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Abstract Physical processes responsible for tropospheric
adjustment to increasing carbon dioxide concentration are
investigated using abrupt CO, quadrupling experiments of
a general circulation model (GCM) called the model for
interdisciplinary research on climate version 5 with several
configurations including a coupled atmosphere—ocean
GCM, atmospheric GCM, and aqua-planet model. A sim-
ilar experiment was performed in weather forecast mode to
explore timescales of the tropospheric adjustment. We
found that the shortwave component of the cloud radiative
effect (SWcld) reaches its equilibrium within 2 days of the
abrupt CO, increase. The change in SWcld is positive,
associated with reduced clouds in the lower troposphere
due to warming and drying by instantaneous radiative
forcing. A reduction in surface turbulent heat fluxes and
increase of the near-surface stability result in shoaling of
the marine boundary layer, which shifts the cloud layer
downward. These changes are common to all experiments
regardless of model configuration, indicating that the cloud
adjustment is primarily independent of air—sea coupling
and land-sea thermal contrast. The role of land in cloud
adjustment is further examined by a series of idealized
aqua-planet experiments, with a rectangular continent of
varying width. Land surface warming from quadrupled
CO, induces anomalous upward motion, which increases
high cloud and associated negative SWcld over land. The
geographic distribution of continents regulates the spatial
pattern of the cloud adjustment. A larger continent pro-
duces more negative SWcld, which partly compensates for
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a positive SWcld over the ocean. The land-induced nega-
tive adjustment is a factor but not necessary requirement
for the tropospheric adjustment.
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1 Introduction

During recent decades, general circulation models (GCMs)
have played a major role in studies on past, present and
future climate change. Recent works reveal that it is
important to investigate changes in radiative forcing and
feedback to perturbation of external forcing for under-
standing climate sensitivity, defined by the global mean
surface air temperature (SAT) change in response to dou-
bling of atmospheric CO, concentration. It is well known
that instantaneous CO, forcing can lead to rapid responses
in the atmosphere (e.g., vertical profile of temperature,
humidity, cloud and circulation) without changes in global
mean SAT, and therefore they induce adjustments in top of
the atmosphere (TOA) radiative balance. The processes in
the troposphere are called tropospheric adjustment (Greg-
ory and Webb 2008, hereafter GW0S8; Andrews and Forster
2008; Dong et al. 2009; Colman and McAvaney 2011).
Because of the fast timescale, these processes are often
included in CO, radiative forcing and are referred to as
effective radiative forcing (Knutti and Hegerl 2008; Webb
et al. 2012, hereafter WLG12). Slowdown of the hydro-
logical cycle, i.e., precipitation and evaporation, is also an
essential aspect of tropospheric adjustment (Mitchell et al.
1987; Allen and Ingram 2002; Lambert and Webb 2008;
Andrews et al. 2009, 2010; Bala et al. 2010).
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Hansen et al. (2005) summarized methods that can be used
to diagnose the CO, radiative forcing. One is to run atmo-
spheric GCMs (AGCMs) with fixed sea surface temperature
(SST) and sea ice but with different CO, concentrations
(Hansen et al. 2002). The effective radiative forcing is esti-
mated as the radiative perturbation at the TOA, which
includes the effects of stratospheric and tropospheric
adjustments. This “fixed-SST method” has been widely used
because of its convenience and lesser computational burden
(Hansen et al. 2005). Another method that has been widely
used is a regression method proposed by Gregory et al.
(2004). In this approach, a coupled atmosphere—ocean GCM
(AOGCM) or AGCM coupled with a slab ocean is integrated
with control and abruptly increased CO, settings. A linear
regression of global mean anomalies (changes between the
two experiments) of net TOA radiative fluxes on global mean
SAT anomaly is computed. The y-axis intercept of the
regression line indicates the effective radiative forcing, while
the equilibrium climate sensitivity and feedback parameter
are given by the x-axis intercept and slope of the regression
line. The regression method is useful to diagnose and com-
pare forcing, feedback and equilibrium climate sensitivity
among AOGCMs, without running them over centuries. In
frameworks of the Coupled Model Intercomparison Project
(CMIP) and Cloud Feedback Model intercomparison Project
(CFMIP), inter-model spread and robustness of estimated
radiative forcing with the above two methods were examined
quantitatively (GWO08; Andrews et al. 2012a; WLGI12).
Andrews et al. (2012a) pointed out some differences in
effective radiative forcings estimated using the fixed-SST
and regression methods, probably owing to a non-linear
response of TOA radiative balance in the AOGCM integra-
tions (Gregory et al. 2004).

However, the nature of tropospheric cloud adjustment
has not been clearly stated in previous studies. The effec-
tive radiative forcing, particularly shortwave (SW) com-
ponent of the cloud radiative effect (CRE; defined by the
difference between all-sky and clear-sky fluxes; Cess et al.
1990), associated with cloud adjustment is estimated by
GCMs but has large uncertainty (GWO08, Andrews et al.
2012a; WLG12). Several processes potentially important
for changes in cloud adjustment and SW CRE (hereafter
SWecld) have been suggested. Dong et al. (2009) showed a
decreasing total cloud fraction and positive SWcld asso-
ciated with tropospheric adjustment by using the atmo-
sphere component of HadSM3. Colman and McAvaney
(2011) revealed that the essential part of positive pertur-
bation in SW cloud radiation in tropospheric adjustment is
not associated with cloud optical properties, but cloud
fraction with a version of the Australian Bureau of Mete-
orology Research Centre (BMRC) climate model. They
also pointed out similarities in patterns of tropospheric
warming, drying, and instantaneous radiative heating in
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zonal-mean, height-latitude sections. Watanabe et al.
(2011) and Wyant et al. (2012, hereafter W12) reported a
positive SWcld and shoaling of the marine boundary layer
in the subtropics as factors contributing to tropospheric
adjustment in the Model for Interdisciplinary Research on
Climate version 5 (MIROCS) and SP-CAM, respectively. It
is needed to clarify changes in cloud, temperature,
humidity and boundary layer as well as their effects on
changes of CRE in the tropospheric adjustment.

One possible way to explore the mechanisms of tropo-
spheric cloud adjustment is to examine transient processes
evolving on different timescales following an abrupt CO,
increase. Because tropospheric adjustment is considered as
rapid as stratospheric adjustment, it is difficult to detect
transient evolution and processes of the tropospheric adjust-
ment using annual or monthly-mean data. After CO, forcing
is imposed, the model atmosphere warms fastest in the first
year. This means that the number of samples is very limited,
which results in considerable uncertainty in estimation of the
adjustment because they contain interannual variability. In
addition, a single sensitivity test also contains seasonality in
the response to CO, increase. Dong et al. (2009) examined
fast responses to CO, doubling from six-member ensemble
experiments with December and June initial conditions. They
presented timescales in the development of land surface
warming and changes in tropospheric thermodynamic
structure. Wu et al. (2012) conducted a 10-member ensemble
of CO, doubling experiments, with initial conditions in dif-
ferent years. They concluded that the troposphere warms in
1 month, but atmospheric circulation adjusts on a longer
timescale. However, the above methods have some limitation
for investigating transient evolutions on sub-monthly time-
scales, because the samples do not cover interannual and
seasonal variations.

There is a possibility that some aspects of tropospheric
adjustment are driven by rapid warming of the land sur-
face. When atmospheric CO, is increased in the model,
land—sea thermal contrast evolves rapidly because the land
surface warms up much faster than the ocean. This land—
sea warming contrast in response to CO, increase (Manabe
et al. 1991; Sutton et al. 2007; Dommenget 2009; Boer
2011) slows down atmospheric circulation and the hydro-
logical cycle (Andrews et al. 2009; Dong et al. 2009; Bala
et al. 2010; Fasullo 2010; Andrews et al. 2011), and also
modifies cloud amount and the CRE (Lambert et al. 2011,
hereafter LWJ11; W12). In response to CO, increases,
reduction in stomatal conductance acts as a “CO, physio-
logical forcing” (Sellers et al. 1996; Dong et al. 2009;
Doutriaux-Boucher et al. 2009; Boucher et al. 2009;
Andrews et al. 2011, 2012b) that reinforces the land-sea
thermal contrast and associated changes in atmospheric
circulation and hydrological cycle. The change in dynam-
ical motion affects the cloud profile and total fractions as
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well as associated CRE in tropospheric adjustment (GWO0S;
LWIJI11; W12). However, in the previous works, it was not
clarified whether the land—sea warming contrast is essential
for tropospheric adjustment. Some kinds of idealized
model experiments such as aqua-planet experiments may
clarify the role of land and associated temperature contrast
between land and ocean for the tropospheric adjustment to
increasing COs,.

In this study, we aim to clarify the physical mechanisms of
tropospheric cloud adjustment focusing on two aspects: its
timescale and land-sea thermal contrast. We conducted
abrupt CO, quadrupling (4xCO,) experiments in a single
model, but with various model and experimental configura-
tions (AOGCM, AGCM, aqua-planet model, weather fore-
cast approaches; Sect. 2). Transient adjustment processes on
fast timescales are first investigated by a large-member
ensemble experiment with increased signal-to-noise ratio,
and then idealized model experiments based on an aqua
planet are performed to examine the role of the land surface
warming on the tropospheric adjustment. Section 2 describes
the model used and experimental settings, i.e., standard
CMIP5 (Taylor et al. 2012)/CFMIP2 (Bony et al. 2011)
experiments and idealized runs. Section 3 explores immedi-
ate, transient, and slower processes in tropospheric adjust-
ment, with particular attention to cloud and associated
radiative changes over the ocean. Section 4 focuses on the
land effect on tropospheric adjustment by investigating tro-
pospheric responses through a series of idealized models with
different continent sizes. Section 5 presents concluding dis-
cussions, highlighting study results and their significance.

2 Model and experiments
2.1 MIROCS
The GCM used is MIROCS5 (Watanabe et al. 2010)

developed jointly at the Atmosphere and Ocean Research
Institute (AORI), University of Tokyo, National Institute

for Environmental Studies (NIES), and Japan Agency for
Marine-Earth Science and Technology (JAMSTEC). This
is one of the models contributing to CMIP5 (Taylor et al.
2012) and the Intergovernmental Panel on Climate Change
(IPCC) Fifth Assessment Report (ARS). The atmospheric
component of MIROCS has resolution T85 in the hori-
zontal, with vertical 40 Eta () levels. The ocean compo-
nent model has approximately 1° horizontal resolution, and
49 vertical levels with an additional bottom boundary
layer. MIROCS reproduces cloud and water vapor gener-
ally well but underestimates high cloud relative to the other
CMIPS5 models (Jiang et al. 2012). The equilibrium climate
sensitivity to doubling CO, in MIROCS is 2.6 K, which is
1 K lower than in the previous model version, MIROC3.2
(Hasumi and Emori 2004) because of a difference in
SWecld feedback (Watanabe et al. 2010; Shiogama et al.
2012). Dependencies of SWcld feedback and climate sen-
sitivity on the structure of MIROC models are detailed in
Watanabe et al. (2012).

2.2 4xCO, experiments

The control and abrupt 4xCO, experiments conducted in
this study are summarized in Table 1, which shows model
types (AOGCM or AGCM), experiment names following
CMIP5 protocol, and ensemble size. First, we analyzed
results of the 4xCO, experiments using MIROCS
AOGCM (piControl and abrupt4xCO2). The large abrupt
forcing as 4xCO, is not realistic but could construct a
response to a transient increase in CO, (Good et al. 2011),
implying a usefulness of the abrupt 4 xCO, experiment for
understanding the behavior of climate system. In addition
to a single-member long-term integration, we performed
12-member ensemble experiments starting from initial
states 1 month apart, i.e., from January 1st, February 1st,
and so on, to remove seasonality. Second, fixed-SST
experiments (amip and amip4xCO2; AMIP hereafter) were
run for 30 years, from 1979 to 2008, to estimate effective
radiative forcing. In addition, an aqua-planet experiment

Table 1 Summary of

. tal q i Type of  CMIPS label Ensemble Temporal Length for

expenimenta’ contigurations model member  resolution calculating
using MIROCS analyzed in climatolo
this study o

AOGCM AOGCM  piControl, 12 1 day -

abrupt4xCO2
AMIP AGCM amip, amip4xCO2 1 - 30 years
Transpose-AMIP 11 AGCM - 64 3h -
(TAMIP)

Pairs of experiments (control Aqua-planet experiment AGCM aquaControl, 1 - 5 years after 1 year
and 4xCO,) were conducted in (APE) aqua4xCO2 spin-up
individual configurations. L60, L120, L180, L240, AGCM - 1 - 5 years after 1 year
CMIPS5 labels are according to L300 spin-up

Taylor et al. (2012)
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using the atmospheric part of MIROCS5 was executed
(aquaControl and aqua4xCO2; APE hereafter). The aqua-
Control experiment adopts a zonally-uniform SST without
sea ice at high latitude, following Neale and Hoskins
(2000). The aqua4xCO?2 is identical to aquaControl, except
that 4xCO, is imposed. For each run, 6-year integrations
are performed, and climatologies in the latter 5 years
analyzed. These 4xCO, sensitivity experiments were
originally conceived as a part of CFMIP2 (Bony et al.
2011).

2.3 Transpose-AMIP II

In recent efforts toward better understanding of systematic
errors in climate models, the weather forecast approach
was proposed (Phillips et al. 2004; Williams and Brooks
2008). In this approach, climate models are run in “weather
forecast mode”, with initial data from operational numer-
ical weather prediction data or reanalyses. Development of
forecast errors from all initialized states, averaged over
cases, can provide insight into bias processes in the cli-
matologies of long-term simulations (Rodwell and Palmer
2007). The new framework of the international model
intercomparison project is referred to as the Transpose
AMIP II (TAMIP hereafter; Xie et al. 2012; Williams et al.
2012). This approach can help discern what happens in
climate models on fast timescales (e.g., clouds), and why
responses differ at longer timescales. More details on
TAMIP are available in Williams et al. (2012).

TAMIP data consist of a series of 10-day hindcasts ini-
tialized by European Center for Medium-Range Weather
Forecasts (ECMWF) analysis for the year of tropical con-
vection (YOTC; Waliser et al. 2012) period (May 2008 to
April 2010). For this period, we conducted 4 sets (October
2008, January 2009, April 2009 and July 2009) of 16 hind-
casts with the start times at 30 h intervals. In addition to the
standard TAMIP experiments, we also did sensitivity tests
with identical settings to the hindcasts but imposing qua-
drupled CO, in the atmosphere. Composite differences
between 64 hindcasts and 4 x CO, runs are calculated at every
3 h up to day 10. This ensures sampling throughout annual
and diurnal cycles for a given lead time, which is expected to
show how the transient adjustment to the abrupt 4xCO,
evolves in time (S. Bony, personal communication).

2.4 Idealized experiments

To evaluate the role of land—sea thermal contrast in the
tropospheric adjustment processes, we conducted idealized
experiments with the APE as their basis. We set up five
additional configurations: aqua-planet with different con-
tinent sizes (60°, 120°, 180°, 240°, and 300° longitudinal
widths, hereafter L60, L120, L180, L1240, L300,
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respectively) in the tropics (30°S—30°N). The experiments
with different sizes of continent could clarify whether
effects of land-sea temperature contrast depend on conti-
nent size or not. Land elevation was uniformly set to 10 m,
without mountains. Vegetation types were specified with
zonally-uniform distribution, derived from the most
prominent types at individual latitudes used in MIROCS.
Similar to the APE, 6-year integrations were performed for
control and sensitivity (4xCO,) runs, with the latter
5 years analyzed in the individual configurations. Results
are compared with those of the APE and AMIP in Sect. 4.

3 Tropospheric adjustment in cloud and hydrological
cycle

3.1 Timescales of adjustment processes

First, we confirm the basic features of the radiative forcing
and feedback in MIROCS estimated using the regression
method. Figure 1 shows the temporal evolution of global and
annual-mean radiative fluxes at TOA versus SAT change in
the single-member 4 x CO, experiments. The effective radi-
ative forcing due to 4 x CO, estimated by the regression and
fixed-SST methods are 8.9 and 8.7 W m™2 respectively,

MIROCS 4xCO, 30 yr & TAMIP 10 days
AMIP : : : : : : :

Change in radiative flux [W m™2]

—4 —

0051 15 2 25 3 35 4 45 5 55 6
ASAT [K]

Fig. 1 Evolution of global mean radiative fluxes (W m~2) at TOA
with global- and annual-mean SAT (K) in 4xCO, experiments using
MIROCS single-member AOGCM run over 30 years (‘X’ marks).
Lines represent linear regression fits to annual-mean data. Small
crosses represent 3-hourly data for 10 days from TAMIP experiment,
averaged over 64 members. Circles represent 3-hourly means after
CO, quadrupling. Large crosses represent equilibrium changes and
ranges of standard deviations in AMIP 4xCO, experiment
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which are slightly larger than the other CMIP5 models
(Andrews et al. 2012a). The effective radiative forcing esti-
mated here is consistent with that of Watanabe et al. (2010),
but different from that of Andrews et al. (2012a) because the
regression-based estimate depends on the analysis period (30
and 150 years in this study and Andrews et al. 2012a,
respectively). The longwave (LW) components of clear-sky
flux (LWclear) and SWcld forcings are positive (8.7 and
1.9 W m~2, respectively), whereas the LW component of the
CRE (LWecld) forcing is negative (—1.7 W m~?). These
values are almost identical to the equilibrium response to CO,
quadrupling in the AMIP experiment (Fig. 1). The SW
components of clear-sky flux (SWclear) and LWclear forc-
ings have slightly different values between the fixed-SST (0.3
and 82 W m2) and the regression methods (0.0 and
8.7 W m™).

Also shown in Fig. 1 are high-frequency transient
responses derived from the ensemble average of the
TAMIP experiment. All the components reveal that the
radiative forcing changes within the first 10 days with an
~0.3 K increase in SAT. During the first 3 h after atmo-
spheric CO, quadrupling, SWclear and SWcld change lit-
tle, but LWclear and LWcld show positive and negative
changes, respectively. The transient change in LWclear
may be attributed to stratospheric adjustment and changes
in tropospheric thermodynamic structure. The net radiation
change largely follows the LWclear change. The transient
responses of SWcld and LWcld are presented in more
detail in Fig. 2. In addition to the TAMIP and AMIP
experiment results, the transient responses in daily data
derived from the 12-member ensemble of the AOGCM
4xCO, experiment are plotted. The transient adjustments
of SWcld and LWcld are very similar between TAMIP and
AOGCM run in the first 1-2 days. This indicates that the
adjustment of the CRE occurs similarly when SST can
change because of the large thermal inertia of oceans.
Further, daily-scale adjustments of the CRE from AOGCM
run and TAMIP are comparable to those estimated in
AMIP. Ocean- and land-mean adjustments to SWcld and
LWecld have the same signs as those of the global mean
although the former dominate the latter. Theses charac-
teristics are robust across the experimental configurations,
and the processes will be examined further below.

Changes in SAT, CRE, precipitation, and surface heat
fluxes in the TAMIP 4xCO, experiments are shown in
Fig. 3. In response to the abrupt CO, increase, all variables
begin responding on a daily timescale. The increase of
global mean SAT shows a gradual evolution on monthly
and longer timescales, while the global mean CRE adjusts
within 2 days (Fig. 3d—f). Precipitation decreases abruptly
by —0.10 mm day~' and approaches the equilibrium
response of —0.17 mm day ™', which is well synchronized
with a reduction of evaporation (Q.; green curves in

@ ASWcld
ocean | AOGCM  TAMIP
3] f : : | + 1dy & 3hrs
f | 0 10dys X 1dy
% | 3gIobjcnI | O 1mo
g}f 3 1 o 1yr -4 AMIP
T 245 -
c A;é T §# —<e__:|land
= | TR
11 ? : | |
R - %D—— A S
SA :
O X X X X X X X
0 02 04 06 08 1 1.2 1.4 1.6
ASAT [K]
ALWcld
(b) ; ;

0 02 04 06 08 1 12 1.4 16

ASAT [K]

Fig. 2 Similar to Fig. 1 but for a SWcld and b LWcld. Black, red,
and blue colors show global, land, and ocean means, respectively.
3-hourly and 1-daily data in TAMIP are drawn for the first 1 day and
5 days, respectively. Large crosses represent equilibrium changes and
ranges of standard deviations in AMIP experiment. Data from
12-member ensemble of AOGCM experiments are overlaid (1-day,
10-day, 1-month, and 1-year means). Lines represent ordinary least
squares regression fits to 30 years of annual-mean data in MIROC5
AOGCM (1 member). Crosses on left side represent equilibrium
changes in aqua-planet experiment (APE)

Fig. 3g—i). These reductions indicate a slowdown of the
hydrological cycle associated with tropospheric adjust-
ment, as reported by Andrews et al. (2009). Sensible heat
flux (Qy) shows moderate change, because the change of
difference between SAT and SST is small (Sect. 4). In
contrast to changes over oceans, Q, and Q. on the land
surface change instantaneously by approximately 0.12 and
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(@) global (b) ocean (c) land
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R -0.3
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[day]

Fig. 3 Ensemble mean changes in a global mean SAT (K), b land-
mean, and ¢ ocean-mean in TAMIP 4xCO, experiments, relative to
the control experiments. Dashed lines represent equilibrium changes
in AMIP experiment. The crosses show the 1-month mean values in

—0.06 W m 2, respectively (Fig. 3i). These changes are
consistent with what would be expected from changes in
stomatal conductance (i.e. CO, physiological forcing,
Doutriaux-Boucher et al. 2009; Andrews et al. 2011).
The LWecld also has an instantaneous change (about
—-1.0W m_z) in the 4xCO, condition (Figs. 1, 2b, 3d),
which is larger over the ocean (Fig. 3e). We term these
time-invariant forcings, since they have no timescales and
work to change other components immediately after CO,
concentration is quadrupled. The negative time-invariant
forcing in LWcld, which is larger over ocean than land, is
consistent with the cloud masking effect (Soden et al.
2004; Andrews et al. 2012b; W12). Global mean values of
cloud masking effects estimated by W12 are —1.1 and
0.1 Wm™2 for LWcld and SWcld, consistent with the
results shown in Figs. 1, 2b, and 3d-f. Cloud masking
effects are generally comparable between GCMs that
reproduce realistic cloud climatologies (W12). It therefore
seems that the processes involved in tropospheric adjust-
ment have at least three timescales: instantaneous, daily
and slower adjustment.
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12 3 45 6 7 8 910 1
[day]

23456 78 910
[day]

the 12-ensemble means of AOGCM run. d—f SWcld and LWcld
(W m™?). gi Qn Q. (W m~2, right axis) and precipitation
(mm dayfl, left axis)

3.2 Cloud adjustment

Given the daily adjustment of the CRE in MIROCS, we
focused on changes in cloud and associated thermody-
namic structure in the tropospheric adjustment process.
We mainly show results over oceans, because the ocean
mean adjustment dominates the global mean as illus-
trated in Sect. 3.1. Figure 4 shows a latitude-height
section of transient and equilibrium changes in potential
temperature () over the oceans caused by CO, qua-
drupling. Evident in the equilibrium response is the
stratospheric cooling and tropospheric warming with
maxima in polar regions (Fig. 4d). In contrast to global
warming experiments with increased SST (e.g. Lu et al.
2008), a peak warming in the tropical upper troposphere
reflecting water vapor feedback does not emerge,
because the fixed SST suppresses Q. and precipitation
rates (Fig. 3g). On a daily timescale, the lower tropo-
sphere warms first because of instantaneous LW radiative
heating (e.g., Collins et al. 2006), with its peak at around
800-850 hPa (Fig. 4b, ¢). The warming then extends to
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Fig. 4 Zonal mean changes in 6 (K) over ocean in response to CO, quadrupling. a 3-h, b 1-day, and ¢ 5-day means in TAMIP experiment.
d Equilibrium changes in AMIP experiment. e 1-month mean in AOGCM run. f Same as d, but for APE
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Fig. 5 Same as Fig. 4, but for cloud fraction (%). Solid (dashed) contours represent 4, 12, and 20 (8) % in control (amip, piControl, and
aquaControl) simulations

700 hPa in transient (~0.2 K) and equilibrium (~ 0.4 K) Figure 5 shows control values and changes of cloud
responses, which increases vertical stability in the lower  fraction in various 4 x CO, experiments. The climatological

troposphere. cloud amount in the control simulations (amip, piControl,
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lobal tro
\ Total cloud cover Ocean gcean ocegn \
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Fig. 6 Zonal mean changes in total cloud cover (%) over ocean. Bars
on the right represent global- and tropical-mean (30°S to 30°N) values

and aquaControl) reveals a low cloud layer at
850-900 hPa. There are significant changes in the lower
troposphere, namely: (1) reduction of cloud fraction; and
(2) decreasing cloud height, which may be associated with
the planetary boundary layer (PBL; detailed below). Fig-
ure 6 also shows changes in zonal-mean total cloud cover
over the ocean. In the transient process and equilibrium
responses in the tropospheric adjustment, a cloud cover
decreases by 0.8-2.0 %, particularly in the subtropics. This
indicates that the 4xCO, induces cloud decrease in the
lower troposphere (Figs. 5, 6) and associated positive
SWcld response in the tropospheric adjustment (Figs. 2a,
3e). Since the structure of low cloud changes is similarly
identified in AOGCM and APE (Figs. Se, f, 6), the two
major changes in cloud adjustment as stated above are
robust among the experimental configurations and less
dependent upon the air—sea coupling and the land-sea
contrast. Figure 7 shows changes in the vertical profiles of
0, cloud fraction, and relative humidity (RH). In response
to the CO, increase, Q. decreases (Fig. 3g—i) but temper-
ature increases gradually, which reduces RH, particularly
the lower troposphere. The decreasing RH in the lower
troposphere reduces the cloud fraction (Figs. 5, 6, 7c). At
the 850 hPa level, a 1 % reduction in RH corresponds to
~0.6 % reduction in cloud fraction (Fig. 7c, e). In the
middle and upper troposphere, cloud fraction shows a
decreasing trend on daily timescale (150400 hPa,
Figs. 5a—d, 7c), which is consistent with the strengthening
of negative LWcld change (Fig. 2b). Responses to the CO,
increase over ocean and land show some differences. The
tropospheric warming over land (Fig. 7b) precedes that
over the ocean (Fig. 7a), owing to the fixed or small change
in SST. Cloud fraction and RH near the surface
(900-1,000 hPa) also show different characters between
land and ocean. Over the ocean, near-surface RH increases
(~0.5 %), but that over land decreases (approximately
—1.2 %; Fig. 7e, f). The drying over land is consistent with
the reduction of in situ Q. (Fig. 3f) and a constraint of
moisture transport from ocean associated with muted
warming over ocean (e.g. Fasullo 2010). The slight
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Fig. 7 Changes in 0 (K) (a, b), cloud fraction (%) (c, d), and RH (%)
(e, f) with height in 4xCO, experiments relative to control
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increase in near-surface RH over the ocean may be asso-
ciated with weakening of vertical moisture transport in the
lower troposphere (figures not shown) caused by increasing
stability (Figs. 4, 7a). In response to the 4xCO,, increase
in stomatal resistance suppresses evapotranspiration and
modifies the surface heat budget (decreasing Q. and
increasing Qy; Fig. 3i), then induces additional drying and
warming over land (Fig. 7b, f).

The cloud fraction shows contrasting responses between
900-1,000 hPa (increase) and 800-900 hPa (decrease;
Fig. 7¢). Given that the height of climatological low cloud
(850-900 hPa, Fig. 5) is controlled by PBL depth, the
decreasing/increasing contrast is suggestive of PBL depth
shoaling. Indeed, the spatial distribution of PBL depth
diagnosed in the GCM shows shoaling in global oceans,
except for polar regions (Fig. 8). The PBL depth rapidly
declines 30-40 m in about 3 days, and continues to shoal
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Fig. 8 Temporal evolution of marine PBL depth (m) anomalies in
response to CO, quadrupling. a 3-h, b 1-day, and ¢ 5-day means in
TAMIP experiment. d Equilibrium changes in the AMIP experiment.

by day 10 in TAMIP (Fig. 8¢). The PBL shoaling and
general drying in the lower troposphere result in the strong
decrease and weak increase of cloud at 800-900 hPa and
900-1,000 hPa, respectively. The response of PBL depth
was also pointed out in previous studies (Watanabe et al.
2011; W12). In the next subsection, we examine possible
mechanisms for the PBL shoaling associated with tropo-
spheric adjustment.

3.3 Dynamic and thermodynamic changes
and mechanisms for marine PBL shoaling

In addition to the changes in thermodynamic properties in
the troposphere, the changes in the atmospheric dynamical

5 6 7 8 9 10

e Temporal evolution of marine PBL depth (50°S-50°N) in TAMIP.
Green, blue, and orange crosses represent equilibrium changes in
AMIP, APE, and 1-month mean in AOGCM run

circulation may affect the cloud and associated SWcld
perturbations in tropospheric adjustment over the ocean. To
decompose dynamic and thermodynamic components of
the SWcld responses over the tropics, we partition them
into a series of dynamic regimes corresponding to different
values of vertical pressure velocity (w) at 500 hPa (wsqg).
The change in SWcld in 4xCO, runs, ASWcld, is
expressed following Bony et al. (2004):

ASWeld ~ / SWeld,, AP ,do + / P, ASWeld,do, (1)
w w

where P, represents the probability density function of
w500, and SWcld,, is a composite of SWcld with respect to
500 in the control simulation. The first term is often called
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the dynamic component, and the second term the thermo-
dynamic component.

We first examine changes in the atmospheric circulation
and contributions of the thermodynamic and dynamic
terms to the positive SWcld response over the ocean in
TAMIP and AMIP. Figure 9 shows changes in wsqg
(Awsgg) during tropospheric adjustment on daily and
longer timescales. In the equilibrium response (Fig. 9b),
negative (positive) Awsgg is generally confirmed over the
ocean (land). As detailed in the next section, surface
warming contrast evolves rapidly between land and ocean
and then induces anomalous downward (upward) motion
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over the ocean (land) in the adjustment process. The
positive Awsgg over the ocean mainly appears in convec-
tive regimes (e.g. Inter-Tropical Convergence Zones in the
Indian Ocean, western North Pacific, eastern North Pacific,
and equatorial western Atlantic). Some regions in the
subtropics show negative Awsqg, indicating weakening of
large-scale atmospheric circulation. The general weakening
of atmospheric circulation with tropospheric adjustment
has been documented in previous studies (LWJ11; W12).
However, changes in atmospheric circulation are very
slight on a daily timescale (3-h and 1-day means, not
shown). By day 5, the negative Awsgy over land and
weakening of upward motion in the ascent regime partially
appears, but a slowdown of the entire atmospheric circu-
lation is not clear over the ocean (Fig. 9a). Figure 9¢ shows
contributions of the dynamic and thermodynamic compo-
nents to the SWcld perturbation in TAMIP and AMIP in
the tropics (30°S-30°N). The positive SWcld evolving
within 2 days (Fig. 3e) is mainly attributable to the ther-
modynamic component (Fig. 9c), indicating that the
dynamic component contributes little to perturbations in
the CRE on a daily timescale. In the equilibrium response,
the contribution of the dynamic component attributed to the
weakening atmospheric circulation over the ocean is about
18 %, which is not negligibly small.

Next we focus on the thermodynamic changes that
regulate the CRE response in tropospheric adjustment
evolving within 2 days. Figure 10 shows changes in cloud
fraction and CRE sorted by msq in the control simulation.
Decreasing low cloud (n ~ 0.85) is prominent in the
subsidence regime. Clouds in the mid- and upper tropo-
sphere in convective (i.e., ascent) regimes decrease in the
transient and equilibrium responses. Corresponding to the
evolution of the cloud adjustment, ocean-mean values of
the CRE adjust in 2 days, when SWcld shows a positive
adjustment (~3 W m_z) associated with the decrease of
low cloud. The increasing SWcld is larger in the subsi-
dence regime than the convective regime (Fig. 9e—h). The
adjustment in LWcld has a larger negative value in the
convective regime (about —3 W mfz) than the subsidence
regime (about —2 W m~2) due to decreases of mid and
high clouds in the convective regime. As represented in
Figs. 1, 2, 3, LWcld has a negative value as a time-
invariant forcing, particularly in the ascent regime.

In the tropospheric adjustment in MIROCS, a shoaling
of the marine PBL is a common feature among experi-
mental configurations. In this subsection, we examine
relationships between changes in PBL depth and other
variables to discover possible mechanisms for the PBL
shoaling. Figure 11 shows transient and equilibrium
responses of PBL depth and other variables sorted by wsgg.
As shown in Figs. 8 and 10, the PBL shoaling is greater in
the subsidence regime than the convective regime
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(Fig. 11e-h). The PBL shoals gradually on both daily and
longer timescales. The shoaling of the marine PBL in the
strong subsidence region (50-60 m) is comparable to those
in W12 (63—-114 m). The spatial and temporal features of
the PBL shoaling are consistent with changes in Qp, and Q.
(Fig. 11e-h). Changes in SAT and surface RH shown in
Fig. 11a—d reveal gradual increases in the subsidence
regime (0.05 K and 0.5 %, respectively). Because of the
fixed-SST condition, increases in SAT and surface RH
suppress Qy, and Q. from the sea surface. Change in surface
wind speed is also a regulating factor for surface heat flux
changes, but is of secondary importance (figures not
shown). Reduction of buoyancy production owing to sup-
pressed surface heat fluxes (—4 to —8 W m 2 in Q. and
0.05-0.10 W m™? in Qy) is important for the PBL shoaling
(Watanabe et al. 2011).

In addition to the suppression of surface heat fluxes, the
change in vertical stability is a control on PBL depth
(Medeiros et al. 2005). Figure 12 shows changes in 6 and
LW radiative heating rate in individual circulation regimes.
As shown in other studies (Collins et al. 2006; Colman and

-6 T -6t
80 -120-80 -40 0 40 80 -120-80 -40 0 40 80

©500 [hPa day™] w500 [hPa day™]

means in the TAMIP experiment. d, h Equilibrium changes in the
AMIP experiment. Contours a—d show the climatology of cloud
fraction (%) in the AMIP control simulation

McAvaney 2011), the instantaneous LW heating rate
caused by the CO, increase peaks in the lower troposphere
(n = 0.8-0.9; Fig. 12e). This is part of the time-invariant
forcing that drives the rapid adjustment processes. Because
of the instantaneous LW heating (Fig. 12e-h), the lower
troposphere warms up gradually on daily and longer
timescales (Fig. 12a—d). The warming is predominant in
the free troposphere (y < 0.85), but greatly restricted in the
PBL and near the surface because of the surface constraint
(i.e., fixed SST). The profile of temperature change is a
robust feature among models (Dong et al. 2009; Colman
and McAvaney 2011; W12). The contrasting change of
temperature between the free troposphere and PBL
strengthens vertical stability and thereby suppresses verti-
cal turbulent mixing that otherwise maintains a thick PBL.

4 Role of land-sea contrast in tropospheric adjustment

So far, we have focused on the adjustment processes over
oceans, because they are the major factors for global mean
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Fig. 11 Same as Fig. 10e-h but for SAT (K) and surface RH (%) (a-d), Q, and Q. (W m’z) and PBL depth in m (e-h)

adjustment in the CRE (Figs. 2, 3). However, the responses
of dynamical motion, cloud, and CRE show clear contrasts
between land and ocean (Figs. 3, 7, 9), indicating the sig-
nificant contribution of the land—sea warming contrast to
the tropospheric adjustment. In this section, we examine
whether cloud and CRE changes associated with that
contrast are essential for tropospheric adjustment, using
idealized experiments. Figure 13 shows changes in SAT
and SWcld due to CO, quadrupling in the APE, AMIP, and
idealized experiments. Because of the fixed SST, SAT
changes little over the ocean (Fig. 13a) but increases sig-
nificantly (1-3 K) over land (Fig. 13b—d), generating the
surface warming contrast between land and ocean. As
shown in Figs. 1, 2, 3, global mean and ocean-mean
responses in SWcld (LWcld) to 4xCO, are positive
(negative) in MIROCS. The positive change in SWcld
peaks in the subtropics (~2 W m~%; Figs. 6, 13e). Fig-
ure 14 shows changes in cloud amount in response to the
CO, increase. The positive SWcld response in the sub-
tropics corresponds to decreasing cloud amount, particu-
larly in the lower troposphere (Figs. 5, 6, 9, 14e). High
cloud in the subtropics shows less change than low cloud
(Fig. 14a). LWcld shows a negative adjustment in AMIP
and APE (Fig. 2b), without substantial change in high
cloud amount (Fig. 14a, c), suggesting the cloud masking
effect.

With the existence of a continent at low latitude,
increasing SAT over land (Fig. 13b) generates anomalous
upward motion in the troposphere (figures not shown); this
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increases deep convective cloud over land (Fig. 14b). The
change in high cloud is greater than for mid-low clouds
(Fig. 14f), leading to an increase in total cloud cover and
associated negative SWcld response over the continent
(Fig. 13f). These changes are consistent with those repor-
ted in the previous studies (LWJ11, W12) and are roughly
opposite to the cloud adjustment over the ocean (decreas-
ing high cloud and a positive SWcld response; Figs. 13b, d,
14b, d). It indicates that the ocean and land have positive
and negative contributions to the global mean cloud
adjustment, respectively. Patterns of changes in high cloud
and SWcld in the AMIP experiment (Figs. 13g, 14c) do
show some similarities to the idealized experiments, and
are perhaps generated partly by a circulation change
associated with equatorial waves (Matsuno 1966; Gill
1980). The land surface warming at low latitudes enhances
convective heating, which forces a dynamical Matsuno-
Gill response. Decreasing high cloud over the western
coast of the continent (Fig. 14b, d) is collocated with a pair
of cyclonic circulation changes straddling the equator,
which resembles the Matsuno-Gill pattern (figure not
shown). The above feature is also found in the AMIP
experiment with some modification, because of meridional
asymmetry in the land—sea contrast (Figs. 13g, 14c).

As land size increases, the area of increasing SAT and
cloud cover and associated negative SWcld response
becomes wider horizontally (Figs. 13b, d, f, h, 14b, d, {, h).
Because of the wave-like responses of the circulation and
cloud to the CO, increase, complex patterns appear over land
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and ocean in both idealized and AMIP experiments. Although
it is difficult to decompose land and ocean contributions to
these complex changes, we identified a systematic difference
among six idealized models when tropical-mean changes in
SAT, SWcld, and LWcld were calculated (Fig. 15). The
fractional coverage of land at low latitude is about 25 % in the
AMIP experiment, and is therefore plotted between L60 and
L120. The response in SAT shows strong dependency on land
size (Figs. 13a—d, 15a). SWcld and LWcld also change with
increasing land size. As the land becomes larger, its effect on
tropical-mean cloud and CRE adjustments becomes more
prominent (Fig. 15b, c). This relationship indicates that land
size is a regulating factor of the tropospheric adjustment.
However, the land can weaken the total adjustment but cannot
change its sign. This suggests that the land—sea warming
contrast is a secondary factor and not essential for the cloud

adjustment processes, consistent with the results shown in
Sect. 3.2.

5 Concluding discussions

The transient processes on different timescales (i.e.,
instantaneous, daily, and slower) in tropospheric adjust-
ment to increasing CO, were explored using MIROCS,
under the CMIP5/CFMIP2 framework and idealized
experimental settings. The transient evolution of the tro-
pospheric adjustment was detected well by the 64-member
ensemble following the TAMIP sensitivity tests. The pro-
cesses of tropospheric adjustment over the ocean are
summarized in Fig. 16. Instantaneous radiative forcing
from the 4xCO, warms the mid-lower troposphere, which
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Fig. 13 Changes in SAT (K) (a—d), and SWcld (W m™>) (e-h) in response to CO, quadrupling in AMIP, APE, and rectangular continent
experiments. APE (zonal-mean) (a, e), L60 (b, f), AMIP (c, g), and L120 (d, h). Grey lines represent land shapes in individual experiments

strengthens vertical stability in the lower troposphere. For
the fast timescale that does not allow SST to respond,
increases in SAT and surface RH suppress sensible and
latent heat fluxes (Q, and Q.) from the sea surface. The
warming but suppressed Q. results in the lower tropo-
spheric drying, which acts to reduce clouds. At the same
time, suppressed buoyancy production from the sea surface
and strengthened vertical stability reduce marine PBL
depth. These effects decrease and increase clouds in the
lower troposphere and near the surface respectively, in
which the cloud decrease dominates and thereby SWcld
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change should be positive. All these processes are suffi-
ciently rapid, reaching equilibrium within 2 days. Changes
in atmospheric circulation make a minor contribution to
tropospheric adjustment on a daily timescale.

The analyses based on different timescales indicate that
the conventional concept of effective radiative forcing can
be largely decomposed into three parts: (1) time-invariant
forcing (instantaneous radiative forcing, CO, physiological
forcing, and cloud masking effect); (2) adjustment on a
daily timescale (rapid responses to the instantaneous radi-
ative forcing, i.e., stratospheric adjustment, surface
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Fig. 14 Same as Fig. 13, but for high level cloud (a—d) and mid- and low-level cloud (%) (e-h)
warming and anomalous upward motion over land,  tropospheric adjustment. Anomalous upward motion

warming, drying, and cloud decrease in lower troposphere
and associated CRE response, strengthened vertical sta-
bility in the lower troposphere, suppressed surface heat
fluxes and hydrological cycle, and PBL shoaling); and (3)
slower adjustment (additional changes in tropospheric
temperature, surface heat fluxes, PBL depth, and strength
of large-scale atmospheric circulation). The responses of
tropospheric temperature, surface heat fluxes, and PBL
depth are initially rapid and continue on slower timescales.

The land—sea warming contrast modifies the large-scale
atmospheric circulation and cloud amount, which affect the

induced by land surface warming results in increasing high
cloud and an associated negative change in SWcld over
land, which partially compensates for the positive change
in SWcld over the ocean. The effect of the land surface
warming depends on continental size, indicating that land
size is a regulating factor for tropospheric adjustment in
this model. The land warming negatively contributes to the
global mean tropospheric cloud adjustment, but the land
effect cannot change the sign of the total adjustment. It is
suggested that the land—sea warming contrast is just a
secondary factor for the tropospheric adjustment.
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Fig. 15 Changes of SAT (K) (a), SWcld (b), and LWcld (W mfz)
(c), averaged over the tropics (30°S-30°N) in APE, AMIP, and
rectangular continent experiments. Black, red, and blue colors
represent tropics, tropical land, and tropical ocean averages. Ranges
of standard deviation are also plotted

This is the first application of the TAMIP 4xCO,
experiments to detect the fast response to instantaneous
radiative forcing. Most parts of the effective radiative
forcing and tropospheric adjustments detected by the
TAMIP ensemble are consistent with equilibrium response
in the AMIP (fixed SST) 4 xCO, experiment, but they have
some discrepancies relative to those estimated by the
regression method in the AOGCM 4xCO, experiment.
GWO08 compared geographic distributions of tropospheric
adjustment estimated by the two methods and revealed
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Fig. 16 Schematic of the physical processes of the cloud and SWcld
in tropospheric adjustment in the lower troposphere and near-surface
over the ocean. ALW,,.,, Astbl, and APBLd represent changes in LW
radiative heating rate, atmospheric vertical stability, and depth of
PBL, respectively. AC and AC represent changes in cloud fraction
and total cloud fraction, respectively. Red (blue) lines represent
decreasing (increasing) C

some differences, particularly in the tropics. Andrews et al.
(2012a) applied the regression and fixed-SST methods to
the CMIP5 multi-models, revealing differences mainly due
to non-linear responses of TOA radiative budget to global-
mean SAT increase over long-term integrations
(150 years). They showed that, in some models, effective
radiative forcing estimated by the fixed-SST method and
change of TOA net radiation in the first year tend to fall
above the regression line. They also stated that the largest
contributor to the non-linear response is SWcld over the
ocean. The non-linear response may exist on decadal and
longer timescales, which may be related to delayed sea
surface warming, stratocumulus response, and state of the
deep ocean (Andrews et al. 2012a). The TAMIP experi-
ment would aid quantitative evaluation of estimated
effective radiative forcings among different methods and
timescales.

The changes in cloud and stratification associated with
tropospheric adjustment shown here are generally consis-
tent with previous studies on the tropospheric adjustment
(e.g. Dong et al. 2009; Colman and McAvaney 2011).
WLGI12 reported that the majority of CMIP3/CFMIP1
models show positive (negative) changes in SWcld
(LWecld) and strengthening of vertical tropospheric stabil-
ity with tropospheric adjustment. In contrast, W12 revealed
slight increases in tropical- and global-mean total cloud
fractions together with the shoaling of the marine PBL.
Different responses of high-, mid- and low-level cloud, and
associated CRE from those in other models would be
related to differences in the model physical schemes
(cloud, shallow cumulus, turbulence, and radiation) and
configurations (e.g. GCMs, cloud resolving GCMs). The
MIROCS5 model used in this study reproduces cloud and
water vapor generally well but underestimates high cloud
relative to the other CMIP5 models (Jiang et al. 2012). The
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reproducibility of cloud in the control simulation might be
a factor for the tropospheric cloud adjustment to increasing
CO,. The finding in this study is based only on a particular
CMIP5 model, which should therefore be validated using
multi-models under the CFMIP2/CMIP5 umbrella. In par-
ticular, changes in atmospheric thermodynamic structure
(temperature and humidity), surface heat fluxes, PBL
depth, large-scale atmospheric circulations and cloud
amounts could be key ingredients for the inter-model
spread of ASWcld. For detection of evolution processes in
response to external forcings, other applications of the
TAMIP ensemble (e.g., solar constant, aerosols, patterned-
SST anomaly) may also be worth developing. Such
approaches may facilitate other groups to interpret evolu-
tion processes and possible mechanisms for inter-model
spread within forcing and feedback studies.
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