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Abstract. The radiative impacts of horizontal heterogeneity 1 Introduction

of layer cloud condensate, and vertical overlap of both con-

densate and cloud fraction are examined with the aid of a new

radiation package operating in the GEOS-5 AtmosphericWith recent computationally efficient approaches to treat
General Circulation Model. The impacts are examined inCloud-radiation interactions, there are now fewer reasons to
terms of diagnostic top-of-the atmosphere shortwave (SW)retain the simplistic cloud descriptions that have persisted
and longwave (LW) cloud radiative effect (CRE) calculations In General Circulation Models (GCMs) for the last three
for a range of assumptions and overlap parameter specificfi€cades. Clouds do no longer have to be treated by the radi-
tions. The investigation is conducted for two distinct cloud ation schemes of these models as homogeneous slabs within
schemes, one that comes with the standard GEOS-5 distribl@rge areas O(ftkm?), with fractional coverages and opti-
tion, and another used experimentally for its enhanced cloud@! depths or water paths adjusted (Tiedtke, 1996; Sud and
microphysical capabilities. Both schemes are coupled to aValker, 1999; Molod et al., 2012) to rectify the biases that
cloud generator allowing arbitrary cloud overlap specifica-WOUld otherwise plague modeled radiation fields. While cap-
tion. Results show that cloud overlap radiative impacts areUring the radiative effects of full-blown 3-D cloud hetero-
significantly stronger in the operational cloud scheme wheregeneity may still be elusive, the representation of in-cloud
a change of cloud fraction overlap from maximum-random horizontal heterogeneity of cloud condensate and two-point
to generalized results in global changes of SW and LW CREStatistics of vertical correlations of condensate and cloud
of ~4Wm2, and zonal changes of up te10 W 2. This fraction within a one-dimensional radiative transfer frame-
is an outcome of fewer occurrences (compared to the otheWork is now feasible. As a matter of fact, the current work is
scheme) of large layer cloud fractions and fewer multi-layeron€ more study that amply demonstrates the viability of such
situations where large numbers of atmospheric layers are s@n undertaking.

multaneously cloudy, both conditions that make overlap de- The main development that makes more complex cloud
tails more important. The impact of the specifics of con- descriptions possible is the introduction of methods that per-
densate distribution overlap on CRE is much weaker. Oncdorm radiative transfer in the cloudy portions of GCM grid-
generalized overlap is adopted, both cloud schemes are on§Plumns in a stochastic manner (Pincus et al., 2003). The
modestly sensitive to the exact values of the overlap paramtore complex cloud descriptions come from cloud genera-
eters. When one of the CRE components is overestimateéPrs producing horizontal and vertical cloud variability ac-
and the other underestimated, both cannot be driven simoufcording to rules that are relatively easy to implement. The
taneously towards observed values by adjustments to clou@loud fields from the generators can then be coupled with

condensate heterogeneity and overlap specifications alone.the stochastically operating radiative transfer schemes that
receive as input atmospheric subcolumns for which cloud

fraction is unity and condensate is horizontally invariable
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whenever a layer is cloudy. With the radiative transfer sim-or thermal infrared; upward or downward) at any verti-
plified, the sensitivity of the radiation budget to a variety cal level within the AGCM gridcolumn,F, is a similar
of specifications transforming a gridcolumn’s cloud profile broadband flux for one of th& subcolumns generated by
to a cloud field consisting of several subcolumns can beRRTMG's cloud generator @sanen et al., 2004, see below)
easily examined. What should ultimately be investigated iswithin the AGCM’s gridcolumns, and;, i is the pseudo-
whether the effects of cloud complexity on the transfer of monochromatic flux for subcolumm and spectral point.
solar and thermal infrared radiation matter for the GCM’s What the above equation essentially conveys is that a broad-
climate. Such a study on the full impacts of interactions andband flux which is normally obtained by taking the average
feedbacks of the altered radiation fields with the multitudeover N subcolumns of the sum & spectral calculations for
of the GCM’s dynamical and physical processes is left foreach subcolumn, is approximated by the sunKo$pectral
the future. Here, we simply focus on diagnosing the possiblecalculations where each spectral poins paired randomly
range of radiative impacts of enhanced cloud complexity, anwith one of theN subcolumnsp;. Note that when using
approach akin to that of Shonk and Hogan (2010). Eg. (1) the computational cost of the calculation over all sub-
In the following we will present the tools, assumptions, columns is the same as that of a full spectral integration of a
and experimental setup that allow us to examine the degree tsingle (sub)column. The performance of this approximation
which cloud complexity changes the cloud radiative impactin large scale models has been tested extensively (e.g., Barker
(Sects. 2, 3, and 4). The availability of two cloud schemeset al., 2008). The main issue of concern is whether the con-
in our GCM combined with our analysis approach providesditional random noise, decreasing as the inverse square root
the opportunity to investigate whether identical assumptionsof the number of times Eg. (1) is applied, has any detrimen-
about cloud complexity imposed on different original cloud tal impact on the simulations. The prior studies and our own
fields can yield notably distinct radiative impacts (Sect. 5) tests with GEOS-5 have shown that the McICA noise for suf-
and the reasons behind the dissimilar behaviours (Sect. 6). ficiently long runs (at least a month) is of similar magnitude
and nature as the internal variability of the model.
An extensive description of the particular cloud genera-
2 Implementation of RRTMG into GEOS-5 tor used in the GEOS-5 implementation of RRTMG is pro-
) vided by Raisanen et al. (2004). The generator produces sub-
The effects of cloud overlap (fraction and condensate) on.o|ymns that have either clear or completely overcast cloud
the radiative fluxes can be captured best with radiation COdedeers. Whether the cloud condensate of a particular layer
equippgd with flexipility in the representatior) of such over- 5 ies among the subcolumns depends on the assumptions
lap. This (along with improved representation of gaseousypoyt horizontal cloud heterogeneity, namely either homoge-
absorption) was one of the primary motivations for the im- heoys or heterogeneous condensate distributions can be spec-
plementation into the GEOS-5 Atmospheric General Cir-jsied within the generator. The horizontal location of clouds
culation Model (AGCM, Rienecker et al., 2010; Molod et i, 3 particular layer (i.e., subcolumn assignment) and specific
al., 2012) of the RRTMG radiation package (Clough et al.,a1ye of condensate (for heterogeneous condensate distribu-
2005), a faster incarnation of the RRTM codes (Mlawer etyjons) depend on cloud presence at other layers according to
al., 1997; lacono et al., 2008) designed specifically for largeihe overlap rules implemented. By design, in the limit of an
scale models, and consisting of solar and thermal infrareqninite number of subcolumns, layer horizontal averages re-
components. Both components can be run in so-called Montgoqyce the vertical profile of cloud fraction and condensate
Carlo Independent Column Approximation (McICA) mode ,rqvided as input to the generator by the AGCM. More spe-
(Pincus et al., 2003). RRTMG with McICA has been imple- ific descriptions of rules and assumptions about cloud frac-
mented succesfully into ECMWF’s Integrated Forecastingijon and condensate distribution overlaps as implemented in

System (Morcrette et al., 2008) and several other large scalgyeos.5 gre provided in the section that follows.
models. Within the McICA framework, when the radiation

code is employed on a number of atmospheric (sub)columns,
full spegtral integration over eqch colgmn_|§ replaced by3 Cloud overlap and variability representation
stochastic (Monte Carlo) integration. A simplified mathemat-
ical expression of this process can be written as follows:  The cloud fraction overlap options for the cloud generator
N v X included in the RRTMG package incorporate the standard
Fo— ~ 1 gssumptipns that have been used extensively in the past,
; " 2D uk D @) i.e., maximum, random, and (the most popular) maximum-
random overlap (Geleyn and Hollingsworth, 1979; Tian and
The uppercase symbols of Eqg. (1) represent broadCurry, 1989) where contiguous cloudy layers overlap max-
band fluxes, while the lowercase letters represent pseuddmally and randomly otherwise.&&sanen et al. (2004) pro-
monochromatic fluxes per the correlated-k paradigm (Lacisvides a mathematical description of the practical implemen-
and QOinas, 1991)F represents a broadband flux (solar tation of these overlap assumptions in a cloud generator

F=

2|
2|+

n=1k=1 k=1
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algorithm. In this work, from the above simplified overlap Norris et al., 2008). The nature of condensate alignment can

descriptions, we only test the maximum-random overlap op-be expressed in terms of rank correlations of water content as

tion. a function of separation distanee; = z> — z1 (e.g., see Pin-
Starting with the work of Hogan and lllingworth (2000), cus et al., 2005 and Oreopoulos and Norris 2011). For two

numerous studies (e.g., Mace and Benson-Troth, 2002; Ordayers at heights; andz, the water contents at both heights

opoulos and Khairoutdinov, 2003; Naud et al., 2008) havecan be ranked separately for the overlapping portioVaf

shown that the above simple overlap assumptions do not capsubcolumns of the two cloud layers. A linear correlation co-

ture the vertical structure of cloud fields seen in observationsfficientr (Az) can then be calculated from the ranRgz1)

and cloud resolving models, and that the concept of “gen-andR; (z2) according to:

eralized” cloud fraction overlap represents observed over-

lap more realistically. In the generalized overlap paradigm, Nea - ‘ -
the combined cloud fraction of two cloudy layers at heights E (Riz) — Rz1)) (Ri(z2) — R(z2))
z1 andzz with separation distancaz =z, —z1 can be ap- (A% = 7= o ®)
proximated as a weighted average of combined cloud frac- > (Ri(zy) — R(zl))2 > (Ri(z2) — R(zz))2
i=1 i=1

tions from maximum and random overlafmax(Az) and

Cran(Az), respectively according to: . - -
ran(A2), resp y 9 The rank correlation coefficient expresses the likelihood wa-

C(A7) = a(A2)Crmax(A2) + (1 — a(A2)) Cran(AZ) ) ter contents of the same relguve magmtude ywthm their re-
spective layers are aligned in the vertical, witty1,z2) =1

where corresponding to perfect alignment an¢;1,z2) =0 corre-
sponding to completely random alignment.
Cmax(Az) = max(C(z1), C(z2)) (3a) It was suggested (e.g.aRanen et al., 2004) that the rank

correlation coefficient can also be fit by an inverse exponen-
tial (which again will not capture the more rarely enncoun-
Cran(Az) =1— (1—C(z1))(1—C(z2)) (3b) tered negative values) under similar assumptions as for the

cloud fraction overlap parameter, i.e., that it is only a func-
The weighting parametes(Az), is a measure of the proxim-  tion of Az and not; itself

ity of overlap to maximum (exact wher{Az) = 1) or random
(exact whernx(Az) =0); Negative values suggest some de- ( Az>

s . . r(Az) =exp| —— (6)
gree of minimum overlap (a combined cloud fraction greater L,
than that of random overlap). A commonly used simplifica-
tion, also adopted here, is tha{Az) depends only on the whereL; is the rank correlation decorrelation length. Large
separation distancaz and not on the specific values of values ofL, indicate condensate values that are highly corre-
andzy, i.e., cloud fraction overlaps the exact same way atlated in terms of relative magnitude, while small values sug-
different heights of the atmosphere as longhads the same.  gest condensate values whose relative magnitude is weakly
With this assumption, it was shown (Hogan and lllingworth, correlated among layers.
2000) thata(Az) can be fit reasonably well by an inverse  The practical implementation of generalized cloud frac-

exponential function: tion overlap and condensate overlap using inverse exponen-
tial fits is described by Rsanen et al. (2004). The cloud gen-
a(A7) = exp(—§> 4) erator that came with RRTMG had generalized cloud fraction
a overlap capability, but did not allow for overlap of conden-

) . ) ., ] sate distributions; we added that feature followirg®nen
where L, is the “decorrelation length” for cloud fraction et 4 (2004). To create the subcolumns that describe the
overlap. Such a fit obwously does not allow for negative val- ¢|qud fields within the GCM gridcolumns, two additional
uesa(Az) which are occassionally observed (€.g., Oreopou-pieces of information, besides the profiles of cloud fraction
los and Norris 2011). Because the fit provided by Eq. (4) iS¢ and mean condensate (liquid and ice) are needed, namely
usually used in conjunction with Eq. (2), generalized OVe”apspecification of the decorrelation lengths and L, and of
has also been termed “exponential-random” overlap (Hoganhe magnitude of the horizontal variability of the condensate
and lllingworth, 2000). o distributions. We defer discussion of decorrelation lengths

The manner in which cloud water contents align in the ver-¢5, the next section. and describe variability here.
tical may also be important for processes like radiation (or - 4 ¢reate condensate distributions for cloudy layers we as-

precipitation). For example, the domain-averaged fluxes dif-gme that beta distributions describe the horizontal variations
fer between a case where all high or low condensate valuegs normalized condensaie— wiwmay

are aligned to create pockets of vertically integrated high or
low water path (WP), and a case where a more random align- C'(p+q)

-1 -1
ment homogenizes the WP horizontal distribution (e.g., see’s'*) = F(p)p(q)xp 1=x7 @)
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wherel is the gamma function and the maximum value of (SW) and longwave (LW) cloud radiative effects at the top of
condensat@may is set as five times the assumed variam,%e the atmosphere and vice-versa.

of the distribution. The shape parametgerg of the beta dis-

tribution are calculated from the method of moments (Wilks,

1995): 4 Description of AGCM setup and experiments
¥2(1-x) T .
=——— 1% (8a) 4.1 Specification of overlap parameter decorrelation
Ox lengths
p(l—Xx) As explained earlier, for the AGCM experiments with gen-

(8b) eralized cloud fraction overlap and heterogeneous conden-
sate distributions, the decorrelation lengihsand L, need
wherex = /wmaxando? = o /whae to be specified. The simplest option is to select values that
The standard deviatioa,, of the distribution was set as  gre yniversal, i.e., invariant in space in time. Values that have
follows, loosely based on Oreopoulos and Barker (1999) angheen ysed in prior work @sanen et al., 2004; Morcrette et
our own analysis of hydrometeor variability in the CloudSat 5| 2008) areL,, =2 km andL, =1 km. Such a far reaching

X

(Stephens et al., 2002) data: simplification may not be justifiable in principle on physical
0, =050 when C > 0.99 grounds given the wide range of cloud regimes. Still, whether
o = 19/+/2 when 09 < C < 0.99 ) a more sophisticated specification of decorrelation lengths is

needed in practice should be a matter of further investiga-
tion. The availability of cloud particle/hydrometeor reflec-
The choice of the beta distribution is supported by observadivity and backscatter data from the Cloud Profiling Radar
tions (Oreopoulos and Davies 1998 and Lee et al., 2010)(CPR) of the CloudSat mission and the CALIOP lidar of the
but other skewed distributions that have also been observe@ALIPSO mission (Winker et al., 2010) potentially allows
from airborne and satelllite measurements, such as gamma more detailed examination of spatiotemporal variation of
and lognormal would also have been acceptable alternateloud overlap decorrelation lengths.

choices. Equations (7) and (9) apply to both liquid and ice We performed such a cloud overlap analysis using Cloud-
condensate, and in layers where the two phases coexist theSat products for two months, January and July 2009. For
ratio is assumed to remain constant across all subcolumnsloud fraction overlap we used the 2B-GEOPROF-LIDAR
Since no distinction is made between liquid and ice cloudproduct which provides a cloud mask from combining the
fraction, the normalized standard deviatigp/w is de facto  different hydrometeor detection capabilities of CPR and
the same for liquid and ice condensate distributions. TheCALIOP (CPR is more capable at detecting layers with
beta distribution of normalized condensates converted large concentrations of hydrometeors while CALIOP can
to an actual condensate distribution and then to a cloud opbetter detect unobscured optically thin clouds). For conden-
tical depth distribution using the AGCM-provided effective sate distribution overlap we used CloudSat’s 2B-GEOPROF
particle size which is different for each phase, but assumegbroduct which provides reflectivities for1.7 km footprints
horizontally homogeneous. The latter assumption is univeridentified to contain hydrometeors at various vertical loca-
sal in GCMs, even those equipped with two-moment micro-tions (separated by500 m). Our rank correlations follow-
physical schemes. Analysis based on aircraft observations\g Eq. (5) therefore actually come from reflectivities and
by Raisanen et al. (2003) and modeling results (Barker andnot cloud condensates which are also available from Cloud-
Raisanen, 2004) indicate that correlations between WP andsat (e.g. product 2B-CWC-RO or 2B-CWC-RVOD), but con-
effective particle size in liquid clouds can reduce substan-sidered less reliable for the liquid phase due to drizzle and
tially the radiative effects of WP inhomogeneity alone, i.e., mixed/supercooled clouds often assigned erroneously to the
optical depth inhomogeneity being weaker than WP inhomo-ice phase (Lee et al., 2010). Since reflectivies are propor-
geneity has a notable impact on radiative fluxes. Nonethelesgional to the size of the hydrometeor particles, under the as-
since the specification of the amount of condensate variabilsumption of constant particle number densities, the amount
ity via o, does not come explicitly from the host AGCM of condensate is monotonically related to particle size and
or derived from rigorous physical principles, and variabil- Eq. (5) can be applied to reflectivities as well. A caveat of
ity is used only to gauge diagnostically the sensitivity of the the 2B-GEOPROF reflectivities on the other hand is that
cloud radiative effect, we argue that it is not critical to fully they do not result only from interactions of the radar beam
justify its exact specification or the specification of optical with suspended (cloud) particles, but also precipitation parti-
depth variability itself. Different degrees of variability will cles. While the above make CloudSat-derived decorrelation
have quantitatively different impacts on the cloud radiative lengths approximate, it should be kept in mind that the goal
effect, but the qualitative impact is nevertheless entirely pre-is not to obtain a perfect map of their geographical varia-
dictable: larger inhomogeneity results in smaller shortwavetion, but to have a plausible broad picture of their spatial and

Oy =W when C < 0.9
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seasonal variability that can be contrasted with globally con- 4
stant decorrelation lengths for cloud radiative effect studies. -
Figure 1 shows the zonal distribution bf (top panel) and 35¢
L, (bottom panel) derived via least-square fits (Press et al., ~
1992) from monthly-averaged CloudSat/CALIPS@Az)
andr(Az) profiles within 3 latitude zones, for January and
July (solid lines), with the limitations stated earlier. The data
segment length used in the above calculation is 100 CPR
profiles (~170km), similar to the spatial resolution of the
AGCM experiments described below. There is a clear zonal
structure for both months with tropical latitudes exhibiting
larger decorrelation lengths (more maximum overlap and

3t
25F
20

15¢

decorrelation length (km

1 ]

greater vertical alignment of reflectivities of similar relative 0-5§ cloud fraction overlap decorrelation length E
strength), consistent with documented overlap contrasts be- | from2B-GEOPROF-LIDAR |
tween convective and stratiform regimes (Barker, 2008a, b; 80 60 -40 20 0O 20 40 60 80
Oreopoulos and Norris, 2011, values seem to be gener- latitude (°)

ally about half those of, , in broad agreement with previous 2 e e
findings (Raisanen et al., 2004; Pincus et al., 2005; Oreopou- | rank correlation decorrelation length

los and Norris 2011). Seasonal shifts of the peak values of from 2B-GEOPROF

decorrelation lengths appear to reflect the movement of the .
Intertropical Convergence Zone (ITCZ).

Our objective for AGCM parameterization purposes is to
capture in a simple manner the observed decorrelation length
zonal structure shown in Fig. 1. For that purpose, we apply a
Gaussian fit (black dashed curves) of the form

decorrelation length (km

L =m1+mzexp[—(9 —mg)z/mi] (10)

0.5 *

Jan

to the January (black) curves. In Eq. (10)js the latitude I -==e-=- Jan1 gaussian
in degrees anahy, mo, m3 andm4 are parameter fits. All,

exceptns, are held constant, and their values yielding decor- Og0 B0 20 20 0 20 40 80 80
relation length in km are provided in Table 1. Parametgr latitude (°)

controlling the latitude at which Eq. (10) peaks, captures the ) _

zonal seasonal movement seen in the CloudSat data, and Ilzég 1. (top): Cloud fraction overlap decorrelation lengths frofn 3

. . zonal averages af(Az) for January and July 2009 (solid curves)
tacl)l.owed to vary as a function of the day of the year accordingy j e from the 2B-GEOPROF-LIDAR CloudSat product; the

dashed curves correspond to gaussian fits according to Eqgs. (10) and

. (11). (bottom): As top panel, but for rank correlation decorrelation
m3 = —4ms,0 (JD—272/365 whenJD > 181 (118)  |engths calculated from CloudSat 2B-GEOPROF CPR reflecivities.

m3=4m30 (JD —91)/365 whenID < 181 (11b)

the goal is to examine the sensitivity of the cloud radiative
whereJD is the Julian Day. We seti30=7.0 (cloud frac- effect to a range of decorrelation length specifications and
tion overlap) andns o = 8.5 (condensate/reflectivity overlap). the differences arising when the exact same overlap assump-
Our approach then in essence consists of assigning the initialons are applied to two different cloud schemes, the imper-
Gaussian fit of the monthly-averaged January observationfect matching to observed overlap (itself coming with its own
to 1 January, and then finding the zonally-averaged decorrelimitations) is acceptable.
lations for all other days of the year by applying Egs. (10)
and (11). This is how the gray dashed curves in Fig. 1 (for4.2 Description of AGCM experiments with diagnostic
1 July) were obtained. Note that the January fits describe the radiation
zonal distribution of both decorrelation lengths more real-
istically than the July curves which are not fits to the data,To examine the changes in the radiative impact of clouds
but outcomes of the parameterization expressed by Egs. (1@yhen different assumptions are invoked about (a) the hori-
and (11). The parameterized northward shift of the Januarygontal heterogeneity of their condensate; (b) the way their
curves intended to capture July overlap generally leads to uneondensate distributions overlap; and (c) the way their cloud
derestimates. Again, for the purposes of this study, wherdractions overlap, relatively short(L yr simulations with the

www.atmos-chem-phys.net/12/9097/2012/ Atmos. Chem. Phys., 12, 9@, 2012



9102 L. Oreopoulos et al.: Radiative impacts of cloud heterogeneity and overlap in an atmospheric GCM

Table 1. Parameters for the Gaussian fits per Egs. (10) and (11) ofTable 2. List of experiments conducted with the GEOS-5 AGCM
zonal decorrelation lengths shown in Fig. 1. running two different cloud schemes to assess the effects of cloud
heterogeneity and overlap on the cloud radiative effect.

Fit parameters Cloud fraction  Condensate
for Egs. (10)—(11) overlap overlap Experiment ID  Description
mq 1.43 0.72 1 Homogeneous clouds, maximum-random
mo 2.12 0.79 overlap
m3,0 —7.00 —8.50 2 Heterogeneous clouds (Eqg. 9), maximum-
mg, —25.58 40.40 random overlapLr =1km

3 Homogeneous clouds, generalized overlap,

Ly=2km
4 Heterogeneous clouds, generalized over-
GEOS-5 AGCM are conducted with the RRTMG radiation lap, Lo =2km, Ly =1 km m
5 As Exp. 4, but with the standard deviation

package producing “diagnostic” only fluxes. Had we wanted

to examine the full impact of our cloud changes on the model of Eq. (9) halved

. . . o 6 As Exp. 4, but withL, =4 km, Ly =2 km
climate much longer simulations of at least a decade with in- 7 As Exp. 4, but withl.q, = 2 km, Ly = 2 km
teractive RRTMG would have been necessary. By diagnos- 8 Heteroger’1eous clouds, gen]eralized overlap
tic RRTMG radiation fields we mean that the heating and from CloudSat/CALIPSO

cooling rates produced by RRTMG are not supplied back to
the AGCM to affect dynamical and physical processes. In-

stead, the model run is driven by the radiation fields producedyoment cloud microphysics where condensate amounts, par-
by the original (operational) radiation package (Chou andsicie sizes, and precipitation depend on the aerosol loading.
Suarez 1999; Chou et al., 2001) which treats clouds accordgqr oyr experiments we chose to provide McRAS-AC with a
ing to its default configuration, as usual. The McICA Version nesent day climatology of aerosol mass concentrations pro-
qf RRTMG simply runs side-by-side Wlth. the original radia- 4 ,ced by the GOCART (Chin et al., 2000) chemical trans-
tion package and operates on the cloud fields produced by thGqt model. Note that for both sets of experiments, while
standard model, but as transformed by the cloud generator ity gerosols are radiatively active in the operational radia-
accordance with our heterogeneity and overlap assumptiong;o, package that provides interactive radiation fields, they
Our. suite of experiments is summarized in Table 2. All 5o not accounted for by RRTMG which produces the di-
experiments were run with the GEOS-5 AGCM Fortuna 44 qstic radiation fields used to assess overlap radiative im-
v.2.5 at 2<2.5 resolution with 72 vertical levels, and dif- pacts on CRE.
fer on_ly in their assumptions abOL_Jt cloud fields. While all " Eor each of the experiments we generate the monthly, sea-
experiments share the same profiles of cloud fraction andyna1 and annual geographical distribution of the LW and

mean condensate, other assumptions about the nature of gy cjoud radiative effect (CRE) at the top of the atmosphere
clouds are different from experiment to experiment. Clouds(TOA)_ The CRE is defined as:

can be assumed to be horizontally homogeneous or het-

erogeneous and the|_r cloud fractions can ove_rlap accordCRE_W’SW: Ff\l/(/,sw_ FE\R/,SW (12a)
ing to either the maximum-random or generalized overlap

paradigms. When clouds are heterogeneous and overlap aghich can also be written as

cording to the maximum-random overlap assumption, a con- oir ove

densate decorrelation length still needs to be supplied. AICREW.sw = Crot(Flw,sw — Flwsw) (12b)
simulations correspond to 13-month runs from which the laStwhereF is the outgoing flux (LW or SW) at the TOA,

12 months are considered for analysis; prescribed sea surfa%(fr designates clear (cloudless) skiaf,a mixture of clear

temperatures for the_perlod May 1993 to May 1994 are usedand cloudy skies, and ovc overcast skies (100% cloud frac-
Two sets of experiments were conducted. One where th

?ion); Cot is the total vertically projected cloud fraction. The
Z‘;zzdz:‘dd(gcr)lr;trxilzhcll\c/)llég ;;hige(s(t/l; Igtd a?t ?012201823 dogizmodeled CRE always comes from Eg. (12a); nevertheless,
' " ' Eqg. (12b) which applies when the all-sky flux is written as

Lee,_ 2007). The two cloud schemes share the same Cor1'he linear combination of clear and overcast fluxes, can be
vective scheme (Relaxed Arakawa-Schubert or RAS), but

- . . . ~used forinterpretingthe CRE, since a gridcolumn&y is
with different assumptions about the onset of convection, . '
. ) . - not uniquely defined, but rather depends on the cloud frac-
and ambient air entrainment (quadratic in MCRAS versus

: . : . . “tion overlap assumption (for the same cloud fraction profile,
linear in standard RAS) and are substantially different in b P ( P

i . o : . the closer the overlap to random, the larggst'). For the
their stratiform cloud parameterizations and microphysics P gRé)

descriptions. The control cloud scheme has pre-specified lig- 1Minimum overlap of various degrees produces even lafggr
uid and ice particle sizes, while MCRAS-AC has active two- but there is no such overlap in our experiments.

Atmos. Chem. Phys., 12, 90984111, 2012 www.atmos-chem-phys.net/12/9097/2012/
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CTL cloud scheme MCcRAS-AC cloud scheme
s 27. s 26.2

CRE,,
CRE,,,

CRE,,
CRE,,

YD 1a3pam
AyauaSowoyu ssa)
ERRELELD

max-ran homog max-ran homog

42,5 | MmN [ 4g.1 47,3 [senereledovep -52] rhomosenety| 491 47.3 <] sp,
2218 . 281262 | o 2284 2231 L 262 262 | emecer 227

CERES EBAF CERES EBAF
/

-45.1 OBS generalized ovlap OBS generalized ovlap -45.0
s 24.7 weaker CRE s 23.8 weaker CRE . 23.9
Fig. 2. Box chart providing diagnostic CRE in Wi (blue for Fig. 3. As Fig. 3, but when McRAS-AC has replaced the GEOS-5
CREw, red for CREyy) for GEOS-5 CTL scheme experiments control cloud scheme.
with the RRTMG radiation package where cloud condensate dis-
tributions change from homogeneous to heterogeneous and over-
!aptclk_langestr:‘rom n:amgnum-ran(:)om todgenlerallzfed. Ttrrl1e rgjg;bEe;%g Wnt2 (21.8WnT2) and CREw also decreases in ab-
In Palics In the center box are observed values from the solute value (i.e., a smaller negative value) by 5.6V¥m
EBAF data set. The numbers in the left bottom corner of the boxes 42 5Wnt2). This is b for th d
are the experiment IDs according to Table 2. (—42. ) This is because for the same meah C_0n en-
sate, heterogeneous clouds reflect less solar radiation (e.g.,

Cahalan et al., 1994) and emit less (transmit more) LW radi-

complete intercomparison of CRE among all experiments weftion (Barker and Wielicki, 1997). For this particular case
use globally-averaged values. For select experiments we als%‘fvrffor_e changes in CRE can be attributed to changes in
compare zonal (latitudinal) averages and geographical distrifLw;sw IN EQ. (12b): the SW outgoing flux for overcast con-
butions. Although not critical for understanding the sensitiv- ditions is reduced, while the LW outgoing flux increases; in
ity of CRE to cloud heterogeneity and overlap, we also in- both cases the contrgst with the clear-sky flux is reduced.
clude in our comparison TOA CRE from the CERES EBAF 1he change in CRé&y is more than double that on CRE

v. 2.6 data set (Loeb et al., 2009) for the period March 2poosince the nonlinearity of the LW emittance curve is restricted
to June 2011. ’ to a much narrower range of cloud condensates (or, strictly

speaking, optical depths) than the nonlinearity of the SW
albedo curve. In other words, changes in the details of an

N [Aysuagowoyui ssa|

I

w
N
0co
=

ErREEL
ErREEL

AyiauaSowoyur
AyausSowoyul

h
"

o &
i

5 Analysis of Cloud Radiative Effect dependencies optical depth distribution begin to matter less (because of
saturation in emittance) at lower values of mean cloud opti-
5.1 Global changes in CRE cal depth. When clouds remain homogeneous, on the other

hand, but the cloud fraction overlap changes to general-

We first focus on the sensitivity of globally-averaged CRE ized (with globally constanf, =2km, Exp. 3), it isCiot
to different assumptions about how to generate cloud fieldsn Eq. (12b) that is mainly affected (it appears from our re-
from profiles of cloud fraction and mean condensate. Fig-sults that the change in the distribution of cloud tops exposed
ures 2 and 3 chart this sensitivity for the control (CTL) to space, which matters for the LW, is a lesser contributor)
and McRAS-AC cloud schemes, respectively. The center boboth CREw and CREy increase by 4.3 Wi (to 28.4
contains AGCM results for the “default” (reference) config- and —52.4 Wn1 2, respectively; box 3), indicating that for
uration, namely homogeneous condensate distributions anthe CTL cloud schem€.; for generalized overlap is higher
maximum-random cloud fraction overlap (Exp. 1, see Ta-than that for maximum-random overlap.
ble 2). Blue numbers depict CRg and red CREw values. When condensate heterogeneity is applied under condi-
This box also contains the observed global CREs accordindions of generalized overlap (Exp. 4, lower right box), the
to the CERES EBAF (Loeb et al., 2009) product. The othereffect of increasedCis; in the CTL cloud scheme is en-
boxes show the various global CRE magnitudes for differenttirely eliminated for CREw by the decrease gy, but
assumptions about the nature of the cloud fields. only partially cancelled out for CREy through increase in

For the CTL cloud scheme (Fig. 2) when cloud frac- FSi*. The end result is that CRf is weaker by 1.9Wm?
tion overlap remains maximum-random, but clouds are al-compared to the reference Exp. 1, while GREremains
lowed to be inhomogeneous according to Egs. (7)—(9) (left-stronger, but by only 1.3 Wn?. Note that the effect of in-
most box, corresponding to Exp. 2), CRi decreases by homogeneity on CRE is stronger when cloud fraction obeys
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generalized overlap (from Exp. 3 to Exp. 4) than when it Impact of decorrelation length scale
obeys maximum-random overlap (from Exp. 1 to Exp. 2):in

the former case CR&y and CRE decrease in strength by CTL cloud scheme MCcRAS-AC cloud scheme
6.2Wn12and 3Wn1?, respectively, while for the latter case L2k U ——

they decrease by 5.6 Wri and 2.3 Wn72. When the stan- ey | Lz L=2km [
dard deviation used for the beta distribution of condensate is 254 | weorer cne ———
halved compared to Eq. (9) (box 5), CREis reduced by " 3 s || ool g < ] oo
about 2Wn12, while CREyy is reduced by 1 Wm? reaf- S 2% CRE, & M 5 le% CRE, 5| 4T
firming again the fact that any changes that affect overcast 5 $5 CREw 8 || 35| |]® S CREy o || 5%

fluxes rather than cloud fractions have greater impact in CTL

OBS lized neraliz
on the SW compared to the LW. 451 | v Ta2s] [4a7 | e [a2e
A simultaneous change in both cloud fraction and con- ;247 '~ = 535 ;238 " " 77

stronger CRE stronger CRE

densate overlap can be achieved by switching from glob- |
ally constant decorrelation lengths to CloudSat-based decor-. ) _ _ _
relation lengths (Egs. 10-11 and Fig. 1). This process iSFlg. 4. CRE magnitudes for various decorrelation length values in

. the generalized overlap paradigm for the CTL cloud scheme (left)
represented by the transition from Exp. 4 tq Exp. 8 Shownand the McRAS-AC cloud scheme (right). The numbers in the left
by the bottom two boxes (4 and 8) of Fig. 2. CRi

. bottom corner of the boxes are the experiment IDs according to Ta-
strength decreases by 1.1 Wy while CREw decreases pe 2.

by 0.7 WnT2. One can see that transitioning from homoge-
neous maximum-random overlap to inhomogeneous clouds
following a CloudSat-based generalized overlap results ulti-zonally-dependent decorrelation lengths (Exp. 4 to Exp. 8) is
mately in 3Wn12 weaker CREw than Exp. 1, but a slightly  notably smaller for the McCRAS-AC cloud fields compared to
stronger (by 0.6 Wm?) CREw. This is possible because the CTL cloud scheme.
while cloud fraction changes (from maximum-random to This latter result is also included in Fig. 4 which focuses
generalized) have about the same effect on both the SW andn CRE changes brought by changing the parameters (i.e.,
LW CRE, overcast flux changes (from condensate overlapdecorrelation lengths) of generalized overlap. The left part
and inhomogeneity) are too weak in the LW to reverse theof the figure provides global CRE impacts for the CTL cloud
increased CRE resulting from generalized overlap. scheme while the right part of the figure does the same for the
The CRE response to condensate heterogeneity and geMcRAS-AC scheme. In this figure the reference CREs come
eralized overlap when imposed on the cloud fields of anfrom Exp. 4 (heterogeneous clouds, generalized overlap with
alternate cloud scheme can be substantially different tharronstant decorrelation lengths), upper left box (box 4). The
the one discussed above. This is shown in Fig. 3, which igransition from Exp. 4 to Exp. 7 (top boxes 4 and 7) cap-
the same as Fig. 2, but for the MCRAS-AC cloud scheme.tures the effect of changing the condensate overlap decor-
Cloud water inhomogeneity under conditions of maximum- relation lengthL,. When it is doubled from 1 to 2km in
random cloud fraction overlap (box 2) results in a slightly the CTL simulations both CR&w and CREw decrease in
smaller weakening of CRdgy, and a slightly greater weak- strength slightly. This is the result of more aligned conden-
ening of CREy. This is likely because of the generally op- sate distributions increasing the variability in integrated WP
tically thinner clouds of the McCRAS-AC scheme. The transi- compared to shortek, (more random overlap of layer con-
tion of homogeneous clouds from maximum-random overlapdensate distributions producing more homogeneous WP dis-
to generalized overlap (box 3) gives a much smaller CRE retributions) and consequently yielding reduced TER; and
sponse for McCRAS-AC~+1 Wm~2 compared to~4 Wm~—2 increasedr}y7, and thus smaller contrast with the upwelling
for CTL). Adding inhomogeneity to clouds obeying gener- clear sky flux. If the global decorrelation length of cloud frac-
alized overlap has about the same CRE effect for McRAS-tion L, is doubled from 2 to 4 km (transition from Exp. 7
AC as adding inhomogeneity to clouds following maximum- to Exp. 6, right boxes) the reduce&fy; of the less random
random overlap (CRE changes from Exp. 3 to Exp. 4 areoverlap yields further reductions of 3Wrfiand 1.8 Wnt2
about the same as the changes from Exp. 1 to Exp. 2)in CREsw and CREw, respectively. Such greater impact
for the CTL cloud scheme the CRE impacts diverged byof cloud fraction overlap changes compared to condensate
0.6-0.7 Wn712). The box corresponding to Exp. 5 indicates distribution overlap changes was also shown by Barker and
that when the imposed inhomogeneity is reduced by half orRaisanen (2005). Because the observed decorrelation lengths
clouds following generalized overlap, the outcome is close toare generally smaller than those of Exp. 6, when they are ap-
the reference CRE values, i.e., the effects of modified overlagplied in the cloud generator (transition from Exp. 6 to Exp. 8,
and inhomogeneity largely cancel out; this was not the casdottom boxes) the CREs increase again (highgrand more
for the CTL cloud scheme for which overlap had a much homogeneous distributions of WP) and become comparable
stronger CRE impact than reduced inhomogeneity. Finallyto those of Exp. 7. For the CTL cloud scheme, the overall im-
the change from globally constant decorrelation lengths topact of using CloudSat-based decorrelation lengths instead of
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Fig. 5. Maps of annually averaged CR{y differences between the Exp. 2 and Exp. 4 (top) and between Exp. 8 and Exp. 4 (bottom). The
left panels are for the CTL cloud scheme, while the right panels are for McCRAS-AC.

the previously used global valuesbf =2 km andL,=1km CREsw overestimates worse. To match both components of
(Exp. 4 to Exp. 8., left boxes) is about 1 W slightly more  CRE to observations, inhomogeneity and overlap changes
for CREsw and slightly less for CREy. These differences must be accompanied by concurrent changes in other cloud
are at first glance rather small to justify the effort of deriving properties such as cloud top height and mean condensate.
zonally-dependent decorrelation lengths, especially since the
Exp. 4 CREs of CTL are already below CERES EBAF and5.2 Geographical changes in CRE
the more sophisticated treatment of overlap makes the dis-
crepancy from observed CREs worse. But as will be shownln this subsection we examine whether the relatively narrow
below, the rather benign global CRE changes conceal localange of global CRE impact due to changes in cloud over-
impacts that are much more substantial. lap specification conceals a much wider range of regional
The right part of Fig. 4 contains the exact same analysis a&RE changes. For the sake of brevity, we focus on only two
the left part, but for the McCRAS-AC scheme implemented in overlap specification changes, the transition from maximum-
GEOS-5. The impact of doubling the rank correlation decor-random overlap to generalized overlap with globally constant
relation length (Exp. 4 to Exp. 7) is about the same as fordecorrelation lengths (with heterogeneous clouds), and the
CTL, but doubling the overlap decorrelation length does nottransition from the latter type of overlap to generalized over-
change CRE as much for MCRAS-AC. The Exp. 4 and Exp. glap with zonally variable decorrelation lengths as parameter-
to Exp. 8 transitions are also weaker in terms of CRE change&€d per the CloudSat data analysis. In other words we exam-
for McRAS-AC. When these results are considered in con-ine regional CRE differences between Exp. 2 and Exp. 4 and
junction with Fig. 3, the obvious conclusion is that McRAS- between Exp. 8 and Exp. 4.
AC cloud distributions do not cause as big CRE changes as Figure 5 shows maps of annually averaged Gili-
those of CTL in response to the different prescriptions offerences between the experiments mentioned above, while

cloud overlap. We attempt to explain why this is the case inFig- 6 is a counterpart figure for CRg. The panels in the
Sect. 5.3. top row correspond to Exp. 2 minus Exp. 4 differences, and
As a concluding thought for this part of the analysis we the panels in the bottom row to Exp. 8 minus Exp. 4 dif-
would like to point out that if CREw is overestimated and ferences; the left panels are for the CTL cloud scheme and
CREw underestimated compared to observations, as is théhe right panels for MCRAS-AC. The CTL cloud scheme
case for the CTL cloud scheme, it is not possible to bringyi€lds substantially greater CRE differences for the transi-
both closer to observations through changes in inhomogenélion from maximum-random to generalized overlap than be-
ity and overlap descriptions alone. Inhomogeneity reducegWeen two generalized overlaps, and in the tropics compared
CREsw and can bring model and observations closer, but itt0 midlatitudes. Zonal CRE differences between Exp. 2 and
also reduces the already too low GRE Similarly, increas-  EXp. 4 peak at-11 Wn=2 in the SW and~—10.Wm‘2 in
ing CREw via changes in overlap (i.e., increasifigy) to the LW around 3N (left panels of Fig. 7) reflecting changes

match observations has the undesired effect of making thé Ctot Of ~0.13 (blue curve in the top panel of Fig. 8).
The counterpart CRE differences between Exp. 8 and Exp. 4
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Fig. 7. Zonal averages of the differences shown in Figs. 5 and 6. The left panels are for the CTL cloud scheme, the right panels are for
McRAS-AC. Top panels are for CRfgy, while the bottom panels are for CRE.

are~6 Wm~2 and ~—4 Wm~2 for a Cyor change of about is not the same everywhere. While the GRE(CREw)

0.05 (red curve in the top panel of Fig. 8); in this case how-difference is generally positive (negative), at midlatitudes

ever the different vertical alignment of condensate distribu-there are negative (positive) differences with peaks at about
tions also contributes to the CRE differences, making the60 degrees latitude. The difference in behaviour from trop-

CREsw and CREyw changes more distinct. It is interest- ics to midlatitudes is solely due the parameterization of the

ing that the sign of the CRE differences between Exp. 8CloudSat-based decorrelation lengths in Fig. 1. The constant
and Exp. 4 (changes in the details of generalized overlapflecorrelation lengths are lower than those from CloudSat
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Fig. 9. Annually- and zonally-averaged cloud fraction profiles (on a
scale 0-100) for the CTL and McRAS-AC cloud schemes.

in the tropics and yield highefiy; and less variable WPs,

ergo, stronger CRE (expressed as positive GREnd neg-

ative CREy differences). In the midlatitudes, the opposite Exp. 4 is small and generally positive, in contrast to CTL.

is true, i.e., the globally constant values are higher than thé'his means that there are many instances wiigsefrom

CloudSat-based parameterized decorrelation lengths resulmaximum-random overlap exceeds that of generalized over-

ing in weaker CREs for Exp. 4 compared to Exp. 8 (negativelap, but not in a way that will create larger overall CREs.

CREsw and positive CREy differences). This in turn points to cloud vertical profiles in MCRAS-AC
The counterpart McRAS-AC CRE differences are muchwhere the random part (cloudy layers separated by clear lay-

weaker, as can be seen in the right panels of Figs. 5, 6, and Brs) of maximum-random overlap is invoked more often than

consistent with much smaller changeig; (Fig. 8) and the  in CTL. Recall that within the realm of generalized overlap,

smaller global CRE differences noted earlier in Figs. 3 andexact random cloud fraction overlap can only occur in the

4. The zonal structure of the Exp. 8 minus Exp. 4 CRE dif- limit of an infinite decorrelation length.

ferences can be explained by invoking the same arguments

as before for the CTL cloud scheme, but exhibit notably5.3 Why overlap details in the two cloud schemes affect

smaller values. The Exp. 2 minus Exp. 4 CRE differences CRE differently

also have the same sign as in CTL across all latitudes, but

exhibit a much weaker latitudinal dependence with no trop-The quite distinct CRE response of the two cloud schemes

ical peak as in CTL, while being also substantially smaller.when the cloud generator is furnished with identical

One interesting feature seen in the bottom panel of Fig. &ules to produce cloudy subcolumns from common pro-

is that the zonally-average@; difference of Exp. 2 minus files of cloud fraction and mean condensate for radiation
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Fig. 10. Annually- and zonally-averaged total cloud fractiGgot

(on a scale 0-100) for Exp. 2 and Exp. 4 cloud fraction overlap Fig. 11. Frequency distributions of twice-daily sampled instanta-

assumptions app“ed to CTL and McRAS-AC cloud schemes. neous Iayel’ cloud fraction during January and JUly within the period
of our runs. The cloud fraction bins are 0.05 wide, with a separate
bin for completely overcast conditions. The first bin does not in-

calculations, merits further examination. Since the largestlude clear skies.

impact comes from the overlap of cloud fraction, we ex-

amine here how the two schemes differ in terms of cloud

fraction means and distributions, and the frequency of multi-

layer cloud occurrences. taneous layer cloud fractions. We produced distributions for

First \éve egakl;nlr][ﬁ tr;fv one;]year Cl(\)ll\;d fraction C.“mstOI'gthis guantity for both cloud schemes from twice-daily sam-
0ogy produced by the two schemes. We compare In Fig. ples extracted during January and July within the period of
annually- and zonally-averaged cloud fraction profiles pro-

" ourruns. The four distributions are shown in Fig. 11. The sea-
duced by CTL (top) and McRAS-AC (b(_)tt_om). The dif- sonal differences are not pronounced, especially for MCRAS-
ferences between the two panels are striking. MCRAS-AC

d . Il loud fracti h hout th AC, but the differences between the two cloud schemes is
prct). ucest mtg?rlﬁra fzrlg?rt cdou drac |Ionst rough ou t;'J{emarkable. McRAS-AC generates many more layer cloud
entire extent ot tne midlalitude and polar tropospnere anG, .jqng in the 0.5-0.9 range, and also produces overcast

the largest part of the tropical troposphgre. The CTL ClO.Uchoud layers which the CTL scheme never does. The smaller
scheme on the other hand prqduces higher cloud fractlon§onal averages of total cloud fraction by the CTL cloud
at the upper levels of the tropical troposphere due to dee%cheme in Fig. 10 appear therefore to be the outcome of

C(li_r:vzctlonf, ;}nd e.)g:'k;.':s dsomte CIOUS presince l?/f tg: g'igeéonsistently lower than McRAS-AC occurrences of instan-
allitudes of the midiatitude atmosphere where Vi "™ taneous layer cloud fractions above 0.5.

produces no clouds. The eventual outcome of these average Another factor making the details of overlap specification

cloud fraction profiles is thaf: is higher for the MCRAS- matter less is the number of cloudy layer within a gridcol-

AC cloud SChem?- This is clearly demonstrgted in the Fig. 10umn at a particular instance. The more layers are simultane-
zonal plot showingCiot from Exp. 2 (maximum-random

ly cloudy i del gridcolumn, th ter the ch
overlap) and Exp. 4 (generalized overlap with =2 km). ously cloudy in & Mocet grideo’umn, the greater the cnance

. . _that they will be farther apart, and therefore the greater the
The figure make§ apparent that MCRAS-AC produces hIgheIEendency towards random overlap conditions either under
zonal cloud fractions everywhere for Exp. 2 and nearly ev-

erywhere (except a portion of the tropics) for Exp. 4. The maximum-random overlap or generalized overlap. In this re-
: . e ard, McRAS-AC is again distinct from CTL in producin
higher cloud fractions for McRAS-AC come with much g g P g

teri itivity 1o th | ication (the dist more occurrences of larger numbers of model layers being
greater insensiiivity o the overlap specification (the distancg imultaneously cloudy (Fig. 12) at a particular instance.

between the blue and red dashed curves, also shown as dit All the above results portray a consistent picture: MCRAS-

ference in Fig. 8). Indegd, larger cloud fractions make theAC is more cloudy than CTL under a variety of metrics and

betw . d q d in bet X enigh cloud fractions are produced with greater frequency so
etween maximum, random and any degree in between (e hat the exact overlap specification is less consequential on
generalized), becomes smaller at the high end of the clou ot and CRE

0 .

fraction distribution.

A better way to demonstrate the tendency of McRAS-
AC to produce higher cloud fractions is to examine instan-
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T T global effects of cloud fraction overlap (their “vertical shift”)
on SW and LW CRE were (absolute values} Wm~2 and
3.5x10°" 7 ~2 Wm~2. The experiment transition from which these num-
o 310 i bers were obtained are rough_ly equivalent to our transitions
3 from Exp. 2 to Exp. 4 (see Figs. 2 and 3). In our case the
© 25x10 R Y . change in CRE is-3.6 Wn 2 for both the SW and LW in the
g \ CTL cloud scheme; the alternate McRAS-AC cloud scheme
5 XL S 7 produces CRE changes slightly below 1 WAnHence, that
g 1 5x10'" 4 studies of this type may eventually put an upper limit on the
E ! global impact of cloud overlap in current large scale mod-
S xof on : els, but with a range of outcomes that may remain quite
:CTL Jﬁ,” wide. Even greater variability range is expected to occur at
5000 v smaller spatial scales. Our zonal average peak CRE impact is
0 from instantaneous GEOS-5 cloud, information N ~10Wm2, for both SW and LW CRE while that of Shonk
5 10 15 20 25 3035 and Hogan (2010) reaches such values (with much less zonal

number of cloudy layers structure) only in the SW; the LW peak is about half, consis-

Fig. 12.Frequency distributions of instantaneous multi-layer cloud tent with their global result.
occurences using the same data as in Fig. 11. We did not discuss much the level of agreement of simu-
lated CRE for our different experiments with observed CRE.
This was a conscious decision since agreement, at global lev-
6 Discussion and conclusions els at least, can be achieved through appropriate tuning of
various cloud properties. Figures 2 and 3 show that the best
While earlier studies have shown that vertical cloud struc-agreement is not necessarily achieved with the most realistic
ture and particularly cloud fraction overlap can have large in-assumptions about the nature of cloud field structure. Never-
stantaneous effects, especially on solar fluxes (Barker et altheless, it should be noted that if one of the CRE components
1999), global effects within climate models have not been ads overestimated and the other underestimated, both cannot
systematically quantified. New capabilities in describing ar-be simultaneously pushed towards observations by adjust-
bitrary cloud fraction and condensate overlaps within GCMsing cloud condensate heterogeneity and overlap assumptions
that resemble more faithfully the vertical cloud structuresalone. This is because any change that strengthens one com-
observed in nature, along with progress on how radiationponent of CRE will have the undesired effect of acting like-
schemes handle these more complex cloud fields, has beenise on the other component as well.
improving the current state of affairs. Our study was stim-
ulated by this progress and sought to address the follow-
ing question: Do the details of cloud overlap matter radia-AcknowledgementsThe authors gratefully acknowledge support
tively to a similar extent when applied exactly the same waybPy the NASA Modeling Analysis and Prediction and Cloud-
on the (different) mean cloud fraction and condensate fieldsSa/CALIPSO  Science Team Recompete programs managed
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ter overlap was manipulated. Therefore, no conclusive an-

swer on whether the details of cloud vertical structure matterggited by: B. Mayer

much for radiation can be given: it will depend on the host

model and/or its cloud scheme. In contrast, the influence of

cloud condensate heterogeneity may indeed be more consifReferences
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