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Introduction
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Boundary layer clouds and turbulence 
occur on small enough scales that they 
are unable to be resolved in global climate 
models (GCMs). 

Turbulence parameterization schemes 
have been essential in GCMs and cloud 
resolving models (CRMs) to represent 
sub-grid scale (SGS) processes. 

In large-eddy simulation (LES) models 
large eddies and shallow convection are 
resolved, while smallest eddies are 
parameterized.

100m SHDOM image made by Ian Glenn 
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• Grey Zone - NWP grid size range between ~1 km and ~10 
km where the model grid size is approximately that of 
individual clouds. 

• The grey zone is a transition range where features become 
more resolved though parameterization is still essential. 
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Simplified Higher-Order Closure (SHOC)

-SHOC (Bogenschutz and Krueger, 2013) is a turbulence 
closure scheme which: 

- prognoses SGS-TKE 
- uses an assumed joint PDF to diagnose SGS 

condensation and buoyancy (Golaz et al., 2002a,b) 
- uses vertical velocity, liquid water potential 

temperature, and total water mixing ratio for a double 
Gaussian joint PDF which more accurately 
represents skewness (Bogenschutz et al., 2010). 

- uses the diagnostic second-moment closure of 
Redelsperger and Sommeria (1986) and the third-
moment closure of vertical velocity from Canuto et al. 
(2001).
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System for Atmospheric Modeling (SAM)

-Used throughout as both a Large-Eddy Simulation (LES) for 100 m 
runs and as a Cloud-Resolving Model (CRM) for larger grid 
spacings. Detailed in Khairoutdinov and Randall (2003). 

-Uses anelastic equations of motion in the dynamical core. 

-Prognoses thermodynamical variables: 1. liquid water/ice moist 
static energy, 2. total non-precipitating water, 3. total precipitating 
water. 
 
-Periodic boundary conditions. 

-Monin-Obukhov similarity theory for surface fluxes.
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System for Atmospheric Modeling (SAM)

-Radiation uses either: 
1. the Community Atmospheric Model (CAM, Collins and 
Coauthors, 2004)  
or 
2. the Rapid Radiative Transfer Model (RRTM, Mlawar et al., 
1997). 

-Microphysics uses either: 
1. SAM single-moment (Khairoutdinov and Kogan, 2000)  
or  
2. Morrison double-moment (Morrison et al., 2005). 
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SAM-TKE (NOSHOC)

-SAM turbulence closure scheme options include a 1.5-order 
closure using a prognostic subgrid-scale turbulent kinetic 
energy (SGS-TKE) equation (Khairoutdinov and Kogan, 1999), 
a simple Smagorinsky closure (Khairoutdinov and Randall, 
2003), and SHOC.  

-The first of which is used throughout this research as 
“NOSHOC”.  

-NOSHOC does not diagnose SGS condensation and uses 
the moist Brunt-Vaisala frequency to diagnose SGS buoyancy. 

-NOSHOC uses the “all-or-nothing” approach for cloud 
condensate and cloud fraction. 
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SHOC vs NOSHOC

-A key difference between NOSHOC and SHOC is 
in the handling of the turbulence length scale. 

-NOSHOC: length scale proportional to dz, 
appropriate for high resolution simulations 
(Bogenschutz and Krueger, 2013) 

-SHOC: length scale is related to SGS-TKE and 
eddy length scales (Teixeria and Cheinet, 2004; 
Cheng et al., 2010)

9



CONSTRAIN - Background

• Marine cold air outbreak - a polar air mass being advected 
into an area with warmer water (Brümmer, 1996).  

• Convection morphs from organized rolls to open cells 
(Brümmer, 1999). 

• Marine cold air outbreaks are more common in SH but 
stronger in NH (Fletcher et al., 2016a).  

• Generally low level clouds and a high cloud fraction 
(Fletcher et al., 2016b).  

• Common for mixed-phase clouds with supercooled liquid 
clouds precipitating ice (Hobbs and Rangno, 1998).  
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CONSTRAIN - Background
Cold air outbreak examples (a, continental, b, marine). 

Figure 1 of Kolstad (2017)
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CONSTRAIN - Background
CONSTRAIN details:  
 
-Met Office field campaign over the 
Northern Atlantic Ocean 

-Cold air outbreak event, 31 January 2010. 

-14.5 hour long case, first 1.5 hrs are spin-
up.  

-Initial conditions and forcing generated 
from high resolution limited area model 
simulation (Field et al., 2014). 

-Quasi-lagrangian model simulates 
transition from Sc to Cu (66°N 11°W  to 
60°N  8.7°W ). 

-SST (increase) forcing applied through 
simulation. Figure 2a,b of Field et al. (2014)
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CONSTRAIN 
- Model Runs
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CONSTRAIN - LES Results

The radiation-allowing run (solid blue) had ~50% more precipitation but 
only marginally more cloud cover. Why? 

In runs without precipitation radiation increases cloud cover (blue dashed 
vs red dashed).  

Allowing precipitation (solid vs dashed) reduces cloud cover. 

Rad

No Rad

- - No Precip

— Precip

What impact does radiation and precipitation have on 
clouds?
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CONSTRAIN - LES Results
What influence does ice sedimentation 

have on clouds and entrainment?
(a) (b)

Runs without ice sedimentation have lower 
precipitation rates and higher inversion 

heights. 

- - No Sed

— Sed
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CONSTRAIN - LES Results

Runs without ice sedimentation have higher cloud fractions, 
higher TKE, and higher entrainment.
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CONSTRAIN - LES Results
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CONSTRAIN - LES Results
Does microphysics scheme matter? How about ice?
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CONSTRAIN Summary

- Radiation -> increasing cloud cover.  
Precipitation -> decreasing cloud cover. 

- Ice sedimentation -> fewer clouds and less 
entrainment. 

- Double-moment microphysics produces 
supercooled water instead of ice.  

- Runs without ice produce more cloud.

19



RCE Background
Radiative convective equilibrium (RCE) 
runs are a simple proxy for the Earth. 

RCE is a balance between radiative 
cooling of the atmosphere and heating 
from convection. 

Have long been used for climate 
sensitivity studies (Manabe and 
Wetherald, 1964). 

Clouds (and aerosols) feedbacks are the 
largest sources of uncertainty in climate 
models (Cess et al., 1996; Myhre et al., 
2013). 

Radiation budgets can be looked at with 
cloud bins sorted by optical thickness 
and elevation (Hartmann et al., 2001).

Trenberth et al. (2009)
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RCE Model Runs
RCE simulations were performed to test cloud and radiative 
property dependence on many configurations:  
-grid spacing 
-turbulence parameterization scheme 
-microphysics scheme  
-SST, to evaluate cloud radiative feedbacks 

Runs were performed for 50 day simulations, all results 
shown later are latter 25 day averages. 

Runs were originally performed on 256 km x 256 km domains 
with 84 vertical levels. Some runs self-aggregated, 
necessitating smaller domains (Bretherton et al., 2005). 

Aggregation has been shown to be dependent on the 
parameterization of SGS mixing (Tompkins and Semie, 2017).
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RCE Model Runs

Day 
10

Day 
20

Day 
30

Day 
40 

Day 
50

NOSHOC 
1M 305 K 
256 km 

SHOC  
1M 305 K  
256 km 

SHOC 
1M 305 K 
128 km 

Example PW fields of an 
aggregating run vs a non-

aggregating run.  
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RCE Model Runs

Day 
10

Day 
20

Day 
30

Day 
40 

Day 
50

NOSHOC 
1M 305 K 
256 km 

SHOC  
1M 305 K  
256 km 

SHOC 
1M 305 K 
128 km 

If your PW field starts to 
look like Grand Prismatic… 

… it’s self-aggregating. 
https://www.yellowstonepark.com/things-to-do/grand-
prismatic-midway-geyser-basin Grand Prismatic Hot 

Spring in Yellowstone. Photo by Grant Ordelheide
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RCE Model Runs

Grid spacing: 16, 8, 4, 2, 1, 0.5 km. 
Turbulence scheme: NOSHOC, SHOC 

SSTs: 301 K, 305 K 
Microphysics: single-moment, double-moment 

Domain size: 256, 128, 64 km.
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RCE Results: CWP & IWP

IWP

Higher CWP in double-
moment runs.

CWP

Single moment Double moment
All results from final 25-

day averages.
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RCE Results: CWP & IWP

IWP

Lower IWP in double-
moment runs. 

CWP

Single moment Double moment
All results from final 25-

day averages.
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RCE Results: CWP & IWP

IWP

Higher CWP and much 
lower IWP in double-

moment runs.

CWP

Single moment Double moment

Single moment SHOC 
runs have lower CWP 

and IWP.

All results from final 25-
day averages.
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RCE Results: CWP & IWP

IWP

Higher CWP and much 
lower IWP in double-

moment runs.

CWP

Single moment Double moment

Single moment SHOC 
runs have lower CWP 

and IWP.

SHOC 301 K runs 
have very little grid 

spacing dependence 
for CWP.

All results from final 25-
day averages.
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RCE Results: CWP & IWP

IWP

Higher CWP and much 
lower IWP in double-

moment runs.

CWP

Single moment Double moment

Single moment SHOC 
runs have lower CWP 

and IWP.

All results from final 25-
day averages.

Larger grid spacing -> 
lower IWP & higher 

CWP.

SHOC 301 K runs 
have very little grid 

spacing dependence 
for CWP.
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RCE Results

High 
Cloud

Low 
Cloud

Single moment Double moment
High cloud 

fractions higher for 
double moment 

than single 
moment.
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RCE Results

High 
Cloud

Low 
Cloud

Single moment Double moment
High cloud 

fractions higher for 
double moment 

than single 
moment.

Single moment 
SHOC runs have 
higher high cloud 
fraction despite 

lower IWP.
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RCE Results

High 
Cloud

Low 
Cloud

Single moment Double moment
High cloud 

fractions higher for 
double moment 

than single 
moment.

Grid size and SST 
dependencies 
similar to CWP 

and IWP.

Single moment 
SHOC runs have 
higher high cloud 
fraction despite 

lower IWP.
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RCE Results

For the cloud forcing, eight additional 1 km runs 
on 64 km domains were performed with ISCCP 
cloud histograms generated. 

Cloud radiative kernels were used to generate 
climate feedbacks.  
 
Kernels selected were created from ERA Interim 
data (Zhou et al., 2013). Zelinka et al. (2012a,b) 
kernels also considered.

Image: Cloud radiative kernels in 
Figure 1 of Zelinka et al (2012a)

LWfeedback = (LWCF(305 K) - LWCF(301K) ) / 4

SWfeedback = (SWCF(305 K) - SWCF(301K)) / 4
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RCE Results: 
Cloud 

Fraction
Upper level 
cirrus is the 
predominant 
cloud type.

NOSHOC

305 
K

301 
K

Cloud fraction shifts 
to highest altitude 
bins with warming.

SHOC

SHOC also has a 
small increase 

throughout low-mid 
levels with warming.
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RCE Results: 
LW Cloud 
Forcing

NOSHOC

305 
K

301 
K

SHOC

Zelinka et al (2012a)

LW forcing pattern 
similar to cloud fraction 
with a larger influence 

in high level/large 
optical thickness bins.
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NOSHOC

305 
K

301 
K

SHOC

Zelinka et al (2012a)

SW forcing pattern 
similar to cloud fraction 
with a larger influence 

in large optical 
thickness bins.

RCE Results: 
-1*SW Cloud 

Forcing
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RCE Results: 
Net Cloud 

Forcing

NOSHOC

305 
K

301 
K

SHOC

Zelinka et al (2012a)

Most positive/negative 
net cloud forcing is 

upper-level cirrus/low-
level cloud.

SHOC has a negative 
net cloud feedback in 

low-mid levels. 
NOSHOC positive. 
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RCE Results

Magnitude of cloud feedback values (LW and 
SW) is much higher for SHOC than NOSHOC.  

Sign is opposite for 1M NOSHOC net cloud 
feedback compared to SHOC net cloud 

feedback.
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RCE Summary

-Grid size has a large impact, particularly for CWP and low 
cloud. 

-Microphysics scheme has a large impact on CWP vs IWP. 

-Upper-level cirrus is primary cloud type and primary 
contributor to cloud forcing. 

-Net cloud feedback positive for NOSHOC, negative for 
SHOC. 

-Low-mid troposphere responsible for negative SHOC net 
cloud feedback.
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DYNAMO - Background
Dynamics of the Madden-Julian Oscillation (DYNAMO)

Field campaigns late 2011-early 2012 in 
Indian Ocean and Western Pacific.

From: Johnson and Cieselski (2013)
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DYNAMO - Background

-MJO cycle: suppressed phase -> cumulus 
congestus -> deep convection -> stratiform 
precipitation -> suppressed phase (Bladé and 
Hartmann, 1993, Benedict and Randall, 2007). 

-Shallow cumulus more prominent during 
suppressed phase. 

-General circulation models have had difficulty 
moistening troposphere by shallow convection (Del 
Genio et al., 2012).
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DYNAMO - Background

-Gan Island ARM mobile facility at 0◦ 41′ S, 73◦ 9′ E. 
-KAZR radar located at AMF.  
-S-PolKa radar ~9km away.  
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DYNAMO - Case Selection

Two shallow cumulus cases were selected:  
1. 00z 13 October 2011 - 12z 14 October 2011 
- during cumulus congestus transition period 
- other cloud types present along with shallow Cu  

2. 00z 4 November 2011 - 00z 7 November 2011 
- calm suppressed period of the MJO 
- little presence of other cloud types

43



DYNAMO - Case Selection
Case 1: 00z 13 October 2011 - 12z 14 October 2011

0430z 13 October 0700z 13 October 0930z 13 October 

0430z 14 October 0700z 14 October 0930z 14 October 

ARM Total Sky 
Imager data from 

Gan Island (Morris, 
2005; ARM Climate 
Research Facility, 

2011a).
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DYNAMO - Case Selection
Case 1: 00z 13 October 2011 - 12z 14 October 2011

-CombRet combines KAZR and S-Pol radar data (Feng et al., 2014; 
ARM Climate Research Facility, 2011b).  
-CombRet data is at 90 m vertical resolution.  
-KAZR beam width is 5.2 m at 1 km (Widener et al. 2012). 
-KAZR has much higher resolution and is primary influence on 
CombRet.  
-S-Pol influences the CombRet precipitation. 
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DYNAMO - Case Selection
Case 2: 00z 4 November 2011 - 00z 7 November 2011

0430z 4 November 2011 0730z 4 November 2011 0430z 5 November 2011

0730z 5 November 2011 0430z 6 November 2011 0730z 6 November 2011

46



DYNAMO - Case Selection
Case 2: 00z 4 November 2011 - 00z 7 November 2011
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DYNAMO - Model Runs
Cloud resolving model runs used forcing derived from: 

-Gan ECMWF analysis (Zhang and Lin, 1997; Zhang et al., 2001)

-TRMM precipitation radar estimates

-SSTs from the NOAA 1/4° Optimum Interpolation Sea Surface 
Temperature (OISST) satellite product (Reynolds et al., 2007; 
Reynolds, 2009)
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10z 13 October 2011 15z 13 October 2011 20z 13 October 2011

01z 14 October 2011 06z 14 October 2011 11z 14 October 2011

DYNAMO - Results
Case 1 500m run: CWP

x

y

32 km

32  
km
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15z 4 November 2011 1z 5 November 2011 11z 5 November 2011

21z 5 November 2011 9z 6 November 2011 19z 6 November 2011

Case 2 500m run: CWP

DYNAMO - Results

x

y

32 km

32  
km
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DYNAMO - Results
-Comparing to observation reflectivity values 
requires a model reflectivity estimate. 

-Model reflectivity values were calculated 
using mixing ratios (cloud water, ice, snow, 
rain, graupel) and number concentrations. 

-Method based on Morrison et al. (2009) and 
Martin et al. (1994), detailed further by Varble 
(2013) and Stanford (2016). 
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Case 1 - 
2 km run

DYNAMO - Results

Wide range in 
precipitation 

events.  

All 16 points 
had some 

shallow cloud. 

Model took 
almost 6 hr to 

spin-up to 
initial clouds.
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DYNAMO - Results

Case 1 - 
500 m run
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The percentage of time reflectivity exceeds a 
threshold at each grid point can be calculated. 

The mean over the model can be determined. 

However, to compare to a single point location, 
standard deviations were also calculated for the 
model. 

DYNAMO - Results
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DYNAMO - Results

Case 1 - 2 km run

Case 1 - 500 m run

-Low-level cloud 
represented well in 
model.  

-Model has a 
maximum at low 
levels while 
observation profile 
increases w/ altitude. 
 
-2 km run better at 
low levels and higher 
up.

> -40 dBZ > -30 dBZ > -20 dBZ
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DYNAMO - Results

Much less 
frequent 

precipitation. 

Case 2 - 
2 km run

Model took almost 
12 hours to spin 

up clouds.
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DYNAMO - Results

Case 2 - 
500 m run
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DYNAMO - Results

Case 2 - 2 km run

Case 2 - 500 m run

-Low-level cloud is 
somewhat 
overestimated.  

-Above the 
observations stay 
within 1 stdev. 
 
-500 m run does not 
overestimate low-level 
cloud as much and 
does well > -20dBZ.

> -40 dBZ > -30 dBZ > -20 dBZ
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DYNAMO - Results

NOSHOC 
Case 1

NOSHOC 
Case 2

Additional runs at 100 m grid spacing had large 
overestimates of shallow cumulus in both cases.  

SHOC runs at 100 m showed the same result. 
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DYNAMO - Summary

-Limited frequency of shallow cumulus 
events with substantial coverage and few 
clouds of other types. 

-Cloud resolving model scales represented 
shallow cumulus reasonably well.
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Conclusions
CONSTRAIN: 
-Radiation and precipitation influences on cloud cover were of opposite sign and 
mostly cancel. 
-A more complex microphysics scheme produced supercooled water rather than 
ice for a marine cold air outbreak. 

RCE: 
-High-cloud fraction increased and low-cloud fraction decreased for a decreasing 
grid spacing. 
-Double-moment microphysics produces more CWP and much less IWP. 
-For a warming climate NOSHOC 1M runs have a positive net cloud radiative 
feedback; SHOC runs have a negative net cloud radiative feedback. 

DYNAMO:  
-Shallow Cu events without other cloud types or precipitation are uncommon 
outside the suppressed MJO phase. 
-Shallow Cu can reasonably be modeled on cloud resolving model scales. 

Overall: 
-Model runs are sensitive to a wide variety of model configurations. 
-Both model physics (turbulence parameterization, microphysics) and physical 
(domain size, grid spacing) factors are important to take into consideration. 
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