
Atmos. Chem. Phys., 13, 8245–8254, 2013
www.atmos-chem-phys.net/13/8245/2013/
doi:10.5194/acp-13-8245-2013
© Author(s) 2013. CC Attribution 3.0 License.

EGU Journal Logos (RGB)

Advances in 
Geosciences

O
pen A

ccess

Natural Hazards 
and Earth System 

Sciences

O
pen A

ccess

Annales  
Geophysicae

O
pen A

ccess
Nonlinear Processes 

in Geophysics

O
pen A

ccess

Atmospheric 
Chemistry

and Physics
O

pen A
ccess

Atmospheric 
Chemistry

and Physics

O
pen A

ccess

Discussions

Atmospheric 
Measurement

Techniques

O
pen A

ccess

Atmospheric 
Measurement

Techniques

O
pen A

ccess

Discussions

Biogeosciences

O
pen A

ccess

O
pen A

ccess

Biogeosciences
Discussions

Climate 
of the Past

O
pen A

ccess

O
pen A

ccess

Climate 
of the Past

Discussions

Earth System 
Dynamics

O
pen A

ccess

O
pen A

ccess

Earth System 
Dynamics

Discussions

Geoscientific
Instrumentation 

Methods and
Data Systems

O
pen A

ccess

Geoscientific
Instrumentation 

Methods and
Data Systems

O
pen A

ccess

Discussions

Geoscientific
Model Development

O
pen A

ccess

O
pen A

ccess

Geoscientific
Model Development

Discussions

Hydrology and 
Earth System

Sciences

O
pen A

ccess

Hydrology and 
Earth System

Sciences

O
pen A

ccess

Discussions

Ocean Science

O
pen A

ccess

O
pen A

ccess

Ocean Science
Discussions

Solid Earth

O
pen A

ccess

O
pen A

ccess

Solid Earth
Discussions

The Cryosphere

O
pen A

ccess

O
pen A

ccess

The Cryosphere
Discussions

Natural Hazards 
and Earth System 

Sciences

O
pen A

ccess

Discussions

A steady-state analysis of the temperature responses of water vapor
and aerosol lifetimes

G.-J. Roelofs

Institute for Marine and Atmospheric Research Utrecht (IMAU), Utrecht University, the Netherlands

Correspondence to:G.-J. Roelofs (g.j.h.roelofs@uu.nl)

Received: 4 June 2012 – Published in Atmos. Chem. Phys. Discuss.: 4 July 2012
Revised: 25 June 2013 – Accepted: 5 July 2013 – Published: 21 August 2013

Abstract. The dominant removal mechanism of soluble
aerosol is wet deposition. The atmospheric lifetime of
aerosol, relevant for aerosol radiative forcing, is therefore
coupled to the atmospheric cycling time of water vapor. This
study investigates the coupling between water vapor and
aerosol lifetimes in a well-mixed atmosphere. Based on a
steady-state study by Pruppacher and Jaenicke (1995) we
describe the coupling in terms of the processing efficiency
of air by clouds and the efficiencies of water vapor con-
densation, of aerosol activation, and of the transfer from
cloud water to precipitation. We extend this to expressions
for the temperature responses of the water vapor and aerosol
lifetimes. Previous climate model results (Held and Soden,
2006) suggest a water vapor lifetime temperature response
of +5.3± 2.0 % K−1. This can be used as a first guess for the
aerosol lifetime temperature response, but temperature sen-
sitivities of the aerosol lifetime simulated in recent aerosol–
climate model studies extend beyond this range and include
negative values. This indicates that other influences probably
have a larger impact on the computed aerosol lifetime than its
temperature response, more specifically changes in the spa-
tial distributions of aerosol (precursor) emissions and precip-
itation patterns, and changes in the activation efficiency of
aerosol. These are not quantitatively evaluated in this study
but we present suggestions for model experiments that may
help to understand and quantify the different factors that de-
termine the aerosol atmospheric lifetime.

1 Introduction

Aerosol influences the radiative budget through scattering
and absorption of solar radiation (the direct and semi-direct

effects) and their influence on cloud reflective properties (the
first indirect effect) (Twomey, 1974; Forster et al., 2007;
Lohmann and Feichter, 2005) and precipitation formation
(the second indirect effect) (Albrecht, 1989; Rosenfeld et
al., 2008). Estimated direct and indirect forcings together
range between−0.6 and−2.4 W m−2 (Forster et al., 2007)
and this uncertainty has not been reduced much in the last
decades (Lohmann et al., 2010). The combination of the rel-
atively large uncertainties in aerosol forcing as well as in sim-
ulated climate sensitivity (between 2.1 to 4.4◦C, Solomon et
al., 2007) provides sufficient leeway for individual climate
models to simulate a surface temperature increase over the
past 150 yr that is consistent with observations, but it ham-
pers accurate prediction of future climate change (Andreae
et al., 2005; Knutti and Hegerl, 2008). Models display a sig-
nificant correlation between climate sensitivity and anthro-
pogenic aerosol forcing (Kiehl, 2007; Kerr, 2007).

The uncertainty in the estimated anthropogenic aerosol
forcing reflects the complex ways in which aerosol physical
and chemical properties determine the radiative forcing. Top-
ics addressed in recent studies are, for example, the quantifi-
cation of emissions of aerosol and aerosol precursors (e.g.,
Dentener et al., 2006), the secondary formation of organic
and inorganic aerosol in the atmosphere (e.g., Jacobson et
al., 2000; Jimenez et al., 2009), the capability of aerosol to
act as cloud condensation nuclei and their influence on pre-
cipitation formation (e.g., Dusek et al., 2006; Rosenfeld et
al., 2008), and the influence of the volatility of (in)organic
species on cloud formation (e.g., Donahue et al., 2011; Top-
ping and McFiggans, 2012).

Current uncertainties lead to relatively large intermodel
differences in aerosol representation. In the first place, differ-
ent representations of aerosol (precursor) emissions, aerosol
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8246 G.-J. Roelofs: Temperature responses of water vapor and aerosol lifetimes

physical and chemical processes, and aerosol removal lead
to differences in simulated aerosol burdens and lifetimes.
Wet deposition of aerosol, which is subject of this study, is
an important removal process for soluble inorganic aerosol
species such as sulfate and nitrate, which have a strong an-
thropogenic signature (Charlson et al., 1992; Dentener et al.,
2006). For example, Croft et al. (2010) calculate that 53 %
and 43 % of global sulfate are removed by stratiform and
convective precipitation, respectively, while 4 % is removed
by dry deposition. Accurate simulation of aerosol wet de-
position is necessary for an accurate representation of long-
range aerosol transport (e.g., Shindell et al., 2008). Global
aerosol models display a large range of computed sulfate
lifetimes and wet deposition efficiencies, and a strong neg-
ative correlation between both. For example, in the atmo-
spheric (bulk) sulfur model intercomparison study COSAM
(Comparison of large-scale sulfur models; 1999), simulated
wet deposition efficiencies for Europe range between 0.1 and
0.5 day−1, and they are associated with sulfate lifetimes be-
tween 6 and 1 days, respectively (Roelofs et al., 2001). A
more recent intercomparison study with relatively sophisti-
cated aerosol models, carried out in the framework of the
aerosol intercomparison initiative AeroCom, reported a sim-
ilar behavior with global wet removal efficiencies between
0.15 and 0.3 day−1 for sulfate and global sulfate lifetimes be-
tween 3 and 0.5 days (Textor et al., 2006; their Figs. 5d and
4a). In the second place, so-called “host-model” uncertainties
cause part of the variability. An AeroCom intercomparison
study in which optical properties of aerosol were prescribed
instead of their concentrations (Stier et al., 2013) showed a
relative standard deviation of the order of 10 % of computed
radiative forcings between models. The variability was at-
tributed to the radiative transfer schemes implemented in the
models and to the simulated surface albedo and spatial and
temporal distribution of clouds.

In the third place, uncertainties may reflect intermodel dif-
ferences in the simulated temperature sensitivity of the hy-
drological cycle. A warming climate causes increasing evap-
oration of water, and this induces a larger atmospheric water
vapor burden and more precipitation. For model experiments
with doubled carbon dioxide concentrations, computed tem-
perature sensitivities of the water vapor burden and precip-
itation amount, averaged over a series of climate models,
are 7.5 % K−1 and 2.2 % K−1, respectively (Held and Soden,
2006). The actual magnitude of simulated temperature sensi-
tivities depends on the nature of the forcing, i.e., shortwave
or longwave, which determines the so-called fast response
with adjustment of radiative and non-radiative (latent and
sensible heat) fluxes (e.g., Allen and Ingram, 2002; Lambert
and Faull, 2007; Bala et al., 2008; Bala et al., 2009). Also,
computed precipitation temperature sensitivities are smaller
for transient than for equilibrium climate model simulations
(Andrews and Forster, 2010).

The difference between the water vapor and precipitation
temperature sensitivities implies a larger atmospheric life-

time of water vapor in a warmer climate, which can be at-
tributed to changes in simulated cloudiness and precipitation
formation. The radiative consequences of these changes are
expressed in the so-called cloud radiative feedback and con-
tribute relatively much to the intermodel variability in cli-
mate sensitivity (Dufresne and Bony, 2008; Andrews et al.,
2012; Webb et al., 2013). However, these changes may also
affect the efficiency of aerosol wet deposition. A recent cli-
mate model study (Fang et al., 2011) indicated that the at-
mospheric lifetime of an ideal aerosol-like tracer changes
between different climates, mainly due to shifting cloud
and precipitation patterns and a decreased precipitation fre-
quency. We note that this climate-change-induced modifica-
tion of the aerosol lifetime influences the atmospheric bur-
den and thus induces an aerosol radiative forcing even when
other properties (emissions, size distribution, chemical com-
position) remain the same.

The direct coupling between the hydrological cycle and
the lifetime of aerosol thus may lead to different radiative
forcings by natural aerosol in the pre-industrial and present-
day climates. However, it is still a relatively unexamined as-
pect in the context of climate change and aerosol forcing.
This study investigates the coupling between the aerosol at-
mospheric lifetime and cloud and precipitation characteris-
tics and its sensitivity to a surface temperature change by
expressing the relation between the atmospheric lifetimes of
water vapor and aerosol in terms of basic cloud and precip-
itation parameters. We consider a well-mixed moist atmo-
sphere that contains an ideal bulk aerosol for which wet de-
position is the only removal mechanism. The study is based
on Pruppacher and Jaenicke (1995), who use a steady-state
approach to express the atmospheric lifetimes of water vapor
and aerosol in terms of the processing efficiency of air by
(precipitating) clouds and by the aerosol activation or scav-
enging efficiency. Section 2 commences with similar basic
expressions for both lifetimes and continues with expressions
for their temperature sensitivities. A first estimate of the mag-
nitude of the aerosol lifetime temperature response is derived
from reported climate model results. In Sect. 3 this estimate
is compared with computed aerosol lifetimes from several
aerosol–climate model studies. The comparison suggests that
other factors than the simulated aerosol lifetime temperature
response have a larger impact on aerosol lifetime. These fac-
tors are not quantified further in this study, but we suggest
model experiments to analyze and compare the relation be-
tween the water vapor and aerosol atmospheric cycles in cli-
mate models. Section 4 presents a summary and discussion.

2 Water vapor and aerosol lifetimes

2.1 First-order removal

The domain under study is the troposphere, where most water
vapor and aerosol reside. Figure 1 illustrates that water vapor
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and aerosol originate from different sources while they are
removed by the same precipitation events, and lists the rele-
vant parameters considered in this study. First we derive an
expression for the water vapor lifetime,τv (s). The water va-
por cycle is assumed to be in steady state so thatwv = E

/
Lv,

with wv the concentration of water vapor (e.g., g m−3), E the
evaporation flux (g m−3 s−1), andLv the first-order removal
rate of water vapor (s−1). We note that atmospheric water
besides water vapor also refers to liquid and ice clouds. Our
approach reflects that cloud water and ice that does not pre-
cipitate is returned to the atmosphere as water vapor. In a
well-mixed tropospheric column of altitudeH (m) and unit
surface area the fraction of air,Fair (s−1), passing through all
clouds is

Fair =

(∑
i

ciUi

/
H

)
, (1)

with ci andUi the average fractional cloud cover and updraft
velocity for cloud typei, respectively. Introducingec,i for the
condensation efficiency in cloud typei, i.e., the ratio of the
cloud water mass and the mass of water vapor entering the
cloud, the rate (g m−3 s−1) at which water vapor condenses
becomes

Fair,c =

(∑
i

ec,iciUi

/
H

)
wv. (2)

If pc,i is the fraction of the cloud water transferred to precip-
itation, the precipitation fluxFair,p (g m−3 s−1) is

Fair,p =

(∑
i

ec,ipc,iciUi

/
H

)
wv. (3)

The first-order removal rateLv and lifetimeτv for water va-
por then become

Lv = 1
/
τv =

(∑
i

ec,ipc,iciUi

/
H

)
. (4)

We remark that Pruppacher and Jaenicke (1995) take the
same value forec (0.3) for all cloud types, and that they
use the average fraction of the clouds that actually precipitate
(1/11) instead ofpc. They estimate a water vapor lifetime in
the atmosphere of∼ 9 days. Our Eq. (4) reflects thatec and
pc may vary between different clouds and therefore provides
a more realistic description of clouds in the atmosphere and
in climate models.

A similar equation is developed for aerosol. Aerosol of-
ten consists of different chemical components that enter the
atmosphere after primary or secondary production and are re-
moved through dry or wet deposition. The steady-state con-
centrationwAP (g m−3) of an aerosol speciesj is then given
by

wAP,j =
(
Sprim,j + Ssec,j

)/(
Ldry,j + Lwet,j

)
, (5)

	
  

	
  

	
  

Figure	
   1.	
   Atmospheric	
   cycles	
   of	
   water	
   vapor	
   and	
   soluble	
   aerosol.	
   The	
   symbols	
   are	
  

explained	
  in	
  Section	
  2.1.	
  

Fig. 1. Atmospheric cycles of water vapor and soluble aerosol. The
symbols are explained in Sect. 2.1.

whereS is the source strength (g m−3 s−1) following primary
(prim) and secondary (sec) production, andLdry andLwet re-
fer to dry and wet aerosol removal efficiencies (s−1). The
significance of each term in Eq. (5) depends on the chemical
species. For example, desert dust is associated with primary
production and is predominantly removed by dry deposition,
while sulfate and organic matter, both of which strongly con-
tribute to the anthropogenic aerosol radiative forcing (Forster
et al., 2007), are predominantly secondarily formed and re-
moved by wet deposition (e.g., Roelofs et al., 1998; Stier et
al., 2005, Croft et al., 2010). For an ideal aerosol species for
which wet deposition is the only or dominant removal mech-
anism the steady-state equation iswAP = SAP

/
LAP, where

LAP represents the first-order loss rate due to wet deposi-
tion. Based on the total air flux into clouds (Eq. 1), the rate
(g m−3 s−1) at which aerosol is taken up by the cloud water
and subsequently removed by precipitation is expressed as

Fair,dep=

(∑
i

ea,ipa,iciUi

/
H

)
wAP. (6)

The termea,i is the activation efficiency, i.e., the fraction of
aerosol taken up in the aqueous phase during cloud forma-
tion, for each cloud typei. The efficiency depends on phys-
ical and chemical characteristics of the aerosol that deter-
mine the critical supersaturation of individual particles, and
on cloud dynamics, i.e.,ea is generally larger in convective
than in stratiform clouds (e.g., Jensen and Charlson, 1984).
The termpa is the fraction of aerosol in the cloud water that
is transferred to precipitation, in a similar way aspc for water
vapor. For a bulk approach, i.e., the dissolved aerosol matter
is homogeneously distributed over the cloud drop sizes,pa
andpc have the same value, but they differ when concentra-
tion differences between drop sizes are taken into account.
Pruppacher and Jaenicke (1995) used arbitrary values forea
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of 0.5 and 1.0, independent of cloud type, while forpa the
precipitating cloud fraction (1/11) was used.

The aerosol removal rateLAP and lifetimeτAP are

LAP = 1
/
τAP =

(∑
i

ea,ipa,iciUi

/
H

)
. (7)

The close coupling between aerosol and water vapor life-
times follows from

τAP

τv
=

∑
i

ec,ipc,iciUi∑
i

ea,ipa,iciUi

. (8)

Equation (8) demonstrates the dependence of both lifetimes
on the processing efficiency of air by clouds (Eq. 1), ex-
pressed throughc andU . The magnitude of the ratio of both
lifetimes depends on the efficiencies of water vapor conden-
sation, aerosol activation and the transfer from cloud to pre-
cipitation water. Equation (8) can be used as a basis for a
model intercomparison of water vapor and aerosol lifetimes,
presented in Sect. 3.

2.2 Temperature sensitivities

The sensitivity of the water vapor concentration to a change
in surface temperature is directly derived from the steady-
state equationwv = E

/
Lv (for longer time scales (months,

year) the source of water vapor, i.e., evaporationE, can be
represented by precipitationP) and Eq. (4):

d lnwv

d1T
=

dlnP

d1T
−

dln

(∑
i

ec,ipc,iciUi

/
H

)
d1T

. (9)

The second term on the right-hand side describes the temper-
ature sensitivity of aerosol removal, in terms of the efficiency
of air being processed by clouds, throughc andU , and the
condensation and precipitation formation efficiency for wa-
ter throughec andpc. A first estimate of this term can be
derived from Held and Soden (2006), who present simulated
temperature sensitivities for water vapor and precipitation
in response to a longwave (LW) forcing for several climate
models. With uncertainty ranges estimated from their Fig. 2,
the temperature sensitivity of the atmospheric water vapor
concentration is 7.5± 1.5 % K−1 and that of the precipitation
flux is 2.2± 1.1 % K−1. The latter is in good agreement with
the analysis of Andrews and Forster (2010). The second term
on the right-hand side of Eq. (9) then becomes−5.3 % K−1,
with an estimated uncertainty of 2.0 % K−1. Consequently,
the response of the water vapor lifetime to a surface temper-
ature change, which is expressed by

dlnτv

d1T
= −

dln

(∑
i

ec,ipc,iciUi

/
H

)
d1T

, (10)

becomes +5.3± 2.0 % K−1, i.e., the water vapor lifetime in-
creases with temperature. This will be further referred to as
the water vapor lifetime temperature response, or WLTR.
We note that the nature of the forcing, i.e., shortwave or
longwave, has a significant influence. For example, Bala et
al. (2008) simulate a precipitation temperature sensitivity of
1.5 % K−1 for a LW forcing and 2.4 % K−1 for a shortwave
(SW) forcing, while simulated sensitivities of the water va-
por concentration are approximately the same, i.e., about
6.3 % K−1. This implies that the WLTR may be smaller for a
SW than for a LW forcing.

In a similar fashion the temperature dependence of the
aerosol concentration is expressed as

dlnwAP

d1T
=

dlnSAP

d1T
−

dln

(∑
i

ea,ipa,iciUi

/
H

)
d1T

(11)

or as a function of time:

d lnwAP

dt
=

dlnSAP

dt
−

dln

(∑
i

ea,ipa,iciUi

/
H

)
d1T

d1T

dt
, (12)

where d1T
/

dt reflects the rate of temperature change. The
first term on the right-hand side of Eq. (12) describes chang-
ing aerosol emissions; these may be associated with anthro-
pogenic activities but also with temperature-dependent pro-
cesses such as climate–biosphere feedbacks and chemical
transformation rates (Carslaw et al., 2010). The last term
refers to a change in the processing of the atmosphere by
clouds as discussed above, and in the aerosol activation effi-
ciency and the fraction of the dissolved aerosol mass that is
transferred to precipitation. The temperature response of the
aerosol lifetime (further referred to as ALTR) is given by

dlnτAP

d1T
= −

dln

(∑
i

ea,ipa,iciUi

/
H

)
d1T

. (13)

The ALTR is a potentially significant factor for the aerosol
radiative forcing even when other aerosol characteristics
such as size distribution and chemical composition remain
the same.

A first guess of the magnitude of ALTR can be obtained by
assuming for simplicity thatec,ea, pc andpa do not change
significantly upon temperature change, so that the lifetime is
affected only through changes in cloud cover and updraft ve-
locity. In that case, ALTR and WLTR are of equal magnitude,
i.e., 5.3± 2.0 % K−1. Examination of the Clausius Clapeyron
equation indicates that the temperature sensitivity of the con-
densation efficiencyec is generally smaller than 0.5 % K−1,
and its influence on the water vapor lifetime change is likely
relatively small. However, the aerosol activation efficiencyea
may have changed significantly during the last 150 yr but it is
uncertain by how much in view of the complexity and com-
pensating effects involved. Changes may be related to a tem-
perature change. For example, the amount of semi-volatile
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G.-J. Roelofs: Temperature responses of water vapor and aerosol lifetimes 8249

matter condensed in the aerosol phase decreases with in-
creasing temperature (Topping and McFiggans, 2012) and
this implies a reduction ofea. Further, aerosol scavenging
efficiencies are generally smaller in polluted air than in the
cleaner pre-industrial air (e.g., Jensen and Charlson, 1984).
Finally, processing of less soluble aerosol in polluted air
leads to more hygroscopic aerosol (Stier et al., 2006) and
thus implies a largerea.

3 Aerosol lifetimes in aerosol–climate models

3.1 Comparison of temperature sensitivities

In contrast with our approach in Sect. 2, three-dimensional
aerosol climate models are relatively complex: they display
large temporal and spatial variabilities in water vapor and
aerosol concentrations, they consider mechanisms for sec-
ondary aerosol formation and aerosol is removed from the
atmosphere in various ways. It can be expected that many
parameters other than the temperature sensitivity of clouds
and precipitation contribute to a change in aerosol lifetime.
We compare the estimated ALTR of 5.3 % K−1 with the re-
sults of four global modeling studies that report computed
temperature sensitivities for precipitation and global (sulfate)
aerosol lifetimes, which are listed in Table 1. The studies ap-
ply a LW or SW forcing, or a mixture of both. Simulated
temperature sensitivities for precipitation range between 2.0
and 2.8 % K−1, consistent with Held and Soden (2006). The
studies do not explicitly report computed sensitivities of the
atmospheric water vapor concentration, except for Racherla
and Adams (2006), who simulate a temperature sensitivity
of 8.2 % K−1. The other climate models are included in the
analysis by Held and Soden (2006), who find a consistent
temperature sensitivity of the water vapor concentration of
approximately 7.5 % K−1 for all models. It can be noticed
that the modeled values of ALTR listed in the right column
in Table 1 are generally smaller than the derived 5.3 % K−1

and also include negative values.
The GFDL study (Fang et al., 2011) considers ideal sol-

uble tracers and an aerosol removal efficiency that depends
on the ratio of precipitation rate and precipitable water. Ideal
tracer emissions are located mostly in (sub)tropical regions,
concurring with the strongest evaporation fluxes. That study
is therefore to some extent comparable to our approach and
the computed ALTR is in relatively good agreement with our
derived value. Fang et al. (2011) attribute the lifetime in-
crease to a decrease in large-scale precipitation over land and
a decreased precipitation frequency.

Comparison is less straightforward for the other model
studies that consider size-resolved aerosol and more realistic
aerosol dynamics, microphysics and emission distributions
for several aerosol species. From the study with ECHAM-
HAM (Kloster et al., 2010) we consider two scenarios: one
with changes in greenhouse gas (GHG) emissions only and

Table 1. Simulated temperature sensitivities of precipitation and
sulfate lifetime.

Model 1F 1P/1T 1τAP/1T

(W m−2) (%/K) (%/K)

This studya LW 2.2± 1.1 5.3± 2.8
Fang et al. (2011)b GFDL LW +2.2 +6.1
Kloster et al. (2010)c ECHAM LW +2.0 +2.4
Kloster et al. (2010)d ECHAM LW, SW +2.4 +3.9
Liao et al. (2006)e GISS-II LW +2.0 −3.1
Racherla/Adams (2006)f GISS-II SW +2.8 −6.2

a Based on Held and Soden (2006).
b Ideal soluble tracer, long-lived greenhouse gas concentrations yr 1990 vs. 2090.
c Emission changes for greenhouse gases, yr 2000 vs. 2030.
d Emission changes for greenhouse gases and aerosol, yr 2000 vs. 2030.
e CO2 increase from 368 to 836 ppb, unchanged emissions, yr 2000 vs. 2100.
f Forcing of surface temperature from changes in ocean boundary conditions,
unchanged emissions, yr 1990 vs. 2050.

the other with changes in both GHG and aerosol (precursor)
emissions. Different precipitation temperature sensitivities
are computed, consistent with the different responses to LW
and SW forcings as described in section 2.2. The computed
temperature sensitivities of the sulfate lifetime are positive
but smaller than our estimate. The two studies with GISS
(Racherla and Adams, 2006; Liao et al., 2006) also use a
detailed aerosol scheme but simulate negative values for the
aerosol lifetime change. This is attributed by the authors to
the increased precipitation, but also to differences in the sim-
ulated seasonalities of precipitation and aerosol concentra-
tions. A study with HadGEM2-ES (Bellouin et al., 2011; not
listed in Table 1) computes a sulfate lifetime that varies from
3.8 days in 1850 to 3 days in 1960 and then to 4 days at the
end of the 21st century. The simulated decrease of the sulfate
lifetime between 1850 and 1960 is due to the fact that an-
thropogenic activities caused a relocation of the main sulfur
dioxide emissions from the (sub-)tropics to extratropical re-
gions, thus situating them closer to the northern hemispheric
storm tracks where precipitation is abundant. The subsequent
increase reflects that anthropogenic aerosol (precursor) emis-
sions decrease again in these regions.

3.2 Proposed analysis of simulated water vapor and
aerosol lifetimes

A better understanding of aerosol radiative forcing requires a
quantitative insight in the intermodel variability in computed
aerosol burden. Section 2 showed that the wet removal rate
of aerosol is directly linked to that of water vapor through
cloud coverc and updraft velocityU , while Sect. 3.1 showed
that the aerosol lifetime is also influenced by the simulated
transport between locations where aerosol is emitted (or sec-
ondarily produced) and where it is removed by precipitat-
ing clouds. In addition, the activation efficiencyea is impor-
tant for aerosol removal. It depends non-linearly on aerosol
physical and chemical properties and on cloud formation dy-
namics. Global aerosol models use approaches of different

www.atmos-chem-phys.net/13/8245/2013/ Atmos. Chem. Phys., 13, 8245–8254, 2013
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complexity to compute aerosol uptake in clouds during cloud
formation, such as prescribed scavenging efficiencies for
each cloud type (e.g., Stier et al., 2005), parameterizations
derived from cloud parcel model simulations (e.g., Roelofs
et al., 2006) or parameterizations based on aerosol activation
theory (e.g., Fountoukis and Nenes, 2005; Abdul-Razzak and
Ghan, 2002). A systematic analysis of the differences in com-
puted (temperature responses of) aerosol lifetimes between
models requires therefore a separate evaluation of effects as-
sociated with the hydrological cycle and with aerosol activa-
tion.

The proposed analysis is based on Sect. 2 but several
processes relevant for water vapor and aerosol, specifically
below-cloud evaporation and entrainment, are not explicitly
considered. In the first place, the connection between water
vapor and aerosol lifetimes in coupled aerosol–climate mod-
els will be evaluated. The simulated global and annual wa-
ter vapor lifetime can be derived from the global water va-
por burden and the precipitation flux, and this lifetime can
be related to the computed values ofec, pc, c andU for all
cloud types in the domain, following Eq. (4). For a consis-
tent intermodel comparison of aerosol lifetimes (Eq. 7) an
ideal aerosol tracer should be considered that has identical
activation and precipitation efficiencies for all models. For
example,ea can be assumed to have a constant value that is
the same for all cloud types, whilepa can be assumed equal
to pc for every cloud event. In that case the atmospheric cy-
cling speeds of water vapor and aerosol are related according
to a simple lifetime ratio (cf. Eq. 8):

τAP

τv
=

ēc

ea
, (14)

with ēc an effective or average condensation efficiency de-
rived from

ēc =

∑
i

ec,ipc,iciUi∑
i

pc,iciUi

. (15)

The lifetime ratio describes the relative uptake of water and
aerosol in clouds and reflects therefore the aqueous phase
concentration of aerosol in cloud water. Intermodel differ-
ences in the computed lifetimes and lifetime ratio should be
analyzed further to separately assess the significances of dif-
ferences in cloud physics (condensation, precipitation for-
mation), cloud dynamics (cloud cover, cloud volume), and
aerosol transport times in the three-dimensional domain. We
note that aerosol in the lower troposphere is more suscep-
tible to wet removal than aerosol in the upper troposphere.
Therefore, the simulated aerosol lifetime also depends on
the vertical distribution of aerosol (precursors) in the tropo-
sphere and thus may reflect the simulated vertical transport
efficiency. The simulated water vapor distribution is also in-
fluenced by this and depends on, for example, the numerical
method used to solve tracer transport and the vertical model

resolution (e.g., Roeckner et al., 2006; Rasch et al., 2006;
Williamson and Rasch, 1994; Risi et al., 2012). We note
that climate models tend to simulate vertical transport too
efficiently, so that computed upper tropospheric water vapor
burdens are often larger than observed (Lindzen et al., 1996;
John and Soden, 2007).

Subsequently, simulations of different climates should be
compared for information about changes in water vapor and
aerosol lifetimes and shifting contributions from different
cloud types. Considering again a constantea and equalpc
andpa, the temperature sensitivity of the aerosol–water va-
por lifetime ratio is given by

dln
(
τAP

/
τv
)

d1T
=

dlnēc

d1T
−

dlnea

d1T
. (16)

According to Eq. (16), a change in lifetime ratio between
colder and warmer climates thus suggests a change in the
averagedec, caused by, for example, a change in the con-
tribution from each cloud type to the total removal of water
vapor and aerosol as a result of changes in cloud and pre-
cipitation distributions and changing transport patterns in the
three-dimensional model atmosphere.

Finally, the impact of the aerosol activation efficiencyea
on the aerosol lifetime must be evaluated. Intermodel differ-
ences inea and how it changes between different climates
will contribute to intermodel variabilities in aerosol lifetime
and therefore radiative forcing. Similar model experiments
as described above but with application of the parameteriza-
tions implemented in the models for aerosol activation can
be used to analyze and compare the influence ofea.

4 Summary and discussion

Changing the surface temperature in climate models leads
to changes in the computed atmospheric water vapor bur-
den and lifetime, in evaporation and precipitation, and in
the spatial and temporal distribution of clouds and precip-
itation. The radiative effects of these changes are expressed
in the simulated climate sensitivity and vary considerably be-
tween models. Changes in cloud and precipitation character-
istics, however, also affect the wet deposition efficiency for
aerosol and thus the aerosol atmospheric lifetime and burden.
This implies that climate change induces an aerosol radia-
tive forcing, even when aerosol emissions and aerosol physi-
cal and chemical properties (size distribution and hygroscop-
icity) remain the same, which is relevant also for natural
aerosol. With a few fundamental equations based on Prup-
pacher and Jaenicke (1995), adequate for steady-state con-
ditions and a well-mixed atmosphere, we explored the con-
nection between atmospheric lifetimes of aerosol and water
vapor. The system is constrained to soluble aerosol with wet
deposition as only removal mechanism, which is to some ex-
tent representative of atmospheric sulfate. Insoluble aerosol
such as dust is not considered, nor many processes that are
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relevant for the aerosol lifetime, such as secondary aerosol
production and compensating effects between aerosol activa-
tion scavenging, below-cloud scavenging and dry deposition.
We also neglected any size-dependence of aerosol–cloud in-
teractions, the influence of aerosol scavenging on precipita-
tion formation (the second indirect or “lifetime” effect) and
other climate–chemistry feedbacks (Raes et al., 2010).

The equations show that water vapor removal is governed
by the processing efficiency of air in clouds, expressed in
terms of cloud cover, updraft speed, condensation efficiency
and the transfer of cloud water to precipitation. Simulated
temperature sensitivities for the water vapor concentration
and precipitation following a LW forcing (Held and Soden,
2006) suggest a temperature response of the water vapor
lifetime (WLTR) of +5.3± 2.0 % K−1. The actual response
may be smaller and the uncertainty larger because simulated
precipitation temperature sensitivities for SW and LW forc-
ings are different. We note that a recent estimate of the pre-
cipitation temperature sensitivity based on ocean salinity is
much larger than models predict, i.e., 8 % K−1 (Durack et al.,
2012), which implies a much smaller temperature response
of the water vapor lifetime of almost zero (Eq. 9).

Aerosol removal also depends on cloud cover and updraft
speed, and on the activation efficiency and the transfer of
aerosol from cloud water to precipitation. If temperature-
induced changes in the efficiencies of condensation, aerosol
activation, and cloud–precipitation transfer are insignificant,
the temperature response of the aerosol lifetime (ALTR) is
the same as the WLTR, i.e., +5.3± 2.0 % K−1. For the ob-
served global temperature increase of 0.76◦C between the
pre-industrial era and the present day (Solomon et al., 2007)
this ALTR suggests an increase of the lifetime of natural
aerosol between 2.5 and 5.5 % (Eq. 13). Although it is dif-
ficult to relate this directly to a radiative forcing, a first es-
timate of the order of magnitude can be obtained by assum-
ing a linear relation between aerosol lifetime (or burden) and
aerosol direct radiative forcing. Taking as a reference a value
of 4 W m−2 as the total SW radiative forcing by natural and
anthropogenic aerosol (top-of-atmosphere, clear-sky model
estimate from Zhang et al., 2012), the ALTR by itself repre-
sents a forcing of the order of 0.1–0.2 W m−2. Although this
will be smaller for natural aerosol alone, it is of the same
order of magnitude as the intermodel standard deviation of
computed direct radiative forcing from anthropogenic sulfate
in AeroCom, i.e., 0.11 W m−2 (Myhre et al., 2013), derived
from simulations with pre-industrial and present-day emis-
sion scenarios within the same climate. About a third of this
is attributed to host-model uncertainties (Stier et al., 2013).
We conclude that the dependence of the computed ALTR on
simulated properties of the hydrological cycle may be per-
ceived as another host-model uncertainty, and it can be ex-
pected that intermodel variability in ALTR contributes to the
present range of uncertainty in anthropogenic aerosol radia-
tive forcing.

The derived ALTR is consistent with a global model sim-
ulation that applies ideal soluble aerosol-like tracers (Fang
et al., 2011), but not with models that employ more realis-
tic aerosol representations and that simulate a wide range of
negative to positive values for ALTR. We conclude that the
influence of the ALTR on aerosol forcing may be significant,
but it is probably small compared to other influences. Partic-
ularly important in this respect are changing spatial distribu-
tions of aerosol (precursor) emissions and transport routes
(Bellouin et al., 2011; Zhang et al., 2007; Carslaw et al.,
2010; Zhou et al., 2011), and changes in the aerosol acti-
vation efficiency. We present suggestions for model experi-
ments involving idealized aerosol-like tracers that may help
to quantify the separate influences on aerosol lifetime and
assess their relevance for aerosol–climate simulations.

We finally note that the temperature sensitivity of cloud
and precipitation characteristics not only affects aerosol re-
moval and aerosol radiative forcing, but also induces a radia-
tive forcing directly, i.e., the cloud radiative feedback (CRF)
(Randall et al., 2007; Dessler and Sherwood, 2009), which
appears to be the most important cause of the intermodel
variability in climate sensitivity (Dufresne and Bony, 2008;
Andrews et al., 2012). The solar wavelengths especially con-
tribute to CRF (Schwartz, 2008), suggesting a strong radia-
tive feedback from clouds in the lower part of the troposphere
where also most aerosol resides. A possible correlation be-
tween the ALTR and CRF could partly explain the correla-
tion between climate sensitivity and aerosol forcing found in
aerosol–climate models (Kiehl, 2007). In the relatively small
model comparison in Table 1 such a relation is not apparent,
but a dedicated model intercomparison study, as outlined in
Sect. 3.2 and including an analysis of cloud radiative effects,
may provide more information on this.

Acknowledgements.We thank the anonymous reviewers: their
critical reading and their comments and suggestions helped to
improve the manuscript substantially.

Edited by: J. Quaas

References

Abdul-Razzak, H. and Ghan, S. J.: A parameterization of aerosol ac-
tivation, 3, Sectional representation, J. Geophys. Res., 107, 4026,
doi:10.1029/2001JD000483, 2002.

Albrecht, B. A.: Aerosols, cloud microphysics and fractional
cloudiness, Science, 245, 1227–1230, 1989.

Allen, M. R. and Ingram, W. J.: Constraints on future changes in
climate and the hydrologic cycle, Nature, 419, 224–232, 2002.

Andreae, M. O., Jones, C. D., and Cox, P. M.: Strong present-
day cooling implies a hot future, Nature, 435, 1187–1190,
doi:10.1038/nature03671, 2005.

Andrews, T. and Forster, P. M.: The transient response of global-
mean precipitation to increasing carbon dioxide levels, Environ.
Res. Lett., 5, 025212, doi:10.1088/1748-9326/5/2/025212, 2010.

www.atmos-chem-phys.net/13/8245/2013/ Atmos. Chem. Phys., 13, 8245–8254, 2013

http://dx.doi.org/10.1029/2001JD000483
http://dx.doi.org/10.1038/nature03671
http://dx.doi.org/10.1088/1748-9326/5/2/025212


8252 G.-J. Roelofs: Temperature responses of water vapor and aerosol lifetimes

Andrews, T., Gregory J. M., Webb, M. J., and Taylor, K. E.:
Forcing, feedbacks and climate sensitivity in CMIP5 coupled
atmosphere-ocean climate models, Geophys. Res. Lett., 39,
L09712, doi:10.1029/2012GL051607, 2012.

Bala, G., Duffy, P. B., and Taylor, K. E.: Impact of geoengineering
schemes on the global hydrological cycle, P. Natl. Acad. Sci.,
105, 7664–7669, doi:10.1073/pnas.0711648105, 2008.

Bala, G., Caldeira, K., and Nemani, R.: Fast versus Slow Response
in Climate Change: Implications for the Global Hydrological
Cycle, Climate Dynam., 35, 423–434, doi:10.1007/s00382-009-
0583-y, 2009.

Bellouin, N., Rae, J. G. L., Jones, A., Johnson, C. E., Haywood, J.
M., and Boucher, O.: Aerosol forcing in the Climate Model Inter-
comparison Project (CMIP5) simulations by HadGEM2-ES and
the role of ammonium nitrate, J. Geophys. Res., 116, D20206,
doi:10.1029/2011JD016074, 2011.

Bony, S., Colman, R., Kattsov, V. M, Allan, R. P., Bretherton, C.
S., Dufresne, J.-L., Hall, A., Hallegatte, S., Holland, M. M.,
Ingram, W., Randall, D. A., Soden, B. J., Tselioudis, G., and
Webb, M. J.: How well do we understand and evaluate cli-
mate change feedback processes?, J. Climate, 19, 3445–3482,
doi:10.1175/JCLI3819.1, 3445–3482, 2006.

Carslaw, K. S., Boucher, O., Spracklen, D. V., Mann, G. W., Rae,
J. G. L., Woodward, S., and Kulmala, M.: A review of natu-
ral aerosol interactions and feedbacks within the Earth system,
Atmos. Chem. Phys., 10, 1701–1737, doi:10.5194/acp-10-1701-
2010, 2010.

Charlson, R. J., Schwartz, S. E., Hales, J. M., Cess, R. D., Coakley
Jr., J. A., Hansen, J. E., and Hofmann, D. J. Climate forcing by
anthropogenic aerosols, Science, 255, 423–430, 1992.

Croft, B., Lohmann, U., Martin, R. V., Stier, P., Wurzler, S.,
Feichter, J., Hoose, C., Heikkilä, U., van Donkelaar, A., and
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