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Summary

Mixed-phase clouds are composed of a mixture of cloud droplets and ice crystals. The cloud
microphysics in mixed-phase clouds can significantly impact cloud optical depth, cloud radiative forcing,
and cloud coverage. However, the treatment of mixed-phase clouds in most current climate models is
crude and the partitioning of condensed water into liquid droplets and ice crystals is prescribed as
temperature dependent functions. In our previous 2007 ARM metric reports a new mixed-phase cloud
microphysics parameterization (for ice nucleation and water vapor deposition) was documented and
implemented in the NCAR Community Atmospheric Model Version 3 (CAM3). The new scheme was
tested against the Atmospheric Radiation Measurement (ARM) Mixed-phase Arctic Cloud Experiment
(M-PACE) observations using the single column modeling and short-range weather forecast approaches.
In this report this new parameterization is further tested with CAM3 in its climate simulations. It is shown
that the predicted ice water content from CAM3 with the new parameterization is in better agreement with
the ARM measurements at the Southern Great Plain (SGP) site for the mixed-phase clouds.
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1. Introduction

Mixed-phase clouds are composed of a mixture of cloud droplets and ice crystals. A large percentage
of the earth’s precipitation (>50%) originates in the ice phase [Heymsfield et al., 2005]. The partitioning
of condensed water into liquid droplets and ice crystals in mixed-phase clouds varies with time and cloud
properties besides temperature, which can significantly impact the cloud optical depth, cloud radiative
forcing, and cloud coverage [Fowler and Randall, 1996; Gregory and Morris, 1996]. However, the
treatment of mixed-phase clouds in most current climate models is often oversimplified due to a lack of
complete understanding of detailed microphysics in mixed-phase clouds. For example, the ice formation
mechanisms in mixed-phase clouds are not well understood [e.g., Fridland et al., 2007]. The latest
version of the NCAR Community Atmospheric Model (CAM3) still assumes a temperature-dependent
function to partition the condensed water into liquid and ice in mixed-phase clouds which can limit its
ability to accurately simulate the cloud phase and structure and their radiative properties. The effective
radii of cloud droplets and ice crystals in CAMS3 are simply prescribed. Thus, the aerosol-cloud-radiation
interactions can not be represented.

A two-moment cloud microphysics scheme is introduced to CAM3 to provide a realistic
representation of ice nucleation, crystal growth and droplet evaporation in the mixed-phase clouds [Liu et
al., 2007]. This scheme includes detailed treatment of ice nucleation [Liu and Penner, 2005] and vapor
deposition on ice crystals [Rotstayn et al., 2000]. Thus, the repartitioning of total water into liquid and ice
in mixed-phase clouds as a function of temperature in the default CAM3 is removed. The effective radii
of cloud droplets and ice crystals which are used in the radiation and gravitational settlement calculations
are now calculated from model predicted mass and number of cloud droplets and ice crystals rather than
prescribed as a function of temperature as in the default CAMS3. In our previous ARM Metrics Reports
[Liu and Ghan, 2007; Liu et al., 2007; Xie et al., 2007] the detailed description of this new scheme and its
performance in CAM3 were documented. The new scheme has been evaluated against ARM Mixed-phase
Acrctic Cloud Experiment (M-PACE) observations under the CAM single column modeling framework
(SCAM) and the DOE CCPP-ARM Parameterization Testbed (CAPT), which uses a short-range weather
forecast approach to test climate models. It was found that the new scheme allows a more realistic
simulation of the cloud phase and structure and the partitioning of condensed water into liquid droplets
than the standard CAM simulations. In addition the new scheme leads to an improved simulation of cloud
fraction and the surface and top of the atmosphere longwave radiation fluxes in CAM3 weather forecasts.

In this report, the above new microphysics scheme is further tested with CAM3 in its climate
simulations. Simulated ice water content (IWC) is compared with the ARM observations at the Southern
Great Plain (SGP) site as well as with the satellite retrievals. It is shown that CAM with the new scheme
has a better predictions of IWC in the mixed-phase clouds than that from the standard CAM3.

2. NCAR CAM3

The NCAR CAMa3 is the atmospheric component of the Community Climate System Model (CCSM,
Collins et al., 2006). The treatment of cloud condensation and microphysics in CAM3 [Boville et al.,
2006] is based on Rasch and Kristjansson [1998] as updated by Zhang et al. [2003] with separate
prognostic equations for the liquid and ice-phase condensate. Even though each phase of water is
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transported separately, after advection, convective detrainment, and sedimentation, the liquid and ice are
repartitioned according to a temperature dependent fraction of ice in total water (f;)

0<f = “Tma g &)
Tmin _Tmax

where the bounds T, and T are adjustable within a narrow range. The values in CAM3 are -40°
and -10°C, respectively. In this way the CAM3 avoids the representation of a variety of processes (e.g.,
the Bergeron-Findersen process, ice nucleation, etc.) in mixed-phase clouds.

A two-moment ice-phase microphysics scheme has been introduced to the CAM3 [Liu et al., 2007],
in which cloud droplet and ice crystal number concentration are predicted. Thus the effective radii of
cloud droplets and ice crystals which are used in the radiation and gravitational settlement calculations are
now calculated from model predicted mass and number rather than prescribed as a function of
temperature. Ice nucleation mechanisms include homogeneous ice nucleation on sulfate aerosol and
heterogeneous immersion nucleation on soot particles in ice clouds with temperature less than -35°C [Liu
and Penner, 2005], contact freezing of cloud droplets through Brownian coagulation with insoluble IN
(assumed to be mineral dust), and deposition/condensation nucleation [Meyers et al., 1992]. Secondary
ice production between -3 and -8 °C is included for Hallet-Mossop multiplication.

We added the Rotstayn et al. [2000] scheme in CAM3 to represent the conversion of cloud liquid
water to ice in the mixed-phase clouds via the Bergeron-Findeisen process (in which ice crystals grow
through vapor deposition at the expense of evaporating cloud droplets). The deposition growth of ice
crystals is proportional to the number density of ice crystals. The vapor deposition, combined with a
treatment of riming of droplets on ice crystals in CAM3 [Rasch and Kristjansson, 1998], permits explicit
treatment of the Bergeron-Findeisen process, rather than simply diagnosing the condensate phase from
temperature.

3. Model Results

The simulations with the standard CAM3 (simulation REF) and with the modified CAM3 with the
new microphysics scheme (simulation ICE) were conducted at 2° x 2.5° horizontal resolution with 26
vertical levels over a period of 3 years after an initial spin-up of 4 months using climatological (1950-
2000) sea surface temperatures . The aerosol climatology prescribed in the CAMS3 [Collins et al., 2001] is
used. Results from the last 3 years are presented below.

3.1 Comparisons Between the Standard and the Modified CAM3

Figure 1 shows the annual average zonal mean latitude versus pressure cross sections of temperature,
specific humidity, cloud cover, and ice water mixing ratio for the simulation REF and ICE. Specific
humidity in the ICE simulation is reduced in the tropical convective regions in the lower and middle
troposphere and in some regions of the mid-latitudes, but is increased elsewhere. The largest relative
increase occurs in the tropical tropopause and lower stratosphere regions (by ~50%) above 200 hPa.
Correspondingly cloud cover is increased near the tropical tropopause (~100 hPa) and over polar regions.
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The higher cloud cover (by 20-30%) near the tropical tropopause is due to the formation of subvisible
cirrus clouds from ice nucleation, while cloud cover there in the standard CAM3 is underestimated
[Boville et al., 2006]. Wang et al. [1996] found that subvisible cirrus clouds occurred >45% of the time
just below the tropical tropopause in the Stratospheric Aerosol and Gas Experiment Il profiles. These
subvisible cirrus clouds contribute to a temperature increase due to radiation heating, which reduces the
cold tropopause bias in the standard CAM3 by 1-2 K. The zonal mean maxima of cloud ice mixing ratio
are increased significantly in the ICE simulation. Above these maxima, the cloud ice mixing ratio is
slightly decreased.
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Figure 1: Annual zonal mean latitude versus pressure cross sections of temperature (K), specific
humidity (g kg™), cloud cover (%), and cloud ice mass mixing ratio (mg kg) by the standard CAM
(simulation REF) (left panel) and by CAM with the new scheme (simulation ICE) (middle panel), and the
difference ICE — REF (right panel).
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Figure 2: Ice water content profiles from observation data at the SGP site, and from the CAM simulations
REF (sold line) and ICE (dotted line).

3.2 IWC at the SGP Site

One of the difficulties in using radar/lidar/radiometer observations to validate models is that these
observations are often single-point measurements, and may not be representative of cloud properties
predicted from the global climate models with larger grid sizes (100-500 km). Seo and Liu [2006]
combined surface remote sensing and satellite measurements to derive three dimensional IWC
distributions in a 10°x10° area (31.6-41.6°N and 92.5-102.5 °W) near the Atmospheric Radiation
Measurement (ARM) Southern Great Plain (SGP) site. Currently only the ice water retrievals for the
March 2000 SGP Intensive Operation Period are available. We averaged the ARM IWC data temporally
and horizontally to produce the monthly mean vertical profile of IWC. In order to compare with measured
data, we also averaged the model grid mean IWC horizontally over the same area (10°x10°). Figure 2
shows the IWC profiles from ARM data, and from the CAM simulations REF and ICE. Both CAM
simulations broadly capture the IWC maximum between 3 km and 8 km for the mixed-phase clouds.
However, the standard CAM3 under-predict the data by a factor of 10. The simulation ICE improves the
comparison. It is noted that the IWC retrievals also exist large uncertainties [Seo and Liu, 2006].
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Figure 3: Annual and zonal mean ice water content (mg m™) predicted from (a) the simulation ICE and
(b) simulation REF and that measured by (c) the Aura MLS instrument.

3.3 IWC Comparison with Satellite Data

The NASA Earth Observing System (EOS)’s Microwave Limb Sounder (MLS) [Waters et al., 1999]
onboard the Aura satellite (launched on July 15, 2004) has five radiometers measuring microwave
emissions from the Earth’s atmosphere to retrieve chemical composition, water vapor, temperature and
cloud ice. The MLS ice water content consists of data from the upper troposphere and lower stratosphere
(from 316 hPa to 46 hPa) and have a near-global (82°S-82°N) coverage. The estimated uncertainty in the
IWC measurements is approximately 1.2, 1.8 and 3 mg m™ at 100, 147, and 215 hPa, respectively
[Li et al., 2005]. The data used here for comparison are monthly mean IWCs from September 2004 to
August 2005 averaged with 4° (latitude) x 8° (longitude) horizontal resolution, and thus have an
uncertainty on the order of 0.1 mg m™ due to time and spatial averages [Li et al., 2005]. For comparison,
were gridded the CAM3 data to the same MLS horizontal and vertical resolution.

Figure 3 shows the annual and zonal mean IWC predicted from simulation ICE and REF as compared
with the MLS data. The predicted IWC from the modified CAM (simulation ICE) is more consistent with
the MLS Aura data in the upper troposphere than the standard CAM prediction. Although the standard
CAM generally reproduces the horizontal IWC distribution patterns with maxima in the Western Pacific,
the Indian Ocean, and over Central Africa and South America, it predicts too little IWC by as much as a
factor of 4 in tropical regions [Li et al., 2005]. We note that our modified CAM (i.e., ICE) may still
underestimate IWC at levels above ~200 hPa in the tropics by a factor of 2-3, since the MLS IWC is
distributed to higher altitudes there. Moreover, the MLS IWC has a more rapid reduction from the tropics
towards the two poles than does the model (i.e., lower MLS IWCs at polar regions).
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4.,  Summary

In this report the new cloud microphysics scheme is further tested in CAM3 climate simulations. The
new scheme leads to the improvement of the cloud fraction and reduction of temperature bias in the
tropical tropopause. The predicted ice water content in the CAM3 with the new scheme is in better
agreement with the ARM observation at the SGP site for the mixed-phase clouds and with the Aura MLS
data than that in the standard CAM3.
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