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Abstract. Subseasonal variability of cloud radiative proper- anisms by which large scale meteorology affects cloud prop-
ties in the persistent southeast Pacific stratocumulus deck isrties are explored. Our results support existing hypothe-
investigated using MODIS satellite observations and NCEPses linking cloud cover variability to changes in cold advec-
reanalysis data. A once-daily albedo proxy is derived basedion, subsidence, and lower tropospheric stability. Withif 10
on the fractional coverage of low cloud (a macrophysical of the coast interactions between variability in the surface
field) and the cloud albedo, with the latter broken down high pressure system and the orography appear to modulate
into contributions from microphysics (cloud droplet concen- both cloud macrophysical properties and aerosol transport
tration) and macrophysics (liquid water path). Subseasonathrough suppression of the marine boundary layer depth near
albedo variability is dominated by the contribution of low the coast. This suggests one possible way in which cloud
cloud fraction variability, except within 10-1%f the South  macrophysical properties and droplet concentration may be
American coast, where cloud albedo variability contributescorrelated independently of the second aerosol indirect ef-
significantly. Covariance between cloud fraction and cloudfect. The results provide variability constraints for models
albedo also contributes significantly and positively to thethat strive to represent both meteorological and aerosol im-
variance in albedo, which highlights how complex and in- pacts on stratocumulus clouds.
separable the factors controlling albedo are. Droplet con-
centration variability contributes only weakly to the sub-
seasonal variability of albedo, which emphasizes that at-
tributing albedo variability to the indirect effects of aerosols 1  Introduction
against the backdrop of natural meteorological variability is
extremely challenging. The first aerosol indirect effect (Twomey, 1974) describes
The dominant large scale meteorological variability is as-how, in the absence of changes in cloud macrophysical prop-
sociated with the subtropical high pressure system. Two inerties, increased aerosol concentrations lead to increased
dices representing changes in the subtropical high strengtfloud albedo by increasing the droplet concentrafigrand
and extent explain 80-90% of this variability, and signif- average droplet surface area. Secondary indirect effects en-
icantly modulate the cloud microphysical, macrophysical, COMpass the changes to clomgcrophysicaproperties that
and radiative cloud properties. Variations in droplet concen-0ccur in response to cloud microphysical changes. Most
tration of up to 50% of the mean are associated with the meteWell-studied of these effects is a suppression of precipita-
orological driving. We hypothesize that these fluctuations intion asNy increases (Albrecht, 1989), which can either en-
droplet concentration are a result of the large scale meteorolbance or offset the firstindirect effect (Ackerman et al., 2004;
ogy and their correlation with cloud macrophysical proper- Wood, 2007) by changing the moisture budget and entrain-

ties should not be used as evidence of aerosol effects. MeciDent rate. Other secondary effects include the influence of
cloud droplet size upon condensation and evaporation rates

(Wang et al., 2003; Xue and Feingold, 2006) and upon the
Correspondence taR. C. George entrainment rate through changes to the cloud droplet sedi-
BY (rheag@atmos.washington.edu) mentation flux (Bretherton et al., 2007). The combined effect
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of the secondary indirect effects is highly uncertain region- Given that clouds dominate albedo variability over the
ally and globally (Lohmann and Feichter, 2005). oceans, we can think @f; (a microphysical quantity)L ,,

A number of satellite-based attempts to estimate the efand f. (macrophysical quantities) as being the three funda-
fects of aerosols on cloud macrophysical properties havenental contributors to albedo. The influence of these pa-
been made using present-day correlations between aerosalameters on albedo variability has not been systematically
and cloud properties (e.g. Kaufman et al., 2005; Quaas et algxplored. Here, we estimate their relative contributions to
2008; Lebsock et al., 2008), but may be somewhat questionalbedo variability over the SEP, a region with strong regional
able due to covarying meteorological and aerosol impacts ortontrasts in cloud microphysical properties and persistent
clouds (e.g. Brenguier et al., 2003; Mauger and Norris, 2007 stratocumulus.

Stevens and Brenguier, 2009). Stratocumulus clouds are susceptible to aerosols (Platnick

Model studies can control for meteorology but are limited and Twomey, 1994) and their relatively plane parallel nature
by computing power, either by the need to parameterize smalillows their macrophysical and microphysical properties to
scale processes in larger scale climate models, or by a lacke determined reasonably accurately using passive satellite
of generality for cloud resolving models. There is a needremote sensing. Marine stratocumulus clouds continue to be
for better observational constraints for regional and globaldifficult to simulate accurately in general circulation models
models. Models simulating aerosol indirect effects should be(Zhang et al., 2005). Stratocumulus cloud regions therefore
able to reproduce the mean cloud microphysical state and theonstitute a useful system in which to attempt microphysical
temporal variability patterns of cloud microphysics associ- variability characterization.
ated with synoptic meteorological changes. Despite there be- Previous studies have shown that on seasonal to interan-
ing over a decade of suitable cloud microphysical retrievalsnual time scales, variations in low cloud amount are strongly
(e.g. Han et al., 1994), their use by the large-scale modelingorrelated with variations in lower tropospheric stability
community beyond coarse-scale metrics such as land-ocedhTS), sea surface temperature, and atmospheric circulation
and Northern-Southern Hemisphere contrasts has been mirfKlein and Hartmann, 1993; Norris and Leovy, 1994). On
imal. This reflects a paucity of diagnostic studies document-sub-seasonal timescales, correlations of low cloud amount
ing spatial and temporal cloud microphysical variability that with meteorological predictors are substantially weaker than
modelers can use, which may stem from outstanding conon longer timescales, but LTS, relative humidity of the cloud
cerns regarding retrieval accuracy. There has been only verlayer, and cold advection do significantly correlate with vari-
limited assessment of the patterns of variability of cloud mi- ations in low cloud amount (Klein et al., 1995; Klein, 1997).
crophysical properties or indeed cloud properties other tharSimilar correlations exist with cloud liquid water path (Xu
cloud cover. et al., 2005), but variations in microwave-estimated liquid

To fully understand the strength of aerosol impacts onwater path may largely reflect variations in cloud cover since
clouds independent of meteorology, it is important to know microwave data do not allow separation into cloudy and clear
the strength of meteorological impacts on clouds indepen-<ontributions.
dent of aerosol changes (Stevens and Brenguier, 2009). Al- We investigate how changes in large scale meteorology,
though it is not possible to determine this with observationsmacrophysical and microphysical cloud properties are asso-
alone, it is nonetheless useful to examine further how pat-ciated with changes in albedo, with a view toward providing
terns of subseasonal meteorological variability relate to theuseful constraints for regional and global models based on
cloud variability and albedo. This study investigates suchvariability and to examine how cloud properties covary in a
variability in the southeast Pacific (SEP), a subtropical ma-relatively simple regional system. We then use the results to
rine stratocumulus region. hypothesize physical mechanisms that explain how meteo-

The average albeda, of a region is simply related to the rology impacts stratocumulus cloud variability, which could
top-of-atmosphere albedo of cloud and cloud fraction by thebe tested with a model in future studies. Section 2 describes

conventional relationship (Cess, 1976): the data and methodology, and introduces the region of study.
Section 3 investigates the contributions of the variance of
o= feacd+ (1— fo)aglear 1) cloud parameters to subseasonal albedo variance. Section 4

examines the relationship between large scale meteorology
where f. is the fraction of sky covered by low cloudggq and cloud properties on subseasonal timescales. Section 5
is the cloud albedo angjesr the clear sky albedo. Over the discusses the findings and potential future work, and is fol-
ocearglear Variability is weak compared with the other vari- lowed by conclusions in Sect. 6.
ables involved (Loeb and Kato, 2002) and we assume a con-
stant value of 0.1 in accordance with satellite broadband ra-
diometric observations (Bony et al., 1992). The cloud albedo
agld is a function of optical depths, and the incident solar
zenith angle, and is a function of cloud droplet concentra-
tion, Ny, and cloud liquid water patfL, .
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2 Data

2.1 Albedo proxy

We use spatially averaged<1° daily MODIS Level 3 data
(derived from Level 2 cloud retrieval data, King et al., 1997)
from the NASA Terra satellite for the time period 2000—2008
to derive an approximate, once-daily proxy estimate of the
albedo,x. We investigate the dominant sources of subsea-
sonal variability in this albedo estimate over the oceanic part
of a spatial domain of 10-4(® and 70—100W. 10°s
To construct our albedo estimate, we begin with MODIS
retrievals of effective radius,,, low cloud fraction (., the ‘
fraction of the sky covered by clouds with cloud top temper- 20 SERESSSSSS
atures warmer than 273 K), and cloud optical depthThe
main cloud variables of interest,, andN,, are derived from
the retrievedr andr, assuming that the liquid water content
increases linearly with height in the cloud layer (Szczodrak

30°

etal., 2001): 40°S L - |
0w 80W 70W
Ng=K<Y% %2 ) .
Fig. 1. 2000—-2008 mean d&) low cloud albedo proxy and con-
5 trolling variables derived from MODIS datéb) low cloud fraction
Ly= §Pw”e 3) fe, (c) cloud droplet concentratio;, and(d) cloud liquid wa-

ter pathL ,. Vectors in (a) are mean surface horizontal winds with

where p, is the density of liquid water and maximum magnitude of 8 nTs in the longest arrows.
K=1125x10"%cm Y2 is a weakly temperature and
pressure-dependent thermodynamic constant (Bennartz,
2007), here estimated assuming a temperature of 280 K an@lwohy et al., 2005). The cloud layer is assumed to be plane
a pressure of 900 hPa appropriate for conditions at cloudgarallel. Even in relatively uniform stratocumulus clouds this
level over the SEP. assumption can introduce an albedo bias due to horizontally

We consider cloud droplet concentratiavy, rather than  inhomogeneous , (e.g. Cahalan et al., 1994), but we do not
re, as our fundamental cloud microphysical parameter, foraccount for this here (see next paragraph). Based on Eq. (37)
three reasons: (a) droplet concentration is more fundamenin King and Harshvardhan (198@)g 4 is calculated using the
tally related to the underlying aerosol concentration than istwo-stream approximation via the delta-Eddington method
the effective radius (e.g. Martin et al., 1994); (b) droplet for conservative scattering. This method is accurate to better
concentration tends to be relatively constant with height inthan 5% for values of solar zenith angle less thah &od
cloud whereas effective radius is strongly height dependent >0.9, which encompasses most of the cloud retrievals in
(e.g. Slingo et al., 1982); (c) for a given droplet concentra-our dataset (the solar zenith angles at the time of the MODIS
tion, the effective radius increases with increasing cloud lig-retrievals for our domain span 2866° and for only 0.3% of
uid water, which causes undesirable “crosstalk” between theetrievals is & 7 <0.9).
macrophysical variabl& , andr, (Schuller et al., 2005). In the annual mean the albedo proxy (Fig. 1a) correlates

We generate an albedo proxy from (1) by making directstrongly with daytime mean CERES albedo=0.93), al-
use of the MODISf, data, and by derivingrcqg from t though the MODIS proxy corrected to a top of atmosphere
(MODIS), the incident solar zenith angle, the single scatter-(TOA) is on average 0.04 (14%) higher than the CERES
ing albedo {), and the asymmetry factog), employinga  albedo. To correct to the TOA, we use the Fu-Liou radia-
simple radiative model. MODIS data are collected at a lo-tive transfer model (Fu and Liou, 1992, 1993) applied to
cal time of roughly 10:30a.m., so we estimate the albedodata from the EPIC Southeast Pacific stratocumulus cruise
due to collimated incident radiation (while allowing the solar (Bretherton et al., 2004), to determine the effects of above-
zenith angle to vary with latitude and day of year). We makecloud absorption of solar radiation by water vapor and ozone,
the conservative scattering assumptiag € 1) so thatx g and above-cloud scattering. From this, an adjustment of the
solely depends on and the solar zenith angle, and not wave- MODIS albedo proxy by a factor of 0.850.02 is used to
length, ignoring solar absorption, since its impact on albedocompare with the CERES TOA values. The value is not
is likely to be relatively small. We use a typical value of highly dependent upon water vapor path above the cloud, de-
the asymmetry factog = 0.85 for scattering by liquid cloud pending primarily on stratospheric ozone and cloud albedo
droplets with negligible absorption at visible wavelengths (Thomas Ackerman, personal communication). Even after
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this correction, the MODIS derived TOA albedo estimates2.2 Region of study

are still larger than the CERES albedo. This is because (a)

MODIS Terra overestimates the daytime mgamndL, be- ~ The largest and most persistent deck of subtropical marine
cause there are significant afternoon decreases in cloud covétratocumulus clouds swathes the Southeast Pacific (SEP)
and liquid water path in this region (Rozendaal et al., 1995;0ff the coast of South America (Richter and Mechoso, 2004,
Wood et al., 2002); (b) we neglect the albedo bias associateBretherton et al., 2004). A persistent subtropical high exists
with the sub-2 variability in cloud properties, which is esti- throughout the year centered near $) 90 W which, to-
mated to be less than 7.5% for marine low clouds (Rossowgether with the Andes, drives southerly flow along the South
et al., 2002. However, neither of these issues are likely toAmerican coast. These winds cause upwelling of cold ocean
significantly impact the general findings in this study since water near the coast (Bretherton et al., 2004). Dry subsiding
we are herein concerned with variability rather than the mearir associated with the high warms the air above the MBL,
albedo. The albedo proxy excludes high clouds, which aren’which can be entrained into the MBL, leading to cooling of
dominant in this region, but this may also contribute to somethe ocean surface by evaporation (e.g. Takahashi and Battisti,
of the difference between the proxy and CERES values.  2007). Hence the SEP is a region of cold sea surface tem-

Daily mean meteorological conditions with %2.5° reso- ~ peratures and strong LTS harboring extensive marine stra-
lution are obtained from NCEP reanalysis data (Kalnay et al. tocumulus year-round (Richter and Mechoso, 2004). Annual
1996), including sea level pressure (SLP), horizontal windmean low cloud cover exceeds 60% over a large region and
(V) at the surface and at 850 hPa (above the marine boundapproaches 80% at the heart of the deck (Fig. 1b). The spa-
ary layer), omega (Pa$) at 850 hPa, and potential tem- tial pattern of mean cloud fractiory,, in the SEP is well-
perature §) at 1000 and 700hPa. We derive temperaturecorrelated with that in LTS as it is in other stratocumulus re-
advection (Vgfe- VSST) and lower tropospheric stability gions (e.g. Wood and Bretherton, 2006; Klein and Hartmann,
(LTS=0700npa— H1000hpa Klein and Hartmann, 1993) from 1993), consistent with strong meteorological controls on the
these fields. mean cloud field.

In addition, we use a once-daily estimate of the marine Sources of anthropogenic aerosol precursors along the
boundary layer (MBL) depth; derived using the differ- Chilean and Peruvian coasts, in contrast with very clean air-
ence between Reynolds sea surface temperature and clowi@asses advected over the Pacific Ocean, make the SEP an
top temperature (using the MODIS Terra L3 data atll  attractive region in which to explore aerosol-cloud interac-
discussed above). This employs the lapse rate formulatioions. The pattern of mean cloud droplet concentrafign
from Wood and Bretherton (2004), and makes the assump(Fig. 1c), largely reflects the spatial variation of accumu-
tion that the top of the MBL is commensurate with the cloud lation mode aerosol concentration (Wood et al., 2008) and
top height, a good assumption for this region (Caldwell etis evidence of strong continental or coastal aerosol sources.
al., 2005). Comparisons of this approach with radiosondeCopper smelters near the coasts of Chile and Peru are a ma-
estimates of cloud top height in the region (Zuidema etjor source of oxidized sulfur emissions, which in 1985 to-
al., 2009) show that the instantaneous uncertainty is bettetaled about 1.5 TgS yr., similar to the total sulfur emissions
than 300 m, consistent with error estimates from Wood androm Mexico or Germany (Benkovitz et al., 1996). Natural
Bretherton (2004). Averaging over multiple days by com- eémissions from volcanic and biogenic sources and DMS ox-
positing is expected to reduce this uncertainty. idation products from the ocean may also contribute to the

A high-pass order 10 Butterworth filter with a cutoff fre- concentration of cloud condensation nuclei. While the con-
quency of (31)! days is applied to all variables to remove tribution from ocean sources is uncertain (e.g. Bates et al.,
variability in timescales longer than subseasonal, in particu-1992), the oceanic sulfur source is unlikely to be sufficient
lar the annual cycle. There is little power in all variables be- to explain the high droplet concentrations downwind of the
tween 30 and 90 days (see Sect. 4.1), so the sub-seasonal agi@#elters (Yang et al., 2009). The Andes act as a natural bar-
sub-monthly variability is very similar. Subseasonal power rier to the dispersion of pollutants, and this, together with
dominates the total albedo variability since power at less tharihe relatively steady winds, might be expected to reduce the
31 days constitutes over 80% of the total albedo power fordimensionality of the aerosol/chemical transport problem in
most of the region. Along the Peruvian and extreme northerrihis region.

Chilean coast the seasonal cycle contributes more strongly Before we embark on an examination of the temporal vari-
(subseasonal power reduces to as low as 40% of the totalgbility of the albedo and its contributing factors, we first ex-
most likely reflecting the annual march of continental heat-plore how the time-mean albedo might be affected by the
ing. The variables used to derive albedo show similar behaviarge spatial variation in time-mean droplet concentration.
ior. Figure 2 shows the impact of the spatial variations in mean
Ny shownin Fig. 1c on the mean albedo and the diurnal mean
reflected solar flux. Interpreting this as the first aerosol indi-
rect effect is only meaningful if one assumes that there are no
cloud macrophysical responses to changed/jn(i.e. there
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Fig. 2. The ratio of time-mean albedo calculated with the observed ?

N, to the mean albedo calculated with the typical marg is

shown by the colored contours. To calculate the denominator the 30°s

observedN,; over time at each point in space is replaced with the

average time series df; in a domain of 30-40S, 90-100 W,

an area more “pristine” than near the coast providing a good rep- e

resentation of clean marine air. The white contour lines show the 0w

time mean of the difference between a diurnal mean estimate of the

reflected solar flux and the same flux computed using the typicalFig. 3. Relative fractional contribution of terms in Eq. (5) to albedo

marineN,. The numbers indicate W ¥ of flux difference due to  time variance. The panels show the contributions from the first,

the different values fo,;. second and third terms in the equation, and because the squared
coefficients of variation off. andacg are small (‘%)2<1, see
Appendix A), the terms represent contributions fréa) f. vari-

are no second indirect effects beyond the Twomey effect) olance (b) a¢q variance, andc) the covariance betweefs andagg

changes in the meteorological forcing. In the absence of sucko albedo variance. These are all computed by dividing the cor-

changes, Fig. 2 shows that increasing the cloud droplet conresponding terms by the sum of the absolute value of all terms.

centration from remote marine values to values found in thedth order terms are not shown because their relative contribution

coastal strip would lead to albedo increases of as much al§ smaller (-6-10%) over most of the domain (up to 21% in small

20-40%, or diurnal mean reflected solar flux increases of 15-°calized regions south of 3®). (d) is the albedo standard devia-

30W 2, tion

There is a degree of spatial correlation of the patterns of

meanN,; with both f. and the cloud liquid water path, 3.1 Albedo variance

north of 30 S within 5-10 of the coast (Fig. 1). These spa-

tial correlations do not imply causality, but it seems reason-We can rewrite our albedo proxy (Eq. 1) as

able to suppose that the time-mean pattervvgfs affected

by the same large scale meteorological processes (i.e. the aé—= £, (aciqd — aclea + oclear (4)

vection of continentally-influenced airmasses and associated

pollutants by the mean winds over the SEP) which also in- Because we assume constaiear EQ. (4) is a simple

fluence cloud cover and liquid water path. Such convolutionproduct of two variablesf. andacig-aclear By redefining

of the meteorological and aerosol influences on cloud macroeach variable as a sum of a meanand a perturbation value

physics makes it difficult to quantify aerosol indirect effects x’, the terms can be rearranged (see Appendix A) to obtain

from the mean fields alone despite attempts in the literaturean expression for the albedo variance:

to do this (Kaufman et al., 2005).

L 0.1
80W 70W

2_71 ' !
Oy =0 2= (orcld— Olclear)zfcz"’“c%dfcz_'_

—_— ’ 7 ’ / /! !’ 2
3 Factors influencing the albedo variance 2 fe(dcld — acleangg fe + [—oec?d fi2— (“dd fc) } 5)

In this section we explore the contributions to the temporal
and spatial variability in the albedo from the three fundamen- o o
tal controlling variables;, N, andL , using an equation for 3.2 Application to temporal variability

the variance of albedo dependent on the variances of the con- N . o
trolling variables. The subseasonal albedo variability (Fig. 3d) maximizes

about five degrees upwind (see Fig. la for mean surface
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4052 R. C. George and R. Wood: Subseasonal variability of low cloud radiative properties

“contribution

Table 1. Fractional contributions to albedo spatial variance (2000—
2008 time series). The mean, and the 90th and 10th percentiles of
the distribution of daily contributions to spatial variance from each
variable are shown. The, and N, spatial variance contributions

] to albedo variance are computed by multiplying their contributions
to r spatial variance by the contribution afjq to albedo spatial

variance.
0.3
0.2 fe  Cov(fe,acid) a@cd  Lp Ny
" S T std. dev. 90%  0.52 0.31 023 016 0.079
s ) Mean 0.43 0.25 019 011 0.047
10% 0.36 0.19 0.15 0.076 0.021

4

30's ing Egs. (2) and (3), we can write

1=CNL (6)

0w 8w T0W

5/6 . .
. . . . . _ whereC = | § 1" =0.2303 i *kg~5/% is effectively
Fig. 4. Relative fractional contributions of defining termsddime PwK 13

variance based on Egs. (5) and (6). The squared coefficients of vara constant (Wood and Hartmann, 2008Y,= N,’~, and

ation for\” and.C are small (%)? <1, see Appendix). The panels £ = L%, This allows us to treat the analysis oivariance
show the relative contributions froif®) £ variance,(b) A vari- as a product in the same way as we did fpranda¢g con-

ance, andc) the covariance betweeN and £, all computed by yripytions to overall albedo. We see from Fig. 4 tifadomi-
dividing the corresponding terms by the sum of the {ipsolute Valuenates thexeiq variability throughout the domain, althoug

0; 6}” :ﬁrms't ‘:2 ?&dgr\f ::rl‘Hi (not shown) were negligibi&). makes a significant contribution in the northwest quadrant of
(d) is ther standard deviation. the domain, explaining up to 40% of thevariance. How-
ever, the region where the variance/défcontributes most is
where the variance of,, rather than that of¢y dominates

winds) of the maximum mean cloud cover (Fig. 1b). Fig- th . f albedo. A multiolicati fh tributi
ure 3 shows contributions from each of the terms to the tem~ 1€ Varnance oraibedo. A muiliplication ot the contributions

poral a(f at different locations throughout the domain. Far O;.N 3t8 t .(F'g' 4b) b?’] Fge COan‘IbutIOI’I Q\;&C'd ;to_baltbedto
from the coastf, variance dominates albedo variance, but( ig. 3b) gwes aroug .' ea of how m.u .con r u_es 0
in the region of maximal mean cloud cover (about 10-80 albedo (Fig. 5). Interestingly, the contribution®fvariance

70-90 W, Fig. 1b) and about 2-3 degrees upwind of this to overall albedo is strongest downwind of aerosol sources,

i i i 0, -
maximum its contribution is weaker, which makes intuitive b_Ut the co_ntrlbutlon IS very sr_na_lk(lO_A)) throughout the_en
tire domain. Insofar as variations N reflect underlying

sense, since one would exp t to be smaller in regions | variabilitv. thi ts thads difficult t
that are more consistently cloudy. This reduced contribution?€'0S0! vanabiiity, this suggests s dimicutt to sepa-
rate meteorological and aerosol impacts on the albedo using

from f. variance is compensated for kg variance, and, 2 L

particularly on the western side of the maximumjin by tempo_ral _V_a”‘?‘b"'ty since the albedq ve_\rlab lity is swamped

the covariance afg with f.. The covariance is positive be- by var lability in cloud fraction and_ liquid water_pathThe
fovariance betweeN and £ constitutes a relatively small

cause for times when clouds have greater cover their liqui tribution tor (Fid. 4 be eith i i
water path is also greater. The fourth order terms in Eq. (5)(:On ribution tor (Fig. 4c), can be either positive or negative

contribute 6-10% over most of the domain, and so are gengepe'nding upon location, and is very similar to the direct cor-
erally weaker contributors to albedo variance, but their non_relaﬂon betweed, andL, (not shown).
negligibility suggests a relatively high level of complexity in
the covariability of cloud cover and cloud albedo. These four
terms completely explain the variance in albedo, and thu
provide a useful tool for distinguishing the impacts of the
variances of the defining variables.

A similar analysis is applied to the cloud optical thick-
nesst, which almost uniquelydeterminesrcq. Rearrang-

3.3 Application to spatial variability

SThe same procedure can be applied to the variance in albedo
over space. On each day the spatial variance of thé 1
degree albedo estimates over the domain is derived, as well
as fractional contributions from the albedo-controlling vari-
ables. We then have time series of fractional contributions

11t was found that variations in solar zenith angle contributed little to « g variations compared with variations in

Atmos. Chem. Phys., 10, 4044863 2010 www.atmos-chem-phys.net/10/4047/2010/
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of each variable’s spatial variance to the albedo spatial vari- 10°s 7
ance on each day. The controlling variables contribute to the oy
albedo spatial variance in a similar manner as they did for
time variance. Cloud fraction is the largest contributor on :
97% of the days, explaining on average 43% of the albedo 20 S — —
spatial variance (Table 1). Covarianceogfy with f. is the

second largest contributor followed hyy. As is the case for

temporal variance, the spatial varianceNof rarely explains .
more than 10% of the albedo spatial variance. The domain 308
mean fractional increase in albedo associated with the mean

pattern ofN,; (Fig. 2) is 12%, so this is consistent. Thus both

the temporaland spatial variability contributions oV, to 40°S I
albedo variability are somewhat small compared with varia- 90 W
tions in other cloud parameters, emphasizing the challenge

that we face in detecting relatively small aerosol indirect ef- Fig. 5. Fractional contribution of\/, or essentiallyV,, to albedo

° e ee0.02
s80W 70W

fects on albedo above the meteorological noise. variance approximated by multiplying the contribution/gfto
It is interesting that although the mean (Fig. 1c) and Vari_variance (Fig. 4b) by the contribution of;y to albedo variance
ance (not shown) o, are high near the coast, ti vari- (Fig. 3b).

ance contribution to albedo variance is fairly weak. This
is partially due to the 1/3 power dependence of albedo on ) )
Ny, but is also indicative that even large excursions in cloudthus albedo, as opposed to small scale and aerosol driven in-
droplet concentration can be overwhelmed by the variationdermal feedback processes, is a question that cannot be an-
in cloud liquid water path and cloud cover that also occur in swered with observational analysis alone. However, it is use-
the coastally influenced region. We should note that nonlin-ful to investigate the relationships between observations of
ear and time lagged relationships betwegnand the other ~ S€a Ieyel pressure, SLP (considering it t_he most fundamen-
cloud variables involved are not captured in this analysis, sd@l indicator of large scale meteorology in the lower tropo-
it is possible that the full impact of high droplet concen- SPhere) and cloud properties to gain some insight as to the
trations on the albedo is not realized locally. For example,degree to which the variability of cloud properties, identified
if a parcel of air experiences an injection of aerosols angusing the fraction of variance approach, is associated with
forms cloud, then advects, this analysis will not capture howPatterns of large scale meteorological variability.
changesirN, in one location affect the albedo further down-
wind, after the aerosol has had time to affect the macrophys4.1 Large scale synoptic variability in the SEP
ical cloud fields. Also, large scale meteorological influences
known to play a role in cloud variability (e.g. stability, tem- In this section we describe the dominant modes of SLP vari-
perature advection, winds, and subsidence associated witability, which essentially represent changes to the subtropical
the subtropical high) could simultaneously influence bothhigh. We apply Empirical Orthogonal Function (EOF) anal-
cloud macrophysical and cloud microphysical properties. Itysis to daily mean SLP fields (a good introduction to EOF
is thus clear that investigation of the meteorological influenceanalysis can be found in Wilks, 2006). The EOF spatial pat-
is necessary. tern that explains the maximal amount of variance of SLP
possible is referred to as EOF1. Its corresponding principal
component (PC1) is the temporal structure that represents
4 Meteorological influence the magnitude of EOF1 in the data over time. The annual
cycle in SLP is removed in the same way as for the cloud
We expect that both macrophysical and microphysical prop-data. The dominant mode (EOF1) of sub-seasonal variabil-
erties of clouds will be influenced by large scale meteorol-ity in SLP in the domain 10-405, 70-100W explains 60—
ogy, and indeed it has been known for some time that macro70% of the total SLP variance (Fig. 6a), and does not overlap
physical properties of subtropical marine stratocumuli expe-with other modes determined using the North et al. criteria
rience such influence (Klein et al., 1995; Klein 1997; Xu (1982) with the Bretherton et al. (1999) method for com-
et al., 2005). There is some limited evidence that subtropi-puting degrees of freedom. PC1 has maximum subseasonal
cal marine stratocumulus cloudicrophysicalproperties are  power in periods of 10-20 days (Fig. 6b), and this is insensi-
also modulated by changes to the large scale meteorologtive to the choice of filter frequency in the range 30-90 days
(e.g. Wood et al., 2008), but no systematic studies of the medemonstrating weak intraseasonal meteorological variability.
teorological impacts on cloud microphysical variability on Lag analysis (not shown) and the strong correlaticr0(95)
the regional scale currently exist. To what extent large scaleof PC1 with a time series of average SLP in a small box
meteorological forcing drives changes in cloud variables, andaround the mean subtropical high location {30 90 W)
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4x10° lowing high pressure at 85-9W. Thus, some part of PC2
(b) also captures the eastward propagation of midlatitude waves.
* SLPPC1 . e ..
« significant at 99% level However, some part of PC2 variability is independent of that
2l v in PC1 and together their behavior can be described more ap-

propriately as reflecting changes in the shape and zonal ex-
tent of the subtropical high as opposed to just its strength (ex-
amples of such distortions to the shape of the subtropical high
are shown in Garreaud et al., 2001). Large values of PC2 re-
flect high pressure close to the Chilean coast (Fig. 6¢) and
so PC2 might be tied more strongly than PC1 to atmosphere-
(d) land interactions in the coastal zone, such as the formation
of coastal lows due to flow blocking by the southern Andes
range (we will return to this in Sect. 4.3.2). Together PC1
and PC2 explain 80—-90% of the subseasonal variance in SLP
over the region.

power*frequency
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4.2 Response of cloud variables to large scale SLP
variability

70°W 0period 10' dgs 10
4.2.1 Composites of cloud variables on SLP PC1
Fig. 6. Dominant EOF/PC's of SLP data. Data are weighted by the
square root of the cosine of the latitude so that equal areas receivgo understand how cloud and meteorological variables co-
equal variance weighting independent of latitu#).is the spatial  yary with the meteorological changes associated with the
EOF1 pattern of filt.ered SLP data, and 'thef units are the amplitude Ofsubtropical high, we will composite them on SLP PC1 and
tS(;SPrizlessomated with a_l sotlifndard deviation variation of I?Cl. V_eCPCZ time series. A “composite difference” of a variakien
present Compos'fe imerence (see Sect. 4.2.1) surface WInOlgl’time serie§ is generated by differencing the mean fields of
longest vectors are 5 ms. (b) is the power spectrum of PC1 of . et
the unfiltered SLP data (for all analysis the filtered PC1 is used). 31X .formed on those_ days with stro_ng pos_ltlve and strong ngg-
days is the cutoff period for the filter. “Range averaged” indicates atlvé values of” (with strong here indicating that the magni-
the range of periods averaged to get each point. The "red noisetude of the time series is greater than one standard deviation
spectrum is the null hypothesis for the significance of each point,away from its mean, and negative and positive referring to the
computed using the autocorrelation of the PC at a lag of 1 @y.  Sign of the anomalies about the mean). In the cases where a
is the EOF2 pattern presented in the same manner as (&) “fractional composite difference” is shown, these composite
power spectra of PC2 of unfiltered SLP data. differences are then divided by the time-me¥rfield. A
“composite difference oK on T[+n]” represents the same
differencing of mean fields ok, but onn days after strong
indicates that this dominant mode represents a strengtheningagnitude days iff".
and weakening of the subtropical high. Midlatitude and other  Patterns of subseasonal variability in albedy,and L,
types of moving and stationary waves centered to the soutlassociated with the dominant mode of SLP variability are
of our domain modulate the strength of the high (e.g. Gar-formed using fractional composite differences on SLP PC1
reaud, 2001), producing large scale meteorological changegrig. 7a).The pattern of thg, is almost identical qualita-
we investigate using the PC1 as an index for the subtropitively to the albedo pattern and thus is not shown. It is clear
cal high strength. The second principal component (PC2) ofhat significant large-scale changes in all cloud variables con-
SLP explains about 20% of the variance in SLP and capturegibuting to albedo are associated with modulation of the sub-
some modulation of the subtropical high by eastward prop-tropical high strength and these changes can be a significant
agating midlatitude waves (Fig. 6¢, d). Lag analysis (notfraction of the mean values. Composite differenceg.inand
shown) indicates a positive SLP anomaly moving eastwardL , reach 25-30% of their mean values, whilg differences
slightly faster (about 8—F0longitude per day) than seen in are as high as 50% in some regions. Droplet concentration
PC1 (about 6-8longitude per day). The maximum power variance still does not contribute strongly to the albedo vari-
in PC2 is at slightly shorter periods than PC1, peaking sig-ance (Sect. 3) despite this significant modulation, in part be-
nificantly above an equivalent red noise spectrum at periodgause of simultaneous meteorologically-driven variations in
of 5-12 days (Fig. 6d). other parameters such ds, and f. (Fig. 7a, c, e). This
Although by definition PC2 is uncorrelated with PC1, it makes it difficult to attribute observed albedo changes to the
is lag-correlated. The PC2 most strongly correlates withTwomey effect or to other aerosol-cloud interactions.
PC1[+2] (correlation coefficient=0.45), meaning that there Fractional composite differences on PC1[+3] (Fig. 7b, d,
is a tendency for high pressure at 75%80 two days fol-  e) show us the time evolution of the responses to the SLP.
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SLP PC1[0] SLP PC1[+3 days] Figure 7 shows the patterns of anomalie®vgfand albedo
@ (b) (and thus alsg.) composited on SLP PC1 are positively cor-
related. We caution interpretation of this as an aerosol in-
direct effect because we saw earlier thét itself does not
contribute strongly to albedo variability (Fig. 4) and because
composite patterns of botl; and albedo are clearly as-
sociated with meteorological changes. However, this does
not rule out aerosol-cloud interaction in driving cloud cover
changes. A useful null hypothesis to test with a regional
model is that meteorology dominates changes in bgtand

fo.

Liquid water path anomalies do not evolve in the same
way as those of the other variables: the signal does not ap-
pear to propagate eastward significantly, although the coastal
negative anomaly does move northward (Fig. 7). Three days
after strong values in PC1 tlig, anomalies are substantially
weaker than they are on the days of strong subtropical high
anomalies. This may be because there are active negative
feedbacks like drizzle and entrainment that limit the possible
variability in L ,. Another interesting feature of Fig. 7 is that
in much of the domairl. , is negatively correlated withv,.

That is, on days when the subtropical high is strondsey,
tends to be larger in regions whehg is smaller and vice
versa, opposite of one would expect from the Albrecht hy-
pothesis. HoweverL, and Ny variations associated with
SLP changes arpositively correlated in a strip along the
coast from about 25S to 40 S on days of strong PC1][0], in-
dicating regional differences in the physical mechanisms by

Albedo proxy

W 8W T70W which L, and N, vary simultaneously with each other (also
seen in Fig. 4¢) and meteorology. Previous studies (Twohy
Fig. 7. Fractional composite differences @, (c), (¢) SLP PC1[0] et al., 2005; Matheson et al., 2005) have found negative cor-
and (b), (d), (f) SLP PC1[+3], 3 days after strong values in SLP rg|ations between aerosol or cloud droplet concentration and

PC1. Composites are generated as described in Sect. 4.2.1. liquid water path in other regions of subtropical marine stra-

tocumulus. Itis possible that meteorology is playing arole in

driving covariability in these regions through nonlinear pro-
A lag of 3 days was chosen because the strongest positiveesses and lagged influence, though simple linear regression
anomalies of albeday,, and f, in the region of maximal analysis indicate that the meteorological component of the
mean stratocumulus generally occur 2-3 days after maximgovariance betweeh, andN, (correlation coefficient rang-
in PC1. This is likely partly due to advection of the SLP sig- ing —0.3 to 0.3 throughout the domain, with same spatial
nal by the anticyclonic near-surface winds (Fig. 1a) which pattern as Fig. 4c) is small.
have a typical magnitude of 5m% (e.g. Fig. 9 shows a These results are not strongly dependent on season. For
positive N; anomaly moving about 4-5 degrees per day).example, the fractional composite difference pattern of
This lagged response of the stratocumulus cloud propertiealbedo on the PC1 from EOF analysis performed on SLP data
is somewhat consistent with Xu et al. (2005) who found during September through November (Fig. 8), the season of
changes in cloud macrophysical parameters lagging changgseak cloud cover and albedo, looks remarkably similar to the
in SLP by 1-2 days. Besides differences in methodologyequivalent year-round pattern (Fig. 7a). Other cloud vari-
and variables examined, they used a domain (10S280—  ables behave similarly. Thus, the meteorological relation-
100° W) that did not include the easternmost Idf the do-  ships observed are not limited to a particular season.
main we are considering, so it makes sense that their domain
would see the signal of SLP a day earlier than ours. Also,4.2.2 Meteorological influence on dominant modes of
PC2 represents positive SLP anomalies closer to the coast cloud variability
(Fig. 6¢), and the positivéV; anomaly composited on this
index reaches the coastal regions 1-2 days after PC2 maxAfe also apply EOF analysis directly to the cloud variables
ima (Fig. 9), indicating a consistent response time of a cloud(over a subdomain of the maximal mean cloud cover, 10—
variable to changes in SLP upwind. 30°S, 70-90W, to capture stratocumulus variability) and
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0.5 Table 2. Ratio of the time mean of the spatial variance of each vari-
0.4 able at a $x1° grid resolution compared with that using &22°
grid resolution.
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in controlling clouds. However, no single meteorological
predictor was found to be better connected to the cloud vari-
ability than SLP. We cannot distinguish between meteorolog-
ical forcing and aerosol indirect effects using SLP alone, but
Fig. 8. Fractional composite difference of albedo on the dominant € ¢an US€ the magnitude of the responses of cloud van_ables
principal component of SLP during a season: September-Octobert-o the SLP PC1 and PC2 as an observational constraint to
November, 2000-2008. Compare with Fig. 7a. evaluate models.

Liquid water path complicates attempts at simple physi-
cal interpretation of findings. Of the parameters considered,

find dominant patterns of cloud variability qualitatively sim- L iS the most variable on spatial scales comparable with the
ilar to the composite differences of cloud variables on SLpdata resolution. Liquid water path shows the greatest loss of
PC1[+3], with maximal positive anomalies jfs and albedo  Variance when averaged ovex2® compared with the stan-
seen in the region of peak cloud cover, and maximal anomadard 1x1° (Table 2), has the smallest amount of variance
lies in N, near the coast. The PC1's of albedp, and N, explained by its first EOF/PC~9%), and has the weakest
have peak power in periods near 10 days, consistent withdgged signal composited on other PC1s (as seen on the SLP
the peak power in SLP. Compositing SLP on a cloud vari-PC1 in Fig. 7b). The power spectra of tig, PC1 peaks
able PC1 (such ag,) shows, as expected, a maximal high at period of 6-8 days while the other variable’s PC1ls peak
pressure anomaly three days before maximal values in théloser to 10 day periods (not shown). Liquid water path vari-
cloud variable PC1. Consistently, the PC1's of albeflg,  ability dominatesxcq variability in time (Fig. 4a) and space
and N, correlate significantly (99% confidence level) with (as seen by the ratio ofq spatial variance at higher versus
the SLP PC1[+3] with maximum correlation coefficients of lower resolutions, Table 2), and thagg also deviates from
0.2-0.3, and even better with the SLP PC2[+2]. The cor-the behaviors of the relationship between SLP and cloud vari-
relation coefficient between SLP PC2[+2] and either albedo@bles albedof,, andNy. The small-scale., variability is

PC1 or f. PC1 is in the range 0.3-0.4, and the correlation likely more strongly influenced by mesoscale cellular con-
coefficient between SLP PC2[+2] and; PC1 is approxi- vection (Wood and Hartmann, 2006) than are the other cloud
mately 0.5. This indicates that SLP PC2 is important for variables. We note that this small-scale variability adds an
cloud variability despite explaining only 20% of SLP vari- additional complication to the separation of meteorological
ability. This evidence helps to confirm that the subtropical @nd aerosol effects.

high is an important driver of the dominant modes of large-
scale variability of the cloud parameters, especially the clou
droplet concentration. In addition, the PC1’s of albedq,

and N, correlate strongly with each other (correlation coef_— In this section, we combine evidence obtained by composit-

f|C|etnts rgmgmfg ;‘rorg 0'6. tg_lc_)t.9?l,k|n|d|ca:ctl|ngtthat_lthesr(]a dpmll- ing a variety of cloud and meteorological variables on the
hant modes ol cloud vanabiiity ikely retiect similar physiCal - 4, jinant modes of SLP variability, to examine and develop

mechan.lsms due to large scale meteorological influence. _ hypotheses explaining the influence of meteorology on both
The first EOF/PCs of.cloud_parameters tend to explain.jq,qg macrophysics and microphysics.

only 10-30% of the variance in these parameters because

the cloud data both is higher resolution and has higher spa4.3.1  The influence of cold advection and stability

tial variability at small scales than SLP. The latter effectively

constitutes a source of small-scale noise in our analysis thaCompositing meteorological variables on the SLP PC1 is

is likely to be uncorrelated with the large scale influences,useful for investigating the driving large scale meteorolog-

and is particularly acute for cloud liquid water path (Table 2). ical processes associated with variability in the strength of

SLP is clearly not the only controlling variable for stratocu- the subtropical high. Temperature advection and stability

mulus clouds, and other meteorological processes, many dfLTS) correlate significantly with stratocumulus cloud cover

which may be independent of SLP changes, may play a roléXu et al., 2005; Klein 1997), and we see that a strong high

90W 80W 7O0W

.3 Dominant mechanisms determining cloud response
to SLP variability
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~ +2days

10's

20's

H30°s

Fig. 9. (a)Fractional composite difference 8f; on SLP PC2(b)—(d) are N; composite differences on 1-3 days after strong values in SLP
PC2.

induces stronger cold advection (Fig. 10a) caused in part by Temp. advection
increased surface wind speed (Fig. 6a). The cold advection ! I N
increases surface latent and sensible heat fluxes, causing ;
destabilization of the MBL, stronger overturning and mois- \
ture transport into the cloud layer, and thicker clouds (Xu
et al., 2005). At the same time, enhanced subsidence to the
east of the strong high (Fig. 10c) suppresses the growth of
the MBL which may help explain why fractiondl, com-
posite differences are weaker than thosgr{Fig. 7). The
MBL to the east of the high pressure anomaly cools while
enhanced subsidence warms the free-troposphere, increasin'® s
the LTS (which maximizes roughly two days after the peak
SLP PC1, as shown in Fig. 10c), allowing for a shallower,
more strongly capped MBL and more extensive cloud cover, !
consistent with Klein (1997). The anomaly fp persists and {
advects northward with the mean flow to resemble the albedo 5,4’
response in Fig. 7b. ‘
I

While this mechanism is consistent with the cloud cover ‘
behavior in the southern two thirds of our domain, to the 40s'~— -
north of 20 S and in the near-coast region the cloud cover

a“Pma'ieS appear to be m_ore difficult.to explain._The meCh'Fig. 10. Composite differences (not fractional) ¢d) tempera-
anism also does not explain the negative anomalies of albedgyye advection on SLP PC1[0Jp) omega (Pasl) at 850 hPa on
and Ny composited on SLP PC1[0] nor the enhancement ofs_p pc1[0] (red indicating strong subsidencg), LTS on SLP
the positiveN,; anomaly on PC1[+3] (Fig. 7d). We turn to PC1[-2], and(d) f. on SLP PC1{2].

SLP PC2 to understand ti¢; anomalies.

K/day Pa/s Omega
Spum0.15 9

[0]1Dd d1S

[sAep z+]T2d d1S

4.3.2 A conceptual model for cloud droplet coastal zone associated with SLP PC2 (Fig. 9) than with PC1
concentration variability (Fig. 7b).

Although composite difference patterns of cloud fraction
Composite differences of cloud and meteorological variablesand most meteorological variables on SLP PC2 are some-
on the SLP PC2 suggest that it is not just the strengthenwhat similar to those two days after maxima in SLP PC1
ing and weakening of the subtropical high that is important(PC1[+2]), there are notable differences in the patterrs,of
for how large scale meteorology affects cloud properties, butvith a much stronger signal in, on PC2 (Fig. 11a, c). This
also its location. We expect near-coastal anomalies in thés particularly notable between 30-48 in a region extend-
subtropical high to have a stronger influence on the coastaing from the coast to 80-8%, where theL , response to
meteorology than anomalies further offshore. Evidence thaPC1[+2] (Fig. 11c) is much weaker. This demonstrates that
this is the case was presented in Sect. 4.2.2 showing thahe liquid water path is excited in different ways by the two
there are stronger correlations of the dominant cloud macromodes. Further, there is a striking resemblance of the pat-
physical variability patterns with SLP PC2 than with SLP tern of L, composited on PC2 with the pattern of the MBL
PC1. There is also a somewhat stronggranomaly in the  depthz; (Fig. 11a, b), with reduced , corresponding to a
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Ly Z be an indicator of conditions favorable for the formation of a
”””” (a) | (b) coastal low.

This has implications for pollution transport. The Andes
act to restrict the dispersion of pollutants to the east, while
to the west the mean MBL depth increases with distance off-
shore (from 600 m near the coast af ) 72 W to around
1300 m at 30S, 80 W, Zuidema et al., 2009). We suggest
that this mean-state configuration restricts offshore flow and
traps pollutants in a relatively narrow region over the land
to the west of the Andes and over the shallow near-coastal
MBL. These mean conditions are depicted schematically in
Fig. 12a. In contrast, we hypothesize that the reduced MBL
depth occurring during periods of strong near-coastal high
pressure (Fig. 12b) reduces the barrier to offshore flow in the
lower free troposphere, allowing atmospheric aerosols and
their precursors to spread over a broad region above the MBL
(especially at night since offshore flow is strongly diurnal in
this region, Rutllant and Garreaud 2004). There may also
be offshore flow induced in the MBL itself, but preliminary
observations from two flights to 73V, 3¢° S during the VO-
CALS Regional Experiment (not shown) revealed consider-
Fig. 11. Fractional composite differences df, and inversion  ably stronger offshore flow just above the MBL than in the
height, z;, on SLP PC2[0] in the top row. For the most represen- MBL. Composites on SLP PC2 of zonal wind at 850 hPa and
tative comparison the bottom row shows equivalent composite dif-at the surface are consistent with this picture (not shown).
ferences on SLP PC1[+2], as PC1 correlates most strongly with PCRegardless of whether the offshore flow is most strongly en-
two days after PC1. hanced within or above the MBL, this process would be ex-

pected to supply additional aerosols to the MBL and is the

likely source of increasingv,; over the following few days
shallower MBL. This spatial correlation is not prominent in (as suggested by Fig. 9 which shows a small coastal feature
the responses to PC1[+2] (Fig. 11c, d), although the majolof days of max SLP PC2 that grows and advects northward).
discrepancies between tiig, andz; responses to PC1[+2] This mechanism would tend to induce a negative correlation
are in the coastal region out to 5-?1flom the coast, while  petweenL , andN, in the near coastal zone, demonstrating a
the responses further out from the coast are actually quitepecific way that meteorology could complicate the interpre-
similar. It appears therefore that PC2 is able to excite a sigtation of such a correlation as being due to aerosol indirect
nificant L , response in the coastal zone to the south 630 effects alone.
that PC1[+2] cannot, and that this response is strongly tied Because stronger surface high pressure near the coast has
to the depth of the MBL. In general, we find tha}, and  a tendency to occur more frequently when there is stronger
z; are significantly positively correlated (regardless of me-high pressure further afield a couple of days earlier (recall
teorology) throughout the region to the south of 30(not  the positive correlation between PC2 and PC1[+2]), the near-
shown). Such a correlation may be anticipated for relativelycoastal changes depicted in the lower panel of Fig. 12 have
well-mixed boundary layers if the cloud base height is lessa tendency to occur against a backdrop of increasing cold
variable on synoptic timescales than the cloud top heightadvection and cloud cover over the broader SEP. Although
for which there is some observational support (Zhou et al.,we have identified two possible mechanisms for cloud prop-
2006). erties to change due to meteorological impacts, they are not

These results allow us to hypothesize a plausible physiindependent of each other.
cal mechanism by which variability in the subtropical high  Hence, there are physical mechanisms from which it is ra-
pressure system can influence both droplet concentrationonal to expect that some part of the covariability between
and cloud macrophysical properties in the coastal zone. AN, and f. and betweenV, andL , discussed in Sect. 4.2.1
strong high relatively close to the Chilean coast (positive SLPis driven by meteorological variability rather than by aerosol
PC2) drives increased subsidence in the coastal zone, partitadirect effects per se. This does not, of course, rule out
ularly south of 28 S, through the set of processes that causepossible aerosol impacts on cloud macrophysical variables.
a coastal low to form (Garreaud et al., 2003). The strong subHowever, the key point here is théite mechanisms impact-
sidence reduces the MBL depth ahgl (Fig. 11a, b), butalso  ing variability in the cloud macrophysics and the cloud mi-
drives offshore flow particularly above the MBL (Garreaud et crophysics are to a significant degree inseparable.
al., 2003, Huneeus et al., 2006). Our SLP PC2 may therefore

[0]2Dd d1S

10's

20°s
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cross section at 30°S
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Fig. 12. Conceptual model of hypothesized meteorological mechanism by which cloud variables in the SEP may be influenced by a strong

subtropical high near the coast. The top panel demonstrates mean conditiohSair&Dthe bottom represents what is seen in composite
differences on maxima in SLP PC2. Brown shading indicates an airmass containing pollutant aerosols.

5 Discussion given that the meteorological variability helps to control the
temporal variability of both aerosols (and thus cloud micro-
Given that cloud and meteorological variables vary on sim-physical propertiesand cloud macrophysical properties. In
ilar timescales, and that a large fraction sdasonal and essence then, our results complement an existing body of
annualvariance in subtropical marine low cloud cover can work that clearly demonstrates that we do not yet have ade-
be explained using single meteorological predictors such agjuate meteorological controls on low cloudiness (see discus-
LTS (e.g. Klein and Hartmann, 1993; Wood and Bretherton,sions in Bretherton and Hartmann, 2009; Stevens and Bren-
2006), one might expect to see stronger correlations betweeguier, 2009), and that we cannot therefore adequately con-
large scale meteorology and clouds on shorter timescales asol for aerosol influences. We have found little evidence
well. Consistent with past studies of stratocumulus on subfor microphysical variability being a dominant contributor
seasonal timescales (e.g. Klein et al., 1997; Xu et al., 2005)to albedo variability, even though the values 6§ above
we find the correlations of cloud parameters with meteoro-the marine background levels have the potential to alter the
logical parameters to be significant, consistent with simplemean albedo substantially (Fig. 2). What then, is the outlook
physical explanations, but quite weak. This leaves a largdor the use of observations to help constrain the magnitude
amount of cloud macrophysical variability unexplained by of aerosol indirect effects?
simple large-scale meteorological variables. Clearly, it would appear that a priority must be to focus
Part of the reason for the lack of a single predictive meteo-efforts on developing a better understanding of the mete-
rological control parameter for clouds on short timescales isorological factors controlling low cloud macrophysics and
that other processes, some of which are likely internal MBL corresponding aerosol variability. Breaking the problem
processes, operate on timescales short enough that they “adown into controls on cloud fraction, liquid water path and
erage out” in the seasonal mean. It is possible that aerosodroplet concentration, may offer clues regarding the key
cloud interactions independent of meteorology are one suclphysical processes. While large scale meteorological vari-
class of processes, but we have seen how untangling thables (e.g. the strength of the subtropical high, or its loca-
effects of aerosols is going to be particularly challengingtion) may be significant modulators of low cloud properties,
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we also know that there are mesoscale processes at workpodel will be as important as aerosol transport for correctly
particularly in the coastal zones, that are playing a signifi-assessing aerosol indirect effects.
cant role as well. The mechanisms discussed above, through We interpret two ways changes in the subtropical high lead
which synoptic scale meteorological changes lead to obto changes in cloud macrophysical and microphysical vari-
served changes in cloud macrophysical and microphysicaability (and hence albedo). The hypotheses of Klein (1997)
properties are hypotheses that can be readily tested with reand Xu et al. (2005) involving a combination of cold ad-
gional models. However, they fall far short of encompassingvection and subsidence leading to higher stability is consis-
all processes affecting clouds. There will also be high fre-tent with the satellite observations, but does not explain all
quency variability in the meteorology (e.g. gravity waves cloud anomalies noted, especially in the coastal zone. Fur-
propagating on the MBL inversion) that is not captured well ther, these hypotheses do not attempt to explain cloud mi-
in the current reanalysis. Also, many important coastal syn-crophysical variability. A second mechanism is presented
optic features, such as coastal lows (Garreaud et al., 2003yy which subsidence suppresses MBL depth, allowing for
Garreaud and Rutllant, 2003) and coastal jet episodes (Gastronger offshore transport of aerosols and a decrease in lig-
reaud and Munoz, 2005) can change the cloud propertiesiid water path, which seems highly related to variability in
near the coast and their legacy in cloud properties can adve@&LP close to the Chilean coast and the coastal meteorological
northwestward with the mean flow. While we encounteredresponse that this induces. This is a mechanism by whjch
an index (SLP PC2) that encapsulates events on shorter timend N; can negatively correlate due to meteorology rather
and space scales than simple variability in the strength of thehan second aerosol indirect effects, pointing out that care
subtropical high, some of the cloud development may takemust be taken when interpreting such correlations.
place somewhat independently of large scale synoptic forc- Our results provide several constraints for model evalu-
ing. Gaining better conceptual and quantitative understandation based on subseasonal variability, and hypothesis that
ing of how these mesoscale systems influence cloudiness imay be testable with regional models. The nature of the cor-
important. relation of cloud microphysics with the macrophysical vari-
It will be also extremely important to understand the ables is one simple constraint beyond the mean state. Cap-
mechanisms by which meteorological variability helps drive turing the high spatial and temporal variability bf, will be
aerosol variability. Here again, there may be feedbacks asimportant for correctly representing and identifying feedback
sociated with cloud processing and coalescence scavengirgrocesses. In addition, models should be able to accurately
that would lead to correlations between aerosol/cloud micro+epresent the pattern and magnitude of the fraction of albedo
physics with meteorology that may be occurring through thevariance explained by all the variables seen here. It would
meteorological control on cloud macrophysics. be useful to examine patterns of cloud variable composites
on the large scale meteorological indices presented here. If
a model could reproduce the patterns related to subseasonal

6 Conclusions variability of the system together with the mean states, then
this would increase our confidence in the use of the model to

We explore contributions to the subseasonal temporal andjuantify aerosol indirect effects.

spatial variability of albedo over the southeast Pacific and

find that cloud microphysics does not contribute more than .

10% to this albedo variance. Albedo variance is dominated"\PPeNdix A

by macrophysics and the covariation between macrophysical .

parameters of cloud cover and liquid water path, and thes¢/ariance of a product

Le:CttL‘lsr'es may be masking or suppressing microphysical IM{ve let A be a simple product of two variables:

We use indices describing dominant modes of subseasonal = XY (A1)

large scale variability to examine the meteorological CON-\we can rephrase each variableas a sum of a meanand
trols on cloud properties. We find that cloud microphysi- o perturbation’, such thatd =a+a, X =x+x and¥ =

cal properties respond in phase with cloud cover and albedoy-+y So
Cloud droplet concentration is better correlated with these , ,

dominant modes than the macrophysical cloud parameterd =a’+a’+2aa (A2)
are, and shows the strongest fractional composite response tthe mean of the perturbations is 0 by construction, so
meteorological changes. This demonstrates how convolved P

meteorological and aerosol impacts are, making the separaﬁ2 =a‘+a?. (A3)
tion of the two virtually impossible with observations alone. ;2 js an estimate of the variance afdefined by

This strong response of microphysics to large scale meteo-
rology, yet minimal contribution to albedo variability indi- 2 __

-ontrib _ Wy InAl- 52— lim =3 (@ —@)?~d?. (A4)
cates that correctly simulating macrophysical variability in a N—oco N =
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