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Abstract

Over the past decade, the U.S. Department of Energy (DOE), through the Atmospheric Radiation
Measurement (ARM) Program, has supported the development of several millimeter wavelength radars
for the study of clouds. This effort has culminated in the development and construction of a 35-GHz
radar system by the Environmental Technology Laboratory (ETL) of the National Oceanic and
Atmospheric Administration (NOAA). Radar systems based on the NOAA ETL design are now
operating at the DOE ARM sites located at the Southern Great Plains (SGP) Central Facility in central
Oklahoma, on the islands of Nauru and Manus, Papua New Guinesa, in the Tropical Western Pacific
(TWP), and at Barrow on the North Slope of Alaska (NSA). These radars have come to be called the
Millimeter Wave Cloud Radars (MMCRs). Theimportance of the MM CRs to the DOE ARM Program’s
strategy for remote sensing of cloudsis outlined in Section 1.

The MMCRs are designed as a remote sensing tool that can accurately detect almost all of the
hydrometeors present in the atmosphere. To illustrate the difficulty of this task, the various types of
hydrometeors that can occur in the atmosphere are considered in the context of detection by the MM CRs
(Section 1). Having outlined the nature of the remote sensing problem, a discussion ensues of the NOAA
ETL design of the MMCR (Section 2). Next, we present the operational modes of the MM CRs (Section
3) and discuss them in some detail to illustrate the nature of the cloud products that are, and will be,
derived from the MM CRs on a continuous basis.

Thefirst set of products derived from MMCR datais based on detection of the significant returnsin the
data and subsequent classification of these detections as due either to clutter or to atmospheric
hydrometeors. From these detections one can identify, as afunction of time and height, regions of the
atmosphere that contain hydrometeors. Using radar to conclusively identify regions of the atmosphere
that do not contain any hydrometeors, such as 4 pm radius cloud drops far from the radar, is generally not
possible. With these limitations in mind, one can use significant radar detections, together with radar
Doppler moments and/or spectra, lidar and passive radiation measurements, to estimate geometric
boundaries of clouds, cloud water contents, and cloud particle sizes.

One effort for identifying significant returns in radar data and combining these detections with lidar
estimates of cloud base height is called the Active Remote Sensing of CLouds (ARSCL) value added
procedure (VAP). The outputs of this procedure are time-height maps of radar reflectivity, radar Doppler
velocity, radar Doppler spectral width, and cloud base height estimates from laser ceilometers and
Micropulse Lidars (MPLs). These products alow the geometric extent of clouds to be mapped and
provide information on the distribution, size, and motions of the particles within cloud. The important
elements of the ARSCL VAP are discussed in Section 4 and the products output by it are documented and
illustrated in Sections 5 and 6. A reader who understands the contents of Sections 3 and 4 will bein a
position to interpret the meaning, range of validity, and limitations of the ARSCL VAP and its products.
The document ends with discussions of afew data quality issues (Section 7), of how to retrieve datafrom
the archive (Section 8), and of some outstanding problems (Section 9). Appendices A1, A2, and A3
contain the ARSCL VAP input datastreams, flow chart, and product variable lists, respectively.
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To facilitate the discussion in this report, we make use of three articles on the MMCRs that are now in the
peer-reviewed literature. Moran et a. (1998) give agenera overview of the MM CRSs, providing many
illustrations of the cloud types that the MM CR was designed to study. The original four modes presented
in Moran et a. (1998) are refined by Clothiaux et a. (1999), who both attempt to justify the dight
changes to the original modes of Moran et a. (1998) and list the properties of the modes currently
implemented at the ARM sites. Much of the discussion in Section 3 of this report attempts to present
information necessary to understand all aspects of the description in Clothiaux et a. (1999). Findly,
Clothiaux et al. (2000) contains a detailed description of the ARSCL VAP and its outputs.

For readers familiar with radar processing issues, Sections 5 and 6 and Appendices Al, A2, and A3 are
perhaps of the greatest interest. In these parts of the document we describe the datastreams and variables
produced by the ARSCL VAP (Section 5), those variables that areimaged (Section 6), ARSCL VAP
input datastreams (Appendix Al), ARSCL VAP processing steps (Appendix A2), and the locations of the
output variables in the datastreams (Appendix A3). Finally, Section 7 contains alist of known problems
and should be inspected from time to time. Under the Derived Data Products link on the main ARM
Web site (i.e., http://www.arm.gov), one can access the ARSCL VAP home page that contains quality
updates and a bulletin board with an ongoing discussion of questions and problems.
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1. Introduction

To fully understand the radiative impact of clouds on the climate system, both the macrophysical
properties (i.e., horizontal and vertical distributions) and microphysical properties (i.e., particle shapes,
sizes, and number concentrations) of clouds must be known. Whereas the horizontal distribution of
clouds over the earth is presently characterized by passive radiometry from satellites, mapping the vertical
distribution of cloudsis currently best-achieved using lidars and radars. Lidars are able to detect all types
of cloud particles in those circumstances when the lidar beam is able to penetrate to the location of the
cloud particles. However, complete extinction of alidar beam during heavy overcast, or a period with
multiple cloud layers, is not uncommon. Millimeter wavelength radar observations are a natural comple-
ment to collocated lidar observations since radars operating at millimeter wavelengths can detect most
cloud particles, and a millimeter wavelength radar beam generally penetrates al cloud types, except those
that occur during periods of heavy rain. Radars operating at 35- and 94-GHz are the most utilized since
the attenuation of the beam as aresult of absorption by oxygen and water vapor is at alocal minimum
near these frequencies.

To provide the capability of mapping the vertical distribution of cloudsin at least afew different
climate regimes, the U.S. Department of Energy (DOE) Atmospheric Radiation Measurement (ARM)
Program contracted the Environmental Technology Laboratory (ETL) of the National Oceanic and
Atmospheric Administration (NOAA) to build a number of millimeter wavelength radars. The
completely automated, continuously operating, vertically pointing, single-polarization, Doppler radars
developed by NOAA ETL for the DOE ARM Program operate at a frequency of 34.86 GHz (Moran et .
1998). Inthe DOE ARM nomenclature, these radars are referred to as the Millimeter Wave Cloud Radars
(MMCRs). Radar systems based on the NOAA ETL design are now operating at the DOE ARM sites
located at the Southern Great Plains (SGP) central facility in central Oklahoma, on the islands of Nauru
and Manus, Papua New Guinea, in the Tropical Western Pacific (TWP), and at Barrow on the North
Slope of Alaska (NSA).

The vertica profiles of hydrometeor reflectivities and vertical velocities produced by the MM CRs are
important to successfully realizing the ARM-stated goals of better understanding the impact of clouds on
the radiation budget, improving the parameterizations of radiative transfer and clouds in numerical
weather prediction and global climate models, and validating satellite retrievals. The Active Remote
Sensing of Clouds (ARSCL) Vaue Added Product (VAP) comprise the current set of ARM algorithms
for detecting the significant returnsin the radar data and thereby ascertaining the distribution of the
hydrometeorsin the vertical column above the ARM sites. Once the cloud particles are detected,
additional algorithms will be applied to these radar data in combination with additional active and passive
sensor datato retrieve the microphysical properties of the hydrometeors above the sites. To successfully
carry out these studies, an important scientific requirement is that the MM CRs must be able to detect the
full spectrum of atmospheric hydrometeors.

Toillustrate the range of reflectivities produced by atmospheric hydrometeors, consider exampl es of
the radar reflectivity (Z, in units of dBZ) derived from radar observations and in situ measurements by
aircraft in anumber of different cloud conditions. For hydrometeors with dimensions smaller than the
radar wavelength, Z [mm® m*] is defined by the integral
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[§ N(D)DdD,

where D [mm] is the particle diameter and N(D) [m®mm™] is the particle number density per size bin.
Thetransform 10 log,o (Z) casts Z into units of dBZ.

Typica continental and marine boundary layer stratus values of dBZ are generally between
approximately -40 and -25 dBZ (e.g., Figure 3 of Frisch et a. 1995; Figures 3 and 4 of Fox and
Illingworth 1997). In stratocumulus (e.g., Noonkester 1984) and altocumulus (e.g., Heymsfield et al.
1991), the cloud drop mean diameters can be as low as 3-5 um with liquid water contents as low as 0.01-
0.03 gm. The radar reflectivities for these clouds can approach values as low as-55 to -50 dBZ (e.g.,
Figure 9 of Clothiaux et al. 1995). Values lower than -55 dBZ can occur if the clouds do not completely
fill the volume of space sensed by theradar. (Note that the MMCR at the DOE ARM SGP site has a
0.2-degree beam width; consequently, the size of its sample volume at 5 km is approximately a cylinder
with adiameter of 17.5 m and a height given by the radar sample volume length, typically 45 m or 90 m.)
Reflectivities from stratus cloud drizzle can range from values of -15 dBZ to more than +20 dBZ (e.g.,
Figure 3 of Frisch et al. 1995; Figure 3 of Fox and Illingworth 1997). In a comprehensive study of in situ
aircraft measurements of cirrusice particle sizes during FIRE | (the First ISCCP Regiona Experiment),
Atlaset a. (1995; Figure 12) concluded that the radar reflectivities of the cirrusice particles would range
from approximately -50 to +10 dBZ.

Conseguently, for the MM CRs to produce reliable estimates of the presence of al cloud types, they
must be able to detect clouds with reflectivities that range from approximately -50 to +20 dBZ, i.e., seven
orders of magnitude in Z, over the depth of the atmosphere. Designing aradar to perform accurately over
arange of 10" in power isadifficult task. The designers responded by providing flexibility in the operat-
ing modes of the radar (Section 2; Moran et a. 1998), such that when datafrom all of the operational
modes are combined, an accurate depiction of the clouds in the vertical column above the radar emerges.
Each mode is designed to detect particles with specific attributes and, as such, each mode involves trade-
offs between sensitivity and spatial/temporal resolution, sensitivity and range sidel obe artifacts, and
velocity aliasing versusrange aliasing. Note that the extreme sensitivity of the MM CR does not
guarantee that all hydrometeorsin an atmospheric column will be detected.

Four operational modes for the MM CRs are discussed in Section 3 that, when considered together,
satisfy the requirement of detecting hydrometeors that range in reflectivity from -50 to 20 dBZ (Clothiaux
et a. 1999). To aid in understanding the logic behind the proposed four modes, Section 3 contains a
description of each operational parameter of the MM CR and the impact of the parameter on the capability
of the radar to detect certain types of hydrometeors. Each parameter is discussed in the context of a
computer simulation of radar detections of cloud particles. Section 3 provides afairly succinct
description of radar processing that will enable one to understand the proposed operationa modes and,
consequently, the kinds of cloud data that will be derived from the MMCRs (Sections 4, 5, and 6). Before
discussing the MM CR modes of operation, we present in Section 2 the system components that comprise
the MMCR.
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2. MMCR System Components and Functional Characteristics

The basic operating characteristics of the NOAA ETL design of the MMCR are summarized in the article
by Moran et al. (1998). A ssmple block diagram of the MMCR and its approximately 14 basic modulesis
illustrated in Figure 1. Following Figure 1, we provide a brief description of each modul€’s character-
istics and functionality. Fully comprehensive specifications for use in construction and maintenance,
such as e ectronic schematic diagrams and information about component suppliers and manufacturers, are
proprietary. Under provisions of NOAA’s Cooperative Research and Development Agreement, future
units of the MMCR are commercially available for sale or lease exclusively through Radian International,
LLC.
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Figure 1. Block diagram of the NOAA ETL-designed ARM MMCR.
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2.1  Un-Interruptible Power Source (UPS)

A battery backup power source provides up to 12 amps of 12-volt AC power at 60 Hz for 20 minutes
to all the radar electronics and computers, as well asto the traveling wave tube amplifier (TWTA)
transmitter. Typical power usage is less than 9 amps, depending on the transmit duty cycle. The UPS
provides an internal monitor that ogs events and commands that are used for remote shutdown and reboot
operations.

2.2 Interface Chassis

Thetwo 10-bit analog-to-digital converters used in the in-phase (1) and quadrature (Q) channels of the
receiver are housed in this chassis, along with the buffer amplifiers for the radar pulse control circuits.
The analog input level for the convertersis 210 volts. Six binary computer-controlled digital output
signals are provided for system control.

2.3 Intermediate Frequency (IF) Receiver/Modulator Chassis

The modulator consists of a pulse amplitude modulator and a binary phase modulator used for pulse
coding. Theintermediate frequency output signal is60 MHz at +10 dBm. The receiver has adigitally
controlled blanking circuit, a high gain IF amplifier and separate | and Q baseband channels with four
computer selectable bandwidths. Each bandwidth has a separate analog gain control. The blanking
circuits prevent the transient signals that are present near the transmit pulse from causing ringing in the
receiver’'s Bessel filters. Isolation is better than 70 dB. The IF and receiver amplifiers have a combined
gain of about 72 dB with anoise figure of lessthan 12 dB.

2.4 Radio Frequency (RF) Coherent Up/Down Converter

The 60-MHz IF input signal is converted to the 34.86-GHz RF output signal through a series of
heterodyne mixers. The up converter uses a double heterodyne converter with local oscillator frequencies
of 2.0 and 32.8 GHz. These are generated from a 100-MHz phase locked signal source with output
frequencies of 2 and 16.4 GHz. The 32.8-GHz signal is generated by afrequency doubler. The RF
output level can be set by afront panel attenuator for TWTA saturation control up to 7 dBm. The 2-GHz
IF signal can de directed through an external delay line for receiver delay (range) calibration. The down
converter uses the same IF frequencies to mix down to the 60-MHz output. The downconversion process
eliminates the unused side band noise. Thetotal gainisabout 7 dB and the noise figure is about 5 dB.

All RF signals use WR-28 waveguide.

2.5 Traveling Wave Tube Amplifier (TWTA)

The transmitter is a high-gain amplifier with excellent high-phase stability and low-amplitude ripple
across the pulsed RF output. Peak RF power is 100 W with a maximum duty cycle of 25% for use with
long pulse width, phase-coded waveforms. Thetubeisrunin saturation and has several RF test ports
used for monitoring the transmitted pulse for calibration. An IEEE-488 control bus operates the unit
under computer commands: The RF output port is pressurized to 5 psi by an internal pump, which draws
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itsdry air from arear mounted desiccant bottle. The front panel has a digital display that monitors
internal voltages, some of which are also available through the IEEE-488 bus. The unit has a protect
circuit for single pulse shutdown in case of an output port RF mismatch.

2.6  Antenna

The antennaiis afixed position, vertically pointing parabolic dish with a rearmounted feed and
Casegrain sub-reflector. A 10-foot diameter antenna, which has again of 57.2 dB and a beam width of
0.19°, is used on the Southern Great Plains (SGP) radar. The smaller 6-foot-diameter antennas have a
gain of about 53.4 dB and a beam width of 0.29° and are deployed at the North Slope of Alaska (NSA)
and Tropical Western Pecific (TWP) Cloud and Radiation Testbed (CART) sites. First sidelobe levels are
typically better than 18 dB. The sub-reflector is mounted on four spars and an electrically conducting
cylindrical shroud is attached to the edge of the dish. A custom fiberglass radome material, tuned for
optimum transmission at the radar’ s frequency, is stretched across the shroud and held down with spring
tensioners. On the antennas used in the tropics, asmaller blower and heater unit circulates the air inside
the antenna chamber to reduce the chances of moisture condensation. A tilt-meter is attached to the
antenna mount to measure any change in leveling.

2.7 Transmit/Receive/Calibration Waveguide Sections

The RF output of the TWTA is directed to the antenna through a low-loss waveguide circulator,
which acts as a passive TR (transmit/receive) switch. The output waveguide section is pressurized to
5 psi. Thereceived energy from the antennais directed by the circulator to the receiver pre-amplifier
through a series of active switching circulators. The switching circulators act as active isolators during
the transmit pulse and have switching times of about 600 ns. Each switch provides about 25 dB of
isolation, protecting the sensitive pre-amplifier from damage. During a special calibration cycle, the
switches can be used to inject a calibrated noise source into the receiver. An RF attenuator is automatic-
ally stepped through severa levels to provide a measure of the calibration curve for the radar receiver/
processor.

2.8 Pulse Controller

The pulse controller contains the logic circuitry for the active pulse control of the switching
circulators and the TWTA. It also contains the IEEE-488 logic control circuitry for the automatic
calibration hardware, which includes the IF attenuator, the RF attenuator, and the noise diode.
2.9 Low Noise Pre-Amplifier (LNA)

The pre-amp is a high-gain, low-noise amplifier used to provide a high sensitivity receiver. The LNA

has 33 dB of gain and anoise figure of about 3 dB. The maximum input level of the LNA is about
+15 dBm.
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2.10 Intermediate Frequency (IF) Receiver Calibration

A separate |IF signal sourceis provided that can be injected into the receiver to characterize the IF
amplifiersas part of the calibration. The signal sourceis offset in frequency from the radars local
oscillator to provide areceived signal that has an equivalent Doppler velocity of Ims™. The Doppler
signal is attenuated by the IF attenuator, then processed to characterize the receiver.

2.11 Multi-Channel System Monitor

A 64-channel analog-to-digital converter (A/D) provides the monitor functions of the radar hardware.
The A/D is connected to the IEEE-488 bus. It can monitor all the power supplies, internal temperature
and humidity, external antennatilt and temperature, several equipment temperatures, transmitted RF
power, and several logical fault indicators. The hourly statistical results of the system monitoring are
combined with the measured values from the UPS and reported in the hourly health message.

2.12 Radar Computer

Radar operations are controlled by a personal computer (PC) running under the OS2 operating
system. Theradar control and processing software program, called POP, runsin a DOS window and
several other tasks, including networking, system monitoring, and instrument control on the IEEE-488
bus, run as independent task windows. The radar task collects data every half hour and FTPsit to the
data management computer. Extra disk spaceis allocated to store 2 weeks of dataif network
communications are |ost.

2.13 Data Management Computer

Data collection, calibration, and display tasks run under the Solaris operating system on a PC
dedicated to data management. Incoming radar data are converted to netCDF format and a special
software program, called CONDOR, is available to play back a timeheight graphical image of the radar
moment data. Calibration data from the RF noise diode are collected and converted into receiver calibra-
tion curvesfor the four operating modes. The calibration constants are applied to al incoming radar data
to produce calibrated reflectivity measurements. An hourly health message is produced. Extradisk space
is alocated to store 3 weeks of datain case the on-site data system cannot collect the available data.

2.14 Data Tape System and Disk File Structure

A 4-mm tape archives daily data sets as a secondary backup to the on-site data system archiver.
Tapes normally hold about 7 weeks of data; monthly replacement is recommended. Origina incoming
radar files and all processed (calibrated) data sets are retained on disk in a separate managed file structure.
The file manager maintains the most recent data sets and removes the oldest to keep the disk system at
less than 70% capacity. Duplicates of incoming and processed data are available in an outgoing directory
for capture by the on-site data system.
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3. MMCR Operational Modes: Tutorial
The following subsections present a detailed description of the MMCR’ s operational parameters.
3.1 Operational Parameters of the ARM MMCRs

The functionality of the ARM MMCRsis a consequence both of the hardware that is used to build
them and of the control parametersthat are used to run them. The hardware features of the radar,
especially its operating wavelength of approximately 8.6 mm, result from an attempt to maximize
sensitivity to cloud particles while reducing the effect of atmospheric attenuation on the radar beam. For
agiven choice of radar hardware the sensitivity of the radar to cloud particles can be enhanced through
the choice of operational parametersthat are used to run it. The primary parametersin thisregard are
(1) the number of range sample volumes (N,q), (2) the range sample volume spacing (Reace), (3) the pulse
width (tpw,), (4) theinterpulse period (Tipp), (5) the number of coded bits (Nyiis), (6) the number of
coherent averages (Neon), (7) the number of spectra averaged (Ngec), and (8) the number of fast Fourier
transform (FFT) points (Ns;). Once these operational parameters are set, other parameter values follow as
a consequence (Figure 2). Examples of the current sets of operational parameters running on the ARM
MMCRs areillugtrated in Figure 3. Note that Figures 2 and 3 contain identical information to tablesin
Clothiaux et al. (1999). Furthermore, much of the following information in Section 3 is atutorial on radar
operation and the important information relating to the specifics of the ARM MMCRs can be found in a
much more succinct form in Clothiaux et al. (1999). To elucidate the trade-offs between the important
parametersin the operation of the ARM 35-GHz radars, or MM CRS, consider the schematic diagram in
Figure 4. For the MMCRSs, one goal isto detect al cloud hydrometeorsin each volume of space
(Figure 4a) that is probed by the propagating electromagnetic field within the radar pulse. For simplicity,
the effects of the wind are neglected, and the velocities of the particles relative to the radar (i.e., the
vertical velocities of the particles) as aresult of gravity (Rogers et al. 1993) are computed. Cloud

Radar Parameter Relationships

Riax = Racadiime + (Nvol — 1) Rspace

Ry = (cTipp) /2

AR = (cmpw)/2

Vi = A (47ipp Neon)

AV, = (2V,)/Ng

Ty < Nyol, Nitt, Nspec, 1/Processor Speed
Radar Sensitivity o< Ty, Npits

Receiver Noise o 1/Neon, 1/1/Nspec

Figure 2. Dependencies between the operational parameters of the MMCR.
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Figure 4. Schematic diagram illustrating the important steps in MMCR signal processing, from
total particle backscatter cross section per unit volume to a power density spectrum generated
from the MMCR “I” and “Q” voltage time series. (a) An example of the total number of drops per
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unit particle diameter in the radar sample volume as a function of drop diameter for a stratus
cloud deck at approximately 2.2 km. The radar resolution volume in this case was a 4014 m®
with a diameter of 7 m and a height of 90 m. The total number of drops in the volume was 3.08
x 10™. (b) The total backscatter cross section of the cloud drops versus the vertical velocities of
the drops. Cross sections were computed using Mie theory at a wavelength of 3.19 mm, or 94-
GHz. (c) Schematic diagram of the radar probing the cloud with pulses of electromagnetic
energy. (d) The | and Q voltages produced by the radar receiver as a result of the cloud; each
radar pulse contributes to a pair of | and Q voltages for each range gate. (d') A blow-up of the
first 19 (1,Q) voltage pairs in d; the | voltages are represented by the upper group of solid circles;
the Q voltages are represented by the lower group of solid circles. Receiver noise is illustrated
by the open circles. (e) The power density spectrum produced by applying a complex fast
Fourier transform to the first 4096 | and Q voltage pairs in d; the power density units are
arbitrary and depend upon the radar calibration.

particles in the size range from 2 um to 29 um diameters fall with velocities from approximately 2.0 x
10* ms'to 3.4 x 102 m s*, while particles with diameters over 162 pm fall with velocities greater than
5.6x 10" ms™. Ineach volume of space sensed by the MMCRs, the total backscatter cross section per
radar resolution volume as a function of vertica particle velocity, called the Doppler spectrum, isthe
fundamental quantity obtained from the radar (Figure 4b). Although the total number of cloud particles
greater than 100 um diameter is small compared to the total number of smaller particles, the larger
particles nonetheless contribute most to the energy that is scattered back towards the radar; consequently,
these larger particles often provide the dominant contributions to integrated quantities such asthe
reflectivity (2).

The MMCRs can be used to infer the distribution of particle backscatter cross section versus vertical
Doppler velocity, asillustrated in Figure 4c. (See Battan [1973], Doviak and Zrnic [1984, 1993],
Sauvageot [1992], Skolnik [1990], and Ulaby et al. [1982] for detailed discussions of these topics.) The
transmitter delivers pulses of € ectromagnetic energy to the antenna, which directs the beam upwards into
the vertical column of the atmosphere above the radar. In the schematic (Figure 4c), the power produced
by the transmitter is represented by the amplitude (A) of the outgoing pulses and the spatial extent of the
pulsesis Ctpy, Wherec [m s'] isthe speed of light and Tow, [S] iSthe duration of the pulse, or the pulse
width in time units. The phases of the outgoing electromagnetic waves are identical from pulse to pulse.
Thetime interval between pulses, i.e., theinterpulse period, is represented by Ty, In Figure 4c, the pulse
labeled “1” has interacted with the cloud represented by the information in Figures 3aand 1b, leading to
part of its energy, labeled by pulse “1" with amplitude A’, being scattered back towardstheradar. The
radar antenna with the gain G; collects some of this backscattered energy and routes it through the radar
electronics to produce the received voltage time series.

For the MMCRs, the original received voltage time seriesis split into two identical time series. One
of the two time seriesis subsequently delayed by a quarter wavelength and is processed to form the “Q”
time series, whereas the remaining time series, identical in al respectsto the original time series but with
half the power, is processed to form the “1” voltage time series. The voltage pair | and Q (Figure 4d)
represent a complex vector whose direction of rotation indicates the direction of motion of the target(s)
with respect to the radar.

10
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For each pulse, asingle pair of | and Q voltagesis acquired for each distinct radar sample volume
above theradar. The distance between radar sample volumes is called the range volume spacing (Repace).-
The spatial extent along the beam, or range resolution (AR), that potentially contributesto each pair of |
and Q voltages equals (ctp,)/2 (Figure 5). For the ARM radars, Ry iS Set equal to AR (Figure 5¢).
There is aminimum usabl e range Ryeatime = Claeadtime 85S0Ciated with the radar receiver deadtime (Tgeadtime)
a short period of time during and following the pul se transmission process when the radar receiver is
turned off in order to insure that no significant amount of the transmitter pulse power is directly reflected
into the radar receiver. The maximum range (Rma) 1S determined by the number of range resolution
volumes (N,,) from which the radar receiver collects samples of the return power. If clouds are present
above the unambiguous range (R,) of cTi,y/2 (typically, Rna < Ry), then the power returns from these
clouds can potentially contaminate the power returns from clouds below R, asillustrated later in this
section.

a A b A C A
- Ru - Ru - Ru
A A
IC Tpw C Tpw C Tpw
\J \J \J
- Rmax - Rmax - Rmax

‘ A A 4 AR= C TZPW
A _ CTpw \/
Rspace | Rspacev AyAR= 2p Rspace' AAR: C Tpw
. ‘ \ v 2
A
Jm N
R 2
- - Rmin - Rmin - Rmin
Rspace > AR Rspace <AR Rspace = AR

Figure 5. Radar resolution volumes from which | and Q voltage sample pairs are generated
depend upon the sampling strategy setup in the radar receiver. The vertical extent AR of the
radar resolution volumes always equals ct,,/2, whereas the spacing Rspace between radar
resolution volumes is arbitrary. If Rgace > AR, there are regions in the atmosphere for which
there are no corresponding | and Q voltages. If Rgpace < AR, | and Q voltages corresponding to
neighboring radar resolution volumes are not independent. For the ARM MMCRS, Rgpace = AR.
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The variations of the | and Q voltages that correspond to a single radar sample volume in the region
of the atmosphere that contains the cloud illustrated in Figure 4c areillustrated in Figure 4d. Thel and Q
voltages change in time (Figure 4d") as aresult of the movement of the cloud particles relative to each
other. The frequency content of the temporal variationsin | and Q provide information about the cloud
drop motions. To obtain information about the cloud drop motions, the | (“real part”) and Q (“imaginary”
part) voltage time seriesillustrated in Figure 4d are input to a complex fast Fourier transform; the real
output of the fast Fourier transform, called the power density spectrum, isillustrated in Figure 4e. The
velocity axisin Figure 4e is obtained from the frequency output of the fast Fourier transform using the
equation v = Af/2, wherev isthe particle velocity, A isthe wavelength of the radar and f isthe Doppler
frequency shift asaresult of particle motion.

The power density spectrum provides the information about the cloud drop motions that were
originally presented in Figure 4b. If the radar produced only a single set of voltages, (e.g., the | voltages)
afast Fourier transform applied to the voltage time series would not result in any information on the
direction of the particle velocities with respect to theradar. That is, when using fast Fourier transform
methods, both the | and Q voltage time series are necessary to unambiguously determine which way, (i.e.,
up or down) the particles are moving with respect to the radar. Note that the variability of the power
densities with velocity in Figure 4eis due to using asingle realization of the drop spectrum to produce the
figure. A smoother, less variable spectrum can be produced by averaging together (1) neighboring points
in Figure 4e or (2) consecutive spectra produced from the | and Q time series.

In the process of generating the | and Q voltage pairs, the receiver electronics aso add noise to these
voltages. The noise added to each voltage pair can be modeled as a random sample from a Gaussian
distribution with a mean voltage of zero and a standard deviation dependent on the properties of the
receiver electronics (Figure 4d'). For the exampleillustrated in Figure 4c, the | and Q voltages
corresponding to heights in the atmosphere that do not contain hydrometeors would contain noise
voltages like those illustrated by open circlesin Figure 4d'. Otherwise, the receiver noise voltages are
added to the | and Q voltages that result from the power returns from hydrometeors. The single most
important hindrance to creating a usable spectrum, like that illustrated in Figure 4e (after suitable
averaging), isthe addition of receiver noiseto the | and Q voltages. Infact, asthe cloud reflectivities go
below a certain level, the receiver noise contribution to the | and Q voltages makes detection of the
atmospheric contribution to these voltages impossible.

There are four primary aspects of the radar hardware that affect radar sensitivity: (1) the radar
wavelength, (2) the transmitter power, i.e., the magnitude of the transmitted electromagnetic field
amplitude (A), (3) the gain (G,) of the antenna, and (4) the noise power generated by the radar receiver
electronics. The radar wavelength is chosen in this case as a trade-off between maximizing the
backscatter cross section of cloud particles, minimizing the effects of absorption by water vapor and
oxygen, and obtaining a reasonable amount of transmitter power and antenna aperture at arelatively low
cost. By increasing the transmitter power (A) and the antenna gain (G,), the amplitudes of | and Q
increase. If the amplitude of the noise generated in the receiver is reduced, the atmospheric contributions
tol and Q are less contaminated and more easily identified. For the ARM radars, the radar electronics
already consist of low-noise components, and the antennas are as large asis practical. Therefore, any
future hardware-dependent enhancement in radar sensitivity will probably be aresult of an upgrade to the
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radar transmitter. For agiven set of radar hardware, radar sensitivity can, nonetheless, be enhanced by
judicious choices of the operational parameters that are used to control the radar. Some optionsinvolved
in setting up the radar parameters are now discussed, along with any drawbacks associated with them.

The | and Q voltage amplitudes that result from a cloud are proportional to the square root of the
pulse width (ctp,y) when the cloud completely fills the sample volume of the radar. As cloud fillsless of
the radar sample volume, the magnitude of the power scattered back to the radar drops proportionately
and the values of | and Q decrease. For geometricaly thick cloud, the drawback to increasing the pulse
width in order to enhance the return power is the increase of AR (recall AR = ctp,/2) with aloss of spétial
resolution within the cloud. To gain the added sensitivity of using alonger pulse width without a
subsequent loss of spatial resolution, Moran et al. (1998) adopted the pul se coding techniques devel oped
by Schmidt et a. (1979). To illustrate thistechnique, suppose the radar transmits a pul se width of
5760 m, but with 32 changesin phase of the electromagnetic field within the radar pulse, breaking the
pulseinto 32 segments. A spatial resolution AR of asingle segment, in this case (5760m/32)/2 or 90 m,
can be recovered by properly decoding the segment phases of the el ectromagnetic energy scattered back
to the radar, with a consequent enhancement in sensitivity. The number of phase change encodings, in
this case 32, is called the number of coded bits and represented by Nyis. There are two important
limitations to the pulse coding technique: (1) the first Nyis-1 radar sample volumes are of limited value
because they may contain inaccurate reflectivity estimates due to partia decoding and (2) regions of the
atmosphere that have strong reflectivity gradients and large Doppler velocities may contaminate regions
with weaker returns and smaller velocities, within a physical extent of Nyi-1 radar sample volumesin
either direction, asaresult of imperfect segment decoding, called range sidel obe leakage.

Two methods for reducing the impact of noise utilize averaging of | and Q signal voltages and
averaging of power density spectra. If hydrometeorsin aradar sample volume do not move appreciably
in the time Ty, that it takes two consecutive pulses from the radar to probe the radar resolution volume,
then the atmospheric contributions to the | and Q voltages do not change much. (In Figure 4d',
neighboring voltage samples, e.g., the voltages due to received pulses 1' and 2', are almost identical; in
this case, Tip, = 5 x 10° sissufficiently small to insure little relative movement of the drops between two
consecutive radar pulses.) Whenthe | and Q signal voltages do not change significantly from one pulse
to the next, the | and Q voltages from consecutive pulses can be averaged together before being input to a
complex fast Fourier transform; this averaging processis called coherent integration, or time-domain
averaging. The standard deviation of noise in the power density spectrum isinversely proportional to the
number (N¢on) Of consecutive | and Q samples that are averaged.

There are two limitations to coherent integration. First, the maximum unambiguous velocity of the
power density spectrumis 'V, = A/(4Ti,,Ncon), Where A is the radar wavelength; hence, V, decreases as N,
increases. If aparticle hasavertical Doppler velocity that exceedsV,, for example V,, + 0.2V, towards
the radar, then there is velocity aliasing, or velocity folding, in the power density spectrum and the
particle contribution to the power density spectrum appears at the incorrect velocity of V- 0.2V, away
from the radar. When velocity aliasing occursin apower density spectrum, information about the vertical
Doppler velocities of cloud particlesis compromised. A second limitation in using coherent integration
on the | and Q voltage time series is that the computed power density spectrum is weighted by a curve
that has a steep roll off (i.e., a3.9 dB or 60% loss) at the spectral ends near V.. The weighting can shift
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the estimated mean velocity toward smaller values, aswell aslead to lower estimates of the reflectivity, if
the hydrometeor velocities are near V, and have a standard deviation (i.e., Doppler width) that is broad,
covering many velocity bins. A practical way to reduce the influence of velocity weighting isto avoid
having velocities near the spectral ends. This can be accomplished by reducing the number of coherent
integrations (Neon), thusincreasing V.. Velocity weighting can aso be removed entirely by not using any
coherent integration (i.e., by setting N.on = 1). In either case, however, a penalty is paid for decreasing
Neon: more noise and reduced sensitivity.

In principle Ty, could be made sufficiently small so that coherent integration would work for a broad
range of (Neon) values. However, as Ti,, decreases, the problems with range aliasing, or second trip
echoes, increase. Consider Figure 4c. If thereisacloud located at the position of the “x” in the figure,
then backscattered power from pulse 2 as aresult of this cloud will arrive at the radar receiver a the same
time as the backscattered power contained in pulse 1', which originated from a cloud further away from
theradar. Inthiscase, thel and Q voltages as aresult of the two clouds are superimposed. To eliminate
this problem, Ti,, must be sufficiently large to ensure that the radar does not emit a pulse until all of the
backscattered energy from previous pulses has reached the radar.

Another method for reducing the impact of noise isto average consecutive power density spectra
(e.g., Figure 4e but in units of Z). Thistype of averaging processis called incoherent integration or
frequency domain averaging. To understand the implications of incoherent integrations, consider that for
each radar pulse, two voltages (i.e., | and Q) are created for each of the N, radar resolution volumesin
the vertical column above the radar. Once the number of points N in each spectrum is set (and hence,
the vel ocity resolution of the spectrum since the velocity change AV between neighboring pointsin the
power density spectrumis AV = (2V,)/Nsr), the radar must transmit Neon X Niie pulses and save the
resulting 2 Ny, N voltages. Typically, coherent integration is done in hardware; therefore, only 2 Ny
N, as opposed to 2 Nyo Neon Ny, VOItages must be saved. The radar processor must then compute N,
FFTsof Ng; points each to produce a single spectrum corresponding to each radar resolution volume. The
exact choice of the number of consecutive spectra (Ns.) to be averaged for each radar resolution volume
depends primarily upon specification of the desired time resolution (T) of the final average spectrum.
Reduction in the standard deviation of noise in this caseisinversely proportional to the square root of
Ngec: A summary of this relationship, as well as the others already discussed, is presented in Figure 2.

3.2  Operational Modes of ARM MMCRs: Philosophy

The primary goal of the ARM MMCRsiis to produce long-term records of the vertical distribution of
clouds over the ARM sites. The data must also have sufficient quality to be useful both in studies of the
impact of clouds on the atmospheric radiation field and in cloud modeling work. On one hand, therefore,
the radar must be operated in a manner that allowsit to detect most, if not all, of the hydrometeors above
it. On the other hand, however, the data generated by the radar must have few, if any, artifactsiniit.
These two regquirements cannot be met by running the radar with one set of operationa parameters.
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The ARM MMCRs must be able to sense hydrometeors that range in reflectivity from -50 to
+20 dBZ. Thisrequirement motivated the devel opment of a sequence of four operating modes, as
illustrated in Figure 3, where each mode in the sequence can be adjusted according to the climatology of
clouds over a particular site. The characteristics of each mode are aimed at accurately determining the
reflectivities of certain kinds of hydrometeors: (1) a“robust mode” (Mode 4) that produces accurate
reflectivities at all heights al the time; (2) a“general mode” (Mode 3) that is fairly sensitive to all cloud
particles at all atitudes with no data artifacts, except during heavier precipitation; (3) a“cirrus mode”
(Mode 2) that is tuned to detecting weakly reflecting mid- and higher-level ice clouds; and (4) a
“boundary layer stratus mode” (Mode 1) that is tuned to detecting weakly reflecting lower-level liquid-
droplet clouds. When considered together, these four modes appear to provide the required sensitivity
while covering the full 70 dB dynamic range of reflectivities with few, if any, artifactsin the data. The
modesin Figure 3 for the SGP site are based on the original set of four modes developed by Moran et al.
(1998) and refined by Clothiaux et al. (1999), and the sets of modes for the TWP and NSA sitesare
natural extensions of the SGP set.

3.3 Operational Modes of ARM MMCRs: Characteristics

Toillugtrate the sensitivities of the four modes in each set, consider the minimum detectable signals
that result from the SGP modes (Figures 1 and 3; Clothiaux et al. 1999). To generate these values for the
minimum detectable signals, radar reflectivities within each range resolution volume were first averaged
over one hour during clear-sky conditions. The standard deviations of reflectivity with respect to the
mean reflectivity were then computed. To obtain an estimate of the minimum detectable signal for range
resol ution volumes above 4 km, the mean and standard deviation of the reflectivities for each resolution
volume were added together. Because no clouds were present during the averaging interval, the resulting
means and standard deviations of the reflectivities are the result of receiver noise, at least for reflectivities
from resolution volumes above 4 km. The variability in the receiver noise is what makes identifying
significant, but small, cloud power returns difficult. Below 4 km, contributions from insects, dust, etc., to
the radar signals are evident, as the Mode 4 resultsin Figures 1 and 3 (Clothiaux et al. 1999) illustrate.
Best fit curves of the radar equation Pyin(r) = Ranmin(r)r?, where Poin(r) is the minimum detectable power
in the radar receiver, R. isthe radar constant, and nn(r) is the minimum detectable reflectivity at ranger,
to the data from heights above 4 km were then computed in order to extend the minimum detectable
signalsto all heights for which each mode isused. Asthe figuresillustrate, from the surface up to
approximately 10 km, there is a mode available that can detect particles with reflectivities approaching
valuesaslow as-50 dBZ.

There are a number of important points about these modes. Consider again the ARM SGP set as an
example. The range resolution AR and range spacing Rg.ace Of three modes are 90 m, while the resolution
and spacing of the boundary layer stratus mode are 45 m. The minimum usable range Ry, for SGP
Modes 4 and 3 is 105 m, while for SGP Mades 2 and 1, Ry is 2985 m and 465 m, respectively, because
of range sidelobe artifacts. The minimum value of 105 m results from the radar receiver deadtime that is
necessary to protect the receiver electronics. The higher values of R, for SGP Modes 2 and 1 result
from pulse coding. For the pulse-coded modes, the data exist for sample volumes down to 105 m;
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however, the datain these regionsis difficult to interpret and is flagged as such. The maximum ranges
Rmax @€ 15.045 km for SGP Modes 4, 3, and 2 and 5.010 km for SGP Mode 1. The tempora resolution
Tsof the datais currently 9 s.

The tempora resolution is limited by the data processor of the radar and not the radar hardware, so
enhancements in temporal resolution are possible. A new version of the radar processor is planned that
will significantly improve the performance of the radar. This processor will provide two major benefits.
First, coherent integration of neighboring 1/Q voltages can be phased out in favor of FFTs with more
points and subsequent averaging of neighboring FFT points; this eliminates the spectral weighting that
time series integration imposes and it increases V,,, thereby reducing the chances of folded velocity
measurements. Second, increased processor speed will mean either that more radar data can be processed
during the same time interval, thus improving the overall system sensitivity for the same temporal
resolution, or that the same amount of data can be processed at a much faster rate, thus improving the
temporal resolution without sacrificing sensitivity.

As previoudy mentioned, the characteristics of each mode are tuned to accurately determine the
reflectivities of various kinds of hydrometeors. For example, SGP Mode 4 (i.e., “the robust mode,”
Figure 4a of Clothiaux et al. [1999]) has an unambiguous velocity (V) of £20.28 m s*, which should be
sufficient to cover the vertical Doppler velocities of the hydrometeors in most conditions, except possibly
for strong convective storms when attenuation from heavy rain is also likely to be alimiting factor. For
this mode, there is no coherent averaging (i.e., Nen = 1) and the number of coded bits (Npis) iS 0.
Therefore, SGP Mode 4 isthe |east sensitive mode; however, when hydrometeors are detected by this
mode, both the reflectivities and vertical Doppler velocities of the hydrometeorsinferred from the data are
uncontaminated and unaliased. SGP Mode 3 (i.e., “the general mode,” Figure 4b of Clothiaux et al.
[1999]) isaslight modification of SGP Mode 4. For SGP Mode 3, the number of coherent averages
(Ncon) is 6 and the number of incoherent averages, or number of spectra averaged Ngy. is 60. SGP
Mode 3 is approximately 5 dB more sensitive than SGP Mode 4 and should be able to detect most
nonprecipitating clouds from the ground up to the tropopause. Thereis adrawback to SGP Mode 3: it
has arelatively low unambiguous velocity (V) of +3.38m s*, and when particles have vertical Doppler
velocities outside of this range, the reflectivities of SGP Mode 3 are no longer valid because of coherent
averaging and velocity weighting. However, particles with vertical Doppler velocities greater than +£3.38
ms* arerelatively large, and SGP Mode 4 should accurately measure the reflectivities of these particles.
Therefore, SGP Mode 4 can be used to identify problems with data from SGP Mode 3.

The purpose of the last two modes is to detect low reflectivity clouds both in the boundary layer and
in the middle and upper levels of the troposphere. Since low reflectivity clouds tend to be composed of
particles with vertical velocities no greater than 1 ms™ to 2 m s™, both of the remaining two modes have a
relatively low unambiguous velocity (V). SGP Mode 2 (Le, “the cirrus mode,” Figure 4c of Clothiaux et
al. [1999]), though similar to SGP Mode 3, is approximately 10 dB more sensitive than SGP Mode 3
because of pulse coding (i.e., Nyis = 32). Pulse coding, however, leads to unusable reflectivities below
2985 m (105 m + 32 x 90 m). Perhaps most importantly, for clouds between 3 km and 15 km, this mode
approaches a sensitivity of between -55 and -45 dBZ and, hence, should detect all but the most tenuous
atostratus and cirrus, or clouds composed of extremely small particles.
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For good sensitivity in the boundary layer, pulse coding is required. To restrict the partially decoded
reflectivity datato altitudes close to the surface in SGP Mode 1 (i.e., “the boundary layer stratus mode,”
Figure 4d of Clothiaux et al. [1999]), the spatial resolution (AR) and the sample volume spacing (Repace)
are set to 45 m and the number of coded bits (Nys) iS Set to 8. The enhanced spatial resolution in the
lower atmosphere is primarily driven by scientific interest in the structure of boundary layer stratus. In
SGP Mode 1, contaminated reflectivities are limited to the lowest 465 m; from 465 to 5010 m, the mode
has a sensitivity between approximately -60 to -45 dBZ. Asfor SGP Mode 3, datafrom SGP Modes 2
and 1 can be flagged as suffering from complications of coherent averaging and range aliasing using SGP
Mode 4 results. Compositing good data from these four modes |eads to a complete description of the
cloudsin the vertical column above the site.

4. MMCR Data Processing: ARSCL VAP

The ARM SGP, TWP-Manus, TWP-Nauru, and NSA sites each have a suite of operational active
remote sensors that consist of a Belfort or Vaisalalaser ceilometer, an MPL, and an MMCR. The
ARSCL VAP combines the data from these active remote sensors to produce atime series of the vertical
distribution of cloud hydrometeors over the ARM sites. Since Clothiaux et a. (2000) describe the
ARSCL VAP in detail, we do not present a detailed discussion of it here. Rather, we give a brief
overview of the important elements of the ARSCL VAP, including a description of the inputsto the VAP
and, perhaps more importantly, its output products.

Theinputsto the ARSCL VAP arelisted in Figure A1 (Appendix A1) and aflow chart that includes
the processes to which the inputs are applied isillustrated in the flow chart contained in Figure A2
(Appendix A2). Because the flow chart illustrates the important elements of the ARSCL VAP, the
current discussion centers around it. The symbolsin the flow chart have the following meaning: (1) open
circles represent one of the input datastreams represented in Figure A2, (2) open squares represent an
algorithmic process that implements some of the ARSCL VAP functionality, (3) dark gray circles
represent intermediate files kept either in internal memory as arrays or in netCDF files on a hard disk, and
(4) light gray circles represent the netCDF output files generated by the ARSCL VAP.

The starting point for the ARSCL VAP isthe MMCR power returns (in units of dBm) for each mode
that are contained in the mmcrcal .al file for aday (Figure A2A;, i1=1,2,3,4, where the i subscript identifies
the mode). We apply a*Cloud Mask Code” agorithm to these power returns on a mode-by-mode basis
that attempts to identify all of the significant powers in the radar returns; the intermediate outputs of the
cloud masking operation are labeled Figure A2B;. The ARSCL VAP algorithm then combines the
reflectivities (dBZ) contained in the mmercal file (Figure A2A;) with the Doppler velocity (m s™) and
spectral width (m s™) data contained in the corresponding mmcrmoments file (Figure A2A;) for only
those times and heights for which there is a significant detection in the cloud mask intermediate file
(Figure A2B;). The outputs of this process are the intermediate files labeled Figure A2C; that exist in
memory.

Because each of the four modes may contain unique information, to build a comprehensive

description of the atmospheric hydrometeors over the ARM sites the data from the four modes must be
combined, or merged, together. The current criteriaimplemented in the “Merge Modes Code” algorithm
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are described by Clothiaux et al. (2000) and the intermediate netCDF files that this code produces are
labeled Figure A2D;. As Clothiaux et al. (1999) indicate, some of the data in each mode might not be
accurate and these data can contaminate the merged data product represented by Figure A2D;.
Consequently, we use the merged cloud data (Figure A2D;) to go back and search the individual mode
datafor problems. The updated mode data with flags indicating problem data are contained in the
intermediate products labeled Figure A2F;. These corrected mode data are again merged together to
produce the final merged dataset represented by Figure A2G;. Thefiles represented by Figure A2G; are
in netCDF and they contain our best estimate of the significant reflectivitiesin the MMCR data.

Since many of the significant reflectivities in the MM CR data are not from hydrometeors, but rather
low density, airborne particulate/biological particles of some sort, we use the ceilometer and lidar data,
which appear not to detect these airborne particles, to filter the MMCR data. To this end, we use the
ARM standard ceilometer (blcstd, veei125kstd) and MPL (mplcamp, mplscott) products represented by
Figure A2H; (i = 1, 2, 3). Weaso apply an in-house “ Cloud Mask Code” agorithm (Clothiaux et al.
1998), which is not dependent on an absol ute calibration of the laser systems, to the raw ceilometer and
MPL data (Figure A2H,) to produce additional estimates (blccloth, veeil 25kcloth, mplcloth) of the
location of the atmospheric hydrometeors (Figure A2H;"). (Note that the in-house algorithm has yet to be
implemented on the blc or vceil 25k datastreams; thiswill only be doneif thereis a pressing need to do so
and the backscatter data become readily available.) Since the laser-based algorithms often fail during
periods of heavier precipitation, we use the wet window flag from the mwrlodlilj datastream or the
precipitation rate from the smetstd datastream (Figure A2l,) to identify periods of precipitation. When all
the laser-based retrievals of cloud base height fail during a precipitation event, the cloud base height is
assigned avalue of 0 m.

All the laser-derived cloud base height dataisinput to the “ Clear vs. Cloud Code” agorithm and a
single, best-estimate of the cloud base height isderived. Using the best estimate cloud base heights, we
apply a*“ Clutter Profile Code” algorithm to the merged MMCR data (Figure A2G;) in order to
characterize the clutter in the MM CR significant detections. (See Clothiaux et al. [2000] for a detailed
description of this process.) Using the profiles of MMCR significant reflectivities generated by the
“Clutter Profile Code” that characterize the clutter (Figure A2J,), we attempt to identify the clutter in
MMCR data using the “Remove Clutter Code.” Once the clutter mask is created from the G, datastream,
itisusedto filter the mode data represented by Figure A2F,. The fina netCDF output products are
represented by Figure A2K; (i =1, 2, 3, 4, 5). The product labeled K, contains the merged, best-estimate
locations of the atmospheric hydrometeors, while the products labeled K; (i > 0) contain the origina
MMCR data together with information (i.e., a set of flags that assistsin interpretation of these data).

5. ARSCL VAP: Product Description

The scope of the ARSCL VAP iswell summarized by itsinputs (Appendix A1) and outputs (Sections 5
and 6, aswell as Appendices A2 and A3). Theinputs, as Appendix Al illustrates, are from laser
ceilometers, which yield cloud base height estimates, MPLSs, which provide estimates of cloud base height
and vertical profiles of hydrometeorsto the level where the lidar beam is compl etely attenuated, and
MMCR reflectivities, mean Doppler velocities, and Doppler spectral widths. During periods of heavier
precipitation, the laser retrievals of cloud base height often fail. Consequently, we use an indicator of
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surface precipitation obtained either from the Microwave Radiometer (MWR) wet window sensor or from
an optical rain gauge to help identify these periods. The ARSCL VAP netCDF output files and the
variables they contain are now briefly described. Motivation for these output files and variables are
provided in Sections 3 and 4, and the netCDF files headers are provided in Appendix A3.

5.1 Datastream mplsmasklcloth

Outputs of the Clothiaux et a. (1998) MPL cloud detection algorithm include cloud base height and
two time-height arrays, one indicating each significant detection and the other |abeling those subset of
significant detections that are from cloud. Significant detections and the subset of them labeled as cloud
are very much dependent on the lidar cloud mask algorithm, so one should pay careful attention to the
algorithm that is used to produce them. Datastream mplsmasklcloth contains the significant detection
time-height array.
5.1.1 base_time

ARM standard time of the first record in seconds from the beginning of 1970.
5.1.2 time_offset

ARM standard time of the number of seconds from the base time.
5.1.3 Heights

The distance [in meters] from the surface (i.e., MPL location) to the center of each MPL range bin.

5.1.4 SigniMaskMplCloth

The significant detection time-height array as produced by the Clothiaux et al. (1998) MPL cloud
detection agorithm.

5.2 Datastream mplcmasklcloth

Outputs of the Clothiaux et a. (1998) MPL cloud detection algorithm include cloud base height and
two time-height arrays, one indicating each significant detection and the other |abeling those subset of
significant detectionsthat are from cloud. Significant detections and the subset of them labeled as cloud
are very much dependent on the lidar cloud mask algorithm, so one should pay careful attention to the
algorithm that is used to produce them. Datastream mplcmasklcloth contains those significant detections
that are labeled as cloud by the Clothiaux et al. (1998) algorithm.

5.2.1 base_time

ARM standard time of the first record in seconds from the beginning of 1970.
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5.2.2 time_offset

ARM standard time of the number of seconds from the base_time.
5.2.3 Heights

The distance [in meters] from the surface (i.e., MPL location) to the center of each MPL range bin.
5.2.4 CloudMaskMplCloth

The subset of significant detections SigniM askM plCloth labeled as cloud by the Clothiaux et al.
(1998) MPL cloud detection algorithm.

5.2.5 (qc_BeamAttenuationMplCloth

An experimental variable composed of the base 10 logarithm of signal power above cloud to
clear-sky signal power at the same height. The hope isthat this variable can be used to assess the degree
of lidar attenuation through a cloud.
5.3 Datastream arscllcloth

The primary output datastream of the ARSCL VAP. Because the data associated with the four
MMCR modes occur at different times, we interpolate these datato a 10 sgrid in timeand a45 m grid in
height. The data contained in the current datastream is on thistime-height grid. We are not sure if the
data contained in this datastream are useful in time series analysis. However, these data do represent our
best-estimate of the vertical locations of the cloud hydrometeors above the ARM sites. The laser-derived
cloud masks are also interpolated to this grid; however, we do not interpolate the laser-derived cloud base
heightsto this grid since such an interpolation is meaningless. Clothiaux et al. (2000) describe a more
meaningful way of moving the laser-derived cloud base heightsto this grid.
5.3.1 base_time

ARM standard time of the first record in seconds from the beginning of 1970.
5.3.2 time_offset

ARM standard time of the number of seconds from the base_time.

5.3.3 Heights

The distance (in meters) from the surface (i.e., MMCR location) to the center of each range bin in the
merged cloud product 45 m grid.
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5.3.4 Reflectivity
Radar reflectivity (0th Moment) in dBZe from all heights, which the ARSCL VAP algorithm
processing has indicated as containing a significant power return, including power returns from insects

and other clutter sources.

Note: This quantity is equivalent to the total area under the curvein Figure 4b and is derived from
measured Doppler spectra similar to the ssimulated spectrumin Figure 4e.

5.3.5 ReflectivityNoClutter

Radar reflectivity (Oth Moment) in dBZe from all heights, which the ARSCL VAP agorithm
processing has indicated as containing hydrometeors ONLY. Regions that contain insects should be just
about completely removed from thisfield if ARSCL VAP processing has adequately done its job.

Note: This quantity is equivalent to the total area under the curvein Figure 4b and is derived from
measured Doppler spectra similar to the simulated spectrumin Figure 4e.

5.3.6 ReflectivityBestEstimate
Radar reflectivity (Oth Moment) in dBZe from al heights, which our processing has indicated as
containing hydrometeors. Regions that appear to contain insects, as well as hydrometeors, are contained

inthisfield.

Note: This quantity is equivalent to the total area under the curvein Figure 4b and is derived from
measured Doppler spectra similar to the simulated spectrumin Figure 4e.

5.3.7 MeanDopplerVelocity

The mean Doppler velocity (1st Moment) generated from the spectra acquired over a period of
about 10 s.

Note: This quantity is equivalent to the average cross section weighted velocity of the curve in Figure 4b
and isderived from measured Doppler spectra similar to the smulated spectrumin Figure 4e.

5.3.8 SpectralWidth

The mean Doppler width (2nd Moment) generated from the spectra acquired over a period of
about 10 s.

Note: This quantity is equivalent to 2 times the standard deviation of the cross section weighted
velocity about MeanDoppler Velocity, i.e., 2 timesthe standar d deviation of the cross section versus
velocity curvein Figure 4b, and is derived from measured Doppler spectra similar to the ssmulated
spectrumin Figure 4e.
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5.3.9 RadarFirstTop

The height of the top of the lowest layer of significant returnsin the Reflectivity field. This height
corresponds either to the cloud top of the lowest cloud layer, if thereis no clutter present near cloud top,
or to the top of the clutter layer in those cases where the clutter layer extends above cloud top or occursin
clear sky. We originally used this variablein clutter tests, but now it plays no crucial rolein the ARSCL
VAP processing.

5.3.10 Modeld

Thefina set of reflectivities, mean Doppler velocities, and Doppler spectral widths are generated
from 4 different modes. This variable flags which modes are contributing to the 3 fields as a function of
time and height. Vauesof 1 (Mode 1) will not be seen much until after September 15, 1997. Values of 2
(Mode 2) arethe cirrus mode. Values of 3 (Mode 3) are the general mode and should be the predominant
color in most cases. Vaues of 4 (Mode 4) occur at times and heights where the hydrometeors have
significant fall speeds and reflectivities, as might occur during precipitation.

5.3.11 SignaltoNoiseRatio

The signal-to-noiseratio in dB of the signal power returnsto the radar receiver noise. Asthe
signal-to-noise ratio increases, the Doppler moments become more reliable.

5.3.12 CloudBasePrecipitation

When the MWR wet window flag or the surface meteorology station rain gauge indicate precipitation
at the surface, thisflagisset to 1. If al the laser-based cloud base height systemsfail at thistime, then a
value of Oisassigned to the cloud base height.

5.3.13 CloudBaseCeilometerStd

The cloud base height reported by the proprietary algorithms running on either the Belfort or Vaisaa
system.

5.3.14 CloudBaseCeilometerCloth

The cloud base height reported by the Clothiaux et a. (1998) cloud detection algorithm when it is
applied to the backscatter profiles reported by the Belfort or Vaisala system. This algorithm has not yet
been implemented.

5.3.15 CloudBaseMplScott

The cloud base height reported by the Scott and Spinhirne algorithm when it is applied to the
backscattered photon count profiles generated by the MPL.
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5.3.16 CloudBaseMplCamp

The cloud base height reported by the Campbell et a. (1998) algorithm when it is applied to the
backscattered photon count profiles generated by the MPL.

5.3.17 CloudBaseMplCloth

The cloud base height reported by the Clothiaux et a. (1998) algorithm when it is applied to the
backscattered photon count profiles generated by the MPL.

5.3.18 CloudBaseBestEstimate

Analyzing all the laser-derived cloud base heights together, we arrive at our best-estimate of the cloud
base height. See Clothiaux et a. (2000) for a description of the current approach for doing this analysis.

5.3.19 CloudMaskMplCamp

Time-height cloud mask produced by the Campbell et al. (1998) cloud detection algorithm.
5.3.20 CloudMaskMplCloth

Time-height cloud mask produced by the Clothiaux et al. (1998) cloud detection a gorithm.
5.3.21 CloudLayerBottomHeightMplICamp

The bottom height of each hydrometeor layer detected by the combined MM CR and Campbell et al.
(1998) MPL agorithm cloud masks. More work may need to be done here, so be very careful with this
variable.
5.3.22 CloudLayerBottomHeightMplCloth

The bottom height of each hydrometeor layer detected by the combined MMCR and Clothiaux et al.
(1998) MPL agorithm cloud masks. More work may need to be done here, so be very careful with this
variable.
5.3.23 CloudLayerTopHeightMplCamp

The top height of each hydrometeor layer detected by the combined MM CR and Campbell et al.

(1998) MPL agorithm cloud masks. More work may need to be done here, so be very careful with this
variable.
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5.3.24 CloudLayerTopHeightMplCloth

The top height of each hydrometeor layer detected by the combined MMCR and Clothiaux et al.
(1998) MPL algorithm cloud masks. More work may need to be done here, so be very careful with this
variable.

5.3.25 gc_RadarArtifacts

Each mode, with the exception of the current Mode 4, may have artifactsin the data. If some of these
artifacts enter the final merged reflectivity field, then we flag the data as containing problems. In the
current configuration of the ARM MMCRs, this should never be aproblem. It will be a problemin the
datathat were collected before mid-October 1999 when the original set of modes were still in use.

5.3.26 qc_ReflectivityClutterFlag

Values of 0 indicate no significant power detection. Vauesof 1 (Flag Vaue 1) indicate a
hydrometeor detection with no significant clutter (e.g., insect) contamination. Values of 2 indicate that
both hydrometeors and insects are potentially contributing to the significant power returns to the radar.
Under these conditions, the cloud top height is uncertain; that is, the top of the Value 2 flagged region
may not be true cloud top height. However, cloud top height falls within the Value 2 region. Vaues of 3
(Flag Value 3) indicate regions where our processing says all of the significant power returns come from
insects and other clutter. Finally, values of 10 (Flag Vaue 10) indicate that no data are present at this
time for this range bin.

5.3.27 qc_CloudLayerTopHeightMplCamp

A value indicating whether or not the top height of each cloud layer detected by the combined
MMCR and Campbell et al. (1998) MPL algorithm cloud masks represents the true cloud top. This
variable must be set by an analysis of the MPL data, since there is ho way to conclusively establish cloud
top from radar returns. More work may need to be done here, so be very careful with this variable.

5.3.28 gc_CloudLayerTopHeightMplCloth
A value indicating whether or not the top height of each cloud layer detected by the combined
MMCR and Clothiaux et a. (1998) MPL algorithm cloud masks represents the true cloud top. This

variable must be set by an analysis of the MPL data, since there is no way to conclusively establish cloud
top from radar returns. More work may need to be done here, so be very careful with this variable.

5.3.29 gc_BeamAttenuationMplCamp
Variable indicating what happened to the laser beam: data do not exist (-9), laser beam is blocked

(-2), laser beam is attenuated (-1), no cloud is detected by the beam (0), and the beam completely
penetrated a cloud layer (1).
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5.3.30 gc_BeamAttenuationMplCloth

An experimental variable composed of the base 10 logarithm of signal power above cloud to
clear-sky signal power at the same height. The hope isthat this variable can be used to assess the degree
of lidar attenuation through a cloud.
5.4 Datastream arsclbndlcloth

To reduce the size of the datastream carrying information about the hydrometeor layer boundaries, the
boundary fieldsin arscl1cloth are extracted and placed in this datastream, together with the best-estimate
cloud base height.
5.4.1 base_time

ARM standard time of the first record in seconds from the beginning of 1970.
5.4.2 time_offset

ARM standard time of the number of seconds from the base time.

5.4.3 CloudBaseBestEstimate

Analyzing all the laser-derived cloud base heights together, we arrive at our best-estimate of the cloud
base height. See Clothiaux et a. (2000) for a description of the current approach for doing this anaysis.

5.4.4 CloudLayerBottomHeightMplCamp

The bottom height of each hydrometeor layer detected by the combined MM CR and Campbell et al.
(1998) MPL agorithm cloud masks. More work may need to be done here, so be very careful with this
variable.
5.4.5 CloudLayerBottomHeightMplCloth

The bottom height of each hydrometeor layer detected by the combined MMCR and Clothiaux et al.
(1998) MPL agorithm cloud masks. More work may need to be done here, so be very careful with this
variable.
5.4.6 CloudLayerTopHeightMplCamp

The top height of each hydrometeor layer detected by the combined MM CR and Campbell et al.

(1998) MPL agorithm cloud masks. More work may need to be done here, so be very careful with this
variable.
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5.4.7 CloudLayerTopHeightMplCloth

The top height of each hydrometeor layer detected by the combined MM CR and Campbell et al. (1998)
MPL algorithm cloud masks. More work may need to be done here, so be very careful with this variable.

5.4.8 gc_CloudLayerTopHeightMplCamp

A value indicating whether or not the top height of each cloud layer detected by the combined
MMCR and Campbell et a. (1998) MPL algorithm cloud masks represents the true cloud top. This
variable must be set by an analysis of the MPL data, since there is no way to conclusively establish cloud
top from radar returns. More work may need to be done here, so be very careful with this variable.
5.4.9 (qc_CloudLayerTopHeightMplCloth

A value indicating whether or not the top height of each cloud layer detected by the combined
MMCR and Clothiaux et al. (1998) MPL agorithm cloud masks represents the true cloud top. This
variable must be set by an analysis of the MPL data, since there is ho way to conclusively establish cloud
top from radar returns. | do not believe the fina set of algorithms have been developed yet.

55 Datastream arsclcbhlcloth

To reduce the size of the datastream carrying information about cloud base heights, the cloud base
height fields in arscl1cloth are extracted and placed in this datastream.

5.5.1 base_time

ARM standard time of the first record in seconds from the beginning of 1970.
5.5.2 time_offset

ARM standard time of the number of seconds from the base_time.
5.5.3 CloudBasePrecipitation

When the MWR wet window flag or the surface meteorology station rain gauge indicate precipitation
at the surface, thisflagisset to 1. If all of the laser-based cloud base height systemsfail at thistime, then
avalue of 0 is assigned to the cloud base height.

5.5.4 CloudBaseCeilometerStd

The cloud base height reported by the proprietary algorithms running on either the Belfort or Vaisaa
system.
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5.5.5 CloudBaseCeilometerCloth

The cloud base height reported by the Clothiaux et al. (1998) cloud detection algorithm when it is
applied to the backscatter profiles reported by the Belfort or Vaisala system. This algorithm has not yet
been implemented.

5.5.6 CloudBaseMplScott

The cloud base height reported by the Scott and Spinhirne algorithm when it is applied to the
backscattered photon count profiles generated by the MPL.

5.5.7 CloudBaseMplCamp

The cloud base height reported by the Campbell et al. (1998) algorithm when it is applied to the
backscattered photon count profiles generated by the MPL.

5.5.8 CloudBaseMplCloth

The cloud base height reported by the Clothiaux et a. (1998) algorithm when it is applied to the
backscattered photon count profiles generated by the MPL.

5.6 Datastream mmcrmode__v____

For studies of cloud climatologies, cloud existence, cloud location, etc., we expect the arsclicloth
datastream to be the most relevant one. However, asthe MM CRs improve in temporal resolution, time
series analysis of the individual mode data may become important. The mmcrmode v datastream
was devel oped with time-series applications in mind. It contains the raw MMCR reflectivity data as it
were originally collected by the MMCR. To aid in the interpration of these data, the laser-derived cloud
base height information is moved to the mode data grid, together with the arscl1cloth gc flags. Therefore,
untouched data are avail able in these files, together with a series of flags and laser data that should aid in
interpretation of these data.

5.6.1 base_time

ARM standard time of the first record in seconds from the beginning of 1970.
5.6.2 time_offset

ARM standard time of the number of seconds from the base_time.

5.6.3 Heights

A vector containing the height of the center of each MM CR mode range bin.
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5.6.4 Reflectivity
Radar reflectivity (Oth Moment) in dBZe for all times and heights of the mode that the “ Cloud Mask
Code” agorithm has indicated as containing a significant power return, including power returns from

insects and other clutter sources.

Note: This quantity is equivalent to the total area under the curvein Figure 4b and is derived from
measured Doppler spectra similar to the ssimulated spectrumin Figure 4e.

5.6.5 MeanDopplerVelocity

The mean Doppler velocity (1st Moment) generated from the mode spectra, which are acquired over a
period of about 10 s.

Note: This quantity is equivalent to the average cross section weighted velocity of the curvein Figure 4b
and is derived from measured Doppler spectra similar to the simulated spectrumin Figure 4e.

5.6.6 SpectralWidth

The mean Doppler width (2nd Moment) generated from the mode spectra, which are acquired over a
period of about 10 s.

Note: This quantity is equivalent to 2 timesthe standard deviation of the cross section weighted
velocity about M eanDopplerVelacity, i.e., 2 timesthe standard deviation of the cross section versus
velocity curvein Figure 4b, and is derived from measured Doppler spectra similar to the ssmulated
spectrumin Figure 4e.

5.6.7 SignaltoNoiseRatio

The signal-to-noiseratio in dB of the signal power returnsto the radar receiver noise. Asthe
signal-to-noise ratio increases, the Doppler moments become more reliable.

5.6.8 CloudBasePrecipitation

When the MWR wet window flag or the surface meteorology station rain gauge indicate precipitation
at the surface, thisflagisset to 1. If all of the laser-based cloud base height systemsfail at thistime, then
avalue of 0 is assigned to the cloud base height.

5.6.9 CloudBaseCeilometerStd

The cloud base height reported by the proprietary algorithms running on either the Belfort or Vaisala
system.
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5.6.10 CloudBaseCeilometerCloth

The cloud base height reported by the Clothiaux et al. (1998) cloud detection algorithm when it is
applied to the backscatter profiles reported by the Belfort or Vaisala system. This algorithm has not yet
been implemented.

5.6.11 CloudBaseMplScott

The cloud base height reported by the Scott and Spinhirne algorithm when it is applied to the
backscattered photon count profiles generated by the MPL.

5.6.12 CloudBaseMplCamp

The cloud base height reported by the Campbell et al. (1998) algorithm when it is applied to the
backscattered photon count profiles generated by the MPL.

5.6.13 CloudBaseMplCloth

The cloud base height reported by the Clothiaux et a. (1998) algorithm when it is applied to the
backscattered photon count profiles generated by the MPL.

5.6.14 CloudBaseBestEstimate

Analyzing all the laser-derived cloud base heights together, we arrive at our best-estimate of the cloud
base height. See Clothiaux et a. (2000) for a description of the current approach for doing this analysis.

5.6.15 qc_RadarArtifacts

Unlike the arsclicloth datastream, where all the radar artifacts have been removed, the data for each
individual mode may have one of anumber of artifactsin the data. This qc flag indicates the problemsin
the data.

5.6.16 gc_ReflectivityClutterFlag

Vaues of 0 indicate no significant power detection. Vauesof 1 (Flag Value 1) indicate a
hydrometeor detection with no significant clutter (e.g., insect) contamination. Values of 2 indicate that
both hydrometeors and insects are potentially contributing to the significant power returns to the radar.
Under these conditions, the cloud top height is uncertain; that is, the top of the Vaue 2 flagged region
may not be true cloud top height. However, cloud top height falls within the Value 2 region. Values of 3
(Flag Value 3) indicate regions where our processing says all of the significant power returns come from
insects and other clutter. Values of 4 (Flag Value 4) indicate that there is a significant detection in the
arscl1cloth product at this range and time but not in the mode data. Finally, values of 10 (Flag Vaue 10)
indicate that no dataiis present at thistime for this range bin.
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6. ARSCL VAP: Product Images

The ARSCL product images listed below are avail able through the ARM Scientific Application
Quick-Look (SAQL) database.

6.1 Datastream blcprof lidar_amplitude

In order to inspect the blcprof backscattered power returnsin aform identical to the MMCR data, we
take the logarithm to the base ten of the lidar_amplitude variable to create the parameter
L ogPower Return. We then plot L ogPower Retur n on atimeheight axis that spans aday and ranges
from the surface to 3 km above ground level (AGL). Animage is made of these data and labeled with the
name lidar_amplitude. The netCDF file is subsequently discarded.
6.2 Datastream blcprof clearcloud

Image of blcprof cloud base height, together with clear/cloud flags.
6.3 Datastream vceil25k backscatterbase

To inspect the vceil 25k backscattered power returnsin aform identical to the MMCR data, we take
the logarithm to the base ten of the power return variable to create the parameter L ogPower Return. We
then plot L ogPower Return on atime-height axis that spans a day and ranges from the surface to 3 km
AGL. Animageis made of these data and label ed with the name backscatterbase. The netCDF fileis
subsequently discarded.
6.4 Datastream vceil25k backscatternobase

Identical to the previous image, except vceil25k cloud base height is aso included.
6.5 Datastream vceil25k clearcloud

Image of vceil25k cloud base height, together with clear/cloud flags.
6.6 Datastream mwrlos vapligwetwindowxy

Image of mwrlos water vapor, liquid water, and wet window flag.
6.7 Datastream mwrlos clearcloud

Image of mwrlos wet window flag, together with clear/cloud flags.

6.8 Datastream mpl background

Image of solar radiation scattered into MPL receiver field of view.
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6.9 Datastream mpl backscatter

In order to inspect the MPL backscattered power returnsin aform identical to the MMCR data, we
take the logarithm to the base ten of the power return variable to create the parameter L ogPower Retur n.
We then plot L ogPower Retur n on atime-height axis that spans a day and ranges from the surface to
20km AGL. Animageis made of these data and |abeled with the name backscatter. The netCDFfileis
subsequently discarded.
6.10 Datastream mpl backscatterBL

Identical to the previousimage, the image is up to only 3 km. Note that BL stands for boundary layer.

6.11 Datastream mpl clearcloud

Image of MPL cloud base height from the Clothiaux et al. (1998) algorithm, together with clear/cloud
flags.

6.12 Datastream mplcbhlscott clearcloud

Image of MPL cloud base height from the Scott et a. algorithm (Clothiaux et al. 1998), together with
clear/cloud flags.

6.13 Datastream mplnorlcamp backscatter

Image of MPL normalized backscatter from the Campbell et al. algorithm (Campbell et al. 1998).
6.14 Datastream mplnorlcamp cloudmask

Image of MPL cloud mask from the Campbell et a. algorithm (Campbell et al. 1998).
6.15 Datastream mplnorlcamp clearcloud

Image of MPL cloud base height from the Campbell et a. algorithm (Campbell et al. 1998), together
with clear/cloud flags.

6.16 Datastream mplsmasklcloth SigniMaskMplCloth
See Section 5.1.
6.17 Datastream mplcmasklcloth CloudMaskMplCloth

See Section 5.2.
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6.18 Datastream

See Section 5.3.

6.19 Datastream

See Section 5.3.

6.20 Datastream

See Section 5.3.

6.21 Datastream

See Section 5.3.

6.22 Datastream

See Section 5.3.

6.23 Datastream

See Section 5.3.

6.24 Datastream

See Section 5.3.

6.25 Datastream

See Section 5.3.

6.26 Datastream

See Section 5.3.

6.27 Datastream

See Section 5.3.

6.28 Datastream

See Section 5.3.
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arsclicloth CloudMaskMplCamp

arsclicloth CloudMaskMplCloth

arscllcloth LaserCloudBases

arscllcloth Reflectivity

arscllcloth ReflectivityNoClutter

arscllcloth ReflectivityBestEstimate

arscllcloth MeanDopplerVelocity

arscllcloth SpectralWidth

arscllcloth Modeld

arsclicloth SignaltoNoiseRatio

arsclicloth gc_RadarArtifacts
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6.29 Datastream arscllcloth qc_ReflectivityClutterFlag
See Section 5.3.
6.30 Datastream arsclbndlcloth CloudLayerHeightsCloth
See Section 5.4.
6.31 Datastream arsclbndlcloth qc_CloudLayerHeightsCloth
See Section 5.4.
6.32 Datastream arsclcbhlcloth LaserCloudBases
See Section 5.5.
6.33 Datastream mmcrmode__v___ 1cloth Reflectivity
See Section 5.6.
6.34 Datastream mmcrmode__v___ 1cloth ReflectivityBL
See Section 5.6.
6.35 Datastream mmcrmode__v___ 1cloth qc_RadarArtifacts
See Section 5.6.
6.36 Datastream mmcrmode__v___ 1cloth gc_ReflectivityClutterFlag
See Section 5.6.
6.37 Datastream mmcrmode__ v 1cloth qc_ReflectivityClutterFlagBL

See Section 5.6.
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7. ARSCL VAP: Data Quality Issues
7.1  Quality Control (QC) Flags
Date: 09 March 2001

The most useful quality control (gc) flag in the arscl1cloth datastream is qc_ReflectivityClutter Flag.
Thisflag, coupled with the values of Reflectivity, ReflectivityNoClutter, and ReflectivityBestEstimate,
can be used to sort the data in the arscl1cloth datastream files. Thelogicis asfollows:

1. If gc_ReflectivityClutterFlag equals 10, no data exist for this period.

2. If gc_ReflectivityClutter Flag does not equal 10 but the relevant reflectivity value is either less than
-100 or greater than 30 (after dividing the file value by 100), data exist but there is no significant
detection (i.e., no cloud) for thistime period.

3. If gc_ReflectivityClutterFlag does not equal 10 and the relevant reflectivity valueis either greater
than -100 or less than 30 (after dividing the file value by 100), data exist, there is a significant
detection for thistime period, and the value of qc_ReflectivityClutter Flag provides our guess asto
the source of the power return.

7.2 MMCR Calibration
Date: 09 March 2001

The absolute calibration of al four (i.e., SGP, TWP-Manus, TWP-Nauru, and NSA) ARM MMCRsis
thought to be good to at least 1 dB. Severa calibration experiments with the ARM SGP MMCR support
this estimate of accuracy. While the remaining three MM CRs have not been directly calibrated, the
calibration procedures for these three radars are identical to the procedures applied to the ARM SGP
MMCR. These procedures include transmit power monitoring and incorporation of the measurements
into the reflectivity calculations, as well as automatic receiver calibration with a calibrated noise source.

Date: 09 March 2001

In the near-field of the MMCRs, i.e., below about 1 km, a correction must be made to the
reflectivities. At the DOE ARM Cloud Working Group Meeting at the end of January 2001, NOAA ETL
presented results from Steve Sekelsky demonstrating that the near-field correction applied to the ARM
MMCR datais off by about 2 to 3 dB near the surface and dropsto afew tenths of a dB off approximately
1 km abovetheradar. A correction factor for this problem is being developed and will be made available
as soon as possible. When the MM CR data are next reprocessed, this correction will be incorporated into
the data.
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7.3 SGP Belfort Laser Ceilometer Height Offsets
Date: 09 March 2001

From the beginning of its data record until 3 February 2000, the Belfort laser ceilometer heights are
too high by 122 m. On 4 February 2000, the height offset was finally removed from the Belfort
ceilometer raw data and, consequently, from the ARSCL VAP products. When the BLC raw datafiles
and ARSCL VAP products are reprocessed, this height offset will finally be removed from ARM data.
7.4 NSA Micropulse Lidar Height Offsets
Date: 09 March 2001

When the NSA MPL was brought back to life on 16 June 1999, a height offset of 30 m appeared inits
backscatter profiles. That is, the MPL heights are 30 m too high starting on this date. This problem
continued until Day Month Y ear when it was finally removed. Raw MPL data during the period of height
offset will have to be reprocessed at some point, aswell asthe ARSCL VAP datafor this period.
8. ARSCL VAP: Retrieving Data from the ARM Archive

Note that ARSCL VAP products are from the SGP C1, NSA C1, TWP C1 (Manus), and TWP C2
(Nauru) sites. Furthermore, all ARSCL VAP products are c1 level datafiles. So, ARSCL VAP file
names can be obtained by taking the datastream names in Section 5 and prefixing them with the site and
suffixing them with either C1.c1 or C2.cl. For example, datastream arscl1cloth files from the SGP
central facility are labeled sgparscl1clothCl.cl and those from TWP-Nauru are labeled
twparscl 1clothC2.cl.

All DOE ARM Program data are available from the DOE ARM data archive. One way to access
ARM datais by doing the following:

1. Usethe Internet to access http://www.ar chive.ar m.gov/cgi-bin/arm-archive.
2. “Login Archive” with appropriate “ Username.”
3. Choosethe “ Request data using Query Interface” option.

4. Choosethe“ Data Sreams’ option and then click on the appropriate DOE ARM site (i. e., SGP, NSA,
TWP) box.

5. Fromthe* Production Data Streams” column listing datastreams.

6. Select sgparscllclothCl.cl, sgparsclbndlclothCl.cl, etc., if the SGP site was chosen.
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7. SHectthe” Dates,” both* Sarting” and “ Ending,” and then click on “ Create Order.”

8. Clickthe“Place Order,” “ Return,” and “ Logoff Archive” buttons, and then wait for your automated
e-mail message from the ARM archive telling you where to pick up your data.

9. Conclusions

The primary goal of the ARM 35-GHz radars, or MMCRs, is to provide a continuous record of clouds
and their propertiesin the vertical column above the ARM sites. The ARM SGP radar has been
operational since November 1996; it is currently collecting data using the sequence of four modes
described above (Moran et al. 1998; Clothiaux et al. 1999). The NSA, TWP-Manus, and TWP-Nauru
radars began operation in March 1998, June 1999, and November 1998, respectively, and they are
currently operating in asimilar fashion to the SGP radar. Slight changes to the parameters of the TWP
and NSA MMCR operational modes were made because of differencesin cloud properties with respect to
the ARM SGP site. Combining datafrom the four modes leads to an accurate description of the cloud
coverage in the vertical column above the radar during al conditions, except when insects are present and
for rain when attenuation of the 35-GHz beam becomes significant (Clothiaux et al. 2000). Detecting the
presence of clouds and cloud boundariesisthe first step in ascertaining the macrophysical and
microphysica properties of the clouds in the vertical column above the radar. Once the presence of
clouds has been ascertained through algorithms such as those devel oped by Uttal et al. (1993) or
Clothiaux et al. (1995), the next important step is retrieving the microphysical properties of the cloud
particles, which is the subject of current ongoing research.

Each mode of the MM CRs currently has atemporal resolution of approximately 9 s. The temporal
resolution can be shortened, but at the cost of lower sensitivity. The efficiency of the radar signal
processor currently ranges from 4% to 31% for SGP Modes 4 through 1, as depicted in Figure 3; that is,
the computers can process only asmall portion of the data that the radar can generate. With improve-
ments to the radar signal processing systems, the temporal resolution of each mode can approach
approximately 0.45 s without aloss of sensitivity.

Although power density spectra (e.g., Figure 4e) are produced routinely by the MM CRs, they can be
saved at only selected times because of the large amount of memory they require. The first three
moments derived from the spectra (i.e., the reflectivity, the mean velocity, and the standard deviation of
the velocity) are saved at full temporal resolution. Fortunately, Moran et al. (1998) configured the radar
to be run remotely, so the exact sequence of modes running the radar, including whether or not the power
density spectra are saved, can be changed quickly in order to capture interesting cloud events, using more
appropriate modes.

Images of the datafrom the ARM radars are available at a number of Web sites (see the ARM home

page). These graphic images range from quick-look images of the data that are up-to-date (no more than
two hours behind real time), to archives of data over the past two weeks, to archives of the data over an
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entire experimental period (except for the past two months). Original radar datawill eventually be
available from the ARM data archivein Oak Ridge, Tennessee. Eventually, al the ARSCL VAP
datastreams will be found at the ARM archive. In the interim, these data can be obtained by contacting
any of the contributors to this technical report.

10. Acknowledgements

Support for this research was funded by the Environmental Sciences Division of the U.S. Department
of Energy (under Grant DE-FG02-90ER61071) and Battelle Pacific Northwest National Laboratory
(Subcontract 091572-A-Cal).

11. References

Atlas, D., S. Y. Matrosov, A. J. Heymsfield, M.D. Chou, and D. B. Wolff, 1995: Radar and radiation
properties of ice clouds. J. Appl. Meteor., 34, 2329-2345.

Battan, L. J., 1973: Radar Observation of the Atmosphere. University of Chicago Press,
Chicago, Illinais.

Campbell, J. R., D. L. Hlavka, J. D. Spinhirne, V. S. Scott, and D. D. Turner, 1998: Operational
processing and cloud boundary detection from micro pulse lidar data. Preprints of the Nineteenth
International Laser Radar Conference, Ed. UN Singh, NASA CP-1998-207671/PT1, Annapalis,
Maryland, July, pp 119-122.

Clothiaux, E. E., M. A. Miller, B. A. Albrecht, T. P. Ackerman, J. Verlinde, D. M. Babb, R. M. Peters,
and W. J. Syrett, 1995: An evaluation of a 94-GHz radar for remote sensing of cloud properties.
J. Atmos. Oceanic Technal., 12, 201-229.

Clothiaux, E. E., G. G. Mace, T. P. Ackerman, T. J. Kane, J. D. Spinhirne, and V. S. Scott, 1998: An
automated algorithm for detection of hydrometeor returnsin micro pulse lidar data. J. Atmos. and
Oceanic Technol., 15, 1035-1042:

Clothiaux, E. E., K. P. Moran, B. E. Martner, T. P. Ackerman, G. G. Mace, T. Uttd, J. H. Mather, K. B.
Widener, M. A. Miller, and D. J. Rodriguez, 1999: The Atmospheric Radiation Measurement program
cloud radars: Operational modes. J. Atmos. Oceanic Technol., 16, 819-827.

Clothiaux, E. E., T. P. Ackerman, G. G. Mace, K. P. Moran, R. T. Marchand, M. A. Miller, and B. E.
Martner, 2000: Objective determination of cloud heights and radar reflectivities using a combination of
active remote sensors a the ARM CART sites. J. Appl. Meteor ., 39, 645-665.

Doviak, R. J., and D. S. Zrnic, 1984: Doppler Radar and Weather Observations. Academic Press,
San Diego, California.

37



Clothiaux, et al. 2001, DOE Tech. Memo. ARM VAP-002.1

Doviak, R. J.,and D. S. Zrnic, 1993: Doppler Radar and Weather Observations. Second Edition.
Academic Press, San Diego, California.

Fox, N. L, and A. J. lllingworth, 1997: The potential of a spaceborne cloud radar for the detection of
stratocumulus clouds. J. Appl. Meteor ., 36, 676-687.

Frisch, A. S., C. W. Fairall, and J. B. Snider, 1995: Measurement of stratus cloud and drizzle parameters
in ASTEX with aK,-band Doppler radar and a microwave radiometer. J. Atmos. Sci., 52, 2788-2799.

Heymsfield, A. J,, L. M. Miloshevich, A. Slingo, K. Sassen, and D. O’ C. Starr, 1991: An observational
and theoretical study of highly supercooled altocumulus. J. Atmos. Sci., 48, 923-945.

Moran, K. P., B. E. Martner, D. C. Welsh, D. A. Merritt, M. J. Post, T. Uttal, and R. G. Strauch, 1997:
ARM'’ s cloud profiling radar. 28th Conference on Radar Meteorology, Austin, Texas, Am. Meteor. Soc.,
296-297.

Moran, K. P., B. E. Martner, M. J. Post, R. A. Kropfli, D. C. Welsh and K. B. Widener, 1998: An
unattended cloud-profiling radar for use in climate research. Bull. Amer. Meteor. Soc., 79, 443-455.

Noonkester, V. R., 1984: Droplet spectra observed in marine stratus cloud layers. J. Atmos. i, 41,
829-845.

Rogers, R. R., D. Baumgardner, S. A. Ethier, D. A. Carter, and W. L. Ecklund, 1993: Comparison of
raindrop size distributions measured by radar wind profiler and by airplane. J. Appl. Meteor., 32,
694-699.

Sauvageot, H., 1992: Radar Meteorology. Artech House, Inc., Norwood, Massachussetts.

Schmidt, G., R. Ruster, and P. Czechowsky, 1979: Complementary code and digital filtering for
detection of weak VHF radar signals from the mesosphere. |EEE Trans. Geosci. Electron., 17, 154-161.

Skolnik, M., 1990: Radar Handbook. Second Edition. McGraw Hill, Inc., New Y ork.

Ulaby, R. T., R. K. Moore, and A. K. Fung, 1982: Microwave Remote Sensing Active and Passive,

Vol. II: Radar Remote Sensing and Surface Scattering and Emission Theory. Artech House, Inc.,
Norwood, Massachussetts.

Uttal, T., L. I. Church, B. E. Martner, and J. S. Gibson, 1993: CLDSTATS: A cloud boundary detection

algorithm for vertically pointing radar data. NOAA Tech. Memorandum ERL WPL-233, Environmental
Technology Laboratory, Boulder, Colorado.

38



Clothiaux, et al. 2001, DOE Tech. Memo. ARM VAP-002.1

Appendix A1 - ARSCL VAP Input Datastreams

*1079UIO[I0)) I9Ser] B[esIeA - TIHADA ‘ASojo1oejey

aoejmg - THINS ‘P8nen urey [esnd() - DY ‘19I9WOIPRY dARMOINIA - YMIA IeprT oSdomdIN - TJIN ‘Tepey Pno[)) 9AeM-IdQWII - HDININ
{1939WIOTdY) 19T 1I0J[og - OTd (89X -T°ON-0) pojuomardunr meaq aaey surjtiode ajerrdordde o) jou 1o IojoyMm sojyedtpur (g) Sey snje)s o,

T® TSI WOULIDWIRSU
[ [D[edIommesu
19°1D300sTyqoduresu
Te 1Hduresu

Te 1Drduesu

19 1pduresioujduresu

1o 1pdures rourduresu

T® [DYgE[10oARST
T® [DYCg[0oARST

Te 1DH3I08SU

Te~Dsyusmotnuudm)
Te"Dresmnuudm)

10" 01008 Tyqordmdmy
Te-Ddudmy
TeDdudmy

1o -pdwesrourdwudmy
To-pduwreorouidudmy
TeDAGEoAdm)

T8 DAGgeoAdm)

Te~Dsp9rowsdmy

Te TDsuemowuwdss
Te 1Desnwwdss

19 1DM100sTqodwd3s
1e 1H1dwdSs

Te 1D[dwudSs

10 1pduresrouidud3s

1o 1pdurestrouidwdss

e 10N gg[100AdSs
e 1D gg[100AdSs
Te 1Djoadorqdss
Te 1Djordorqdss

T THso[amwdsds

My  (syuswowrrowrn) YO INIA

184

WS oseq
ASBIN
SO oseqg
SR
1S oseq
SO oseqg
SO oseq
SO oseq
1310 oseq
orey dmoig
oyey doig

MOPUTM 1M

(Teaaouwrur) YOINIA
(1r00s1dwr) TN
(wroprdur) TN
(wyorordwn) TN
(duresjdwr) TN
(dureojdwr) TJIN

(P1s7ggIIo0A) TIHOA

(q30122ggIe0a) TIADA

(p3s919) OT1d
(w3019919) OT14d
(p3srows) LHINS
(810) HDHUO
(frysopamur) YAMIN

ureaIjseje(J

uresxjseje(J

wreadjseie(J

VSN

dML

dOS

Iojowrered

nduy

Figure Al. Datastream inputs to the ARSCL VAP.
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Appendix A2 - ARSCL VAP Flow Chart
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Figure A2. Flow chart of the ARSCL VAP. Open circles represent one of the input
datastreams, open squares represent an algorithmic process that implements some of the
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memory as arrays or in netCDF files on a hard disk, and light gray circles represent the netCDF
output files generated by the ARSCL VAP.
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Appendix A3 - ARSCL VAP Product Datastreams

DATASTREAM: mplsmasklcloth
CONTACT:

DIMENSIONS:

1) time = UNLIMITED
2) nheights = 2001
3) namelen = 64

VARIABLES:

1) base_time:
long_name: Beginning Time of File
units: seconds since 1970-01-01 00:00:00 00:00
calendar_date: Year 0000 Month 00 Day 00 00:00:00

2) time_offset:
long_name: Time Offset from base_time
units: seconds
comment: none

3) Heights:
long_name: Height of Center of Each Range Bin
units: m
comment: none

4) SigniMaskMplCloth:
long_name: MPL Cloth et al. Algorithm Significance Mask
units: unitless
comment: 0 No data, no retrieval, or no detection; 1 Significant detection from clear-
sky algorithm; 2 Significant detection from threshold step algorithm; 3 Significant
detection from both algorithms

COMMENTS:

A3.1
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DATASTREAM: mplcmasklcloth
CONTACT:

DIMENSIONS:

1) time = UNLIMITED
2) nheights = 2001
3) namelen = 64

VARIABLES:

1) base_time:
long_name: Beginning Time of File
units: seconds since 1970-01-01 00:00:00 00:00
calendar_date: Year 0000 Month 00 Day 00 00:00:00

2) time_offset:
long_name: Time Offset from base_time
units: seconds
comment: none

3) Heights:
long_name: Height of Center of Each Range Bin
units: m
comment: none

4) CloudMaskMplCloth:
long_name: MPL Cloth et al. Algorithm Cloud Mask
units: unitless
comment: -2 Beam Blocked; -1 Beam Attenuated; 0 No Cloud (Clear); 1 Cloud Detected

5) qc_BeamAttenuationMplCloth:
long_-name: MPL Cloth et al. Algorithm Beam Attenuation Assessment
units: unitless
comment: Logl0(Signal Power above Cloud/Clearsky Power above Cloud)

COMMENTS:

A3.2
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DATASTREAM: arscllcloth
CONTACT:

DIMENSIONS:

1) time = UNLIMITED
2) nheights = 512
3) numlayers = 10

VARIABLES:

1) base_time:
long_name: Beginning Time of File
units: seconds since 1970-01-01 00:00:00 00:00
calendar_date: Year 0000 Month 00 Day 00 00:00:00

2) time_offset:
long_name: Time Offset from base_time
units: seconds
comment: none

3) Heights:
long_name: Height of Measured Value
units: m AGL
comment: none

4) Reflectivity:
long_name: MMCR Reflectivity
units: dBZ (X100)
comment: Divide Reflectivity by 100 to get dBZ

5) ReflectivityNoClutter:
long_name: MMCR Reflectivity with Clutter Removed
units: dBZ (X100)
comment: Divide ReflectivityNoClutter by 100 to get dBZ

6) ReflectivityBestEstimate:
long_name: MMCR Best Estimate of Hydrometeor Reflectivity
units: dBZ (X100)
comment: Divide ReflectivityBestEstimate by 100 to get dBZ

7) MeanDopplerVelocity:
long_name: MMCR Mean Doppler Velocity
units: m/s (X1000)
comment: Divide MeanDopplerVelocity by 1000 to get m/s

8) SpectralWidth:
long_name: MMCR Spectral Width
units: m/s (X1000)
comment: Divide SpectralWidth by 1000 to get m/s

9) RadarFirstTop:
long_name: MMCR Top Height of Lowest Detected Layer before Clutter Removal
units: m AGL
comment: -3. Data do not exist, 0. No significant detection in column, j 0. Top Height of
Lowest Cloud/Clutter Layer

10) Modeld:
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long_name: MMCR Mode 1.D.
units: unitless
comment: 0 No significant power return, 1-5 Valid modes, 10 Data do not exist

11) SignaltoNoiseRatio:
long-name: MMCR Signal-to-Noise Ratio
units: dB (X100)
comment: Divide SignaltoNoiseRatio by 100 to get dB

12) CloudBasePrecipitation:

long_name: Microwave Radiometer Wet Window/Optical Rain Gauge Cloud Base Height

units: m AGL

comment: -3. Data do not exist, -2. Data exist but no retrieval, -1. Clear sky, ;= 0. Valid

cloud base height

13) CloudBaseCeilometerStd:
long_name: BLC/VCEIL Standard Algorithm Cloud Base Height
units: m AGL

comment: -3. Data do not exist, -2. Data exist but no retrieval, -1. Clear sky, ;= 0.

cloud base height

14) CloudBaseCeilometerCloth:
long_name: BLC/VCEIL Clothiaux et al. Algorithm Cloud Base Height
units: m AGL

comment: -3. Data do not exist, -2. Data exist but no retrieval, -1. Clear sky, ;= 0.

cloud base height

15) CloudBaseMplScott:
long_name: MPL Scott Algorithm Cloud Base Height
units: m AGL

comment: -3. Data do not exist, -2. Data exist but no retrieval, -1. Clear sky, ;= 0.

cloud base height

16) CloudBaseMplCamp:
long_name: MPL Campbell et al. Algorithm Cloud Base Height
units: m AGL

comment: -3. Data do not exist, -2. Data exist but no retrieval, -1. Clear sky, ;= 0.

cloud base height

17) CloudBaseMplCloth:
long_name: MPL Clothiaux et al. Algorithm Cloud Base Height
units: m AGL

comment: -3. Data do not exist, -2. Data exist but no retrieval, -1. Clear sky, ;= 0.

cloud base height

18) CloudBaseBestEstimate:
long_-name: LASER Cloud Base Height Best Estimate
units: m AGL

comment: -3. Data do not exist, -2. Data exist but no retrieval, -1. Clear sky, ;= 0.

cloud base height

19) CloudMaskMplCamp:
long_name: MPL Campbell et al. Algorithm Cloud Mask Occurrence
units: Percent(x100)

Valid

Valid

Valid

Valid

Valid

Valid

comment: -30000 Data do not exist, -20000 Beam blocked, -10000 Beam attenuated, 0 No
cloud (clear), ; 0 Valid cloud percent occurrence (x 100) during time interval.

20) CloudMaskMplCloth:
long_name: MPL Clothiaux et al. Algorithm Cloud Mask Occurrence
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units: Percent(x100)
comment: -30000 Data do not exist, -20000 Beam blocked, -10000 Beam attenuated, 0 No
cloud (clear), ; 0 Valid cloud percent occurrence (x 100) during time interval.

21) CloudLayerBottomHeightMplCamp:
long_name: Bottom Height of Hydrometeor Layer from Composite (MMCR/Campbell et
al. MPL) Algorithms
units: m AGL
comment: none

22) CloudLayerBottomHeightMplCloth:
long_name: Bottom Height of Hydrometeor Layer from Composite (MMCR/Clothiaux et
al. MPL) Algorithms
units: m AGL
comment: none

23) CloudLayerTopHeightMplCamp:
long-name: Top Height of Hydrometeor Layer from Composite (MMCR/Campbell et al.
MPL) Algorithms
units: m AGL
comment: none

24) CloudLayerTopHeightMplCloth:
long-name: Top Height of Hydrometeor Layer from Composite (MMCR/Clothiaux et al.
MPL) Algorithms
units: m AGL
comment: none

25) qc_RadarArtifacts:
long_name: MMCR Mode Quality Control Flags
units: unitless
comment: 0 No significant power return, 1 Significant, problem free data, 2 Second trip
echo problems, 3 Coherent integration problems, 4 Second trip echo and coherent
integration problems, 5 Pulse coding problems, 10 Data do not exist

26) qc_ReflectivityClutterFlag:
long_name: MMCR Reflectivity Clutter Flags
units: unitless
comment: 0 No significant power return, 1 Significant, problem free data, 2 Clutter and
cloud contribution, 3 Clutter only contribution, 10 Data do not exist

27) qc_CloudLayerTopHeightMplCamp:
long_name: Value Indicating the Reliability of the Layer Top Height Using the Campbell et
al. MPL Algorithm
units: unitless
comment: none

28) qc_CloudLayerTopHeight MplCloth:
long_name: Value Indicating the Reliability of the Layer Top Height Using the Clothiaux
et al. MPL Algorithm
units: unitless
comment: none

29) qc_BeamAttenuationMplCamp:
long_name: MPL Campbell et al. Algorithm Beam Attenuation Assessment
units: unitless
comment: -9. Data do not exist, -2. Beam blocked, -1. Beam attenuated, 0. No cloud
(clear), 1. Beam penetrated atmosphere
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30) qc-BeamAttenuationMplCloth:
long_name: MPL Cloth et al. Algorithm Beam Attenuation Assessment
units: unitless
comment: -9. Data do not exist, Logl0(Signal Power above Cloud/Estimated Clearsky
Power above Cloud)

COMMENTS:

At each height and time, the MMCR reflectivity, velocity, width and signal-to-noise ratio always come
from the same mode. The mode is indicated by Modeld. MeanDopplerVelocity, Modeld, qc_RadarArtifacts,
qc_ReflectivityClutterFlag, SpectralWidth, and SignaltoNoiseRatio data are reported at all range gates for
which there is a significant detection, including from clutter. The value of qc_ReflectivityClutterFlag indicates
whether or not the signal is from clutter. Use the appropriate reflectivity fields (e.g., with clutter, with
clutter removed, or best estimate) to filter the variables discussed in commentb. Missing (i.e., does not
exist) data for a particular time period are indicated by a value of 10 for the Modeld, qc_RadarArtifacts,
and qc_ReflectivityClutterFlag variables. The geophysical variables should contain a value of -32768 at these
times. Note that -32768 is also used for the geophysical variables when there are no significant detections,
in which case Modeld, qc_RadarArtifacts, and qc_ReflectivityClutterFlag are 0.
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DATASTREAM: arsclbndlcloth

CONTACT:

DIMENSIONS:

1) time = UNLIMITED
2) numlayers = 10

VARIABLES:

1) base_time:
long_name: Beginning Time of File
units: seconds since 1970-01-01 00:00:00 00:00
calendar_date: Year 0000 Month 00 Day 00 00:00:00

2) time_offset:
long_name: Time Offset from base_time

units: seconds
comment: none

3) CloudBaseBestEstimate:
long_name: LASER Cloud Base Height Best Estimate
units: m AGL
comment: -3. Data do not exist, -2. Data exist but no retrieval, -1. Clear sky, ;= 0. Valid

cloud base height

4) CloudLayerBottomHeight MplCamp:
long_-name: Bottom Height of Hydrometeor Layer from Composite (MMCR/Campbell et

al. MPL) Algorithms
units: m AGL
comment: none

5) CloudLayerBottomHeightMplCloth:
long_name: Bottom Height of Hydrometeor Layer from Composite (MMCR/Clothiaux et

al. MPL) Algorithms
units: m AGL
comment: none

6) CloudLayerTopHeightMplCamp:
long_name: Top Height of Hydrometeor Layer from Composite (MMCR/Campbell et al.
MPL) Algorithms
units: m AGL
comment: none

7) CloudLayerTopHeightMplCloth:
long_name: Top Height of Hydrometeor Layer from Composite (MMCR/Clothiaux et al.

MPL) Algorithms
units: m AGL
comment: none

8) qc_CloudLayerTopHeightMplCamp:
long_name: Value Indicating the Reliability of the Layer Top Height Using the Campbell et
al. MPL Algorithm
units: unitless
comment: none

9) qc_CloudLayerTopHeightMplCloth:
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long_name: Value Indicating the Reliability of the Layer Top Height Using the Clothiaux
et al. MPL Algorithm

units: unitless

comment: none

COMMENTS:

If all layer top heights are 0, then the first bottom layer height of 0 means no cloud layer detected.
If there is a single non-zero cloud top height and the corresponding bottom layer height is 0, then the cloud
layer bottom is at ground level.
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DATASTREAM: arsclcbhlcloth
CONTACT:

DIMENSIONS:
1) time = UNLIMITED

VARIABLES:

1) base_time:
long_name: Beginning Time of File
units: seconds since 1970-01-01 00:00:00 00:00
calendar_date: Year 0000 Month 00 Day 00 00:00:00

2) time_offset:
long_name: Time Offset from base_time
units: seconds
comment: none

3) CloudBasePrecipitation:
long_name: Microwave Radiometer Wet Window/Optical Rain Gauge Cloud Base Height
units: m AGL
comment: -3. Data do not exist, -2. Data exist but no retrieval, -1. Clear sky, ;= 0. Valid
cloud base height

4) CloudBaseCeilometerStd:
long_name: BLC/VCEIL Standard Algorithm Cloud Base Height
units: m AGL
comment: -3. Data do not exist, -2. Data exist but no retrieval, -1. Clear sky, ;= 0. Valid
cloud base height

5) CloudBaseCeilometerCloth:
long_name: BLC/VCEIL Clothiaux et al. Algorithm Cloud Base Height
units: m AGL
comment: -3. Data do not exist, -2. Data exist but no retrieval, -1. Clear sky, ;= 0. Valid
cloud base height

6) CloudBaseMplScott:
long_name: MPL Scott Algorithm Cloud Base Height
units: m AGL
comment: -3. Data do not exist, -2. Data exist but no retrieval, -1. Clear sky, ;= 0. Valid
cloud base height

7) CloudBaseMplCamp:
long_-name: MPL Campbell et al. Algorithm Cloud Base Height
units: m AGL
comment: -3. Data do not exist, -2. Data exist but no retrieval, -1. Clear sky, ;= 0. Valid
cloud base height

8) CloudBaseMplCloth:
long_name: MPL Clothiaux et al. Algorithm Cloud Base Height
units: m AGL
comment: -3. Data do not exist, -2. Data exist but no retrieval, -1. Clear sky, ;= 0. Valid
cloud base height

COMMENTS:
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DATASTREAM: mmcrmode_v___
CONTACT:

DIMENSIONS:

1) time = UNLIMITED
2) nheights = 256

VARIABLES:

1) base_time:
long_name: Beginning Time of File
units: seconds since 1970-01-01 00:00:00 00:00
calendar_date: Year 0000 Month 00 Day 00 00:00:00

2) time_offset:
long_name: Time Offset from base_time
units: seconds
comment: none

3) Heights:
long_name: Height of Measured Value
units: m AGL

comment: none

4) Reflectivity:
long_-name: MMCR Reflectivity
units: dBZ
comment: none

5) MeanDopplerVelocity:
long-name: MMCR Mean Doppler Velocity
units: m/s
comment: none

6) SpectralWidth:
long_name: MMCR Spectral Width
units: m/s
comment: none

7) SignaltoNoiseRatio:
long_name: MMCR Signal-to-Noise Ratio
units: dB
comment: none

8) CloudBasePrecipitation:
long_name: Microwave Radiometer Wet Window/Optical Rain Gauge Cloud Base Height
units: m AGL
comment: -3. Data do not exist, -2. Data exist but no retrieval, -1. Clear sky, ;= 0. Valid
cloud base height

9) CloudBaseCeilometerStd:
long_name: BLC/VCEIL Standard Algorithm Cloud Base Height
units: m AGL
comment: -3. Data do not exist, -2. Data exist but no retrieval, -1. Clear sky, ;= 0. Valid
cloud base height

10) CloudBaseCeilometerCloth:
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