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ABSTRACT
A water vapor micropulse differential absorption lidar (DIAL) instrument was developed collaboratively
by the National Center for Atmospheric Research (NCAR) and Montana State University (MSU). This
innovative, eye-safe, low-power, diode-laser-based system has demonstrated the ability to obtain unattended
continuous observations in both day and night. Data comparisons with well-established water vapor observing
systems, including radiosondes, Atmospheric Emitted Radiance Interferometers (AERIs), microwave radiometer profilers (MWRPs), and ground-based global positioning system (GPS) receivers, show excellent
agreement. The Pearson’s correlation coefficient for the DIAL and radiosondes is consistently greater than
0.6 from 300 m up to 4.5 km AGL at night and up to 3.5 km AGL during the day. The Pearson’s correlation
coefficient for the DIAL and AERI is greater than 0.6 from 300 m up to 2.25 km at night and from 300 m up to
2.0 km during the day. Further comparison with the continuously operating GPS instrumentation illustrates
consistent temporal trends when integrating the DIAL measurements up to 6 km AGL.

1. Introduction
There is a long-standing and certain need for improved atmospheric moisture measurements within and
just above the atmospheric boundary layer (BL; defined
here to be the lowest 2–3 km above the earth’s surface).
Several recent National Research Council (NRC) reports highlighted the requirement for improved moisture and wind measurements in the BL as a necessary
step toward improving numerical weather prediction
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(NWP) and quantitative precipitation forecasting
(QPF) skill (NRC 2009, 2010, 2012). The highestpriority observational needs within a distributed adaptive nationwide network of networks that would be
designed to observe conditions near the earth’s surface
are high-resolution vertical profiles of humidity in the
BL, along with measurements of BL depth, soil moisture
and temperature profiles, and air quality (NRC 2009). A
subsequent report stated the requirement of obtaining
height-resolved moisture measurements in the BL for
improving severe weather forecasting skill and for obtaining improved accuracy in QPF skill. This latter
report noted that ‘‘moisture and BL wind field observations are likely to be even more important on the
mesoscale.’’ (NRC 2012, p. 87). Optimal temporal resolution requirements for profiling water vapor ranges
from better than 1 h for monitoring purposes to better
than 1 min for turbulence studies (e.g., Weckwerth et al.
1999; Turner et al. 2014; Wulfmeyer et al. 2015). The
differential absorption lidar (DIAL) validated in this
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paper is proposed as an instrument to partially address
the measurement gap in continuous profiling of BL
water vapor.
Moisture variations may occur on the 1–2-km horizontal spatial scale, for example, those caused by BL
structures, such as horizontal convective rolls (e.g.,
Weckwerth et al. 1996). These scales of variability are
important for describing the atmospheric instability that
is essential for the prediction of thunderstorm initiation
and severe weather events (e.g., Crook 1996;
Weckwerth et al. 1996; Weckwerth 2000; Lin et al. 2011).
Forecasters have noted the value of real-time GPS
precipitable water vapor (PWV) observations in detecting rapid moisture increases to improve their highimpact weather forecasting skill (e.g., Moore et al.
2015). When humidity profiles from a microwave radiometer profiler (MWRP) and Atmospheric Emitted
Radiance Interferometer (AERI; Knuteson et al. 2004a,b)
were assimilated, along with temperature and wind profiles, improved QPF timing, location, and intensity skill
were achieved (e.g., Hartung et al. 2011; Otkin et al. 2011).
Improved forecasting skill in certain conditions was also
shown when assimilating water vapor DIAL data (e.g.,
Wulfmeyer et al. 2006; Harnisch et al. 2011).
Required observations of high temporal and vertical
resolution profiles of water vapor in the lower troposphere are difficult to achieve. The standard for water
vapor profiling is the radiosonde, providing in situ
measurements during its ascent. These soundings are
launched operationally worldwide but typically only
twice a day (normally at 0000 and 1200 UTC) per site
and the sites are separated by hundreds of kilometers.
They are often not representative of the mesoscale environment needed for improving forecasts of thunderstorms. Satellite retrievals provide global coverage but
have poor vertical resolution and limited temporal resolution. Furthermore, satellites commonly use infrared
spectral methods to derive water vapor profiles but
clouds, which often occur in dynamic weather conditions, obscure the BL because clouds are usually optically thick in the infrared. Since ground-based MWRPs
require periodic manual calibration, systematic biases in
the calibration (e.g., Paine et al. 2014) can occur that
impact the retrieved thermodynamic profiles (e.g.,
Löhnert and Maier 2012), and they have only limited
information content, resulting in poor vertical resolution
(Löhnert et al. 2009). Ground-based infrared radiometers, like the AERI, have higher information content
than microwave radiometers (Löhnert et al. 2009), resulting in higher vertical resolution, but they provide
only retrieval information in the lowest few kilometers.
GPS receivers provide column-integrated PWV without
range-resolved height information. With a dense network
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of GPS receivers, tomographic retrievals can be performed to obtain the three-dimensional moisture field,
but the vertical and horizontal resolution is limited by the
separation between ground stations (e.g., Van Baelen
et al. 2011; Weckwerth et al. 2014). Raman lidars, although capable of providing accurate range-resolved
water vapor profiles, require high-power laser transmitters and a large receiver aperture due to the relatively
weak Raman scattering signal and thus are currently very
expensive (e.g., Turner and Goldsmith 1999). Furthermore, Raman lidars require a calibration technique based
on an ancillary measurement for quantitative water vapor
retrievals. Nevertheless, Raman lidars are available operationally at four sites to our knowledge: two Atmospheric Radiation Measurement (ARM) sites in
Oklahoma and the Azores (Goldsmith et al. 1998; Turner
and Goldsmith 1999; Turner et al. 2016a), the Payerne,
Switzerland, site (Dinoev et al. 2013), and the Lindenberg,
Germany, site (Reichardt et al. 2012). The significant
cost to purchase and operate these high-power Raman
systems, however, limits their overall use in large networks. DIAL systems offer an alternative active remote
sensing measurement of water vapor but place high
demands on the properties of the laser transmitter. The
DIAL system described herein was developed to utilize
lasers based on semiconductor gain media to keep costs
low and was designed to simplify and stabilize the system to allow for unattended continuous operations.
In an effort to gain confidence in this DIAL and to
characterize its operating strengths and limitations, this
manuscript will show comparisons with multiple other
ground-based water vapor sensing instruments, described
in section 2. Comparison techniques will follow those developed by Behrendt et al. (2007), Bhawar et al. (2011),
and Turner and Löhnert (2014), and will also be described
in section 2. The comparison results will be shown in section 3 followed by the summary and outlook in section 4.

2. Instruments and methodology
Data to be compared with the DIAL were collected
during two field projects in different locations: The
Front Range Air Pollution and Photochemistry Experiment (FRAPPÉ; Flocke et al. 2015) occurred 1 July–
15 August 2014 in a relatively dry environment in Erie,
Colorado; and the Plains Elevated Convection at Night
(PECAN; Ellis, Kansas; Geerts et al. 2016) field campaign was conducted 1 June–15 July 2015 in a relatively
humid environment in Hays, Kansas.

a. DIAL
This eye-safe water vapor micropulse DIAL (Spuler
et al. 2015) is a low-power active remote sensing system
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TABLE 1. Specifications of DIAL during FRAPPÉ and PECAN.
DIAL transmitter

Seed laser
Amplifier
Pulse energy
Pulse duration
PRF
Wavelength

Two DBR lasers
Single-stage TSOA
5 mJ
1 ms (150 m)
9 kHz (FRAPPÉ); 7 kHz (PECAN)
828.198–828.1990 nm (online FRAPPÉ)
828.2974–828.2985 nm (offline FRAPPÉ)
828.2000 nm (online PECAN)
828.2995 nm (offline PECAN)
70 mrad

Beam divergence
DIAL receiver
Telescope
Field of view

Effective far-field bandpass
Averaging time
Sampling rate

that was significantly upgraded from preceding generations of prototypes developed and tested at Montana
State University (MSU; Nehrir et al. 2009, 2011, Nehrir
2011; Nehrir et al. 2012; Repasky et al. 2013). Water
vapor DIALs based on more powerful solid-state laser
transmitters, that similarly sample the lower troposphere, have been fielded successfully as both
ground-based (e.g., Wulfmeyer and Bösenberg 1998;
Vogelmann and Trickl 2008; Behrendt et al. 2009;
Wagner et al. 2013; Späth et al. 2016) and airborne systems (e.g., Ehret et al. 1993; Browell et al. 1997; Bruneau
et al. 2001; Poberaj et al. 2002). However, none of these
high-power systems was designed to run operationally in
an unattended mode.
The transmitter for this relatively small state-of-theart micropulse DIAL system uses a diode laser following
prior advances by Machol et al. (2004). The current instrument uses a pulsed laser transmitter that can produce two wavelengths around 828 nm (Table 1) via two
distributed Bragg reflector (DBR) diode lasers that injection seed a tapered semiconductor optical amplifier
(TSOA). The elapsed time between transmitting and
receiving the backscattered laser pulse is used to determine range information. The online wavelength is
tuned near the center of the water vapor absorption line,
and the second transmitted wavelength is chosen such
that it is minimally affected by the atmospheric water
vapor. A fast 100-Hz switching frequency between the
online and offline wavelengths allows for measurements
in strong vertical and temporal gradient regions. Atmospheric aerosols provide the majority of the backscattered signal, as Rayleigh (i.e., molecular) scattering
is relatively weak at the 828-nm laser wavelengths. Eye

40.6-cm-diameter f/3 Newtonian
120 mrad (narrow FOV)
450 mrad (wide FOV in FRAPPÉ)
300 mrad (wide FOV in PECAN)
0.14 nm
1–25 min
0.5 ms (75 m)

safety is achieved at the exit port due to beam expansion
through a shared Newtonian telescope design.
The Newtonian telescope is also used as the receiver to
collect the backscattered light, which is then directed
through a narrowband filter and a Fabry–Perot etalon
with a free spectral range of 0.1 nm equal to the wavelength difference between the online and offline signals.
Most of the backscattered light (90%) is directed through a
second narrowband filter and then to a fiber-coupled avalanche photodiode. The remaining 10% of the reflected
light is used for a wide field-of-view (FOV) measurement
via a second receiver channel (Spuler et al. 2015).
The ratio of the return power between the online and
offline signals, and knowledge of the molecular absorption
cross section, are used to determine the range-resolved
water vapor number density, or absolute humidity. Since
the ratio of backscattered powers from closely spaced
transmitted DIAL wavelengths (Dl 5 0.1 nm) is used to
determine the water vapor, the differential attenuation in
the two channels due to extinction by molecules and aerosol
particles is negligible, and therefore no external calibration
procedures are necessary (e.g., Ismail and Browell 1989).
Furthermore, having a single detector for both wavelengths
eliminates the need to account for the instrument overlap
function that tends to be a problem for Raman lidars.
The laser pulse length and eventually the overlap
function limit the minimum range of the DIAL. The
detector is temporarily blinded by the transmitted pulse
and cannot measure the backscattered signal until the
pulse has fully exited the transceiver. As configured for
FRAPPÉ and PECAN, the instrument’s minimum range
gate was 300 m. Future modifications to sample lower to
the earth’s surface are discussed in the conclusions.
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The primary errors for a low-power micropulse DIAL
are explained in Spuler et al. (2015); these photoncounting systems are dominated by solar background error during daytime operation and by Poisson error during
nighttime. Speckle error is another but smaller error term
that should be considered in a complete analysis
(Wulfmeyer and Walther 2001a,b). An additional error
term, and one that is more difficult to quantify, comes from
Rayleigh–Doppler (RD) broadening of the laser light
when backscattered by molecules (Ansmann and
Bösenberg 1987). The narrowband DIAL equation, as
shown in Spuler et al. (2015), assumes negligible
broadening from backscatter that is appropriate for oneway transmission and aerosol backscatter. However, the
absorption coefficient in the backscattered direction
must be corrected for the broadband molecular backscatter contribution. A DIAL instrument may require
RD corrections in regions where scattering is predominately from molecules (e.g., in aerosol-free regions
aloft) and in regions with strong backscatter gradients
(e.g., cloud edges). The DIAL system described herein
was designed to minimize the RD error through the use
of an ultra-narrowband filter that blocks approximately
half of the spectrally broadened molecular return. Additionally, the instrument operates on the side of a water
vapor absorption line that further reduces the sensitivity
to RD error (Späth et al. 2016). Regions of high gradients, such as cloud edges, were masked out, and it is
expected that RD errors in the remaining regions are
typically below 5% based on model results. Therefore,
no RD corrections were applied for the dataset analyzed
herein. NCAR is investigating incorporating a high
spectral resolution lidar (HSRL) channel at 780 nm
(Hayman et al. 2015) into the instrument that would
measure the aerosol-to-molecular backscatter ratio and
allow for accurate RD corrections in the future.
In addition to the systematic errors mentioned above,
there can be errors due to instrument misalignment. A
small misalignment of the angle of the narrowband interference filter used to reduce the solar background will
more severely affect those signals coming from the near
range (below 750 m) because the divergence of these signals is largest. For this DIAL, a wide FOV channel was
implemented to avoid angle-induced errors associated
with the daylight filter—the path does not contain the most
angle-sensitive narrowband filter stage. To minimize angular errors, the wide channel return is used as feedback to
align the main channel and produce quality data at low
ranges with excellent solar background suppression. The
wide channel will have varying day/night performance due
to the larger field of view and the lack of one filtering stage,
and it is not useful as a daytime data product; therefore, it
is used for alignment only and is not used for data analysis.
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One of the most significant upgrades to the earlier
version of the water vapor DIAL developed by MSU is
the ability to obtain continuous unattended moisture
profiles (Spuler et al. 2015). Figure 1 shows the continuous data collected by the DIAL for 51 days each for
FRAPPÉ (UCAR/NCAR EOL 2016b) and PECAN
(UCAR/NCAR EOL 2016a). Water vapor and attenuated backscatter profiles were averaged and compiled
with 30-s resolution and are plotted as 5-min averages.
The DIAL’s vertical grid spacing used in the subsequent
comparisons is 75 m because that is the sampling rate of
the instrument. Figures 1a,c illustrate the relative aerosol
backscatter from 300 m up to 12 km, while Figs. 1b,d illustrate
the water vapor absolute humidity profiles from 300 m up
to 6 km AGL. Vertical white strips from the ground to the
top of the panel indicate missing data due to maintenance
or other down periods. Note the continuity of both time
series illustrating that the DIAL was operational more
than 95% of the time for both FRAPPÉ and PECAN,
shutting down only sporadically due to the experimental
instrument control software. The yellow/red regions of
relative backscatter illustrate cloud bases. Water vapor
measurements via the DIAL are not possible through
optically thick clouds, and these regions are displayed as
white for missing data segments.
The depth of the BL as shown by the relatively high
aerosol backscatter intensity near the ground was greater
in Colorado during FRAPPÉ than in Kansas during
PECAN. This higher aerosol content in FRAPPÉ allowed for stronger signal strength and contributed to the
maximum height of the water vapor retrieval being
greater in Colorado. The water vapor content was lower
in Colorado, consistent with the relatively lower humidity
in the region. This relatively low moisture content was
another contributor to the greater height range of the
water vapor retrieval in Colorado because the DIAL was
tuned to the wing of the water vapor absorption line
during FRAPPÉ, which allowed for better detection of
the lower moisture values aloft. The water vapor profiles
show diurnal variability in both water vapor amount and
depth of the moisture layer near the ground. The range of
the water vapor signal is limited because the water vapor
density and hence signal strength decrease with height.
The moisture profiles extend to greater heights at night
than during the day due to the difficulty in filtering out the
strong daytime background solar radiation.

b. Radiosondes
The radiosonde data were recorded every 1 s, which
corresponded to a vertical resolution of 4–6 m. Since the
radiosonde vertical resolution was better than the DIAL
resolution, the radiosonde data were averaged into 75-m
bins to compare with the DIAL data. The DIAL data
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FIG. 1. Time series of decimated 5-min/75-m DIAL profiles at (a),(b) FRAPPÉ and (c),(d) PECAN showing (a),(c) range-corrected
relative backscatter and (b),(d) absolute humidity (g m23). Vertical white bars signify missing data due to DIAL downtime or attenuated
signal above optically thick clouds.

were averaged for 5 min starting at the radiosonde
launch time to allow the radiosonde to ascent to ;1.5 km
AGL during the comparison period.
The radiosonde observations of relative humidity,
temperature, and pressure are converted to absolute
humidity (rWV) for comparison with the DIAL rWV
direct observations. Table 2 shows the number of radiosondes used in these comparisons. All 33 of the
FRAPPÉ soundings except one were launched around
noon local time. Midday is the most difficult time for a
DIAL because the solar background radiation is close to
its maximum intensity, resulting in a lower signal-tonoise ratio than experienced at other times of the day.
Of the 133 PECAN radiosondes (Clark 2016), only 39
were launched during the daytime (0630–2100 CDT)
due to the nighttime focus of the PECAN experiment.
During FRAPPÉ the radiosondes were Vaisala RS92s
and were corrected for dry bias caused by solar radiative
heating of the relative humidity sensor arm following
Wang et al. (2013). The sounding launch site was collocated with the DIAL and AERI. During PECAN the
radiosondes were Vaisala RS41s, which do not require
dry bias correction due to the improved design that

minimizes radiation effects. The PECAN sounding
launch site was 2.1 km south of the DIAL/AERI/
MWRP/GPS location.
The radiosondes are advected by the wind as they ascend, while the remote sensors provide profile information directly above the instruments. This could

TABLE 2. Number of profiles used in plots and statistical comparisons. Number in parentheses shows the percentage of available
profiles removed from analyses due to dissimilar profiles. See text
for explanation of how and why dissimilar profiles were removed
from DIAL comparisons with AERI and MWRP.
FRAPPÉ
DIAL–radiosondes
Daytime DIAL–AERI
Nighttime DIAL–AERI

33 (0)
1870 (17)
2581 (13)

PECAN
Daytime DIAL–radiosondes
Nighttime DIAL–radiosondes
Daytime DIAL–AERI
Nighttime DIAL–AERI
Daytime DIAL–MWRP
Nighttime DIAL–MWRP

39 (0)
94 (0)
4582 (28)
3993 (19)
4036 (32)
3491 (25)
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provide a source of discrepancy in the DIAL–radiosonde
comparisons. To correct for this possible discrepancy
between the DIAL and radiosondes, Lagrangian backtrajectory calculations were applied to account for the
horizontal displacement of the radiosonde during its ascent. The uncorrected sounding results compared as favorably as the corrected results; thus, the comparisons
shown herein will use the actual radiosonde data without
any horizontal displacement corrections applied.

c. AERI
The AERI is an operational passive remote sensing
system that was designed at the University of
Wisconsin–Madison for the ARM Program (Stokes and
Schwartz 1994; Turner et al. 2016b). The AERI measures downwelling infrared radiance at approximately
1 cm21 resolution from 520 to 3000 cm21 (i.e., 19.2–
3.3 mm; Knuteson et al. 2004a). Accurate radiance
measurements are obtained through the use of two wellcharacterized National Institute of Standards and
Technology (NIST)-traceable blackbodies that are
viewed every 3 min (Knuteson et al. 2004b). The temporal resolution of the radiance observations is 20 s,
and a principal component–based noise filter is used to
greatly reduce the random error in the observations
(Turner et al. 2006). The retrieval of temperature and
water vapor profiles, as well as cloud properties, is possible via the principle that channels that are close to the
center of the absorption lines are more opaque and thus
more sensitive to low altitudes, while channels away
from the center of the absorption lines are more transparent and can thus provide information from higher
altitudes (Wulfmeyer et al. 2015). The AERI retrieval
algorithm used in this analysis is the advanced optimal
estimation (AERIoe) technique described in Turner
and Löhnert (2014); this algorithm provides a full error
characterization of each retrieval and the information
content in the AERI radiance observations. This approach can also retrieve thermodynamic profiles from
the AERI radiance data in cloudy scenes, although the
AERI observations have virtually no information on the
structure of the profile above cloud base.
In previous comparisons within clear skies below
2 km, where the AERI retrievals provide the most information, AERI-observed mixing ratio profiles are
within 0.3 g kg21 of radiosonde profiles with the RMS
error being less than 1.2 g kg21 (Blumberg et al. 2015).
The vertical resolution of the retrieved water vapor
profiles from the AERI is ;50, 800, 1200, and 2500 m at
300 m, 1 km, 2 km, and 3 km AGL, respectively. The
vertical resolution of the AERIoe retrievals is determined by two factors: 1) the infrared weighting
functions and 2) the level-to-level correlation in the a
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priori dataset used to constrain the retrieval. These two
factors are combined in the averaging kernel. Turner
and Löhnert (2014) describe how the vertical resolution
is derived from the averaging kernel and provide an illustration of the typical vertical resolution as a function
of height. Importantly, however, the first-guess profile
has no influence on the vertical resolution of the retrieved profile. AERI data are used herein only up to
3 km, as there is virtually no information about the humidity profile in the AERI radiance observation above
that height (Löhnert et al. 2009).
An AERI from University of Wisconsin–Madison was
fielded next to the DIAL and radiosonde launch site in
Erie for FRAPPÉ and an AERI instrument from the
DOE ARM Program (Turner and Ellingson 2016) was
collocated with the DIAL in Ellis for PECAN. The
AERI-retrieved temperature profiles were used together with the AERI-retrieved water vapor mixing
ratio data in order to derive absolute humidity for the
statistical comparisons with the DIAL (Turner 2015).
The DIAL and AERI absolute humidity datasets were
compared using 5-min and 75-m temporal and spatial
resolution, respectively, over the depth of 300 m–3 km
AGL. This averaging was chosen to preserve small-scale
variability but reduce substantial noise and to match the
DIAL height bins. If there was no data point in the same
height range being matched to the DIAL, then AERI
was assigned a ‘‘no data’’ value and that point was not
compared.

d. MWRP
MWRPs are mature passive remote sensing systems
that are operated continuously within networks (e.g.,
Crewell et al. 2004; Cimini et al. 2012; Cadeddu et al.
2013; Illingworth et al. 2015). A Radiometrics MP3000
was fielded by the University of Manitoba and was collocated with the DIAL and AERI during PECAN.
Similar to the AERI, the observed radiation is sensitive
to the temperature and water vapor profiles from all
heights in the column above the radiometer and the
range information is available after retrieval algorithms
are applied, which account for the different signal
strengths at different wavelengths. Calibration methods
are more difficult with the MWRPs than with AERIs,
requiring the use of periodic viewing of an external
calibration source (Maschwitz et al. 2013; Küchler et al.
2016). MWRPs have less information content and thus
provide lower vertical resolution than AERIs (Löhnert
et al. 2009; Blumberg et al. 2015). However, unlike the
AERI, MWRPs have some information above cloud
base in cloudy conditions due to the lower opacity of
clouds at microwave wavelengths relative to infrared
wavelengths.
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The analyses and comparisons herein use the retrieval
produced by the Radiometerics operational algorithm,
which is a neural network (NN)-based statistical retrieval
(Solheim et al. 1998). While the vertical grid spacing used
in the NN algorithm is 50 m up to 0.5 km, 100 m up to 2 km
and 250 m above 2 km the true vertical resolution is
;1500, 2400, 2700, and 4000 m at 300 m, 1 km, 2 km, and
3 km AGL, respectively (Blumberg et al. 2015). The vertical resolution of the MWRP is controlled by the same
factors as the AERI; however, the weighting functions in
the microwave are fewer and less peaked, resulting in a
vertical resolution that is coarser than the AERI’s. Note
that various studies have shown that one-dimensional
variational retrieval approaches (such as the optimal estimation approach used for the AERI) provide more accurate results than the NN method (e.g., Cimini et al.
2006; Hewison 2007). Using a NN method, Liljegren
(2004) showed a bias of 0.5 g m23 and a standard deviation
of 1.5 g m23 compared with radiosondes, whereas a
physical retrieval using the same optimal estimation
framework as the AERI demonstrated a bias between the
MWRP and radiosonde profile of 0.5 g kg21, an RMS
difference of 1.3 g kg21, and a significantly larger RMS
difference than the AERI in the lowest 2 km (Blumberg
et al. 2015). However, the standard NN retrieval was used
herein because that is available operationally.
The DIAL–MWRP comparisons were made with
75-m and 5-min averages. Similar to the AERI comparisons, DIAL–MWRP comparisons are made only up
to 3 km, where the MWRP moisture retrievals are most
dependable. MWRP retrievals (Hanesiak and Turner
2015) were available at the DIAL site only during
PECAN, as there was not an MWRP deployed during
FRAPPÉ.

e. GPS receivers
Global Navigation Satellite System (GNSS) signals
are received by ground-based GPS receivers. Microwave signals transmitted by satellites are delayed due to
atmospheric water vapor as the signals propagate to
ground-based GPS receivers. The GPS total delay is
closely related to the integrated water vapor along the
signal path. The information obtained from groundbased GPS receivers via multiple paths to multiple satellites is combined to derive integrated PWV amounts in
the column directly above the GPS receiver (e.g., Bevis
et al. 1992, 1994; Businger et al. 1996). The PWV measurement represents a 10–15-km-diameter area centered over the GPS receiver.
A GNSS ground-based GPS receiver was located
12 km northeast of the DIAL/AERI/radiosonde site for
FRAPPÉ and was collocated with the DIAL and AERI
for PECAN. Recall that the PECAN radiosonde site

was 2.1 km south of the other instruments. The GPS data
were processed every 30 min, archived, and displayed on
the SuomiNet real-time website.
The bias in integrated PWV compared with radiosondes is less than 1 mm with an overall error of less than
5% (Wulfmeyer et al. 2015). The PWV values are processed as 30-min averages. Time series comparisons will
be shown as 12-h averages to illustrate comparable
trends and to show the value obtained in observations
from different height ranges.

3. Comparisons
Comparisons between the DIAL and the other instruments will illustrate the capabilities and operating
limitations of the DIAL. Statistical analyses will be
shown using scatterplots, profiles of correlation coefficients, mean percentage differences, and standard
deviation box-and-whisker plots for point-by-point
comparisons between DIAL and other instruments.
While point-by-point comparison statistics are useful
for comparing the height range of good agreement between the DIAL and other sensors, Turner and Löhnert
(2014) introduced modified Taylor plots (Taylor 2001)
to investigate profile-by-profile comparisons. This is
done by plotting the modified Pearson’s correlation
coefficient (r) and the standard deviation ratio (SDR)
between the DIAL and the radiosonde for each profile,
where

å(X 2 X)(Y 2 Y)
r 5 qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃqﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ,
å(X 2 X)2 å(Y 2 Y)2
where X is the other instrument’s data point and Y is the
DIAL data point. The respective overbars are the averages over the vertical range compared. The r value is
used in these comparisons as a measure of the linear
correlation, ranging from 21 to 1, between the DIAL
absolute humidity and the other instrument’s absolute
humidity, where 1 is a total positive correlation. The
SDR is the ratio of the standard deviation of the DIAL
absolute humidity values within each 5-min profile versus the standard deviation of the other instrument’s
absolute humidity values within each 5-min profile.
The PWV time series will be obtained by calculating
PWV using different height ranges of DIAL and AERI
observations. This will be compared with GPS total column PWV values and the PWV calculated from the full
radiosonde ascent.
Continuous vertical water vapor profiles on 22 June
2015 obtained from collocated DIAL, AERI, and
MWRP instruments during PECAN are shown in Fig. 2.
All three systems provide comparable qualitative water

Unauthenticated | Downloaded 01/09/23 05:04 AM UTC

2360

JOURNAL OF ATMOSPHERIC AND OCEANIC TECHNOLOGY

VOLUME 33

FIG. 2. Absolute humidity (g m23) time series from (a) DIAL 300 m–6 km AGL, (b) AERI 0–6 km AGL, and
(c) MWRP 0–6 km AGL on 22 Jun 2015 during PECAN. Vertical lines indicate times of DIAL and radiosonde
comparisons to be shown in Fig. 3.

vapor information, showing decreasing moisture depth
from 0000 to 0600 UTC [central daylight time (CDT) 5
UTC 2 5 h during PECAN], minimum moisture depth
from 1000 to 1400 UTC, and a moisture maximum at
2000 UTC. It is striking that the DIAL is the only one of
these three continuously profiling instruments that can
detect the two elevated moist layers from 1 to 3 km AGL
during the period ranging from 0600 to 1500 UTC. These
elevated moist layers are verified by 12 collocated radiosonde launches from 0500 to 1200 UTC, whose
measurements closely match the DIAL observations in
both height and absolute humidity values (Fig. 3). The

horizontal bars plotted at each 75-m range gate represent the DIAL random relative error estimates, given by
Eq. (5) in Spuler et al. (2015). While there are some
biases in these detailed comparisons, using 75-m
DIAL and 4–6-m radiosonde gates averaged over
5 min starting at the radiosonde launch time, the profiles
from the two instruments agree extremely well. In particular, two elevated moist layers at 1.2 and 2.7 km AGL
are apparent at 1030 UTC (Fig. 3k). Dry layers are also
well verified, such as at 1.2 and 3.2 km AGL at 0730 UTC
(Fig. 3i). The standard AERI and MWRP retrievals
specify that most of the moisture is at low levels and that
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FIG. 3. The 22 Jun 2015 comparisons of DIAL (black lines) and radiosonde (red) absolute humidity profiles
(g m23) at radiosonde launch times of (a) 0130, (b) 0300, (c) 0330, (d) 0401, (e) 0430, (f) 0500, (g) 0530, (h) 0600,
(i) 0730, (j) 0900, (k) 1030, and (l) 1200 UTC. Horizontal black lines represent DIAL measurement error at each
75-m height interval. Full-resolution data (DIAL: 75 m; radiosonde: 4–6 m) are plotted. DIAL data are averaged
over 5 min starting at the radiosonde launch time.

their vertical resolution decreases sharply with height;
therefore, they cannot readily account for elevated
moist layers. Such layers are important for monitoring
BL evolution, entrainment studies, and atmospheric
stability estimates. Compared with the passive remote
sensors, the active DIAL has better vertical resolution
and better detection capabilities within and atop the BL.
Since the AERI and MWRP instruments cannot detect elevated moist layers, the DIAL profiles with positive gradients are filtered out for the quantitative
comparisons with AERI and MWRP discussed in the
next section. The profiles with elevated moist layers
were identified by adding the number of points in each
DIAL profile that had a positive vertical gradient between 300 m and 3 km. If that number of points was
greater than 6, the 50th percentile of the summed gradients for each of the campaigns, then the profiles were
determined to be dissimilar and were filtered out of the
DIAL–AERI and DIAL–MWRP comparisons.
Table 2 shows the number of profiles used for all of the
subsequent comparison figures and statistics. The percentage of dissimilar profiles eliminated for each DIAL
comparison combination is shown in parentheses. All
radiosonde profiles are used in the comparisons, but the

dissimilar profiling filter removes many profiles from the
comparisons with the passive sensors. More elevated
moist layers with positive vertical gradients occurred
during PECAN than FRAPPÉ. Furthermore, the mean
positive vertical water vapor gradients (not shown)
that were detected by the DIAL and filtered out
for the intercomparisons were greater for PECAN
(0.35 g m23 per 75 m) than for FRAPPÉ (0.21 g m23 per 75 m).
The daytime profiles more frequently exhibit elevated
moist layers than the nighttime profiles, suggesting that
the daytime differential heating may contribute to vertical moisture variability.

a. Correlations between DIAL and other instruments
The scatterplot data points comparing the DIAL and
radiosonde points shown in Figs. 4a,b are obtained between 300 m and 6 km. They predominantly follow the
one-to-one line with a few outliers at low radiosonde
moisture values that have a large range of DIAL moisture values. This is due to residual cloud-edge data
points that were not completely masked out during the
DIAL signal processing step and/or low signal-to-noise
ratio DIAL returns at higher altitudes. For FRAPPÉ,
the DIAL–radiosonde comparisons from 300 m to 3 km
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FIG. 4. Scatterplots of absolute humidity (g m23) from DIAL vs (a),(b) radiosondes compared for 300 m–6 km
AGL, (c),(d) AERI compared for 300 m–3 km AGL, and (e) MWRP compared for 300 m–3 km AGL for (left)
FRAPPÉ and (right) PECAN. Pearson’s r is shown for each comparison with r in parentheses for dissimilar profile
comparisons. (c)–(e) Bright colors near the one-to-one line illustrate comparisons with similar profiles, while dark
x’s illustrate comparisons with dissimilar profiles exhibiting elevated moist layers (see text for explanation).

(300 m–6 km) have an r value of 0.92 (0.88), while for
PECAN, r is 0.97 (0.96); for the combined dataset, the r
value is 0.96 (0.95).
Figures 4c,d illustrate the scatterplots of DIAL versus
AERI with the similar profile comparisons shown as
bright blue dots. The comparisons using dissimilar profiles, defined as containing elevated DIAL moist layers,

are shown as dark x’s. There are substantially more data
points than the DIAL–radiosonde comparisons due to
the continuous operations of both DIAL and AERI
(also shown in Table 2). It is again clear that PECAN in
Kansas exhibited higher water vapor content than
FRAPPÉ in Colorado. Excellent agreement (r 5 0.88
for FRAPPÉ and r 5 0.90 for PECAN) between the
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active DIAL and passive AERI are shown in the comparisons for points between 300 m and 3 km AGL. There
is significant scatter when using all profiles but the correlations are still high (r 5 0.86 for FRAPPÉ and r 5
0.85 for PECAN). There is some scatter even when
comparing similar profiles, with the DIAL showing
more moisture than the AERI, particularly for high
moisture values (.15 g m23), where the AERIoe retrieval has a dry bias. This is likely caused by saturation
of the spectral region that provides sensitivity to the
AERI water vapor profile (538–588 cm21 in the region).
This occurs only in high moisture cases within the
AERIoe retrieval (Turner and Löhnert 2014).
The scatterplot in Fig. 4e shows substantially more
scatter in the DIAL–MWRP comparisons for both
similar (bright green dots) and dissimilar profiles (dark
green x’s) than the DIAL comparisons with radiosondes
(Figs. 4a,b) and AERI (Figs. 4c,d), but it still produces a
high r value of 0.71. Similar to the DIAL–AERI comparisons, these point-by-point DIAL–MWRP comparisons are obtained from 300 m to 3 km. Figure 4e suggests
that the MWRP retrieval has a moist bias at lower water
vapor amounts (,5 g m23), which predominately occur
above the BL.

b. Vertical profiles of comparisons
Vertical profiles of r for all comparisons are shown in
Fig. 5. For the DIAL–radiosonde daytime comparisons,
the FRAPPÉ r value is 0.91 at 300 m AGL and it remains greater than 0.9 (0.6) up to 2.0 (3.5) km AGL
(Fig. 5a). Since PECAN had both daytime and nighttime
radiosonde launches, comparisons in DIAL data quality
for both are shown (Fig. 5b). PECAN daytime results are
similar to those of FRAPPÉ. The nighttime DIAL performance at PECAN is better than daytime, as expected,
and exhibits r . 0.60 up to ;4.5 km AGL.
For the FRAPPÉ DIAL–AERI comparisons, r . 0.8
in the first 1 km AGL and r . 0.6 up to 2.5 km AGL both
day and night (Fig. 5c). The FRAPPÉ profiles show fairly
consistent daytime and nighttime comparisons. The
PECAN r profiles (Fig. 5d) show r . 0.6 up to 2.25 km
AGL at night and up to 2.0 km AGL during the day. Since
there is no day/night advantage to the AERI retrievals,
the better correlation at night is due to the improved
DIAL performance at night. The reason that the strong
correlations drop off more rapidly during PECAN than
FRAPPÉ may be explained by the fact that there is
higher water vapor content in Kansas during PECAN
than in Colorado during FRAPPÉ (Figs. 1, 4). As Turner
and Löhnert (2014) showed, some of the spectral regions
used in the AERI retrieval become opaque for more
moist air and the information content of the AERI observations is reduced. This results in the degrees of

freedom of the AERI retrieval decreasing with increasing
water vapor. This loss of AERI information content may
be responsible for the DIAL–AERI comparisons being
slightly better in FRAPPÉ’s environment with lower atmospheric water vapor content.
The correlations between the DIAL and MWRP
(Fig. 5e) are substantially lower than the DIAL–
radiosondes and DIAL–AERI correlations. It also appears that the nighttime comparison of DIAL–MWRP is
worse than the daytime comparison, which is opposite of
that expected because MWRP does not have a day/night
bias and DIAL performance is better at night. This may
be explained by the fact that the MWRP neural network
retrieval is trained with radiosondes from the climatological 0000 and 1200 UTC launch times, so it may not be
able to determine the differences in the shape of the
profiles of day versus night. Additionally, this reduced
quality of DIAL–MWRP comparisons may simply
illustrate a limitation of the MWRP statistical retrieval
method in general.

c. Differences and standard deviations
The mean percent difference (MPD, which is the same
as bias if the ‘‘truth’’ is known) is determined by comparing DIAL with all of the other instruments (i.e., radiosondes, AERI and MWRP), written as
0
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where rWV_DIAL is the DIAL water vapor absolute humidity; rWV_other is radiosonde, AERI, or MWRP absolute humidity; and n is the number of data points
within each 250-m height interval. Height bins with ,30
comparison points are removed from the plots and
statistics.
Box plots of the DIAL observations compared with
FRAPPÉ and PECAN radiosondes are shown in
Figs. 6a,b. The colored horizontal lines are the MPDs for
each 250-m height bin. The boxes represent the 25th–
75th percentiles of the differences, and the whiskers
represent plus/minus one standard deviation from the
mean within each height bin. The FRAPPÉ comparisons between DIAL and radiosondes (Fig. 6a) show
excellent agreement with ,3% mean difference up to
1.25 km and with good agreement (,10% differences)
and little scatter (,20% standard deviations) in the
comparisons from 300 m to 2.0 km. This corresponds to
the height range of high daytime r values (Fig. 5a). The
DIAL absolute humidity values are slightly higher than

Unauthenticated | Downloaded 01/09/23 05:04 AM UTC

2364

JOURNAL OF ATMOSPHERIC AND OCEANIC TECHNOLOGY

VOLUME 33

FIG. 5. Vertical profiles of Pearson’s r for DIAL and (a),(b) radiosonde, (c),(d) AERI, and (e) MWRP absolute
humidity comparisons for (left) FRAPPÉ and (right) PECAN. Daytime (nighttime) correlations are illustrated in
light (dark) colors. (c)–(e) AERI and MWRP profiles are calculated only for DIAL profiles without elevated moist
layers (see text for explanation).

radiosondes above 1.25 km. Strong agreement continues
up to 3.5 km AGL, where the MPDs are ,20% and the
standard deviations are ,50%. The PECAN comparisons between DIAL and radiosondes (Fig. 6b) similarly
show very good agreement with MPDs , 10% and
limited scatter (standard deviation , 50%) up to
2.75 km AGL. The PECAN MPDs are ,22% up to
4.75 km AGL. The improved performance at PECAN is
due to the numerous nighttime radiosonde launches

with which to compare the DIAL profiles. The PECAN
DIAL data exhibit a slight dry bias compared to radiosondes. Since this is not consistent with most of the other
comparisons, the possibility of the RS41 radiosondes
having a high moisture bias should be investigated. This
will be discussed again in the subsequent section. All of
the biases and standard deviations are quite large at
higher altitudes (4–6 km AGL) due to the very low
moisture content. This causes dramatic differences in
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FIG. 6. Mean percentage difference (horizontal colored lines), 25%–75% range (boxes), and standard deviations
(whiskers) for 250-m height bins from (a),(b) DIAL–radiosonde, (c)–(f) DIAL–AERI, and (g),(h) DIAL–MWRP
comparisons from (left) FRAPPÉ and (right) PECAN. (c),(d),(g) Daytime and (e),(f),(h) nighttime comparisons
are shown with the same color scheme as in Fig. 5. (c)–(e) AERI and MWRP profiles are calculated only for DIAL
profiles without elevated moist layers (see text for explanation).

the statistical percentage comparisons. However, there
is valuable and representative information content in
the DIAL data up to at least 6 km. This will be further
addressed when assessing longer averaging times in the
upcoming PWV time series discussion.
The DIAL–AERI MPDs are ,10% up to 1.75 km
AGL both day and night for both campaigns (Figs. 6c–f).
Furthermore, the MPDs in PECAN at night are ,10%
up to 2.75 km. The PECAN box plots illustrate greater
MPD and greater variability above 1.75 km AGL than
FRAPPÉ, likely caused by reduced AERI performance
within the higher water vapor content of Kansas during
PECAN than in Colorado during FRAPPÉ as described
with Figs. 5c,d above. The AERI signal degrades with
altitude, so the comparisons are shown only up to 3 km.
The PECAN box plots for DIAL–MWRP comparisons for day and night are shown in Figs. 6g,h, respectively. The MPDs are ,10% at night up to 1 km
AGL. The DIAL is drier than MWRP both day and
night above 750 m. The agreement is best at night
with ,10% MPDs up to 1.75 km (Fig. 6h).
The highest-quality comparisons, in terms of MPDs
and standard deviations, are obtained between the

nighttime DIAL–radiosonde comparisons, illustrating
excellent agreement up to 4.75 km. The nighttime
DIAL–AERI comparisons show excellent agreement
up to 2.75 km.

d. Profile shape comparisons
The modified Taylor plots (Fig. 7) allow for an objective description of the profile-to-profile agreement of
the two datasets; a perfect agreement would have r 5 1
and SDR 5 1 (although this could still allow for a bias
between the two instruments). These DIAL–radiosonde
comparisons were made for both field campaigns between 300 m and 6 km AGL for day and night (Figs. 7a,b).
Most of the points are clustered around the optimal
result of r and SDR of 1. The majority of the points, in
particular the 25%–75% range of points shown by the
crosses, are near the optimal range. This gives further
confidence for well-behaved DIAL profiles in that they are
consistent with the standard radiosonde water vapor measurements from 300 m up to 6 km AGL. While the MPDs
are relatively high above 3.75 km AGL for FRAPPÉ and
above 4.75 km AGL for PECAN (Figs. 6a,b), there remains strong agreement between the DIAL and radiosonde
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FIG. 7. Modified Taylor plot comparison of r vs SDR; see text for explanation. Comparisons are for (a),(b)
DIAL–radiosonde compared for 300 m–6 km AGL, (c),(d) DIAL–AERI compared for 300 m–3 km AGL, and
(e) DIAL–MWRP compared for 300 m–3 km AGL for (left) FRAPPÉ and (right) PECAN. Crosses represent
25th–75th percentile range of points with daytime comparisons shown in light colors and nighttime in dark colors.
(c)–(e) AERI and MWRP comparisons are shown only for DIAL profiles without elevated moist layers (see text for
explanation).

observations up to 6 km AGL. This point will be further
illustrated in the next section.
For the more numerous data points of the DIAL–
AERI comparisons from 300 m to 3 km, the bulk of the
comparison profiles are concentrated near (1,1), particularly at night during PECAN, when the DIAL

performance is optimal due to the high signal-to-noise
ratio (Figs. 7c,d). The two campaigns have similar results, except that the nighttime cross is closer to (1,1) for
PECAN compared with FRAPPÉ. There is substantially more variability in the DIAL–AERI points
compared to the tight clustering of DIAL–radiosonde
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points. This is due to a combination of 1) many more
comparison profiles due to the continuously operating
DIAL and AERI (see Table 2 for the number of profiles
used in each comparison), 2) the difficulty in DIAL
daytime measurements (due to the lower signal-to-noise
ratio caused by the solar background) resulting in more
scatter in the daytime comparisons, 3) the slight decrease in the information content of the AERI observations in the AERI retrievals during moist conditions
of PECAN, and 4) the decrease in the vertical grid
spacing of the passive AERI retrieval with altitude
above the ground, whereas the DIAL grid spacing remains constant at 75 m.
The modified Taylor plot comparing DIAL with
MWRP from 300 m to 3 km during PECAN is shown in
Fig. 7e. The two datasets show agreement, but there is
greater scatter than the DIAL–AERI comparisons
(Figs. 7c,d). The increased scatter is due to the much
lower information content of the MWRP moisture retrievals relative to the AERI (see Löhnert et al. 2009).
The high SDRs suggest that the DIAL is measuring
more variability in its profiles than does the MWRP. In
summary, the relationships between these modified
Taylor analyses show that the DIAL profiles are consistently similar with the radiosonde, AERI, and MWRP
profiles.

e. Column-integrated PWV comparisons
Table 3 lists the 30-min-averaged GPS PWV, along
with 30-min-averaged radiosonde, DIAL, and AERI
PWV calculated over various height ranges. The time
series are shown as 12-h-averaged PWV values to
eliminate some of the noise in the 30-min data (Fig. 8). It
is again apparent that Kansas is more moist than Colorado. Table 3 shows that FRAPPÉ exhibits 10.3 mm
lower GPS PWV values (mean of 21.4 mm) compared to
PECAN PWV values (mean of 31.7 mm). The GPS and
radiosonde total column PWV measurements are consistently the highest values, and they generally agree
with each other. They both measure the total column
water vapor, while the other instruments provide heightlimited data. The radiosonde PWV values are higher
than the GPS values by 0.8 mm in FRAPPÉ and 2.1 mm
in PECAN due to 1) potential cloud penetration biasing
the radiosonde moisture measurements and 2) the fact
that the radiosonde drifts horizontally upon ascent and
is not measuring the same 10–15-km-wide vertical column as the GPS retrieval. Additionally, the larger moist
bias observed by the RS41 radiosondes is consistent with
the moist bias shown in comparison with the DIAL
during PECAN (Fig. 6b). This suggestion of a possible
RS41 moist bias during PECAN should be further
investigated.

TABLE 3. Mean values of PWV measurements determined using
75-m spatial averaging for range-resolved instruments and 30-min
temporal averaging for all.
Instrument (height range)
FRAPPÉ
GPS (total column)
Radiosondes (variable: full ascent)
Radiosondes (0–3 km)
Radiosondes (0.3–3 km)
Radiosondes (0.3–6 km)
DIAL (0.3–3 km)
DIAL (0.3–6 km)
AERI (0–3 km)
AERI (0.3–3 km)
PECAN
GPS (total column)
Radiosondes (variable: full ascent)
Radiosondes (0–3 km)
Radiosondes (0.3–3 km)
Radiosondes (0.3–6 km)
DIAL (0.3–3 km)
DIAL (0.3–6 km)
AERI (0–3 km)
AERI (0.3–3 km)

Mean (mm)
21.4
22.2
16.7
14.2
18.8
13.7
18.0
16.9
14.3
31.7
33.8
26.9
22.5
27.9
20.2
24.1
25.3
21.3

The remotely sensed PWV values derived from DIAL
and AERI data track well, but they have clear and expected low biases compared with GPS PWV (Fig. 8).
The AERI and DIAL traces averaged from 300 m to
3 km in altitude are similar to each because they are
sampling the same height region, and they have previously been shown to compare well up to 3 km (see
Figs. 4, 5). The DIAL measurements are 0.5–2.3 mm
drier than AERI and radiosondes in the 0.3–3-km height
interval (see Table 3). The DIAL and AERI traces are
both substantially lower than the GPS PWV value due
to their 0.3–3-km AGL limited height range with DIAL
biases of 7.7 (11.5) mm in FRAPPÉ (PECAN). When
AERI data are used from 0 to 3 km, the addition of the
low-level moisture allows for more of the PWV to be
recovered. The bias between the 0–3-km AERI and
GPS PWV is 4.5 mm for FRAPPÉ and 6.4 mm for
PECAN. Some of the bias is also recovered when the
DIAL is integrated from 300 m to 6 km. The GPS–DIAL
bias is then reduced to 3.4 mm for FRAPPÉ and 7.6 mm
for PECAN, suggesting that the midlevel moisture is a
significant contributor to the total column PWV. Figure 8
shows that the 0.3–6-km AGL DIAL trace more closely
matches the GPS trace in FRAPPÉ, indicating higher
midlevel moisture in Colorado than Kansas, likely due
to the deeper BL in Colorado (cf. Figs. 1a,c). Even
though the Pearson’s r comparison between the DIAL
and radiosondes is low for heights above 4.5 km (see
Figs. 5a,b), the DIAL provides useful and reliable
information about moisture content up to 6 km,
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FIG. 8. Time series of 12-h-averaged PWV (mm) derived from GPS receivers (black lines) and calculated from
radiosonde ascents (red dots), and from DIAL (thick purple lines: 0.3–3 km AGL; thick orange lines: 0.3–6 km
AGL) and AERI (light blue lines: 0.3–3 km AGL; dark blue lines: 0–3 km AGL) profiles.

particularly when averaged over time periods longer
than 5 min.

4. Summary and outlook
The new water vapor micropulse DIAL is proven to
provide continuous water vapor profiles that are consistent with other instruments, including radiosondes,
AERIs, MWRP, and GPS receivers as summarized in
Table 4. The DIAL compares well with all instruments
during both day and night and in both clear-sky and
cloudy conditions (providing water vapor measurements
up to cloud base). The Pearson’s correlation coefficient
between the DIAL and all radiosondes from 300 m to
3 km (300 m–6 km) is 0.92 (0.88) for FRAPPÉ, 0.97
(0.96) for PECAN, and 0.96 (0.95) for the combined
dataset. The DIAL–radiosonde r is greater than 0.9 up
to 2.0 km AGL, and is greater than 0.6 up to 3.5 km AGL

during the day and up to 4.5 km AGL at night. The
DIAL–AERI r is greater than 0.8 up to 1 km AGL and
greater than 0.6 up to ;2 km AGL, where the AERI
data are most reliable. Similarly, the best DIAL–
MWRP comparisons are obtained below 1.5 km AGL.
When there are no intervening clouds, the DIAL consistently provides accurate moisture measurements up
to 3.5 km AGL during the daytime and up to 4.5 km
AGL at night. It provides further accurate moisture information up to 6 km when averaged over time periods
longer than 5 min, as evidenced in the comparisons with
the GPS PWV.
One distinct advantage of the DIAL over radiosondes
is its continuous operations. The benefits of the DIAL
over AERI and MWRP are the uniform resolution from
300 m up to above the top of the BL and the unambiguous derivation of water vapor, which allows for
the detection of elevated moist or dry layers. The DIAL

TABLE 4. Summary of comparisons and results.

Instrument

Resolution (time; range)

Averaging (time; height range)

Pearson’s r (FRAPPÉ, PECAN,
combined)

Radiosondes
Radiosondes
AERI, all profiles
AERI, similar profiles only
MWRP, all profiles
MWRP, similar profiles only
GPS receivers

1 s; 4–6 m
1 s; 4–6 m
5 min; 0.05–2.5 km
5 min; 0.05–2.5 km
5 min; 0.05–0.25 km
5 min; 0.05–0.25 km
30 min; total column

5 min; 0.3–3.0 km
5 min; 0.3–6.0 km
5 min; 0.3–3.0 km
5 min; 0.3–3.0 km
5 min; 0.3–3.0 km
5 min; 0.3–3.0 km
30 min; total column

0.92, 0.97, 0.96
0.88, 0.96, 0.95
0.86, 0.85, 0.85
0.88, 0.90, 0.90
N/A, 0.71, 0.71
N/A, 0.71, 0.71
0.40, 0.46, 0.44

Unauthenticated | Downloaded 01/09/23 05:04 AM UTC

NOVEMBER 2016

2369

WECKWERTH ET AL.

advantage over GPS receivers is the range-resolved
moisture measurements. The continuous unattended
operations and high-quality water vapor profiles from
the DIAL make it an appealing candidate system to
function as part of a potential nationwide network of
thermodynamic profiling instruments.
Numerous data analysis activities are underway using
the DIAL data, including project-long characterization
of the moisture content, depth, and horizontal and vertical advection. It is expected that this may be useful for
better understanding and forecasting of convection initiation and evolution. Work is in progress to combine
the DIAL profiles with high-resolution wind profiles
from NCAR’s 449-MHz wind profiler during PECAN to
obtain vertical moisture flux profiles. Flux profiles were
previously calculated using collocated DIAL and
Doppler lidar or the radar–radio acoustic sounding
system (RASS) by Senff et al. (1994), Wulfmeyer (1999),
and Linné et al. (2007). A further application would be
to utilize the DIAL’s vertical water vapor variance estimates along with an ancillary surface flux measurement and the top-down and bottom-up diffusion
concept (e.g., Wyngaard and Brost 1984; Moeng and
Wyngaard 1984, 1989; Patton et al. 2003) to estimate
water vapor fluxes and BL entrainment (e.g., Kiemle
et al. 1997; Turner et al. 2014; Wulfmeyer et al. 2016).
Further research is underway to utilize collocated DIAL
profiles as an additional constraint to improve upon the
AERI temperature profile retrievals.
Following PECAN, the DIAL pulse timing was adjusted and the lowest range gate is now 225 m. Operating
the instrument with a shorter laser pulse duration would
allow for a further reduction in the lowest range. For
example, a 75-m lowest range gate should be possible if
the pulse duration is cut in half—with the trade-off that
there would be a reduced maximum range due to the
reduced output power. The most recent version of the
instrument—within a 2 m 3 2 m 3 1 m field enclosure—
is integrated with a scientific-grade surface station to
measure temperature, pressure, and relative humidity.
The long-term objectives are to build a network of 10
water vapor DIALs to better characterize the horizontal
moisture variability and to assess the DIAL’s value in
data assimilation for improving mesoscale forecast and
QPF skill.
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