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Abstract. A new method for parameterizing the subgrid variations of vertical velocity and cloud droplet number concentration (CDNC) is presented for general circulation models
(GCMs). These parameterizations build on top of existing parameterizations that create stochastic subgrid cloud columns
inside the GCM grid cells, which can be employed by the
Monte Carlo independent column approximation approach
for radiative transfer. The new model version adds a description for vertical velocity in individual subgrid columns,
which can be used to compute cloud activation and the subgrid distribution of the number of cloud droplets explicitly.
Autoconversion is also treated explicitly in the subcolumn
space. This provides a consistent way of simulating the cloud
radiative effects with two-moment cloud microphysical properties defined at subgrid scale. The primary impact of the
new parameterizations is to decrease the CDNC over polluted continents, while over the oceans the impact is smaller.
Moreover, the lower CDNC induces a stronger autoconversion of cloud water to rain. The strongest reduction in CDNC
and cloud water content over the continental areas promotes
weaker shortwave cloud radiative effects (SW CREs) even
after retuning the model. However, compared to the reference simulation, a slightly stronger SW CRE is seen e.g. over
mid-latitude oceans, where CDNC remains similar to the reference simulation, and the in-cloud liquid water content is
slightly increased after retuning the model.
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In this paper, we present a new approach to account for the
subgrid variations in vertical velocity and its implications on
cloud droplet number concentration (CDNC) and cloud radiative effects. Our work builds on top of the ECHAM5.5HAM2 aerosol–climate model which has been augmented
with a stochastic cloud generator (SCG; Räisänen et al.,
2004) and the Monte Carlo Independent Column Approximation radiation scheme (McICA; Pincus et al., 2003). In
operation, the SCG divides a GCM grid column into an ensemble of cloudy subgrid columns which can be used directly
by the McICA radiation scheme. Implementation of the SCG
and McICA to ECHAM5 has been documented and evaluated in several studies (Räisänen et al., 2007, 2008; Räisänen
and Järvinen, 2010).
Although the SCG can generate horizontally inhomogeneous cloud condensate amount for the subgrid columns, this
framework has been constrained by the lack of information
on the subgrid variability of CDNC that, until now, has been
assumed horizontally homogeneous for GCM grid cells. The
goal of this work is to remove this constraint. When both
the cloud condensate amount and CDNC are described in
each subgrid column separately, the direct coupling with the
McICA radiation scheme provides a consistent way of representing the cloud radiative effects at subgrid scale without the need to average the subgrid cloud properties back
to GCM scale between the processes. To achieve this goal,
a new parameterization for vertical velocity in the subgrid
cloudy columns is implemented, and it is coupled with the
cloud droplet activation of aerosols and cloud microphysics.
While aerosols also influence ice clouds, the current paper
focuses on processes involving only warm (i.e. liquid-phase)
clouds.
Our work will be presented as follows. Section 2 gives
the model description for the ECHAM5.5-HAM2 aerosol–
climate model, while Sect. 3 presents the implementation
of the new parameterized subgrid components and modifications to the model configuration. Simple test runs are
performed, for which experimental details are outlined in
Sect. 4. Afterwards, results and model evaluation are presented in Sect. 5. Discussion and conclusions are given in
Sects. 6 and 7.
2

Model description

Our baseline modelling system comprises the global atmospheric aerosol–climate model ECHAM5.5-HAM2. In
ECHAM5.5 (Roeckner et al., 2003, 2006), the model dynamics are described in spectral space with spherical harmonics,
while the model physics are calculated in grid-point space.
The physical parameterizations in the model, including those
representing turbulence, deep convection, stratiform cloud
properties, gravity wave drag and surface properties, are invoked every time step. Parameterizations controlling radiation are called every two hours.
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HAM2 (Zhang et al., 2012) is an interactive aerosol model
that describes the evolution of the atmospheric aerosol population, accounting for what are presumably the five most important particle compositions (dust, black carbon, sulphate,
organic carbon and sea salt; the secondary organic aerosol
scheme by O’Donnell et al. (2011) is active in our model).
The aerosol size distribution is represented by 7 lognormal
modes (the M7-module; Vignati et al., 2004). The dynamically described aerosol environment is coupled with the stratiform cloud microphysics scheme in ECHAM5 (Lohmann
and Roeckner, 1996; Lohmann et al., 2007), where cloud
droplet activation is described by Abdul-Razzak and Ghan
(2000) and autoconversion of cloud droplets to rain is parameterized according to Khairoutdinov and Kogan (2000).
In addition, we have augmented our model configuration
with two components: (1) a SCG (Räisänen et al., 2004) and
(2) the McICA (Pincus et al., 2003) for radiative transfer.
The SCG is a statistical algorithm that creates subgrid-scale
columns (referred to as “subcolumns” from here on) to represent inhomogeneous cloud structure (cloud cover and cloud
condensate) inside the GCM grid column. Another difference to the default settings of ECHAM5.5-HAM2 is that the
Tompkins (2002) cloud scheme is active in our model. This
is essential because statistical information about the subgrid
variability of the total water mixing ratio is carried within the
Tompkins scheme, eventually enabling the generation of the
cloudy subcolumns, as described in detail in Räisänen et al.
(2007).
The McICA radiation scheme uses the parameterizations
by Mlawer et al. (1997) for longwave (LW) radiation, and
Fouquart and Bonnel (1980) and Cagnazzo et al. (2007) for
shortwave (SW) radiation. The scheme operates by drawing
random samples from the ensemble of subcolumns created
by the SCG, using a different column for each term in the
spectral integration.

3
3.1

Subgrid vertical velocity and cloud microphysics
Principle

The stratiform cloud microphysics scheme, comprising
prognostic equations for cloud water content and CDNC
(Lohmann et al., 2007), is modified following three waypoints: (1) a parameterization for subcolumn vertical velocity
w is implemented, (2) the parameterization for cloud droplet
activation (Abdul-Razzak and Ghan, 2000) is modified for
subcolumns and (3) the key cloud microphysical processes
controlling CDNC are treated explicitly in the subcolumn
space.
A flowchart of the subgrid treatment of warm clouds is
given schematically in Fig. 1, where different processes are
presented in chronological order starting from the top of the
figure. In addition, lines between the processes indicate the
scale at which the computations take place: a single thick
www.atmos-chem-phys.net/13/7551/2013/
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to each model layer of the subcolumns, with condensate
amount varying between the subcolumns. This is followed
by the diagnosis of the subcolumn cloud-base vertical velocity w by the new parameterization, which is then used to
calculate the maximum supersaturation (S max ) for cloud activation. This in turn enables the calculation of CDNC in the
cloudy subcolumns. Since the subcolumns are stochastic and
re-generated for each time step, the subcolumn CDNC distribution is treated as a diagnostic property. Prognostic CDNC
is retained at GCM scale as (Lohmann et al., 1999):

Diagnose cloud fraction
GCM

Create subcolumns
Subcolumns

Calculate subcolumn
vertical velocity (3.2)

∂N
= Qnucl −Qaut −Qself −Qfrz +Qmlt −Qevap −Qaccr . (1)
∂t

Subcolumns

Calculate
Supersaturation (3.3)
Subcolumns

Calculate the number of
activated droplets (3.3)

Qnucl

Subcolumns
GCM
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Qself, Qaccr, Qfrz,
Qmlt, Qevap

Subcolumns

Autoconversion

Qaut

Subcolumns

McICA radiation (3.4)

Radiative fluxes
Fig. 1. Schematic description of the workflow in the new model
version with subgrid treatment for vertical velocity and cloud microphysical properties. Thick black lines labelled as “GCM” refer
to GCM grid-scale computation, while thin lines labelled as “subcolumns” refer to subgrid representation of processes. Arrows describe the most important outputs from the parameterized processes
(all given in GCM grid scale). Numbers next to some of the processes refer to the section of this paper giving further details.

Here, and in all subsequent equations, CDNC is denoted as
N. Qnucl and Qmlt represent source terms due to droplet
nucleation and melting of ice particles, respectively. The
sink terms are given by Qaut , Qself , Qfrz , Qevap and Qaccr
(autoconversion of cloud droplets to rain, self-collection of
cloud droplets, freezing, evaporation and accretion of cloud
droplets by rain or snow, respectively). The terms on the
right-hand side of Eq. (1) represent GCM-scale values, although subcolumn-scale properties can be used to compute
them.
To save on computational cost, in addition to cloud activation (Qnucl ), only autoconversion (Qaut ) is treated explicitly
in the subcolumn space, as shown in Fig. 1. These processes
comprise most of the non-linearities affecting the CDNC and
are therefore chosen for the explicit subgrid treatment. The
remaining processes comprise mostly phase changes depending on temperature and are thus assumed to affect only the
mean of the CDNC in the GCM grid cell. It is assumed that
the fractional change in CDNC caused by these processes
is equally large for all subcolumns. Thus, the subcolumn
CDNC values are scaled with the fractional change in the
GCM-grid mean, so that the subcolumn ensemble mean always matches the GCM-grid mean. After the cloud microphysical calculations have been completed, the subcolumn
values of cloud fraction (0/1), cloud condensate amount and
CDNC are employed in the McICA radiation calculations,
providing the GCM grid column mean radiative fluxes for
shortwave and longwave radiation. Next, key features related
to the subcolumn vertical velocity parameterization, cloud
activation and CDNC are presented in more detail.
3.2

line describes GCM-scale processes, while thin lines indicate processes operating in the subcolumn space. Starting
from the top of Fig. 1, the Tompkins (2002) cloud cover
scheme is used to diagnose the GCM-scale cloud fraction,
and statistical properties related to the distribution of cloud
condensate amount inside the GCM grid cell. Next, cloudy
subcolumns are created by the SCG, based on information
provided by the Tompkins (2002) scheme as described in
Räisänen et al. (2007). A cloud fraction of 0 or 1 is assigned
www.atmos-chem-phys.net/13/7551/2013/

Subcolumn parameterization for vertical velocity

A simple Monte Carlo-type sampling is used to diagnose
subcolumn vertical velocity for cloud activation wj,k (the indices are used to emphasize subcolumn values – j denotes
the subcolumn index and k denotes model level). A probability density function (PDF) is utilized to represent the subgridscale variability in w. Instead of integrating the cloud droplet
activation over the vertical velocity PDF for a mean CDNC,
positive vertical velocity samples are drawn from the PDF,
providing cloud-base vertical velocity in each subcolumn
Atmos. Chem. Phys., 13, 7551–7565, 2013
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inside a GCM grid cell. The parameterizations for cloud activation commonly assume that supersaturation is produced
only by the adiabatic cooling of ascending parcels of air
(Ghan et al., 2011), which is why the negative side of the
vertical velocity PDF is left unused.
For this paper, a Gaussian PDF is implemented to provide
a simple approximation of the vertical velocity PDF shape.
The resolved GCM-scale vertical velocity hwi is taken as the
mean of the PDF (w). Lohmann et al. (2007) parameterized
the effective vertical velocity for GCM grid cells as
√
w eff = hwi + 1.33 TKE.
(2)
We will use a similar TKE term (second term on the righthand side in Eq. (2)) to parameterize the standard deviation
of the vertical velocity PDF (σw ), so that
√
σw = C TKE,
(3)
where C is a scaling coefficient. For a direct comparison with
the standard model version using GCM-scale cloud microphysics, we match the average magnitude of wj,k from the
new parameterization with the magnitude of weff (Eq. 2).
It can be easily shown (Fountoukis et al., 2007; Morales
and Nenes, 2010) for a Gaussian distribution with mean
at 0 m s−1 that the average vertical velocity over the positive side of the PDF is given by w+ ≈ 0.79σw . This can
serve as a rough estimate in a global climate model, since
hwi is usually very small. To ensure that weff ≈ w+ , we set
C = 1.33/0.79 = 1.68. Interpreting w eff simply as the mean
over the positive side of the PDF is not necessarily correct,
but it serves the purpose for our comparison. However, one
should also note that using C = 1.68 for σw can be viewed
as unphysical, as it implies that small-scale variations in vertical velocity contain more energy than the TKE. Effects of
this assumption will be presented and accounted for later in
Sect. 5.3.
We assume that the coupling between vertical velocity and
cloud thermodynamics is weak at cloud base of stratiform
clouds, similar to Morales and Nenes (2010). Thus, there is
no correlation between cloud-base vertical velocity and cloud
structure.
3.3

Supersaturation and cloud activation

The parameterization for cloud activation (Abdul-Razzak
et al., 1998; Abdul-Razzak and Ghan, 2000) has been modified to operate in the subcolumn space. In the parameterization, a balance equation for maximum supersaturation
(Leaitch et al., 1986) in an ascending parcel of air is solved
for individual subcolumns:
dSj,k
dt

dq ∗
= A(T )wj,k − B(p, T ) l .
dt
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(4)

Here Sj,k denotes water vapour supersaturation in subcolumn
j at model level k, A is a function of temperature (T ) and B
is a function of temperature and pressure (p) (for a more detailed view on the solution method, see Abdul-Razzak et al.,
1998). The first term on the right-hand side of Eq. (4) represents the production of supersaturation due to adiabatic cooling as the air parcel is ascending, while the second term represents a sink due to condensation on existing droplets. The
condensation rate of water during the activation process is
dq ∗
denoted by dtl . The subcolumns do not include any perturbation in pressure or temperature from the GCM mean state.
Thus, for a given thermodynamic state and aerosol size distribution in the GCM grid cell, the subcolumn distribution of
S max depends solely on the distribution of w, according to
Eq. (4).
max yields the maximum
The subcolumn distribution of Sj,k
act by finding the critnumber of newly activated droplets Nj,k
ical radius for aerosol particles, above which the particles
can act as CCN (Ghan et al., 2011). For GCM-scale nucleation rate we use the same assumption as in the default
ECHAM5.5-HAM2 (Lohmann et al., 1999):


1  act
nucl
old
Qk = MAX 0,
hN ik − hN ik ,
(5)
1t
where, in this case, N old is the cloud droplet number concentration from the last time step. The brackets refer to the
GCM-scale mean values. For N act , the GCM-scale in-cloud
value is taken as the ensemble mean over cloudy subcolumns
simply as
hN act ik =

J
1 X
N act ,
ck J j =1 j,k

(6)

where J is the total number of subcolumns in each GCM
grid column and ck is the fraction of cloudy subcolumns in
act = 0 cm−3 for cloud-free subcolumns).
the ensemble (Nj,k
More specifically, in the subcolumn space, the CDNC profiles are constructed from surface upwards. The cloudy portion of a GCM grid cell can potentially contain both cloudbase and in-cloud subcolumn points. For subcolumns repreact is assigned
senting a cloud base at a given model level, Nj,k
as an initial CDNC. For in-cloud subcolumn levels, CDNC
is determined by the number of nucleated droplets at their
corresponding cloud-base levels according to the adiabatic
assumption. However, as implied by Eq. (5), we do not allow
nucleation to decrease the mean CDNC. Thus, the fraction
!
hN old ik
fk = MAX 1, act
(7)
hN ik
act in the case of f > 1, i.e. when hN act i
is used to adjust Nj,k
k
k
old
< hN ik . This ensures that the subcolumn ensemble mean
CDNC is larger or equal to the mean CDNC from the last
time step. We now get the expression for the final subgrid
act .
CDNC after nucleation as Nj,k = fk Nj,k
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3.4

Radiative transfer

Radiative transfer is computed using the McICA radiation scheme already implemented in our ECHAM5 configuration. The subcolumns are sampled randomly for radiation calculations, which then follow the standard approaches. The set-up of McICA follows the CLDS approach
in Räisänen et al. (2007). Random sampling of subcolumns
is confined to the cloudy part of the GCM column, while for
clear-sky calculations the GCM columns are assumed horizontally uniform.
The cloud overlap is described by the generalized overlap
method (Hogan and Illingworth, 2000; Räisänen et al., 2004),
which is employed when the vertical cloud profiles are created in SCG. In generalized overlap, the degree of overlap
changes gradually from maximum towards random overlap
with increasing distance between layers. The relative contribution between these two basic overlap assumptions depends
on decorrelation lengths defined for cloud fraction and cloud
condensate (assumed 2 km and 1 km, respectively).
4

Experiments

In this section we present configuration details for the model
simulations used to evaluate the primary impacts of the new
subgrid parameterizations. The model is run for a 5 yr period (2001–2005) in all experiments with prescribed climatological sea surface temperatures. All the simulations are
performed with T42L19 resolution and with a 30 min time
step. The SCG framework is set up to use 50 subcolumns for
the cloudy portion of the GCM grid column.
Next, each experiment is described more thoroughly.
A summary of the experiments with their key parameters and
configuration options is given in Table 1.
4.1

Experiment REF

The experiment REF serves as the point of reference using
the standard configuration of ECHAM5.5-HAM2 with the
SCG and McICA radiation scheme active. The simulation
includes cloud layers determined by the SCG with subgrid
variations in cloud condensate, while CDNC is assumed uniform inside the GCM grid cell. The subgrid-scale variations
in condensate amount are considered for radiative transfer
but not for cloud microphysics. Vertical velocity for cloud
activation is given by the effective vertical velocity according to Eq. (2) (Lohmann et al., 2007).
4.2

Experiments SUBW and SUBWRT

7555

Table 1. List of experiments indicating the key configuration details. SGW refers to the subgrid treatment of vertical velocity and
cloud activation, while the column labelled as w shows details of the
vertical velocity treatment. The terms “ccraut” and “cauloc” refer to
model closure parameters for autoconversion rate and accretion, respectively. See text for further description.
Experiment

SGW

w

REF
SUBW
SUBWRT
W ADJ1

No
Yes
Yes
Yes

W ADJ2

Yes

Lohmann et
√al. (2007)
σw = 1.68√TKE
σw = 1.68
TKE
√
σw = q2TKE
σw =

2 TKE
3

ccraut

cauloc

7
7
4
4

3
3
2
2

4

2

rameterization for vertical velocity. The only difference between SUBW and SUBWRT lies in the values of closure
(“tuning”) parameters. SUBW uses identical parameters with
REF, while SUBWRT is retuned to restore the global-mean
radiative balance at the top of the atmosphere (TOA). Specifically, the linear scaling factors for the process rates of autoconversion of cloud droplets and accretion of cloud droplets
by rain (ccraut and cauloc in the model code, respectively)
are reduced.
4.3

Experiments W ADJ1 and W ADJ2

To investigate the effect of adjusting the width of the vertical velocity PDF, the experiments W ADJ1qand W ADJ2 are
√
performed with σw = 2TKE and σw = 23 TKE. Like so,
W ADJ1 assumes that all of the turbulent kinetic energy is
associated with fluctuations in vertical motion of air, while
W ADJ2 assumes isotropic turbulence. Both of these experiments are otherwise identical to SUBWRT.
5

Results

The direct impacts on cloud properties due to the subcolumn
treatment of cloud microphysics are presented first. Second,
the consequent impacts on cloud radiative effects are presented, followed by a brief overview on general model climatology. For a fair comparison with REF, the width of the PDF
for w in the experiments SUBW and SUBWRT was deliberately set so that, on average, the vertical velocity for cloud
activation matches the w eff used in REF. This is indeed the
case, as shown in Fig. 2 depicting the lower-tropospheric vertical velocity for REF and SUBW: the simulated global-mean
vertical velocity is almost identical in the two simulations
and the local differences are most often below 0.1 m s−1 .

The most straightforward implementation of the subcolumn
cloud microphysical parameterizations is presented in the
experiments SUBW and SUBWRT. In these simulations,
cloud activation and CDNC are calculated individually in
each subcolumn with the newly implemented subgrid pawww.atmos-chem-phys.net/13/7551/2013/
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Fig. 2. Annual-mean vertical velocity (m s−1 ) for cloud activation averaged from surface to the 800 hPa pressure level: (a) REF, (b) SUBW
and (c) the difference of SUBW−REF. Global-mean values are indicated in parentheses.

Table 2. Global-mean cloud properties: LWP and IWP are for liquid
and ice water paths (g m−2 ) and Ctot is the total cloud fraction [0, 1].
CDNC at cloud top is the all-sky mean value for warm clouds over
all time steps (cm−3 ).

5.1

Experiment

LWP

IWP

CDNC at cloud top

Ctot

REF
SUBW
SUBWRT
W ADJ1
W ADJ2

50.71
38.30
50.87
49.27
44.78

7.05
6.95
7.08
7.06
7.06

21.48
16.08
18.57
17.27
12.99

0.720
0.712
0.722
0.721
0.717

Cloud properties

Global-mean cloud parameters averaged over the 5 yr period are summarized in Table 2: the liquid and ice water
paths (LWP and IWP, respectively) as well as the all-sky
global-mean CDNC at cloud top and the total cloud fraction are listed for REF, SUBW and SUBWRT (plus the remaining experiments W ADJ1 and W ADJ2, which are discussed later in Sect. 5.3). While the total cloud fraction
and IWP show only minor changes, global-mean LWP and
CDNC at cloud top are substantially smaller in SUBW than
in REF. For closer inspection, we present vertically averaged
in-cloud properties for the lower troposphere (from surface
to 800 hPa), where we expect most of the changes to take
place because only parameterizations for warm clouds have
been modified.

Atmos. Chem. Phys., 13, 7551–7565, 2013

Figure 3a and b illustrate the 5 yr mean lower-tropospheric
CDNC for the experiments REF and SUBW, respectively,
and the difference between the two experiments is given in
Fig. 3c. SUBW shows a strong decrease in CDNC over the
continents compared to REF, while for marine areas a slight
but widespread decrease is seen. However, parts of the remote Southern Hemisphere marine regions are almost unaffected, and CDNC is even slightly increased in the marine stratocumulus regions of the eastern Pacific and Atlantic oceans. Overall, the global-mean CDNC is approximately 26 % smaller in SUBW than in REF. The strong decrease in CDNC is most likely due to modulation of the interplay between subgrid distribution of vertical velocity and
the large-scale CCN environment. It can be argued that vertical velocity is more important than the number of CCN for
CDNC in heavily polluted areas because of the competition
for cloud water between droplets, while the opposite is true
for more pristine regions (Reutter et al., 2009). In polluted
areas, samples with small w (i.e. smaller than w eff ) dominate the corresponding subcolumn ensemble of the number
of activated droplets, because CDNC increases non-linearly
with increasing w. Therefore, the average number of activated cloud droplets and, consequently, the GCM-scale mean
CDNC is smaller in SUBW than in REF (as seen especially
for continental regions in Fig. 3c), even though the average
vertical velocity is similar. In contrast, in the pristine marine
areas, most of the CCN, comprising fewer particles, are activated already by rather low vertical velocity at cloud base.
Thus, the low end of the spectrum for subcolumn vertical

www.atmos-chem-phys.net/13/7551/2013/
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Fig. 3. Annual-mean in-cloud CDNC (cm−3 ) averaged from surface to the 800 hPa pressure level: (a) REF, (b) SUBW, (c) the difference of
SUBW−REF, (d) SUBWRT, and (e) the difference of SUBWRT−REF.

velocity ensemble is not as dominant as it is for the more polluted environment, and the resulting mean CDNC is closer to
that obtained using weff (as seen e.g. for the southern marine
areas in Fig. 3c for SUBW).
Similar results are also seen for the low-tropospheric liquid water content (LWC) shown in Figure 4a–c. As compared to REF, the LWC is globally decreased in SUBW, in
accordance with the decrease in LWP shown in Table 2. The
strongest decrease again takes place over the continents, with
LWC locally up to 50 % smaller in SUBW than in REF. The
global-mean LWC is decreased by 22 %. The decrease in
LWC can be explained by the autoconversion process that
represents the formation of drizzle and rain by the largest
cloud droplets. The autoconversion rate is parameterized as
in Khairoutdinov and Kogan (2000), given in kg kg−1 s−1 as
−1.79
2.47
Qaut
j,k ∝ LWCj,k Nj,k ,

(8)

where N (or CDNC) is given in cm−3 (the closure parameter
for autoconversion rate ccraut is part of the proportionality
factor in Eq. (8)). First, the reduction in the mean CNDC in
www.atmos-chem-phys.net/13/7551/2013/

SUBW leads to an increase in Qaut because of the inverse
proportionality to CDNC in Eq. (8). Second, because Qaut is
strongly non-linear with respect to CDNC, subgrid variation
in CDNC acts by itself to increase the average Qaut (consider
that e.g. a 50 % reduction in CDNC from its mean value increases Qaut more than a 50 % increase in CDNC reduces
it). By the same token, subgrid variations in LWC also tend
to increase the average Qaut because of the non-linear dependency on LWC (∝ LWC2.47 ). The latter two effects likely explain the widespread decrease in LWC in the SUBW experiment, extending beyond the areas with the largest reduction
in CNDC. The result regarding decreased LWC is qualitatively similar to the results obtained by Morales and Nenes
(2010), who demonstrated that considering the subgrid vertical velocity distribution leads to stronger conversion of cloud
water into rain by autoconversion process, as compared to using an effective mean vertical velocity. The decrease in LWC
also leads to a slightly decreased low-level cloud fraction
(defined here as the cloud volume fraction below 800 hPa)
in SUBW, even though only a very small difference was seen

Atmos. Chem. Phys., 13, 7551–7565, 2013
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Fig. 4. Same as Fig. 3 but for in-cloud LWC (mg kg−1 ).

in the total global cloud cover. This is due to the tendencies
in cloud water content affecting the statistics of total water,
and hence cloud fraction, in the Tompkins (2002) cloud cover
scheme. The global-mean low-level cloud fraction is 0.137
in SUBW as compared with 0.143 in REF. The largest local
difference of −0.04 occurs over northern Russia, while over
oceans there is a widespread difference of −0.01.
Since the LWP over the oceans is unrealistically low in
SUBW (42.4 g m−2 as compared with an observed range of
50–84 g m−2 used in Lohmann and Ferrachat, 2010), retuning the model is necessary in order to restore a more realistic
representation of the cloud water content and, consequently,
the global radiation budget (discussed in Sect. 5.2.1). Thus,
the process rate coefficients for autoconversion and accretion (ccraut and cauloc, respectively) are reduced in order
to decrease the removal of liquid water from the clouds (see
Table 1).
In the retuned experiment SUBWRT, the global-mean
LWP is similar to that in REF (approximately 51 g m−2 ;
see Table 2) and the mean over oceans in SUBWRT is
56.7 g m−2 , which is slightly larger than in REF (54.8 g m−2 ).
Atmos. Chem. Phys., 13, 7551–7565, 2013

Figure 4d and e show the impact of retuning on the lowertropospheric LWC. LWC is clearly higher in SUBWRT than
in SUBW, especially in the marine stratocumulus areas and
over mid-latitude oceans. In these regions LWC in SUBWRT
even locally exceeds that in REF. However, over several continental regions, LWC is still substantially smaller than in
REF. The impact of retuning on CDNC is presented in Fig. 3d
and e, where an increase in SUBWRT with respect to SUBW
is seen as well. However, the relative effect is smaller than
that for LWC as the global-mean CDNC in SUBWRT is still
about 18 % smaller than in REF and large negative regional
anomalies still appear over the continents. The areas with decreased LWC in SUBWRT compared to REF (Fig. 4e) coincide with the largest negative anomalies in CDNC (Fig. 3e),
again reflecting the connection between CDNC and LWC
through drizzle formation by autoconversion. Similarly, the
areas in SUBWRT with CDNC quite similar to REF now
have slightly higher LWC. Changes in lower-tropospheric
cloud fraction follow the changes in LWC, but the differences
between SUBWRT and REF are still quite small.
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Table 3. Net radiative balance at the top of the atmosphere (TOA) plus cloud radiative effect parameters at the TOA and the surface (Sfc).
Absolute values are given for the experiment REF, while for the other experiments the difference with respect to REF or SUBWRT is shown,
as indicated in the first column. All values are given in W m−2 .
Experiments
REF
SUBW−REF
SUBWRT−REF
W ADJ1-SUBWRT
W ADJ2-SUBWRT

5.2
5.2.1

Net TOA

LW CRE TOA

SW CRE TOA

LW CRE Sfc

SW CRE Sfc

−0.09
3.64
−0.50
0.49
2.69

27.29
−0.55
−0.12
−0.03
−0.17

−54.47
4.08
−0.41
0.69
2.88

29.58
−1.02
0.13
−0.08
−0.65

−59.11
4.80
−0.50
0.81
3.36

Radiative balance
Impact of the subgrid parameterizations

Table 3 summarizes the radiative fluxes for the model experiments. Global-mean values for the net total radiative budget
at TOA, and the LW and SW cloud radiative effects (CREs)
are listed for REF, while for SUBW and SUBWRT the difference with respect to REF is presented. Introducing the subcolumn vertical velocity and CDNC sets the total radiative
budget off balance by 3.6 W m−2 , for the most part due to reduction in CDNC and the induced stronger removal of liquid
water from clouds due to enhanced autoconversion. Overall,
the total radiative budget balances at quite low levels of outgoing longwave radiation (OLR) and net shortwave flux at
TOA (approximately 231 W m−2 for REF), regardless of the
model configuration. This was also found for ECHAM5.3
(Räisänen and Järvinen, 2010) and was ascribed to low clearsky OLR and too strong SW CREs. In addition, in the current
paper, a persistent feature of quite high total cloud fraction of
over 70 % is seen (Table 2), which contributes to the CRE and
the global radiation budget in general.
Considering the CRE at TOA, the largest differences are
seen for SW radiation. Figure 5a and b show the difference
in SW CRE for SUBW and SUBWRT with respect to REF.
While SW CRE in SUBW is weaker (i.e. less negative) than
in REF almost globally in response to the smaller CDNC
and LWC, SUBWRT shows weaker SW CRE mainly over
the continental regions of south-eastern Asia and the eastern parts of North and South America. These coincide with
the optically thinner clouds due to reduction in CDNC and
LWC, as well as with a small decrease in low-level cloud
fraction (by up to 0.01). In contrast, a preference for stronger
SW CRE is seen over the mid-latitude oceans and eastern Pacific stratocumulus regions off the coasts of North and South
America, as well as in the Atlantic off the coast of Namibia
in SUBWRT. For the marine stratocumulus these differences
are explained mainly by the cloud microphysical properties,
i.e. increased LWC and slightly higher CDNC illustrated in
Section 5.1. In addition, a small increase (by less than 0.01)
in cloud fraction also contributes to the stronger SW CRE.
For mid-latitude oceans, the stronger SW CRE is caused by
a slight increase in LWC as well as in low-level cloud fraction
www.atmos-chem-phys.net/13/7551/2013/

(generally by 0.01–0.02), whereas CDNC is rather similar to
REF.
The direct impact in SUBW is thus to weaken the global
SW CRE by 4.08 W m−2 from the −54.47 W m−2 seen in
REF (Table 3). In SUBWRT, this is compensated by retuning, after which the difference to REF is −0.41 W m−2 . The
clouds in SUBWRT are therefore on average slightly more
reflective than in REF. Although the continental areas with
high aerosol load feature considerably less reflective clouds
in SUBWRT than in REF, this is more than compensated by
oceanic clouds, which generally feature slightly stronger SW
CRE in SUBWRT.
Differences in LW CRE at TOA between
SUBW/SUBWRT and REF are shown in Figure 5c and d. In
both cases, differences are seen mostly in tropical latitudes.
The global-mean stays close to the recently published
estimate of 26.7 W m−2 (Stephens et al., 2012, Fig. B1)
in all our experiments. As shown in Table 3, the strongest
LW CRE at the TOA occurs in REF (27.29 W m−2 ), while
the weakest value is seen for SUBW (26.74 W m−2 , in
correlation with the lowest LWP). Especially for SUBWRT,
the differences with respect to REF are rather small. This is
not particularly surprising because the LW fluxes at TOA are
mainly affected by high-altitude clouds such as cirrus. The
newly implemented parameterizations mainly affect warm
low-level clouds whose temperature is relatively close to
surface temperatures, so their effect on LW CRE is limited.
Finally, an additional model run was performed to quantify the difference in radiative fluxes between horizontally
homogeneous and horizontally varying cloud properties. In
other words, what is the impact on radiative fluxes if the
subcolumn values of LWC and CDNC are overridden with
their subcolumn ensemble means in each GCM grid cell for
use in radiative transfer calculations? While little difference
was seen in LW CRE as compared to SUBW in terms of
the global-mean (increased by 0.21 W m−2 ), SW CRE was
−1.7 W m−2 stronger in this experiment than in SUBW. This
is in close agreement with earlier results by Räisänen and
Järvinen (2010), who found a 2 W m−2 reduction in globalmean SW CRE due to including subgrid cloud structure in
offline radiation calculations based on ECHAM5.3 data.
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Fig. 5. Difference in annual-mean TOA shortwave cloud radiative effects (W m−2 ) between (a) SUBW and REF, and (b) SUBWRT and
REF. Differences for longwave CRE are given similarly in (c) and (d).

5.2.2

Comparison with satellite observations

The simulated cloud radiative effects are compared with
space-borne measurements from the CERES EBAF satellite dataset (Loeb et al., 2009). Compared to CERES EBAF
data, the simulated clouds generally reflect too much solar radiation in all of our experiments, and the LW CRE
is marginally higher than in the CERES data. The differences in LW and SW CRE between model simulations and
CERES EBAF are shown in Figure 6. The global-mean SW
CRE in REF is 7.21 W m−2 stronger than the CERES estimate of −47.26 W m−2 . The measured level of SW CRE
is not reached even by SUBW where the SW CRE is
−50.39 W m−2 (see Table 3).
The LW CRE in our simulations exceeds the CERES estimate of 26.18 W m−2 by 0.5–1 W m−2 . Overall, the differences between the model experiments REF, SUBW and
SUBWRT are smaller than their respective differences from
the CERES EBAF dataset.
5.3

sented in Figure 7a–d. The lower-tropospheric CDNC in
W ADJ1 is on average 9.76 cm−3 smaller than in SUBWRT.
The corresponding difference for W ADJ2 is −27.69 cm−3 .
Figure 7e–h show the results for lower-tropospheric LWC,
which is, subsequently, only slightly decreased in W ADJ1
with respect to SUBWRT (by 3.39 mg kg−1 ). Again, in
W ADJ2, the decrease is larger (by 15.31 mg kg−1 ).
Figure 8 shows the impact of adjusted σw on longwave and
shortwave CRE. The global-mean impacts on LW CRE are
minor. The SW CRE for W ADJ1 and W ADJ2 are weaker
(less negative) than that for SUBWRT, by 0.69 W m−2 and
2.88 W m−2 , respectively. While only local anomalies are
seen over the tropical oceans in both W ADJ1 and W ADJ2
for LW CRE, SW CRE shows more widespread differences
with largest positive anomalies in the marine stratocumulus
regions off the western coasts of South America and Africa.
Overall, the impacts on cloud radiative properties due to adjusting the vertical velocity magnitude are more concentrated
over the oceans, compared to the effects of implementing the
subgrid parameterizations.

Sensitivity to vertical velocity distribution width
5.4

We consider the effect of adjusting σw , i.e. the magnitude of vertical velocity fluctuations, by comparing the experiments W ADJ1 and W ADJ2 with SUBWRT. Table 2
shows that smaller σw decreases the global-mean cloud top
CDNC as well as the LWP, with the latter explained by
similar arguments as in Sect. 5.1. The same is true for the
lower-tropospheric CDNC in the two experiments, which,
along with the difference with respect to SUBWRT, is preAtmos. Chem. Phys., 13, 7551–7565, 2013

Model climatology

In addition to quantities directly related to clouds and radiation, basic climatological quantities, like temperature, surface pressure and precipitation, were analysed. For precipitation, a slight overall shift from convective to stratiform precipitation was noted in experiments with subgrid treatment
of vertical velocity. The global-mean stratiform precipitation
rate was 1.046 mm day−1 in REF, 1.067 mm day−1 in SUBW
www.atmos-chem-phys.net/13/7551/2013/
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Fig. 6. Comparison of the shortwave and longwave cloud radiative effects at the TOA with CERES EBAF data. (a–c) show the difference
in the SW CRE for REF, SUBW and SUBWRT, respectively. Panels (d–e) show a similar comparison for the LW CRE. The global-mean
difference (avg) and root-mean-square error (RMSE) are shown on top of each panel in W m−2 .

and 1.055 mm day−1 in SUBWRT. The most consistent feature was a widespread but very slight increase of stratiform
precipitation in the tropics in SUBW. For the SUBW experiment, the increased stratiform precipitation was partly
compensated by reduced convective precipitation (globalmean values 1.844 mm day−1 for SUBW as compared with
1.851 mm day−1 for both REF and SUBWRT).
The differences in temperature and sea level pressure between the different simulations were quite minor and mostly
statistically insignificant according to a two-tailed t test. This
is expected because the sea surface temperatures are prescribed to climatological values, which limits the impact due
to cloud radiative effects. Furthermore, internal climate variability is substantial for the relatively short 5 yr averages considered in this work, which reduces the signal-to-noise ratio.

www.atmos-chem-phys.net/13/7551/2013/

6

Discussion

Explicit description of subgrid variability of vertical velocity
and CDNC introduces notable differences compared to the
existing implementation of McICA radiation and the stochastic cloud generator in ECHAM5.5-HAM2. The subcolumn
approach allows the model to account for non-linearities related to subgrid variability in cloud microphysics not only
in individual processes, such as cloud activation, but also in
the interactions between different processes. Considering the
microphysical properties of clouds explicitly in several subcolumns inside each GCM grid cell also increases the computational cost of the model: it takes about 20–25 % longer
to run the new model version (as in SUBW) compared to the
standard implementation of McICA and the stochastic cloud
generator (as in REF).
Gaussian PDF has been used extensively to simulate the
small-scale variations in vertical velocity (e.g. Ghan et al.,
1997) and was also employed in this study. However, we
Atmos. Chem. Phys., 13, 7551–7565, 2013
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Fig. 7. Effects of adjusting the vertical velocity distribution width on annual-mean in-cloud CDNC (cm−3 ) and LWC (mg kg−1 ) averaged
from surface to the 800 hPa pressure level. (a) and (b): CDNC for the experiments W ADJ1 and W ADJ2. (c) and (d): the difference with
respect to SUBWRT for W ADJ1 and W ADJ2. (e–h) are the same as (a–d) but for LWC.

speculate that more careful consideration of the characteristics of the PDF might be important for boundary layer clouds.
Perhaps the most obvious such characteristic is the skewness:
non-symmetrical vertical velocity PDF shapes in the boundary layer have been observed in measurements and model
simulations (Moeng et al., 1990; Guo et al., 2008, 2010;
Ghate et al., 2010; Lenschow et al., 2012). Our implementation of the subcolumn vertical velocity parameterization al-
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lows the PDF to be easily adjusted through the use of look-up
tables. Although left outside the scope of the current paper,
experiments with skewed vertical velocity distributions are
part of our future plans.
Since the effects of the subcolumn cloud activation and
autoconversion on CDNC and LWC were found to vary
quite strongly across different regions with different aerosol
characteristics, it is possible that these effects will induce
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Fig. 8. Difference in annual-mean TOA shortwave cloud radiative effects (W m−2 ) between (a) W ADJ1 and SUBWRT, and (b) W ADJ2
and SUBWRT. Differences in longwave CRE are given similarly in panels (c) and (d).

perturbations in the model estimates of the indirect aerosol
effects on radiation. Subgrid variability in clouds and retuning the closure parameters for autoconversion have been
found to induce changes in the simulated aerosol indirect effects in earlier studies (Rotstayn, 2000; Golaz et al., 2011;
Wang et al., 2012). The evaluation of the new model version
should therefore be extended by exposing the model to preindustrial aerosol emission inventories and, perhaps, to future
emission scenarios. Moreover, the McICA radiation scheme,
as well as the standard radiation scheme in ECHAM5.5, includes an assumed minimum CDNC of 40 cm−3 , which is
applied to all cloudy subcolumns in our model. It has been
shown that this assumption may induce artefacts to the model
representation of the indirect aerosol effects (Hoose et al.,
2009). We too recognize this as a possible caveat especially
regarding the subcolumns, as it might artificially smooth out
a part of the subgrid variability in the cloud radiative effects.
The fraction of cloudy subcolumns for which the lowertropospheric CDNC is overridden by the minimum CDNC in
our experiments was highest in the mid-latitudes, being typically 10–15 % and locally up to 20 % in the Southern Hemisphere.

7

Summary

This paper reported the implementation of a subgrid vertical
velocity parameterization and subgrid versions of cloud microphysical parameterizations describing processes such as
cloud droplet activation and autoconversion of cloud droplets
www.atmos-chem-phys.net/13/7551/2013/

to rain. Vertical velocity and cloud properties were calculated using stochastically generated cloudy subgrid columns,
which can be directly applied by the McICA radiation
scheme included in the model. This enabled the model to
account for the inherent non-linearities in the entire process
chain, from defining non-uniform cloud properties to calculating radiative fluxes at subgrid scale.
The brief model evaluation using the new subcolumn parameterizations revealed interesting effects on the interactions between different cloud processes. With the subcolumn
vertical velocity parameterization and thus subgrid cloud activation switched on, CDNC was decreased especially over
continental areas with high aerosol particle concentration.
The decreased CDNC together with the non-linearity related to its subgrid variability induced stronger autoconversion of cloud water to rain, which resulted in decreased
global mean LWP. Retuning the model closure parameters
increased LWP back to the observed range, but a decrease
in CDNC was seen even after retuning. This had an impact
on the cloud radiative effects as well. While the impact on
the longwave cloud radiative effect was quite weak, somewhat more pronounced differences were seen in the shortwave radiative effect. Continental areas with large reduction in CNDC and LWC were mostly associated with positive anomalies for shortwave cloud radiative effects, while
the opposite was seen e.g. over mid-latitude oceans. Moreover, low-level cloud fraction seemed to follow the changes
in LWC, although the differences were usually quite small.
Nevertheless, the changes in cloud fraction affected radiation
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generally to the same direction as the changes in the in-cloud
microphysical properties.
With the globally and regionally varying effects on CNDC
and LWC, the new model version shows the importance of
considering the small-scale variability of the two-moment
cloud microphysical properties together with radiative transfer more explicitly than what has most often been done in the
context of traditional parameterizations for global models.
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