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Abstract. Successful simulation of cloud-aerosol interac- 1 Introduction
tions (indirect aerosol effects) in climate models requires re-

lating grid-scale aerosol, dynamic, and thermodynamic fieldsrhe diversity of climate sensitivity among current model pro-
to small-scale processes like aerosol activation. A turbulencections is explained in part by low-level clouds, and mod-
and cloud parameterization, based on multi-variate probabilg|s probably fail to include processes which could introduce
ity density functions of sub-grid vertical velocity, tempera- fyrther uncertainty (Webb et al., 2006; Forster et al., 2007).
ture, and moisture, has been extended to treat aerosol actg|oud-aerosol interactions are an important aspect of the role
vation. Multi-variate probability density functions with dy-  of |ow clouds in climate sensitivity (Heintzenberg and Charl-

namics (MVD PDFs) offer a solution to the problem of the son, 2009), and are also a major source of uncertainty in cli-
gap between the resolution of climate models and the scalegate projections (Kiehl, 2007).

relevant for aerosol activation and a means to overcome the
limitations of diagnostic estimates of cloud droplet number
concentration based only on aerosol concentration.

A key bridge between clouds and aerosols is aerosol acti-
vation. Aerosol activation depends on local super-saturation

Incornorated into the sinal lumn version of GEDL and hence vertical velocity at scales far below those resolved
corporate 0 the single-colu ersion o in climate models with horizontal spacing of 100 km.

AM3, the MVD PDFs successfully simulate cloud proper- Due to the significant sub-grid variability in vertical veloc-

ties including precipitation for cumulus, stratocumulus, andiﬁy (Leary and Houze, 1980; Donner et al., 1999; Stevens

cumulus-under-stratocumulus. The extension to treat aerosol, al., 2005) and the nonlinear dependence of aerosol acti-

Z;tr“elz:lr?:ntp;a?rzcltzrgéogé?yn;mggtigﬁgc&ggﬂ?ﬁeIgrgggtjvation on vertical velocity, using average fields at the coarse
number concentrations from the MVD PDEs match LES resolution of climate models for aerosol activation is highly

. . ) . r§>roblematic.
results more closely than diagnostic relationships betwee o
aerosol concentration and droplet concentration. In face of these conceptual difficulties, we have adopted a

In the single-column model simulations, as aerosol con-Multi-variate probability density function approach to repre-

centration increases, droplet concentration increases, precipent the sub-grid variations in vertical velocity, liquid water

itation decreases, but liquid water path can increase or delotential temperature, and total water content in a model grid
crease. box (Golaz et al., 2002a, b, 2007; Larson et al., 2002; Lar-

son and Golaz, 2005). Although probability density func-
tions (PDFs) representing sub-grid variations in moisture
and/or temperature have been employed in the past for the
parameterization of fractional cloudiness (Mellor, 1977), pa-
rameterizations that include joint variations in vertical ve-
locity are rare (Lappen and Randall, 2001). The inclusion

Correspondence tad. Guo of vertical velocity can not only predict sub-grid variations
BY (huan.guo@noaa.gov) in vertical velocity required by aerosol activation, but also
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combine this dynamic variability with thermodynamic vari- The GFDL AM3 has incorporated a mechanistic aerosol
ability (e.g., temperature and moisture) in a self-consistentactivation scheme developed by Ming et al. (2006), which
fashion. diagnoses the concentration of activated droplet humbers
Multi-variate probability density functions with dynamics Nac(w) as a function of vertical velocity and aerosol
(MVD PDFs) are a potential solution to the problem of the characteristics and concentration. The aerosol activation
gap between the resolution of climate models and the scalescheme provides an initial cloud droplet number concen-
relevant for aerosol activation. The main purpose of this pa-ration. Cloud droplets are also subject to turbulent trans-
per is to link aerosol activation to the MVD PDFs. In addi- port and/or mixing, evaporation, collision and/or coales-
tion to using the PDF of vertical velocity directly for aerosol cence, and other physical processes. To explore the effects
activation, we further incorporate the turbulent transport ofof aerosols on low-level clouds, we have further incorpo-
cloud droplet number concentration) and couple with  rated the treatment of turbulent transport and/or mixing of
a two-moment microphysics scheme (Morrison and Gettel-the cloud droplet number concentration, and coupled with
man, 2008; Salzmann et al., 2010)\q is predicted via a two-moment microphysics. The prognostic equation for the
budget equation (Ghan et al., 1997; Lohmann et al., 1999droplet number concentration is as follows:
Ming et al., 2007; Morrison and Gettelman, 2008). _ _
This paper evaluates the performance of the MVD PDFs?Nd _ _w% - iW.’. S—A—C—E (1)
in the framework of the single column model (SCM) of 97 9z 9z ¢
GFDL atmospheric general circulation model (AMS3) (Don- where Ny is the layer-averaged droplet number concentra-

ner et al., 2010), because the SCM configuration is an effi-. = 5 he | | ¢ cloud drool q
cient framework for implementing and performing the initial tion, w35;" Is the large-scale transport of cloud droplets an

evaluations of new physical packages and avoids the comw is an imposed large-scale vertical velocit;%w’Né is
plexity of a full general circulation model (GCM) (Randall the turbulent transport of cloud droplets (Ovtchinnikov and
et al., 1996). The source code for the MVD PDFs is re- Ghan, 2005)S denotes a droplet source term due to aerosol
ferred to as CLUBB (Cloud Layers Unified By Binormals) activation, and4, C, andE denote droplet sink terms due to
(http://clubb.larson-group.com We interfaced the GFDL autoconversion, collection by rain, and evaporation, respec-
SCM to CLUBB, and hereafter refer to it as GFDL SCM- tively.
CLUBB. Our main goals are twofold: (1) to improve simu- A droplet source term due to aerosol activatisnjs ex-
lations of boundary layer and associated clouds in the GFDLpressed as the difference between number concentration of
SCM through the use of the MVD PDFs, and (2) to extenddroplets that can be activated and pre-existing droplet num-
the MVD PDFs to activate aerosols. The latter is a novel ap-ber concentration (Stevens et al., 1996; Ghan et al., 1997;
plication of the MVD PDFs, whose success is critical for its Lohmann et al., 1999), that is,
use in parameterizing aerosol-cloud interactions in GCMs. -
The paper is organized as follows. Section 2 describes thé,S = max(Nact— Na.0)/ At @
incorporation of thg prognost_ic treatment of clqud droplet \where At is the host SCM time step, antq is the layer-
number concentration and microphysics. Section 3 showgyeraged droplet number concentration due to the activa-
S|mylat|ons of repres_entatlye cloud cases and_evaluates thegyn process. For pre-existing clouds, new droplets form if
against large eddy simulations (LES) and available observaghe number of activated droplet¥aq, exceeds the existing
tions. Sectlor_l 4 pr_owdeg conclusions. The appendix presentgropletsig.
lower resolution simulations. Since the activation process occurs only within saturated
updrafts, and since the saturation (i.e., cloudiness) can be di-
agnosed based on the PDF of liquid potential temperafre (
and total water contenty) for clouds, we integrate over the
joint PDF to calculateVagy i.€.,

2 Prognostic equation for droplet number
concentration

The MVD PDFs are unique in that they predict the joint dis- —

tribution of temperature, water mass, and vertical velocity Y2 /W /9| /qt Naci(w)PDHw=>0,CF®1. q0) > O)dwdbndgy

The distribution of vertical velocity is then a natural link to ©)
aerosol activation. So the MVD PDFs have precisely the

information needed to consistently diagnose the activationThe numerical integration of Eq. (3) is performed using a
The significance of sub-grid variation of vertical velocity is 196-point Gauss-Hermite quadrature for each of the Gaus-
evident, especially when the grid mean vertical velocity is sians in the underlying joint PDF. In addition My, infor-
negative or zero, but both small-scale upward and downwaranation on the PDF a4 remains available (Sect. 3.3). Note
motions are present. For example, stratocumulus regimethat N,ctis an areal average and does not imply that droplets
occur in environments of large-scale subsidence, but onlyare uniformly distributed horizontally. In general, it will be
small-scale updrafts activate cloud droplets. used in a large-scale model in a way that takes account of
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sub-grid variability, e.g., by applying to cloudy regions after 30 BOMEX (cumulus)
normalizing by cloud fraction, sub-columns (Pincus et al., < IS D PO :2;25;’;“)) @ b
2006), or Latin hyper-cube sampling (Larson et al., 2005). ) L i
Cloud droplet sinks due to autoconversiot) @nd col- 10— A N\ 4 Agseganall -
lection (C) are assumed to be linearly proportional to warm ~ o LA et ;
cloud mass sinks due to the corresponding processes (Morri: 0.0 2.0 4.0 6.0
son and Gettelman, 2008). Evaporati@h,is assumed to be RFO1 (stratocumulus)
linearly proportional to the changes in cloud fraction (CF) as ~ o MVD PDFS Ez;g Hgnr?;)) (b) _]
follows: ; . B =0k -
Ny o - ——— =
A:—min(ﬂ (%) ,O) (4) = 1 |
gc \ A Jauo 0 : . .
0.0 1.0 2.0 3.0 4.0
C — —min <E <%) ,O) 5) ~ ATEA:\(IEE(F:’II:::I:1150-1::::)3r-stratocumuluszc)
gc \ At Jacer e L MVD PDFs (m,=5.01g m°) ]
220 =
) N_dACF % 10 & \_/\_/\-/-\_
E= mm(CF AL ,O). (6) SR ) : ;
0.0 2.0 4.0 6.0 8.0
Morrison and Gettelman (2008) two-moment microphysics RICO (cumulus)
is applied to temperature, moisture, and cloud droplet con- _ 30 WD PDFs (mi0.5 fig M%) @
centrations averaged over the cloudy portion of the MVD g 20 H T MVD PDFs (m;=2.5 19 m)
PDFs (e.g., Eg. 3). The vertical spacing~s40m in the T 10
lowest 2 km of the atmosphere (Fig. Al), and there are 101 3 oL

vertical levels from the surface to the top of the atmosphere
(~40km). The time steps are 3 min for both the MVD PDFs
and the host SCM. Note that the effects of reducing resolu- RF02 (stratocumulus)
. . . . —~ 200 MVD PDFs (m,=0.3 g m?)

tion are discussed in the Appendix. s

0 6 12 18 24

...... , £ (e
c L MVD PDFs (m.=1.5pg m"°) )
(2]

o 100
3 Simulation results 3 0 i , . |
0.0 2.0 4.0 6.0

To a large extent, boundary layer moist convection can be
divided into three main regimes: a deep planetary boundary

layer with a small cloud fraction capped by a weak inver- 4 gime series of liquid water path (LWP) for BOMEX @),

sion, a shallow planetary bogndary_ layer with a high clo_ud RFO1 in (b), ATEX in (c), RICO in (d), and RF02 in(e) at dif-

fraction capped by a strong inversion, and an intermediatgerent sulfate aerosol mass concentrations)( The time series

one (Stevens et al., 2001). Here we show simulations corfrom the MVD PDFs begin from the first hour when microphysics

responding to these representative regimes. We select cloud activated. The solid and dotted curves are overlapped in (c) be-

cases that have been studied by the Global Energy and Warause the changes in LWP are small whegincreases from 1.0 to

ter Exchange Cloud System Study (GCSS) Boundary Layeb.0 ugnT in ATEX. Shaded areas in (a), (b), (c), and (e) indicate

Cloud Working Group (BLCWG). They are well-established the ranges of the LES ensemble. The shaded area in (d) ind_icates

benchmarks to evaluate parameterizations and cloud model§€ LWP ranges of S-S LES averaged over the last 4h. Dots in (e)
We have investigated three observationally non_lndlcate approximate measurement ranges for RF02 (Stevens et al.,

precipitating cases: 2003).

Time (h)

— a trade-wind cumulus case during the Barbados _ o
Oceanographic and Meteorological Experiment and two observationally precipitating cases:

(BOMEX) (Siebesma, et al., 2003), .
— the Rain In Cumulus over the Ocean (RICO) (Stevens

— a non-drizzling marine stratocumulus case during the and Seifert, 2008),
First Research Flight (RF01) of the Second Dynamics
and Chemistry of Marine Stratocumulus Field Study — the Second Research Flight (RF02) of DYCOMS-II
(DYCOMS-II) (Stevens et al., 2005), (Ackerman et al., 2009).

— acumulus-under-stratocumulus case during the AtlanticThe entire simulation periods for BOMEX, RF01, ATEX,
Trade Wind Experiment (ATEX) (Stevens et al., 2001), RICO, and RF02 are 6 h, 4h, 8h, 24 h, and 6 h, respectively.
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Fig. 2. Comparison of cloud fraction, layer-averaged cloud water conightdnd in-cloud cloud droplet number concentratidfy) from

the MVD PDFs (blue) and from COAMPS LES and S-S LES (red) at different sulfate concentratighsyeraged over the last 3 h for
BOMEX, last 2 h for RFO1, last 5 h for ATEX, last 5h for RICO, and last 4 h for RF02, corresponding to the periods for LES in Siebesma

et al. (2003), Stevens et al. (2005), Stevens et al. (2001), Stevens and Seifert (2008), and Ackerman et al. (2009), respectively. The red solic
and dotted curves are overlappeda, (b), (d), (e), (), and(h) because the microphysics was not considered in COAMPS LES following

a protocol established by GCSS for non-precipitating clouds. Shaded areas indicate the upper and lower bounds of the LES ensemble. Dot
in (e) indicate averages of observgs with horizontal bars indicating the first and third quartiles of the observed values (Zhu et al., 2005).
Dots in(f), (I), (o) indicate averages of observag (vanZanten et al., 2005; Stevens and Seifert, 2008).

Our SCM-CLUBB simulations are subject to the same ini- derived from the COAMPS meso-scale model (Hodur, 1997).
tial conditions and large-scale forcings as the LES modelsThe COAMPS LES model has been modified to include an
(Stevens et al., 2001, 2005; Siebesma et al., 2003; Steveranelastic pressure solver and to add cloud droplet number
and Seifert, 2008; Ackerman et al., 2009). This allows for aconcentration as a prognostic variable with the aerosol acti-
careful evaluation of SCM simulations against the LES. Be-vation scheme developed by Ming et al. (2006). For RICO,
cause the LES can explicitly resolve most energy-carryingwe use the LES results in Stevens and Seifert (2008, hereafter
eddies, they are often used as benchmark simulations. In thiseferred to as S-S LES).

study, we use COAMPSLES (Golaz et al., 2005), which is The size distribution for sulfate is

2
1COAMPS is a registered trademark of the Naval Research N(nD) = N1 xol — (nD—InDg,1)
Laboratory (27)Y2Inoq 2In%oq
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Fig. 2. Continued.
2 . A . .
n N2 oxol — (InD—1InDy 2) CLUBB, with aerosol activation and microphysics coupled
27)Y2Inoy 2Ino, as described in Sect. 2. Successful CLUBB simulations of

cloud fraction and cloud liquid without aerosol activation
where Ny : N2 =17:3, Dg1=001pm,01 =16, De2= o precipitation have been reported previously (Golaz et al.,
0.15pum,02=2.0. To examine aerosol indirect effects, we 2002p, 2007; Wyant et al., 2007). This section presents the
present results using sulfate aerosol mass concentrations @fst results on the effects of aerosols and precipitation on
1.0 and 5.0 ugm® for BOMEX, RFO1, and ATEX; 0.5 and  ¢joyd fraction and cloud liquid using CLUBB and the first re-
2.5ugnt? for RICO; and 0.3 and 1.5ugmi for RF02.  gyits on cloud droplet number concentrations obtained from
For RF02, 0.3pgm® is obtained by integrating the sul- c| UBB vertical velocities. In Sect. 3.3, we will contrast
fate size distribution in Ackerman et al. (2009). .Specifying the MVD PDFs of vertical velocity with those using cur-
5.0 and 0.5ugm® for RFO1 and RICO, respectively, pro- rent state-of-the-science methods. Note that since the ver-
duces droplet number concentrations close to observed valica) velocity PDFs are crucial to the determination of cloud
ues (Fig.2f and I). For droplet number, alternative parame- groplet number concentrations and precipitation, the results

terizations, including the diagnostic approach and the mechpresented in Sects. 3.1 and 3.2 depend on vertical velocity
anistic approach with fixed vertical velocity variances, are ppgs.

examined and compared to the mechanistic approach with
prognostic vertical velocity variances here.

CLUBB requires about an hour to spin-up PDFs of verti-
cal velocity, which are critical for determining droplet num-
ber. Unrealistically low droplet numbers from unrealistically Liquid water paths (LWP) for all of the cases at both high and
low vertical velocities during the spin-up period, distort all low aerosol concentrations fall within the ranges of LES in
microphysical processes (e.g., precipitation) that depend oi®Btevens et al. (2001, 2005), Siebesma et al. (2003), Stevens
droplet number. Thus, the microphysics parameterization isand Seifert (2008), and Ackerman et al. (2009) (Fiy.
not activated until one hour. In implementation in a free- Three cases observed to be non-precipitating produce very
standing large-scale model, this issue will not be relevant afsmall surface precipitation rates in the GFDL SCM-CLUBB
ter model spin-up. at high aerosol concentrations. These rates are at least an or-

In the remainder of this section, we show simulations of der of magnitude less than rates in the cases observed to be
liquid water path, cloud fraction, cloud droplet number con- precipitating when aerosol concentrations are specified that
centrations, and vertical velocities using the GFDL SCM- yield drop numbers close to observations (Table

3.1 Micro- and macrophysical properties

www.geosci-model-dev.net/3/475/2010/ Geosci. Model Dev., 3,43§-2010
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25°°n_13=1'0ugm'3_w0pw5 BOMEX (i?o?'?lus) ___Mw?:;jf'o“gm's Table 1. The surface precipitation rate (Precip. rate), liquid water
: —cowesies ;‘:“ SoooMMPSLES path (LWP), and cloud optical depth)(at different sulfate aerosol
2000 fr ppeon(zomsh g 2000 R 22 7FredOu (Ow=20ms") mass concentrations:b, ig ni-3) from the GFDL SCM-CLUBB
. Fessnnnss o simulations.
é 1500 = - 1500 I - -
§ 1000 |- 4 o0 f 4 ma Precip. rate LWP T
, (gm3)  (mmday?l) (gm?)
500 P - 500 femsi -
| IS S ] -
0 100 200 300 400 0 100 200 300 400 : " : b
RF01 (stratocumulus)
1200 e 120 e RFO1 1.0 0.003 41.0 5.9
oo [ 1wl ] 5.0 0.0009 38.8 7.3
M H
z 80 \' e 800 7] ATEX 1.0 0.002 14.1 2.3
% ot é b d E 5.0 0.0004  13.9 3.1
“n E I E RICO 0.5 0.21 11.4 13
200 ¢ N 200 ~ . 2.5 0.06 13.6 1.9
_1 1 1 1 (c) :I 1 1 1 (d)
0 0
0 100 200 300 400 0 100 200 300 400 RF02 03 014 1107 123
ATEX (cumulus-under-stratocumulus) 1.5 0.05 110.3 15.3
2000 [T 2000 =TT
IS I Averages from the first hour (when the microphysics is activated) to the end of the
1500 - 1 f 7 simulations.
e | ( _
5 1000 |- - 1000 |- -
z — mulus cases exhibit behavior consistent with Ackerman et
500 [ 1 oq y al. (2004) and Bretherton et al. (2007), in which increased
i © ® evaporation of cloud liquid at high aerosol concentration acts
ol , e L v to reduce cloud liquid. The latter mechanism is especially ef-

100 200 100 4
in-cloud N4 (mg™) in-cloud N4 (mg™)

fective when the relative humidity above the inversion is low.
Fig. 3. Profiles of in-cloud droplet number concentrationg at The relative humidity above the inversion in RFO1 is 10%.

sulfate concentrationsn) of 1.0pg T3 in (a), (c), and(e), and More obviously, increased drop numbers and smaller drop
of 5.0pugnT3 in (b), (d), and(f), averaged over the last 3h for Siz€ act to increase cloud optical depthythrough the first
BOMEX in (a) and (b), last 2 h for RFO1 in (c) and (d), and last 5h aerosol indirect effect (TablB. As aerosol concentrationa
for ATEX in (e) and (f). increases by a factor of 5, cloud albedg)(increases from
0.43 to 0.49 for RFO01, if we approximadg as a function of
T,0c= #77 for non-absorbing and homegeneous clouds,
Liquid water paths increase at high aerosol concentrafollowing Lacis and Hansen (1974).
tions in the shallow cumulus cases BOMEX and RICO. The  \ertical profiles of cloud fraction and cloud liquid water
stratocumulus case, RF01, behaves differently, with S|ight|ygenera||y agree well with LES and observations (Bjg.The
smaller liquid water paths at high aerosol concentrationsvertical profiles are averaged over the last 3h for BOMEX,
The liquid water path is also slightly smaller at high aerosol|ast 2 h for RF01, last 5h for ATEX, last 5 h for RICO, and
concentration in ATEX with both shallow cumulus and stra- |ast 4 h for RF02, corresponding to the periods for LES in
tocumulus (Tablel). After case-dependent initial spin-up, Siebesma et al. (2003), Stevens et al. (2005, 2001), Stevens
the integrations are nearly steady. Some high-frequency osand Seifert (2008), and Ackerman et al. (2009), respec-
cillations are evident in RICO but only at low aerosol con- tively, to which the GFDL SCM-CLUBB simulations are
centration. compared. The BOMEX, RF01, and ATEX LES follow a
These five cases are consistent with the range of respons@sotocol established by GCSS for non-precipitating clouds
to changing aerosol concentrations discussed in the scierand do not include microphysical processes (Stevens et al.,
tific literature and show the potential utility of the MVD 2001, 2005; Siebesma et al., 2003). In the absence of micro-
PDFs to discern different types of cloud-aerosol interactions physics, the LES cloud fractions and liquid do not depend
The shallow cumulus cases are consistent with the secondn aerosol concentration, since there are no mechanisms
aerosol indirect effect, in which increases in droplet numberto remove cloud liquid. The Stevens and Seifert (2008)
at high aerosol concentration inhibit precipitation, resulting RICO LES include microphysics but with a prescribed drop
in more cloud liquid (e.g., Albrecht, 1989). The stratocu- number concentration (70mg). In BOMEX and RICO,
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Fig. 4. Probability density function (PDF) of vertical velocity] in cloudy regions, clear regions, and whole sky (cloudy + clear regions)
averaged over the same periods as in Bjdor BOMEX in (a), (b), and(c), RF01 in(d), (e), and(f), and ATEX in(g), (h), and(i). z and
zLEs refer to the cloud base heights from the MVD PDFs and from COAMPS LES, respectively.

the MVD PDFs successfully reproduce trade-wind cumulus3.2 Alternate parameterizations of droplet number
clouds with a small cloud fraction and layer-averaged liquid

water content. In the RFO1 and RFO02 stratocumulus casesyg discussed above, aerosols can exert significant impacts
the MVD PDFs simulate a shallow boundary layer and a4 ¢joud micro- and macrophysical properties by influenc-
solid cloud deck. In the cumulus-under-stratocumulus ATEXing the droplet concentrationNg. We have also calculated

case, a cumulus layer is present from 600m to 1100m, andy, ysing two alternate methods that have been adopted in
the cloud fraction increases to about 30% at cloud top. GCMs. One method retains a mechanistic approach but em-

This agreement is important, as it establishes the genergloys a simpler approach to generate the PDF of vertical
credibility of the MVD PDFs and supports the argument that ye|ocity. The other uses a diagnostic relationship between

the PDFs of droplet number and vertical velocity, for which 561050| concentration and; (Boucher and Lohmann, 1995).
observations are not readily available, are also reasonable. In the first alternate method. the PDE of sub-arid verti-
Observations of drop numbers can be reproduced well by L ) ' . of sub-g
the MVD PDFs and LES for specified aerosol concentrationsca.lI VEIOC'ty.'S given by a smgle Gaussian d|str|but|pn, yvhose
(Fig. 2f, 1, and o). width (ow) is diagnosed either from turt_JuIence k|r_1et|C_ en-
ergy (Lohmann et al., 1999) or from vertical eddy diffusivity

(Morrison and Gettelman, 2008). A lower boungh(,) is
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Fig. 5. Probability density function (PDF) aVact at different sul- E
fate concentrationsi(z) near cloud bases averaged over the same @
periods as in Fig2 for BOMEX in (a) and(b), RFO1 in(c) and(d), £

ATEX in (e)and(f), RICO in(g) and(h), and RF02 ir(i) and(j).

usually imposed owm, and often dominates,,. We setoy
to beomin, and setrmin to be 0.7 or 2.0 m3t in our sensi- % 2‘0 4‘0 6‘0 20
tivity tests. The value of 0.7 nT$ is used in the GFDL AM3 Vertical level #

(Donner et al., 2010). We hereafter refer to this alternate

as fixedoy. The second alternate method uses an empiricaFig. Al. Vertical distribution of grid levels for the GFDL SCM-
re'ationship betweewd and the sulfate mass concentration CLUBB USing the multi-variate probablllty density functions with
following Boucher and Lohmann (1995), hereafter referredf_Iynarnics (MVD PDFs) at lower (brown) and higher (blue) resolu-
to as B-L. 1ons.

The profiles of the in-cloud droplet number concentration
averaged over the last 3 h for BOMEX, last 2 h for RF01, and
last 5 h for ATEX are presented in Fi@. With the increase by enhancings,. Whenaoy, is enhanced to 2.0 nt8, Ny
of ma by a factor of 5,Ny is enhanced by a factor of 2, agrees well with the LES results. The tests of B-L overesti-
indicating the greater competition for water at a higher mateNgy. This overestimation has also been found by other
The in-cloudNy is almost constant with height in the sensi- model studies (Ghan et al., 1997). Although using a fixed
tivity tests of fixedoy, and B-L, mainly because; andaoy ow Of 2.0ms! produces good agreement with LES, such
are constant with height. Compared to the COAMPS LESa large value is greater than that commonly used in GCMs
results, the sensitivity tests of fixeg, with o,y =0.7ms1  (from 0.25 to 0.75m3s! in Chuang et al., 1997; 0.1 m&in
underestimateVy. This underestimation can be alleviated Ghan et al., 1997; 0.7 nt$ in Donner et al., 2010).
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Fig. A2. Similar to Fig.2 but at different resolutions.

3.3 PDFs ofw and N gt

Sub-grid variability of vertical velocity is critical for aerosol
activation. To illustrate this variability, we show the PDF of

layer-averaged q, (g kg™)

in-cloud Ny (mg™)

483

sion distribution is unable to represent the skewness. PDFs
from aircraft data have shown that some PDFs are correlated

and skewed (Larson et al., 2002).

Regardless of specified variance, the fixed-variamge

the vertical velocity @) around the level of cloud base in distribution differs strongly from both the LES distributions

cloudy regions, clear regions, and whole sky (Hig.

Aerosol activation is controlled by the PDFofin cloudy
regions. The mean vertical velocity is positive in cloudy re-

and the MVD PDFs in clear and cloudy regions. The MVD
PDFs with a single peak tend to be narrower than the LES
distributions (Fig4a and g), and the MVD PDFs of compa-

gions in both the MVD PDFs and the COAMPS LES, but rable width to the LES distributions are characterized by sec-

not in clear regions. The different features wfbetween
cloudy and clear regions show thatis correlated with tem-
perature and moisture. Over the whole sky (cloudy + clea
regions),w is positively skewed in BOMEX (Figdc). The

rtions do.

ondary peaks. The MVD PDFs and LES distributions agree
substantially better than the fixed-variance and LES distribu-

Also evident in Fig.4 is the reason for the good agree-

positive skewness is characteristic of cumulus clouds, withment of Ny between the LES and the fixed varianeg)
updraft cores surrounded by a large area of weak downdraftsf 2.0ms 1. Thew PDF for this value differs appreciably
(LeMone, 1989; Moeng and Rotunno, 1990). A single Gaus-from the LES distribution. Two discrepant features in the

www.geosci-model-dev.net/3/475/2010/
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Fig. A2. Continued.

fixed-variance distribution compensate each other. The fathe successful simulation of cloud droplet number concentra-
tail of positive updrafts allows more activation than the LES tion from the MVD PDFs has been achieved.
distribution, but its zero mean allows less. With the coupling to a two-moment microphysics, the
To illustrate the impact of the sub-grid variability of the predicted droplet number concentration is allowed to influ-
vertical velocity on aerosol activation, we show the PDF of ence cloud microphysics. As aerosol mass concentration in-
the activated droplet number concentrati¥g; near cloud creases, droplet concentration increases and precipitation de-
bases (Fig5). As expected, for a smallen,, Nact peaks  creases. Liquid water path can either increase or decrease,
around a smaller value. For examplE,c; peaks around consistent with established conceptual models and LES. Ver-
35 and 150 mg? for ma= 0.3 and 5.0 ug m3, respectively. tical velocities produced by the MVD PDFs successfully cap-
The PDFs ofNg illustrate that droplets are not uniformly ture the skewed character frequently associated with bound-
distributed. Although we do not do so, these PDFs could beary layers.
used in microphysics and radiative transfer to take the sub- An especially powerful result from the MVD PDFs is
grid variability of droplet concentrations into account using the range of cloud-aerosol interactions it supports, including
sub-columns for different members of the PDR\gf(Pincus ~ changes in liquid water path of both signs as aerosol concen-
et al., 2006), or sampling (Larson et al., 2005). trations increase. Successful simulations of aerosol indirect
effects in climate models will require parameterizations that
capture this full range of interactions, of correct quantitative
4 Conclusions magnitude and association with boundary-layer regimes. Itis
) ] now crucial to evaluate the behavior of the MVD PDFs using
Results using MVD PDFs of moisture, temperature, and ver 5 including both activation and full microphysics, rather
tical velocity to parameterize cloud fraction, condensate, anghan the more limited LES available for this study. The Ack-
droplet number concentration are promising. \We have examMgrman et al. (2004) and Bretherton et al. (2007) studies are
ined five representative cloud cases, which span many moisyggestive but should be followed up by quantitative case-
boundary layer regimes. The cloud profiles from the MVD gpecific comparisons. It is also very important to augment

PD.Fs agree'well with those from LES and ava'ilable opser'GCSS case studies with observations of aerosols and vertical
vations. This good agreement has been achieved withoug|gcities.

any case-specific adjustments. The uniform treatment of the
planetary boundary layer should benefit global simulations
where a variety of regimes exist. Moreover, for the first time,
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Appendix A Chuang, C. C., Penner, J. E., Taylor, K. E., Grossman, A. S., and
Walton, J. J.: An assessment of the radiative effects of anthro-
Lower-resolution SCM-CLUBB simulations pogenic sulfate, J. Geophys. Res., 102(D3), 3761-3778, 1997.

Donner, L. J., Seman, C. J., and Hemler, R. S.: Three-dimensional
To explore the consequence of lower vertical resolution, we cloud-system modeling of GATE convection, J. Atmos. Sci., 56,
have conducted lower resolution simulations with 67 vertical 1885-1912, 1999. _
levels and vertical spacing of 150m in the lowest 2km  Donner, L. J., Wyman, B. L., Hemler, R. S., etal.: The dynamical
(Fig. AL). The vertical levels for the MVD PDFs and for the core, physical parameterizations, and basic simulation character-
) ’ o - - . istics of the atmospheric component of the GFDL global coupled
host SCM coincide. The time steps are 5min and 30 min for

. model CM3, J. Climate, submitted, 2010.
the MVD PDFs and the host SCM, respectively. Forster, P., Ramaswamy, V., Artaxo, P., et al.: Changes in At-

Figure A2 shows the cloud profiles of five representative ogpheric Constituents and in Radiative Forcing, in: Climate
cases using different resolutions. In many cases, the lower change 2007: The Physical Science Basis, Contribution of
and higher resolution results are qualitatively similar, though  Working Group | to the Fourth Assessment Report of the Inter-
less so for cases observed to be precipitating. For BOMEX, governmental Panel on Climate Change, edited by: Solomon, S.,
RFO01, and RICO, the cloud fraction and cloud water content Qin, D., Manning, M., Chen, Z., Marquis, M., Averyt, K. B.,
agree well between the lower and higher resolution simula- Tignor, M., and Miller, H. L., Cambridge University Press, Cam-
tions. For ATEX, cloud fraction is over-predicted, and two _ Pridge, United Kingdom and New York, NY, USA, 2007.
cloud layers are less distinct. For RF02, the cloud layers a®han. S-J., Leung, L. R., Easter, R. C., and Abdul-Razzak, H.: Pre-
lower resolution are lower with less cloud liquid. System- diction of cloud droplet number in a general circulation model,

atically, drop numbers are lower, evidently the result of de- J- Geophys. Res., 102, 21777-21794, 1997.
Y p . ! y . Golaz, J.-C., Larson, V. E., and Cotton, W. R.: A PDF based model
graded vertical velocity PDFs at lower resolution.

) . . for boundary layer clouds. Part I: Method and model description,
Although the lower resolution SCM-CLUBB simulations ;. atmos. Sci., 59, 35403551, 2002a.

are not quantitatively as accurate as the higher resolutiorsolaz, J.-C., Larson, V. E., and Cotton, W. R.: A PDF based model
simulations, they, nonetheless, are able to capture the ma- for boundary layer clouds. Part Il: Model results, J. Atmos. Sci.,
jor properties of cumulus and stratocumulus regimes. When 59, 3552-3571, 2002b.

implementing the MVD PDFs in large-scale models, reducedGolaz, J.-C., Wang, S., Doyle, J. D., and Schmidt, J. M.:
accuracy at lower resolution would be balanced against com- COAMPS’-LES: Model evaluation and analysis of second and
putational cost. It is difficult based on the SCM cases to yet third moment vertical velocity budgets, Bound.-Layer Meteor.,

assess the necessary resolution for the MVD PDFs in large- 116, 487-517, 2005. _
scale models. Golaz, J.-C., Larson, V. E., Hansen, J. A., Schanen, D. P., and Grif-

fin, B. M.: Elucidating model inadequacies in a cloud param-
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