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Abstract

The newest atmospheric climate model at GFDL, AM4, succeeded at significantly reducing the toa radiative flux biases as

compared to CERES observations. Despite a relatively low top-of-atmosphere sensitivity to uniform warming of SSTs (Cess

warming experiments), the corresponding coupled climate model, CM4, has high transient and equilibrium climate sensitivities.

We will present a systematic picture of the modeled clouds across a hierarchy of model configurations which utilize this

atmospheric model. This hierarchy includes the CFMIP Aquaplanet and AMIP experiments, fully coupled model experiments

(using GFDL’s CM4 model) as well as additional AMIP-like experiments with particular SST patterns. This demonstrates the

large range of sensitivities that are possible from a single atmospheric climate model. Looking at the global mean radiative

feedbacks across the different model configurations as well as in the context of CMIP5 and CMIP6 models will allow us to assess

to what extent the cloud feedbacks in the idealized experiments relate to the fully coupled experiments and to observed clouds.
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Figure 2: As in previous figure except that here only clouds below 3km are shown. Clouds
shown are divided into thick (optical depth between 3.6 and 23) and thin (optical depth
between 0.3 and 3.6) clouds. The observations (bottom) are from the MISR satellite
(2000-2013) and the modeled clouds (top) were derived with the MISR simulator (amip
experiment). Mean cloud fraction values for MISR (AM4) are 21% (17%) for thick clouds
and 17% (6%) for thin clouds
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Papers Documenting AM4,.0 and CM4.0:
- Zhao, M., et al., 2018a: The GFDL Global Atmosphere and Land Model AM4.0/LM4.0: 1. Simulation Characteristics With Prescribed

SSTs, J. Adv. Model. Earth Syst
- Zhao, M., et al., 2018b: The GFDL Global Atmosphere and Land Model AM4.0/LM4.0: 2. Model Description, Sensitivity Studies, and 

Tuning Strategies, J. Adv. Model. Earth Syst.
- Held, I. M., et al., 2019: Structure and performance of GFDL's CM4.0 climate model, J. Adv. Model. Earth Syst.
- Winton, M., et al., 2019: Climate Sensitivity of GFDL’s CM4.0., in revision, , J. Adv. Model. Earth Syst.
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It has been known for decades that  the spread of cloud feedbacks among models 
contributes to a large portion of the spread in climate sensitivity among those same 
models (Cess et al., 1989; Bony and Dufresne, 2005).  It also now clear that the climate 
sensitivity estimated from constant temperature perturbation experiments is not a good 
indicator of the climate sensitivity that is estimated from regression techniques of abrupt 
4xCO2 warming experiments (e.g. Andrews et al., 2012), and that both of these measures 
of sensitivity underestimate the equilibrium sensitivity that is attained when a coupled 
climate model reaches equilibrium after multiple millennia (Paynter et al., 2018).      

Background

Conclusions
1. Patterns of observed clouds and the TOA energy budget are 

captured well by AM4.0/CM4.0.

2. The quantity of clouds in AM4.0/CM4.0 is underestimated, 
especially low-level clouds over the 50% of Earth centered on 
the equator.  

3. Climate Sensitivity depends strongly on surface temperature  
patterns and the response of clouds.

Top of the Atmosphere Fluxes and the Cloud 
Radiative Effect

AM4.0 clouds compared to Satellites

Figure 6: Cloud fraction between 1979-2014 for the amip and historical experiments. The
CALIPSO observations range from January 2007 through December 2016. Note that the
regions poleward of 50 degrees are the only regions in which AM4/CM4 produce more
clouds than observed. It is also interesting that having an interactive surface only leads to
a minimally improved CF bias.
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especially the Philippines hotspot, is most apparent in JJA, and there is no obvious improvement over AM3
in monsoonal rainfall. The Eastern Pacific precipitation is improved (e.g., less double ITCZ) in both DJF and
JJA seasons in AM4.0, while a bias toward too wet a winter season in Western North America (more appar-
ent with a different choice of contour interval) persists.

In the tropical Atlantic and south America sector, AM4.0 significantly improves the precipitation dry bias
over the South America Amazonian region as well as the summertime Atlantic ITCZ location and intensity
compared to AM2.1 and AM3. During boreal summer, most GCMs tend to underestimate the northward
shift of the tropical Atlantic rain belt, leading to deficient precipitation over land and an anomalous precipi-
tation maximum over the west Atlantic ocean (Siongco et al., 2015). AM4.0 performs quite well in this aspect
with little west Atlantic precipitation biases. The dry bias in central North America, which improved in AM3
over AM2, is somewhat more severe in AM4.0 for reasons that are unclear at present. When AM4.0 is cou-
pled with an ocean, this central North America dry bias tends to be largely reduced, while the Amazonian
region gets drier.

Runoff is an informative indicator of water and energy balances of both land and atmosphere. In the
absence of long-term storage change, runoff equals the long-term difference between precipitation and
evapotranspiration. The global pattern of basin-average runoff, as inferred from long-term discharge meas-
urements, is reproduced by the model (Figure 12). Errors in the large tropical basins (Amazon, Parana, and

Figure 10. Climatological distribution of global mean cloud fraction as a function of cloud top pressure pt (ordinate) and
cloud optical thickness s (abscissa). (a) AM4.0 climatology generated from the ISCCP simulator from the 1980–2014 AMIP
simulation. (b) As in Figure 10a except from the MODIS simulator. The satellite observations from the (c) ISCCP (1983–
2008) and (d) MODIS (2003–2010) climatology. The global mean cloud fraction (sum of each figure) is shown in the paren-
theses. High topped and optically thick clouds are represented in the top right corner, while low topped and optically
thin clouds are represented in the bottom left corner.
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Figure: Clouds below 3 km: AM4.0 has a smaller thick (left) cloud bias 
(4%), than thin (right) cloud bias (11%)

Methodology
We use GFDL’s CMIP6 AMIP contribution to test the simulations of clouds over the last few decades. 
Satellite observing products are used along with the satellite simulators that are part of the COSP project.  
• Test AM4.0’s clouds against satellite data
• Use Satellite Simulators from COSP
• Compute Climate Feedbacks and Sensitivity across a range of GFDL CFMIP 

experiments
• Compare the cloud fields across a hierarchy of experiments using 

AM4.0/CM4.0

Figure:  Top: AM4 CRE bias relative to CERES-EBAF version2.8. Bottom Left: Observed 
Cloud Radiative Effect for longwave (left) and shortwave (right) radiation as measured 
by CERES, Bottom Right: AM4 CRE bias relative to CERES-EBAF version 4.1.

CE
RE

S-
EB

AF

CLIMATE SENSITIVITY

Figure: AM4.0 cloud 
fraction (top) compared to 
observations from ISCCP 
(left), and MODIS (right).  
From Zhao et al., 2018.

Figure: Total cloud fraction observations from ISCCP (top left) and 
CALIPSO (top right).  The AM4.0 bias is shown in the bottom panels.
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The climate sensitivity of simulations using the 
AM4.0 atmospheric model ranges from 1.7K to 5K.  
These warming simulations include an aquaplanet, 
amip-type experiments, and fully coupled abrupt 
and ramp increased CO2 experiments.

Figure: Comparison of experiments with CERES-EBAF Cloud Radiative Effect (CRE) 
observations.  The left panel shows the total CRE while the right panel shows the bias 
relative to CERES-EBAF v2.8.

Figure: Comparison AM4/CM4 clouds with observations 
from CALIPSO.   Global maps show biases in the amip
experiment.  Meridional profiles include comparisons of 
clouds from the coupled historical, ramp CO2, and abrupt 
CO2 experiments. 

Comparison with Satellite Observed Clouds


