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Focus is on Arctic mixed-phase clouds	




Describing [IN] in models	
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A"er	  DeMo)	  et	  al.,	  2010	  

Homogeneous	  Freezing	  Threshold	   General approach has been to 
either convert liquid à ice at 

a threshold temperature, 	

OR,	


if ice number concentrations 
are being tracked, to relate 
[IN] to temperature ONLY	
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Describing [IN] in models	
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A"er	  DeMo)	  et	  al.,	  2010	  

Homogeneous	  Freezing	  Threshold	   General approach has been to 
either convert liquid à ice at 

a threshold temperature, 	

OR,	


if ice number concentrations 
are being tracked, to relate 
[IN] to temperature ONLY	


But clearly 
there are 

other 
factors that 

matter	




Aerosol-linked parameterization of [IN]	


Predicted [IN] are 
computed from 

measured 
concentrations of all 

particles with 
diameter > 500 nm	
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nin = a 273.16!Tk( )b (naer,0.5 )(c(273.16!Tk )+d )

Adapted	  from	  DeMo)	  et	  al.,	  2010	  
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nin = a 273.16!Tk( )b (naer,0.5 )(c(273.16!Tk )+d )

Developed from 
prior published data 	


Arc$c	  cases	  are	  
well-‐represented	  

Adapted	  from	  DeMo)	  et	  al.,	  2010	  



QUESTION: 	

Does linking ice formation to observed aerosol 

(and thus to IN) improve our ability to simulate a 
long-lived, mixed-phase cloud?	
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A"er	  DeMo)	  et	  al.,	  2010	  

Three treatments for ice nucleation	


8	


1.	  CONTROL	  (model	  
default):	  no	  explicit	  IN;	  ice	  
nucleated	  according	  to	  
Cooper	  scheme	  	  
(500	  L-‐1	  cap,	  shown	  as	  
black	  line)	  

2.	  DIAGNOSTIC:	  IN	  are	  
predicted	  from	  DeMoO	  et	  
al.	  parameteriza$on,	  but	  
no	  IN	  budget	  is	  applied	  
à	  Represents	  observed	  IN	  
well	  

3.	  PROGNOSTIC	  (“IN	  budget”):	  same	  as	  
diagnos$c,	  but	  IN	  are	  depleted	  when	  ice	  
nucleates	  and	  regenerated	  if	  the	  crystal	  
evaporates	  (SINGLE	  BIN	  APPROACH)	  

T of case study	




treatments of particle composition and size in the parcel
model is discussed in Section 4.

3. Observations and Analysis

[15] A subset of six ISDAC flights near Barrow was
selected for analysis: two flights from April 8 (flights 15 and
16), two from April 26 and 27 (flights 30 and 31), and two
from April 19 and 20 (flights 25 and 26). The aerosol during
the latter two flights was dominated by biomass burning
particles, with particle number concentrations considerably
higher than those for the other four flights. For each flight,
cloud microphysical and radiative properties were deter-
mined from the vertical profiles through cloud, as described
in Section 3.1. Aerosol physicochemical properties were
taken from horizontal flight legs below cloud base onApril 27
and 20 (Section 3.2); these properties are assumed to be
representative of the cloud precursor aerosol for all four
flights with lower Na (clean cases) and the two flights with
higher Na (polluted cases), respectively.

3.1. Vertical Profiles
[16] A total of 19 vertical profiles through single‐layer

stratocumulus cloud in clean cases, and 12 profiles through
layered stratocumulus cloud in polluted cases are used here.
The locations of all vertical profiles and corresponding flight
tracks in the vicinity of Barrow are shown in Figure 1.
Cloud droplet data from the CDP were used for all profiles
except those during flight 16, where CDP data were not
available and FSSP‐100 measurements were substituted. In
general, the CDP data were preferred, due to some perfor-

mance and calibration issues noted for the FSSP‐100 during
ISDAC (see Appendix A1 for details). The vertical extents
of profiles considered in the analysis correspond to the range
of altitudes for which Nd > 1 cm−3. All profiles were con-
ducted below the 800 hPa level; hence, the measurements
and analysis considered here are applicable to low‐level
Arctic stratocumulus clouds.
[17] Vertical profiles of temperature (as well as equivalent

potential temperature, !e), LWC, andNd are shown in Figure 2
for a clean case on April 27 and a polluted case on April 19,
which are characteristic of lower and higher below‐cloud
aerosol concentration cases, respectively. The cloud in the
polluted case is geometrically thicker andwarmer (Figure 2a),
with a mean temperature of 263.8 K compared to 260.6 K
for the clean case. To some extent, these differences in tem-
perature can explain the differences in LWC in Figure 2b, for
which the mean values are 0.11 g m−3 and 0.07 g m−3 for the
polluted and clean case, respectively. The lower mean LWC
for the clean case can also be attributed to the increasing sub‐
adiabaticity observed toward cloud top, which suggests the
depletion of cloud water by mixing or precipitation. Still, the
LWC profile for the clean case is nearly adiabatic in the lower
half of the cloud and the Nd (Figure 2c) are relatively uniform
through most of the cloud depth. These observations are
consistent with the adiabatic lifting of an air parcel with the
maximum in the supersaturation occurring just above cloud
base, where the droplet number concentration is defined. As
the parcel continues to rise above the peak in the super-
saturation, the droplets increase in size and LWC increases,
but Nd remains effectively constant. The profiles of LWC

Figure 1. Flight tracks and locations of vertical profiles through cloud in clean (squares) and polluted
(circles) aerosol conditions considered in the present analysis. Light ice‐phase precipitation was commonly
observed in profiles; cases characterized by more significant ice precipitation (estimated to comprise more
than 5% of the total cloud water content) are indicated by black circles within the profile markers.
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•  Spring cloud	


•  Transition to polluted 
regime	


•  High sea-ice extent	

–  Lower surface fluxes	


ISDAC	  (APR	  2008)	  

Liu	  et	  al.,	  2011	  (16,	  31)	  

Avramov	  et	  al.,	  2011	  (16)	  

Ovchinnikov	  et	  al.,	  2011	  (31)	  

OTHER	  STUDIES:	  

FLIGHT	  31	  (26	  APR)	  
•  Oceanic	  air	  mass	  
•  Observed	  [IN]	  ~1	  L-‐1	  
•  Observed	  ice	  ~0.1-‐1	  L-‐1	  
•  ~15	  hour	  life$me	  

FLIGHT	  16	  (8	  APR)	  
•  Con$nental	  air	  mass	  
•  Observed	  [IN]	  <0.1-‐10	  L-‐1	  
•  Observed	  ice	  ~0.1-‐1	  L-‐1	  
•  ~24	  hour	  life$me	  

Earle	  et	  al.,	  2011	  



treatments of particle composition and size in the parcel
model is discussed in Section 4.

3. Observations and Analysis

[15] A subset of six ISDAC flights near Barrow was
selected for analysis: two flights from April 8 (flights 15 and
16), two from April 26 and 27 (flights 30 and 31), and two
from April 19 and 20 (flights 25 and 26). The aerosol during
the latter two flights was dominated by biomass burning
particles, with particle number concentrations considerably
higher than those for the other four flights. For each flight,
cloud microphysical and radiative properties were deter-
mined from the vertical profiles through cloud, as described
in Section 3.1. Aerosol physicochemical properties were
taken from horizontal flight legs below cloud base onApril 27
and 20 (Section 3.2); these properties are assumed to be
representative of the cloud precursor aerosol for all four
flights with lower Na (clean cases) and the two flights with
higher Na (polluted cases), respectively.

3.1. Vertical Profiles
[16] A total of 19 vertical profiles through single‐layer

stratocumulus cloud in clean cases, and 12 profiles through
layered stratocumulus cloud in polluted cases are used here.
The locations of all vertical profiles and corresponding flight
tracks in the vicinity of Barrow are shown in Figure 1.
Cloud droplet data from the CDP were used for all profiles
except those during flight 16, where CDP data were not
available and FSSP‐100 measurements were substituted. In
general, the CDP data were preferred, due to some perfor-

mance and calibration issues noted for the FSSP‐100 during
ISDAC (see Appendix A1 for details). The vertical extents
of profiles considered in the analysis correspond to the range
of altitudes for which Nd > 1 cm−3. All profiles were con-
ducted below the 800 hPa level; hence, the measurements
and analysis considered here are applicable to low‐level
Arctic stratocumulus clouds.
[17] Vertical profiles of temperature (as well as equivalent

potential temperature, !e), LWC, andNd are shown in Figure 2
for a clean case on April 27 and a polluted case on April 19,
which are characteristic of lower and higher below‐cloud
aerosol concentration cases, respectively. The cloud in the
polluted case is geometrically thicker andwarmer (Figure 2a),
with a mean temperature of 263.8 K compared to 260.6 K
for the clean case. To some extent, these differences in tem-
perature can explain the differences in LWC in Figure 2b, for
which the mean values are 0.11 g m−3 and 0.07 g m−3 for the
polluted and clean case, respectively. The lower mean LWC
for the clean case can also be attributed to the increasing sub‐
adiabaticity observed toward cloud top, which suggests the
depletion of cloud water by mixing or precipitation. Still, the
LWC profile for the clean case is nearly adiabatic in the lower
half of the cloud and the Nd (Figure 2c) are relatively uniform
through most of the cloud depth. These observations are
consistent with the adiabatic lifting of an air parcel with the
maximum in the supersaturation occurring just above cloud
base, where the droplet number concentration is defined. As
the parcel continues to rise above the peak in the super-
saturation, the droplets increase in size and LWC increases,
but Nd remains effectively constant. The profiles of LWC

Figure 1. Flight tracks and locations of vertical profiles through cloud in clean (squares) and polluted
(circles) aerosol conditions considered in the present analysis. Light ice‐phase precipitation was commonly
observed in profiles; cases characterized by more significant ice precipitation (estimated to comprise more
than 5% of the total cloud water content) are indicated by black circles within the profile markers.

EARLE ET AL.: FACTORS INFLUENCING ARCTIC CLOUDS D00T09D00T09

4 of 16

Case Studies	


10	


•  Spring cloud	


•  Transition to polluted 
regime	


•  High sea-ice extent	

–  Lower surface fluxes	


ISDAC	  (APR	  2008)	  

Liu	  et	  al.,	  2011	  (16,	  31)	  

Avramov	  et	  al.,	  2011	  (16)	  

Ovchinnikov	  et	  al.,	  2011	  (31)	  

OTHER	  STUDIES:	  

FLIGHT	  31	  (26	  APR)	  
•  Oceanic	  air	  mass	  
•  Observed	  [IN]	  ~1	  L-‐1	  
•  Observed	  ice	  ~0.1-‐1	  L-‐1	  
•  ~15	  hour	  life$me	  

FLIGHT	  16	  (8	  APR)	  
•  Con$nental	  air	  mass	  
•  Observed	  [IN]	  <0.1-‐10	  L-‐1	  
•  Observed	  ice	  ~0.1-‐1	  L-‐1	  
•  ~24	  hour	  life$me	  

Earle	  et	  al.,	  2011	  



Prior Conclusions about ���
Simulations of Flight 16 Clouds	


Avramov et al., 2011:	


•  DHARMA: Large-eddy simulations, using a size-
resolved bin microphysics model, prognostic IN in 
10 bins 	


•  [IN] specified on basis of 10 per liter active at 
cloud top T (-17C). This [IN] was actually  

measured at -23C, and represents 10x DeMott et 
al. prediction.	


•  “Reasonable agreement with the 
observed ice number concentrations and 
size distributions, but radar reflectivities and ice 
water content were underestimated”	


–  LWC overestimated	


•  Adjusting to low density dendrites and aggregates 
provided a better match to radar reflectivities, for two 
assumptions about IN:	


•  IN concentrations increased fourfold 	


•  IN concentrations initialized with a vertically 
uniform profile, and mixed in slowly from below 
cloud	


•  Ability to “explain” cloud properties and persistence 
was in contrast to previous studies of Arctic mixed‐
phase clouds, which typically showed a large 

discrepancy when observed IN concentrations were 
used and treated prognostically 	


•  Missing process or missing [IN] source invoked	






CTRL	  

13	
13	  

F16	  –	  Diagnos$c	  -‐	  Ice	  number	  concentra$on	  (cm-‐3	  *	  10-‐4)	  

DEMOTT	  

8	  APR	  2008	  

10	  L-‐1	  
above	  
inversion,	  
1	  L-‐1	  
below	  

Observed	  Ni:	  0.4	  L-‐1	  (Peak	  0.8-‐1	  L-‐1)	  
CTRL	  Ni:	  0.5	  L-‐1	  (>0.75	  L-‐1)	  

DEMOTT	  Ni:	  0.35	  L-‐1	  (0.7	  L-‐1)	  
Avramov	  Ni:	  0.25	  L-‐1	  (0.4	  L-‐1)	  

Avramov	  et	  al.,	  2011	  (Observa$ons	  in	  grey)	  

Ice number concentrations are OK	




F16	  –	  Diagnos$c	  -‐	  Cloud	  ice	  (g	  kg-‐1	  *	  10-‐4)	  
DEMOTT	  

14	

Avramov	  et	  al.,	  2011	  (Observa$ons	  in	  grey)	  

CTRL	  

8	  APR	  2008	  

>	  3.4	  ×	  10-‐4	  g	  kg-‐1	  

Observed	  IWC:	  0.05	  g	  m-‐3	  

CTRL	  IWC:	  >0.00034	  g	  m-‐3	  

DEMOTT	  IWC:	  0.00029	  g	  m-‐3	  

g	  kg-‐1	  ~	  g	  m-‐3	  (ρair	  ≈	  1	  kg	  m-‐3)	  Similar issues as past studies with ���
too little ice mass calculated	




Effects of changing IN Concentrations (F16)	
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Cloud	  ice	  (g	  kg-‐1	  *	  10-‐3)	  -‐	  DM_10	  

NEW	  SCALE	  

Cloud	  water	  (g	  kg-‐1)	  -‐	  DM_10	   Cloud	  water	  (g	  kg-‐1)	  -‐	  DM_0.1	  

15	  

Cloud	  ice	  (g	  kg-‐1	  *	  10-‐4)	  –	  DM_0.1	  

8	  APR	  2008	  

When	  ice	  ac$va$on	  is	  decreased	  
by	  a	  factor	  of	  10,	  cloud	  water	  
strengthens	  in	  $me.	  

But	  when	  increased	  by	  a	  factor	  of	  
10,	  cloud	  water	  is	  depleted	  by	  the	  
addi$onal	  ac$va$on	  





Ice	  mass	  peaks	  mid-‐cloud,	  
more	  mass	  but	  s$ll	  lower	  

than	  obs	  





Conclusions	

•  Diagnostic IN, linked to aerosol measurements via the DeMott 

parameterization, reasonably represented both IN and ice crystal number 
concentrations and persistent mixed-phase cloud	

–  True also for coarser resolution modeling (100 m horizontal)	

–  But hard to get split between LWC and ice mass correct, as also found in 

other studies	


•  Prognostic IN are scavenged effectively and lead to short lifetimes	

–  Allowing for sublimation and return of IN helps extend lifetime	

–  Also need to constrain fluxes of IN into domain	


•  Conclude that the ISDAC case as hard to explain as other Arctic cases 
that have been attempted	

–  Avramov et al. used [IN] at high end of observations, not consistent with most 

observations nor the  T regime of the clouds	

–  Need to improve the model’s ice microphysics – right now, spherical ice 

assumed	


–  Cloud microphysical measurements should be improved to offer better 
constraints as well	



