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Abstract The tropical atmospheric circulation is projected to weaken during global warming, although
the mechanisms that cause the weakening remain to be elucidated. We hypothesize that the weakening is
related to the inhomogeneous distribution of the radiative forcing and feedback, which heats the tropical
atmosphere in the ascending and subsiding regions differentially and thus requires the circulation to weaken
due to energetic constraints. We test this hypothesis in a series of numerical experiments using a fully
coupled general circulation model (GCM), in which the radiative forcing distribution is controlled using a
novel method. The results affirm the effect of inhomogeneous forcing on the tropical circulation weakening,
and this effect is greatly amplified by radiative feedback, especially that of clouds. In addition, we find that
differential heating explains the intermodel differences in tropical circulation response to CO2 forcing in the
GCM ensemble of the Climate Model Intercomparison Project.

1. Introduction

General circulation model (GCM) simulations project a robust weakening of the tropical atmospheric
overturning circulation as climate warms (Vecchi et al., 2006; Vecchi & Soden, 2007). Theories have been
raised based on both thermodynamic (Held & Soden, 2006) and dynamic constraints (Knutson & Manabe,
1995; Ma et al., 2012). However, it remains a matter of debate as to what is the primary cause of the
circulation weakening. For instance, Bony et al. (2013) stressed the direct effect of CO2, which weakens
the large-scale ascent in the tropics by stabilizing the atmosphere; however, Chadwick et al. (2014)
argued that the weakening is predominantly driven by sea surface temperature (SST) warming. A key
challenge to identify the direct effect of CO2 from the effects associated with SST warming, which are
often referred to as “adjustment” and “feedback,” respectively (Sherwood et al., 2015), is that the pro-
cesses are potentially coupled.

Recently, it is argued that the tropical circulation weakening is related to the inhomogeneous distribution
pattern of the CO2 forcing (Huang et al., 2016; Merlis, 2015). This argument invokes the energetic constraints
of the tropical circulation (Neelin & Held, 1987); that is, the circulation acts in such a way that through its redis-
tribution of atmospheric energy from ascending regions to subsiding regions local budgets are balanced.
Because the CO2 radiative forcing is stronger in the subsiding region than in the ascending region due to
its dependence on climatological atmospheric conditions (Huang et al., 2016), the circulation needs to
weaken in order to offset the effect of the differential energy inputs. This energetic argument is of merit in
that it is falsifiable but, if validated, provides a way to quantitatively measure the effects of different mechan-
isms by analyzing their energetic impacts.

Here a mechanism-denial experiment is designed to test this hypothesis. In this experiment, we use the well-
understood logarithmic dependence of the CO2 forcing on its atmospheric concentration (Huang & Bani
Shahabadi, 2014) to inversely determine the CO2 concentration needed to generate a specific amount of
CO2 forcing (see section 2.1). As shown by the Figure 1, this CO2 prescription scheme works remarkably well
to homogenize the targeted forcing field at the top of the atmosphere (TOA) and at the same time reduces
the gradients in the atmospheric forcing. Then, by comparing the simulations under spatially homogeneous
and inhomogeneous forcing, we are able to ascertain the influence of the forcing pattern on tropical mean
circulation strength. We also quantify the radiative feedback of temperature, water vapor, and clouds,
obtained using a set of newly developed radiative kernels (see section 2.2), in our forcing homogenization
experiments, as well as in a quadrupling CO2 experiment of the Climate Model Intercomparison Project,
Phase 5 (CMIP5) (Taylor et al., 2012). This allows us to quantify the effects of different feedback and identify
the most important process that accounts for the circulation weakening.
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Figure 1. CO2 perturbation, its instantaneous radiative forcing, and resulted surface warming in the CO2D and CO2T experiments. (a and b) CO2 perturbation, ppmv;
(c and d) the top of the atmosphere (TOA), (e and f) atmospheric (ATM), and (g and h) surface (SFC) CO2 radiative forcing, W m�2; and (i and j) mean surface
temperature warming in the last 10 years of the simulations, K. The black lines are the zero contour lines of the climatological mean pressure velocity at
500 hPa in the control experiment (the same in the other maps).
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2. Experiments and Methods
2.1. Forcing Homogenization Experiments

We conduct a set of forcing homogenization experiments using a coupled atmosphere-ocean GCM, the
National Center for Atmospheric Research-Community Earth System Model (CESM), version 1.2 (Hurrell
et al., 2013). The CESM used here consists of the Community Atmosphere Model 5 (CAM5) (Neale et al.,
2010), the Community Land Model 4 (Lawrence et al., 2011), and the Parallel Ocean Program version 2. The
CAM5 is configured at 1.9° × 2.5° horizontal resolution with 30 vertical levels. In the simulations presented
here, the CESM ocean component is carried out at a nominal horizontal resolution of 1° × 1° and 60 vertical
levels with 10 m vertical resolution in the upper 200 m.

First, a present-day control experiment is conducted with year-2000 greenhouse gases and aerosols. The CO2

concentration in this run is specified to be p0 = 367 ppm. Then, two perturbation experiments are conducted
with similar settings to the control experiment except for CO2 concentration. In the first scenario (CO2D), the
CO2 concentration is instantly and uniformly doubled and thenmaintained at the doubled level p1 = 734 ppm.
In the second scenario (CO2T), spatially varying CO2 concentrations are prescribed such that the TOA forcing is
homogenized. We first calculate the TOA CO2 forcing Fij in each grid box (i, j) in the CO2D experiment using an
off-line radiation code, Rapid Radiative Transfer Model (RRTM) (Mlawer et al., 1997). And then the CO2 concen-

tration in each grid box in the CO2T experiment is prescribed as p2 = p0∙2
<Fij>=Fij . Here <…> denotes global

average. Figure 1 shows that this prescription scheme results in a very uniform TOA forcing field. At themean-
time, the atmospheric forcing is also greatly homogenized while the surface forcing is less modified.

All the CESM experiments are initialized from the same initial conditions and run for 50 years. The climate
responses are calculated as the mean of the last 10 model years in each forcing experiment minus that in
the control experiment. A comparison to longer (20 years) averaging period shows that the results reported
below are insensitive to the length of averaging period.

In addition, to accompany each coupled CESM experiment, a CO2 experiment is done using CAM5, with fixed
SST values as the boundary condition. By design, this experiment eliminates the feedback in the climate
change simulation and thus discloses the climate responses due to forcing alone.

2.2. Forcing and Feedback

The instantaneous forcing, Fi, that is, the change in TOA, surface, or atmospheric (TOA minus surface) radia-
tion flux due to CO2 perturbation alone, is calculated using the aforementioned RRTM code. The calculation is
done with six-hourly instantaneous atmospheric profiles of 5 years. Figure 1 shows the RRTM-calculated for-
cing in the CO2D and CO2T experiments.

Besides the instantaneous CO2 forcing, the radiative feedback in this study are calculated using the radiative
kernel method (Shell et al., 2008; Soden et al., 2008). To facilitate the analysis of atmospheric energy budget, a
newly developed set of kernels of TOA, surface, and atmospheric radiation (Huang et al., 2017) are used here.

The radiative impacts of temperature and water vapor are calculated as ΔRX ¼ ∂R
∂X ΔX, where ∂R

∂X is the pre-

calculated radiative sensitivity kernel and ΔX represents the climate response in surface and atmospheric
temperature and atmospheric water vapor simulated in the CO2D and CO2T experiments. The cloud impact
is then calculated as the residual: ΔRC=ΔR� Fi� ∑ΔRX.

2.3. Circulation Strength

Following Bony et al. (2013), we define the tropical mean overturning circulation strength I as the tropical
mean downward velocity minus the tropical mean upward velocity: I= hω↓i� hω↑i. The monthly mean pres-
sure vertical velocities at the 500 hPa pressure level are used in this calculation. The h…i denotes averaging
over the tropics (for ocean + land from 30°S to 30°N). In calculating hω↓i, ω↓ is taken to be zero in regions
where ω is negative (upward); same for hω↑i. I is calculated for each month and then averaged over the per-
iod (1 or 10 years) as appropriate in the analysis.

2.4. Tropical Mean Heating

Wemeasure the tropical mean atmospheric heating simply by averaging over the tropics the convergence of
all vertical energy fluxes (radiative and sensible heat) in the atmospheric column: Hm= hRi= hRTOA� RSFCi.
Partial changes in the mean heating (δHm in Table 1) are calculated from the flux changes, ΔRX, due to CO2
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forcing and the feedback of temperature, water vapor, and cloud, respectively, obtained from the kernel
method. The albedo feedback, which is neglectable in the tropics, is not shown in this paper.

2.5. Differential Heating

We measure the differential radiative heating between the ascending and subsidence regions as the differ-
ence in radiation flux R over the two regions: Hd= hR↑i� hR↓i. Only the radiation fluxes in the regions of sig-
nificantly rising or sinking air motion are used for calculating Hd; that is, R

↑ is set to zero whereω>�25 hPa/d
(not significantly rising) and R↓ is set to zero where ω < 25 hPa/d (not significantly sinking). This threshold of
±25 hPa/d covers about 46% of the tropical area. We choose the threshold of ±25 hPa/d because Hd defined
this way is most predicative of δI; that is, it renders the largest correlation coefficient between δI and δHd in
the CESM experiment and most CMIP5 GCMs (see Figure S2 in the supporting information). Note that only
radiative fluxes are used in defining Hd (different from Hm).

The differential heating defined here can be calculated as Hd= hR ∙wgti. Here the weighting function wgt is a
function of the pressure velocity at 500 hPa:

wgt ¼
1;where ω ≤� 25 hPa=day

0;where ωj j < 25 hPa=day

�1;where ω ≥ 25 hPa=day

8><
>:

Hd is calculated for each month. The δHd between the CO2D/T and control experiment is thus

δHd ¼ R2∙wgt2h i � R1∙wgt1h i ¼ R2 � R1ð Þ∙wgt1h i þ R2∙ wgt2 � wgt1ð Þh i

With the kernel method, we can decompose the radiation flux change δR into the radiative forcing and feed-
back: δR= R2� R1 = Fi+ ∑ΔRX. Partial contributions to differential heating (δHd in Table 1) are calculated from
these radiative forcing and feedback:

δHd;X ¼ ΔRX ∙wgt1h i

The last term hR2 ∙ (wgt2�wgt1 )i, which is denoted as “shift,” is caused by the circulation pattern shift (the
change in the locations of the ascending and subsidence regions) and the covariance between changes in
R and wgt. Replacing radiative flux ΔRX in the above equation with nonradiative flux (e.g., latent or sensible
heat flux), we can compute the differential heating due to nonradiative processes as well. They are compared
to the radiative differential heating below (see Table 1).

3. Results

The doubling CO2 experiment (CO2D) projects a substantial tropical circulation weakening as found in pre-
vious results (Bony et al., 2013; Chadwick et al., 2014; Merlis, 2015). As shown in Figure 2b, the magnitude
of the vertical pressure velocity generally reduces in both ascending (e.g., over the Intertropical
Convergence Zones) and subsidence regions (e.g., over the equatorial eastern Pacific Ocean), which amounts
to a 5.3% reduction in terms of the tropical mean circulation strength I (see definition in section 2.3). The
change in precipitation Pr is anticorrelated with the pressure velocity: where the ascending motion is

Table 1
Changes in the Differential Radiative Heating δHd and Tropical Mean Overall Heating δHm

Radiative effects Nonradiative

Fi T WV Cloud Shift Net SH LH

CESM CO2D δI/I = � 5.3% δPr/ Pr = 1.4% δHd �0.05 �0.09 �0.72 �3.17 �1.09 �5.12 0.42 1.40
δHm 1.06 �3.08 0.21 0.88 -- �0.82 0.10 --

CESM CO2T δI/I = � 3.5 % δPr/ Pr = � 2.2% δHd 0.15 �0.12 �0.66 �2.66 �0.38 �3.68 1.20 0.70
δHm 0.96 �3.00 0.25 1.09 -- 0.96 1.66 --

Note. Units: W m�2 K�1. See section 2.5 for definition and calculation of δHd and Figure 4 for geographic distribution of the feedback. Note the instantaneous
forcing (Fi) is also divided by the tropical mean surface temperature change in order to compare it to the radiative feedback of temperature (T), water vapor
(WV), cloud, the contribution due to circulation pattern change (“shift”), and the nonradiative effects of sensible heat (SH) and latent heat (LH). The fractional
changes in the tropical circulation (δI/I) and precipitation (δPr/Pr) are also listed in the table.
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weakened, the precipitation is reduced; where the subsidence is weakened, the precipitation increases (see
Figure 2e, compare to Figure 2b).

In the forcing homogenization experiment (CO2T), the tropical mean TOA forcing and the tropical mean sur-
face warming (2.6 W m�2 and 1.7 K, respectively) are both similar to the CO2D experiment, although the
weakening of the tropical circulation, δI/I, is reduced to�3.5% (34% less than the CO2D experiment). The dif-
ference between the two experiments provides a measure of the inhomogeneity effect of the CO2 forcing,
which as shown by Figure 2c, reduces vertical velocities and precipitation especially in the ascending regions,
such as the western Pacific islands, tropical Africa, and southern America. An additional regression analysis
collaborates with this finding. Figure 3a shows that in both CO2D and CO2T experiments δI is correlated with
the changes in the tropical mean surface temperature δTs; the correlation coefficients are �0.82 and �0.88,
respectively. The slopes of the two regression lines, which indicate the effect of feedback, are both about 3%
per 1° warming, although the intercepts, which indicate the effect of forcing, are noticeably different: 2.45%
in the CO2T experiment but 0.15% in the CO2D experiment. In a set of fixed-SST experiments in which the
feedback effect is suppressed (see section 2.1, noted by stars in Figure 3a), we obtain consistent changes
in I that is attributable to forcing (adjustment). This affirms that the effects of forcing and feedback are linearly
combinable, as found by previous studies (Bony et al., 2013; Chadwick et al., 2014).

That δI is correlated with δTs in both experiments suggests that the feedback effect strongly influences the
tropical circulation strength, which is consistent with the previous findings (Chadwick et al., 2014; Feldl &
Bordoni, 2016; Shaw & Voigt, 2016). The similar slopes of the regression lines indicate that the feedback work
in similar ways in the two experiments; that is, they are insensitive to forcing pattern. In fact, besides themag-
nitude of the overall feedback (slope of the line), we find the radiative feedback pattern in the homogeniza-
tion experiment (CO2T) very similar to that in the CO2D experiment (see Figure S4). However, despite of the
similar effect of feedback, the circulation strength weakens to noticeably different extents (�5.3% versus
�3.5%) in the two experiments. This apparently is due to the difference in the intercept of the regression line
in Figure 3a. This affirms that the tropical circulation is influenced by the direct effect of CO2 forcing (Bony
et al., 2013) and particularly is sensitive to the forcing inhomogeneity (Merlis, 2015).

Figure 2. Vertical velocity (ω, in the units: hPa/d) and precipitation (Pr, mm/d) in the control experiment and their changes in the forcing experiments. (a and d)
Climatological mean pressure velocity at 500 hPa and precipitation rate in the control experiment. (b and e) Changes in the velocity and precipitation in the
CO2D experiment. (c and f) Changes in the velocity and precipitation due to the inhomogeneity effect of the CO2 forcing, measured by the difference between the
CO2D and CO2T experiments (see Figure S1 for the respective responses in these two experiments). Stippled are the regions where the differences are significant at
the 90% confidence level.
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The separation of the regression lines in Figure 3a indicates that neither forcing nor feedback fully controls
the changes in circulation strength. What then is the control? We find that the differential radiative atmo-
spheric heating between the ascending and subsidence regions (see section 2.5) very well predicts the
changes in circulation strength. Figure 3b shows that I changes in proportion to the changes in differential
heating, δHd, in the two experiments: 1 W m�2 decrease in differential heating leads to ~0.65% weakening
of tropical mean circulation. We find this relationship robust across different GCMs (see Figure S2) and, as
shown in Figure 3c, very well explains the difference across the different GCMs in the CMIP5 model ensemble
in terms of their simulated tropical circulation response to global warming. As shown by Table S1 and Figure
S3 in the supporting information, the extent that the adjusted forcing (direct effect of CO2) contributes to the
overall weakening considerably varies among the models.

Figure 3. Tropical mean circulation strength, I. Regression of the fractional changes in I in the CESM forcing experiments (black: CO2D; red: CO2T) to (a) surface
temperature change δTs and (b) differential atmospheric heating change δHd. (c) Regression of δI/I to δHd in the CMIP5 GCM ensemble 4xCO2 experiment.
In Figures 3a and 3b each dot represents the changes in the annual and tropical mean of I, Ts, or Hd of 1 year in the CESM forcing experiments; the stars
indicate the mean changes in these variables in the last 10 years of the corresponding fixed-SST experiments: CO2Dsst and CO2Tsst. In Figure 3c, each symbol
represents the 10 year tropical mean δI/I and δHd in one GCM at the end of its simulation.
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Using the strong δI- δHd relationship found here as a criterion, the effects of radiative forcing and feedback on
circulation strength then can be measured by the differential heating they cause respectively. Using a set of
radiative kernels (see section 2.2) we calculate the atmospheric radiative feedback of temperature, water
vapor, and clouds (as shown in Figure 4). We find that the cloud feedback accounts for most of the differential
heating change in the CESM CO2D and CO2T experiments (see Table 1). The net atmospheric cloud feedback
is dominated by its longwave effect (see Figure S4). As the tropical warming occurs in response to CO2 for-
cing, the ice water path (the opacity of high clouds) decreases and this leads to reduction of the cloud green-
house effect and thus a cooling of the atmosphere in the ascending region over the maritime continent (see
Figures S5), which is especially evident from the monthly mean diagnoses (Figure S6). Conversely, the ice
water path increases, which is accompanied by the decrease of the liquid water path (a measure of the opa-
city of low clouds), and this leads to warming of the atmosphere in the subsiding region in the eastern part of
the Pacific Ocean. Moreover, the difference in cloud feedback between the CO2D and CO2T experiments is
little compared to the magnitude of the feedback, which suggests that the feedback is insensitive to forcing
pattern (see Figure S4) but mostly controlled by the SST change.

As shown in Figure 4 and Table 1, while cloud feedback contributes most to the heating disparity between
the ascending and subsiding regions, additional contributions come from the water vapor and temperature
feedback. These feedback add to and greatly exceed the direct effect of CO2. On the contrary, the differential
heating due to sensible and latent heat fluxes is weaker and of opposite sign and thus cannot explain the
mean circulation weakening (see Figure S7 and Table 1).

Similar results are found in the CMIP5 models (see Figure S8 and Table S1), which verifies the importance of
feedback effect, especially that of cloud radiative feedback, with regard to the heating disparity between the
ascending and subsidence regions. Hence, we conclude that the cloud feedback mainly accounts for the dif-
ferential atmospheric heating that leads to the weakening of the tropical circulation.

Applying similar regression analyses to the tropical mean precipitation, we find that the change in the pre-
cipitation is driven to increase by surface warming (Allen & Ingram, 2002; Chadwick et al., 2014). However,
the direct effect of CO2 forcing is to reduce the tropical mean precipitation, which can be inferred consistently
from both the intercept of regression and the fixed-SST experiments. This is consistent with the generally
positive CO2 atmospheric forcing in the tropics (see Figures 1e and 1f), which by itself demands reduction

Figure 4. Geographic distributions of the annual mean radiative forcing and feedback in the doubling CO2 (CO2D) experiment. (a) The net atmospheric energy
change (the sum of b-f, Net); (b) the instantaneous CO2 atmospheric forcing (Fi), divided by the tropical mean surface temperature change; and (c–e) the feed-
back of cloud, temperature, (T), and water vapor (WV) regressed on the tropical mean surface temperature change δTs. Units: W m�2/K.
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in precipitation (latent heating) in order to maintain the atmospheric energy balance (Allen & Ingram, 2002).
Very interestingly, although the tropical mean atmospheric forcing is similar in the two experiments (CO2D:
1.8 W m�2 and CO2T: 1.6 W m�2), the direct effects on the mean precipitation differ by nearly three times
(�2.3% in CO2D and �6.2% in CO2T, as measured by the intercepts of regression lines in Figure S9a), which
results in final changes of different signs in the end of the two experiments (1.4% increase in CO2D and
�2.2% reduction in CO2T). This suggests that the tropical precipitation is also sensitive to forcing inhomo-
geneity (Bony et al., 2013)—differentially larger CO2 perturbation in the ascending regions (as in the CO2T,
see Figure 1b) would lead to stronger direct effect which may offset the precipitation increase driven by
the surface warming.

Lastly, we find that the mean precipitation change can be well explained by the tropical mean overall atmo-
spheric heating, Hm (see section 2.4 for definition) (Allen & Ingram, 2002), in terms of both yearly changes
simulated by CESM (see Figure S9b) and intermodel difference in the CMIP5 GCM ensemble (Figure S9c, as
well as Table S2 and Figures S10 and S11). A decomposition of the atmospheric energy budget (δHm; see
Table 1) shows that the temperature feedback, which tends to cool the atmosphere, mainly accounts for
the reduction in atmospheric energy and explains the increase of precipitation with surface temperature.
Other radiative feedback, which tend to warm the atmosphere, have the opposite effect to the temperature
feedback. The difference between the CO2D and CO2T experiments can be mainly attributed to the differ-
ence in sensible heat flux, which acts as a rapid response to CO2 forcing.

4. Conclusions

We conducted a set of CO2 forcing experiments to analyze the change in tropical circulation. Our analysis
shows a strong connection between the tropical circulation and the spatial inhomogeneity in radiative for-
cing and feedback. The results here show a strong energetic constraint on tropical circulation and precipita-
tion changes during global warming. While the overall atmospheric heating controls the tropical mean
precipitation, the heating disparity between the ascending and subsidence regions in the tropics caused
by the radiative forcing and feedback determines the tropical mean circulation strength.

The forcing homogenization experiment (CO2T) here provides evidence that the tropical mean circulation
strength is sensitive to the heating disparity. Without the effects of forcing inhomogeneity, the tropical circu-
lation weakening and the tropical precipitation increase would both be much reduced. We also find that the
forcing and feedback effects on tropical mean circulation and precipitation are linearly combinable. A radia-
tive sensitivity kernel-based analysis further quantifies each feedback in the forcing experiments, which dis-
closes that the feedback, especially that of cloud, greatly enhance the heating disparity and strongly affect
the circulation strength and precipitation.

The results here highlight the importance of radiative forcing and feedback distribution in global warming.
Although CO2 is a well-mixed greenhouse gas, the radiative forcing and feedback patterns it incurs are not
spatially uniform, which may have important implications for global climate change (Huang et al., 2017;
Huang & Zhang, 2014) and warrants more extensive research in future. Our experiments here show that
homogenization of CO2 forcing can be very well achieved by using an inverse scaling method based on
the logarithmic dependence of the CO2 forcing. This affords a convenient method to control the radiative for-
cing distribution in the GCM experiments.
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