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Dynamic and thermodynamic controls on 
midlatitude clouds: What can the observed 

satellite record teach us? 



Introduction 

Can we put observational constraints on the dynamic and thermodynamic 
processes underlying midlatitude cloud feedbacks? 

1)  Positive cloud feedback with poleward shift of midlatitude jet stream 

2)  Negative cloud phase feedback at midlatitudes  

Equator 30º Pole60º

Broadening of the Hadley Cell

Rising of the Melting Level

More Polar Clouds

Poleward Shift of Storms

Less Low Clouds 

Narrowing of Tropical Ocean Rainfall Zones

Rising High Clouds

Rising High Clouds

IPCC AR5 (Chapter 7) 



Poleward Jet Shift: Dynamical Anomalies 
1˚ Poleward Jet Shift (Interannual Variability) 
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When the jet shifts poleward, downward vertical velocity and increased 
lower tropospheric stability (EIS) anomalies occur equatorward of the jet.  

 

ERA-Interim Reanalysis 



Poleward Jet Shift: Cloud Controlling Factors  

Grise and Medeiros (2016) 
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(a) High Cloud Fraction

(b) Low Cloud Fraction
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(c) Total Cloud Fraction

 

High clouds increase with upward 
vertical velocity anomalies. 

 

 

 
 

Southern Ocean Observations (ISCCP) 



ω500 (Pa s−1)

EI
S 

(K
)

 

 

−0.04 −0.03 −0.02 −0.01 0 0.01 0.02 0.03 0.04

−3

−2

−1

0

1

2

3

−8

−6

−4

−2

0

2

4

6

8

Grise and Medeiros (2016) 

t500 (Pa sï�)

EI
S 

(K
)

 

 

ï���� ï���� ï���� ï���� 0 ���� ���� ���� ����

ï�

ï�

ï�

0

�

�

�

ï�

ï�

ï�

ï�

0

�

�

�

�

Southern Ocean Observations
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(a) High Cloud Fraction

(b) Low Cloud Fraction
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(c) Total Cloud Fraction

Southern Ocean Observations (ISCCP) 
Longwave Cloud-Radiative Effect (CERES) 

W/m2 

Longwave cloud-radiative effects 
also closely follow vertical motion. 

Poleward Jet Shift: Cloud Controlling Factors  



Grise and Medeiros (2016) 
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(b) Low Cloud Fraction
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Low clouds increase with increasing 
strength of boundary layer inversion. 

(Wood and Bretherton 2006) 
 

Southern Ocean Observations (ISCCP) 

Low Cloud Fraction (Random Overlap) 

Poleward Jet Shift: Cloud Controlling Factors  
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Southern Ocean Observations (ISCCP) 
Shortwave Cloud-Radiative Effect (CERES) 
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Shortwave cloud-radiative effects depend on 
both vertical velocity and EIS anomalies.        

(see also Myers and Norris 2013)  

Poleward Jet Shift 
Low Cloud Fraction (Random Overlap) 

Poleward Jet Shift: Cloud Controlling Factors  

Poleward 
Jet Shift 
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Poleward Jet Shift: Model Biases 
Shortwave Cloud-Radiative Effect Anomalies                                               
1˚ Poleward Jet Shift (Interannual Variability) 

W/m2 

Equator 30º Pole60º

Broadening of the Hadley Cell

Rising of the Melting Level

More Polar Clouds

Poleward Shift of Storms

Less Low Clouds 

Narrowing of Tropical Ocean Rainfall Zones

Rising High Clouds

Rising High Clouds

Grise and Polvani (2014) 



Poleward Jet Shift: Model Biases 

Grise and Medeiros (2016) 

Observations CMIP5 Models: Type I CMIP5 Models: Type II
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Biases in type I models arise from an underestimation of the 
sensitivity of model cloud-radiative effects to the strength of the 

boundary layer temperature inversion (EIS). 

W/m2 

Observations (CERES) 

Poleward 
Jet Shift 

Southern Ocean: Shortwave Cloud-Radiative Effect 



Next: Cloud Phase Feedback 

Can we put observational constraints on the dynamic and thermodynamic 
processes underlying midlatitude cloud feedbacks? 

1)  Positive cloud feedback with poleward shift of midlatitude jet stream 

2)  Negative cloud phase feedback at midlatitudes  

Equator 30º Pole60º

Broadening of the Hadley Cell

Rising of the Melting Level

More Polar Clouds

Poleward Shift of Storms

Less Low Clouds 

Narrowing of Tropical Ocean Rainfall Zones

Rising High Clouds

Rising High Clouds

IPCC AR5 (Chapter 7) 



Cloud Phase Feedback: Controlling Factors 
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Observations (CERES) 

Southern Ocean: Shortwave Cloud-Radiative Effect 

Consider two controlling factors on Southern Ocean shortwave             
cloud-radiative effects: EIS and temperature (500–850 hPa) 
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Shortwave cloud-radiative effect variability with temperature is 
overestimated by CMIP5 models (see also Terai et al. 2016).  



Cloud Phase Feedback: Controlling Factors 
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Observations (CERES) 

Southern Ocean: Shortwave Cloud-Radiative Effect ω500 (Pa s−1)
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CESM-CAM5 
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Consider two controlling factors on Southern Ocean shortwave             
cloud-radiative effects: EIS and temperature (500–850 hPa) 
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Observations (CERES) 

Southern Ocean: Shortwave Cloud-Radiative Effect ω500 (Pa s−1)
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CESM-CAM5 

Kay et al. (2016) modified CESM-CAM5, increasing supercooled water at the 
expense of ice in mixed-phase clouds.   
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CESM-CAM5* (Kay et al. 2016) 

Consider two controlling factors on Southern Ocean shortwave             
cloud-radiative effects: EIS and temperature (500–850 hPa) 

 



Summary 
Can we put observational constraints on the dynamic and 

thermodynamic processes underlying midlatitude cloud feedbacks? 

1)  Positive cloud feedback with poleward midlatitude jet shift 

 Likely overestimated as many CMIP5 models underestimate the 
 observed dependence of midlatitude clouds on the strength of 
 the boundary layer temperature inversion (EIS)                                 
 (Grise and Medeiros 2016) 

2)  Negative cloud phase feedback at midlatitudes 

 Likely overestimated as CMIP5 models overestimate the 
 observed dependence of midlatitude clouds on temperature 
 variability (see also Terai et al. 2016, Tan et al. 2016, etc.)   
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Longwave cloud-radiative effects closely follow 
vertical motion. 

Poleward Jet Shift 

Poleward Jet Shift: Cloud Controlling Factors  

Poleward 
Jet Shift 
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Understanding the Model Biases 

Grise and Medeiros (2016) 
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Type I Models Type II ModelsObservations

Biases in type I models appear related to overdependence of model 
cloud-radiative effects on vertical motion and underdependence of 

model cloud-radiative effects on lower tropospheric stability. 

Qu et al. (2015) reach similar conclusion for subtropical clouds. 

Observations (CERES) 



Implications for Climate Feedbacks 
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In response to increasing 
greenhouse gases, many 

climate models project similarly 
signed changes in EIS and 
vertical velocity over mid-

latitude oceans. 

Should we have lower 
confidence in dynamically 

driven cloud feedbacks in type I 
models in these regions? 

 

Response to 4xCO2 Forcing (CMIP5 Multi-Model Mean) 
W/m2 

Pa s-1 

K 



Evidence from Observed Trends 

•  ISCCP satellite observations 
suggest poleward shift in  
mid-latitude cloud patterns. 
-  Reduction in total cloud cover 
-  Increase in high cloud cover 

-  Positive net radiative effect 

•  Poleward shift in mid-latitude 
cloud bands also apparent in 
surface-based cloud 
observations (Eastman and 
Warren 2013).                  

Annual-mean Total Cloud Fraction 

Bender et al. (2012) 



CMIP5 Models 
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Cloud-Radiative Effect Anomalies 
Associated with 1˚ Poleward Jet Shift 
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Implications for Climate Change 
Idealized Experiment: Abrupt Quadrupling of CO2 

1)  Jet shifts rapidly poleward in both classes of CMIP5 models. 
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Implications for Climate Change 
Idealized Experiment: Abrupt Quadrupling of CO2 

1)  Jet shifts rapidly poleward in both classes of CMIP5 models. 

2)  Rapid reduction in reflection of shortwave radiation by clouds in Type 
I models only 
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Implications for Climate Change 
Idealized Experiment: Abrupt Quadrupling of CO2 

1)  Jet shifts rapidly poleward in both classes of CMIP5 models. 

2)  Rapid reduction in reflection of shortwave radiation by clouds in Type 
I models only 

3)  Excess initial warming in SH in Type I models 
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Implications for Climate Change 
Idealized Experiment: Abrupt Quadrupling of CO2 
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Nearly instantaneous global warming response is 
significantly larger in the type I models. 

Grise and Polvani (2014, J. Climate) 



Why do the models behave so differently? 
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c

•  Type I models: Bright, zonally symmetric Southern Ocean clouds 

•  Type II models: Less bright, more zonally asymmetric clouds 

Shortwave Cloud-Radiative Effect Climatology 

Cloud Fraction Climatology 

Grise and Polvani (submitted) 



CMIP5 CRE Zonal Mean Climatology 
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Estimated Inversion Strength (EIS) 

•  EIS = θ700 hPa – θsfc - Γmoist (850 hPa) (z700hPa – zLCL) 

Wood and Bretherton (2006) 

pling of a stratocumulus cloud layer with its surface
moisture supply (Bretherton and Wyant 1997; Wyant et
al. 1997).

The predictive success of LTS, which is a bulk mea-
sure of inversion strength, suggests that a more refined
measure of inversion strength might be even more skill-
ful. In this study we propose such a refinement of LTS,
the estimated inversion strength (EIS), which we argue
is an even better predictor of the planetary boundary
layer (PBL) inversion strength and low cloud cover,
especially under global climate changes. We test this
refinement using rawinsonde profiles, reanalysis data,
and surface observer cloud reports.

2. Relationship between lower-tropospheric
stability and inversion strength

Figure 1 shows an idealized temperature profile for
the lower troposphere (p ! 700 hPa) typical of periods
of moderate tropospheric subsidence conducive to the
formation of extensive low clouds. Turbulence primar-
ily driven by strong PBL radiative cooling and cold
advection results in a PBL that is capped by an inver-
sion (often referred to as the trade inversion) at a
height zi with a strength "# in the range of 1–10 K.
Although the real structure in the PBL, inversion, and
just above the inversion is more complex than shown in
Fig. 1, this figure still provides a useful basis for relating
LTS to inversion strength.

The PBL may be vertically well mixed (e.g., noctur-
nal coastal stratocumulus) or decoupled into multiple
turbulent layers (e.g., trade cumulus). Two-layer bulk
models have been proposed that can treat both PBL
types reasonably accurately (e.g., Albrecht et al. 1979;
Betts and Ridgway 1988; Park et al. 2004). These break
the PBL into a surface mixed layer (SML), which is a
well-mixed layer that extends from the surface to the
surface-based lifting condensation level (LCL), and a
decoupled layer (DL) that extends from the LCL to the
PBL top in which the potential temperature increases
approximately linearly with height at some rate $DL.
Above the PBL exists a free-tropospheric layer with a
potential temperature that increases approximately lin-
early with height with a gradient $FT. Using this simple
structure, we can relate "# to the potential temperature
#700 at 700 hPa, the height of the p % 700 hPa surface
z700, the potential temperature at the surface #0, and the
PBL depth zi as follows:

!" % &"700 ' "0( ' #FT&z700 ' zi( ' #DL&zi ' LCL(.

&1(

The first term on the rhs in the parentheses is the
LTS as defined above, and so Eq. (1) expresses math-
ematically the basis for LTS being a measure of the
inversion strength. Indeed, "# would be perfectly cor-
related with LTS provided that the other terms involv-
ing the free-tropospheric and decoupled layer # gradi-
ents remained constant. However, as we shall show,
these terms actually vary quite systematically with #0.
This destroys the unique relationship between "# and
LTS. It also suggests our next task, which is to find
simple estimates of the free-tropospheric and de-
coupled layer # gradients.

a. Free-tropospheric lapse rate

First, we note that in the free troposphere, the ob-
served temperature profile is typically close to a moist
adiabat. The tropical atmosphere, with its weak Corio-
lis force, cannot support strong horizontal gradients in
temperature (Sobel et al. 2001), so the free-tropo-
spheric temperature profile in regions of subsidence in
the Tropics is set by the regions of active deep convec-
tion, where the profile is close to being moist adiabatic
(Stone and Carlson 1979). Even in the midlatitudes, the
free-tropospheric thermal stratification remains quite
close to a moist adiabat, although the reasons for this
are somewhat more subtle and involve horizontal, as
well as vertical, mixing (Schneider 2007).

Evidence that the free-tropospheric profiles are
closely tied to the moist adiabat is presented in Fig. 2,
which shows $FT % d#/dz between 700 and 850 hPa as

FIG. 1. Idealized profile (thick solid line) of lower-tropospheric
structure during periods of undisturbed flow. Moist adiabats are
shown as light dotted lines.
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∆θ = θ700 hPa – θsfc – ΓFT z700 + ΓDL LCL 
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What about the Northern Hemisphere? 
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