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Abstract. New particle formation contributes significantly is poorly constrained in climate models, and represents one
to the number concentration of condensation nuclei (CN) asof the greatest remaining uncertainties in assessing climate
well as cloud CN (CCN), a key factor determining aerosol change (IPCC, 2007). A major source of atmospheric CCN
indirect radiative forcing of the climate system. Using a is the secondary particle formation frequently observed in
physics-based nucleation mechanism that is consistent witthe atmosphere (Pierce and Adams, 2007; Makkonen et al.,
arange of field observations of aerosol formation, it is shown2009; Wang and Penner, 2009; Yu and Luo, 2009; Spracklen
that projected increases in global temperatures could siget al., 2010; Kazil et al., 2010). The non-linear depen-
nificantly inhibit new particle, and CCN, formation rates dence of aerosol nucleation rates on key atmospheric pa-
worldwide. An analysis of CN concentrations observed atrameters, and the influence of aerosol formation on CCN
four NOAA ESRL/GMD baseline stations since the 1970s populations, points to a potentially important climate feed-
and two other sites since 1990s reveals long-term decreadack mechanism involving interactions between particle nu-
ing trends that are consistent in sign with, but are larger incleation, CCN production, cloud microphysics, and climatic
magnitude than, the predicted temperature effects. The pogesponses.

sible reasons for larger observed long-term CN reductions at ampient atmospheric temperatureg)(and sulfuric acid
remote sites are discussed. The combined effects of risingapor concentrations (BQ]) are the dominant factors
temperatures on aerosol nucleation rates and other chemignirolling particle nucleation events in many regional set-

cal and microphysical processes may imply substantial degings (although other parameters, such as relative humidity
creases in future tropospheric particle abundances associatggq ionization rates, can also contribute in determining nu-

with global warmi.ng, deliqeating a potentially significan_t_ cleation rates; e.g., Yu, 2010). In the past, it was suggested
feedback mechanism that increases Earth's climate sensitiyy, ¢ future climatic warming might change oceanic emissions
ity to gre_enhouse gas emissions. Further research is needeg dimethylsulphide (DMS), thus influencing JSQx], sul-
to quantify the magnitude of such a feedback process. fate aerosols, and the indirect radiative forcing of marine
stratus clouds, defining a climate feedback process (i.e., the
CLAW hypothesis; Charlson et al., 1987). After more than
1 Introduction two decades of study, however, the strength and even the sign
(i.e., negative or positive) of the CLAW feedback process re-
Atmospheric particles affect the Earth’s energy budget di-main ambiguous (e.g., Ayers and Cainey, 2007; Kloster et al.,
rectly by scattering solar radiation, and indirectly by act- 2007; Woodhouse et al., 2010; Quinn and Bates, 2011). In
ing as cloud condensation nuclei (CCN), which affect cloud contrast to the large number of studies considering CLAW
optical properties and influence precipitation (e.g., Twomey,(~1500 publications since 1987, according to Ayers and
1977). The magnitude of aerosol indirect radiative forcing Cainey, 2007), very few investigations have been carried out

Published by Copernicus Publications on behalf of the European Geosciences Union.



2400 F. Yu et al.: Decreasing particle number concentrations in a warming atmosphere

to quantify the direct effects of climate change (specifically,
temperature variations) on new particle and CCN formation
rates, while the associated climate feedback processes, which
offer a more direct physical linkage, have never been inves- 10t
tigated. Hence, in this study, we seek to quantify the mag-
nitude of a positive climate system feedback involving the
influence of temperature on particle nucleation rates. Long
term trends in CN concentrations, derived for the first time
from six observational stations witk15—-35yr records of

CN data, appear to support such a feedback mechanism.
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Physically, temperaturel) is a key parameter determining _ _ _ _
particle nucleation rates/§. Figures 1-2 show the depen- Fig. 1. Dependence of ion-mediated nucleation (IMN) rates (solid

dence of/ on T based on several different nucleation the- lines) and binary homogeneous nucleation (BHN) rates (dashed

ories. In Fig. 1, the sensitivity of to 7 has been deter- n€s) on temperature7() (RH=509%). The percentage change

. . . . . . PC) in the nucleation rateJ{ per °C increase of7 at J =
mined using a physics-based ion-mediated nucleation (IMN)E).S gm—3 s 1 is also given for!j eich case. Lines of same color

model that incorporates recently available thermodynamich(,ive same sulfuric acid vapor concentration €], in cm—3)

data (Yu, 2010) and has been tested against detailed multipleg,  the same Iocal surface area density of pre-existing particles (S,
instrument measurements of freshly nucleated particles, iny, pm? cm—3). IMN rates also depend on ionization ratg, (in

cluding their electrical charge state (Yu and Turco, 2011).ion-pairs cnt3s~1). BHN is an integral part of IMN, andjyn
The IMN reduces to binary homogeneous nucleation (BHN)approaches tdgny at low temperatures when BHN is dominant.
(Yu, 2007) when the ionization rate is zero. The percent-
age change in the nucleation raté) ((i.e., PG) per de-
gree increase i’ is a non-linear function of temperature. trolling the saturation vapor pressures of precursors, stability
IMN rates are very sensitive to temperature as J-values inof pre-nucleation clusters, and thus nucleation rates. As can
crease from insignificant<(~0.01 cnt3s™1) to significant  be seen from Figs. 1 and 2, parameters other thaalso
(>~1cm3s1. At J=05cm3s1, under the condi- have a strong impact on nucleation rates and Ralues. It
tions considered in Fig. 1, the values of P8ased on the should be noted that the dependence of nucleation rates de-
IMN model are in the range of80—20% per°C. After rived from field measurements on temperature may be not as
Jimn reaches a significant value-{-20 cnt3s™1), further  strong as those shown in Figs. 1 and 2 (Mikkonen et al., 2011;
decreases il (other parameters fixed) have small effects, Hamed et al., 2007), likely as a result of changes in other key
because nucleation under such conditions is limited by thevariables (such as F5O]) that are correlated witlT, or
ionization rate. Wherf is very low, binary homogeneous limitations to nucleation related to other factors under local
nucleation (BHN) becomes dominant and P©r IMN ap- conditions.
proaches that for BHN. Compared to BHN alone, IMN yields  In order to isolate the temperature effect and confidently
larger PG at higher ambient temperatures, but smaller val-assess the significance of the temperature feedback mecha-
ues at lower temperatures. If averaged over the entire ambirism associated with new particle formation and CCN evo-
ent temperature range of interest, P@lues for BHN are |ution, a global aerosol model that can treat particle micro-
greater than those for the integrated IMN mechanism. physical processes — especially nucleation and growth —is es-
Figure 2 shows a similar or larger effect of temperature sential. Baseline aerosol simulations should also be carefully
on nucleation rates based on a different BHN (Vehkamakivalidated against observational data. Yu and Luo (2009) in-
et al., 2002) and several ternary homogeneous nucleationorporated an advanced particle microphysics (APM) model
(THN) models (Napari et al., 2002; Yu, 2006; Merikanto into GEOS-Chem, a global 3-D model of atmospheric com-
et al., 2007). The THN model of Napari et al. (2002), now position driven by assimilated meteorological data from the
known to overestimate the THN rates significantly (Yu, 2006; NASA Goddard Earth Observing System 5 (GEOS-5). The
Merikanto et al., 2007), gives the largest values of;,PC GEOS-Chem model has been developed and used by many
Some unknown or yet to be established nucleation mecharesearch groups and contains a number of state-of-the-art
nisms (such as the involvement of amines) may also conmodules treating various chemical and aerosol processes
tribute to the production of new particles in the atmosphere.(e.g., Bey et al., 2001, Liu et al., 2001; Martin et al., 2003;
We expect that such nucleation mechanisms would also b®ark et al., 2004; Evans and Jacob, 2005; Liao et al., 2007;
quite sensitive to temperature, as this is a key parameter cor-ountoukis and Nenes, 2007; Trivitayanurak et al., 2008;
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ot (@ BHN basod on Vehommakictal.2002) 4 () THN based on Naparial. (2002 are 47 vertical layers in the model (surface to 0.01 hpa).
AN R R, \.\“ | X To estimate temperature sensitivity, two runs were inter-
— d 531=10 ppi . .
~10° \\ — - aw 10° o AELDEROm \‘ compared; one using baseline temperatures, and a second
‘n > 41=10 ppi . . . .
U0 | Vo ASES | o2 | ARG INESIODR % | ] with all temperatures incremented byQ@; differencing the
e \ \ Pl results provides the sensitivity pe€ around the baseline
B0l \ BRI LY : .
= Y \ | \\ climate state. The effects of &£C temperature increase are
= 0 kY 0 1 - - . .
B 10 oy et \ oo 4100 L v, ke ek limited to the calculations of nucleauon.ra}tes. In the real at-
2ol Lo 1 0l ] mosphere, global temperature change is inhomogeneous and
» i ‘\ R a has many other associated changes (meteorological fields,
B om0 e o0 00 200 om0 s om0 300 emissions, chemistry, etc.). The sensitivity study presented
T® TK here is aimed to isolate and illustrate the impact of temper-
1g° ) THN based on Merikanto ot al. 2007) | 4 (&) THN based on Ya 2006) ature change on nucleation and particle number concentra-
\ T T _‘AlEs T T T t.
N —— AIE§,Fy=2 lons.
N\ — — A¥7 - — Tl . . . . Ly
2 10° b N A Rt Figure 3 illustrates the horizontal (i.e., averaged within a
" 10? \ N\ e 4386 B2 | 0-2km surface layer) and vertical (i.e., zonally averaged)
e \ \ spatial distributions of annual mean percentage change (PC)
SI0F N \ 3 3 in the nucleation rate and CN10 (i.e., total number of parti-
p=] . . .
b 10° PCA(_“./,_S\% 2% 3 E cles larger than 10-nm diameter) concentrations’@erlt is
Z oL \ ] ] clear from Fig. 3 that, throughout most of the troposphere,
» \a \ . annual mean nucleation rates decrease-By30 % for each
U0 20 260 280 300020 240 260 280 300 °C of warming. The maximum decrease can reach values ex-
T® TX) ceeding 3098C~1 in the tropical lower troposphere, where

T is high andJ is small, consistent with the dependence of
Fig. 2. Effect of temperatureZ() on HySO4-H>O binary homo-  pC; on 7 shown in Fig. 1. Figure 3b indicates that the re-
geneous nucleation (BHN) an;BO,-H20-NHg ternary homoge-  gions where large decreases/iroccur extend from the sur-
neous nucleation (THN) under a range of atmospheric (:onditionsface up to~400 mb in the tropics (306-30 N). The rela-

based on different nucleation mode(g) classical BHN model of . e . .
Vehkamaki et al. (2002)(b) classical THN model of Napari et tively lower sensitivity ofJ to 7 over Antarctica and in the

al. (2002) with [NH] = 10 ppt; (c) revised classical THN model upper tropo;phgre is a result of very cold temperatures, such
of Merikanto et al. (2007) with [NH] = 100 ppt;(d) Kinetic THN thaF nucleation is more strongly limited by §8O4] in these
model of Yu (2006) with ammonia stabilizing factaFy,) con- ~ f€glons. o
strained by experimental results. In the legend, read A1E8 as Figure 3c and d indicate that, as a result of the reduced
[H2SO4]=1.0x 10% cm—3. The percentage change (PC) in the nu- nucleation rates, the annual mean CN10 concentrations de-
cleation rate () per degree increase if at J =0.5cm 3s 1 is crease by~2-8% per°C of warming in most of the tropo-
also given for each case. sphere. Similar to the sensitivity of, the maximum de-
crease in CN10 occurs in the tropical regions, and can exceed
10%. The zonally-averaged decreases in CN10 per degree
Henze et al., 2008; Yu and Luo, 2009) with up-to-date key of warming (Fig. 3d) are largest in the tropical lower tropo-
emission inventories (e.g., Guenther et al., 2006; Bond etphere (to 5% or more). The effect of increasihngn CN10
al., 2007; Zhang et al., 2009). The APM model in GEOS- concentrations is relatively small in the polar regions and in
Chem is optimized to accurately simulate the formation ofthe tropical upper troposphere.
secondary particles and their growth to CCN sizes, with high  Global surface temperatures have increased at a rate of
size resolution for particles in the size range of 1.2-120nm~0.17°C decade! on average since the 1970s, varying
(Yu and Luo, 2009). Our previous validation studies indicatefrom —0.25 to +0.75C decade? in different regions (IPCC,
that the predicted total particle number concentrations (with2007). According to the present results, such long-term
diameters larger than3 nm, and~10 nm) agree quite well  trends should have led to noticeable changes in nucleation
(generally within a factor of two) with a comprehensive set of rates and CN10 abundances. As it happens, beginning
land-, ship-, and aircraft- based measurements (Yu and Ludn the middle/late 1970s, NOAA/ESRL’s Global Monitor-
2009; Yu et al., 2010; Luo and Yu, 2011). ing Division (GMD) has collected long-term measurements
The results presented below are based on a one-yeaf CN at four remote baseline stations at Barrow, Alaska
simulation (October 2004—December 2005, with the first 3(BRW), Mauna Loa Observatory, Hawaii (MLO), American
months as spin-up) using GEOS-Chem v8-02-04 + APM,Samoa (SMO), and South Pole Observatory (SPO) (Bod-
with nucleation rates predicted by the IMN mechanism (Yu, haine, 1983). To our knowledge, BRW, MLO, SMO, and
2010) and the condensation of low volatile secondary organicSPO are the only 4 stations around the globe having more
gases from successive oxidation aging (Yu, 2011) taken intdhan 20yr of CN data available in the public domain that
account. The horizontal resolution i$x22.5° and there allow one to look into the long-term trends of atmospheric
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Fig. 3. Horizontal (i.e., averaged within the 0-2 km surface layer) and vertical (i.e., zonally averaged) spatial distributions of the annual
mean percentage changes in nucleation ratgsuid concentrations of condensation nuclei larger than 10 nm (CN10), for a unifo@m 1
temperature increase. These temperature sensitivities were calculated as described in the text.(dj) gen&dcations of four NOAA
baseline stations (BRW, MLO, SMO, and SPO), one NOAA regional station (BND), and one German Antarctic station (NEU) are marked
respectively as A, B, C, D, E, and F. The location of Pallas station discussed in Supplement is marked as G.

particle number concentrations. It should be noted that thdion efficiency diameters varying from8 nm to~12 nm and
Australian “Atmospheric Baseline” program began CN mea-~15nm). The supporting analysis provided in the Supple-
surements at Cape Grim (403, 144.7E) in the latter ment shows that the changeover of CN counters is likely to
1970s (Gras, 1990) but the long-term Cape Grim CN data ardnave had only a smalk(~5 %) effect on the variance of CN

not yet available. The GMD has another site at Bondville, values at these three remote sites. Only the most recent 22 yr
Illinois (BND) which has recorded CN values since 1994. of measurements from SPO are included in this study, as ex-
In addition, the German Antarctic station Neumayer (NEU) plained in the Supplement, an unexplained increase in CN
has measured CN since 1993 (Weller and Lampert, 2008)concentrations associated with a change in the CN counter in
The Switzerland Jungfraujoch High-Alpine Research Station1989 hinders the interpretation of the entire record there as a
(3580 ma.s.l.) has obtained CN data since 1995. continuous time series.

Figure 4 illustrates the monthly and annual mean CN val- Although there exist substantial inter-annual variations
ues observed at four NOAA baseline stations as well as BNlikely as a result of El Nino, interannual and decadal dy-
and NEU (at locations marked respectively as A, B, C, D, nhamics, volcanic eruptions, biomass burning, and so on) and
E, and F in Fig. 3c) sites, along with linear regression (LR) some periods of missing data, CN concentrations exhibit a
results based on annual mean CN data. The multiple-yealong-term decreasing trend at each of the six site$0.4 %,
mean CN values, Pearson’s product moment correlation co—14.5%, —13.9%, —14.3%, —3.3%, and—26.3% per
efficients ¢), and slopes (with 95 % confidence intervals for decade at BRW, BND, MLO, SMO, NEU and SPO, respec-
the regression lines) are given in the figure legends. It shouldively. Based on linear correlation coefficients and 95 % con-
be noted that 30 plus years of CN data for BRW, MLO, fidence intervals for slopes, the decreasing trends are statisti-
and SMO during different periods were obtained using twocally significant at the BRW, MLO, SMO, and SPO sites, but
or three different CN counters (with 50% particle detec- are not significant at the BND and NEU sites. Itis interesting
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Fig. 4. Annual (filled diamonds) and monthly (open circles) mean CN values observed at the five NOAA sites and one German Antarctic
station identified in Fig. 3c. Annual mean values are shown for years with at least 10 months of monthly mean data. In the figure, linear
regressions (LR) are derived from the annual mean CN observations, and the corresponding mean CN values, Pearson’s product momer
correlation coefficients-§, and slopes (with 95 % confidence intervals for the regression slopes) are given in the legend.

to note that both the BND and NEU sites have onli5 yr of extended periods of missing data at MLO and SMO. In ad-
CN data. Our statistical analysis may indicate that, due to thalition, the decrease in CN from1990 to 1995 at Barrow
relatively small long-term trends compared to inter-annualcoincides with the substantial reduction in S€missions in
variations, 20 or more years of data are needed to derivé&North America associated with Clean Air Act in the US. It
statistically significant trends. For BRW, MLO, and SMO, should be noted that the conclusions of this paper rely more
which have more tharn30 yr of data, there are extended pe- heavily on observations at other NOAA sites (MLO, SMO,
riods (lasting several years) where data are missing. WhileSPO), where the effect of missing data appears to be smaller.
these gaps may increase the uncertainty in derived trends, it Both surface and tropospheric air temperatures trended
is unlikely that significant systematic shifts had occurred dur-upward during the last 3—4 decades in the regions around
ing these isolated, random periods where data are missin®dRW, BND, MLO, and SMO, in the range of 0.15—
We could not find any records of changes in instrumentationd.55°C decade! (IPCC, 2007). Temperatures increase in
or measurement technique, sampling strategy or location, osome regions, and decrease in others around NEU and
other factors that might have led to systematic biasing of theSPO, ranging from-0.25°C decade? to +0.25°C decade?

data only during the gaps. At Barrow, most of the decline (IPCC, 2007). The opposing observed long-term trends in

in CN concentrations appears to have occurred during a peand CN appear to be consistent with the physics of nucle-
riod (1992-1994) when no observations were recorded. lation and particle evolution (Figs. 1-3). It should be noted
is therefore difficult in this case to determine whether thethat tropospheric particles have lifetimes-efl week, and

CN decrease may have actually been related to a reconfighus CN are subject to the influence of variations in tempera-
uration of the instrumentation or calibration; the literature is tures and nucleation rates in regions upwind of measurement
not definitive in this regard. As can be seen in Fig. 4, changesites. We would like to emphasize that the values of above
of a similar magnitude over periods of several years are notlerived CN trends are subject to uncertainty associated with
uncommon due to inter-annual variability, while there are CN counting efficiency, instrument operation condition, and
also no obvious changes in observed CN values during thenissing data. Nevertheless, Fig. 4 represents the best set of
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long-term CN data presently available and our analysis indi-ure 5a shows the simulated spatial distribution of the annual
cates that, thanks to the relatively long duration of the datamean number concentrations of CCN (defined at a water su-
a few short periods of abnormal values do not change theersaturation of 0.4 % — CCNO0.4) averaged within the lower
overall decreasing trends of CN concentrations. boundary layer (0-0.4 km) ((CCNO4. ). Figure 5b com-
The observed long-term trends in CN at the 6 sites showrpares simulated [CCNO.4j, values with those observed at
in Fig. 4 are generally larger than would be expected from26 stations around the globe. The locations of the 26 sta-
the effects of temperature changes alone (Fig. 3c). A numbetions are indicated by the letters in Fig. 5a. The CCNO0.4
of possible mechanisms may contribute to this result, includ-data include those compiled by Andreae (2009), with addi-
ing but not limited to: (1) changes in anthropogenic emis-tional data points taken from recent publications (Dal Maso
sions of particles and their precursors over time; (2) varia-et al., 2008; Bougiatioti et al., 2009; Hudson and Noble,
tions and trends in the natural emission rates of particles an@009; Komppula et al., 2009; Kivekas et al., 2009), as well
precursors; (3) shifts in the chemical balance of the tropo-as archival observations (DOE’'s Atmospheric System Re-
sphere; and (4) changes in meteorological factors (precipitasearch). In some locations, multiple CCN data are avail-
tion, wind speed, boundary layer depth, etc.). For exampleable for different seasons, and averaged values were used for
the changes in anthropogenic $€missions in the Eurasia the comparisons. In the model employed here, CCN con-
and US may have contributed to incremental decreases in CNentrations are calculated at the prescribed supersaturation
at BRW. The reduction in anthropogenic $@mnissions may based on the simulated particle size distributions and compo-
also have contributed to the decreasing trend in CN at BNDsitions, using the scheme of Petters and Kreidenweis (2007).
At more remote MLO, SMO, NEU, and SPO sites, oceaniclt should be noted that the model results in Fig. 5a are annual
DMS emissions are likely to be the major sulfur source butmean values, while most of the CCN data are from various
some anthropogenic influences on CN would be expected afield campaigns that lasted a few weeks to months. Owing
well. As mentioned earlier, the response of oceanic DMSto large seasonal variations, model results corresponding to
emissions to global climate change, and hence the sign of ththe months of the observations are used for comparisons with
CLAW feedback process, remains undetermined. A numbepbservations in Fig. 5b. The vertical bars in Fig. 5b define the
of recent studies indicate that global warming may actuallysimulated ranges of monthly mean CCN values.
stratify the ocean surface, limit nutrient supply, and thus re- Figure 5b shows that the simulated CCNO0.4 values agree
duce DMS emission, in which case the feedback loop beteasonably well with surface-based observations obtained at
comes positive (so-called “positive-CLAW") (e.g., Kloster et different points on the globe (within a factor ef2 for all
al., 2007; Ayers and Cainey, 2007). As far as we know, nosites), keeping in mind limitations in the CCNO0.4 data with
long-term measurements of DMS or S6bncentrations ex- respect to regional representation and duration of observa-
ist that can be used to accurately quantify the trend in DMStions. Overall, the simulations capture the absolute values as
emission over the last several decades. The long-term CNvell as the horizontal variations of the observed [CCNO0.4]
data measured at remote oceanic sites might be a suitable it the 26 sites worldwide, with an overall correlation co-
dicator of how DMS emissions have changed in the past. Foefficient ¢) of 0.94 and a normalized mean bias (NMB)
such a purpose, further research would be needed to undeof 0.78%. [CCNO.4]g. ranges from several-tens crhin
stand the sensitivity of CN values at remote sites to long-ternremote oceanic areas to several-thousandscaver pol-
changes in anthropogenic and natural emissions and key mdudted regions, with the highest annual mean value exceed-
teorological parameters, which is beyond the scope of thigng 4000 cn2 in the lower boundary layer over East Asia.
paper. Due to large anthropogenic sources over major continents in
the Northern Hemisphere, [CCNO.4] values are roughly
a factor of two or more larger than corresponding levels in
3 Effect of temperature increase on CCN the Southern Hemisphere. As a result of continental out-
concentrations flows, the [CCNO.4] distribution has large horizontal gradi-
ents in coastal areas, and enhanced [CCNO0.4] zones can be
It is shown above that global warming could slow down new seen over some regions of the oceans. [CCN@g.4pver
particle formation and reduce total particle number concenthe North Atlantic exceeds 100 ¢, although it is gener-
trations. However, to assess the climatic impact of this mechally below ~100cnT2 elsewhere in the marine boundary
anism, the effect on CCN concentrations must be determinedayer. [CCNO0.4]g. over the polar regions are generally be-
which depends not only on nucleation rates, but also on thédow ~150cnT3 and comparable to those over the remote
growth rates of nucleated particles and the sources of prioceans.
mary particles that can act as cloud nuclei. In this regard, With the GEOS-Chem+APM model, which generally
a global model that is capable of reproducing baseline ameaptures the absolute values as well as the spatial varia-
bient distributions of observed primary and secondary CCNtions in the observed CCN distribution, the sensitivity to
is necessary. Toward this end, simulations with the mod-changes in nucleation rates associated with global warming
eling system described above are presented in Fig. 5. Figean be investigated. Figure 6 shows the changes in [CCNO0.4]
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(a) Annual mean horizontal (0-0.4 km) CCN0.4 (b) Simulated versus observed CCN0.4
#cm?®
90N 10000 T T
7000 [ CCNO4gps= 947.3 em™
-~ 4000 _ L CONOA g0 = 954.6 e’
2500 'E [ - o
20N 11500 £
o 11000 2 y900 - .
S, I7oo S ]
5 400 E A
]
250 % <1t
308 150 <;j‘ ——
L T 1
100 L
60S 70 100 | T z e
40 [ r=0.94, NMB = 0.78%]
%S B U 117 R—T T
1 1
% 2w sow 0 B0 1208 & Observed CCNO.4 (# cmi)
Longitude

Fig. 5. (a) Simulated global distribution of CCN concentrations (annual mean number concentration for CCN that are active at a water
supersaturation of 0.4 %) averaged within the lower boundary layer (0—0.4 km) (designated as [C£NO#) Comparison of simulated
[CCNO.4] gL with observed values at 26 sites around the globe (locations are indicated in Fig. 5a by letters). In Fig. 5b, model results
correspond to the months of the observations, and vertical bars define the simulated ranges of monthly mean CCNO.4 values. In Fig. 5b, the
site identifier and bars indicating variance are color coded for clarity.

associated with increasing temperatures°(¥?) in the emphasized that Fig. 6b represents the scaled CCN change
lower troposphere (0-2km), and the scaled total CCNO.4using the CCSMS3 projected temperature changes. Under ac-
change projected to the end of the century (2080-2099}ual conditions, the effect of temperature on CCN concentra-
based on NCAR CCSM3 global warming predictions corre-tions is likely to be more non-linear, involving other factors
sponding to the IPCC-DDC 4th Assessment Report Scenarithat also contribute to CCN production and loss. Neverthe-
SR-A1B. Figure 6a indicates that, as the result of a decreaskess, Fig. 6b highlights the potential importance of account-
in nucleation rates, annual mean CCNO0.4 concentrations deng for the temperature dependence of new particle formation
crease by~1-3 % per degree of warming through most of the in projecting future atmospheric aerosol burdens and proper-
troposphere. In contrast tband CN10, which show a max- ties.
imum decrease in the tropics, B&noa has large values in
regions where particle growth rates are normally fast (associ-
ated with_ anthropogenic qnd biogenic precursor emissions), Summary and discussion
The maximum decrease in CCNO.4 exceeds &Y over
South America and India. The zonally averaged (not shown)rye present analysis points to the existence of a positive cli-
decreases in CCNO.4 are Ia[%eSt in the tropical lower tropOy ate feedback mechanism that involves a decrease in cloud
sphere (reaching above 2%™). condensation nuclei (CCN) concentrations associated with
Global climate models project significant greenhouseregional climate warming caused by greenhouse gas emis-
warming by the end of this century, with large uncertain- sions. The estimated 1-3% CCN decrease for each degree
ties and spatial variations (IPCC, 2007). Figure 6b offersCentigrade of regional warming leads to a reduced aerosol
an example of how such warming might impact CCN abun-indirect radiative cooling effect of clouds that form on the
dances in different regions as a result of direct temperatureCCN, thus amplifying the initial warming. The feedback
effects on nucleation rates. Figure 6b suggests that the immechanism works because the formation of new aerosol par-
pact of global warming (according to NCAR CCSM3 Sce- ticles, a fraction of which eventually evolve into CCN, is sup-
nario SR-A1B forecasts, IPCC 2007) based on the positivepressed as ambient temperatures rise. It has long been known
feedback mechanism quantified above (with no other specithat CCN influence cloud microphysical and optical proper-
fied changes in emissions, or other factors) could result in aies in such a way that a decrease in CCN generally increases
decrease in CCNO0.4 of up to 5-10 % over many continentathe mean size of cloud droplets, reduces cloud albedo, en-
landmasses. The estimated decrease in CCNO.4 is greatdsances precipitation, and decreases cloud cover (Twomey,
in the Arctic and over major continents because of large in-1977; IPCC, 2007). By reducing cloud albedo and area,
creases in temperatures, and/or high sensitivity of CCNO.4 tanore solar energy reaches the surface, intensifying the initi-
temperature change, predicted for these regions. It should bating warming — that is, a positive feedback occurs. It should
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concentrations, which have been observed at four NOAA

pere ESRL/GMD baseline stations since the 1970s and two other
| #2 sites since middle 1990s, appear to not only be consistent
T 7;5 with the specific positive feedback mechanism outlined in
lo.1 this study, but also indirectly support the idea that feedback
- 0.1 processes associated with other related factors affecting CN
é | 1-0-5 are, overall, positive in nature. Taken together, the feed-
3 i :; back effects of warming on nucleation rates and other factors
3 would imply a significant decrease in the concentrations of
5 tropospheric particles associated with future climate change.
]g These feedback processes will affect the climate sensitivity
= - = of greenhouse gas emissions and should be incorporated in
180 120w 50w 0 60E 120E 180 ongoing model assessments of global warming.

Longitude
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