
MC3E is a field campaign aimed at acquiring a more complete understanding of the physical 

processes driving the life cycle of midlatitude convective clouds.
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C	onvective clouds play a critical role in Earth’s  
	climate system. Convective processes redistribute  
	water, heat, and momentum through the depth 

of the troposphere. These cloud systems act as a sink 
of total water in the atmospheric column, contribute 
to the local energy balance through diabatic heating 
effects, and feed back onto the local environment 

by impacting the subsequent formation of clouds. 
Continental convective clouds, through their pre-
cipitation processes, further impact ecosystems 
and water resource management and contribute to 
catastrophic weather events including severe weather 
and f looding. From an observational perspective, 
it is important to accurately detect, monitor, and 
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estimate convective precipitation over continental-
scale domains using satellite- and/or ground-based 
remote sensing. It is equally important to improve the 
representation of the physics of convective clouds in 
numerical models. The latter remains one of the most 
challenging issues in operational weather and global 
climate modeling (Klein and Del Genio 2006) because 
of the wide assortment of spatial and temporal ranges 
over which dynamical, microphysical, and radiative 
processes act. For these reasons, it is important to 
improve our understanding of convective processes 
through greater accuracy in measurements, particu-
larly precipitation, and to utilize this to improve their 
representation in models.

To address these cr it ica l needs, the U.S. 
Department of Energy (DOE) Atmospheric Radiation 
Measurement (ARM; Mather and Voyles 2013; 
Ackerman and Stokes 2003; Stokes and Schwartz 
1994) Program and the National Aeronautics and 
Space Administration’s (NASA) Global Precipitation 
Measurement (GPM; Hou et al. 2014) mission col-
laborated to jointly lead the Midlatitude Continental 
Convective Clouds Experiment (MC3E; Jensen et al. 
2010; Petersen and Jensen 2012). MC3E took place 
from 22 April through 6 June 2011, and was focused 
at and around the DOE ARM Southern Great Plains 
(SGP) Central Facility (CF) (www.arm.gov/sites/sgp) 
in north-central Oklahoma, where an extensive array 
of both airborne and ground-based instrumenta-
tion (Fig. 1) was deployed. The campaign leveraged 
the largest ground-based observing infrastructure 
available in the central United States, including re-
cent upgrades through the American Recovery and 
Reinvestment Act of 2009 (Mather and Voyles 2013), 
combined with an extensive sounding array, remote 
sensing and in situ aircraft observations, and addi-
tional radar and in situ precipitation instrumentation. 
The MC3E science objectives were motivated by the 
need to acquire a more complete understanding of 
the complex and interconnected physical processes 
driving the life cycle of midlatitude convective clouds 
and the characteristics of its precipitation.

Specifically, the two primary MC3E objectives 
were to collect observations to 1) advance our un-
derstanding of different components of convective 
simulations and microphysical parameterizations 
and 2) improve the fidelity of space-based estimates 
of rainfall over land. These complementary objectives 
required specific science-driven targets that could 
only be accomplished with a multiplatform coordi-
nated strategy. In particular, these targets included 1) 
a definition of the vertical and horizontal structure 
of the atmospheric thermodynamic state and its 

evolution to form a basis for the construction of ac-
curate large-scale forcing environments for cloud and 
land surface model simulations, 2) characterization of 
the variability of cloud and precipitation microphysi-
cal properties through the convective cloud life cycle 
from surface- and aircraft-based remote sensing and 
in situ observations, and 3) identification of updraft 
and downdraft dynamics within convective clouds 
and their relation to lower-tropospheric stability and 
boundary layer structure.

FIELD EXPERIMENT STRATEGY AND 
OPERATIONAL NETWORKS. The MC3E 
observing strategy focused on connecting data from 
three different vantage points (Fig. 2). The “signal” 
measured by downward-viewing remote sensing 
observations of convection was provided by high-
altitude airborne platforms carrying instruments 
similar to those flying on the GPM Core Observatory. 
These data were combined with the in situ cloud 
properties observed by cloud-penetrating aircraft. 
Finally, measurements of precipitation on the ground 
extending back upward through hydrometeors of all 
kinds in the convective cloud column were obtained 
via combined use of ground-based radars and sup-
porting ground instrumentation.

Aircraft platforms and instrumentation. At the top of 
the sampling domain (~20 km in altitude), the NASA 
ER-2 aircraft functioned as a GPM core-satellite 
sampling simulator. It carried the dual-frequency, 
dual-beam (30° and 40° incidence angles), nadir-
pointing Doppler, High-Altitude Imaging Wind and 
Rain Airborne Profiler (HIWRAP; Heymsfield et al. 
2013), and two multifrequency passive microwave 
radiometers: the Advanced Microwave Precipitation 
Radiometer (AMPR; Spencer et al. 1994) and the 
Conical Scanning Microwave Imaging Radiometer 
(CoSMIR) (Table 1; Wang et al. 2007). The University 
of North Dakota (UND) Cessna Citation II jet aircraft 
served as the in situ microphysics platform with a 
primary emphasis placed on the measurements of ice-
phase hydrometeors at altitudes between the melting 
level and cloud top (~4–13 km). The Citation carried a 
standard suite of meteorological instruments together 
with cloud and precipitation microphysical probes 
and total and liquid water content probes (Table 2). 
Independent of, but in coordination with the MC3E 
campaign, the NASA Marshall Space Flight Center 
Marshall Airborne Polarimetric Imaging Radiometer 
(MAPIR) instrument flew several test flights toward 
the end of the experiment, making soil moisture mea-
surements using its L-band radiometer. A summary 
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of the aircraft f light hours is provided in Table 3. 
The ER-2 flew a total of 14 science f lights totaling 
more than 73 flight hours from Offutt Air Force Base 
in Bellevue, Nebraska, while the Citation based at 
Ponca City, Oklahoma, flew 15 data missions total-
ing 42.6 flight hours. Five missions were performed 
with coordinated ER-2 above-cloud remote sensing 
observations and UND Citation in situ observations 
within 100 km of the CF.

Sounding network. At the largest scale (90,000 km2; 
Fig. 1a), a radiosonde network was deployed (Jensen 
et al. 2015) to quantify the temperature, humidity, and 
wind properties of the environment surrounding the 
ARM SGP CF. MC3E staff launched 1,348 coordinated 
weather balloons from six sites at a frequency of four 
times per day under nonconvective conditions in 
order to partially sample the diurnal cycle. On days 
for which convective conditions were forecast and 
aircraft operations were planned, sounding opera-
tions switched to a high-frequency launch schedule 
of eight times per day. All sounding sites used Vaisala 
model RS92-SGP radiosondes attached to a 350-g 
helium-filled meteorological balloon.

Radar network. MC3E included a multiscale, multipa-
rameter radar array located within 60 km of the ARM 
SGP CF. These radars were under the umbrella of the 
Vance Air Force Base (AFB), Oklahoma (KVNX), op-
erational Weather Surveillance Radar-1988 Doppler 
(WSR-88D) and nested inside the radiosonde network 
(Fig. 1b). MC3E scanning radar deployments included 
the NASA S-band dual-polarization Doppler radar 
(N-Pol), the NASA dual-frequency, dual-polarized 
Doppler radar (D3R), and the dual-polarization X- 
and C-band Scanning ARM Precipitation Radars 
(X-SAPR and C-SAPR, respectively). Four ARM wind 
profilers, deployed in the dual-Doppler lobes of the 
ARM radar network, supported the scanning radars. 
Two additional National Oceanic and Atmospheric 
Administration (NOAA) profiling radars were 
placed at the SGP CF to complement the Ka-band 
ARM zenith radar (KAZR) and the Ka–W-band 
scanning ARM cloud radar (SACR) system. Details 
and the nominal role for each radar are summarized 
in Table 4.

Disdrometer network. Surrounding the SGP CF was a 
dense network of 18 autonomous Particle Size and 

Fig. 1. MC3E design. (a) The sounding network encom-
passes the central radar array (N-Pol, C-SAPR, trian-
gular array of X-band radars in yellow, and 915-MHz 
profilers in green triangles) and SGP CF. (b) A close-up 
of the central scanning radar network that shows the 
relative positions and distances between the N-Pol 
radar, the X-SAPR and C-SAPR radars, and the 
KVNX radar. (c) The spatial distribution of APU and 
collocated rain gauges are shown as gray circles, and 
2DVDs are shown by white squares, within the X-SAPR 
array (yellow triangle). Background images are from 
Google Earth.
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Velocity (PARSIVEL) disdrometers [Autonomous 
Parsivel Units (APUs); Thurai et al. 2011; Tokay 
et al. 2013], 16 rain gauge pairs, and seven 2D video 
disdrometers (2DVDs; Schönhuber et al. 2008) 
(Fig. 1c). These instruments were deployed within 
a 6-km radius of the CF. The APUs and rain gauges 
measured rainfall and drop size distribution (DSD) 
correlation properties at kilometer scales. The 2DVDs 
provided a DSD reference measurement to the APU 
network and the results were used to calibrate dual-
polarimetric radar measurements and DSD retrievals. 
Previous work (Tokay et al. 2013) has shown that the 
third-generation 2DVDs deployed during MC3E have 
smaller wind-induced biases and show good agree-
ment with rain gauge–measured total rainfall.

ARM SGP facility.At the time of the MC3E campaign, 
the SGP facility consisted of the CF (36.695°N, 
97.485°W) and 20 extended facilities covering an area 
of approximately 150 km × 150 km. The extended fa-
cilities include instrumentation aimed at quantifying 
the spatial variability of surface heat, moisture, and 

momentum f luxes across 
the SGP region (www.arm 
.gov/sites/sgp/E). At the SGP 
CF there is a comprehen-
sive instrumentation suite 
for cloud, precipitation, 
aerosols, and atmospheric-
state observations (www 
.arm.gov/sites/sgp/C). Most 
important for the goals of 
MC3E are remote sensing 
observations from a Raman 
lidar, a two-channel micro-
wave radiometer, and the 
Atmospheric Emitted Radi-
ance Interferometer (AERI) 
that are used to retrieve 
atmospheric water vapor. A 
micropulse lidar, ceilometer, 
and total-sky imager (TSI; 
Long et al. 2001) provide 
complementary informa-
tion on cloud properties. 
The Advanced Microwave 
Radiometer for Rain Iden-
tification (ADMIRARI; Saa-
vedra et al. 2011) operated 
at the ARM CF site with 
its 19- and 37-GHz passive 
microwave radiometers and 
a K-band Micro Rain Radar 

to detect and separate contributions to cloud total 
water content from cloud and rainwater components.

OVERVIEW OF LARGE-SCALE WEATHER 
CONDITIONS. Xie et al. (2014) used the con-
strained variational analysis approach of Zhang and 
Lin (1997) in order to derive the large-scale forcing 
conditions over the MC3E domain. This dataset is 
used to summarize the large-scale weather condi-
tions during the campaign in Fig. 3. The first few 
days of the campaign (22–28 April) were dominated 
by high values of low-level moisture (Fig. 3a), some 
periods of moderate CAPE (Fig. 3c), and low rain rates 
resulting from some widespread shallow, stratiform 
rain events. This was followed by nearly two weeks 
of dry conditions, no precipitation, and little CAPE. 
Low-level moisture returned by 10 May along with 
one period of high CAPE (8–12 May), which brought 
some significant precipitation on 11 May and a sec-
ond period of high CAPE after 19 May that resulted 
in some more significant precipitation events. In the 
days that followed this deep-convective pattern (not 

Fig. 2. Conceptual 3D sampling strategy for MC3E. Sampling from aircraft 
(ER-2 and UND Citation aircraft) occurred over a nested multifrequency 
ground-based network of radars (X-SAPR, C-SAPR, N-Pol, SACR, KAZR, 
S band/UHF, and 915-MHz profilers), covering a dense array of disdrometers 
and rain gauges. Radar data slices are made using the Python–ARM Radar 
Toolkit (Heistermann et al. 2015).
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Table 1. ER-2 instruments (H indicates horizontal and V indicates vertical).

Instrument Characteristics

AMPR Passive microwave radiometer

  Frequencies 10.7, 19.35, 37.1, and 85.5 GHz; all channels; H/V

  Resolution at 20-km range 0.6 km (85.5 GHz),1.5 km (37.1 GHz), and 2.8 km 
(10.7–19.35 GHz)

CoSMIR (radiometer, H + V) Passive microwave radiometer

  Frequencies 52, 89 (H/V), 165.5 (H/V), 183.3 ± 1, 183.3 ± 3, and 
183.3 ± 8 GHz

  Resolution at 20-km range 1.4-km footprint at nadir

HIWRAP radar

  Frequencies 13.91/13.35 GHz, 35.56/33.72 GHz

  Transmit peak power 30 W (Ku), 10 W (Ka)

  3-dB beamwidth (resolution at 20-km range) 2.9° (1.02 km) Ku, 1.2° (0.36 km) Ka

  Min reflectivity at 75-m resolution, 20-ms chirp, 10 km 0.0, –5.0 dBZe

Table 2. Citation instruments.

Instrument Measurement Range

Cloud imaging probe (CIP) Cloud and precipitation particle spectra 0.025–1.5 mm

2D cloud imaging probe (2D-C) Cloud and precipitation particle spectra 0.03–1.0 mm

High-volume precipitation spectrometer, 
version 3 (HVPS-3)

Precipitation particle spectra 0.15–19.2 mm

Cloud particle imager (CPI) Cloud particle images 0.002–2.3 mm

Cloud droplet probe (CDP) Cloud droplet spectra 2–50 μm

King hot-wire liquid water content (LWC) 
probe

Cloud liquid water 0.01–5 g m−3

Nevzorov probe Total water content 0.03–3 g m−3

Rosemount icing probe Supercooled liquid water Supercooled 
water detection

Condensation particle counter Aerosol–condensation nuclei 10-nm cut

Ultrahigh sensitivity aerosol spectrometer 
(UHSAS)

Aerosol 0.06–1 μm

Temp probe Ambient air temperature —

Static pressure sensor Ambient air pressure —

Chilled-mirror dewpoint hygrometer Water vapor content —

Tunable diode laser hygrometer Water vapor content —

shown), significant precipitation was not recorded 
over campaign facilities. The MC3E campaign col-
lected a rich dataset from a wide variety of cloud 
and precipitation conditions. Campaign conditions 
included shallow boundary layer clouds, nocturnal 
elevated convection, and deep, organized convective 
storms (Table 5).

EXAMPLES OF OBSERVED CONVECTIVE 
SYSTEMS. This section highlights three deep 
convective events captured during this campaign. 

The 11 May event had a very large amount of CAPE 
(Fig. 3c) near the beginning of a period where the lower 
atmosphere was entering a moistening trend but still 
had a midlevel humidity deficit (Fig. 3a). The 20 May 
event, which produced extensive cloudiness at all levels, 
occurred in a very humid environment through the 
depth of the troposphere (Fig. 3a). The 23 May event 
occurred during a period with a rather dry troposphere 
above the boundary layer (Fig. 3a) with relatively large 
CAPE (but not as large as on 11 May) and produced 
much less cloudiness compared to 20 May.
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11 May 2011 mesoscale convective system. Early in 
the day, a surface cold front propagated across the 
Texas–Oklahoma Panhandle region (Fig. 4), ini-
tiating organized severe convection. A mesoscale 
convective system (MCS) organized with a parallel 
stratiform precipitation region north of the main 
convective band around 1600 UTC while the storm 
motion was to the northeast. Figure 4 (bottom) shows 
a plan position indicator (PPI) of radar reflectivity 
from the KVNX radar at 1755 UTC, just before the 

system reached the ARM CF, as viewed during opera-
tions using the Real Time Mission Monitor (RTMM; 
Blakeslee et al. 2007). The MCS transitioned into a 
trailing stratiform mode between 1800 and 1900 UTC 
as it passed over the CF. In this section, we focus on in 
situ precipitation microphysics observations from the 
Citation and the remote sensing NOAA wind profiler 
during this event.

Two hours of stacked aircraft transects were col-
lected prior to the ER-2 recall because of impending 

Table 3. Summary of aircraft flights.

Airborne case type Dates

Coordinated ER-2 and Citation within 100 km of CF 25 Apr, 11 May, 18 May, 20 May, 23 May

ER-2 and Citation outside CF coverage (northeast KS) 1 Jun

Citation-only precipitating cloud missions 27 Apr, 1 May, 10 May, 24 May

Citation-only nonprecipitating cloud missions 27 May, 2 Jun

ER-2 land surface 25 Apr, 8 May, 29 May

Table 4. Summary of MC3E radar assets.

Radar Frequency Scanning strategy
Primary observa-
tional objective Reference

NASA S-band dual-
polarization Doppler 
radar (N-Pol)

2.7–2.9 
GHz

Targeted RHI scanning 
and select sectored 
PPIs

Precipitation micro-
physics

Gerlach and 
Petersen 
2011

Three X-band Scanning 
ARM Precipitation 
Radars (X-SAPR)

9.35–9.45 
GHz

Multitilt PPI volume 
coverage patterns

Multi-Doppler wind 
retrievals

Mather and 
Voyles 2013

C-band Scanning ARM 
Precipitation Radar 
(C-SAPR)

6.25 GHz Multitilt PPI volume 
coverage patterns and 
select targeted RHIs

Large-scale volu-
metric precipitation 
mapping

NOAA S-band 
profiling radar

3 GHz Vertically pointing Vertical air motions 
and precipitation 
microphysics

Williams 
2012

NOAA wind profiler 449 MHz Vertically pointing Vertical air motion 
and precipitation 
microphysics

Four ARM radar wind 
profilers

915 MHz Vertically pointing Vertical air veloc-
ity and precipitation 
microphysics

Giangrande 
et al. 2013b; 
Tridon et al. 
2013

Dual-frequency 
Ka–Ku-band, dual-
polarized Doppler 
radar (D3R)

35.5 and 
13.9 GHz

Multitilt PPI and verti-
cally pointing opera-
tions

Precipitation 
microphysics

Vega et al. 
2010, 2014

Ka-band ARM zenith 
radar (KAZR)

35 GHz Vertically pointing Cloud properties Kollias et al. 
2007

Ka–W-band scanning 
ARM cloud radar 
(Ka–W SACR)

35 and 94 
GHz

Horizon-to-horizon 
RHI, crosswind sec-
tors, along-wind RHI, 
vertically pointing

Cloud properties Kollias et al. 
2014a,b
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weather conditions at Offutt 
AFB. The Citation was po-
sitioned for an additional 
1.5 hours to further sample 
weaker stratiform condi-
t ions coordinated with 
ground facilities. At the 
top altitude of the Citation 
stack (7.5 km MSL, −25°C), 
the stratiform region was 
supersaturated with re-
spect to ice. Optical array 
probe imagery showed large 
(>1-cm diameter) ice aggre-
gates mixed with smaller 
ice particles at this level 
(Fig. 5). Below 7.5 km MSL, 
humidity values were lower 
and less uniform, with some 
areas having a relative hu-
midity less than 80% with 
respect to ice. In general, the 
microphysical properties of 
this system were similar to 
the properties of trailing 
stratiform regions observed 
in other studies (e.g., Houze 
2014 and references therein) 
with particle size increasing 
downward and aggregation 
noted at lower altitudes.

Several radar observations complemented the 
aircraft observations, including the NOAA wind pro-
filers. Figure 6 shows profiles of reflectivity-weighted 

Doppler velocity spectra during stratiform rain on 
11 May (Figs. 6a,b,d,e). The S-band Doppler veloc-
ity spectra files (Figs. 6b,e) were sensitive only to 

Fig. 3. Large-scale meteorological conditions. Time series derived from the 
150-km ARM large-scale forcing dataset including the (a) profile of domain-
averaged RH, (b) domain-averaged rain rate, and (c) CAPE.

Table 5. Summary of MC3E cases.

Category Description No. of days 
sampled

Dates

1 Convective line/cell events 8 22 and 25 Apr

11, 18, 20, 23, 24, and 31 May

2 Widespread stratiform rain 3 27 Apr

1 and 10 May

3 Elevated weak (overnight) 
rain

3 23 and 24 Apr 

18 May

4 Boundary layer clouds 10 26 Apr

5, 13, 14, 15, 19, 27, 28, and 29 May

1 Jun

5 Mid- or upper-level clouds 7 2, 3, 8, 9, 25, and 26 May

2 Jun

6 Clear 14 Remaining days
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Fig. 4. (top) The 1200 UTC 11 May 2011 surface meteorological analysis based on National Centers for Environmen-
tal Prediction (NCEP) North American Regional Reanalysis (NARR) output showing the surface pressure (hPa; 
contours) and surface temperature (colors). The MC3E sounding array hexagon is indicated by the dashed lines. 
(bottom) RTMM image during MC3E field operations showing a PPI of radar reflectivity from the KVNX radar at 
1755 UTC with flight positions of ER-2 (red line) and Citation (white line) overlaid in the observational network.
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Fig. 5. Examples of (left) PSDs and (right) images from the HVPS-3 with the mean height (km MSL) and tem-
perature of the corresponding leg in order of descending height on 11 May.

hydrometeor motion (Rayleigh scattering returns, 
drop fall speeds plus ambient air motion), while the 
449-MHz profiler (Figs. 6a,d) was sensitive to both 
the ambient air motion (Bragg scattering returns from 
changes in the atmospheric refractive index caused by 
turbulence and humidity gradients) and the hydrome-
teor returns, as also sampled by the S-band radar. The 
air motion signal, if detected by the 449-MHz profiler, 
is much weaker than the hydrometeor motion signal 
and will produce a second peak in the 449-MHz pro-
filer spectra. To help isolate this weaker ambient air 
motion Bragg scattering peak in the 449-MHz profiler 
spectra, a dual-frequency retrieval technique used the 
S-band spectra to suppress the hydrometeor motion 
signal in the 449-MHz spectra (Williams 2012). The 
two profile times in Fig. 6 were selected because these 
hydrometeor profiles contained well-defined radar 
bright bands near 2.75 km (Figs. 6c,f). These times 
also had an updraft (Fig. 6a) or downdraft (Fig. 6c) 
exceeding 2 m s−1 near 1.5 km.

These Doppler spectra measurements were used to 
perform routine column air motion and DSD retriev-
als for most rain events during MC3E. While details 
of the air motion and DSD retrievals are provided 
by Williams (2016), Fig. 7 highlights time–height 
cross sections of S-band profiler reflectivity (Fig. 7a), 

profiler-derived mean raindrop diameter Dm (Fig. 7b), 
and 449/S-band dual-frequency technique air motion 
retrievals (Fig. 7c) for 11 May. The profiler-derived 
Dm results show vertical structures that mimic the 
reflectivity structure (Fig. 7a) more closely than the 
air motion structure (Fig. 7c). As highlighted with in-
dividual spectra profiles (Fig. 6), air motions exceeded 
2 m s−1 for downdrafts (blue colors) and updrafts (red 
colors) even while well-defined radar bright bands 
were near 3 km.

20 May 2011 MCSs. The “golden event” of the MC3E 
campaign, 20 May, occurred immediately following 
an extended period of precipitation-free days. Several 
ingredients came together, including southerly flow 
at the surface (Fig. 8, top), which provided sufficient 
low-level moisture return from the Gulf of Mexico. A 
strong north–south-aligned squall line with substan-
tial trailing stratiform shield formed and propagated 
across the MC3E domain (Fig. 8, bottom). Coordi-
nated aircraft operations predominantly focused on 
the sampling of the extended stratiform shield that 
developed after 1000 UTC over the SGP CF. Multi-
Doppler ground facilities also sampled initiating 
convection and the passage of the squall line over the 
SGP CF, in addition to the later stratiform conditions. 
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Fig. 6. Vertical profiles of reflectivity-weighted Doppler velocity spectral density during the 11 May 2011 rain 
event. Near 1940 UTC, (a) 449-MHz profiler spectra, (b) S-band profiler spectra, and (c) S-band profiler reflec-
tivity. Near 2046 UTC, (d) 449-MHz profiler spectra, (e) S-band profiler spectra, and (f) S-band profiler reflec-
tivity. Tick marks indicate retrieved vertical air motion and horizontal lines indicate retrieved air motion peak 
spectrum width. Colors represent reflectivity spectral density in logarithmic units of 10log[(mm6 m−3)(m s−1)−1]. 
While not occurring in all rain event profiles, these two profiles show the precipitation spectra breadth and 
reflectivity increasing in the lowest 500 m.

There was excellent coordination between the ER-2 
and Citation aircraft in stratiform regions (Fig. 8, 
bottom) for several hours. Here, we highlight these 
coordinated aircraft observations.

The coordinated ER2 and UND Citation measure-
ments offered the opportunity to examine the assump-
tions used in radar–radiometer forward models and 
validate the dual-wavelength retrieval results. Figure 9 
shows an example of the trailing stratiform rain with 
data from HIWRAP, CoSMIR, and the UND Citation 
in situ aircraft. The ER-2 flew a repeated pattern over 
the stratiform region, while the Citation descended in 
altitude underneath the ER-2’s flight line, collecting 

in situ data at temperatures between −20° and −2°C. 
The HIWRAP reflectivities were lower at Ka band 
compared to Ku band as a result of non-Rayleigh 
scattering and attenuation. The microwave brightness 
temperatures at 165 and 183 GHz were minimized on 
the right half of the line, indicating larger particle sizes 
in the ice region. GPM algorithm developers (Olson 
et al. 2016) are using data such as these for testing the 
physical assumptions in the satellite retrievals for ver-
tical distributions of hydrometers, mixed phase, etc. 
The ER-2 data are being used to test to what extent the 
observed reflectivities at Ku and Ka band agree with 
the forward-calculated reflectivities obtained using 
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Fig. 7. Vertical structure of precipitation during the 11 May 2011 rain event. (a) The S-band profiler reflectiv-
ity from 0.3 to 4 km, (b) profiler-derived mean raindrop diameter, and (c) vertical air motion retrieved from 
449-MHz/S-band dual-frequency retrieval method [see Williams (2012) for details]. Dashed line in (a) indicates 
maximum height of retrievals shown in (b) and (c).

in situ particle size distribution (PSD) and measured 
ice water content (IWC) observations.

23 May 2011 supercell. A strong dryline advanced 
over western Oklahoma by early afternoon on 23 May 
(Fig. 10, top), forcing the development of convection 
in a southwest–northeast direction by 1930 UTC. 
Convection propagated eastward into the MC3E 
target domain by 2200 UTC. The ER-2 overflew the 
intense developing convective line to the west of the 
CF, while the Citation sampled the fresh anvils to the 
south of the CF. Cells rapidly produced anvils that 
expanded to the east-southeast. These became the 
primary target for aircraft operations over the next 
several flight hours (Fig. 10, bottom). Several passes 

of the Citation and ER-2 were coordinated along 
N-Pol and C-SAPR range–height indicator (RHI) 
lines. Here, we highlight the scanning precipitation 
radar observations in comparison with the Citation 
observations.

The extensive ground instrumentation deployed 
during MC3E allowed for an integrated analysis of 
kinematic and microphysical interactions during this 
event. Figure 11 shows one example of the detailed 
observations available for storm dynamics studies. 
In Fig. 11, radar data were gridded using Cressman 
weighting to 500-m spacing and multi-Doppler syn-
thesis was performed using the National Center for 
Atmospheric Research’s (NCAR) Custom Editing and 
Display of Reduced Information in Cartesian Space 
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Fig. 8. (top) The 0600 UTC 20 May 2011 surface meteorological analysis 
based on NARR output showing the surface pressure (hPa; contours) and 
surface temperature (colors). The MC3E sounding array hexagon is indicated 
by the dashed lines. (bottom) RTMM image during MC3E field operations 
showing a PPI of radar reflectivity from the KVNX radar at 1430 UTC with 
flight positions of ER-2 (red line) and Citation (white line) overlaid in the 
observational network.

(CEDRIC) analysis package (Mohr and Miller 1983). 
The multi-Doppler synthesis includes two X-SAPRs 
and C-SAPR, supplemented with observations from 
the nearby KVNX radar that provided larger spatial 
coverage of the storm. The wind field retrievals 
were derived using variational methods that assume 
mass continuity (e.g., O’Brien 1970; Ray et al. 1980; 

Nelson and Brown 1987), 
techniques that may be fur-
ther refined using datasets 
such as those collected dur-
ing MC3E. High-resolution 
C-SAPR RHIs (Fig. 11a) 
showed a deep core extend-
ing up to 15 km with an 
overshooting top, while 
hydrometeor identification 
(HID; Dolan et al. 2013; 
see Fig. 11b) reveals ample 
hail in the core and melting 
hail/big drops falling out 
to the surface beneath the 
convection (e.g., Gatlin et al. 
2015). The multi-Doppler 
wind analysis matched near-
est in time to this detailed 
RHI indicated a maximum 
updraft speed exceeding 
25 m s−1. Upward motion is 
also indicated ahead of the 
main core (~30 km from 
C-SAPR), perhaps indicat-
ing a region of new growth 
as the storm propagated 
toward the east-northeast. 
Lightning analysis from 
the Oklahoma Lightning 
Mapping Array (LM A; 
MacGorman et al. 2008) 
detected a concentration 
of f lashes on the northern 
f lank of the main updraft 
(~40 km from C-SAPR), 
as well as f lashes extend-
ing into the neighboring 
stratiform region with the 
hydrometeor identification 
suggesting the presence 
of vertically oriented ice 
crystals.

Measurements from the 
UND Citation provided op-
portunities to evaluate ra-

dar retrievals. Figures 12a–d present gridded C-SAPR 
horizontal (5 km AGL) and vertical slices of equiva-
lent radar reflectivity and HID. During this event, 
the Citation sampled in rain [as indicated by the high 
liquid and total water contents near 2133 (~21.55) 
UTC in Fig. 12e] below a strong convective cell 
containing hail aloft (according to the hydrometeor 
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Fig. 9. One flight line from 20 May 2011 during MC3E. (left) Observed reflectivity at (top) Ku and (middle) Ka 
bands from HIWRAP, and (bottom) CoSMIR brightness temperature. (center) ER2 (red) and Citation (black) 
flight tracks. (right) Selected PSDs from particle probes on the Citation in the region just above the melting 
level. The mean particle concentration (blue circle) and error bars (red) for given size bins are shown. The 
curvature of the plots illustrates the nonexponential behavior of the PSD. The effect of aggregation of small 
particles as they fall is obvious from the increase in particle size with warmer temperatures.

identification retrieval in Fig. 12d). The Citation then 
climbed to the south, ascending through ice particles 
in the anvil to nearly 8 km AGL. The corresponding 
HID varied between vertical ice and dry snow. In 
situ measurements aboard the Citation indicated 
that when sampling in high number concentrations 
after 2139 (~21.65) UTC, there were particles as large 
as 1 cm in maximum diameter according to the 
imaging probe (Fig. 12f; see representative particle 
image showing snow aggregates at 2140 UTC). One 
exception was during periods of elevated liquid wa-
ter, as indicated by the King probe, where decreases 
in maximum diameter were noted (Fig. 12e). The 
ice sampled during this ascent tended to increase in 
bulk density to a value near 0.2 g cm−3 [determined 
via the methodology of Heymsfield et al. (2004) using 
the particle image shadow areas and the Nevzorov 
total water content]. This indicated higher-density 
particles than snow (e.g., Rutledge and Hobbs 1983), 
consistent with the sampling of rapid mixed-phase 
growth of ice of convective origin.

PRELIMINARY STUDIES OF RAINFALL 
AND DSD VARIABILITY. An important goal 
during MC3E was to quantify the variability of pre-
cipitation processes over spatial scales of the GPM 
core-satellite footprint and smaller to evaluate the 
impact of subgrid variability on satellite retrievals 
and model simulations. Seven 2DVDs were positioned 
within 6 km of the ARM SGP (Fig. 1c), with the maxi-
mum and minimum distances between these devices 
set at 9.2 and 0.35 km, respectively. This maximum 
distance between the 2DVDs was one way to judge 
the upper bound for our ability to determine spatial 
precipitation variability with these systems during 
MC3E (e.g., Bringi et al. 2015). Approximately six 
hundred 1-min rainy samples were collected from the 
2DVDs, avoiding time periods that may have included 
hail or mixed precipitation.

Initial 2DVD spatial rainfall variability studies 
adopted a three-parameter exponential function to 
represent the degree of horizontal rainfall and DSD 
parameter variability. A nugget parameter, defined 
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◀ Fig. 10. (top) The 1200 UTC 23 May 
2011 surface meteorological analysis 
based on NARR output showing the 
surface pressure (hPa; contours) and 
surface temperature (colors). The MC3E 
sounding array hexagon is indicated by 
the dashed lines. (bottom) RTMM image 
during MC3E field operations showing a 
PPI of radar reflectivity from the KVNX 
radar at 2333 UTC with flight positions of 
ER-2 (red line) and Citation (white line) 
overlaid in the observational network. 
The black/red square is the ARM Central 
Facility, the yellow bullseye is the C-band 
radar (C-SAPR), and the red bullseye is 
the N-Pol.

▶ Fig. 11. C-SAPR (a) reflectivity and (b) 
HID from an RHI at 2229 UTC along a 
189° azimuth. Corresponding (c) C-SAPR 
reflectivity and (d) HID from a PPI at 1.2° 
at 2230 UTC. Vectors are storm-relative 
winds resulting from a multiple-Doppler 
synthesis from C-SAPR, two X-SAPRs, 
and KVNX at 2223 UTC. Circles denote 
lightning flashes that originated along the 
RHI during a 5-min period from 2225 to 
2230 UTC, where relative circle size rep-
resents the relative flash length. The HID 
color bar key in (b) and (d) is as follows: UC 
is unclassified, DZ is drizzle, RN is rain, CR 
is ice crystals, DS is dry snow, WS is wet 
snow, VI is vertical ice, LDG is low-density 
graupel, HDG is high-density graupel, HA 
is hail, and BD/MH is big drops/melting 
hail. The light purple polygons in (c) and (d) 
represent the locations of the RHI.
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Fig. 12. For the C-SAPR at 2134 UTC 23 May 2011, the (a) gridded effective reflectivity factor at 5 km AGL, 
(b) Colorado State University (CSU) hydrometeor identification, (c) at x = 25 km, a vertical cross section of the 
effective reflectivity factor, and (d) at x = 25 km, a vertical cross section of CSU hydrometeor identification. 
The track of the UND Citation aircraft from 2130 to 2148 UTC is shown with a black line in (a) and (c) and a 
white line in (b) and (d). (e) Over the same time period, a time series of the Nevzorov probe total water content 
(blue; g m−3), King probe liquid water content (red; g m−3), and effective density (dots; g m−3). (f) A time series 
of the combined HVPS-3 probe and the CIP PSDs (shaded; log scale). The insets show HVPS-3 probe imagery 
from two selected times: 2140 and 2144 UTC. The scale of the HVPS-3 image is shown.

as the correlation between rainfall distribution pa-
rameters from collocated 2DVD instruments, was 
also considered and this instrument correlation was 
allowed to vary between 0.90 and 0.99 (Tokay and 
Ozturk 2012; Tokay et al. 2014). A correlation distance 
may then be extracted from this dataset by minimiz-
ing the RMSE between the observed and predicted 
correction at a given distance. For warm-season pre-
cipitation in northern Oklahoma, a finding of a 4-km 
correlation distance for rainfall fits well with the ex-
pectation for convective cells (Fig. 13a). The observed 
correlations mostly followed the fitted curve, having 
an rmse of 0.12. The mass-weighted drop diameter 
Dm displayed an excellent fit, with an rmse less than 
0.06 for the MC3E events. The correlation distance 
for Dm ranged from 5.0 to 5.5 km, depending on the 
nugget parameter (Fig. 13b).

CONCLUSIONS AND FUTURE DIREC-
TIONS. NASA and DOE collaborated in MC3E 
to collect measurements characterizing the four-
dimensional properties of convective clouds and 
precipitation for the purposes of improving the rep-
resentation of the convective life cycle in atmospheric 
models and the reliability of satellite-based retrievals 

of precipitation. Toward these goals, three major 
targets of the campaign were 1) observations of the 
vertical and horizontal structure of the atmospheric 
thermodynamic state for the derivation of large-scale 
forcing conditions for cloud-model simulations, 
2) characterization of the variability of cloud and 
precipitation microphysical properties through the 
convective cloud life cycle, and 3) identification of 
updraft and downdraft dynamics within convective 
clouds. Through discussion of three precipitation 
events observed during MC3E, the manuscript pres-
ents examples of how these targets were achieved with 
examples of analyses from the major observational 
platforms. The coordinated efforts resulted in a very 
successful MC3E field campaign whose datasets will 
be the focus of scientific research for many years. 
Ongoing and future research efforts are aimed at 
using these observations to find new insights into 
the dynamics and microphysics of deep convective 
systems that will lead to improvements in model 
simulations and retrievals.

There are a number of current and ongoing re-
search projects using the MC3E dataset. A few of the 
recently completed, current, and anticipated research 
activities are related to the numerical modeling of 
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Fig. 13. Correlation coefficient (correlations between collocated 2DVD 
instruments) as a function of distance for warm-season MC3E precipitation 
events. These correlations are plotted for the estimates of (a) rainfall and 
(b) the mass-weighted drop diameter.

continental precipitating 
systems (e.g., Tao et al. 2013; 
Gustafson et al. 2014; Lang 
et al. 2014), satellite-based 
precipitation retrieval al-
gorithm development and 
associated ground valida-
tion studies (e.g., Matsui 
et al. 2013; Heymsfield et al. 
2013; Kuo et al. 2016; Olson 
et al. 2016; Bringi et al. 2015; 
Leppert and Cecil 2015; 
Williams 2016), deep con-
vective vertical velocities 
(Giangrande et al. 2013a), 
the tracking and large-eddy 
simulation (LES)-scale mod-
eling of shallow cumulus 
(Borque et al. 2014; Mechem 
et al. 2015), dual-polariza-
tion radar rainfall processing 
and estimation at shorter 
wavelengths (Giangrande 
et al. 2013b; Giangrande 
et al. 2014), evaluation of re-
analysis product representa-
tion of the low-level jet (Berg 
et al. 2015), and studies of 
cold pools and convective 
redevelopment, melting-
layer precipitation micro-
physics studies (Heymsfield 
et al. 2015).
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APPENDIX: MC3E DATASET ACCESS. 
Following DOE and NASA data-sharing policies, 
all data collected during MC3E is publicly available. 
Data are stored in several different archives depend-
ing on the funding agency, measurement status, and 
data product type. NASA-funded measurements 
including those from the ER-2 and Citation plat-
forms, the N-POL and disdrometer, and the rain 
gauge network are archive by the Global Hydrology 
Resource Center (GHRC) on the GPM Ground Vali-
dation Data portal (http://gpm.nsstc.nasa.gov/). All 
standard ARM observations at the SGP including 
radar, lidar, radiation, and meteorology are avail-
able via the ARM data archive (www.archive.arm 
.gov). Campaign-specific datasets collected during 
MC3E under ARM funding are available in the ARM 
Intensive Operational Period (IOP) archive (http://
iop.archive.arm.gov/arm-iop/2011/sgp/mc3e).
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