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Accomplishments

Accomplishments to date on this grant can be broken into three distinct categories:

1) Mixed-phase Cloud Retrieval and Dataset Development

Cloud Classification.  Development and testing on a cloud radar Doppler spectrum cloud phase classification has continued in collaboration with Ed Luke (Brookhaven National Lab or BNL) and Pavlos Kollias (McGill Univ.).  This neural network-based algorithm identifies mixed-phase cloud occurrence and has been applied to observations from the North Slope of Alaska (NSA), Eureka, Canada, and the Southern Great Plains site.  A manuscript detailing this method is in press at the Journal of Atmospheric and Oceanic Technology (Luke et al. 2010) and was presented at the ARM Science Team Meeting (Luke et al. 2008).  Also, a fixed threshold, multisensor cloud classification routine developed in prior years has now been published (Shupe 2007).  This routine has been adapted for application at the NSA site based on the evaluation of multiple years of classifications. 

Vertical Velocity and Turbulence.  Methods have been developed to extract the vertical velocity and turbulent dissipation rate from radar Doppler spectra within clouds.  The vertical velocity can only be determined in cloud volumes that have particles that trace vertical air motions, in this case cloud liquid water droplets.  Doppler spectra constrain the velocities of these tracers, and corrections are applied for spectral broadening.  One broadening term is related to the turbulent dissipation rate, which is derived from the temporal variance of radar mean Doppler velocities.  Retrievals have been evaluated with respect to independent observations by aircraft and tethered balloon, suggesting that the radar-based estimates of turbulence are biased low, which contributes to an upward bias in the derived vertical velocity.  Further work is needed to better constrain these uncertainties and to determine if there are other biases impacting the retrievals.  The methods themselves have been outlined by Shupe et al. (2008).


Baseline Microphysics Product.  The PI has continued a collaboration with David Turner (Univ. of Wisconsin) to develop a next generation operational cloud microphysics product utilizing cloud radar, spectral infrared, microwave radiometer, lidar, and sounding measurements.  The product, known as the ShupeTurner MICROBASE, currently covers 2 years at the NSA site and is being evaluated as a possible replacement for the standard MICROBASE product (produced by BNL) at the NSA site.  This product has been incorporated into the Broadband Heating Rate Profiles (BBHRP) framework to compute radiative heating rates and boundary fluxes for radiative closure evaluations.  The ShupeTurner product shows smaller radiative flux residuals than the current BNL MICROBASE product, due in part to a better cloud phase classification and an improved specification of the cloud LWP.  For the ShupeTurner BBHRP closure analysis, LW surface fluxes are biased by < 2 W/m2 with a standard deviation from measurements of < 10 W/m2.  At the TOA, LW biases and standard deviations increase to 6 and 12 W/m2, respectively.  Surface shortwave bias and standard deviation are <20 W/m2 and 75 W/m2, indicating that there are still some significant issues with representing cloud-radiative characteristics in the SW.  Distinguished by cloud phase, the lowest biases and standard deviations are realized for ice clouds, while TOA closure is worst under liquid cloud conditions.  These results have been presented at the ARM Science Team Meeting (Shupe et al. 2008).  Additionally, the Shupe-Turner microphysics product has been used in a pair of manuscripts that evaluated models during the MPACE experiment (Klein et al. 2009; Morrison et al. 2009). 

Arctic Cloud Occurrence and Phase Datasets.  Data sets of cloud occurrence, macrophysical properties, and phase have been produced for many Arctic atmospheric observatories, including 10-years of observations at Barrow and Atqasuk.  Clouds occur ~5-10% of the time more frequently at Barrow than at Atqasuk.  Both sites have an annual maximum cloud fraction in October while March has the lowest cloud fractions.  These sites have the highest cloud fractions of any Arctic cloud observatory.  During the summer, cloud occurrence in Atqasuk has a diurnal cycle amplitude of ~14%, compared to ~8% at Barrow, reflecting the influence of the land surface on diurnal cloudiness.   With regard to cloud phase (only available at Barrow) liquid water-containing clouds occur above Barrow 80% of the time in the fall and 25-50% of the time in winter.  Barrow clouds more frequently contain liquid water than the other Arctic cloud observatories that have similar instrument suites.  Mixed-phase clouds occur 35-40% of the time, predominantly in the spring and fall transition seasons.  As a function of temperature, cloud water occurs in only 5% of clouds at temperatures below -30 C, increasing to 40% in the -20 to -10 C range, and up to 60% in the -10 to 0 C range. These results have been compiled in two papers submitted to the Journal of Applied Meteorology and Climatology (Shupe et al. 2010; Shupe 2010).  Additionally, they have been conveyed in talks at the AMS Polar Meteorology Conf. (Shupe et al. 2009), a seminar at the Univ. of Colorado, and two collaborative studies comparing the cloudiness between Barrow and Eureka (deBoer et al. 2009; Cox et al. 2008).

Mixed-Phase Method Review.  The principle investigator spearheaded an effort to document mixed-phase cloud property retrievals from ground-based sensors, most of which have been developed within the ARM community.  Two cases from the Mixed-Phase Arctic Cloud Experiment (MPACE) were used to demonstrate applicable methods.  The paper summarizes our current abilities as being able to successfully quantify mixed-phase cloud identification, cloud boundaries, ice properties, liquid water path, and some estimates of in-cloud motions and turbulence.  The greatest deficiencies are identified to be the vertical distribution of liquid water properties and the impact of aerosols on the mixed-phase cloud structure.  This summary paper has been published in the Bull. of the American Meteorological Society (Shupe et al. 2008).

2) Observational Process Studies

Mixed-phase Processes in Spring vs. Fall.  A comparison of mixed-phase cloud microphysical-dynamical processes has been conducted between the Arctic fall (MPACE) and the spring (ISDAC - The Indirect and Semi-Direct Aerosol Campaign).  The analyses documented in Shupe et al. (2008) for MPACE have been repeated for the new ISDAC observations, producing time-height fields of cloud microphysical properties, occurrence, phase, in-cloud vertical velocity, and turbulent dissipation rate.  When comparing the spring and fall, it is found that unique scales-of-motion occur in these two seasons that are linked to the dynamical forcing for the clouds.  In-cloud circulations during fall occur on a number of scales, including a primary circulation at about 8-10 km that corresponds to a typical “roll cloud” feature, with smaller scale circulations also in operation.  During spring, most in-cloud circulations occur at smaller scales of ~1 km and smaller.  In addition, turbulent dissipation rate profiles in the spring suggest that turbulence is generated predominantly in the cloud, while those in fall suggest that turbulence is both generated in the cloud and from the surface. In both cases the general cloud microphysical structure is similar (ice particles forming in a stratiform liquid water layer, growing, and falling from that layer) but the temporal variability of microphysical properties is defined by the vertical motions in each case.  These comparisons reveal the relative effects of cloud top radiative cooling vs. surface turbulent heat fluxes towards forcing cloud formation.  In fall, the larger scale motions are a direct result of strong surface turbulent fluxes caused by cold air flowing off the sea-ice, over the warm ocean, and impinging on the NSA site.  In spring, sea-ice covers most of the Arctic Ocean near Barrow, minimizing this surface induced forcing.  Clouds are sustained in this season primarily by cloud top radiative cooling which drives smaller, less vigorous, and less organized cloud-scale circulations.  These results were presented at the ARM Science Team meeting (Shupe et al. 2009).

Ice Initiation Mechanisms.  Observational work with ISDAC observations has resulted in a collaboration with scientists from the NOAA ARCPAC program concerning the topic of ice initiation in mixed-phase clouds and its sensitivity to the cloud liquid microphysical properties.  Aircraft observational data suggest the occurrence of a cold-cloud, second indirect aerosol effect that is similar in nature to the second indirect effect that operates in warm/drizzling clouds.  Specifically, it is seen that under polluted conditions (with a higher aerosol concentration), there is less ice crystal precipitation from mixed-phase clouds possibly because there are fewer large liquid water drops which preferentially freeze to form the ice.  MPACE and ISDAC aircraft observations also show a relationship between the measured ice crystal number concentration and the concentration of large liquid droplets.  This information has been presented at the AGU fall meeting (Lance et al. 2009).

Cloud-Radiation Interactions.  The ShupeTurner microphysics product and corresponding BBHRP calculations have been used to examine the relationships between atmospheric heating rate profiles and cloud microphysics at Barrow.  Similar to previous work conducted by the PI concerning the impact of clouds on the surface radiative budget, it has been found that cloud liquid water exerts a significant impact on Arctic atmospheric radiative heating rates.  Cloud ice appears to be much less significant in this regard.  Strong LW cooling occurs at the top of liquid-containing clouds, destabilizing these cloud layers and supporting further dynamical forcing to maintain these clouds.  In stratiform mixed-phase clouds, there is also a relative warming, and further destabilization, within the ice precipitation falling from the cloud top liquid layer.  These cloud self-propagating processes might contribute to the fact that elevated liquid water layers (above 2 km) are typically only found within a mixed-phase cloud system, but rarely found in the liquid-only state.  Results pertaining to these microphysical-radiative interactions have been presented at the ARM Science Team Meeting (Shupe et al. 2008; Mlawer et al. 2008; Turner et al. 2009), the AMS Polar Meteorology Conf. (Turner et al. 2009), and the upcoming 8th Int’l Symp. on Tropospheric Profiling (Turner and Shupe 2009). 

3) Regional Modeling of Mixed-Phase Cloud Processes

The Weather Research and Forecasting (WRF) model has been implemented at CIRES/NOAA-ESRL.  We have incorporated and modified the Morrison two-moment cloud microphysics scheme to support our ability to examine cloud microphysical-dynamical processes.  Specifically, we have implemented the cloud liquid as two moments (the standard option has only one-moment), and we have coupled the microphysics to the boundary layer and radiation schemes.  We have also implemented a variable sub-grid vertical velocity (instead of constant), and incorporated modest changes to the aerosol specification.  Our WRF framework has been implemented with a set of three two-way nested domains, with variable horizontal resolutions.  Baseline runs have been conducted with 25, 5, and 1 km resolution grids, while we have also tested runs down to 200 m horizontal resolution.


Our WRF modeling activities have been designed to complement the observational results discussed above by examining cloud microphysical-dynamical processes in seasonally-varying conditions.  Simulations have focused on cases from MPACE and ISDAC time periods at Barrow.  Our MPACE case study (6-10 October 2004) entails NE winds blowing from the sea-ice, out over the open Arctic Ocean and impinging on the NSA.  This situation leads to a pattern of well-organized roll clouds that eventually break down into a cellular structure downwind of Barrow.  With 1 km horizontal resolution we have found some success with resolving the mesoscale roll structures, perhaps the first successful simulations of Arctic “cold air outbreak” roll clouds with a mesoscale model.  In our baseline simulation we also model LWPs that are in reasonable agreement with surface observations at Barrow and IWPs that are slightly too large.  Due to horizontal resolution, the model does not show the small-scale variability in vertical velocity and microphysical structure that is seen in surface observations.  Through a series of simulations, we found that the model results are sensitive to the specification of ice/snow particle size distributions, and that a priori information on these distributions is a key to good simulations using single-moment microphysics schemes.  These results have been published in the Monthly Weather Review (Solomon et al. 2009) and were presented at the AMS Polar Meteorology Conf.

Our ISDAC case (8-10 April 2008 at Barrow) has large-scale winds that are broadly similar to the MPACE case (easterly), but the surface is mostly covered with sea-ice.  Preliminary runs assuming full sea-ice coverage (0% open ocean) did not produce an adequate amount of cloud liquid water.  However, when we specified the sea-ice coverage according to a clear sky visible satellite image of the area, it became apparent that even a small fraction of open ocean is important for providing energy and moisture for cloud formation.  With the improved surface specification, the magnitude and variability of the modeled LWP compared reasonably well with observations from the surface at Barrow.  However, the cloud ice was underestimated by a factor of 3-4.  Horizontal length scales for in-cloud circulations were smaller than during the MPACE case, highlighting the important difference in forcing mechanisms for these two seasons.   

The sensitivity of cloud microphysics to aerosol was studied within the context of these two case study time periods by varying aerosol concentrations with other conditions unchanged.  It was found that the sensitivity of cloud SW transmission to aerosols increased under conditions with higher cloud LWP.  In a related fashion, the presence of open water, which contributes to higher turbulent kinetic energy, moisture flux, and cloud LWP, tends to enhance the effect of aerosol concentrations on the system.  Results pertaining to these aerosol sensitivity studies, within the broader context of an MPACE-ISDAC comparison are included in a paper that is under preparation.

These model studies, constrained with the related observations, have highlighted some important successes and failures of the WRF model using the Morrison 2-moment microphysics scheme.  First, while the model is able to successfully simulate the LWP in both spring and fall conditions (a major success relative to typical Arctic mixed-phase cloud models), the model fails to capture the small-scale variability in vertical velocity and cloud microphysical properties, particularly for the spring time case that was characterized by smaller-scale motions.  Even at 200 m resolutions there is a significant amount of turbulent energy that is not resolved.  Thus, the model does not produce shafts of cloud ice on the appropriate scales that are indicated by the observations during ISDAC, suggesting possible difficulties in either the ice initiation parameterizations or the incorporation of sub-grid scale peaks in super-saturation.  Studies are underway to determine the source of these issues and to modify the necessary parameterizations to better capture the observed conditions.
Service to ARM

· Chair of ARM Cloud Properties Working Group (CPWG), Co-Chair of the ASR Cloud Lifecycle Working Group (CLWG)
· Writing team for the ASR Science Plan

· Lead Mixed-Phase subgroup of CPWG.

· Member of Science and Infrastructure Steering Committee (SISC)

· Member of ACRF Science Board

· Served on the ARM Sunset Committee

· Co-Investigator on ISDAC field campaign which occurred in spring 2008.

· Co-Investigator on StormVex field campaign planned for winter 2010-2011.

Papers and Products:


Data products produced under this grant include:

1)  A 2-year version of the ShupeTurner MICROBASE product has been provided to members of the ARM-BBHRP community and individual modeling efforts.  This product includes time-height fields of cloud liquid and ice microphysical properties and a cloud type classification mask.

2)  Ten-year cloud occurrence and macrophysical properties data sets have been produced for Barrow, Atqasuk, and other Arctic atmospheric observatories.  This product includes cloud occurrence, vertical distribution, boundaries, and total thickness for a number of available instruments and a best estimate of each parameter based on an optimal combination of the individual measurements.  Data sets are all available on the Cooperative Arctic Data and Information Service (CADIS) archive.

This project has supported the PI’s work on many mixed-phase cloud studies and in various collaborations with ARM and other scientists that have lead to the following peer-reviewed publications and selected conference/meeting presentations.
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Statement:

During 2009 and 2010, the Principle Investigator has served in leadership roles for the ARM and ASR science teams which have eaten into much of the time that is available for conducting his scientific research.  During 2009, the PI was the chair of the ARM Cloud Properties Working Group.  Then moving into 2010 he became co-chair of the ASR Cloud Life Cycle Working Group.  Additionally, the PI played a pivotal role in writing the new ASR Science Plan during the 2009 and 2010 years. 

