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1. Introduction

As of this writing, nearly 7000 ARM Climate Re-
search Facility data fields from 400 instruments are
monitored for data quality control on a daily basis. This
chapter reviews the history and evolution of ARM
Program data quality assurance since the beginning of
the program and describes the processes in place today.
It also provides advice to those who collect field data,
especially in an operational context. ARM’s infrastructure
was charged to produce data of “known and reasonable
quality” for use by climate researchers. This is challenged
by the fact that there are hundreds of different instru-
ments of varying types in different climatic locations,
translating into thousands of individual data (variable)
streams. Some of these variables are geophysical variables
(or will be processed by some algorithm to be such), but
many are intended purely to help characterize the state of
the instrument that made them (e.g., instrument tem-
perature). The goal of the data quality program is to as-
sess the quality of all of these variables.

To better complete this data quality mission, an ARM
Data Quality Office (DQO) was formed in July 2000 to
provide overall guidance and management of a program
to assure that the data collected at ARM sites meet the
data quality objectives and tolerances as defined by the
science user community and to make estimates of that
assurance publicly available. The DQO is accountable
to the ARM Technical Director and works daily with the
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ARM Infrastructure, Atmospheric Systems Research
(ASR) science team members, and the broader ARM
user community to develop an end-to-end data quality
assurance system that results in continuous, consistent
quantitative assessment and continual improvement of
ARM data streams through improved instrument per-
formance based on what has been learned. The DQO
leads the development and implementation of data
quality algorithms and visualizations, analysis of results,
and the reporting of the results both to the program and
to the scientific community. It is responsible for achieving
efficiencies within instrument suites and across collection
sites with respect to data-checking algorithms, metadata
collection, and data quality reporting. It works closely
with instrument mentors, site scientists, site operators,
and data and engineering staff to develop the data
quality tools and analyses needed.

2. History and evolution of ARM data quality
inspection and assessment

a. Early programmatic efforts

The reader is referred to Peppler et al. (2008a) for
more detail on ARM’s data quality assessment history.
Early programmatic efforts in data quality inspection
and assessment focused on the first field site, the
Southern Great Plains (SGP). These efforts included the
development of self-consistency checks for individual
data streams (Blough 1992) and quality measurement
experiments (QME; Miller et al. 1994) for comparing
multiple data streams. Self-consistency checking in-
volved not only simple range and rate-of-change tests,
but also automated statistical assessment of individual
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data streams for internal anomalies—this was done both
to detect outliers and to identify instrument failure. In
each case, flags were created to notify instrument opera-
tors and data users of the issues. Some statistical assess-
ment was accomplished using a Bayesian dynamic linear
model. Early applications of these checks were made for
the detection of moisture on radiometer domes, and for
the detection of signal attenuation, side-lobe leakage,
presence of birds, and other interference on wind profilers.

A QME concept was developed at the beginning of
the program to compare multiple data streams against a
set of expected outcomes of the comparison, including
experimental hypothesis. The multiple data streams that
served as QME input included direct observations from
instruments, measurements derived from multiple in-
strument observations and the subsequent application of
algorithms to them, and model output. The idea behind
this concept was that comparisons involving multiple
data streams should reveal more information about
quality than single data stream self-consistency checks
could allow. As such, a major function of the automated
QME:s was to identify data anomalies in near—real time
and to help data quality analysts identify the root cause
of unusual behavior. The measurements produced by
the QME were treated as official data products and were
archived. An early QME example compared vertically
integrated water vapor from microwave radiometers
with the output of a microwave radiometer instrument
performance model that used thermodynamic profiles
from radiosondes to drive the model. Another early QME
made hourly comparisons between infrared spectral ra-
diances observed by a Fourier transform interferometer
and the output of a line-by-line radiative transfer model
(Turner et al. 2004).

Substantial effort also was made early in the program
toward day-to-day data quality assurance by instrument
mentors (Stokes 2016, chapter 2; Cress and Sisterson
2016, chapter 5). Instrument mentors played and continue
to play a vital role by 1) independently monitoring the
data produced by their assigned instruments using various
analytical and interpretive techniques and 2) reporting
their findings on potential problems, suggesting solutions
to site operators, and actively participating in the
problem-resolution process. Instrument mentors were
and continue to be a first line of defense in data quality
assessment and problem diagnosis and solution. During
the 1990s, instrument mentor and site data quality efforts
often were independent and sometimes duplicative.

b. Southern Great Plains site efforts

Site scientists for the SGP site (Sisterson et al. 2016,
chapter 6) at the University of Oklahoma assisted in-
strument mentors by developing methods to facilitate
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the graphical, automated display of data and within-file
limit checks (Splitt 1996; Peppler and Splitt 1997). The
idea behind these diagnostics was to make them avail-
able for viewing by instrument mentors and site operators
on the web within 2 days of data ingest, regardless of the
physical location of the sites or the data viewer someone
used. Among the earliest diagnostic tools developed by
the SGP site scientists were comparisons between hemi-
spheric broadband solar irradiances and modeled clear-
sky estimates, and respective comparisons of shortwave
albedo estimates and broadband longwave observations
from multiple SGP collection sites. Interpretive guidance
was developed by instrument mentors to aid site scientists
in evaluating plots, and the site scientists developed an
e-mail reporting system for alerting site operators and in-
strument mentors in near—real time about possible prob-
lems. In time, the volume of data collected at SGP sites
caught up with the capabilities of the SGP site scientists to
review them in a timely manner, which spurred more at-
tempts at automation that came to fruition once the DQO
was formed. Scientists under contract to ARM at Mission
Research Corporation also led early efforts to create auto-
mated diagnostic algorithms to evaluate some data streams.

c. Tropical Western Pacific site efforts

Efforts to display and assess data collected at Tropical
Western Pacific (TWP) sites (Long et al. 2016, chapter 7)
were undertaken initially by site scientists at Pennsylvania
State University (PSU) with less instrument mentor in-
volvement after initial siting and operation. This was partly
because of the remote TWP locale presenting unique
communication complications. Its first site installed at
Manus Island in October 1996 included the core instru-
mentation found at the SGP Central Facility site, but un-
like SGP collection sites in Oklahoma and Kansas, the
extremely limited bandwidth of the network connection
between Manus and ARM’s Data Management Facility
(DMF) led to delayed data delivery in the early years.

During this period, data examination by site scientists
occurred in two stages. The first stage identified poten-
tial instrument and site maintenance issues and was di-
rected toward on-site operations staff. The second stage
involved a more detailed review of the data and was
directed toward the science user community. To address
the operations requirement, a compact data status mes-
sage was constructed that included hourly statistics from
most of the instruments along with environmental pa-
rameters such as the temperatures of instrument enclo-
sures. These messages were sent via the Geostationary
Operational Environmental Satellites (GOES) link each
hour. Each day, plots of these hourly data were generated
and posted on a website at PSU. Initially, this process
was carried out by the site scientists but eventually
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transitioned to site operators. The plots proved useful
for identifying gross errors in the data, which were fed
back to site operations’ technicians, allowing them to
plan on-site repair visits.

Once a full TWP dataset was delivered to the DMF,
the site scientists produced daily data graphics and
performed diagnostic tests. Such tests included the
closure of the solar direct and diffuse components, net
radiative flux, and comparison of integrated radio-
sonde water vapor with the water vapor derived from a
microwave radiometer. Data gaps also were cataloged,
which led to the uncovering of problems with dataloggers.
After the full dataset arrived and data were examined, the
site scientist produced a report describing issues with the
data, and at that point the data were released to the public.
This report was submitted to the DMF, though there was
not a mechanism at the time to include all of its informa-
tion to data users. Most of the information was sub-
sequently converted to forms suitable for wide distribution
(explanatory text, tables, or figures). The procedure for
reviewing the data prior to their release ended about the
time the second TWP site was installed at Nauru in No-
vember 1998. With two sites running, it became impracti-
cal to review all of the data prior to release.

As seen during this early phase of operation at the
tropical sites, the TWP site scientist took the lead role in
the examination of the data collected. When a question
regarding a specific instrument arose, the site scientist
typically contacted the appropriate instrument mentor
and worked with the mentor to solve the problem. If, on
the other hand, the source of a problem was already
known or suspected by the site scientists, they contacted
site operators directly to work on resolution. This model
of putting the site scientist at the front line of data review
had distinct advantages as well as disadvantages. An ad-
vantage was that site scientists have a vested interest in the
instruments at the site, and looking at multiple instrument
data streams provided a holistic view of site performance
that was useful for problem solving. However, this system
was inefficient and time consuming, limiting site scientist
time for activities such as promotion of the data to the
scientific community and planning and implementing
TWP field campaigns. With the establishment of DQO,
the role of TWP site scientist in routine data review
gradually but dramatically changed.

d. North Slope of Alaska site efforts

At the North Slope of Alaska (NSA) site (Verlinde
et al. 2016, chapter 8), still another model for data
quality assurance was used. Site scientists and site op-
erators jointly subjected data to a systematic program of
quality checks (e.g., Delamere et al. 1999). Data streams
were visually inspected on a daily basis; from these
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visual inspections, metadata documenting the overall
quality of the data streams were generated. Such in-
spections facilitated detection of instrument malfunc-
tion at the Barrow site as it was spinning up in 1998. A
web-based archive of graphical images was developed
and maintained to facilitate visual inspection by NSA
site scientists at the Geophysical Institute of the Uni-
versity of Alaska, Fairbanks. These graphics were up-
dated and made available daily. In addition to visual
inspections, site scientists interpreted limits that were
applied to the data. Instrument mentors had relatively
little involvement in data quality assurance activities at
this site after instrument installation and official data
release. NSA site scientists and operators played a cru-
cial role in discussions during 1999-2000 on how to
better automate data quality checking at the site and
across ARM, and how to place this information and
other metadata both within data files and on the web.

e. Efforts after the World Wide Web

It should be noted that the evolution of the web, which
took place during the first few years of the ARM Pro-
gram, was a transformation point, especially for data
quality efforts. Use of the web began as a grassroots
effort and grew quickly, especially as browser technol-
ogy and the Internet evolved. However, it was unevenly
adopted by the three sites, which was another reason for
uneven data quality treatment, especially with respect to
data quality reporting and data quality coordination
between different parts of the ARM infrastructure. Site
scientists at the University of Oklahoma, ARM scien-
tists at Lawrence Livermore National Laboratory, and
contracted scientists at Mission Research Corporation
were among the first in the program to embrace the web
and develop automated algorithms that generated
quick-look images that were published on the web for
instrument mentors, site scientists, and others to review.
There was some contention at the time about the even-
tual role of the web in ARM infrastructure efforts, but
ultimately the use of the web for the data quality program
in particular became a cornerstone of the effort.

f Establishment of the Data Quality Office and
beyond

As described above, while site-based instrument
mentor, site scientist, and site operator efforts were
crucial for detecting instrument malfunction and mini-
mizing the amount of poor data collected, these efforts
were unevenly developed and applied across the sites,
and oftentimes were independent of each other and
duplicative. This often led to varying treatments of like
measurements taken at different locations, leading to
uneven data quality reporting and resulting in uneven
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levels of data user confidence. A key finding of the ARM
Program Infrastructure Review, conducted in summer
1999, stated that “a primary mission of the ARM In-
frastructure is to produce a ‘legacy data set’ that is invalu-
able for research on global change. We are particularly
concerned about the coordination and completeness of
the quality assurance information describing ARM data”
(ARM Program Infrastructure Review Committee 2001,
p- 2). The review recommended that the program’s data
quality activities should be consolidated and coordinated,
and it recommended the creation of a new position of
“Data Quality Manager.” This recommendation evolved
in July 2000 into the establishment of the DQO at the
University of Oklahoma, as described at the beginning of
this chapter.

The DQO has since coordinated the program’s data
quality assurance activities, in continued close consul-
tation and participation with instrument mentors, site
scientists, site operators, and others. The DQO in-
corporated the best practices from past site efforts to
create what is seen today. From the SGP, it incorporated
ideas regarding self-consistency checks for individual
data streams and QME:s, data intercomparisons begin-
ning with radiation measurements, and initial ideas for
web display of diagnostic plotting and display of within-
file quality control limits. These actions led to the frame-
work for a web-based display system that began as a way
to compare radiation measurements and analyze soil wa-
ter and temperature sensors (Bahrmann and Schneider
1999). From the TWP, the DQO took ideas for more
sophisticated data plotting, including measurement
intercomparisons, and the relationships it established
between the site scientists and instrument mentors. The
TWP site also was the first site to interact directly with
data users, something that the DQO has tried to emu-
late, and was the first site to coordinate data quality
assurance as a whole site as opposed to individual in-
strument mentors distributing their own assessments.
From the NSA, the DQO incorporated its systematic
regimen of integrating quality control checks within a
file and metadata organization structure, which was
novel and elements of which are used throughout dif-
ferent parts of the ARM infrastructure. The NSA also
was an early participant in creating a web repository for
graphical products. And, as described above, individuals
at the University of Oklahoma and Lawrence Livermore
National Laboratory were the first to bring ARM into the
web age (mid-1990s) by creating web repositories of
““quicklooks” in thumbnail tabular form that allowed full
graphical viewing once selected. This model, novel for its
time as the powers of the web were being discovered, has
been emulated countless times by those both inside and
outside of the ARM Program.
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Instrument mentors, site scientists, and site operators
still retain strong, complementary roles in the quality
assurance process. These roles are embodied though
problem discovery and resolution efforts, and various
weekly coordination teleconferences scheduled to dis-
cuss and resolve pressing data quality issues. Instrument
mentors, as the technical authorities for their instruments,
continue to provide an in-depth instrument-specific per-
spective on data quality, responsibility for helping resolve
problems, and expert help in identifying problematic
long-term data trends. They also are the final arbiters of
data quality to the public as embodied in their writing
of data quality reports. Site scientists, as authorities
on their locale and its scientific mission, provide a
broad perspective on data quality spanning the full
range of site instrumentation. They also help oversee
their site’s problem-resolution process and perform
targeted research on topics related to site data quality
issues. Site scientists interact directly with the scien-
tific community to plan and conduct field campaigns
at their sites, which have at times identified previously
unknown data quality issues (see below). Site opera-
tors implement the problem-resolution process by
orchestrating and conducting the corrective mainte-
nance actions requested. They are key in ensuring the
smooth, routine operation of the sites and their in-
struments through regular preventative maintenance
and the application of periodic instrument mentor-
specified calibration checks.

The next section describes the workflow of the data
quality review process as it exists today, with an em-
phasis on what the DQO does. This process involves
creation of data plots and displays of within-file data
quality information as data are collected and ingested by
ARM, routine data inspection, assessment, and status
reporting by data quality analysts, problem reporting,
problem resolution, and finally communication of data
quality results to data users. Consultation of long-term
data trends (to put current measurements in context),
maintenance and calibration reports, and the develop-
ment of data quality documentation (as interesting is-
sues are discovered) to serve as pattern recognition are
part of this process.

3. Data stream inspection and assessment, problem
reporting and resolution, and reprocessing

We refer readers to Peppler et al. (2008b) for more
details on the processes described here. Given the data
volume described at the beginning of this chapter, data
inspection and assessment activities must be automated
and efficient, although human inspection of the results
still remains a high priority.
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The quality assurance model has three components.
The first component is a ‘“‘rapid evaluation and re-
sponse’’ piece involving data inspection and assess-
ment that is designed to identify gross and some more
subtle issues within the data streams as fast as possi-
ble and relay that information to site operators and the
instrument mentors so that the (potential) problem-
resolution process can begin. The goal of this compo-
nent is to minimize the amount of data that is affected by
the problem. The second component involves doc-
umenting and reporting data quality issues for the
scientific user; this is primarily done via text-based but
machine-readable data quality reports (see below).
The third component involves reprocessing of data
after known problems have been identified and solved
to provide end users with the best products available.

a. Inspection and assessment

The main objective of near-real-time data inspection
and assessment is to quickly identify data issues and
report them to instrument mentors, site scientists, and
site operators so that corrective maintenance actions can
be scheduled and performed, limiting the amount of
unacceptable data collected. Data quality analysts at the
DQO perform much of the routine data inspection, as-
sessment, and initial problem reporting on a daily to
weekly basis. This analysis is conducted not only by
DQO full-time staff but also by University of Oklahoma
School of Meteorology undergraduate student em-
ployees who have an interest in meteorological obser-
vations and instrumentation. These student analysts
have been paramount to the DQO’s success over the
years, and many have gone on to graduate school and,
in some cases, became faculty at other institutions of
higher education. This tasking allows full-time DQO
staff to spend more time on the development of data
quality checking algorithms, an activity that is done in
coordination with the technical guidance of instrument
mentors and site scientists. This activity has resulted in
the development of a broad suite of automated tools
and procedures packaged into a web-based system (http://
dq.arm.gov/dq-explorer/cgi-bin/main), an evolution of a
forerunner system described in Peppler et al. (2005). The
ARM network configuration provides the DQO with the
computing power and file services (both at the DMF)
needed to facilitate data quality algorithm processing.
As mentioned earlier, a system prototype was created
in the late 1990s by SGP site scientists as a way to monitor
solar trackers for radiometers, and was later expanded to
monitor the then-new soil water and temperature system.
After formation of the DQO, that system was formalized
into a program-wide, web-based data quality tool that has
been modernized over time.
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Inspection and assessment are accomplished in a
three-tier process. The first tier is the application of sim-
ple consistency checks like minimum, maximum, and
delta (a comparison of consecutive values collected to
detect abrupt changes) checks, and whether data exists.
The second tier relates to the question ‘‘do the data make
sense” for the current meteorological setting (e.g., does
the temperature follow the normal diurnal cycle, do cloud
base height estimates from different instruments agree
to within some nominal bounds, and are there artifacts
in the data that are nonphysical from a meteorological
perspective?). The third tier is a more advanced statisti-
cal analysis using techniques and longer time series data
that can help find more subtle problems (see section 6).
This last tier can be quite powerful, but care has to be
taken not to flag real signals that might be outside of a
3-sigma limit, for example.

As a process, every hour the latest available data col-
lected by fielded instruments are ingested by the DMF,
processed by the DQO algorithms, and displayed in
a web-based system. The DQO processing creates a
graphical summary of quality control fields (flags)
within each file, a graphical summary of additional
DQO-generated quality control tests, and a suite of
graphical depictions of data (Fig. 12-1). Student data
quality analysts primarily access the system by se-
lecting the site, data stream, and date range of in-
terest for each data product in their purview. Prior to
final submission, a color-coded request queue alerts
the analyst if the dates for the data product(s) in their
submission have not been processed by the DQO. A
color table then is displayed showing hourly flagging
summaries for each measurement (both in-file testing
and additional tests performed by the DQO). This
helps an analyst to quickly screen potential problem
areas. All tables and graphics are updated hourly as
data arrive to the DMF.

Data quality analysts visually inspect all flagging re-
sults and data graphics. Diagnostic plots, including
cross-instrument comparisons that in many ways mimic
the early QMEs, display daily but are updated hourly.
Inspection of these plots of primary and diagnostic
variables helps identify data abnormalities not always
detected through automated flagging or analysis of
a data stream in isolation. A succession of daily di-
agnostic plots in thumbnail form, which can illustrate
trends in data, is available as well (http://plot.dmf.arm.
gov/plotbrowser/; Fig. 12-2). Analysts may select a site,
one or more data streams, and a date to view thumbnails
of data plots for up to 30 days at a time. The thumbnail
format facilitates comparison of different instruments
that measure like quantities and can provide a view of
near-term trends. The example in Fig. 12-2 highlights a
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ARM pata Quality Explorer » Home

Request Selection Request Queue
Site (&7 (/] sgp.sirs.C1.b1 07.05.2013
Datastream (35 (/] sgp.sirs.E9.b1 07.05.2013

(/] sgp.sirs.E11.b1 07.05.2013
Faily A ) sgp.sirs E12.01 07.05.2013
Level (D) (/] sgp.sirs.E13.b1 07.05.2013
Date Start 52013 sgp.sirs.E15.b1 07.05.2013
Dute Ead — [/] sgp.sirs.E21.b1 07.05.2013

(/] sgp.sirs.E31.b1 07.05.2013

Add Request Request: 15 Remove Missing  SoribyOate  ClearLst  Undo  Sebmit

ARM Data Quality Explorer » Metrics

sgPsirsC1.b1 v11.4.0 ; 07.04.2013 -
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FIG. 12-1. (top left) Display showing initial data selection interface, (bottom left) sample hourly metrics table overview with associated
error messages, and (right) related diagnostics plots.

case in the top panels where an unanticipated data
transition takes place with 915-MHz Radar Wind
Profiler precipitation consensus data, while the bot-
tom panels as a comparison show data from another
site for the same type of profiler that do not show the
transition.

Another plotting capability provides the analyst
with an interactive, web-based tool (Fig. 12-3). Key
features include focusing on data periods of less than
or more than one day, and particular data fields of
interest can be specified from pulldown menus. Plots
may compare data from multiple facilities, show
comparisons to reference measurements, show slices
of multispectral data such as atmospheric emitted
radiance interferometer (AERI) radiances, or even
display color-filled contours of radar reflectivity and
lidar backscatter. For closer inspection, data values
can be displayed in tabular form or downloaded in an
ASCII comma-delimited format for easy importa-
tion into spreadsheet applications. Analysts can
view file headers to obtain direct access to metadata
or a summary of data field descriptions and basic
data statistics. In the example shown in Fig. 12-3,
temperatures are plotted for all SGP surface mete-
orological (MET) instrumentation sites on the same
graph. In this case, a problem with the temperature
sensor at the E33 facility can easily be detected.

Finally, another utility can be used to quickly create
large batches of diagnostic plots that provide a detailed
view of the within-file quality control describing all rel-
evant fields in a data stream, as well as basic statistics
about the data. As shown in Fig. 12-4, the top panel of
the default plot for one-dimensional time series includes
the data values color coded by the assessment level,
while the bottom panel provides a color-coded view of
the descriptions of the individual quality control (tests)
applied to the data in the top panel. This example
shows a plot of aerosol optical depth from the aerosol
optical depth value-added product (VAP; Koontz et al.
2013). Green indicates that no tests were failed and the
data are ““good,” yellow indicates that the data failed a
test with an assessment level of “‘indeterminate,” and
red indicates that the data failed a test with an assess-
ment level of ““bad.” This utility also provides a number
of command-line options for customizing plot genera-
tion, such as the ability to plot all fields in a file auto-
matically, plot along a specific coordinate in a two- or
three-dimensional field, plot a two-dimensional field as
multiple stacked line plots, and plot short time periods
covering a few hours or long time periods covering mul-
tiple years. It has proven very useful during the evaluation
of ARM data products under development, and it often
allows the DQO to quickly detect errors in the automated
quality control algorithms.
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Additional Filters

rwp_precipcon
rwp_windcon
velocities_high_power
velocities_low_power

v

Searching Dates: 20140103-20140104
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sgp30ecor C1.rwp_precipcon
sgp30smplcmask1zwang

sgpSebbr

sgp91S5rwpprecipcon
sgp915rwpprecipmom
sgp915Srwptempcon
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sgpaeri01ch1
sgpaeri01ch2
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FIG. 12-2. Plot browser display showing multiday thumbnails from the SGP site. Shown are (top) two plots of
915-MHz Radar Wind Profiler (RWP) precipitation consensus data for a site showing an unanticipated data transition
later in the first day that continues into the next day and (bottom) two plots from another site for the same type of
profiler on the same day that does not show the transition. Clicking on a thumbnail brings up a full-resolution image.

b. Problem reporting and resolution

Once data have been inspected and assessed, a va-
riety of reporting mechanisms allow the data quality
analysts to inform instrument mentors, site operators,
and site scientists of their findings. Data quality reporting
mechanisms are based on web searchable and acces-
sible databases that allow the various pieces of in-
formation produced during the quality assurance process
to be neatly conveyed to problem solvers in a timely
manner. The history of ARM data problem reporting

is complex and is beyond the scope of this chapter
(see Peppler et al. 2008a,b). However, early on in the
program, a problem identification form system was
implemented to allow ARM science team members to
help document data quality issues encountered beyond
those identified by site scientists and instrument men-
tors. This system provided scientists a mechanism to
notify infrastructure members when a problem in the
data was encountered. However, the system was used
inconsistently and produced an ‘‘uneven plowing”
of ARM data fields. The successor system described
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F1G. 12-3. Interactive plotting example showing 2-m temperature plotted for all SGP MET sites on the same graph. In
this case, a problem temperature sensor at site E33 can be easily detected.

below has resulted in a more even and consistent treat-
ment of ARM problem reporting and resolution.

The problem reporting system is divided into three
linked processes:

1) Weekly reports are issued on data inspection and
assessment results by DQO data quality analysts and
distributed internally to instrument mentors, site
operators, and site scientists.

Reports are issued describing problems discovered
by data quality analysts or instrument mentors and
distributed internally to instrument mentors, site
operators, and site scientists so they can initiate a
problem-resolution process—these online reports
document the progress and status of the actions
proposed and implemented.

Data quality reports documenting a known problem
and its resolution as written by instrument mentors
are distributed publicly to the data user community.

2)

3)

These data quality reports are provided to the data
user along with the data they describe when an official
data request is made to the ARM Data Archive. The
history of a problem, including its discovery, the cor-
rective actions taken to resolve it, and a report on its
effects on data quality are typically included in these
public reports and are database searchable on many
criteria. The linked databases allow for the tracking
of problem trends and help identify problematic in-
strument systems or facilities. An ARM Data Archive

service has been implemented to filter ordered data
based on data quality reports. A data user may decide
upfront which types of problems warrant data removal
and can receive a custom product based on their par-
ticular needs. If a data user prefers more fine-grained
control of data filtering, they can have their own pro-
cessing codes query a data quality report web service in
order to receive the details regarding any data problems
in a machine-readable form.

c¢. Reprocessing

Last, the ARM infrastructure conducts an extensive
data reprocessing program that is informed by the data
quality assessment process. Reprocessing is performed
to fix known data issues and has been used extensively
throughout the lifetime of ARM. Reprocessing requires
the modification or elimination of previous data quality
reports and the subsequent reissuing of data to all who
may have downloaded the data from the Data Archive
(the Data Archive tracks all users of all data streams;
McCord and Voyles 2016, chapter 11). Reprocessing is
not able to fix all problems, but it has been helpful in
providing data users with the best products available. As
an example of reprocessing, the MET instrumentation
at the SGP Central Facility site has been known by
different names since the beginning of ARM [Surface
Meteorological Observation Station (SMOS) and then
MET]. Each has had changing variable names over time,
which has been confusing to data users. These data
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FIG. 12-4. Plot of aerosol optical depth from the SGP aerosol optical depth VAP (Koontz et al. 2013). The gray and
yellow background in the top panel represents nighttime and daytime, respectively. Green indicates that no tests were
failed and the data are ‘“‘good,” yellow indicates that the data failed a test with an assessment level of “‘indeterminate,”
and red indicates that the data failed a test with an assessment level of ‘bad.” Missing values (—9999) are auto-

matically masked from the top-panel plot, and the y axis is scaled from 0 to 1 to show additional detail.

streams were reprocessed to provide one consistent
dataset running from 1993 to the present time, greatly
improving the ease of working with a long time series of
the data (see Fig. 12-5). In another case, the European
Centre for Medium-Range Weather Forecasts (ECMWF)
model output retrieved from the ARM External Data
Center was improperly ingested into the Merged Sound-
ing (MERGESONDE) VAP (Troyan 2012). This issue
adversely impacted moisture fields such as relative hu-
midity and vapor pressure, causing the values within the
boundary layer at the TWP Darwin site to essentially

drop to zero during time periods when sounding data
was unavailable. A software update and subsequent
reprocessing corrected this problem.

4. Role of VAPs in data quality characterization

Some of the scientific data needs of ARM data users
are met through the creation of VAPs (http://www.arm.
gov/data/vaps; Ackerman et al. 2016, chapter 3). Despite
the extensive instrumentation deployed at the field sites,
some measurements of interest are either impractical or
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FI1G. 12-5. Twenty years of temperature data from one SGP MET
plotted over a PDF to indicate where varying percentages of the
data normally lie (50%, 75%, 90%, 95%, 99.9%). A couple of
outliers that have not been documented by data quality reports or re-
moved by mentor supplied limits can be seen as dropouts in the data.

impossible to make directly or routinely—VAPs have
filled this void. The creation and processing of VAPs
have shed light not only on the usefulness of the higher-
level products produced but also have provided in-
formation about the quality of the input data streams
and the operation of the instruments that produced them.
VAP processing and the analysis that is needed going into
creating the VAPs has allowed detection of more subtle
measurement inaccuracies that often defy detection
through standard near-real-time data quality approaches
such as limits testing or cross-measurement plotting
comparisons. Two examples of VAP analysis aiding
ARM data quality assurance efforts are described next.

a. Cloud radar

The Active Remotely-Sensed Cloud Locations
(ARSCL) VAP (Clothiaux et al. 2000, 2001) uses mil-
limeter cloud radar data as its primary input (Kollias
et al. 2016, chapter 17). While the amount of power
broadcast by the radar and returned by targets can be
monitored, there are many factors involved in the op-
eration of this complex radar that can affect data quality.
ARSCL processing has revealed both radar measure-
ment issues and radar operating characteristics. ARSCL
output serves as input to the Baseline Cloud Micro-
physical Retrievals (MicroBase) VAP (Dunn et al.
2011), where retrievals are scrutinized both in terms of
their consistency with other measurements and their
relevance to the physical circumstances within which
they are embedded. Consideration of consistency and
situational context has been powerful for determining
data quality to a degree not possible when analyzing
measurements or retrievals in isolation.

b. Radiative transfer

The Broadband Heating Rate Profiles (BBHRP) VAP
(Mlawer et al. 2002; McFarlane et al. 2016, chapter 20)
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allowed the discovery of an unforeseen problem
through its processing and subsequent user feedback.
This VAP takes the output of the ARSCL and MicroBase
VAPs and uses it in detailed radiative transfer model
calculations to compute the radiative fluxes at both the
surface and the top of the atmosphere. The BBHRP
output is compared with surface and top-of-atmosphere
irradiance measurements in a closure experiment frame-
work (Mlawer and Turner 2016, chapter 14). This compar-
ison revealed a subtle shift in model-minus-measurement
flux difference statistics with direct normal shortwave
measurements at the SGP Central Facility, a shift that
was caused by human error when two digits of the
normal incidence pyrheliometer calibration factor
were inadvertently transposed while being entered
into a datalogger. This error resulted in a roughly 2%
error in the direct shortwave measurements, which is
within the stated uncertainty of the calibrations them-
selves (Stoffel 2005) and as such was not detectable by
standard limits and cross-comparison testing. This
finding resulted in a reprocessing task to correct for this
mistake, and led to a much improved direct normal
solar flux dataset.

5. Role of field campaigns in data quality,
measurement, and site characterization

ARM’s data collection sites, including mobile facility
deployments, host field campaigns to address specific
scientific questions, augment routine data collections,
and test and validate new instruments (http://www.arm.
gov/campaigns). An emphasis of many campaigns has
been on application of observational strategies and in-
strument deployments to improve the accuracy and
quality of key measurements. A few are described here,
which in some cases have produced climate community-
wide ramifications on field measurement characterization.

a. Water vapor

Given the importance of water vapor as a greenhouse
gas and its role in the life cycle of clouds and pre-
cipitation, the transfer of latent and sensible heat, and
atmospheric chemistry, ARM has expended consider-
able observational effort, particularly at the SGP site, on
the measurement of water vapor (Turner et al. 2016,
chapter 13). Water vapor experiments held in 1996,
1997, and 2000, and a lidar experiment in 1999 provided
key information on the quality and accuracy of onsite
water vapor instrumentation (Revercomb et al. 2003).
Dual-radiosonde launches revealed significant vari-
ability across and within calibration batches and showed
that differences between any two radiosondes act as
an altitude-independent scale factor in the lower
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troposphere, such that a well-characterized reference can
be used to reduce the variability. An approach sub-
sequently was adopted by ARM to scale the radiosonde’s
moisture profile to agree with the precipitable water va-
por observed by the microwave radiometer. This scaling
significantly reduced the sonde-to-sonde variability by
a factor of 2 (Turner et al. 2003). These water vapor
experiments were able to verify that 1) 60-m tower-
mounted in situ sensors can serve as an absolute mea-
surement reference, 2) the SGP site’s unique Raman
lidar can serve as a stable transfer standard, and 3) the
sensitivity of the site’s microwave radiometers was
excellent over a wide range of integrated water vapor.
Data from the 1997 experiment figured strongly in
an effort to evaluate retrievals of column water vapor
and liquid water amounts from microwave radiometers
(Ivanova et al. 2002).

During the first water vapor experiment in 1996, on-
site humidity measurements were verified through lab-
oratory intercomparison of in situ moisture sensors
(including both capacitive chip and chilled mirror
sensors) using Oklahoma Mesonet calibration facilities.
Tests were made both before and after the experiment,
making it possible to detect instrument problems prior
to the experiment and instrument failure or drift during
the experiment (Richardson et al. 2000). As a result of
this work, modifications were made to humidity sensor
calibration procedures and redundant humidity and tem-
perature sensors were fielded to better detect sensor drift
and calibration error.

While the aforementioned water vapor experiments
were concerned with characterization of water vapor in
the lower troposphere, the ARM First International
Satellite Cloud Climatology Project (ISCCP) Regional
Experiment (FIRE) Water Vapor Experiment (AFWEX),
conducted with the National Aeronautics and Space
Administration (NASA) in November-December 2000,
attempted to better characterize the measurement of
upper tropospheric water vapor (Ferrare et al. 2004).
Results showed excellent agreement between satellite
and Raman lidar observations of upper tropospheric
humidity with systematic differences of about 10%;
radiosondes, conversely, were found to be systemati-
cally drier by 40% relative to both satellite and lidar
measurements (Soden et al. 2004). Existing strategies
for correcting radiosonde dry biases were found to be
inadequate in the upper troposphere, and an alterna-
tive method was suggested that considerably improved
radiosonde measurement agreement with lidar obser-
vations. The alternative method was recommended as a
strategy to improve the quality of the global historical
record of radiosonde water vapor observations during
the satellite era.

PEPPLER ET AL.

12.11

b. Atmospheric radiation

Some field campaigns have helped characterize
the measurement of atmospheric radiation, especially
broadband radiation (Michalsky and Long 2016,
chapter 16). The second ARM Enhanced Shortwave
Experiment (ARESE-II), conducted in February—
April 2000 at the SGP site (Michalsky et al. 2002),
focused on broadband shortwave calibration using
both ground-based and aircraft-mounted radiometers
and a special radiometer that could be considered a
reference standard (Michalsky and Long 2016, chapter 16).
A diffuse horizontal shortwave irradiance experi-
ment held during September—October 2001 at the
SGP site (Michalsky et al. 2003) characterized a
nighttime offset by comparing diffuse irradiance mea-
surements among most commercial pyranometers and a
few prototypes, with the goal of reducing the uncertainty
of shortwave diffuse irradiance measurements in lieu
of a standard or reference for the measurement. An
international pyrgeometer and absolute sky-scanning
radiometer comparison held during September—October
1999 at the SGP site (Philipona et al. 2001) shed light on
the reliability and consistency of atmospheric longwave
radiation measurements and calculations and determined
their uncertainties, also in lieu of an existing absolute
standard.

c. Site characterization

Field campaigns also have contributed understanding
on the representativeness of the ARM sites with respect
to how well the data that are collected accomplish their
scientific intent relative to desired measurement needs.
The Manus Island and Nauru TWP sites had been
established to make measurements representative of the
surrounding oceanic area (Long et al. 2016, chapter 7).
A goal of the Nauru99 field campaign was to in-
vestigate whether the small island, producing a cloud
street phenomenon, was influencing the measure-
ments made there (Post and Fairall 2000). The affir-
mative result led to a yearlong Nauru Island Effects
Study in which a quantification of the island effect on
measurements was made (Long 1998) and a method
to detect the effect’s ongoing occurrence and influ-
ence on collected data was developed (McFarlane
et al. 2005). This study led to an explanation of the
cloud street phenomenon (Matthews et al. 2007).
These activities were able to quantify how well the
measurements characterized the surrounding oceanic
area and more generally illustrated the importance of
considering spatial scales as part of the quality as-
surance process for siting instrumentation to measure
the intended target environment.
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FIG. 12-6. (top) Long time series plots and (bottom) associated
frequency distributions are used to detect trends and significant
shifts in data that may indicate data quality problems. This example
displays SGP MFRSR values over a 15-yr period at one site and
indicates five distinct shifts in the data.

6. Use of ARM’s historical data archive to improve
current and past assessments

With over 20 years of continuous data amassed for
some measurements at the ARM Data Archive (McCord
and Voyles 2016, chapter 11), it is becoming possible
to conduct statistical analysis on specific time scales;
this work should provide valuable context for real-
time measurements being made. Historical data are
mined (Moore et al. 2007) to identify site-specific and
time-varying (monthly or seasonal) quality control
flagging limits and to facilitate better detection of subtle
trends and abrupt changes in data (Fig. 12-6) that are
difficult to understand when not considered in a broader
context. This allows the incorporation of departures from
the ARM climatology to inform the quality assurance
process. Frequency distributions categorized by month
and season help establish better data range limits
specific to those time periods. Time series that alert
analysts to outliers allow them to better distinguish bad
data from unusual but valid data. Shown in Fig. 12-5 is
20 years of temperature data from one SGP MET
plotted over a probability density function (PDF) to
indicate where varying percentages of the data nor-
mally lie (50%, 75%, 90%, 95%, 99.9%). Figure 12-6
displays a long time series plot and associated frequency
distribution of 15 years of multifilter rotating shadowband
radiometer (MFRSR) values at one site—these indicate
five distinct shifts in the data over that time.
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In this analysis system, statistics and intelligent data
range limits are used in a feedback mechanism to help
data quality analysts and instrument mentors better
manage validation checks. Web-based applications al-
low an analyst to request a particular data analysis and
to view the results, allowing the dynamic creation of
statistics and parametric analyses over any custom time
range (e.g., day, month, year, or years).

7. Summary

The ARM data quality program necessarily has
evolved from solid site-specific efforts as sites were
established and matured, to a comprehensive, coordinated
system that inspects, assesses, and reports on data quality
incidents across all instrument systems and data collection
sites. This coordinates the efforts not only of the DQO
but also those of the instrument mentors, site scientists,
site operators, and data system engineers. The role of
scientific analysis, embodied primarily through the ef-
forts to create VAPs and to conduct field campaigns,
has allowed ARM to improve data quality by better
characterizing measurements needed to improve the
treatment of clouds and radiation in climate models,
and better characterizing the sites where the mea-
surements are taken so that they better fulfill the needs
of the research community. The cumulative effect of
these is a story of much individual and group effort that
has taken place since the early 1990s.

What lessons has ARM learned over 20 years that are
valuable to other field observation programs? A key
lesson learned is that field measurement realities in
sometimes harsh operational settings often deviate very
quickly from intended instrument functioning in terms
of what had been prescribed through laboratory cali-
bration and created through inherent instrument mea-
surement preciseness. Continuous calibration checking
and routine scheduled maintenance therefore are es-
sential to allow measurement systems to produce data
as close as possible to their intended form. Also, in-
tercomparison of like measurements at a particular lo-
cation, to the extent possible and even for brief time
periods, is key for helping establish the fidelity of the
particular measurements being taken; the water vapor
field campaigns, for example, were invaluable in helping
ARM establish how to best measure water vapor, which
had community-wide ramifications.

A comprehensive data quality assessment program is
essential for documenting the quality assurance process
and ultimately in producing a dataset of some prescribed
known quality and usability. The program must collect
and track data about the system (metadata) at every point
along the assessment path, from instrument selection and
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procurement to initial fielding and beta testing; to field
operation, data collection, and quality inspection and
assessment; to problem reporting and resolution; and
to data distribution and communication of information
about those data. If the process and details of the data
created cannot be described, the data will have limited
scientific value.

Going forward, the ARM data quality assessment
process will take even greater advantage of automa-
tion opportunities as new tools and ways of thinking
are developed. This automation process is necessary
because the ARM data collection volume is antici-
pated to increase over time. This process needs to take
increasing advantage of the sometimes 20-years-long ARM
climatology that has been developed to better place
current measurements into longer-term perspective
and to create dynamic quality control flagging limits on
various time scales to make them more meaningful.
Another future goal is to better characterize current
data in terms of inherent measurement accuracy and
defined instrument precision, in concert with estab-
lishment of data spread over the long-term collection
horizon.
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