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Abstract

In climate change projections, inter-model differences in cloud feedback have been
identified as the largest source of uncertainty. The source terms of the cloud condensate
tendency equation (CCTD) are expected to be useful diagnostics to better understand
the different cloud responses to a CO; increase in GCMs. To demonstrate the idea,
analysis of the CCTD response to CO, doubling is presented using two versions of
MIROCS3.2 with different climate sensitivities of 6.2°C (‘HS” version) and 4.1°C (LS’
version). The model's response to CO;, doubling is characterized with a marked
difference in the cloud feedback between the two versions, which is consistent with the
cloud response in the southern middle latitudes: cloud decreases in the HS version and
increases in the LS version. Analysis of the source terms reveals that the difference in
cloud response is attributable to the ice sedimentation process. The results also suggest
the importance of the vertical cloud ice profile which controls the ice sedimentation
response to a CO; increase, indicating the potential for providing constraints on the

aspect of cloud feedback.



1. Introduction

Cloud feedback is still a major source of uncertainty in estimating climate sensitivity
'AT2X', which is defined here as the equilibrium response of surface air temperature to
atmospheric CO, doubling (Cess et al. 1990, Ringer et al. 2006, Soden and Held 2006).
The response of low level clouds, including marine boundary layer clouds in the
subtropics, is shown to be a key factor which causes inter-model variance in cloud
feedback (Webb et al. 2006, Wyant et al. 2006, Bony and Dufresne 2005). In addition,
the importance of the mixed phase cloud response in middle-high latitudes was noted by
Tsushima et al. (2006), which is consistent with the previous studies indicating the
model dependency of mixed phase cloud feedback (Li and Le Treut 1992, Senior and
Mitchell 1993). However, mechanisms responsible for these inter-model spreads in the

cloud response are yet to be clarified.

Source terms of the cloud condensate tendency equation in GCMs are expected to be
useful diagnostics to tackle this problem. Their advantage is that the cloud condensate
response to an increase in CO; can be directly related to the physical processes which
enhance or retard the response. A model inter-comparison of these diagnostics may help
to identify key processes leading to the difference in the cloud responses between

GCMs.

In order to illustrate this idea, we compare two versions of an AGCM developed jointly
by the Center for Climate System Research (CCSR), National Institute for

Environmental Studies (NIES), and Frontier Research Center for Global Change



(FRCGC). One version gives a climate sensitivity of 6.2°C, which is called the Higher
Sensitivity version ('HS' hereafter), and the other version yields 4.1°C, which is called
the Lower Sensitivity version ('LS' hereafter). The difference between the two versions
lies in the treatment of cloud microphysics. Making use of the tendency diagnostics, the
present study attempts to describe how the sensitivity difference arises between the HS

and LS versions.

The model and experimental design are described in section 2. In section 3, results from
the doubled CO, experiments are presented. Finally, the implications of the obtained

results are summarised and discussed in section 4.

2. Model and experimental design

a. Model

The model used in the present study is the CCSR/NIES/FRCGC AGCM5.7 (K-1 model
developers, 2004), which is the atmospheric component of the MIROC3.2 ‘medres’
version used in IPCC’s fourth assessment report (AR4). The model resolution is T42
with 20 vertical sigma layers. The non-convective cloud distribution is calculated using
a parameterization based on Le Treut and Li (1991), in which the cloud condensate
content is calculated by solving a mass budget equation. Processes considered in the
mass budget are condensation, precipitation, ice cloud sedimentation and evaporation of
both cloud water and rain droplets. Condensation is treated by a statistical method

assuming a uniform or ‘top-hat’ probability distribution of the total water content on a



sub-grid scale. Condensed cloud water is then partitioned into the liquid phase and solid
phase according to the local air temperature so that different precipitation rates can be
applied to each cloud phase. Liquid precipitation is parameterized based on the method

by Berry (1967) as follows:
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where P is the precipitation rate, |, is the cloud liquid water content, p is the air

density, N is the cloud droplet number concentration, and F is the precipitation flux

c

from the layer above. o, £, y and C, are constants. The second term allows for the

collection of cloud droplets by precipitation, following Senior and Mitchell (1993). Ice

precipitation is represented following Sundqvist (1978):

2
I
P:Ct l—exp{—(EJ } IF +CCFpIF (2)

, where | is the cloud condensate content, I, is the critical cloud condensate content for
rapid snow formation, C is the cloud amount, |- is the cloud ice content, and C, is a

constant. Sedimentation of ice cloud particles is based on the empirical formula of

Heymsfield (1977) as follows:
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, Where Az is the thickness of the model layer and V, and ¢ are constants. Non-

convective clouds in the MIROC are also affected by grid scale advection, mixing due

to cumulus convection, and dry convective adjustment.



The cumulus parameterization used in this study is based on Arakawa and Schubert
(1974) with several simplifications described by Numaguti et al. (1997). The cloud
condensate and cloud amount of convective clouds are derived from the cloud base
mass flux calculated in the convection scheme, although the condensate content is
generally smaller than that of non-convective clouds by one order of magnitude. Anvil

clouds are treated as non-convective clouds in the MIROC.

b. HS and LS versions

The two model versions, HS and LS, are different in three respects (Table 1). Firstly,
the temperature range at which the mixed phase cloud exists is different. The mass ratio
of liquid cloud water to cloud condensate is specified by an empirical function of the
local air temperature as shown in Figure 1. In the HS version, the mixed phase cloud
exists between —25°C and -5°C (dashed line), while in the LS version, it exists between
-15°C and 0°C (solid line). These two functions are within the range of uncertainty as
suggested by field and satellite observations (Mitchell et al. 1989, Gregory and Morris

1996, Del Genio et al. 1996, Doutriaux-Boucher and Quaas 2004).

Secondly, the treatment of fallen cloud ice is different. The ice sedimentation,
represented by equation (3), causes cloud ice to fall from the upper layers to lower
layers at each time step. In the HS version, the fallen cloud ice is diagnosed as liquid
clouds suspended in the air between the temperature range of —25°C and -5°C, while in
the LS version, all the melted cloud particles are classified as rain which falls to the

ground in one time step. In addition, falling cloud ice remains in the solid phase until it



reaches the melting point (0°C) in the LS version, which allows cloud ice to exist in the

warmer region in the LS version than the HS version.

Thirdly, the specified parameter values related to the precipitation efficiency are
different. Since the ice sedimentation process is more effective in the LS than the HS
version, precipitation is made more efficient in the HS than the LS version to balance
the radiation budget at the top of the atmosphere in both versions. The parameters « in

equation (1) and V, in equation (3) are thus specified as follows: («,V,) = (0.04,0.5)

in the HS version and («, V, ) = (0.01,0.25) in the LS version.

The two versions’ ability to reproduce the present day climatology is comparable,
including the cloud radiative forcing evaluated with the ERBE observation (Figure 2).
Both versions exhibit substantial errors, especially in the tropics and southern middle
latitudes which are too reflective in terms of shortwave. The errors in the tropics are due
to the stratocumulus regime which is simulated too often (Williams and Tselioudis
2007). When comparing the cloud ice distribution between the HS and LS versions,
there is a marked difference between the two, as shown in Figure 3. We can see that
cloud ice exists in lower latitudes/altitudes in the LS than in the HS version, which can
be explained by the difference in the mixed phase cloud temperature range and in the
treatment of fallen cloud ice. This difference in cloud ice distribution is related to the

cloud condensate response to the CO, increase, which will be described in Section 3.



c. Design of sensitivity experiments

Both versions of the AGCM are coupled to a 50 m depth slab ocean model and a
thermodynamic sea ice model. The coupled GCM is then forced by the oceanic heat
flux (Q-flux), calculating the SST and sea ice thickness for 50 years with (a) the
external conditions of year 1850 (“‘control experiment’ hereafter) and with (b) doubled
CO, concentration (‘2 x CO, experiment’ hereafter). The last 10 years of each
integration are considered in a quasi-equilibrium state and are used to make a
climatology. The equilibrium response to CO, doubling is assessed based on this
climatology, which gives the AT2x values of 6.2°C for the HS version and 4.1°C for the

LS version.

We should note here that the climate sensitivity of 4.1°C (LS version) is higher than
most other climate models in IPCC’s AR4. The higher sensitivity of LS is mainly
attributed to the more positive cloud feedback, which is related to the larger reduction in
low level cloud and shortwave cloud radiative forcing (Webb et al. 2006). The response
of the marine boundary layer cloud is shown to be a major factor contributing to the

inter-model variance, as noted in the Introduction.

d. Additional experiments (MS1 and MS2 versions)

In order to identify factors contributing to the difference in climate sensitivity between
the HS and LS versions, the control and 2 x CO, experiments (including the calibration

run to obtain Q-flux) are repeated with two additional settings, MS1 and MS2 (Table 1).



The only difference between the HS, MS1, MS2, and LS versions lies in the cloud
microphysical assumptions described in subsection 2b. Hence, we can attribute the
difference in AT2x between the four versions to (i) the temperature range for mixed
phase clouds, (ii) the melted cloud ice treatment, and (iii) parameter adjustment, the
contributions of which are 1.2°C, 1.1°C, and -0.2°C, respectively (Table 1). To explain
the difference between the HS and LS versions, therefore, we may focus on the impact
of (i) and (ii) by referring to the results of the HS, MS2, and LS versions. The HS
version is taken to be equivalent to MS1 because the cloud response, as well as climate

sensitivity, of the MS1 version is similar to that of the HS version.

3. Results

The response of MIROC3.2 to CO, doubling is characterized by the large difference in
cloud feedback between the HS, MS2, and LS versions. Figure 4(a) illustrates the
shortwave cloud feedback in the DJF season, evaluated by the response of cloud
radiative forcing normalized by climate sensitivity (Boer and Yu 2003, Webb et al.
2006). Large positive feedback can be seen in the HS version in the southern middle
latitudes, while the corresponding feedbacks in the MS2 and LS versions are smaller or
negative, which is consistent with the difference in climate sensitivity. A similar
difference in cloud feedback can be seen in the northern middle latitudes during the JJA
season as well, although its magnitude is smaller than that in the southern hemisphere.
We should note that the cloud feedback shown here may be affected by changes in
factors other than clouds, such as sea ice (‘cloud masking effect’, Soden et al. 2004).
However, the sea ice distribution is restricted to high latitudes during DJF, and the
difference in cloud feedback can be seen outside the range of the sea ice extent,
indicating the importance of cloud response.



The response of cloud condensate to CO, doubling is also different between the three
versions, as illustrated in Figures 4(b—d). Overall, cloud condensate decreases
(increases) in low (high) latitudes, which is a feature common to the three versions.
However, the cloud condensate decrease in the HS version is large and extends to high
latitudes as far as 65°S, while the decrease in the MS2 and LS versions is relatively
small and is restricted to lower latitudes up to 50°S. This difference in cloud response is
consistent with the shortwave cloud feedback which is positive in the HS version and is
more negative in the MS2 and LS versions. Analyzing the source and sink terms of the
cloud condensate tendency equation may be useful to understand the difference in cloud

responses between the three versions.

The cloud condensate tendency equation of MIROC3.2 is written conceptually as

follows:

oQc

—— =[a.Condensatbn, evaporatim, precipitaion]+[b. Icesedimentaion] + [c. Advection]
+ [d.Cumulusmixing]+[e. Dry convectiveadjustment 2

, Where Qc is the non-convective cloud condensate in [kg/kg]. Convective cloud
condensate is omitted for simplicity because it is much less than the non-convective

component as noted in section 2. Terms on the RHS are evaluated by taking cloud

increments at various stages of calculating the model physics. The cloud condensate

0Qc

tendency, . is equal to zero in an equilibrium state. It becomes positive, however,

when Qc increases in response to CO, doubling, which is due to some source terms on
the RHS becoming larger (or sink terms becoming smaller) compared to the equilibrium
state. The terms making a positive contribution to the Qc tendency are thus regarded as
‘driving’ the cloud response. In this way, we may be able to identify key processes
which lead to the difference in cloud responses between the HS, MS2, and LS versions.
The terms on the RHS of equation (2) are hereafter referred to as the cloud condensate
tendency diagnostics (CCTD).
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To demonstrate the idea, we first focus on the shaded region in Figure 4 (50°S5-64°S,
sigma = 0.96-0.78), where the inter-model variance in the cloud response is
pronounced. The equilibrium response of both the cloud condensate and the CCTD
averaged over this shaded region is displayed in Figure 5. The remarkable feature is that
all the cloud condensate responses—decrease in the HS version and increase in both the
MS2 and LS versions—are driven by the same term: CCTD(b), the ice sedimentation
term. It is suggested that ice sedimentation is the key process which drives the cloud
response in the LS and MS2 versions but drives it in the opposite direction in the HS
version. It is also interesting to note that CCTD(a) tends to counter-act the ice
sedimentation term CCTD(b), retarding the cloud condensate responses. This balancing
effect can be explained by the evaporation and vertical eddy diffusion included in

CCTD(a), both of which tend to dampen the cloud variation.

The comparison of the CCTD is extended to the transient state as well because the
difference in cloud responses between the three versions is more relevant to the
processes driving the transient response rather than those maintaining the equilibrium
states. The temporal correlation is calculated between the responses of the cloud
condensate and the CCTDs at each grid point, using the time series from the first 20
years after the instantaneous CO; doubling, sampled every DJF season. A CCTD with
positive correlation is interpreted as driving the cloud response, while one with negative
correlation retards it. The zonal mean distribution of the correlation is shown in Figure
6(a—c) for CCTD(b), the ice sedimentation term. Note that the negative correlation is
eliminated by assigning zero values in the figures because we are concerned with the

processes driving the cloud response. Furthermore, the sign of the coefficients are
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switched to negative when the cloud responses are negative so that we can distinguish
between the region in which the cloud condensate decreases and that in which the cloud
condensate increases.

Figures 6(a—c) illustrate the two layered pattern of the ice sedimentation influence on
the cloud condensate; the increase is driven above and the decrease is driven below. The
difference between the three versions can be seen in the latitudinal extent of the pattern.
The negative values in the HS version extends to the high latitudes as far as 65°S while
they are restricted to lower latitudes as far as 50°S in the MS2 and LS versions, leading
to the opposite roles of the ice sedimentation process in the shaded region, which is

consistent with the equilibrium response (Figure 5).

The different spatial patterns of the ice sedimentation influence as shown in Figure 6
could be related to the difference in the control cloud ice distribution (Figure 3). This
idea is described in more detail using a conceptual model in Figure 7. The conceptual

model consists of grid boxes in three consecutive vertical layers, k — 1, k, and k + 1,

k
ice

with each box containing cloud ice content Q.. (at level k), which controls the

sedimentation flux to below, as F.*

ice

= C-Q¥, . For simplicity, C is assumed constant. In

k
ice

response to CO, doubling, cloud ice content decreases by AQ., (< 0) due to melting,

which leads to a reduction in the downward ice flux at each level. The response of the

ice flux convergence at level k equals A(FX™ —FX)=C-(AQS' —AQL,) . If the

ice ice

vertical gradient of the cloud ice reduction is positive ( e > 0), the flux

AQilégl B AQ .
Az

convergence at level k will increase (A(FX™ — Ff

ice ice

) > 0). Hence, the response of the ice
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flux convergence (i.e. response of the ice sedimentation term, A CCTD(b)) is controlled

by the vertical gradient of cloud ice reduction.

The results of MIROC3.2 appear to be consistent with this simple argument, as
illustrated in Figure 8. The thick curves in Figure 8 show the vertical profiles of the
cloud ice response averaged over the latitude band 50°S-64°S in DJF. If we focus on
the shaded region where the inter-model variance in the cloud response is large (as
noted in Figure 4), we notice that the vertical gradient of the cloud ice reduction is
negative for the HS version (solid), positive for the LS version (dotted), and rather
neutral for the MS2 version (dashed). Hence, the different responses of the ice
sedimentation between the three versions as seen in Figures 5 and 6 are consistent with
the vertical profiles of the cloud ice response. We note here that the increase in ice flux
convergence in the LS version leads to an increase in liquid clouds because the
thermodynamic phase of the increased cloud condensate is determined by the

temperature dependent function (Figure 1).

It is also shown in Figure 8 that the vertical profiles of the cloud ice response (thick
curves) closely follow those of the control cloud ice distribution (thin curves) in the
lower troposphere. If the maximum of the control cloud ice is located near the surface as
in the LS version (dotted curve), the maximum of the ice reduction will also be located
near the surface because more ice is susceptible to melting near the surface, which
makes the vertical gradient of the cloud ice reduction positive except very near the

surface. If the maximum of the control cloud ice is located well above the surface as in
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the HS version (solid curve), the vertical gradient of the ice reduction will be negative

near the surface because all the ice melts away.

Therefore, it is suggested that the vertical profile of the control cloud ice content is one
of the key elements to understand the different responses in ice sedimentation and cloud
condensate between the HS, MS2, and LS versions. As noted in section 2, the difference
in the control cloud ice distribution is attributed to the model settings related to the non-
convective cloud parameterization. The cloud ice increase in the MS2 version relative to
the HS version (thin curves in Figure 8) is related to the treatment of fallen cloud ice
which permits the ice to remain in the solid phase until it reaches 0°C. Further increase
in cloud ice in the LS version relative to the MS2 version is due to the temperature

range for the mixed phase cloud in which more condensate is diagnosed as ice cloud.

The obtained results also imply that evaluating the vertical cloud ice profile through
observation can potentially constrain the simulated cloud phase feedback, at least in the
present versions of MIROC3.2. The observed profile of cloud ice content is becoming
available from the spaceborne radar/lidar instruments in the CloudSat and CALIPSO
missions (Stephens et al. 2002, Mace et al. 2007). The model clouds may also be
evaluated using the ground-based measurements as conducted in the Cloudnet project
(Ilingworth et al. 2007) and the Atmospheric Radiation Measurement (ARM)
programme (e.g. Xie et al. 2005). Together with the CloudSat and CALIPSO simulator
to support the comparison of satellite data with the model output (Bodas-Salcedo 2007),
these observations are expected to result in better understanding and evaluation of cloud

feedback.
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4. Summary and discussion

The source terms of the cloud condensate tendency equation (CCTD) are expected to be
useful diagnostics to better understand the cloud response to a CO; increase in GCMs.
To demonstrate this idea, analysis of the CCTD response to CO, doubling is presented
using three versions of MIROC3.2 with different climate sensitivities—6.2°C (HS
version), 5.3°C (MS2 version), and 4.1°C (LS version). The model’s response to CO;
doubling is characterized with a large difference in the cloud feedback between the
three versions, which is consistent with the difference in cloud response in the southern
middle latitudes. The present CCTD analysis revealed that the difference in cloud
response results from the ice sedimentation process which drives a cloud decrease in the
HS version while it drives a cloud increase in the MS2 and LS versions. The dissimilar
roles of the ice sedimentation reflect the difference in vertical cloud ice profiles which
control the vertical ice flux responding to an increase in CO,.

The results of the present study illustrate the advantage of obtaining the CCTD from
GCMs. The process driving the cloud response is identified for different versions of
MIROCS3.2, which helps to understand the differences in cloud response and in cloud
feedback. Although the present study deals with an example in the southern middle
latitudes, this method is applicable to other regions as well, where processes other than
ice sedimentation are dominant. In particular, a model inter-comparison of low level
clouds in low latitudes is needed to understand the source of uncertainty in cloud
feedback of IPCC’s AR4 models.

One remaining problem is that the definition of the CCTD is dependent on the structure
of cloud parameterization. Hence, a comparison between GCMs with different cloud
parameterization may not be as straightforward as in this study. However, the
preliminary results of the CCTD inter-comparison between MIROC3.2 and the Hadley
Centre GCM (HadGEML1) appear to be promising, giving some insight into the

15



difference in the mixed phase cloud feedback, which are to be presented in a separate

paper.

Another problem is that only limited information is available on the factors controlling
the condensation, evaporation, and precipitation term, CCTD(a). Since this term plays a
dominant role in low latitudes, it is desirable that the definition of CCTD(a) is updated
so that its variation can be explained by the contribution from various factors such as

radiation and boundary layer mixing.

Despite the difficulty and limitations as noted above, we still argue that the tendency
diagnostics have the potential to complement other feedback analysis techniques (e.g.
Taylor et al. 2007, Yokohata et al. 2005, Boer and Yu 2003) and help to understand the
source of uncertainty in cloud feedback. It is hoped that the model inter-comparison will
be extended to a wider range of GCMs. A collaboration with other modelling groups in
the framework of the Cloud Feedback Model Intercomparison Project (CFMIP) is being
prepared and will be the theme of the future study.

In the present study, it is also suggested that the cloud response to a CO; increase is
sensitive to the vertical profile of the control cloud ice content. This result is consistent
with Li and Le Treut (1992) and Senior and Mitchell (1993), who demonstrated the
dependence of the cloud response on the cloud phase diagnosis and ice fall velocity.
Improvement in cloud ice simulation is therefore crucial to increase our confidence in
the projection of future climate change. The evaluation of model cloud ice with
observed vertical profiles, which are available from satellite and ground-based
lidar/radar measurements, is expected to have a large impact on constraining the cloud
feedback.
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Figure legends

Figure 1
Mass ratio of liquid cloud water to cloud condensate in a model gridbox for the HS
(dashed line) and LS versions (solid line), specified as a function of atmospheric

temperature in the gridbox.

Figure 2
Zonal and annual mean of the cloud radiative forcing for ERBE (solid), HS(dotted), and

LS(dashed); (a) shortwave and (b) longwave components. Units are in [W/m?].

Figure 3

Zonal and annual mean of cloud ice content in height-latitude cross section; (a) HS, (b)
LS, and (c) LS minus HS. Units are in [kg/kg]. Contours every 2 x107°. Dashed lines
indicate the isotherms of the control simulations from (a) HS, (b) LS, and (c) =5°C from

HS and 0°C from LS.

Figure 4
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(@) Shortwave cloud feedback for HS (solid curve), MS2 (dashed), and LS (dotted).
Zonal and DJF mean. Units are in [W/m%*K]. (b) Zonal and DJF mean cloud
condensate response to CO, doubling for HS. (c) Same as (b) but for MS2. (d) Same
as (b) but for LS. Units are in [kg/kg]. Contours every 3 x10°°. Negative values are
indicated by dashed contours. Shading indicates the region where the CCTDs are

calculated, which are displayed in Figure 5.

Figure 5

Response of cloud condensate (left panel) and CCTDs (right panel) to CO, doubling for
the LS, MS2, and HS versions, averaged over the region indicated by the shading in
Figure 4. (a) Condensation, evaporation, and precipitation. (b) Ice sedimentation. (c)
Advection. (d) Cumulus mixing. (e) Dry convective adjustment. Units are in [kg/kg] for

the cloud condensate and in [kg/kg/s] for CCTDs.

Figure 6

Temporal correlation between cloud condensate and the ice sedimentation term of the
CCTD. The correlation is calculated using the DJF mean time series from the first 20
years after the instantaneous CO, doubling and is zonally averaged. The negative
correlation is eliminated by assigning zero values in the figures. In addition, signs are
switched to negative when the cloud responses are negative. The shaded area indicates
the region where the CCTDs are calculated and displayed in Figure 5. Contours every

0.1. Negative values are indicated by dashed contours.

Figure 7

A conceptual model for the response of ice sedimentation to CO, doubling.
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Figure 8

Vertical profile of cloud ice in the control run (thin curves) and its response to CO;
doubling (thick curves), averaged over the latitudes 50°S-64°S, zonal and DJF mean.
HS (solid), MS2 (dashed), and LS (dotted). Shaded area indicates the vertical range

where CCTDs are calculated in Figure 5. Units are in [kg/kg].

Table

Table 1
Comparison of model physics between different model versions (HS, MS1, MS2, and

LS). Model settings common to the LS version are shaded. Equilibrium climate

sensitivities AT2x are also listed for each version.

Model versions HS MS1 MS2 LS
(i) Mixed phase temperature range ['C] -25, -5 -25, -5 -25,-5 -15,0
(ii) Melted cloud ice lig. cloud lig. cloud rain rain
(iii) Parameter fast* slow* slow* slow*
AT2x [°C] 6.2 6.4 5.3 4.1

* *fast” and ‘slow’ correspond to different sets of parameter values; («,V,) = (0.04,0.5)

for the fast condition and («, V, ) = (0.01,0.25) for the slow condition.
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Figurel
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Figure 2
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Figure 3
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Figure 4
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Figure 5

Cloud condensate CCTD
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Figure 6
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Figure 7
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Figure 8

_A_ﬁ_,_;_ﬁ_,___ﬁ_f___,_g___
) w M~ fes] (o2 (=]
o o o o o -

owb | s

30



