b).
The largest changes of precipitation occur in the tropics (not shown).
Both temperature and precipitation impacts of sulphate aerosols are
well known (see Section 1).

Temperature and precipitation changes lead to change in soil
moisture. The latter, however, are not so pronounced (Fig. S2a).

As a result, terrestrial gross primary production per unit area, fGPP, is
smaller in noGPP than in ctrl over most land regions (Fig. 3a). This
occurs despite the increase in the fraction of diffuse radiation η in the
total shortwave radiation budget at the upper boundary of the canopy
(Fig. S3a). This reflects the larger sensitivity of fGPP in ourmodel to tem-
perature changes and changes of the total flux of photosynthetically ac-
tive radition coming to the canopy that occurred since the preindustrial
period until the present day than to the respective changes in η. In the
late 20th and early 21st centuries, when the loading of sulphates is
the largest, this decrease amounts to several tens of g C m−2 yr−1. The
maximum reduction occurs in the polluted regions such as the south-
eastern part of North America and in Europe, where δclimfGPP may be
N 100 g C m−2 yr−1. Here, the aerosol impact is quite substantial,
10–20% of the fGPP change in simulation SAPI during the 20th century.
At a global scale, since the last few decades of the 20th century and up
to themiddle of the 21st century, climate impact of the global terrestrial
carbon uptake, δclimFGPP, amounts up to − 2.0 Pg C yr−1 (Fig. 1d), or
about 2% of the FGPP change during the 20th century in the simulation
SAPI. In terms of the global GPP change since the preindustrial until
the first decade of the 21st century, however, the climatic impact of tro-
pospheric sulphates appears to be more important (Fig. 2b). Values of
δclimfGPP basically decay after a few decades after the removal of the sul-
phate burden from the atmosphere and come close to zero at the end of
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the 21st century. However, they are still visible even during the last de-
cade of the 23rd century but with a greatly diminished magnitude
(Fig. 3b). The reason for that is a fertilisation of the terrestrial biota by
continuously increasing atmospheric CO2 in our simulations. As a result,
the larger FGPP in the simulations is translated to the larger absolute
δecofGPP.

We define the cumulative terrestrial carbon uptake as Ul = ∫0
t Fl dt,

where Fl is a terrestrial carbon uptake per year, and t is time. The climat-
ic impact of sulphate aerosols decreases the cumulative global terrestri-
al carbon uptake Ul by up to 11 Pg C in the last decades of the 20th
century and in the first decade of the 21st century (Fig. 1d). We do
not show the spatial pattern of the cumulative terrestrial carbon uptake
because it may be readily inferred from the climatic impact of sulphates
on carbon stocks in living vegetation and soil.

Aerosol-induced cooling (via its influence on the CO2 solubility in
sea water) also leads to the enhancement of the oceanic carbon uptake
Uo (Fig. 1e), which during the same periodmay be as large as several Pg
C yr−1, or up to 4% of the Uo in the simulation ctrl during the same
decades. Similar aerosol-induced decline of the oceanic carbon uptake
was noted by Jones et al. (2003a, their Fig. 2) for the years following
the eruption of Mt. Pinatubo in 1991.

Taken together, δclimUo and δclimUl speed up the growth of the carbon
dioxide content in the atmosphereqCO2

by 3 ppmv during the 20th cen-
tury (Fig. 1f). This amounts a negligibly small part of the qCO2

increase
during this century (Fig. 2c).

The negative δclimfGPP is reflected in the decline of vegetation
carbon stock per unit area cv (Fig. 4a). The latter is the largest in the
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Fig. 1. Time series of differences δclim, δeco, δeco +, δtot, and δtot + (see respective definitions in S
itation (b), total annual terrestrial gross primary production (c), terrestrial and oceanic cumula
tation and soil carbon stocks (g and h correspondingly). All values are smoothed by the 11-yea
regions of the strongest aerosol pollution, and may be as large as sev-
eral hundreds of g Cm−2 yr−1 in the late 20th and early 21st centuries.
In relative units, it is up to 20% of cv change during the 20th century in
simulation ctrl. Global vegetation carbon stock Cv is decreased up to
5.6 Pg C in the 1990s due to TSA climatic impact (Fig. 1g), which
amounts to several percent of the Cv change during the 20th century
in the simulation ctrl (Fig. 2d).We note that our δclimcv in Fig. 4a is sim-
ilar to that reported by Jones et al. (2003a, their Fig. 3b) for 1970–2000.

Aerosol-induced decrease of the vegetation carbon stock in the
northern mid-latitudes leads to the suppression of litter-fall and,
therefore, to the corresponding decrease of soil carbon stock cs. Around
the year 2000, when the tropospheric sulphate burden is near maxi-
mum, the latter decrease attains several hundreds of g C m−2, or sev-
eral percent of the respective cs value in the simulation ctrl (Fig. 5a). In
the northern sub-tropics and in the sub-polar land regions, soil carbon
stock slightly increases. This increase is caused by the near-surface
cooling, which reduces the decay of organics in soil. This cooling should
affect cs in the mid-latitudes as well, but it is more than compensated
by the decreased litter-fall. At the global scale, however, δclimCs, to
several percent of the Cs change during the 20th century in simulation
ctrl. Our δclimcs for 2000–2010 is rather dissimilar from the pattern
obtained by Jones et al. (2003a, their Fig. 3c) for 1970–2000. We
speculate that the reasons for these differences are related to the
simulated differences in soil moisture content between our model
and the HadCM3L.

Because soil carbon stock is more inertial than the vegetation one,
the decay of δclimcs is retarded with respect to the decay of δclimcv.
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3.2. Ecological impact

Ecological impact of tropospheric sulphates, as a whole, is more
modest in comparison to the climatic one. In particular, the changes in
the characteristics of climate and the terrestrial carbon cycle since the
preindustrial are modified by this impact only to a small amount
(Fig. 2a–h. However, the respective regional anomalies of δecoY for
some variables Y may be even larger than the respective δclimY.

For instance, TSA decreases terrestrial gross primary production in
the tropics, subtropics, and midlatitudes. As it is expected from the
dependence of bsul on PFT, the impact is strongest in the regions
where broadleaf trees, shrubs, and crops are abundant. In the late
20th and early 21st centuries, themagnitude of δecofGPP is up to several
tens of g C m−2 yr−1 in this regions (Fig. 3c). An unexpected feature,
however, is a respective enhancement of fGPP in a few isolated grid
cells in the middle and subpolar latitudes. The locations and magni-
tudes of such isolated patches change somewhat from one decade
to another. It occurs because the summers in the late 20th century
and the early 21st century in these regions are slightly warmer in
simulation ctrl than in simulation noGPP (Fig. S1b). The latter, in
turn, is a reflection of the interdecadal variability in our model rather
than of a forced signal. We obtain just a negligible ecological impact of
tropospheric sulphates on the gross primary production in Europe,
which agrees with the semiempirical model results by Semenov
et al. (1998).

An important feature of theGPP suppression is that it continues even
after the removal of most sulphates from the atmosphere (Fig. 1c). The
reason for that is the same as for δclimfGPP: a fertilisation of terrestrial
plants by the growing carbon dioxide content in the atmosphere. This
fertilisation amplifies the TSA impact during the last two centuries of
our simulations. Moreover, the tropospheric sulphates during the
21st–23rd centuries are localised over areas where the most sensitive
to them are PFT abundant. All of these lead to the values of δecofGPP
which are quite stable since the last decades of the 20th century until
the end of the 23rd century (cf. Fig. 3c and d). As a result, the global
δecoFGPP is rather stable as well, about half of Pg C yr−1 (Fig. 1c). Around
the year 2100 AD it becomes comparable to δclimFGPP.

The overall suppression of the terrestrial gross primary production
due to the TSA ecological impact leads to negative δecocv in the regions
of aerosol pollution (Fig. 4b). In the late 20th century and in the early
21st century the magnitude δecocv is of several tens of g C m−2. At a
global scale, δecoCv reaches − 0.9 Pg C during these decades (Fig. 1g).
Since the mid-21st century, it becomes smaller.

The response of the soil carbon stock to the ecological impact of
sulphates is more pronounced than that of the vegetation one. In par-
ticular, soil carbon per unit area cs mostly decreases in the northern
middle latitudes (Fig. 5b). The area covered by significant changes of
cs is much larger than that of cv. Taking also into account that the
ecological impact on temperature is rather small as well (Fig. S1b),
this more pronounced response of cs in comparison to cv is attributed
to the larger residence time of carbon in the soil than in the living veg-
etation. At a global scale, δecoCs amounts to several Pg C in the last de-
cades of the 20th century and for the first half of the 21st century,
which is larger than δclimCs since the early 21st century. Among the
variables, studied in the present paper, soil carbon stock change is
the most sensitive to the TSA ecological impact since the preindustrial
until the first decade of the 21st century (Fig. 1e). Moreover, the eco-
logically-induced perturbation decays much slower than the climate-
induced one, sustaining at least few Pg C till the end of the 21st century
(Fig. 1h).
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The ecologically-induced change of the cumulative terrestrial
carbon uptake is negative (Fig. 1d). It is smaller than the respective cli-
matic impact during the whole simulation. The maximum magnitude
of δecoUl, is attained in 1980–2100. During this period, δecoUo is also
near its maximum (Fig. 1e). As a result, the ecological impact of the
tropospheric sulphates increases qCO2

during this period by about
1 ppmv.

The associated difference in the globally averaged temperature
never exceeds 0.01 K (Fig. 1a). At a regional scale, the ecological impact
on surface air temperature and soil moisture is small as well (Figs. S1b
and S3b). The same is true for the corresponding impact on the short-
wave radiation budget at the canopy upper boundary RSWR and on the
fraction of diffuse radiation η in this budget η is small (Figs. S2b and
S4b). We note that the climate changes simulated in the present paper
as a response to the ecological impact of tropospheric sulphates are
very small and are unable to affect markedly autotrophic respiration
of terrestrial plants and litterfall.

In brief, while important for ecosystems at a regional level, the
ecological impact of tropospheric sulphates on climate is smallat a glob-
al scale.

3.3. Total impact

As stated in the previous two sections, the climatic impact of the tro-
pospheric sulphates basically dominates over the respective ecological
impact. As a result, for most variables and for most time instants, the
total impact is basically determined by the climatic one, at least at a
global scale (Fig. 1). However, important exceptions are cumulative ter-
restrial and oceanic carbon uptakes, and, especially, soil carbon stock.
For the latter variable, δclimCs and δecoCs equally contribute to δtotCs
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Fig. 3. Spatial distributions of differences δclim, δeco, and δeco + for the annual gross primary production per unit area for 2000–2010 and 2291–2300. Only the changes with the signal-to-
noise ratio SNR N 1 are shown.
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(Fig. 2). Another important exception is the global terrestrial gross pri-
mary production in the 22nd and 23rd centuries: δtotFGPP is roughly
and equally split between the corresponding climatic and ecological
impacts during these two centuries.

At a regional scale, δtotY is almost completely determined by the
respective δclimY for surface air temperature, precipitation, and soil
moisture content. However, this is generally not true for the ecosys-
tem-related variables. For instance, in some grid cells in the sulphate-
polluted regions in the south-eastern parts of Eurasia and North
America, the climatic and ecological impacts contribute equally to the
response of the gross primary production and vegetation carbon stock
to the loading of these aerosols in the troposphere. For soil carbon
stock, the values δclimcs and δecocs are generally comparable to each
other in most regions of Eurasia and North America.
3.4. Sensitivity of the results to the values of bsul

In this subsection, we discuss the results related to the differences
in the simulations ctrl + and noGPP. In the former simulation the
magnitudes of bsul are increased to 10 ppbv−1 for all plant functional
types, including the two ones, for which this coefficient was set to
zero in the simulation ctrl.
First of all, we have to discuss the relevance of this value of bsul
for the speculative ‘upper limit’ mentioned in Section 2.2. As it was
shown in Section 3.2, the TSA ecological impact is most pronounced
in the polluted regions such as the south-eastern parts of Eurasia and
North America. In our model, these regions are covered mostly by
warm broadleaf trees, grasses, and crops. For warm broadleaf trees
and crops the value of bsul selected in the simulation ctrl+ is slightly
above the sum of the central estimate and the respective standard de-
viation. For grass, it is more than two-fold larger than this sum. How-
ever, due to extensive land use in these regions, grasses cover ≤ 5 %
of these areas. As a result, the value of bsul selected for this simulation
is considered as acceptable. Nonetheless, the global results reported
below in this section, should be treated with caution because we set
bsul to this large value for each PFT, despite the TSA ecological impact
is not statistically significant for cool broadleaf trees and unknown
for warm trees.

The ecological impact on FGPP is almost doubled in the simulation
ctrl+ with respect to that in the simulation ctrl, both in terms of the
influence on the current state (Fig. 1c) and in terms of the influence
on the change since the preindustrial time (Fig. 2b). Partly it is caused
by the larger impact in the regions where it was already exhibited in
Section 3.2. Here, the ratio δeco +fGPP/δecofGPP scales similarly to the
ratio of bsul in the simulations ctrl+ and ctrl, respectively (Fig. 3).
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Fig. 4. Spatial distributions of differences δclim, δeco, and δeco + for the vegetation carbon stock
per unit area for 2000–2010. Only the changes with the signal-to-noise ratio SNR N 1 are
shown.
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Fig. 5. Similar to Fig. 4 but for the soil carbon stock per unit area.
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However, an additional, and even more important contribution to δeco
+FGPP/δecoFGPP is supplied by the TSA ecological impact in the regions
which were not affected in the simulation ctrl, such as those covered
by extratropical needleleaf forests and, especially, by the tropical forests.

The similar approximately two-fold increase of the ecological impact
in the ctrl+ simulation with respect to that in the ctrl simulation is
found for the oceanic carbon uptake (Fig. 1e) and for the atmospheric
CO2 content (Figs. 1f and 2c). However, the terrestrial carbon uptake is
strongly affected than these two variables, and the ratio δeco +fl/δecofl
equals almost to four.

The latter leads to δeco +Cv/δecoCv which is slightly above four
(Figs. 1g and 2d). Similar to the gross primary production, the latter is
partly due to the stronger response of the vegetation carbon stock in
the regions already affected by the ecological impact in the simulation
ctrl, and partly due to the response in the regions covered by the tropical
forests and extratropical needleleaf forests (Fig. 4c).
While δeco +Cs/δecoCs is close to 2.5 (Figs. 1h and 2e), the spatial pat-
tern of δeco +cs is qualitatively similar to the pattern of δecocs (Fig. 5c).
However, the magnitude of the former is larger than that of the latter.
This reflects that the climate change rather than the change in litter
fall is a primary driver for the cs change at a multidecadal time scale in
our model.

For all variables Y (where Y stands for either gross primary produc-
tion, or vegetation carbon stock, or soil carbon stock) the larger δeco
+Y (relative to δecoY) leads to the larger δtot +Y (relative to δtotY). We
did not cite the precise values because they are very uncertain because
of the subjective approach to set bsul for the simulation ctrl+. The global
values, however, may be read from Figs. 1 and 2.

4. Summary

In this paper, a parameterisation of the impact of tropospheric
sulphates on the terrestrial gross primary production is suggested.
This parameterisation neglects possible positive effects of sulphates
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deposited into the soil with fertilisers. The developed parameterisation
is implemented into a global Earth systemmodel. The coupled model is
tested in the simulations which are forced by common anthropogenic
and natural climate forcings based on historical reconstructions follow-
ed by the RCP scenarios.

We found that the climatic (e.g., related to the influence of the tropo-
spheric sulphates on the radiative transport in the atmosphere) impact
of sulphate aerosols on the terrestrial carbon cycle is quite substantial.
In particular, in the decades of the largest aerosol loading into the atmo-
sphere, the global terrestrial gross primary production is suppressed by
2.0 Pg C yr−1, the global vegetation carbon stock by 6 Pg C, and the
global soil carbon stock by 4 Pg C. For vegetation and soil carbon stocks,
these values are of the order of 5–10% of the change of the respective
variables during the 20th century. At a regional scale, the respective
differences are more important. In particular, in the regions, which are
most strongly polluted by sulphates, the reduction of the vegetation car-
bon stock may be as large as 10%. As a result, the buildup of the carbon
dioxide in the atmosphere is increased by 3 ppmv. The associated
change in globally averaged surface air temperature reaches 0.1 K in
the late 20th and in the early 21st centuries.

In turn, the ecological (e.g., related to the toxic influence of sulphate
aerosol on terrestrial plants) impact of sulphates ismoremodest. In par-
ticular, even in the decades of the largest aerosol loading, the ecological
response of the CO2 content in the atmosphere never exceeds 1 ppmv,
and the associated difference of the globally averaged surface air tem-
perature is smaller than 0.01 K. However, the ecological impact appears
important for the terrestrial ecosystems even at a global scale. In partic-
ular, the global soil carbon stock reduction may be as large as 4 Pg C at
the end of the 20th century and at the beginning of the 21st century. As
it was for the climatic impact of sulphates, it is of the order of 5% of the
change of the respective variables during the 20th century. The global
vegetation carbon stock reduction at a global scale is of the order of
1 Pg C. For the studied variables here, describing the state of ecosystems
(terrestrial gross primary production, soil and vegetation carbon stocks)
and the ecological impact of sulphates are important at a regional level.
Inmost cases, it roughly doubles the respective climatological impact of
sulphates in the troposphere.

We performed the additional simulation inwhich the coefficient bsul
of the photosynthesis suppression by tropospheric sulphates is
increased for all plant functional types up to the tentative ‘upper
limit’. This ‘upper limit’ is close to the upper limit of the respective
values obtained in the field measurements by Semenov et al. (1998).
Here, this ‘upper limit’ for bsul is about 1.5 times larger than the respec-
tive central estimates. In this additional simulation, the ecological
impact of tropospheric sulphates scales with themagnitude of this coef-
ficient in the principal regions where this effect was present already in
the standard setup of the model.

The approach to assess the parametric sensitivity of the ecological
impact in our paper is similar to that pursued by Sitch et al. (2007)
and by Yue and Unger (2014) for the toxic impact of the ozone on ter-
restrial plants. In this respect, our simulation ctrl is analogous to their
‘low ozone sensitivity’ case, and the simulation ctrl+ might be consid-
ered as an analogue for their ‘high ozone sensitivity’ case. In southeast
Eurasia, δecofGPP (δeco +fGPP) which is up to 3% (up to 5%). The respective
values in the eastern part of North America are up to 2% (3%). These
valuesmay be compared to those due to the toxic impact of O3 obtained
for the latter region by Yue andUnger (2014), which are up to 8% for the
‘lowozone sensitivity’ case, andup to 15% for the ‘high ozone sensitivity’
case. The TSA ecological impact in this region is smaller, but basically
of the same order of magnitude. Moreover, Yue and Unger (2014)
concluded that the ‘high ozone sensitivity’ case leads to a more realistic
performance of their model relative to the benchmark data. We suggest
that their simulations might be further improved by considering the
ecological impact of tropospheric sulphates as well.

Finally, the present paper is based on a rather limited set ofmeasure-
ments. In particular, these measurements lack any information on very
productive tropical forests. In our additional simulation it was shown
that if these forests are sufficiently sensitive to the toxic effect of tropo-
spheric sulphates, it would dramatically enhance the overall TSA impact
on the terrestrial carbon cycle. As a result,we highlight an importance of
the respective additional measurements unveiling the impact of sul-
phate aerosols on tropical trees.
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a) δclimTann [K], 2000–2010

b) δecoTann [K], 2000–2010

c) δeco+Tann [K], 2000–2010

Figure S1: Spatial distributions of differences δclim, δeco and δeco+ (see respec-
tive definitions in Sect. 2.2 of the main text) for the annual mean surface air
temmperature Tann.



a) δclimRSWR [W m−2], 2000–2010

b) δecoRSWR [W m−2], 2000–2010

c) δeco+RSWR [W m−2], 2000–2010

Figure S2: Similar to Fig. S1, but for the budget of the shortwave radiation
RSWR at the canopy upper boundary (for bare ground, at the surface; positive
downward) in June–August.



a) δclimWs,JJA [cmm−1], 2000–2010

b) δecoWs,JJA [cmm−1], 2000–2010

c) δeco+Ws,JJA [cmm−1], 2000–2010

Figure S3: Similar to Fig. S1, but for the moisture content of the upper 5 cm
of the soil column in June–August.



a) δclimη [%], 2000–2010

b) δecoη [%], 2000–2010

b) δeco+η [%], 2000–2010

Figure S4: Similar to Fig. S1, but for the fraction of the diffuse radiation η in
the total shortwave radiation budget in June–August.


