JANUARY 2018

ERLINGIS ET AL.

113

Evaluation of Operational and Experimental Precipitation Algorithms and
Microphysical Insights during IPHEx
JESSICA M. ERLINGIS,a,b,c,d JONATHAN J. GOURLEY,b,c PIERRE-EMMANUEL KIRSTETTER,c,d,e
EMMANOUIL N. ANAGNOSTOU,f JOHN KALOGIROS,g MARIOS N. ANAGNOSTOU,h
i
AND WALT PETERSEN
a

Cooperative Institute for Mesoscale Meteorological Studies, University of Oklahoma, Norman, Oklahoma
b
School of Meteorology, University of Oklahoma, Norman, Oklahoma
c
NOAA/National Severe Storms Laboratory, Norman, Oklahoma
d
Advanced Radar Research Center, University of Oklahoma, Norman, Oklahoma
e
Department of Civil Engineering and Environmental Science, University of Oklahoma, Norman, Oklahoma
f
Department of Civil and Environmental Engineering, University of Connecticut, Storrs, Connecticut
g
Institute of Environmental Research and Sustainable Development, National Observatory of Athens, Athens, Greece
h
Department of Water Resources, School of Civil Engineering, National Technical University of Athens, Athens, Greece
i
NASA Marshall Space Flight Center, Huntsville, Alabama
(Manuscript received 28 April 2017, in final form 22 October 2017)
ABSTRACT
During May and June 2014, NOAA X-Pol (NOXP), the National Severe Storms Laboratory’s dualpolarized X-band mobile radar, was deployed to the Pigeon River basin in the Great Smoky Mountains of
North Carolina as part of the NASA Integrated Precipitation and Hydrology Experiment. Rain gauges and
disdrometers were positioned within the basin to verify precipitation estimates from various radar and satellite precipitation algorithms. First, the performance of the Self-Consistent Optimal Parameterization–
Microphysics Estimation (SCOP-ME) algorithm for NOXP was examined using ground instrumentation as
validation and was found to perform similarly to or slightly outperform other precipitation algorithms over
the course of the intensive observation period (IOP). Radar data were also used to examine ridge–valley
differences in radar and microphysical parameters for a case of stratiform precipitation passing over the
mountains. Inferred coalescence microphysical processes were found to dominate within the upslope region,
while a combination of processes were present as the system propagated over the valley. This suggests that
enhanced updrafts aided by orographic lift sustain convection over the upslope regions, leading to larger
median drop diameters.

1. Introduction
Areas of complex terrain are particularly of interest to
the hydrometeorological community because of their
importance to water resources, natural hazards such as
flash flooding and landslides, and challenges in obtaining
atmospheric and hydrologic measurements. The influence of orography on rainfall patterns, the drop size
distribution (DSD), and the associated microphysical
processes have received attention with the goal of
improving the understanding of the structure of precipitation and its link with the hydrometeorological
processes (Gori and Joss 1980; Prat and Barros 2010;
Porcù et al. 2013; Wilson and Barros 2014). A specific
Corresponding author: Jessica M. Erlingis, jerlingis@ou.edu

type of orographically enhanced precipitation process,
in which precipitation growth occurs primarily below the
freezing level through the collision–coalescence process,
is particularly dangerous, as it triggers flooding events
and can be underestimated by weather radars and satellite spaceborne sensors (Vitale and Ryan 2013; Grams
et al. 2014). This underestimation is the consequence of
DSDs consisting of relatively high concentrations of
small drops (Squires 1956; Ulbrich and Atlas 2008) and
median droplet size increasing toward the surface (Xu
et al. 2008).
In addition to the vertical DSD variability effect,
quantitative estimates of precipitation using operational
radars in mountainous terrain suffer from ground clutter, partial beam blockage, limited measurement of the
vertical structure of precipitation, and spatial variability
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FIG. 1. Map of NOXP (yellow star) and the surrounding vicinity. Outlined in black is the PRB, and its subcatchments are outlined in green. Disdrometer sites (with collocated PARSIVEL disdrometers and NASA dualplatform rain gauges) are marked with blue circles, and GSMNP-RGN gauges are marked with purple circles.
Range rings correspond to 25 and 50 km from the radar.

of the DSD governing Z–R relationships (Klazura and
Imy 1993; Westrick et al. 1999; Young et al. 1999;
Maddox et al. 2002; Krajewski et al. 2006). These factors
limit the measurement of the vertical structure of
precipitation (especially at low levels) and the spatial
variability of DSD. To mitigate these problems, highfrequency gap-filling radars may be positioned in complex terrain to supplement operational coverage
(Matrosov et al. 2005; Gourley et al. 2009; Jorgensen
et al. 2011; Picciotti et al. 2013).
Traditionally, radar–rainfall relationships are of
the power law form Z 5 aRb, but including dualpolarization information can reduce uncertainty due to
the effect of DSD variability on the Z–R relationship.
Specifically, polarimetric radar data provide detailed
information regarding the microphysical properties of
precipitation such as hydrometeor phase, size, shape,
and orientation (Zrnić and Ryzhkov 1999; Ryzhkov
et al. 2005a). It is often possible to discern the dominant
precipitation microphysical processes in precipitation by
analyzing their polarimetric signatures. Specific differential phase (KDP) is independent of receiver and
transmitter calibrations and is unaffected by attenuation

(which is advantageous at X-band frequency), less affected by beam blockage, and unaffected by ground
clutter. Specific differential phase is also useful in regions experiencing beam blockage and in detecting the
radar bright band (which can cause overestimation if
using a Z–R relationship) (Zrnić and Ryzhkov 1999).
At X-band, KDP is nearly linearly related to rainfall
rate, making formulations of rainfall algorithms convenient (Ryzhkov et al. 2005a; Cifelli et al. 2011). Other
radar–rainfall relationships include similar power law
expressions of rainfall with reflectivity Z, differential
reflectivity ZDR, and KDP (Bringi and Chandrasekar
2001; Ryzhkov et al. 2005b; Anagnostou et al. 2013),
though a new algorithm for dual-polarization quantitative precipitation estimation (Kalogiros et al. 2013)
based on microphysical retrievals is tested in this study.
The study of orographic precipitation and its related
mechanisms has led to specific experiments in mountainous regimes. In particular, the meteorology and
hydrology of the Great Smoky Mountains have been the
focus of studies related to precipitation processes in
previous years (Prat and Barros 2010; Wilson and Barros
2014, 2015; Duan et al. 2015). Wilson and Barros (2014)
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TABLE 1. Characteristics of NOXP.
Latitude
Longitude
Altitude MSL (m)
Frequency (MHz)
Wavelength
Peak power at antenna port (kW)
Antenna type
Antenna gain (dBi)
23-dB antenna aperture
Polarization
Rotation speed (rpm)
Range
Pulse length

35.564198N
82.911238W
1176
9410
3.22 cm
162.2 (81.1 per channel)
Parabolic dish
45.5
0.98
Dual linear
0–5
111 km (for 1350 pulses s21)
1 ms

relate the increase of reflectivity toward the ground in
Micro Rain Radar observations with the interactions
between low-level clouds and fog and precipitation, as
well as model moisture convergence patterns required
to produce the low-level phenomena. An intensive observation period (IOP) for the Integrated Precipitation
and Hydrology Experiment (IPHEx; Barros et al. 2014),
part of the NASA’s ground validation (GV) campaign
for the Global Precipitation Measurement (GPM; Hou
et al. 2014) mission satellite launched 27 February 2014,
took place from 1 May to 15 June 2014 in the Great
Smoky Mountains of western North Carolina. As part of
the experiment, the National Severe Storms Laboratory’s (NSSL) mobile dual-polarization X-band radar,
NOAA X-Pol (NOXP), was deployed to the Pigeon
River basin (PRB). During that time, several events
were sampled, ranging from morning fog to diurnally
driven convection to landslide-inducing thunderstorms.
The field experiment also leveraged a network of
tipping-bucket rain gauges [Great Smoky Mountain
National Park Rain Gauge Network (GSMNP-RGN)],
which has been in place in the southern Appalachians
since 2007 as a joint endeavor between Duke University
and the University of North Carolina at Asheville. Additional ground instrumentation included a network
of dual-platform rain gauges, a disdrometer network,
NASA’s NPOL S-band radar, and NASA’s groundbased radar, D3R (Chandrasekar et al. 2010). The
NASA ER-2 and the University of North Dakota
(UND) Citation aircraft carried a number of passive and
active sensors, and the GPM satellite also sampled
events during this time. The locations of relevant ground
instrumentation and NOXP are shown in Fig. 1. A description of the ground instrumentation is included in
section 2a.
The purposes of this study are 1) to evaluate the performance of several different precipitation algorithms
to assess the utility of a gap-filling radar in complex terrain

FIG. 2. Hybrid scan constructed to account for beam blockage from
terrain and other obstacles near the radar site.

and 2) to examine the evidence for possible orographic
enhancement near local climatological precipitation
maxima. The precipitation algorithms include a variety of
radar and satellite techniques. Additionally, products being evaluated have different spatial and temporal resolutions and quality control measures. The precipitation
algorithms to be evaluated in this work are as follows:
1) Stage IV (;4 km grid spacing/hourly), 2) multiradar
multisensor (MRMS) radar-only estimates (1 km grid
spacing/5 min), 3) MRMS gauge-corrected (GC) estimates (1 km grid spacing/hourly), 4) NOXP dualpolarization QPE (gridded to 250 m/;5 min for azimuth
surveillance mode), and 5) the Climate Prediction Center
morphing method (CMORPH; 8 km/hourly).
Section 2 describes relevant instrumentation deployed during IPHEx as well as the rainfall algorithms.
Section 3 presents an evaluation of the performance of
the precipitation algorithms over the IOP and a microphysical analysis of a rainfall event impinging on terrain
on 27 May 2014. Summary and conclusions are contained in section 4.

2. Methodology
a. Instrumentation
The specifications for NOXP are shown in Table 1.
The NOXP site was located on a ridge below the
Chambers Mountain fire station near the center of
the Pigeon River basin. The scanning strategy was a
series of plan position indicator (PPI) surveillance scans
in a modified volume coverage pattern (VCP) 12, with
the addition of a 0.18 tilt. Given a pulse repetition frequency of 1350 s21, the radar data had an unambiguous
range of 111 km. Unfortunately, the radar experienced
severe blockage due to nearby trees and terrain at lower
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FIG. 3. 1 May–15 Jun precipitation accumulations for hours when NOXP was operating for (a) MRMS radar only, (b) MRMS gauge
corrected, (c) Stage IV, (d) CMORPH, and (e) NOXP.

elevation angles from about 3308 to 1158 in azimuth.
However, NOXP was positioned to sample the atmosphere above networks of ground instrumentation and
three small catchments within the larger PRB previously
studied by Tao and Barros (2013): the Cataloochee Creek
basin (128 km2), the East Fork Pigeon River basin
(131 km2), and the West Fork Pigeon River basin (71 km2).
The radar was also capable of performing range–height
indicator (RHI) scans and vertically pointing scans for
differential reflectivity ZDR calibration. RHI scans were
performed primarily in coordination with aircraft and
NPOL at the direction of mission scientists, but also for
storms of interest to the radar operator. In total, NOXP
collected nearly 182 h of data and over 3300 RHI scans.
Hybrid scans were produced based on the beam height
above terrain (shown in Fig. 2), with a correction to account for trees near the radar site, especially to the west
and southwest.

b. Precipitation algorithms
Stage IV precipitation (Lin and Mitchell 2005) is
available hourly from NCEP on the Hydrologic Rainfall
Analysis Project (HRAP) grid, which has 4-km grid
spacing nominally. It is an hourly multisensor product
including estimates from the WSR-88D operational radar network, GOES infrared satellite products, and rain
gauges, and it includes manual quality control from
forecasters at River Forecast Centers (RFCs).

The MRMS (Zhang et al. 2016) suite of products
includes a national mosaic of instantaneous rainfall rate
at 0.018 3 0.018 grid spacing and 2-min temporal resolution. These estimates are computed from a mosaic of
hybrid scan reflectivity that includes weights for how far
in range the pixel is from nearby radars. An appropriate
Z–R relationship is chosen based on the inferred precipitation type based on both radar and environmental
data at each grid point. This study incorporates both the
radar-only QPE product and the product adjusted based
on Hydrometeorological Automated Data System
gauge corrections.
The CMORPH (Joyce et al. 2004) precipitation estimates are generated from infrared (IR) measurements
from multiple geostationary satellites and from passive
microwave (PMW) precipitation estimates aboard other
satellite platforms, which are available at coarser temporal resolutions. The ‘‘morphing’’ in the moniker
CMORPH refers to using the IR data to propagate the
features seen in the more infrequent PMW precipitation
estimates to generate global precipitation estimates in
half-hourly increments at 8-km resolution.
The Self-Consistent Optimal Parameterization–
Microphysics Estimation (SCOP-ME) radar-processing
algorithm applied to the NOXP for radar observations in
liquid precipitation is described in detail in Kalogiros et al.
(2013), Anagnostou et al. (2013), and Kalogiros et al.
(2014), based on their work with the National Observatory
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FIG. 4. Comparison with the GSMNP-RGN for (a) MRMS radar only, (b) MRMS gauge corrected, (c) Stage IV, (d) CMORPH,
(e) NOXP, and (f) NOXP for gauges with less than 1500 m between the gauge and radar volume.

of Athens mobile dual-polarization Doppler X-band radar
(XPOL). Once the radar volume has been quality controlled and then corrected for attenuation (only in the
selected liquid precipitation regimes) and brightband effects as in Kalogiros et al. (2013), the precipitation rate is
estimated as follows (Anagnostou et al. 2013):
R 5 0:8106FR (m)NW D4:67
0 fR (D0 ) .
2

(1)

The rainfall rate is based on a normalized gamma drop
size distribution (Testud el al. 2000; Illingworth and
Blackman 2002):

n(D) 5 NW f (m)

D
D0

m



D
exp 2(m 1 3:67)
,
D0

(2)

where n(D) (m23 mm21) is the volume density, D0 (mm)
is the median volume diameter, NW (mm21 m23) is the
intercept parameter, and m is the shape parameter of the
DSD. In Eq. (1), the factor fR2 (D0 ) accounts for an exponential relationship between terminal velocity and
drop diameter. The other variables in Eq. (1) are determined from radar measurements by

FR (m) 5 0:6 3 1023 p 3 3:78
3

6 (3:67 1 m)m14
3:674 G(m 1 4)

G(m 1 4:67)
,
(m 1 3:67)(m 1 4:67)

(3)

where G is the gamma function and m is the shape parameter. The remaining DSD parameters, D0 and NW,
are estimated using third-order rational polynomial regression functions to characterize the Mie scattering effects, while m is constrained using long-term disdrometer

TABLE 2. Summary statistics for rainfall products.

Product

Normalized
bias

NRMSE

R2

MRMS (raw)
MRMS (GC)
Stage IV
CMORPH
NOXP
NOXP (dz , 1500 m)

28.48%
27.23%
20.02%
229.87%
221.17%
217.42%

0.97
0.85
0.62
1.16
0.92
0.86

0.48
0.59
0.62
0.07
0.55
0.61
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FIG. 5. PRISM annual rainfall climatology (mm) over the
IPHEx domain.

data. The reader is referred to the aforementioned references for a complete description of the SCOP-ME algorithm. A 210-dB bias in reflectivity was found when
checking the calibration of NOXP against the nearest
disdrometer. After the bias was removed, this algorithm
was used to process the raw NOXP data and produce
precipitation estimates. The ground validation campaign
data have been published online at https://fcportal.nsstc.
nasa.gov/iphex/.

3. Results
a. Performance of precipitation algorithms
The spatial patterns of precipitation for the IOP period (1 May–15 June 2015) during the hours when
NOXP was operating are shown in Fig. 3. The finer grid
spacing of the MRMS products provides a more refined

VOLUME 19

picture of precipitation patterns than the Stage IV
product. The CMORPH satellite product shows lower
precipitation totals across the basin. While the NOXP
accumulations reveal some radial discontinuities due to
uncorrected blockages, the measurements capture the
finer details in the western part of the basin, specifically
the local maximum along the ridgeline to the west of
the radar.
The performance of the precipitation algorithms was
evaluated using the normalized bias, normalized rootmean-square error (NRMSE), and Pearson correlation
coefficient relative to both the GSMNP-RGN and the
network of dual-platform NASA gauges. Gauges that
were flagged for quality control issues (clogged, tipped
over, etc.) were not used. Dual-platform gauges that
differed by more than 10% were also discarded. The
GSMNP-RGN spans a larger range of elevations than
the network of NASA gauges, as the former gauges were
specifically placed to study precipitation processes at
high elevations. Heights for gauges used in this study in
the GSMNP-RGN range from 925 to 2003 m, while the
NASA gauges are sited from 589 to 1956 m. Additionally, Particle Size Velocity (PARSIVEL; Löffler-Mang
and Joss 2000) disdrometers were collocated with dualplatform NASA gauges at some sites.
For consistency, only hours when NOXP was operating were considered for the analysis, though the other
products were available outside of this time frame.
Scatterplots comparing the QPE produced by each algorithm to ground observations are shown in Fig. 4 for
hourly accumulations for the IPHEx IOP period
(1 May–15 June). The lowest unblocked (less than
5% blockage) elevation angle for NOXP was used, and
the analysis was restricted to hours with greater than
0.01-mm accumulation and an hourly average of less
than 5% melting layer contamination. Bulk statistics are
shown in Table 2.

FIG. 6. Radar reflectivity for PPI scans at the 2.48 elevation angle for (a) 1153, (b) 1216, and (c) 1248 UTC. Range rings are shown every
20 km from the radar. Underlying terrain is contoured every 500 m.
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FIG. 7. RHI scan at 1221 UTC at 2608 in azimuth for (a) reflectivity, (b) specific differential phase, (c) differential
reflectivity, and (d) correlation coefficient. The terrain height is filled along the x axis.

The products derived from operational radars, STAGE
IV, and MRMS are relatively unbiased, though these
products are subjected to the challenges radars face in
complex terrain. The satellite-based CMORPH product
does not estimate higher rain rates well, but it correlates better for lower rain rate events. Additionally,
satellite products that are dependent on cloud-top temperatures will not capture enhanced rain rates because of
microphysical processes in the liquid phase of the cloud,
including collision–coalescence processes. Though negatively biased because of its detection of small rainfall rates,
the precipitation estimates from NOXP show slightly
better performance than those derived from the operational WSR-88Ds before the products have been postprocessed and corrected by gauges. Precipitation from
NOXP performs similarly to postprocessed radar products (MRMS GC and Stage IV), even though the NOXP
estimates have not been corrected by gauges. Similar
performance with the SCOP-ME algorithm has been
shown at other field sites with complex terrain, such as
northeast Italy (Anagnostou et al. 2017) and Athens,
Greece (Anagnostou et al. 2013; Kalogiros et al. 2013).
The improved low-level coverage provided by NOXP
captures near-ground microphysical processes in greater

detail, and an illustrative example of its utility in areas of
complex terrain is presented in the following section.

b. Orographic enhancement of precipitation
The PRISM climatology of precipitation (Daly et al.
1994, 2008) over the PRB is shown in Fig. 5. The PRISM
climatology is a regression from station data onto DEM
cells weighted by several factors: location, elevation,
proximity to the coast, and orientation of the topography, among others. Local maxima in precipitation are
found along ridgelines to the west and south of the PRB,
and it is posited that orographic enhancement of precipitation is a cause of these patterns. The PPI and RHI
NOXP data were examined to find cases where storms
were propagating upslope. Of these data, the case of
widespread stratiform precipitation with embedded
convection (Fig. 6) in the morning hours of 27 May 2014
was sampled by NOXP and will be presented as a case
study of orographic effects on precipitation microphysics. Preceding the event, fog and low-level clouds were
observed, characteristic of the Great Smoky Mountains.
Surface winds were from out of the west-southwest to
west, resulting in upslope flow in the western portion of
the PRB.
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FIG. 8. CFADs from RHI scans in the 1200–1300 UTC hour over the (top) ridge and (bottom) valley for (a),(d) reflectivity; (b),(e) differential
reflectivity; and (c),(f) median volume diameter. Quantile values for the 25th, 50th, and 75th percentiles are overlaid in black.

Over the course of the event, the radar operator
performed sets of RHIs for areas of interest, interspersed with volume scans to accomplish the primary
objective of precipitation estimation. Three sets of RHIs
were performed within the 1200 UTC hour for a total of
54 scans. A representative example of the structure of
precipitation in the RHIs is shown in Fig. 7. There is a
well-defined bright band just below 4 km MSL, with the
heaviest precipitation falling along the ridgeline and
tapering off toward the valley. The polarimetric signatures present include the prominent melting layer (high
Z and ZDR; low correlation coefficient) and a signature
of riming over the higher terrain. The signature of riming includes an increase of Z and a decrease of ZDR from
the upper regions of the cloud toward the melting layer
and a ‘‘sagging’’ of the bright band due to the increased
terminal velocity of falling rimed particles (Kumjian
et al. 2016). Below the melting layer, there is an increase
of Z and ZDR toward the ground because these particles
are becoming liquid, are large in size, and are efficient
collectors of smaller drops as they fall.
Contoured frequency by altitude diagrams (CFADs;
Yuter and Houze 1995) of reflectivity and differential
reflectivity are shown in Figs. 8a, 8b, 8d, and 8e for the
RHI scans at ridge and valley locations. The ridgeline is
defined as 20–30 km in range from 2258 to 3158 in azimuth. The valley locations are defined as 5–15 km in
range for the same azimuthal sector. RHIs were used in

lieu of PPIs at this stage because of the limited vertical
extent of the VCP over the valley locations. Of the
54 RHI scans within this time frame, 20 occurred within
this sector. The 25th-, 50th-, and 75th-percentile values
are shown at each height bin. The CFADs reveal a wider
distribution of Z and ZDR over the ridgeline and narrower distributions over the valley. The magnitudes of Z
and ZDR values over the ridge are larger over the vertical profile than those over the valley. The slope in reflectivity with height above the melting layer is steeper
over the valley than over the ridge. This characteristic
has been observed previously by Wilson and Barros
(2014) using Micro Rain Radars at the seasonal time
scale. The vertical profile over the ridge reveals the
presence of two different slopes in reflectivity above the
bright band, including a segment centered on 25 dBZ
from 4 to 7 km MSL. This is due to a higher concentration of supercooled liquid water droplets and/or the
riming of ice particles. The nearly vertical slope of ZDR
values greater than zero in the same region would also
suggest that this is likely. Over the terrain, updrafts may
be enhanced and sustained, promoting the existence of
these hydrometeors. Above 7 km, the profiles over the
ridge and valley are quite similar.
CFADs were also produced for the median volume
diameter D0 of the DSDs and are shown in Figs. 8c and
8f. As with the profiles of Z and ZDR, the profiles of D0
over the valley have a narrower distribution than those
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FIG. 9. CFADs from RHI scans for selected cases with a stratiform component over the (top) ridge and (bottom)
valley for (a),(c) reflectivity and (b),(d) differential reflectivity. Heights are relative to the brightband position.
Quantile values for the 25th, 50th, and 75th percentiles are overlaid in black.

over the ridge. The larger drops over the ridgeline
suggest the dominance of coalescence processes and
convection over the mountains. The concentration of
smaller drops over the ridgeline (spectra corresponding
to the left-hand side of the distribution of D0) were also
observed over the mountains during the Hydrological
Cycle in Mediterranean Experiment (HyMEX) field
campaign in France and were attributed to the presence
of updrafts resulting in longer falling times for small
drops (Zwiebel et al. 2016). This is also a possible explanation for this observation, as well as some contribution from breakup as the larger drops fall.
Although the primary goal of NOXP’s scanning
strategy during the IOP was to generate basinwide QPE
over the PRB, and RHIs were primarily performed in
support of research aircraft operations, there was a small
subset of RHIs of opportunity. Four brief, additional
time periods with stratiform signatures present (1925–
1955 UTC 25 May, 0334–0402 UTC and 2323–2356 UTC
5 June, and 2302–2314 UTC 12 June) were included with
the RHI scans from 27 May to produce CFADs (relative
to the position of the bright band) from a total of
131 RHIs in the sector of interest (Fig. 9). These data

reflect the same general patterns as those in the 27 May
case, with steeper slopes and higher values in reflectivity
over the ridge above the bright band, indicative of larger
supercooled liquid water content in this space. Below
the bright band over the ridge, slopes of Z and ZDR are
more negative, which is indicative of coalescence processes. Distributions of reflectivity and ZDR values from
the bright band to the surface also have a larger right tail
over the ridge, indicating the presence of larger drops
and/or melting aggregates at this location. Because the
27 May case had the most spatial coverage of the stratifom region, only those RHI scans will be considered in
the subsequent analysis.
To discern the microphysical processes governing the
precipitation in the 27 May case, the framework described by Kumjian and Ryzhkov (2012) (henceforth
KR) and used in Kumjian and Prat (2014) was employed. Within this parameter space, the differences in
reflectivity and differential reflectivity between bins just
below the bright band and bins at the lowest gate (representing the surface; median fall distances of 870 and
1370 m for the ridge and valley, respectively) are used to
determine the dominant microphysical regime of the
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FIG. 10. Density plots of KR diagrams for RHIs over the (a) valley and (b) ridge and PPIs over the (c) valley and
(d) ridge. For reference, the qualitative descriptions of dominant microphysical regime are annotated in (a).

precipitation: size sorting/evaporation, breakup, coalescence, and a balance between breakup and coalescence. Size sorting/evaporation and coalescence result
in an increase in differential reflectivity from the bright
band to the surface, while breakup and the breakup–
coalescence balance exhibit a decrease in differential
reflectivity. In coalescence and breakup–coalescence
regimes, reflectivity increases, while in size sorting/
evaporation and breakup processes, there is a negative
change in reflectivity from the bright band to the surface.
These regimes are annotated in the following figures for
convenience.
The differences in Z and ZDR on 27 May 2014 in KR
space, derived from the RHI scans within the 1200 UTC
hour, are shown in Figs. 10a and 10b for locations along
the ridge and valley. The KR parameter space from the
PPI scans (39 full volume scans) from 1100 to 1500 UTC
are shown in Figs. 10c and 10d. Over the valley, a variety
of microphysical processes are ongoing, and the distribution of points is nearly centered over the origin of the
KR plot. Over the ridge, the center of mass of the density
plot shifts into the upper-right quadrant dominated
by coalescence processes, as the melted aggregates fall
and increase in size. Because the pattern of microphysical

processes in the parameter space for both PPIs and RHIs
is similar, PPIs perhaps may be used to discern microphysical regime from operational radar data.

4. Summary and conclusions
An IOP for the IPHEx experiment was conducted from
1 May to 15 June 2015 in the Great Smoky Mountains of
North Carolina. During that time, the mobile dualpolarization radar, NOXP, was positioned within the Pigeon River basin for precipitation studies. Over the course
of the IOP, the SCOP-ME precipitation algorithm based
on NOXP radar observations performed comparably to,
in terms of rainfall rate estimation, products derived from
the operational radar network that benefited from a rain
gauge–based bias adjustment and much better than the
CMORPH satellite product when compared to independent research rain gauges in the region, particularly
in terms of correlation with observed hourly precipitation
totals. This result is attributed to the improved low-level
coverage provided by the gap-filling radar and successful drop size distribution and rainfall retrievals by the
SCOP-ME algorithm, as well as to the explicit use of
dual-polarization information. Such high-frequency radars
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could be used to supplement the operational WSR-88D
network without loss of performance in precipitation estimation in regions that suffer from more severe beam
blockage than the Great Smoky Mountains, such as the
western United States.
During the IOP, NOXP was also poised to observe the
interactions of precipitation with the Great Smoky
Mountains. On 27 May 2014, the radar was used to
observe a case of widespread stratiform precipitation.
Signatures of riming of ice particles and larger drops below the melting layer were observed over the ridgeline in
the sector 20–30 km west of the radar, whereas these signatures are absent over the valley (5–15 km in range).
CFADs of reflectivity and differential reflectivity suggest
the presence of a greater concentration of supercooled
water from 4 to 7 km MSL in this region, possibly due to
sustained and enhanced updrafts of moist (or fog laden)
air controlled by the topography. These patterns are
present in other limited series of RHIs. Below the bright
band and over the ridge, the change in Z and ZDR plotted
in KR parameter space suggests a regime dominated by
coalescence, while there is no dominant signal of one
microphysical regime over another over the valley. This
pattern is present both in PPIs and RHIs. In the absence of
RHIs, as in an operational radar setting, this suggests that
PPIs used in this framework may have utility in characterizing the dominant microphysical processes below the
melting layer, presuming there is reasonable radar coverage at low levels. The enhanced coalescence over the
ridgeline coincides with a climatological maximum in
precipitation, and this mechanism provides a partial microphysical explanation for enhancing rainfall rates in
these upslope regimes.
Although much of the success of the NOXP-derived
precipitation products is attributed to better low-level
radar coverage in the PRB, the location of the radar and
its coverage in the vertical is insufficient for addressing precipitation–fog interactions. This study suggests,
however, that in addition to precipitation–fog interactions and landform control of moisture convergence, the
effects of topography on microphysical processes play a
role in forming the observed precipitation gradients in
complex terrain.
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