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Abstract Cloud-related radiative perturbations over land in a warming climate are of importance for human
health, ecosystem, agriculture, and industry via solar radiation availability and local warming amplification.
However, robustness and physical mechanisms responsible for the land cloud feedback were not examined
sufficiently because of the limited contribution to uncertainty in global climate sensitivity. Here we show
that cloud feedback in general circulation models over tropical land is robust, positive, and is relevant to
atmospheric circulation change and thermodynamic constraint associated with water vapor availability. In a
warming climate, spatial variations in tropospheric warming associated with climatological circulation pattern
result in a general weakening of tropical circulation and a dynamic reduction of land cloud during summer
monsoon season. Limited increase in availability of water vapor also reduces the land cloud. The reduction of
land cloud depends on global-scale oceanic warming and is not sensitive to regional warming patterns. The
robust positive feedback can contribute to thewarming amplification and drying over tropical land in the future.

1. Introduction

An enormous uncertainty still remains in the amplitude of global-scale climate response to anthropogenic
forcing [Knutti and Hegerl, 2008; Intergovernmental Panel on Climate Change, 2013]. Intermodel spread in cloud
feedback is the largest contributor for the uncertainty in equilibrium climate sensitivity, determined as global
mean surface air temperature (SAT) change in response to CO2 doubling [Dufresne and Bony, 2008]. Among dif-
ferent types of clouds (region, height, and optical depth), cloud feedback over the ocean, particularly associated
with subtropical low cloud [e.g., Bony and Dufresne, 2005; Brient and Bony, 2013; Blossey et al., 2013; Zhang et al.,
2013; Demoto et al., 2013; Dal Gesso et al., 2015], is an important contributor to the spread of equilibrium climate
sensitivity among climate models [Webb et al., 2006; Vial et al., 2013; Zelinka et al., 2013, hereafter Z13; Qu et al.,
2015a, 2015b]. Sherwood et al. [2014] revealed that efficiency in water vapor transport from the wet boundary
layer to dry free troposphere via lower tropospheric mixing can explain a large part of the intermodel spread in
low-cloud feedback and resultant uncertainty in equilibrium climate sensitivity.

In addition to the global mean climate response, understanding regional climate changes is one of the grand
challenges for climate science [Xie et al., 2015]. For a better understanding of regional properties of climate
changes, atmospheric circulation change including the general weakening of tropical circulation [Held and
Soden, 2006; Ma et al., 2012] and shifts in convergence and subsidence regions [Xie et al., 2010; Ma et al., 2012;
Ma and Xie, 2013; Chadwick et al., 2013; Huang et al., 2013; He and Soden, 2015] holds the key because of the
contribution both to zonal mean [Yin, 2005; Lu et al., 2007; Seidel et al., 2008; Grise and Polvani, 2014] and zonally
asymmetric [Chou and Neelin, 2004; Ueda et al., 2006; Vecchi and Soden, 2007; Chou et al., 2009] climate changes.
In addition, contrast in climate response between land and sea also contributes to regional climate change
formation [e.g.,Manabe et al., 1991]. Through the land-sea contrast, atmospheric circulation response to spatially
uniform external forcing exhibits regional patterns [e.g., Joshi et al., 2008; Li et al., 2012; Bayr and Dommenget,
2013; Kamae et al., 2014b; Shaw and Voigt, 2015]. In addition, the projected changes over land influence directly
on human health, economic activity, natural disaster, agriculture, and land ecosystems [e.g., Dai, 2013;
Kamae et al., 2014a; Seneviratne et al., 2014; Good et al., 2015; Chadwick et al., 2015; Burke et al., 2015].

In the previous literatures, the land cloud feedback has not attracted much attention because of its limited
contribution to the uncertainty in global climate sensitivity [e.g., Vial et al., 2013]. In a warming climate, land sur-
face exhibits a larger warming than the ocean and a reduction of relative humidity (RH) because of limited water
vapor availability [e.g., Manabe et al., 1991; Joshi et al., 2008; O’Gorman and Muller, 2010; Feng and Fu, 2013;
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Sherwood and Fu, 2014]. With the limited increase in water vapor supply from the ocean, convective systems over
land in summermonsoon tend to be suppressed in a warming climate [Fasullo, 2012; Endo and Kitoh, 2014]. Such
thermodynamic constraints due to a limited increase in evapotranspiration and low-level water vapor advection
from the oceanwere suggested to be important for reductions of cloud and RH in the boundary layer over land in
global warming projections [Fasullo, 2010]. However, the above studies did not distinguish cloud changes due to
different physical processes. The cloud response to external radiative forcing consists of cloud feedback and rapid
adjustment. Here the rapid adjustment is independent of the sea surface temperature (SST) change [Kamae et al.,
2015a; Sherwood et al., 2015; Z13] and is distinguished from the slow responsemediated by SST change. The two
have distinct effects on the regional changes in clouds and atmospheric circulations [Deser and Phillips, 2009;
Bony et al., 2013; Chadwick et al., 2014; Kamae et al., 2014b, 2015a; Shaw and Voigt, 2015]. Quantifying the direct
response to imposed external forcing, the indirect effect of increasing SST and its spatial pattern are important for
physical understanding of the global and regional climate changes.

In this study, we investigated changes in cloud properties over land and quantified the uncertainty range based
on multiple climate model simulations. We examined the associated atmospheric circulation change by quanti-
fying contributions of the direct response, globally uniform oceanic warming, and patterned SST increase. Results
of this study suggest that uncertainty in the land cloud feedback is small despite large uncertainties in the spatial
pattern of SST increase and relevant regional changes in atmospheric circulation and hydrological cycle in a
warming climate [Shiogama et al., 2011; Ma et al., 2012; Ma and Xie, 2013; Chadwick et al., 2013; Huang et al.,
2013; Endo and Kitoh, 2014; Long et al., 2016]. This is because the land cloud feedback is largely determined by
the thermodynamic constraints and physically robust changes in seasonal and regional atmospheric circulations
anchored by climatological atmospheric circulation. The rest of the paper is organized as follows. Section 2
describes the data and methods used. Section 3 investigates land cloud change, associated changes in the
atmospheric circulation and the thermodynamic structure, and robustness of land cloud feedback. In
section 4, we examine physical mechanisms responsible for the cloud change found in atmosphere-only and
atmosphere-ocean couple climate model simulations. Section 5 presents relationship between the land
cloud feedback and land-sea warming contrast. In section 6, we present a summary and discussion on
this study.

2. Data and Methods
2.1. Models and Experiments

We use results of model simulations archived by the Coupled Model Intercomparison Project phase 5 (CMIP5)
[Taylor et al., 2012]. To examine cloud feedback over tropical land, variables associated with cloud (total cloud
amount, hereafter Clt; cloud fraction in model layers, hereafter Cl; and satellite cloud simulator outputs; see
section 2.2), dynamic circulation (vertical pressure velocity, hereafter ω), and thermodynamic structure
(temperature and RH) were used in this study. All the model outputs are interpolated into 2.8° × 2.0° grid.
Using other interpolations (e.g., 2.0° × 2.0°) does not change the results substantially. In CMIP5, Cl was pro-
vided as values at individual model layers. In this study, Cl was interpolated vertically into 17-layer pressure
coordinate (similar to temperature, RH, and ω). Eight models were selected (Table 1) because of limited data
availability in CMIP5 (particularly for satellite cloud simulator outputs). To confirm the robustness of cloud
changes found in eight models, outputs from additional two models were also examined (Table 1; see
section 4.2) although variables associated with satellite cloud simulator were not available for these models.

We use data from the following experiments: amip, amip4K, amipFuture, amip4xCO2, piControl, and 1%CO2
[Taylor et al., 2012]. In atmosphere-ocean coupled general circulation models (CGCMs), preindustrial control
simulation (piControl) and 1%yr�1 CO2 increase experiment (1%CO2) were performed to examine transient
responses to increasing CO2. In atmosphere-only general circulation models (AGCMs), Atmospheric Model
Intercomparison Project (AMIP)-type control simulation (amip) and the three sensitivity experiments were per-
formed. In amip4K and amipFuture, spatially uniform sea surface temperature (SST) increase of 4 K and spatially
patterned SST increasewere added on the observed SST prescribed in amip. The spatially patterned SST increase
was derived from the ensemble mean from transient CO2 increase experiments conducted in CMIP3 CGCMs
[Taylor et al., 2012]. Here the spatially patterned SST increase was scaled for a global mean increase in SST of 4 K.

In this study, changes in cloud and associated variables are compared among the different CMIP5 simula-
tions. Here difference of the two AGCM runs (amip4K minus amip) cannot be compared with 1%CO2 directly

Journal of Geophysical Research: Atmospheres 10.1002/2015JD024525

KAMAE ET AL. ROBUST CLOUD FEEDBACK OVER TROPICAL LAND 2594



because (1) the former does not contain the effect of rapid adjustment to increasing CO2 [Kamae et al., 2015a;
Z13] and (2) global warming amplitudes (e.g., global mean SAT change, hereafter ΔSATg) are not identical
between 1%CO2 and the difference of the AGCM runs (Table S1 in the supporting information). In addition,
the cloud feedback diagnosed in the AMIP-type simulations could be biased compared with that in CGCMs
because of lack of air-sea interaction. However, Ringer et al. [2014] reported that cloud feedback parameters
showed good agreement between AMIP-type simulations and CGCMs. Therefore, we compared cloud
changes simulated in AGCMs and CGCMs according to decomposition methods used in previous studies
[Kamae et al., 2014a; He and Soden, 2015].

First, anomalies in 1%CO2 and AGCM-based idealized simulations are calculated by comparing with control
simulations as below:

þ4K ¼ amip4K1979�2008½ �– amip1979�2008½ � (1)

þPattern ¼ amipFuture1979�2008½ �– amip1979�2008½ � (2)

CO2 ¼ amip4xCO21979�2008½ �– amip1979�2008½ � (3)

CGCM ¼ 1%CO2111�140½ �– piControl½ � (4)

where [ ] and subscripts represent averages for the given periods. Time periods for piControl were set to be
identical to 1%CO2 run. Next, ΔSATg was used for determining scaling factors f1 and f2 to reconstruct
changes in CGCM as below:

f1 ¼ ΔSATgCGCM–ΔSATgCO2ð Þ=ΔSATgþ4K (5)

f2 ¼ ΔSATgCGCM – ΔSATgCO2ð Þ=ΔSATgþPattern (6)

USST ¼þ4 Kf1 (7)

PAT ¼ þPatternf2 (8)

Sum ¼ PATþ CO2 (9)

Residual ¼ CGCM – Sum (10)

Here eight-model mean ΔSATg in +4K, +Pattern, CO2, and CGCM equal to 4.61, 4.86, 0.50, and 3.67 K,
respectively (Table S1). Resultant f1 and f2 are 0.80 and 0.76 in eight-model mean. f1 in the individual models
are listed in Table S1. In this study, anomalies in response to the spatially uniform ΔSST in given variables like
Clt (ΔClt) are shown as USST. Resultant Δ represents a change per 3.67 K increase in global mean SAT,
corresponding to ΔSATgCGCM minus ΔSATgCO2.

In section 4.2, we also used the results of the historical run and future climate projection under the
Representative Concentration Pathway (RCP) 4.5 conducted in CGCMs [Meinshausen et al., 2011; Taylor et
al., 2012]. Here CGCMs are coupled models using the above AGCMs as the atmospheric component. All

Table 1. Change in Total Cloud Amount Over Tropical Landa

USST CGCM RCP4.5 (21C) RCP4.5 (22C) RCP4.5 (23C)

CNRM-CM5 3.23 -2.27 -0.86 -0.99 -1.35
CanAM4/CanESM2 -4.95 -5.54 -3.94 -4.15 -4.20
HadGEM2-A/HadGEM2-ES -3.77 -3.07 -2.20 -2.47 -2.41
IPSL-CM5A-LR -3.16 -3.60 -2.31 -2.44 -2.77
IPSL-CM5B-LR -3.23 -5.56 -2.01
MIROC5 -4.43 -4.17 -1.46
MPI-ESM-LR -3.99 -4.94 -2.28 -3.14 -3.25
MRI-CGCM3 -3.14 -2.49 -1.13
MME (eight models) -3.74 ± 0.63 -3.96 ± 1.22 -2.02 ± 0.88 -2.64 ± 1.19 -2.80 ± 1.09
CCSM4 -3.21 -1.70 -0.80 -0.85 -1.15
MPI-ESM-MR -3.82 -4.48 -1.87
MME (all models) -3.69 ± 0.59 -3.78 ± 1.31 -1.89 ± 0.90 -2.34 ± 1.07 -2.52 ± 0.98

aValues represent changes (%) averaged over 20°S–20°N. Upper eight models are used in Figures 1–9. Value inmultimodel
ensemble (MME) row represents MME mean and its ±1σ. USST column represents 30 year averaged change in amip4K
compared with amip. The values were scaled for global mean change in surface air temperature (ΔSATg) of 3.67 K (see
section 2.1). CGCM represents anomaly in 1%CO2 run compared with piControl run. RCP4.5 columns are anomalies averaged
in years 2070–2099 (21C), 2170–2199 (22C), and 2270–2299 (23C) compared with years 1950–1999 in the historical run.
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the 10models provided outputs for historical (1860–2005) and RCP4.5 run before 2100. Six models were used
for analyses after 2101 because of data availability (Table 1).

2.2. ISCCP Simulator and Cloud Radiative Kernel

To diagnose cloud feedbacks in CMIP5 models, we use the method of Z13. First, the satellite cloud simulator
implemented in the CMIP5 models translated Cl in the individual model layers into a distribution of cloud
fraction as a joint function of cloud top pressure (CTP) ranges and cloud optical depth (τ) ranges in a similar
manner to the satellite observation. In this study, we used the International Satellite Cloud Climatology
Project (ISCCP) simulator [Klein and Jakob, 1999; Webb et al., 2001] that diagnose 49 types of cloud (seven
CTP and seven τ bins). We conclude that the cloud simulators were implemented properly in all the eight
models because the sum of all the diagnosed cloud fractions matches well with the model-produced Clt
(figure not shown; Z13).

Next, the simulator-produced 49 types of clouds were used to diagnose cloud feedback. M. Zelinka kindly
provided ISCCP cloud radiative kernel (Z13) calculating cloud feedback based on the ISCCP cloud fractions
and surface albedo. By using this cloud radiative kernel, we can diagnose radiative perturbation at the top-
of-the-atmosphere (TOA) due to change in simulated clouds in the models. The sum of TOA radiation from
all the 49 types of clouds represents total cloud feedback. Then a partitioning method proposed in Zelinka
et al. [2012b] and Z13 was applied to decompose the total cloud feedback into (1) cloud amount feedback,
(2) CTP feedback, (3) τ feedback, and (4) residual. The cloud amount feedback was calculated by assuming
constant relative proportions of cloud fractions in each CTP-τ bin between control and perturbed climates.
Resultant proportionate change in the cloud fraction corresponds to the cloud amount feedback [Zelinka
et al., 2012b]. Z13 reported that global mean cloud amount feedback among fivemodels are robustly positive
and negative in shortwave (SW) and longwave (LW) components, respectively. A larger feedback of the
former (SW) than the latter (LW) results in a robust positive net (sum of SW and LW) cloud amount feedback.
This is because TOA radiative perturbation due to changes in cloud fraction is larger in SW than LW except
high-level cloud [Kiehl and Ramanathan, 1990]. Note that CTP and τ feedback also contribute to the total
cloud feedback and its spread among different models (Z13). For example, LW CTP feedback is one of the
largest contributors to the uncertainty in the total cloud feedback (Figure 3 in Z13).

One of the merit using the ISCCP cloud radiative kernel to diagnose cloud feedback is that the diagnosed
feedback parameter is independent from “cloud masking” problem [Soden et al., 2008]. From direct model
outputs, cloud radiative effect can be calculated by comparing all-sky and clear-sky TOA radiation.
However, the cloud radiative effect estimated by this method contains radiative perturbation due to
noncloud processes [Soden et al., 2008; Z13]. Influences of the cloud masking effect are substantial for both
global and regional cloud feedback estimates. In this study, we calculated cloud feedback by using ISCCP
cloud radiative kernel because it is an effective method to diagnose the feedback parameter without
contaminations of the noncloud effect. Although several limitations in the method of ISCCP cloud radiative
kernel (e.g., finite resolution of CTP-τ bins and obscuration effects) were suggested in Zelinka et al. [2012a]
and Z13, we applied this method to compare cloud feedback among different models from available
multimodel data archive. We confirmed that using a SW cloud radiative effect does not change the results
of this study substantially (figure not shown). In addition, derived cloud feedback is generally consistent with
ΔClt computed directly in individual models (see section 3.2).

3. Cloud Change in Response to Ocean Warming
3.1. Total Amount and Vertical Structure of Cloud

In this section, we examine changes in Clt and associated variables in response to the spatially uniform ΔSST
simulated in the eight models. Here ΔClt in response to the spatially uniform ΔSST resembles to that
simulated in CGCMs (see section 4.2). Figure 1 shows spatial patterns of changes in Clt, ω at 500hPa level
(ω500 hereafter), boundary layer RH, and precipitation. Here Δ shown in Figure 1 is +4K anomaly, scaled for
ΔSATg of 3.67 K (USST; see section 2.1). More details of the spatial patterns of ω500 and precipitation can be
found in Figure 2. Spatial patterns of USST are compared with Sum and CGCM in section 4.2. ΔClt is
generally negative over the middle latitude (Figure 1a) associated with the poleward expansion of the
Hadley cells [Lu et al., 2007; Seidel et al., 2008]. Over the low latitude, substantial Clt reduction can also be found,
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but it is largely confined to land regions,
distinct from the more zonally uniform
reduction of Clt over the middle latitude.
This suggests a different physical
mechanism for the midlatitude cloud
reduction. ΔClt listed in Table 1 indicates
that the reduction of Clt over tropical
land is robust among eight models.

Previous studies suggested that changes
in atmospheric circulation and thermo-
dynamic structure (temperature and
RH) are the keys to change in Clt (parti-
cularly in middle and high cloud frac-
tions) in a perturbed climate [e.g., Bony
et al., 2004, hereafter B04; Watanabe et
al., 2012; Kamae and Watanabe, 2012,
2013]. Here the large-scale atmospheric
circulation shows a positive downward
anomaly (Δω500> 0) over tropical land
(Figures 1a and 2). The strong cloud
reduction over tropical South America,
tropical Africa, and weak cloud changes
over the Sahara, Arabian Peninsula, and
South Asia correspond well with the
spatial pattern of Δω500 (Figures 1a
and 2), suggesting the importance of
the change in atmospheric circulation
for the negative ΔClt over tropical land.

Figure 1b shows change in total precipita-
tion and lower tropospheric RH. Spatial
patterns of changes in Clt and precipita-
tion over tropical land are similar to that
in RH. The boundary layer becomes dryer

over tropical land in a warming climate due to the limited moisture availability [e.g., O’Gorman and Muller, 2010;
Feng and Fu, 2013]. In a globally warming world, while global mean precipitation increases [Allen and Ingram,
2002; Held and Soden, 2006], the precipitation change shows substantial regionality (including both positive
and negative signs) associated with changes in the large-scale atmospheric circulation (Figures 1 and 2)
[Chadwick et al., 2013; Endo and Kitoh, 2014; Xie et al., 2015]. Details of the precipitation change associated with
atmospheric circulation in +4K were examined in previous studies [Ma and Xie, 2013; Huang, 2014; He et al.,
2014]. Here negative ΔClt and ΔRH are found not only over the continents but also over the Malay Archipelago.

Figure 3 shows changes in Cl and Clt over land. Vertical profiles of tropical mean (20°S–20°N) ΔCl and ΔRH are
shown in Figure 4. ΔCl in individual model layers (Figures 3a and 4a) shows the following: (1) a reduction from
the lower to upper troposphere, (2) an upward shift of cloud layer in the upper troposphere (gray and red
lines in Figure 4a), and (3) a strong reduction in the middle latitudes (Figures 3a and 3b) associated with
the poleward expansion of the Hadley circulation [e.g.,Mitchell and Ingram, 1992; Lu et al., 2007]. Vertical pro-
file of ΔRH (general drying; Figure 4b) is similar to that in ΔCl except upper troposphere (Figure 4a). Negative
ΔClt over tropical land is large and robust among the models (Figure 3b and Table 1) although zonal mean
change including the ocean is not robust [Zelinka et al., 2012a; Z13]. Figures 3c, 3d, and 4c show land-sea con-
trasts in ΔCl and ΔClt. The cloud reduction over tropical land is larger than that over the ocean from the lower
to upper troposphere (Figures 3c and 4c), resulting in a land-sea contrast in ΔClt over the tropics (Figure 3d).
The tropospheric drying (negative ΔRH) is always larger over land than the ocean from the surface to 300 hPa
(Figure 4d), corresponding to the ΔCl contrast (Figures 3c and 4c). Note that clear land-sea ΔClt contrast can-
not be found around 20°N (Figure 3d) due to high cloud reduction (Figure 3c) over the Sahara, Arabian
Peninsula, and South Asia (Figure 1a).

Figure 1. (a) Annual mean, eight-model mean changes in total cloud amount
(ΔClt hereafter; shading; %) and ω at 500hPa level (Δω500 hereafter; dotted
area with red contour represent Δω500> 2hPad�1) in response to spatially
uniformSST increase (USST). The shownanomalies are scalded for a globalmean
ΔSAT of 3.67K (in eight-model mean; see section 2.1). (b) Change in relative
humidity (ΔRH) averaged from 850 to 1000hPa levels (shading; %). Dotted area
with red contour represents precipitation change less than�0.05mmd�1.
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Previous studies suggested a RH reduction in the boundary layer over land in a warming climate because
neither surface evapotranspiration nor horizontal moisture advection from ocean can increase enough to
maintain a constant RH [e.g., O’Gorman and Muller, 2010; Fasullo, 2010; Sherwood and Fu, 2014]. The above
results support the moisture constraints in USST. However, the largest Cl reduction is found in the middle
to upper troposphere (Figures 3 and 4). In addition, the regionality of ΔClt corresponds well with the change
in large-scale atmospheric circulation (Figures 1a and 2), suggesting the importance of the dynamic cloud
change. In section 4.1, factors contributing to the change in the tropical atmospheric circulation and land
cloud are examined.

Figure 2. Maps for USST, PAT, CO2, Sum, and CGCM simulated in eight AGCMs/CGCMs (Table 1). Definitions of these components can be found in section 2.1. (from
top to bottom) Anomalies of surface air temperature (ΔSAT; K), ΔClt (%), ΔRH at 500 hPa level (%) and 850 hPa level,ω at 500 hPa level (Δω500; hPa d

�1), precipitation
(mmd�1), and evaporation (mmd�1).
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3.2. Shortwave Cloud Feedback

The negative ΔClt over tropical land found in USST could result in a positive SW cloud feedback. Figure 5 shows
spatial patterns of SW cloud feedback parameter determined as TOA radiative perturbation due to cloud change
per ΔSATg and its cloud amount feedback component (section 2.2) averaged among eight models. We can
confirm that the spatial pattern over the tropics (Figure 5a) is quite similar to that in ΔClt (with reversed sign;
Figure 1a) and SW cloud amount feedback (Figure 5b), suggesting a dominant contribution of cloud amount feed-
back. In contrast, SW cloud amount feedback (Figures 5b, 5d, and 5f) is not sufficient to explain large negative SW
cloud feedback found over the high latitude (Figures 5a, 5c, and 5e). As noted in previous studies [Vial et al., 2013;
Z13], the SW cloud feedback is robustly negative over the high latitude associated with increasing τ [Zelinka et al.,
2012b; Ceppi et al., 2016; Z13]. Over the middle latitude, SW cloud feedback and its cloud amount feedback com-
ponent are robustly positive associated with the reduction of Clt (Figures 1a and 5a–5f). SW cloud feedback over

Figure 3. (a) Zonal mean change in cloud fraction (ΔCl; %) over land in USST averaged among eight models. Cl is interpo-
lated into 17 levels of pressure coordinate. Stipples denote regions where the absolute values of anomalies are larger than
1σ. (b) Zonal mean ΔClt (%) over land. Shading represents ±1σ. (c, d) Similar to Figures 3a and 3b but for land minus ocean.

Figure 4. (a) Similar to Figure 3a but for 20°S–20°N mean (black line). Shading represents ±1σ. Gray and red lines are clima-
tology in amip and USST plus the amip climatology, respectively. Both of the two are divided by 5. (b) Similar to Figure 4a
but for ΔRH (%). (c, d) Similar to Figures 4a and 4b but for land minus ocean.
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tropical land is robustly positive (except over North Africa, Arabian Peninsula, and South Asia) and larger than the
ocean (Figures 5a and 5e), consistent with the larger reduction of Clt (Figures 1a, 3b, 3d, 5d, and 5f). It is interesting
that the positive SW cloud feedback over land was also found systematically in a superparameterized global

climate model that explicitly simulates
cumulus convections [Bretherton et al.,
2014]. The consistency among the dif-
ferent model simulations suggests a
robust physical mechanism responsible
for the cloud feedback (see section 4.1).
Compared with the other components
(CTP feedback, τ feedback, and residual;
not shown), the cloud amount feed-
back (1.3Wm�2 K�1) dominates the
total cloud feedback over tropical land.

LW cloud feedback (black minus
orange in Figures 5c and 5e) is robustly
positive over the high-latitude land
and generally negative (positive) over
the low-latitude land (ocean), as
shown in Z13. Although the positive
SW cloud feedback over tropical land
(1.3Wm�2 K�1 in eight-model mean)

Figure 5. Cloud feedback parameter (Wm�2 K�1) diagnosed using ISCCP simulator and cloud radiative kernel in amip4K run.
(a) Shortwave (SW) cloud feedback and (b) SW cloud amount feedback. Stipples denote regions where the absolute values of
anomalies are larger than 1σ. (c) Zonally averaged cloud feedback parameter over land and (e) ocean. Orange and black lines
indicate SW and net (SW plus longwave) cloud feedback, respectively. Shadings represent ±1σ. Values shown in lower right
represent global means (orange is SW; gray is net). (d, f) Similar to Figures 5c and 5e but for SW cloud amount feedback.

Figure 6. (a) Latitudinal and cloud top height distribution of SW cloud amount
feedback (Wm�2 K�1) over land in amip4K run. Stipples indicate regions
where the absolute values of anomalies are larger than 1σ. (b) 20°S–20°Nmean.
Shading represents ±1σ.
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is partly offset by LW component, net cloud feedback (0.8Wm�2 K�1) is also robustly positive among eight mod-
els (Figure 5c). This cloud feedback can contribute to local amplification of land surfacewarming in USST (Figure 2).
However, the positive cloud feedback also shows a substantial intermodel spread (Figures 5c and 5d), suggesting
a possible contribution to intermodel spread in land surface warming (see section 5).

Figure 6 shows the vertical distribution of zonal mean SW ISCCP cloud amount feedback over land. The cloud
fraction diagnosed with the ISCCP cloud simulator in individual models tends to decrease in the warming
condition, resulting in a positive SW cloud amount feedback. Here the large positive SW cloud amount feed-
back is confined to the middle and low latitudes (Figure 6a) with peaks in middle to high CTPs over the
Northern Hemisphere and Southern Hemisphere middle latitudes and tropics (Figure 6b). Although the CTP
of ISCCP low-level cloud could be biased partly [e.g., Garay et al., 2008], the direct output of Cl (Figures 3a
and 4a) also supports that the positive SW cloud amount feedback can be found in the deep troposphere.

4. Physical Mechanisms
4.1. Dynamic and Thermodynamic Cloud Changes

As shown in previous sections, the spatial patterns of changes in atmospheric circulation and thermodynamic
structures correspond well with the cloud reduction over tropical land. In this section, we examined physical
mechanisms responsible for the robust cloud change over tropical land. Figure 7a shows a global map of
ω500 in amip, and its change in USST. The spatial pattern in Δω500 is similar to climatological ω500 (negative
correlation, R=�0.49 over 30°S–30°N). The relationship between the two in USST and future projections can
be explained by the regional pattern of tropospheric stratification [Ma et al., 2012]. Figure 7b shows the spatial
distribution of middle tropospheric warming (300–850hPa) in USST. Although the imposed ΔSST is spatially
uniform, the tropospheric warming shows substantial regionality (e.g., larger warming off the west coast of
the continents than in the Intertropical Convergence Zone, hereafter ITCZ). In a warming climate, the upper tro-
pospheric warming is larger than lower andmiddle troposphere over the tropics [Manabe and Wetherald, 1975;
Kamae et al., 2015b]. Over climatological subsidence regions, vertical advection by climatological downward
flow (ω500> 0) acts as a warm advection, while the climatological ascending motion in the ITCZ (ω500< 0) acts
as a cold advection (the first term in the left-hand side of equation 3 in Ma et al., 2012) because of the larger
warming in the upper troposphere [Ma et al., 2012, Figure 2]. This Mean Advection of Stratification Change
(MASC) [Ma et al., 2012] mechanism induces spatially asymmetric stratification change anchored by the
climatological ω, resulting in a general weakening of ω in response to the spatially uniform ΔSST (Figure 7a).
The spatial similarity betweenω andΔClt (Figures 1a, 2, and 7) suggests a contribution of theMASCmechanism
to the land cloud reduction (detailed below). Note that the MASC-related general weakening of tropical circula-
tion cannot solely explain all the Δω500 patterns in USST because other mechanisms including “upped ante”
[Neelin et al., 2003; Chou et al., 2009; He and Soden, 2015] also contribute to Δω500.

Interestingly, the spatial ω500-Δω500 correspondence is stronger over land (R=�0.66 over 30°S–30°N) than
the ocean (R=�0.44). The positive Δω500 over tropical land as part of the general weakening of atmospheric

Figure 7. Relationship between atmospheric circulation in amip run and its change in USST. (a) Eight-model mean of
Δω500 (shading; hPa d

�1) and ω500 (contour; ±20, 10, and 0 hPa d�1). Dashed and solid contours represent negative
and positive ω500. Thick contour represents 0 hPa d

�1. (b) Similar to Figure 7a but for tropospheric warming (shading; K)
averaged from 300 to 850 hPa levels. Contours are identical to Figure 7a.
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circulation is consistent among different models because climate models have quite similar spatial patterns
of ω500 in the control climate. Here the climatological ω over land shows a strong seasonality associated with
the seasonal migration of the ITCZ andmonsoon. Figure 8 shows seasonal Δω500 and SW cloud amount feed-
back over tropical land. Δω500 (shading) exhibits a clear seasonality corresponding to the climatological ω
(contour). In the Northern (Southern) Hemisphere, strong convective activity from June to August
(December to February) weakens in a warming climate and so does subsidence from December to
February (June to August). This result suggests that the MASC mechanism can also be applied in the seasonal
variation in ω over land, resulting in a larger negative ΔClt and associated increase in SW cloud amount feed-
back (Figure 8b) during the summer than winter. Here we note that the differential reduction of Clt between
land and ocean cannot be explained by the MASC effect (detailed below). In addition, the SW cloud amount
feedback is also positive during winter despite negative Δω500 (anomalous ascending motion), suggesting
that the dynamic cloud feedback cannot explain the dry-season cloud feedback and other mechanisms
are needed. This is consistent with the role of the thermodynamic effect (see section 1) on ΔClt [O’Gorman
and Muller, 2010; Fasullo, 2010; Sherwood and Fu, 2014].

Next we compare the relative contributions of the dynamic and thermodynamic cloud changes. Figure 9a
shows the histogram of ω500 over tropical land in amip and its change in USST. In contrast to the histogram
over the ocean (B04), the land histogram (blue bars in Figure 9a) is skewed to the convective regime and
maximum in probability is found in a weak subsidence regime (10–20 hPa d�1). The change in ω500 histo-
gram (orange bars) exhibits the general weakening of atmospheric circulation (increasing frequency in
weak circulation regimes and decreasing in strong circulation regimes). Figure 9b shows Clt in amip run
sorted into the circulation regime. Clt exhibits clear circulation regime dependency: more Clt in stronger
convective regimes and less Clt in subsidence regimes. In a given perturbed climate, change in probability
of ω500 can result in a change in Clt because of the circulation regime dependency. For example, increased
(decreased) frequencies in weak (strong) convective regime in response to the spatially uniform ΔSST
(orange bars in Figure 9a) cause a reduction of Clt. This Δω500-associated ΔClt is referred to as “dynamic
cloud feedback” (B04). On the other hand, Clt can change even without any change in the probability dis-
tribution ofω500. In USST, Clt is reduced in most of the circulation regimes (Figure 9c). This is called as “ther-
modynamic cloud feedback.” We applied the B04 method for ΔClt over tropical land, then ΔClt can be
decomposed as follows:

ΔClt ¼ ∫CltωΔPωdωþ ∫PωΔCltωdω þ residual (11)

Figure 8. Seasonal variations averaged over land. (a)ω500 (contour; ±20, 10, and 0 hPa d�1) and Δω500 (shading; hPa d
�1).

(b) Similar to Figure 8a but for SW cloud amount feedback in amip4K run (Wm�2 K�1) times 3.67 K. Contours are identical
to Figure 8a.
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In equation (11), Pω represents the probability density function ofω500, and Cltω is a composite of Clt with respect
to ω500. The first and second terms are the dynamic and thermodynamic components. The third term is the
residual (covariation) term.

Figure 9d shows the relative contributions of the dynamic, thermodynamic, and residual terms to the total
ΔClt. Much of the cloud reduction over tropical land can be explained by the dynamic component. In general,
the thermodynamic component dominates the oceanic cloud feedback (B04). In contrast, the robust change
in the seasonal and regional ω over tropical land (Figure 8a) results in the substantial dynamic term. Here we
should note that the residual term and intermodel spread in the dynamic term are not negligible. Large
changes both in Pω and thermodynamic cloud amount result in the substantial covariation term over tropical
land. We conclude that the dynamic contribution is largely comparable to the thermodynamic term, but the
relative importance is model dependent (error bars in Figure 9d).

As shown above, the apparent land-sea ΔClt contrast can be found over the tropics (Figure 3d). However, the
MASC mechanism cannot solely explain the land-sea ΔClt contrast. The climatological negative ω500 is
comparable over the tropical South America, tropical Africa, and the tropical Indian Ocean and western
Pacific (contour in Figure 7a). However, the negative ΔClt are clearly larger over tropical land than the ocean

Figure 9. (a) Histogram ofω500 (hPa d
�1) over tropical land (20°S–20°N) in amip run (blue) and its change in USST (orange).

Error bars indicate ±1σ. (b) Clt (%) averaged over the individual bins of ω500. Shading represents ±1σ. (c) Similar to Figure 9b
but for ΔClt (%) in USST. (d) ΔClt (%) over tropical land in USST and its decomposition into dynamic, thermodynamic, and
residual terms (bars) with their ±1σ ranges (error bars).
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(Figures 1a, 2, and 3d). Here the contribution of the thermodynamic constraints [O’Gorman and Muller, 2010;
Fasullo, 2010; Sherwood and Fu, 2014] is important for the larger reduction of ΔClt over land compared with
the ocean (Figure 9). These differential ω500-ΔClt relationships between land and ocean should be examined
further in future studies.

4.2. Cloud Changes in Patterned SST Increase Runs and Atmosphere-Ocean Coupled Runs

In the previous sections, we showed the importance of the dynamic (Figures 7–9) and thermodynamic
(Figures 4 and 9) changes in cloud amount over tropical land in response to the spatially uniform ΔSST.
However, in a coupled atmosphere-ocean climate system, anthropogenic radiative forcing induces a spatial
asymmetry in ΔSST [Mizuta et al., 2014] through air-sea interactions [Xie et al., 2010] and ocean heat uptake
[Flato and Boer, 2001]. The spatial pattern of multimodel ensemble mean ΔSST and the intermodel variation
[Mizuta et al., 2014; Anderson et al., 2015] may also be important for ΔClt over tropical land. Now we compare
ΔClt in USST, PAT, and CGCM (see section 2.1). Here two models (CCSM4 and MPI-ESM-MR) are added to the
analyses below (Table 1) to confirm the robustness of the simulated changes.

Changes in Clt and the other variables in Sum shown in Figure 2 are generally similar to CGCM, suggesting
linear additivities of these variables. However, there are noticeable differences between the two (i.e., large
Residual terms). For example, the polar regions exhibit different warming rates between them. Clt reduction
is slightly larger in Sum compared with CGCM (detailed below). These differences may be rooted from the
following: (1) the prescribed SST and sea ice are not identical to those simulated in CMIP5 CGCMs and (2) lin-
ear additivity does not hold because of nonlinear climate responses [e.g., Good et al., 2015; Knutti and
Rugenstein, 2015]. However, the changes in USST dominate the global changes in CGCM. This result is consis-
tent with previous studies suggesting essential roles of the spatially uniform ΔSST for the tropical circulation
changes and poleward expansion of subtropical dry areas [e.g., Ma et al., 2012; Allen et al., 2014].

ΔSST in CGCM peaks over the equatorial eastern Pacific, equatorial Atlantic, and Northern Pacific [e.g.,Mizuta
et al., 2014]. This ΔSST pattern results in changes in large-scale atmospheric circulation [Vecchi and Soden,
2007] in addition to the weakened tropical atmospheric circulation in USST [Ma et al., 2012] (see
section 4.1). The spatial asymmetry in ΔSST induces a weakening of deep convection over the Maritime
Continent and anomalous ascending motion over the eastern equatorial Pacific (Δω500 line, PAT-USST col-
umn in Figure 2), resulting in a large reduction and an increase in Clt over the Maritime Continent and the
equatorial eastern Pacific, respectively. In addition, the spatial asymmetry in ΔSST decreases Clt over tropical
land (ΔClt line in Figure 2), but this effect is small compared with ΔClt induced by the spatially uniform ΔSST.
Figure 10 compares ΔClt over tropical land. The spatial asymmetry in ΔSST and CO2-induced cloud change
(without any change in SST) are smaller than USST. This result is consistent with He et al. [2014] that changes
in precipitation and ω500 over tropical land were similar between USST and PAT. Here the direct response to
CO2 increase is referred to as “adjustment” or “rapid response” (see supporting information). Figure 10b
shows the relationship between ΔClt over tropical land in USST and CGCM. These two have similar ampli-
tudes and are correlated significantly (R= 0.59), suggesting that ΔClt induced by the spatially uniform ΔSST
can largely explain the ensemble mean ΔClt and 38% of the uncertainty found in CGCM.

The above results indicate that the change in the tropical cloud over land can largely be understood by a
cloud reduction in USST through the weakening of ω500 and the thermodynamic constraints. These results
further suggest that the uncertainty in ΔClt is also small in the transient experiments (1%CO2 and realistic
RCP4.5) [Taylor et al., 2012] despite the substantial uncertainty in ΔSST patterns among models [Mizuta et
al., 2014; Long et al., 2016]. If ΔClt over tropical land is primarily determined by USST, ΔClt should follow global
mean ΔSST (and ΔSATg) in RCP simulations. Figure 11 shows the time series of ΔSATg and ΔClt over tropical
land simulated in historical and RCP4.5 runs compared with the 1950–1999 mean. In the RCP4.5 run, radiative
forcing is nearly constant after 2080 [Meinshausen et al., 2011] but ΔSATg continued to increase due to an
effect of deep ocean heat uptake [e.g., Gregory and Mitchell, 1997]. From the 19th century, Clt over tropical
land shows a decreasing trend that accelerates during the 21st century. After 2080, the Clt trend is rather flat
but negative during the 22nd and 23rd centuries. The time series of Clt are similar to ΔSATg with reversed
sign in all the models. Despite the large intermodel variation in Clt reduction (Table 1 and Figures 3b and
10a), ensemble mean ΔClt and its uncertainty range clearly show decreasing trends after the 21st century.
Note that part of the large intermodel spread is attributed to intermodel spread in ΔSATg in the CGCM simu-
lations. Here we did not compare the modeled Clt variation with observations. Currently, substantial
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ambiguity remains in the observed global-scale trend in Clt [Hartmann et al., 2013], resulting in a difficulty in
evaluating the modeled Clt trend.

5. Land Cloud Feedback and Land-Sea Warming Contrast

As shown above, the intermodel variation in the cloud reduction and associated radiative perturbation
(Table 1 and Figures 3b, 5d, and 10a) may influence surface warming amplitude over land. In global warming
projections and SST increase experiments, land surface shows a larger warming than the ocean (Figure 2). The
land to ocean warming ratio is consistently larger than unity [Manabe et al., 1991; Sutton et al., 2007; Joshi et
al., 2008] with substantial intermodel variation (1.3–1.8). Limited heat content, dryer boundary layer and lar-
ger lapse rate, limited increase in evapotranspiration, and cloud feedback were suggested to contribute to
the land-sea warming contrast [Manabe et al., 1991; Sutton et al., 2007; Joshi et al., 2008; Kamae et al.,
2014b]. Recently, Sejas et al. [2014] showed that the SW cloud feedback contributes to the land-sea warming
contrast by using a climate model simulation and a diagnostic technique. Quantifying sources of intermodel

Figure 11. Anomalies of global mean SAT (K) and Clt over tropical land (20°S–20°N; %) relative to 1950–1999 mean in the
historical (1860–2005) and RCP4.5 runs (2006–2300). Bottom right panel represents six-model means (black and orange
lines) and their ±1σ (shading; Table 1). Whiskers at the bottom right indicate six-model means, 25%–75% ranges, and min-
max ranges of ΔClt in 2070–2099 (green), 2170–2199 (yellow), and 2270–2299 (red), respectively.

Figure 10. (a) Comparison of ΔClt (%) over tropical land in USST, PAT minus USST, CO2, Sum, and CGCM (see section 2.1).
Purple and green triangles represent the additional two models. (b) A scatter plot of USST and CGCM. Black line represents
a least squares regression among 10 models (R = 0.59). A dashed line is one-by-one line.
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spread in the land to ocean warming ratio is informative when we consider the impacts of climate change
because people live on land. In the last part of this paper, we examine the relationship between cloud feed-
back and the intermodel spread of the land warming amplification.

Figure 12 shows the relationship between relative ΔSAT over tropical land compared with ocean in USST and
CGCM. Among the 10 models, the land to ocean warming ratio ranges from 1.33 to 1.65, consistent with the
previous estimates [e.g., Sutton et al., 2007]. The relative warming ratios in CGCM correspond well with those
in USST (R= 0.70), with a positive bias due to land warming associated with the fast response to radiative for-
cing (Figure 2). Land to ocean ΔSAT ratio in response to CO2 increase and PAT-USST also shows intermodel
spread [Kamae et al., 2014b], but the spread in USST dominates (49%). As for land-sea ΔSAT difference (land
minus ocean), intermodel relationship (Figure 12b) is similar to the land/sea ratio (Figure 12a). Here land-sea
ΔSAT contrasts are scaled by ΔSATg in the individual models.

Figure 12c shows the relationship between land-sea ΔClt contrast and ΔSAT contrast over the tropics in
CGCM. Ten models clearly exhibit a negative correlation (R=�0.69), suggesting an effect of cloud feedback
on the intermodel spread in the land-sea warming contrast. Among these models, negative correlation can
also be found between USST and CGCM (Figure 12d). The land-sea ΔClt contrast in CGCM (Figure 12c) and
USST (Figure 12d) can explain 47% and 27% of the intermodel spread of differential land warming in
CGCM. This result suggests that the uncertainty in the cloud feedback found in USST is also important for that
found in the CGCM simulations.

We should note that the intermodel correspondences could be sensitive to model ensembles and model
number (n= 10) used here is limited although the relationship is statistically significant (at the 90% level of
Student’s t test). In addition, the cloud feedback is partly affected by the thermodynamic constraint (drying
of the boundary layer and free troposphere), suggesting that the cloud reduction is also a result of anomalous
land warming and drying driven by the differential thermodynamic properties between land and ocean.
Although the SW cloud feedback plays an important role in the land-sea warming contrast [e.g., Sejas et
al., 2014], the cloud change is not necessarily a trigger for the differential warming. More systematic frame-
works are needed to quantify sources of the intermodel spread in the land warming amplification.

6. Summary and Discussion

We have quantified the dynamic and thermodynamic cloud feedbacks over tropical land by using ISCCP
cloud radiative kernel and CMIP5 multimodels. The robust cloud reduction in the troposphere can be found
over tropical land across CMIP5 models, resulting in a strong positive SW cloud amount feedback of
1.3Wm�2 K�1. The cloud reduction corresponds to the tropospheric drying over land, indicating the impor-
tance of the thermodynamic cloud feedback. On the other hand, the land cloud reduction, the climatological
atmospheric circulation, and its change show similar seasonal and regional variations. The MASC-induced
weakening of large-scale atmospheric circulation over land results in a substantial dynamic cloud feedback
that is largely comparable to the thermodynamic component. The thermodynamic constraints associated
with the limited availability of water vapor over land and the dynamic cloud feedback are not sensitive to

Figure 12. (a) Scatterplot of land to ocean warming ratio (K K�1) over tropics (20°S–20°N) in USST and CGCM. (b) Similar to
Figure 12a but for land-sea warming contrast (landminus ocean) normalized by ΔSATg (K K�1). Land-seaΔClt contrast over
tropics normalized by ΔSATg (% K�1) in (c) CGCM and (d) USST. Y axes in Figures 12c and 12d are identical to Figure 12b.
Plotted marks are identical to Figure 10.
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the spatial pattern of SST change. Thus, the cloud reduction over tropical land in transient global warming
simulations is largely associated with the global mean SST increase, resulting in the robust decreasing trend
of cloud over tropical land.

Literatures examined the regionality and its uncertainty in the future precipitation change over the ocean [e.g.,
Chou et al., 2009; Xie et al., 2015]. The oceanic warming pattern that resulted from the atmosphere-ocean inter-
actions [Xie et al., 2010] is a key factor for the uncertainty in the projected rainfall change [Chadwick et al., 2013;
Ma and Xie, 2013; Grose et al., 2014; Kent et al., 2015]. Simple conceptual frameworks including “wet-get-wetter”
and “warmer-get-wetter” are effective for better understanding of the regional uncertainty in the projected pre-
cipitation change over the ocean [Huang et al., 2013;Watanabe et al., 2014]. In addition, respective roles of the
atmospheric circulation and water vapor content in the regional precipitation change and its uncertainty were
examined from an atmospheric moisture budget perspective [Seager et al., 2010; Long et al., 2016]. However,
these concepts cannot be applied simply to the land precipitation because of existence of inhomogeneous land
surface properties including soil, land cover, land hydrology, orography, and human influences including aero-
sol emissions. Representations of mountains are not identical among different climate models, resulting in a
source of uncertainty in the regional rainfall projections. The results of the current study suggest the relationship
between the MASC mechanism and the dynamic reductions of cloud and precipitation over tropical land.
However, the MASCmechanism is not sufficient to explain the land-sea contrasts in the changes in atmospheric
circulation, cloud, and precipitation. Robustness and sources of uncertainty in the regional precipitation change
over land should be quantified by systematic frameworks.
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