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Abstract. The dominant removal mechanism of soluble effects) and their influence on cloud reflective properties (the
aerosol is wet deposition. The atmospheric lifetime of first indirect effect) (Twomey, 1974; Forster et al., 2007;
aerosol, relevant for aerosol radiative forcing, is thereforeLohmann and Feichter, 2005) and precipitation formation
coupled to the atmospheric cycling time of water vapor. This(the second indirect effect) (Albrecht, 1989; Rosenfeld et
study investigates the coupling between water vapor andl., 2008). Estimated direct and indirect forcings together
aerosol lifetimes in a well-mixed atmosphere. Based on arange between-0.6 and—2.4 W n2 (Forster et al., 2007)
steady-state study by Pruppacher and Jaenicke (1995) wand this uncertainty has not been reduced much in the last
describe the coupling in terms of the processing efficiencydecades (Lohmann et al., 2010). The combination of the rel-
of air by clouds and the efficiencies of water vapor con- atively large uncertainties in aerosol forcing as well as in sim-
densation, of aerosol activation, and of the transfer fromulated climate sensitivity (between 2.1 to 4@, Solomon et
cloud water to precipitation. We extend this to expressionsal., 2007) provides sufficient leeway for individual climate
for the temperature responses of the water vapor and aerosalodels to simulate a surface temperature increase over the
lifetimes. Previous climate model results (Held and Sodenjpast 150 yr that is consistent with observations, but it ham-
2006) suggest a water vapor lifetime temperature responspers accurate prediction of future climate change (Andreae
of +5.3+ 2.0 % K1, This can be used as a first guess for the et al., 2005; Knutti and Hegerl, 2008). Models display a sig-
aerosol lifetime temperature response, but temperature semificant correlation between climate sensitivity and anthro-
sitivities of the aerosol lifetime simulated in recent aerosol—pogenic aerosol forcing (Kiehl, 2007; Kerr, 2007).

climate model studies extend beyond this range and include The uncertainty in the estimated anthropogenic aerosol
negative values. This indicates that other influences probablyorcing reflects the complex ways in which aerosol physical
have a larger impact on the computed aerosol lifetime than it@and chemical properties determine the radiative forcing. Top-
temperature response, more specifically changes in the spées addressed in recent studies are, for example, the quantifi-
tial distributions of aerosol (precursor) emissions and precip-cation of emissions of aerosol and aerosol precursors (e.g.,
itation patterns, and changes in the activation efficiency ofDentener et al., 2006), the secondary formation of organic
aerosol. These are not quantitatively evaluated in this studynd inorganic aerosol in the atmosphere (e.g., Jacobson et
but we present suggestions for model experiments that magl., 2000; Jimenez et al., 2009), the capability of aerosol to
help to understand and quantify the different factors that de-act as cloud condensation nuclei and their influence on pre-
termine the aerosol atmospheric lifetime. 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).

1 Introduction Current uncertainties lead to relatively large intermodel

differences in aerosol representation. In the first place, differ-

Aerosol influences the radiative budget through scatteringent representations of aerosol (precursor) emissions, aerosol
and absorption of solar radiation (the direct and semi-direct
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8246 G.-J. Roelofs: Temperature responses of water vapor and aerosol lifetimes

physical and chemical processes, and aerosol removal leaime of water vapor in a warmer climate, which can be at-
to differences in simulated aerosol burdens and lifetimestributed to changes in simulated cloudiness and precipitation
Wet deposition of aerosol, which is subject of this study, isformation. The radiative consequences of these changes are
an important removal process for soluble inorganic aerosokexpressed in the so-called cloud radiative feedback and con-
species such as sulfate and nitrate, which have a strong atribute relatively much to the intermodel variability in cli-
thropogenic signature (Charlson et al., 1992; Dentener et almate sensitivity (Dufresne and Bony, 2008; Andrews et al.,
2006). For example, Croft et al. (2010) calculate that 53 %2012; Webb et al., 2013). However, these changes may also
and 43 % of global sulfate are removed by stratiform andaffect the efficiency of aerosol wet deposition. A recent cli-
convective precipitation, respectively, while 4 % is removed mate model study (Fang et al., 2011) indicated that the at-
by dry deposition. Accurate simulation of aerosol wet de- mospheric lifetime of an ideal aerosol-like tracer changes
position is necessary for an accurate representation of longsetween different climates, mainly due to shifting cloud
range aerosol transport (e.g., Shindell et al., 2008). Globahnd precipitation patterns and a decreased precipitation fre-
aerosol models display a large range of computed sulfatgjuency. We note that this climate-change-induced modifica-
lifetimes and wet deposition efficiencies, and a strong negtion of the aerosol lifetime influences the atmospheric bur-
ative correlation between both. For example, in the atmo-den and thus induces an aerosol radiative forcing even when
spheric (bulk) sulfur model intercomparison study COSAM other properties (emissions, size distribution, chemical com-
(Comparison of large-scale sulfur models; 1999), simulatedoosition) remain the same.
wet deposition efficiencies for Europe range between 0.1 and The direct coupling between the hydrological cycle and
0.5day !, and they are associated with sulfate lifetimes be-the lifetime of aerosol thus may lead to different radiative
tween 6 and 1days, respectively (Roelofs et al., 2001). Aforcings by natural aerosol in the pre-industrial and present-
more recent intercomparison study with relatively sophisti- day climates. However, it is still a relatively unexamined as-
cated aerosol models, carried out in the framework of thepect in the context of climate change and aerosol forcing.
aerosol intercomparison initiative AeroCom, reported a sim-This study investigates the coupling between the aerosol at-
ilar behavior with global wet removal efficiencies between mospheric lifetime and cloud and precipitation characteris-
0.15 and 0.3 day? for sulfate and global sulfate lifetimes be- tics and its sensitivity to a surface temperature change by
tween 3 and 0.5 days (Textor et al., 2006; their Figs. 5d andexpressing the relation between the atmospheric lifetimes of
4a). Inthe second place, so-called “host-model” uncertaintiesvater vapor and aerosol in terms of basic cloud and precip-
cause part of the variability. An AeroCom intercomparison itation parameters. We consider a well-mixed moist atmo-
study in which optical properties of aerosol were prescribedsphere that contains an ideal bulk aerosol for which wet de-
instead of their concentrations (Stier et al., 2013) showed aosition is the only removal mechanism. The study is based
relative standard deviation of the order of 10 % of computedon Pruppacher and Jaenicke (1995), who use a steady-state
radiative forcings between models. The variability was at-approach to express the atmospheric lifetimes of water vapor
tributed to the radiative transfer schemes implemented in theand aerosol in terms of the processing efficiency of air by
models and to the simulated surface albedo and spatial angprecipitating) clouds and by the aerosol activation or scav-
temporal distribution of clouds. enging efficiency. Section 2 commences with similar basic

In the third place, uncertainties may reflect intermodel dif- expressions for both lifetimes and continues with expressions
ferences in the simulated temperature sensitivity of the hyfor their temperature sensitivities. A first estimate of the mag-
drological cycle. A warming climate causes increasing evap-hitude of the aerosol lifetime temperature response is derived
oration of water, and this induces a larger atmospheric watefrom reported climate model results. In Sect. 3 this estimate
vapor burden and more precipitation. For model experimentss compared with computed aerosol lifetimes from several
with doubled carbon dioxide concentrations, computed tem-aerosol—climate model studies. The comparison suggests that
perature sensitivities of the water vapor burden and precip-other factors than the simulated aerosol lifetime temperature
itation amount, averaged over a series of climate modelsresponse have a larger impact on aerosol lifetime. These fac-
are 7.5% K1 and 2.2 % K1, respectively (Held and Soden, tors are not quantified further in this study, but we suggest
2006). The actual magnitude of simulated temperature sensimodel experiments to analyze and compare the relation be-
tivities depends on the nature of the forcing, i.e., shortwavetween the water vapor and aerosol atmospheric cycles in cli-
or longwave, which determines the so-called fast responsenate models. Section 4 presents a summary and discussion.
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,2 \Water vapor and aerosol lifetimes
computed precipitation temperature sensitivities are smaller
for transient than for equilibrium climate model simulations 2.1 First-order removal
(Andrews and Forster, 2010).

The difference between the water vapor and precipitationThe domain under study is the troposphere, where most water
temperature sensitivities implies a larger atmospheric life-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, (s). The water va-
por cycle is assumed to be in steady state souhat E/LV,

with wy, the concentration of water vapor (e.g., gtn, E the
evaporation flux (gm3s-1), andL, the first-order removal

rate of water vapor (s). We note that atmospheric water w, Wap
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 E (=P) Y
. . . . AP
well-mixed tropospheric column of altitud# (m) and unit
surface area the fraction of affy; (5°1), passing through all | — |
cloudsis Water vapor Aerosol
Fair = (Z ci Ui/H) , (1) Fig. 1. Atmospheric cycles of water vapor and soluble aerosol. The
7 symbols are explained in Sect. 2.1.

with ¢; andU; the average fractional cloud cover and updraft
velocity for cloud type, respectively. Introducineg ; for the
condensation efficiency in cloud typei.e., the ratio of the
cloud water mass and the mass of water vapor entering th
cloud, the rate (gm®s~1) at which water vapor condenses
becomes

wheres is the source strength (gmas™1) following primary
rim) and secondary (sec) production, dngl, and Ly re-
er to dry and wet aerosol removal efficiencies(s 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,
Fair,c = <Z €c,iCi Ui/H) Wy- ) while sulfate and organic matter, both of which strongly con-
i tribute to the anthropogenic aerosol radiative forcing (Forster
If pc,i is the fraction of the cloud water transferred to precip- €t al., 2007), are predominantly secondarily formed and re-
itation, the precipitation flufairp (gm3s1) is 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-
Fairp = (Z €c,iPc,iCi Ui/H> Wy. ®) anism the steady-state equatioruigp = SAp/LAp, where
i Lap represents the first-order loss rate due to wet deposi-
The first-order removal ratg, and lifetimer, for water va-  tion. Based on the total air flux into clouds (Eq. 1), the rate
por then become (gm~3s~1) at which aerosol is taken up by the cloud water
and subsequently removed by precipitation is expressed as

val/‘[v: (Zec,ipc,iCiUi/H>- (4)
' Fair,dep: <

We remark that Pruppacher and Jaenicke (1995) take the
same value for. (0.3) for all cloud types, and that they . o . _ _
use the average fraction of the clouds that actually precipitatd N€ t€Mmea; is the activation efficiency, i.e., the fraction of
(1/11) instead of... They estimate a water vapor lifetime in @erosol taken up in the aqueous phase during cloud forma-
the atmosphere of 9 days. Our Eq. (4) reflects thag and tion, for each cloud typé. The efficiency depends on phys-
pe may vary between different clouds and therefore provideécm and chemical characteristics of the aerosol that deter-
a more realistic description of clouds in the atmosphere andnine the critical supersaturation of individual particles, and
in climate models. on cloud dynamics, i.eea is generally larger in convective

A similar equation is developed for aerosol. Aerosol of- than in stratiform clouds (e.g., Jensen and Charlson, 1984).
ten consists of different chemical components that enter thd N€ termpa is the fraction of aerosol in the cloud water that
atmosphere after primary or secondary production and are ré$ transferred to precipitation, in a similar way asfor water
moved through dry or wet deposition. The steady-state conYaPor- For a bulk approgch, i.e., the dissolved aerosql matter
centrationwap (g m~3) of an aerosol speciesis then given 1S homogeneously distributed over the cloud drop siggs,

Zeaipa,iCiUi/H) WAP. (6)

i

by and p¢ have the same value, but they differ when concentra-
tion differences between drop sizes are taken into account.
wap,j = (Sprim,j + Ssecj) / (Ldry,j + Lwet ;) (5) Pruppacher and Jaenicke (1995) used arbitrary values, for
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of 0.5 and 1.0, independent of cloud type, while fgrthe becomes +5.3:2.0% K1, i.e., the water vapor lifetime in-

precipitating cloud fraction (111) was used. creases with temperature. This will be further referred to as

The aerosol removal rateap and lifetimerpp are 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

Lap=1/tap = (Z ¢aiPaiciUi /H) ' M a (2008) simulate a precipitation temperature sensitivity of
1

1.5%K-1 for a LW forcing and 2.4 % K1 for a shortwave
The close coupling between aerosol and water vapor life{SW) forcing, while simulated sensitivities of the water va-

times follows from por concentration are approximately the same, i.e., about
6.3 % K. This implies that the WLTR may be smaller for a

AP Xi:ecipc’icf Ui SW than for a LW forcing.

s . (8) In a similar fashion the temperature dependence of the

v Y eaipaiciUi’ S
v [Z aipaiCivi aerosol concentration is expressed as

Equation (8) demonstrates the dependence of both lifetimes din (Z eaiPaiCi Ui/H>
on the processing efficiency of air by clouds (Eq. 1), ex- dInwap _ dinSap i (11)
pressed throughandU. The magnitude of the ratio of both ~ dAT dAT dAT
lifetimes depends on the efficiencies of water vapor condenor as a function of time:
sation, aerosol activation and the transfer from cloud to pre-
cipitation water. Equation (8) can be used as a basis for a din (Z €aiPaiCi U,-/H)
model intercomparison of water vapor and aerosol lifetimes,dNwap _dInSap ‘ UAT (12)
presented in Sect. 3. dr dr dAT dr ’

o where dAT /dr reflects the rate of temperature change. The
2.2 Temperature sensitivities first term on the right-hand side of Eq. (12) describes chang-

. . ing aerosol emissions; these may be associated with anthro-
The sensitivity of the water vapor concentration to a chang ogenic activities but also with temperature-dependent pro-
in surface temperature is directly de_rived from the Ste"“dy'cesses such as climate—biosphere feedbacks and chemical
state equationy = E /Ly (for Ionger time scales (months, transformation rates (Carslaw et al., 2010). The last term
year) the source of yvgte_r vapor, i.e., evaporatigrean be refers to a change in the processing of the atmosphere by
represented by precipitatiah) and Eq. (4): clouds as discussed above, and in the aerosol activation effi-
ciency and the fraction of the dissolved aerosol mass that is

di dinp din (Z ec,i Pc,iCi Ui/H) transferred to precipitation. The temperature response of the
dZ';V = dZT - ! AT (9) aerosol lifetime (further referred to as ALTR) is given by
The second term on the right-hand side describes the tempegy, . din <Z €aiPaiCi Ui/H>
_ l

ature sensitivity of aerosol removal, in terms of the efficiency d =— . (13)
of air being processed by clouds, throughnd U, and the AT ) (_jAT o

condensation and precipitation formation efficiency for wa- The ALTR is a potentially significant factor for the aerosol
ter throughec and pc. A first estimate of this term can be radiative f_orcing even when other_ aerosol chgracteristic_:s
derived from Held and Soden (2006), who presentsimulate&UCh as size distribution and chemical composition remain
temperature sensitivities for water vapor and precipitationth® same. _ .

in response to a longwave (LW) forcing for several climate A firstguess of the magnitude of ALTR can be obtained by
models. With uncertainty ranges estimated from their Fig. 2,25Suming for simplicity that, ea, pc and pa do not change
the temperature sensitivity of the atmospheric water vapogignificantly upon temperature change, so that the lifetime is
concentration is 7.5 1.5 % K~ and that of the precipitation ~affécted only through changes in cloud cover and updraft ve-
flux is 2.2+ 1.1% K1, The latter is in good agreement with l0City. Inthatcase, ALTR and WLTR are of equal magnitude,
the analysis of Andrews and Forster (2010). The second terrh€- 5-3+2.0% K~*. Examination of the Clausius Clapeyron
on the right-hand side of Eq. (9) then becomes3 % K1, equation indicates that the temperature sensitivity of the con-
with an estimated uncertainty of 2.0% K Consequently, densation efficiency. is generally smaller than 0.5 %K,

ature change, which is expressed by relatively small. However, the aerosol activation efficieagy

may have changed significantly during the last 150 yr but it is
di uncertain by how much in view of the complexity and com-
din, n Xi:ecipcici Ui/H pensating effects involved. Changes may be related to a tem-

dAT dAT ) (10) perature change. For example, the amount of semi-volatile
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matter condensed in the aerosol phase decreases with iffable 1. Simulated temperature sensitivities of precipitation and
creasing temperature (Topping and McFiggans, 2012) angulfate lifetime.
this implies a reduction oé,. Further, aerosol scavenging

efficiencies are generally smaller in polluted air than in the Model (AWFm_Z) &S@T (AO/O’/A;)/AT

cleaner pre-industrial air (e.g., Jensen and Charlson, 1984).—

Finally, processing of less soluble aerosol in polluted air S Studs Lw 2.2£11 53:28

: . Fang et al. (2019 GFDL LW +2.2 +6.1

Iead§ to more hygroscopic aerosol (Stier et al., 2006) and gioster et al. (2019 ECHAM LW +20 24

thus implies a large#,. Kloster et al. (2010} ECHAM LW, SW  +2.4 +3.9
Liao et al. (20063 GISS-Il LW +2.0 -3.1
Racherla/Adams (2006) GISS-Il  SW +2.8 -6.2

3 Aerosol lifetimes in aerosol—climate models & Based on Held and Soden (2006).

b |deal soluble tracer, long-lived greenhouse gas concentrations yr 1990 vs. 2090.
. L ¢ Emission changes for greenhouse gases, yr 2000 vs. 2030.
3.1 Comparison of temperature sensitivities d Emission changes for greenhouse gases and aerosol, yr 2000 vs. 2030.
€ CO;, increase from 368 to 836 ppb, unchanged emissions, yr 2000 vs. 2100.

. . . [ Forcing of surface temperature from changes i bound ditions,
In contrast with our approach in Sect. 2, three-dlmen5|onak,n§r:§23e% :umri:sciin?yprelrgg%ris.mzrgs%.anges i oeER PO Eoneene

aerosol climate models are relatively complex: they display
large temporal and spatial variabilities in water vapor and

aerosol concentrations, they consider mechanisms for seghe other with changes in both GHG and aerosol (precursor)
ondary aerosol formation and aerosol is removed from theemissions. Different precipitation temperature sensitivities
atmosphere in various ways. It can be expected that mangre computed, consistent with the different responses to LW
parameters other than the temperature sensitivity of cloudand SW forcings as described in section 2.2. The computed
and precipitation contribute to a change in aerosol lifetime.temperature sensitivities of the sulfate lifetime are positive
We compare the estimated ALTR of 5.3%Kwith the re-  put smaller than our estimate. The two studies with GISS
sults of four global modeling studies that report computed(Racherla and Adams, 2006; Liao et al., 2006) also use a
temperature sensitivities for precipitation and global (sulfate)detailed aerosol scheme but simulate negative values for the
aerosol lifetimes, which are listed in Table 1. The studies apaerosol lifetime change. This is attributed by the authors to
ply a LW or SW forcing, or a mixture of both. Simulated the increased precipitation, but also to differences in the sim-
temperature sensitivities for precipitation range between 2.Qjlated seasonalities of precipitation and aerosol concentra-
and 2.8% K™, consistent with Held and Soden (2006). The tions. A study with HadGEM2-ES (Bellouin et al., 2011; not
studies do not explicitly report computed sensitivities of the |isted in Table 1) computes a sulfate lifetime that varies from
atmospheric water vapor concentration, except for Racherl® g days in 1850 to 3days in 1960 and then to 4 days at the
and Adams (2006), who simulate a temperature sensitivityend of the 21st century. The simulated decrease of the sulfate
of 8.2%K~1. The other climate models are included in the |ifetime between 1850 and 1960 is due to the fact that an-
analysis by Held and Soden (2006), who find a consistenthropogenic activities caused a relocation of the main sulfur
temperature sensitivity of the water vapor concentration ofdjoxide emissions from the (sub-)tropics to extratropical re-
approximately 7.5% K for all models. It can be noticed gjons, thus situating them closer to the northern hemispheric
that the modeled values of ALTR listed in the right column storm tracks where precipitation is abundant. The subsequent
in Table 1 are generally smaller than the derived 5.3% K increase reflects that anthropogenic aerosol (precursor) emis-
and also include negative values. sions decrease again in these regions.

The GFDL study (Fang et al., 2011) considers ideal sol-
uble tracers and an aerosol removal efficiency that depends.2 Proposed analysis of simulated water vapor and
on the ratio of precipitation rate and precipitable water. Ideal aerosol lifetimes
tracer emissions are located mostly in (sub)tropical regions,
concurring with the strongest evaporation fluxes. That studyA better understanding of aerosol radiative forcing requires a
is therefore to some extent comparable to our approach anduantitative insight in the intermodel variability in computed
the computed ALTR is in relatively good agreement with our aerosol burden. Section 2 showed that the wet removal rate
derived value. Fang et al. (2011) attribute the lifetime in- of aerosol is directly linked to that of water vapor through
crease to a decrease in large-scale precipitation over land ardoud covere and updraft velocity/, while Sect. 3.1 showed
a decreased precipitation frequency. that the aerosol lifetime is also influenced by the simulated

Comparison is less straightforward for the other modeltransport between locations where aerosol is emitted (or sec-
studies that consider size-resolved aerosol and more realistiondarily produced) and where it is removed by precipitat-
aerosol dynamics, microphysics and emission distributionsng clouds. In addition, the activation efficieneyis impor-
for several aerosol species. From the study with ECHAM-tant for aerosol removal. It depends non-linearly on aerosol
HAM (Kloster et al., 2010) we consider two scenarios: one physical and chemical properties and on cloud formation dy-
with changes in greenhouse gas (GHG) emissions only andamics. Global aerosol models use approaches of different
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complexity to compute aerosol uptake in clouds during cloudresolution (e.g., Roeckner et al., 2006; Rasch et al., 2006;

formation, such as prescribed scavenging efficiencies foWilliamson and Rasch, 1994; Risi et al., 2012). We note

each cloud type (e.g., Stier et al., 2005), parameterizationshat climate models tend to simulate vertical transport too

derived from cloud parcel model simulations (e.g., Roelofsefficiently, so that computed upper tropospheric water vapor

et al., 2006) or parameterizations based on aerosol activatiobhurdens are often larger than observed (Lindzen et al., 1996;

theory (e.g., Fountoukis and Nenes, 2005; Abdul-Razzak andohn and Soden, 2007).

Ghan, 2002). A systematic analysis of the differences incom- Subsequently, simulations of different climates should be

puted (temperature responses of) aerosol lifetimes betweecompared for information about changes in water vapor and

models requires therefore a separate evaluation of effects aserosol lifetimes and shifting contributions from different

sociated with the hydrological cycle and with aerosol activa-cloud types. Considering again a constapntind equalpc

tion. and p,, the temperature sensitivity of the aerosol-water va-
The proposed analysis is based on Sect. 2 but severglor lifetime ratio is given by

processes relevant for water vapor and aerosol, specifically

below-cloud evaporation and entrainment, are not explicitly dIn(tap/v) — dinéc  dinea (16)

considered. In the first place, the connection between water dAT T dAT  dAT

vapor and aerosol lifetimes in coupled aerosol-climate mod-

els will be evaluated. The simulated global and annual Wa_Accordmg to Eq. (16), a change in lifetime ratio between

- . colder and warmer climates thus suggests a change in the
ter vapor lifetime can be derived from the global water va- .
L R averagede, caused by, for example, a change in the con-
por burden and the precipitation flux, and this lifetime can_. -
tribution from each cloud type to the total removal of water
be related to the computed valuesegf pc, ¢ andU for all -
. : ; . vapor and aerosol as a result of changes in cloud and pre-
cloud types in the domain, following Eq. (4). For a consis-

tent intermodel comparison of aerosol lifetimes (Eq. 7) anC|p|tat|0n distributions and changing transport patterns in the

ideal aerosol tracer should be considered that has idemicépre_e-d|menS|<_JnaI model atmosphere. L -
Finally, the impact of the aerosol activation efficiengy

activation and precipitation efficiencies for all models. For e d
.on the aerosol lifetime must be evaluated. Intermodel differ-
exampleg, can be assumed to have a constant value that is

: ences ine; and how it changes between different climates
the same for all cloud types, whijg, can be assumed equal . : : e o
will contribute to intermodel variabilities in aerosol lifetime

to pc for every cloud event. In that case the atmospheric cy- o . - .
. > and therefore radiative forcing. Similar model experiments
cling speeds of water vapor and aerosol are related accordin . . . .
. e . i s described above but with application of the parameteriza-
to a simple lifetime ratio (cf. Eq. 8): : ; : -
tions implemented in the models for aerosol activation can

P _ éc (14) be used to analyze and compare the influeneg.of

Ty €a

with ¢ an effective or average condensation efficiency de-4 Summary and discussion

rived from . S
Changing the surface temperature in climate models leads
Zec,ipc,iCiUi to changes in the computed atmospheric water vapor bur-
o= ———— (15) den and lifetime, in evaporation and precipitation, and in
2 peiciUi the spatial and temporal distribution of clouds and precip-
l

itation. The radiative effects of these changes are expressed
The lifetime ratio describes the relative uptake of water andin the simulated climate sensitivity and vary considerably be-
aerosol in clouds and reflects therefore the aqueous phadeveen models. Changes in cloud and precipitation character-
concentration of aerosol in cloud water. Intermodel differ- istics, however, also affect the wet deposition efficiency for
ences in the computed lifetimes and lifetime ratio should beaerosol and thus the aerosol atmospheric lifetime and burden.
analyzed further to separately assess the significances of diffhis implies that climate change induces an aerosol radia-
ferences in cloud physics (condensation, precipitation for-tive forcing, even when aerosol emissions and aerosol physi-
mation), cloud dynamics (cloud cover, cloud volume), andcal and chemical properties (size distribution and hygroscop-
aerosol transport times in the three-dimensional domain. Wecity) remain the same, which is relevant also for natural
note that aerosol in the lower troposphere is more suscepaerosol. With a few fundamental equations based on Prup-
tible to wet removal than aerosol in the upper tropospherepacher and Jaenicke (1995), adequate for steady-state con-
Therefore, the simulated aerosol lifetime also depends omlitions and a well-mixed atmosphere, we explored the con-
the vertical distribution of aerosol (precursors) in the tropo- nection between atmospheric lifetimes of aerosol and water
sphere and thus may reflect the simulated vertical transportapor. The system is constrained to soluble aerosol with wet
efficiency. The simulated water vapor distribution is also in- deposition as only removal mechanism, which is to some ex-
fluenced by this and depends on, for example, the numericatent representative of atmospheric sulfate. Insoluble aerosol
method used to solve tracer transport and the vertical modetuch as dust is not considered, nor many processes that are
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relevant for the aerosol lifetime, such as secondary aerosol The derived ALTR is consistent with a global model sim-
production and compensating effects between aerosol activailation that applies ideal soluble aerosol-like tracers (Fang
tion scavenging, below-cloud scavenging and dry depositionet al., 2011), but not with models that employ more realis-
We also neglected any size-dependence of aerosol—cloud iriic aerosol representations and that simulate a wide range of
teractions, the influence of aerosol scavenging on precipitanegative to positive values for ALTR. We conclude that the
tion formation (the second indirect or “lifetime” effect) and influence of the ALTR on aerosol forcing may be significant,
other climate—chemistry feedbacks (Raes et al., 2010). but it is probably small compared to other influences. Partic-

The equations show that water vapor removal is governedilarly important in this respect are changing spatial distribu-
by the processing efficiency of air in clouds, expressed intions of aerosol (precursor) emissions and transport routes
terms of cloud cover, updraft speed, condensation efficiencyBellouin et al., 2011; Zhang et al., 2007; Carslaw et al.,
and the transfer of cloud water to precipitation. Simulated2010; Zhou et al., 2011), and changes in the aerosol acti-
temperature sensitivities for the water vapor concentratiorvation efficiency. We present suggestions for model experi-
and precipitation following a LW forcing (Held and Soden, ments involving idealized aerosol-like tracers that may help
2006) suggest a temperature response of the water vapdo quantify the separate influences on aerosol lifetime and
lifetime (WLTR) of +5.34+2.0% K~1. The actual response assess their relevance for aerosol—climate simulations.
may be smaller and the uncertainty larger because simulated We finally note that the temperature sensitivity of cloud
precipitation temperature sensitivities for SW and LW forc- and precipitation characteristics not only affects aerosol re-
ings are different. We note that a recent estimate of the premoval and aerosol radiative forcing, but also induces a radia-
cipitation temperature sensitivity based on ocean salinity igtive forcing directly, i.e., the cloud radiative feedback (CRF)
much larger than models predict, i.e., 8 %¥Durack etal.,  (Randall et al., 2007; Dessler and Sherwood, 2009), which
2012), which implies a much smaller temperature respons@ppears to be the most important cause of the intermodel
of the water vapor lifetime of almost zero (Eq. 9). variability in climate sensitivity (Dufresne and Bony, 2008;

Aerosol removal also depends on cloud cover and updrafdndrews et al., 2012). The solar wavelengths especially con-
speed, and on the activation efficiency and the transfer ofribute to CRF (Schwartz, 2008), suggesting a strong radia-
aerosol from cloud water to precipitation. If temperature- tive feedback from clouds in the lower part of the troposphere
induced changes in the efficiencies of condensation, aerosalhere also most aerosol resides. A possible correlation be-
activation, and cloud—precipitation transfer are insignificant,tween the ALTR and CRF could partly explain the correla-
the temperature response of the aerosol lifetime (ALTR) istion between climate sensitivity and aerosol forcing found in
the same as the WLTR, i.e., +5:2.0% K. For the ob-  aerosol—-climate models (Kiehl, 2007). In the relatively small
served global temperature increase of 0C&etween the model comparison in Table 1 such a relation is not apparent,
pre-industrial era and the present day (Solomon et al., 2007put a dedicated model intercomparison study, as outlined in
this ALTR suggests an increase of the lifetime of natural Sect. 3.2 and including an analysis of cloud radiative effects,
aerosol between 2.5 and 5.5% (Eq. 13). Although it is dif- may provide more information on this.
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) andAcknowledgementsiVe thank the anonymous reviewers: their
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