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Comprehensive Studies of Marine Stratocumulus during VOCALS-REX using Radar, Lidar, and In Situ Measurements: Year 2 Annual Report (April 2009 – March 2010)

David C. Leon, Jefferson R. Snider, and Zhien Wang

1. Overview 

This report describes activities from April 2009 through March 2010 (Year 2) for NSF ATM-0745986. Following Year 1, which was dominated by the VOCALS-REx deployment, Year 2 activities shifted to examination of data quality (including post-project calibrations), development and dissemination of the Wyoming Cloud Radar (WCR) – Wyoming Cloud Lidar (WCL) Integrated Datasets, and analysis of the WCR, WCL, and in situ aerosol (Wyo CCN, PCASP, and FSSP-300) datasets. As 2nd year activities have progressed, our efforts have shifted from quality control towards in depth analysis and preparation/presentation of results, which will be the focus of our Year 3 efforts.

These efforts are described in detail the following sections: Section 2 discusses the status of our education efforts; The WCR-WCL integrated datasets are described in Section 3; Pre- and post-deployment calibration of the PCASP and FSSP-300 and its implications are described in Section 4; Section 5 describes our ongoing work on radar-lidar retrieval of precipitation rates and cloud-droplet number concentrations. Finally, publications making use of the WCR, WCL and in situ aerosol observations are listed in Section 6. 

2. Educational Activities
By far the biggest disappointment our VOCALS efforts has been the departure of Ph.D. student Wiesje Mooiweer, followed by the last-minute withdrawal of a second student due to start graduate work in Fall 2009. Wiesje, who participated in the VOCALS-REx field deployment, decided to focus on motherhood and left the Ph.D. program shortly after the end of her maternity leave in mid-2009. Brianna Cote, who was to start graduate studies in Fall 2009 withdrew one week before the start of the fall semester due to personal issues. As a result there were no students working with us for most of Year 2.

We have been actively seeking new students to work with us on analysis of the VOCALS-REx dataset. One student, Ghokan Server, has accepted our offer of an assistantship and will enter the Ph.D. program in the fall semester.  Ghokan is currently completing a M.S. in Atmospheric Science at the University of North Dakota and will work with Dr. Snider on analysis of aerosol data from VOCALS-REx. We are currently seeking a second student to start in fall 2010 and have been in contact with a few potential graduate students who have expressed interest in the VOCALS-REx analysis and are optimistic that a second student (most likely at the Masters level) will join us in Fall 2010. 
3. Integrated WCR-WCL datasets: 
One of our principal Year 2 efforts has been the creation and refinement of WCR-WCL integrated datasets (IDs). This dataset consists of quantities derived from combinations of the WCR, WCL, and in situ thermodynamic data. The WCR-WCL IDs include quantities such as cloud-top and cloud-base height, column maximum reflectivity plus reflectivity at 100 m and 500 m above the ocean surface.  The IDs consist of a set of NetCDF files, one for each of the fourteen C130 research flights with all quantities output at 1 Hz.   For ease of use, the IDs are matched 1:1 with the base C130 datafiles and follow the same conventions. Some of the products included in the WCR-WCL integrated datasets are listed in Table 1.
Table 1.  Selected products from the WCR-WCL Integrated Datasets. 

	Variable
	Description

	Zmax 
	(dBZ)
	Column-maximum reflectivity

	Z500 
	(dBZ)
	Reflectivity @ 500 m

	Zsfc 
	(dBZ)
	Reflectivity 100 m above surface

	sigma0down 
	(dB)
	Ocean surface return from nadir beam

	Drizzle 
	(drizzle/no)
	Drizzle indicator based on reflectivity threshold. 

	cloudtop 
	(m)
	WCR computed cloud-top height

	cloudbase 
	(m)
	Cloud base height

	cloudthick 
	(m)
	Cloud thickness 

	LWPadiabatic 
	(g m-2)
	Adiabatic Liquid Water Path

	LWP1
	(g m-2)
	Retrieved LWP from G-band radiometer

	TWPbl 
	(g m-2)
	Total water path (vapor + liquid) within the boundary layer. 

	WCLcloud 
	(cloud/no)
	Cloud indicator

	1 Provided by Paquita Zuidema, U. Miami


Several VOCALS PIs including: Rob Wood and Chris Bretherton (U. Washington), Paquita Zuidema (U. Miami), Cindy Twohy (U. Oregon), Steven Abel (UK Met. Office); and David Rahn (U. Chile) are using the IDs in their research. As part of a collaborative effort Paquita Zuidema (U. Miami) is integrating the airborne G-band radiometer retrievals of liquid water path alongside the adiabatic liquid water paths computed from the WCL cloud base and WCR cloud top heights. An example of the remarkable agreement between adiabatic and retrieved liquid water paths observed for some legs despite multifold variability in LWP is shown in Figure 1.
The WCR-WCL IDs are currently being made available through anonymous FTP at ftp://cat.uwyo.edu/pub/permanent/leon/VOCALS/WCR-WCL_IDS/.  Once the WCR-WCL IDs are finalized we will work with EOL to make these datasets available alongside the other VOCALS-REx datasets.
[image: image18.png]m

subcloud leg 7

EN:664.mean: 167

71, mean: 157

3100 3200 3300 3400 3500 3600




Figure 1. Adiabatic Liquid Water Path (LWP; Red) and retrieved LWP (Black) for Subcloud Leg 7 from RF03, October 21, 2008. Blue and green traces show brightness temperature at 183 ± 7, 14 GHz respectively. Plot provided by Paquita Zuidema, U. Miami.
4. Calibration and Analysis of In Situ Aerosol Measurements
During Years 1 and 2 we conducted calibrations of the two externally-mounted optical particle counters operated on the NCAR-NSF C130.  These calibrations were conducted in our aerosol laboratory at the University of Wyoming both prior to, and after, the VOCALS-REx deployment.  Both the Passive Cavity Aerosol Spectrometer Probe (PCASP), and the Model 300 Forward Scattering Spectrometer Probe (FSSP-300), were tested.   The latter work is described in detail in a report written by Eric Bourrianne, an intern from University Paul Sabatier (Toulouse, France), who was supervised by Jeff Snider from April to July 2009.   Eric’s report can be viewed online: http://www-das.uwyo.edu/~jsnider/fssp_report_v5.pdf .
4.1 Calibration of Optical Particle Counter Sizing

Preparation of the test aerosols used to calibrate the probes is described in this section.  As is the case at the probe manufacturer (Droplet Measurement Technologies, Boulder, CO), we start with hydrosols of polystyrene latex (PSL) obtained from Duke Scientific Corporation (Palo Alto, CA).  The hydrosols were diluted in deionized water with dilution factors ranging between 2x10-3 (0.125 (m PSL) and 2x10-2 (0.700 (m PSL).  The diluted hydrosols were atomized and the resulting wet aerosol was dried, charge neutralized and mobility selected.  Without the final step (mobility selection in a differential mobility analyzer) the test aerosol is polydisperse, with the single PSL particles mixed with PSL multiplets and with particles composed of solute contained within the hydrosol solution.  The mobility-selection step makes our test aerosols much more mono-disperse than those produced by the probe manufacturer.

In the following sections we present our calibration results and compare those to calibrations performed by the manufacturer using test aerosols which were not mobility selected (here referred to as “polydisperse PSL”).   Also evaluated are the manufacturer’s calibration of the FSSP-300 conducted with polydisperse PSL and with glass beads of diameter 10 and 15 (m.

4.2 Thresholding and Electronics

Detection of light scattering produced by particles transiting a laser is the basis for measurements made by the PCASP and FSSP-300 (Liu et al., 1992; Baumgardner et al., 1992).  By comparing the amplitude of an individual scattering pulse to a set of threshold values, and by doing that for pulses produced by a population of particles, the probe accumulates a histogram of particle counts.  The set of thresholds, what we refer to as the “threshold table”, is uploaded to the probe on startup. The threshold table uploaded to the probes on the C130 is somewhat different from that used in our laboratory or by the manufacturer. As is described below, we convert our calibration results so that they can be applied to probe data from the C130.   

Amplification of the raw scattering signal is performed within the probe electronics.  Three amplifier stages (high, medium and low) are present in the PCASP electronics and two amplifier stages (high and medium) are present in FSSP-300 electronics.  During testing conducted prior to VOCALS, we adjusted the baseline of the PCASP’s high gain amplifier.  Our calibrations of the PCASP were conducted after the amplifier adjustment, but prior to the VOCALS campaign (September 2008), and also after VOCALS (February 2009).   Our FSSP-300 calibrations were conducted following the VOCALS-REx deployment (May 2009) and the DMT calibrations were performed in July 2007.
4.2.a PCASP Calibrations

Figures 2a-2c shows calibration results for the PCASP operated on the C130 during VOCALS (serial number 23738-0491-08).  The small black diamonds correspond to the threshold/diameter table uploaded to the probe when operated either in our lab or at the manufacturer.  We refer to that table as the “factory threshold/diameter table” and connect the values by a black dashed line.  The gray triangles are our calibration measurements.  For example, in Figure 2a, the experiments with 0.125 (m PSL showed that those particles classified in the threshold = 1146 channel.  

Also evident in Figure 2a is a “diameter distance” between the factory value and our measurement.  The distance was evaluated as
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where 
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 is the factory diameter corresponding to the upper-limit of the channel.  The diameter difference in Figure 2a is
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Three diameter differences were evaluated, one for each gain stage, and the values are printed above Figure 2a (0.015 (m), Figure 2b (-0.001 (m) and Figure 2c (-0.009 (m).   

[image: image19.wmf]
Figure 2 - Size calibrations of the NCAR PCASP (serial number=23738-0491-08).  Dashed black lines and diamonds indicate the threshold/diameter table uploaded to the probe both in our laboratory and at the manufacturer.   Triangles are our calibration measurements.   The solid black lines indicate the adjusted threshold/diameter table.   The dashed red lines show the adjusted threshold/diameter table evaluated at the threshold values uploaded to the probe on the C130.   The threshold/diameter table for the C130 is also presented in tabular format below the graphs.
Our calibration of the PCASP sizing is a three-step process.   First, we adjusted the diameter values within each gain stage by an amount equal to the gain stage-dependent value of 
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.  Second, we derived an “adjusted threshold/diameter table.”  The latter is indicated by the solid black curves in Figures 2a-2c.  Third, we performed measurements with a second PSL aerosol (
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= 0.152 (m) and found that to be within 0.003 (m of the adjusted threshold/diameter table (Figure 2a).

4.3.b Conversion of PCASP Calibration to NCAR Threshold/Diameter Table

Because NCAR uses a threshold table different from the factory table, we converted diameters based on the adjusted threshold/diameter table to diameters corresponding to the NCAR thresholds.  For example, the second NCAR threshold is 
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= 1146.   The latter correspond to two adjusted laboratory diameters, 
[image: image10.wmf]  

D

adj

1

=0.115 (m and 
[image: image11.wmf]  

D

adj

2

= 0.125 (m.  The calibrated NCAR diameter, for 
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Figures 2a-2c shows the NCAR thresholds as red dashed vertical lines and the calibrated diameters as red dashed horizontal lines.  Values of the NCAR thresholds, and the calibrated diameters, are also presented below the graphs.

4.4 FSSP-300 Calibrations

In contrast with the PCASP, which aspirates aerosol at a metered volumetric rate, the FSSP-300 is an open path instrument.  Similar to the FSSP-100, the laser crossection of the FSSP-300 is many times that of its effective sampling crossection.  The latter has been evaluated two different ways, 1) via an analysis of the optical design of the probe (Baumgardner et al., 1992), and 2) by comparison to a calibrated particle measurement system (Baumgardner et al., 1992; Snider and Petters, 2008).  The volumetric sampling rate of the FSSP-300 is the product of the probes’s effective sampling crossection and the true airspeed of the C130.  Here we report on the FSSP-300 particle sizing calibration.  To first order, this is independent of the probe’s effective sampling crossection.

Our size calibrations were conducted using mobility-selected PSL particles, accelerated through a nozzle, and directed at the FSSP-300’s sampling section at 4 m s-1.   Details are presented in Eric Bourrianne’s report (see Section 1).  Our approach differs from that of the manufacturer, who produces polydisperse PSL (or glass beads) and presents them to the probe at ~40 m s-1 (Dye and Baumgardner, 1984).

Figures 3a-3b shows the FSSP-300 calibrations (serial number=25665-0991-05). The points labeled “DMT” are were obtained from the manufacturer; those tests were conducted on 20070706.  The points labeled “UWYO” are our measurements.   Below 5 (m the calibrations were made using PSL (mobility-selected PSL and polydisperse PSL), and above 5 um glass beads were used (two data points).  The manufacturer performed both of the glass bead calibrations.   

The FSSP-300 results are difficult to interpret.   For example, Figures 3a-3b does not reveal a consistent diameter shift like that seen in Figure 2a.  We conclude that the factory‐recommended relationship is acceptable for field data acquired by the FSSP-300 during VOCALS.   In Figures 3a-3b, the NCAR thresholds are presented as dashed red vertical lines, the corresponding diameters are presented as dashed red horizontal lines, and the recommended threshold/diameter table is shown below the graphs. 
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Figure 3 - Size calibrations of the NCAR FSSP-300 (serial number=25665-0991-05).  Dashed black lines and diamonds indicate the threshold/diameter table uploaded to the probe both in our laboratory and at the manufacturer.   Gray triangles are our calibration measurements.   The blue triangles are calibration measurements from the probe manufacturer.   The dashed red lines show the threshold/diameter table evaluated at the threshold values uploaded to the probe on the C130. The threshold/diameter table for the C130 is also presented in tabular format below the graphs.

5. Development of Radar-Lidar and Lidar-Only Retrievals 

We are currently working on quantitative retrievals using backscatter/extinction profiles from the WCL.  The combination of radar reflectivity from the WCR and extinction/backscatter from the WCL is used to estimate precipitation rate as in O’Connor et al. (2005). Radar-lidar retrievals of drizzle rate combine the 6th moment dependence of radar reflectivity on droplet size with the 2nd moment dependence of extinction to estimate rainfall rate (4th moment) with less stringent assumptions on the drop size spectrum than those implicit in a Z-R relationship. Because the WCR recorded only mean Doppler velocity, rather than the Doppler spectrum it is necessary to assume that the shape of the droplet spectrum is known -- we are currently assuming an exponential size distribution, an assumption supported by O’Connor et al. (2005), Wood (2003), and others. Currently we have obtained reasonable results (in terms of precipitation rate and shift to larger mean droplet sizes further below cloud) for a handful of cases using this retrieval. We now need to verify that the retrieved drizzle rates are accurate, and not merely reasonable, (as determined by comparison with the in situ measurements of the drop size distribution), and to refine the routines used for the retrieval so that it can be applied for all VOCALS-REx subcloud legs where drizzle is present. 

In addition to the radar-lidar retrieval of rainfall rate, Zhien Wang is developing a cloud droplet number concentration retrieval, which uses the vertical profile of extinction along with the liquid water mixing ratio lapse rate (computed from cloud-base pressure and temperature). This retrieval will compliment CCN measurements analyzed by Jeff Snider and provide an opportunity to reexamine closure between CCN and CDNC without spatial and temporal displacements between in cloud and sub-cloud legs. 

6. Publications

We have begun work on a manuscript describing the precipitation rates and profiles observed during VOCALS-REx and their implications.  We expect to submit this manuscript to Atmospheric Chemistry and Physics (VOCALS-REx special section) in mid-2010. In addition we are also collaborating with Rob Wood, Chris Bretherton, and others on manuscripts being prepared for submission to Atmospheric Chemistry and Physics. The two manuscripts below will be submitted in the next few weeks (Wood et al.) or few months (Bretherton et al.): 

Wood, R., C. S. Bretherton, D. Leon, A. D. Clarke, P. Zuidema, G. Allen, and H. Coe, 2010: An aircraft case study of the spatial transition from closed to open mesoscale cellular convection. In Preparation.  Atmos. Chem. Phys. 
Bretherton, C. S., R. George, R. Wood, C. Terai, G. Allen, and D. Leon, 2010: Southeast Pacific Stratocumulus Clouds, Precipitation and Boundary Layer Structure Sampled Along 20 S During VOCALS-REx. In Preparation. Atmos. Chem. Phys. 
Cloud-Top height measurements from the WCR-WCL IDs are used in the following manuscripts submitted to Atmospheric Chemistry and Physics (or soon to be submitted):  

Rahn, D., and R. Garreaud, 2009: “Marine boundary layer over the subtropical southeast Pacific during VOCALS-REx. Part I: Mean structure and diurnal cycle”. Atmos. Chem. Phys. Discuss. , 9, 26029 - 26062. http://www.atmos-chem-phys-discuss.net/9/26063/2009/acpd-9-26063-2009-print.pdf
Rahn, D., and R. Garreaud, 2009: “Marine boundary layer over the subtropical southeast Pacific during VOCALS-REx. Part II: Synoptic variability”. Atmos. Chem. Phys. Discuss., 9, 26063 - 26094. http://www.atmos-chem-phys-discuss.net/9/26063/2009/acpd-9-26063-2009-print.pdf
Abel, S. et al., 2010: “Evaluation of stratocumulus cloud prediction in the Met Office forecast model during VOCALS-REx”. In Preparation. To be submitted to Atmos. Chem. Phys.. 

In addition to these manuscripts, we collaborated on, or provided data for the following submissions to the CLIVAR Exchanges Newsletter: 

Clarke, A. D., S. Freitag,  V. Brekhovskikh, T. Campos, J. R. Snider, V. Kasputin, S. Howell, L. Shank, 2010: “Combustion aerosol, entrainment, and clouds in the VOCALS region”, Submitted to CLIVAR Exchanges. 
Twohy, C. H., A. Adams, P. Zuidema, D. Leon, R. George, and R. Wood, 2010: “Factors controlling the microphysical and radiative properties in the Southeast Pacific” 

Zuidema, P., D. Leon, J. R. Snider, and R. Wood, 2010: “One VOCALS perspective on precipitation closure”, Submitted to CLIVAR Exchanges.  
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