
1.  Introduction
Landfalling tropical cyclones (TCs) are known to produce catastrophic damage from wind, heavy rainfall, and storm 
surge (e.g., Rappaport, 2000, 2014). While wind damage is typically the main focus of TCs, Rappaport (2014) 
found that water-related deaths accounted for 90% of landfalling Atlantic TC fatalities. Therefore, it is important 
to understand and quantify processes associated with excessive precipitation in TCs.

Microphysics in TCs are uncertain and observations often disagree with numerical simulations, which poses 
a challenge toward understanding TC structure, evolution, and intensity (e.g., Chen & Gopalakrishnan, 2014; 
Hristova-Veleva et al., 2021). Prior observational studies have shown that collision-coalescence and drop breakup 
are the dominant precipitation processes in warm rain events such as TCs (e.g., Atlas & Ulbrich, 2000; List 
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during, and after the storm center made landfall. It was found that the magnitude of collision-coalescence 
dominant precipitation decreased from before to after landfall. Further, the presence of a bright-band 
becomes more evident across all percentiles in the post-landfall overpass, indicating an increase in stratiform 
precipitation compared to convective precipitation after Laura moved inland. The PIPS showed an increase in 
mean drop size from 1.0 mm before landfall to as high as 4.0 mm in the eyewall, while decreasing to below 
1.0 mm as Laura continued to move inland with a decrease in maximum echo top height of 0.5–1.0 km. Last, 
the Dual-frequency Precipitation Radar (DPR) algorithm overestimated the normalized intercept parameter 
by 0.5–1.0 m −3 mm −1 compared to the PIPS implying differences in measured drop number concentration, 
potentially due to differences in measurement footprint or assumptions in the DPR retrieval algorithm. These 
findings can potentially be used to improve the DPR particle size distribution algorithm in tropical cyclones.

Plain Language Summary  Understanding the dominant precipitation processes in tropical cyclones 
(TCs) is important for quantifying the potential for flash flooding in warning operations and improving 
precipitation forecasts from numerical models. Hurricane Laura (2020) provided a unique opportunity to 
analyze precipitation processes throughout its evolution as numerous radars and instruments were deployed in 
various portions of the storm. As each observational method has advantages and disadvantages, a joint analysis 
between all sensors allows for a direct comparison of rainfall characteristics to better understand the evolution 
and distribution of precipitation in landfalling TCs. The results suggest that the space-borne radar may be 
overestimating rainfall concentration compared to the ground-based instruments, and considerable variations in 
raindrop size occurred between the outer portions of the storm compared to the storm center.
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et  al.,  1987). Polarimetric radar observations are useful in cases of landfalling TCs due to their high tempo-
ral resolution and large sampling domain (e.g., Didlake Jr. & Kumjian,  2018; Medlin et  al.,  2007), and can 
provide useful insight into dominant precipitation processes. This can be particularly beneficial in forecasting/
nowcasting operations (e.g., Cunha et al., 2013; Giangrande et al., 2008; Straka et al., 2000) and can be used 
for more accurate rainfall rate estimations compared to conventional Z-R relationships (Ryzhkov, Giangrande, 
& Schuur, 2005; You et al., 2019). Didlake and Kumjian (2017) analyzed polarimetric radar signatures to infer 
precipitation microphysical processes in Hurricane Arthur (2014), and determined that the highest values of 
low-level differential reflectivity (ZDR) occurred in the outer rainbands, whereas the lowest ZDR occurred in the 
inner rainbands and eyewall. This implies significant changes in the drop size distribution as a function of distance 
from the hurricane center. It has also been shown that there is typically a maximum in specific differential phase 
(KDP) displaced downwind from the relative maximum in ZDR that occurs in the eyewall which is indicative of 
hydrometeor size-sorting (e.g., Feng & Bell, 2019; Homeyer et al., 2021; Laurencin et al., 2020). This process 
occurs as smaller drops have a lower terminal velocity and are therefore advected further downwind, whereas 
larger hydrometeors fall out of the cloud at a faster rate (Kumjian & Ryzhkov, 2012). DeHart and Bell (2020) 
found that polarimetric radar observations in Hurricane Harvey (2017) and Hurricane Florence (2018) exhibited 
signatures associated with large concentrations of small and medium drops, with Harvey having the greatest 
particle size distribution (PSD) variability over time. These are similar to the results from Zheng et al. (2021), 
who also concluded that collision-coalescence and accretion are the dominant processes in mature inner rain-
bands. Further, Tokay et al. (2008) analyzed landfalling TCs from three disdrometer sites from 2004 to 2006 and 
found that all TCs contained large concentrations of small to medium-sized drops except when each storm had 
undergone extratropical transition. This is also consistent with Homeyer et al. (2021), who showed a variation 
in mass-weighted mean drop diameter (DM) ranging from 0.5 to 2.0 mm at various points in time throughout 
the evolution of Hurricane Harvey (2017) and Hurricane Florence (2018). Last, Brauer et al. (2020) found that 
training supercell thunderstorms in the outer rainbands of Hurricane Harvey contained large concentrations of 
medium-sized drops which contributed to the excessive precipitation event over the region.

Spatially within TCs, McFarquhar and Black (2004) analyzed two events and determined that there is a large vari-
ation in the drop size distribution from stratiform to convective regions. Prior work from Cecil et al. (2002) showed 
that ZH increases toward the surface within the warm cloud layer, particularly in the inner core of TCs. Kumjian 
and Ryzhkov (2012) and Carr et al. (2017) attributed this decrease in ZH with height with collision-coalescence 
or a balance between collision-coalescence and drop breakup depending on the slope of ZDR within the same 
layer. While dominant precipitation processes can be inferred from ground-based polarimetric radar observa-
tions, coarse vertical resolution and beam-broadening at a large range limits the extent in which these signa-
tures can be captured. For this reason, it is useful to complement ground-radar observations with space-borne 
radar retrievals which have a much finer vertical resolution and can provide vertical profiles of reflectivity and 
extracted PSD moments at snapshots in time (e.g., Hou et al., 2014; Porcacchia et al., 2019; Skofronick-Jackson 
et  al.,  2017). Additionally, space-borne radars such as the NASA global precipitation measurement (GPM) 
mission dual-frequency precipitation radar (DPR) tend to be much better calibrated compared to ground radars 
(Warren et al., 2018).

The tropical rainfall measurement mission (TRMM) was the first space-borne radar to sample precipitation in 
TCs after becoming operational in 1997 (Kummerow et al., 1998), and was able to properly identify the spatial 
and temporal variations in TCs in the low latitudes (Jiang et al., 2011). Since TRMM, the NASA GPM mission 
DPR was launched in February 2014 and is equipped with both Ku and Ka-band active sensors, and is capable of 
sampling TCs at higher latitudes, whereas TRMM was confined to 35°N/S (Hou et al., 2014; Skofronick-Jackson 
et al., 2017). Huang and Chen (2019) analyzed 68 TCs in the Western North Pacific using the DPR and deter-
mined that the 2 km DM was larger in regions of convection compared to areas of stratiform precipitation. It 
was also found that in regions of high precipitation efficiency, Ku-band reflectivity (KuPR) and DM increased 
toward the surface below the melting layer in both convective and stratiform areas implying drop growth via 
collision-coalescence. A similar framework was used by Porcacchia et al. (2019) who investigated the slopes of 
KuPR and KaPR from the DPR and ZH and ZDR from ground radars in warm rain events and found that precipi-
tation events that were characterized primarily by collision-coalescence typically have a lower ice content above 
the 0 C than non-collision-coalescence cases.
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Numerical simulations of Hurricane Rita (2005) were compared to TRMM space-borne radar retriev-
als, and showed that model output overestimated the magnitude of ice content compared to the observations 
(Hristova-Veleva et al., 2021). They further showed that the assumed PSD algorithm intercept parameter (N0) 
used in the weather research and forecasting model simulations resulted in differences between the observed and 
modeled reflectivity. Due to the known differences between PSD estimates from the space-borne radar retrievals 
in TCs and ground-based radar observations, in situ disdrometers can be used to calibrate polarimetric radar 
observations to precipitation moments in order better refine the DPR PSD algorithm (e.g., Liao et  al., 2014; 
Radhakrishna et al., 2016).

Ground-based disdrometer retrievals and aircraft-mounted optical array probe observations have historically been 
used to empirically derive ZH-weighted rainfall rate relationships in TCs, commonly known as Z-R relationships 
(e.g., Jorgensen & Willis, 1982; Ulbrich & Lee, 2002; Wilson & Pollock, 1974). However, microphysical and 
precipitation processes near the surface using ground radars can only be inferred as these retrievals are prone 
to discrete sampling due to beam broadening, attenuation at higher frequencies such as C-band and X-band, 
partial beam filling, and increasing beam height with range (e.g., Kirstetter et al., 2013; Ryzhkov, 2007; Zhang 
et al., 2013). Therefore, it is important to obtain observations at the ground to more accurately quantify PSD 
moments. Many field campaigns have compared mobile radar retrievals to disdrometer observations and have 
found differences between radar reflectivity and disdrometer-derived reflectivity for these reasons (e.g., Kalina 
et al., 2014; Sheppard & Joe, 1994). Merceret  (1974) gathered aircraft foil impactor measurements in Hurri-
cane Ginger (1971), and found that an exponential distribution provided an accurate fit for the PSD, which is 
also true in other cases as uncertainties are higher when using a gamma distribution to estimate PSD moments 
(Smith, 2003). A network of 2D video disdrometers, a Joss–Waldvogel disdrometer, and OTT parsivel disdrom-
eters in Huntsville, AL sampled precipitation events over 6 months and found that when DM < 0.76 mm, the 
Parsivel disdrometers greatly underestimated drop concentration (Tokay et al., 2013). Further, the same study 
concluded that PSDs that were skewed by drops >2.4  mm yields an overestimation of drop concentration. 
Another study compared OTT parsivel disdrometers with 2D video disdrometers for 36 rainfall events in South 
Korea, where the Parsivels were found to overestimate DM when using a gamma distribution while underestimat-
ing the magnitude of log10(Nw) (Park et al., 2017). With the known disadvantages of the parsivel disdrometers 
such as a high uncertainty of PSD quantities at a DM > 5 mm in addition to a high bias in log10(Nw) at values of 
DM > 2.4 mm, these in situ observations can be used to calibrate both ground and space-borne radar retrievals of 
PSD moments (e.g., Lee & Zawadzki, 2006; Tokay et al., 2013). GPM DPR retrievals were compared to disdrom-
eter observations in China, and it was shown that stratiform precipitation regions in warm season rainfall events 
showed the largest values of N0, slope parameter (Λ), and shape factor (μ) compared to areas of convection and 
winter precipitation cases (Wu et al., 2019). Disdrometer observations from seven Atlantic TCs were collected 
from 2004 to 2006 and showed that DM was largely lower than 4 mm and PSDs consisted of a large concentration 
of small drops throughout the entire TC evolution before extratropical transition (Tokay et al., 2008). As disdrom-
eter observations frequently suffer from measurement and sampling biases, it is useful to compare the portable 
in situ precipitation station (PIPS) retrievals to ground and space-borne radar observations to more accurately 
quantify the evolution and magnitude of PSD moments throughout different portions of Hurricane Laura before, 
during, and after landfall. While the comparison between remote sensing retrievals and disdrometer observations 
is useful, the differences in horizontal footprints between the GPM DPR (5 km), SR1-P (37.5 m gates), and point 
observations from the PIPS must be considered.

Given the importance of accurately predicting the water threat that TCs pose, combined with the uncertainties 
of radar observations (particularly at the low levels), and the general lack of detailed in situ observations near 
the surface, a need exists for an in depth look at available remote data sources compared to direct observations. 
Such a detailed look would provide valuable insight into the Z-R relations used in TC forecasting/nowcasting and 
allow for a more accurate threat representation when viewing remote sensing observations (such as radar) during 
events. Further, an improved understanding of TC microphysics would benefit future microphysical parameteri-
zation schemes in numerical models to better predict TC structure and evolution.

The combination of one OU-CIMMS polarimetric C-band Shared Mobile Atmospheric Research and Teaching 
(SMART) polarimetric radar (SR1-P) (Biggerstaff et al., 2005), four PIPSs (Dawson et al., 2017) equipped with 
parsivel laser disdrometers (locations shown in Table 1), and two overpasses from the GPM DPR provides a 
novel framework for quantifying various drop size distribution characteristics and precipitation microphysics  
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in a landfalling TC. Each retrieval method provides unique advantages 
such as a high temporal resolution from the ground radar observations and 
disdrometers in addition to a fine vertical sampling from the GPM DPR. 
Thus, the disadvantages of each observation platform can be complemented 
by the aforementioned advantages of all retrieval methods. This study aims 
to quantify the hypothesized difference in PSD moments that are extracted 
by the DPR algorithm with the disdrometer observations that were collected 
before, during, and after the landfall of Hurricane Laura.

2.  Data and Methods
2.1.  Event Background

Hurricane Laura developed from an African easterly wave that entered the 
northeastern Caribbean Ocean on 22 August 2020, and interacted with the 

higher terrain of Hispaniola and Puerto Rico as a tropical storm before entering the Gulf of Mexico. As Laura 
moved off Cuba into the Gulf of Mexico on 25 August, the storm began rapid intensification and reached a peak 
intensity as a Category 4 hurricane with maximum sustained winds of 130 knots and a minimum central pressure 
of 937 hPa on 27 August (National Hurricane Center, 2021). Laura made landfall near Cameron, Louisiana at 
0600 UTC 27 August as a Category 4 major hurricane and caused severe wind damage to the Lake Charles, LA 
and surrounding area, including the Lake Charles radar (KLCH). Freshwater flooding and storm surge flooding 
occurred close to the landfall point in Calcasieu Parish, LA where 12” of rain fell. Additional flooding occurred 
further inland over southern Arkansas as Laura tracked north (National Hurricane Center, 2021).

2.2.  Ground-Based Radar Observations

The KLCH WSR-88D (30.13°N, −93.22°W) operates at S-band (10 cm) and was used in conjunction with a 
SMART C-band radar (SR1-P, 5  cm) located at 30.36°N, −92.92°W in the anticipated landfall zone. SR1-P 
collected polarimetric radar observations of ZH, ZDR, KDP, and ρhv from 1942 UTC 26 August to 1200 UTC 27 
August. Due to wind gusts in excess of 120 mph, the KLCH radar stopped operating at 0553 UTC 27 August as 
the inner core of Laura moved onshore and the radar sustained catastrophic damage.

The radar reflectivity factor at a horizontal polarization (ZH) provides insight into the size and concentration 
of hydrometeors within a range bin (e.g., Austin, 1987; Herzegh & Jameson, 1992; Kumjian, 2013a; Vitale & 
Ryan, 2013; Zrnic & Ryzhkov, 1999). Differential reflectivity (ZDR) is defined as the logarithmic ratio of the 
horizontal reflectivity factor to the vertical reflectivity factor, and provides information regarding the size, shape, 
and orientation of hydrometeors (e.g., Herzegh & Jameson,  1992; Kumjian,  2013a; Seliga & Bringi,  1976). 
Specific differential phase (KDP) is defined as one half the range derivative of the propagation differential phase 
shift, and reveals information about the number concentration of hydrometeors in a sample volume (e.g., Herzegh 
& Jameson,  1992; Kumjian,  2013b; Ryzhkov, Giangrande, & Schuur,  2005; Zrnic & Ryzhkov,  1999) and is 
immune to attenuation and radar miscalibration assuming uniformly distributed scatterers (e.g., Jameson, 1985; 
Seliga & Bringi,  1978; Wang & Chandrasekar,  2009) making it a useful variable for quantitative precipita-
tion estimation. Lastly, ρhv can be used to quantify the diversity of scatterers, to distinguish meteorological 
versus non-meteorological returns (e.g., Herzegh & Jameson, 1992; Kumjian, 2013a; Ryzhkov, Giangrande, & 
Schuur, 2005; Ryzhkov, Schuur, et al., 2005; Zrnic & Ryzhkov, 1999), and identify features such as the melting 
layer (e.g., Kumjian, 2013a; Kumjian, 2013b). A uniform PSD will yield a ρhv near 1, whereas mixed-phase 
precipitation results in ρhv < 0.95 (e.g., Herzegh & Jameson, 1992; Kumjian, 2013a; Ryzhkov, Giangrande, & 
Schuur, 2005; Ryzhkov, Schuur, et al., 2005; Zrnic & Ryzhkov, 1999).

Range height indicator (RHI) scans from SR1-P were collected over the PIPS and plotted from 0211 to 0259 UTC 
27 August at an azimuth angle of 160°, and from 0510 to 0541 UTC at an azimuth angle of 220°. Time-averaged 
mean RHIs of ZH, ZDR, and ρhv were computed over both time periods and azimuth angles in order to gain insight 
into the dominant precipitation processes at different stages in the evolution of Laura shortly before landfall. 
Further, RHIs provide a high vertical resolution and insight into the connection between precipitation features 
aloft and near the surface. In order to account for ZDR miscalibration, a bias correction method documented in 
Sanchez-Rivas and Rico-Ramirez  (2021) was employed. “Bird bath” style ZDR calibration requires data to be 

PIPS number Latitude Longitude Starting time

PIPS1A 30.224910 −93.518746 1942 UTC

PIPS1B 30.26642 −93.359979 2019 UTC

PIPS2A 30.245168 −92.928744 2206 UTC

PIPS2B 30.246739 −92.739726 2148 UTC

Table 1 
Table With Portable In Situ Precipitation Stations (PIPS) Locations and 
Starting Time



Journal of Geophysical Research: Atmospheres

BRAUER ET AL.

10.1029/2021JD035845

5 of 23

collected at 90° elevation (Gorgucci et  al.,  1992), but such data were not 
collected during the SR1-P observation period in Hurricane Laura. Like-
wise, the ZDR calibration method of Ryzhkov, Giangrande, Melnikov, and 
Schuur (2005) is not applicable, as it requires PPIs between 40 and 60° eleva-
tion to be utilized. Again, no such data were collected. Thus, the method of 
Sanchez-Rivas and Rico-Ramirez (2021) is optimal, as their method utilizes 
quasi-vertical profiles (QVPs) (Ryzhkov et al., 2016) collected in light rain to 
estimate the ZDR bias. The Sanchez-Rivas and Rico-Ramirez (2021) method 
utilizes a QVP constructed at the 10° elevation angle and uses data where 
ZH is between 0 and 20  dBZ and where ρhv  >  0.985. While their method 
employs the use of data between the first radar range gate and the melting 
level (characterized by an objective algorithm), we take a simpler approach 
and only employ QVP data between 1 and 4 km altitude, below the radar 
bright band. While there was only one QVP where such criteria were met, a 
bias of −1.7 dB was computed for this case, which is a typical bias for SR1-P 
(e.g., Biggerstaff et  al.,  2021). As drops in hurricanes are typically small 
(as evidenced in this manuscript) and to include a greater number of QVPs 
to test the sensitivity of the computed bias to the number of observations, 
we also extended the method to include data characterized by 0–25  dBZ 

(0–30 dBZ) and found a similar ZDR bias of −1.7 dB (−1.8 dB). To remain consistent with Sanchez-Rivas and 
Rico-Ramirez (2021), we add −1.7 dB to all ZDR observations herein. The large calibration bias is due to a bad 
input parameter that was embedded in the proprietary software during the dual-polarization upgrade. Rather than 
attempt to find and replace the parameter, we chose to perform the calibration in post-processing.

Additionally, plan position indicator (PPI) scans of ZH from SR1-P were plotted at 0230 UTC and 0525 UTC 
on 27 August with the locations of the associated RHI scans. Finally, columnar-vertical profiles (CVPs) of ZH, 
ZDR, KDP, and ρhv from SR1-P were plotted from 0200 to 1000 UTC 27 August which used the methodology from 
Murphy et al. (2020). The CVPs were constructed using a Cressman weighting function (Cressman, 1959) to 
transform from an irregular height grid to a regular (50 m) height grid. Further, the CVPs were conducted directly 
over PIPS 2A and were based on a 10 km (10°) range (azimuth), with a Cressman radius limit of 100 m. One 
potential limitation of the CVP method is that the Cressman weighting function that was used can still resulting 
in vertical gaps in polarimetric radar data.

Dominant precipitation processes were determined by examining the sign of slopes of vertical profiles of ZH and 
ZDR within the warm cloud layer based off the framework from Kumjian and Ryzhkov (2012) (Figure 1). For 
example, collision-coalescence dominant precipitation would be identified in vertical profiles where both ZH and 
ZDR increase toward the surface below the melting layer, implying the presence of drop growth.

2.3.  GPM Dual-Frequency Precipitation Radar

The NASA GPM mission was launched in 2014 and operated similarly to the TRMM, which ended in 2015 
(Hou et al., 2014; Skofronick-Jackson et al., 2017). On board the GPM platform is the DPR, which operates 
at Ku and Ka-bands (35.5 and 13.6 GHz) (Hou et al., 2014; Skofronick-Jackson et al., 2017) and can provide 
snapshots of the precipitation structure in TCs on a global scale (e.g., Huang & Chen, 2019; Marra et al., 2019; 
Brauer et  al.,  2021). The radar has a swath width of 245 km, a vertical resolution of 250 m, and a horizon-
tal resolution of 5.2 km (Hou et al., 2014; Skofronick-Jackson et al., 2017). The DPR algorithm extracts PSD 
moments such as the mass-weighted mean drop diameter (DM) (mm) and the normalized intercept parameter 
(log10(Nw)) (m −3 mm −1) which relates to hydrometeor concentration, and assumes a gamma distribution in liquid 
phase precipitation (Equation 1), where N0 (m −3 mm −1) is the intercept parameter and D0 (mm) is the median 
volume diameter. DM can then be related to D0 using Equation 2, which can be used to compute log10(Nw). More 
information regarding the DPR algorithm to estimate PSD moments can be found here: (https://gpm.nasa.gov/
sites/default/files/document_files/ATBD_GPM_DPR_n3_dec15.pdf). Further, the GPM DPR surface reference 
for attenuation correction that is used over land is less reliable than over the open ocean, resulting in some 
uncertainties in near-surface PSD retrievals (Meneghini et al., 2015). However, recent advances in the DPR PSD 
algorithm (version 4) suggests that KuPR has a probability of detection of 0.967 in surface rainfall rates greater 

Figure 1.  Z-Zdr Parameter Space developed by Kumjian and Ryzhkov (2012) 
that uses changes in ZH and ZDR within the warm cloud layer to identify 
dominant precipitation processes.

https://gpm.nasa.gov/sites/default/files/document_files/ATBD_GPM_DPR_n3_dec15.pdf
https://gpm.nasa.gov/sites/default/files/document_files/ATBD_GPM_DPR_n3_dec15.pdf
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than 1 mm h −1 over flat terrain (Speirs et al., 2017). Additionally, Liao and Meneghini (2019) determined that DM 
biases from the DPR are generally <0.5 mm across the entire PSD. Cannon et al. (2017) also showed the utility of 
the DPR in estimating precipitation over the ocean in the eastern North Pacific Ocean, with accurate representa-
tions of the bright-band height when compared to reanalysis data and ground radars.

𝑁𝑁(𝐷𝐷) = 𝑁𝑁0𝐷𝐷
𝜇𝜇exp

[

−
(3.67 + 𝜇𝜇)𝐷𝐷

𝐷𝐷0

]

� (1)

𝐷𝐷0 =

(

3.67 + 𝜇𝜇

4 + 𝜇𝜇

)

𝐷𝐷𝑀𝑀� (2)

Along-track cross-sections of KuPR, DM, and log10(Nw) were plotted from the available DPR overpasses 
that occurred from 0228 to 0401 UTC and 1144 to 1316 UTC 27 August (Figures  6 and  7). Additionally, 
attenuation-corrected near-surface KuPR is shown to illustrate the cross-section locations and the spatial distri-
bution of precipitation after Laura made landfall. The DPR-extracted 0 C isotherm was also included on each 
cross-section to quantify the height of the melting level and to provide a direct comparison with the ground radar 
retrievals. Additionally, vertical profiles of 25th, 50th, 75th, and 95th quantiles of KuPR were computed to illus-
trate the slope of reflectivity below the melting level to infer collision-coalescence and/or drop breakup processes 
(Porcacchia et al., 2019).

2.4.  Portable In Situ Precipitation Stations (PIPS)

Four PIPS were deployed to Hurricane Laura which measured temperature, dewpoint temperature, wind speed 
at 1.2 m AGL, pressure, drop terminal velocity, drop size, and drop concentration, and were strategically placed 
in different locations relative to the landfall point in order to sample PSDs in different portions of the storm. 
Efforts were made to ensure that each PIPS was located away from ground clutter such as trees, power lines, and 
buildings that may contaminate the PSD retrievals. Each PIPS collected data for approximately 17 hr, spanning 
the before, during, and post-landfall periods of Laura. PIPS1B recorded a minimum pressure of 949.8 mb which 
experienced the eye and northwestern eyewall. While PIPS1A was close in proximity to PIPS1B, it was far 
enough west to only experience the western portion of the eyewall. Only PIPS2A sampled the eastern eyewall 
with PIPS2B sampling the outer edge of the inner core and outer rainbands, with PIPS1A, PIPS1B, and PIPS2A 
all experiencing peak winds greater than 30 ms −1 as Laura made landfall. Time series of drop diameter and total 
drop concentration log10(NT) were plotted from PIPS1A (0000–0650 UTC 27 August), 2A (0000–1200 UTC 27 
August), and 2B (0000–1200 UTC 27 August) as PIPS1B experienced a data corruption issue during landfall. It 
is important to make the distinction between log10(NW) and log10(NT), which is expressed mathematically below 
(Equation 3) where N0 (m −3 mm −1) is the normalized intercept parameter, Γ is the Gamma function, μ is the shape 
factor, and Λ is the slope parameter (unitless). Further, the DM was plotted for the aforementioned PIPS for each 
time period in order to provide a direct comparison with the DM that was extracted by the DPR. Time series of DM 
were plotted using a Gamma distribution as described in Tokay and Short (1996). log10(NW) was also computed 
(Equation 4) to provide a direct comparison with the DPR retrievals, where ρw is the density of water (g cm −3) and 
W is the liquid water content (g m −3). For clarification, the PIPS measured log10(NT) directly, whereas log10(NW) 
was computed to provide the comparison with the DPR algorithm derived log10(NW). Additionally, ZH and ZDR 
were computed from the T-matrix method (Vivekanandan et al., 1991) using a C-band wavelength of 5.34 cm to 
directly compare the SR1-P radar observations to the disdrometer estimations. These values were then compared 
to 0.8° scans from SR1-P where linear spatial means of the nearest 50 range gates of ZH and ZDR closest to the 
PIPS were computed and plotted as time series. A 50 range gate average was computed as the ZH and ZDR field 
was relatively uniform in close proximity at points in time and data quality decreases with increasing range. As 
the SR1-P data have a gate spacing of 75 m, the distance from the ground radar to PIPS 1A was 60 km, 12 km to 
PIPS 2A, and 21 km to PIPS 2B.

𝑁𝑁𝑇𝑇 = 𝑁𝑁0

Γ(𝜇𝜇 + 1)

Λ𝜇𝜇+1
� (3)
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The parsivel disdrometer data were quality controlled to remove drops affected by splashing of drops off the 
instrument, and records that contain drops shed from the surrounding instruments on the PIPS following similar 
methodology to Friedrich et al. (2013). Drops that were 50% of the Atlas et al. (1973) drop fall speed relation 
were also removed to assure that all drops passing through the disdrometer were falling as rain drops, rather than 
drops rolling over the edge of the parsivel. Further quality control was applied by limiting parsivel records based 
on the wind direction through the parsivel opening. Only times when the on board sonic anemometer registered 
the wind direction being within 45° from the line normal to the plane laser were retained.

3.  Results
3.1.  Ground Radar Observations

Figure 2 shows a PPI of 0.5° ZH from the KLCH radar at 0553 UTC, as Laura made landfall on the southwestern 
Louisiana coast shortly before the WSR-88D become non-operational due to strong winds. At this time the PIPS 
were able to sample the inner core of Laura, defined as the region between 0 and 100 km from the TC center 
(Weatherford & Gray, 1988), with corresponding values of ZH from the WSR-88D ranging from 40 to 50 dBZ. 
Before landfall at 0230 UTC 27 August, SR1-P began sampling the outer core with ZH values in a similar range 
of 40–50 dBZ (Figure 3a). Shortly before landfall at 0525 UTC 27 August, SR1-P was located in the inner core 
of Laura experiencing ZH as high as 55 dBZ and sampled the northern half of the eyewall (Figure 3b). The corre-
sponding black lines represent the orientation of the RHIs that were taken as Laura progressed northward across 
southwestern Louisiana. Time-averaged RHI scans of ZH (Figure 4a), ZDR (Figure 4b), and ρhv (Figure 4c) from 
SR1-P from 0211 to 0259 UTC 27 August and 0510–0541 UTC 27 August (Figures 4d–4f) were also plotted to 

Figure 2.  Raw image of 0.5° ZH at 0553 UTC 27 August, shortly before the Lake Charles radar (KLCH) WSR-88D 
went down. Overlaid are the locations of the four portable in situ precipitation station, SR1-P, and the KLCH 
WSR-88D. Additionally, HURDAT2 best track points are shown in magenta to illustrate the track of Laura 
(Science Applications International Corporation and National Hurricane Center (1993)). The 100 and 250 km range rings are 
centered on the storm center at the time of the plan position indicator.
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gain insight into how the polarimetric radar variables changed with height. Between 0211 and 0259 UTC, SR1-P 
captured an increase in ZH from 45 to 50 dBZ toward the surface at a beam height of 2–3 km and distance of 
50–60 km from the radar (Figure 4a). This location from the radar also exhibited a decrease in ZDR toward the 
surface within the same layer implying a balance between collision-coalescence and drop breakup (e.g., Carr 
et  al.,  2017; Kumjian & Ryzhkov,  2012; Porcacchia et  al.,  2019) (Figure  4b). During this time window, the 

Figure 3.  (a) PPIs of ZH from SR1-P at 0230 UTC and (b) 0525 UTC on 27 August during the times of both range height indicator (RHI) composites in Figure 4. The 
black lines denote the locations of each RHI cross-section of 70 km.

Figure 4.  (a) Time averaged mean ZH, ZDR, and ρhv from SR1-P at an azimuth angle of 160° from 0211 to 0259 UTC on 27 August and (b) at an azimuth angle of 220° 
at 0510–0541 UTC on 27 August. Precipitation processes are inferred from the change in ZH and ZDR toward the surface below the melting layer.
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melting layer was located at a height of 4.5 km as noted by the region of ρhv < 0.98 (Figure 4c). While the layer 
of ρhv < 0.98 continued to decrease in elevation beyond 25 km, this is likely an artifact of radar beam broadening 
rather than a decrease in melting layer height with range.

Shortly before landfall from 0510 to 0541 UTC 27 August, SR1-P exhibited an increase in ZH toward the surface 
below the melting layer throughout the entire depth of the warm cloud layer (Figure 4d). Subtle increases in ZDR 
from 0.0 to 0.5 dB toward the surface were also observed, particularly at a distance of 40–60 km from the radar 
(Figure 4e). The combination of both ZH and ZDR increasing toward the surface within the warm cloud layer 
implies the dominance of collision-coalescence processes during this time. Additionally, the height of the melting 
layer also increased to 4.5–5.0 km throughout this time period, which is 0.5 km higher in altitude compared to 
3 hr prior (Figure 4f). This is likely due to latent heat release in convection in the eyewall as it moved within range 
of SR1-P (Kirstetter et al., 2013).

Columnar-vertical profiles of ZH (Figure 5a), ZDR (Figure 5b), and ρhv (Figure 5c) from SR1-P are displayed 
between 0200 and 1000 UTC 27 August over PIPS2A. The melting layer is located at 5 km as indicated by 
the bright-band in ZH, enhanced positive ZDR near 1.5 dB, and reduced ρhv ranging from 0.85 to 0.95 due to 
mixed-phase precipitation. From 0200 to 0400 UTC, ZH was between 25 and 40 dBZ within the warm cloud layer 
and primarily decreased toward the surface below the melting layer. During this same time, ZDR varied from 0.0 to 
0.5 dB and exhibited little variation toward the surface below the melting layer. The combination of ZH decreasing 
toward the surface and ZDR remaining constant within the same layer translates to inferred dominant precipitation 
processes of evaporation and/or drop breakup (e.g., Carr et al., 2017; Porcacchia et al., 2019). During this time-
frame, ρhv remained near 1.00 implying a rather uniform size distribution of drops (Herzegh & Jameson, 1992; 
Kumjian, 2013a; Ryzhkov, Giangrande, & Schuur, 2005; Ryzhkov, Schuur, et al., 2005; Zrnic & Ryzhkov, 1999).

From 0400 to 0730 UTC 27 August, near-surface ZH increased to 35–50 dBZ (Figure 5a), whereas ZDR also 
increased to 1.0–1.25 dB (Figure 5b). Further, both ZH and ZDR increased toward the surface for most of this 
period, translating to collision-coalescence dominant precipitation (Carr et al., 2017; Porcacchia et al., 2019), 
which occurred as the inner core (<100 km from TC center) moved over SR1-P from 0530 to 0800 UTC 27 
August. There was also a slight upward displacement of the melting layer to 5.5–6.0 km from approximately 
0330 UTC until 0800 UTC as latent heat release from convection in the inner core likely resulted in an increase 
in the height of the 0 C isotherm (Figure 5c). While KDP generally ranged from 0.0 to 0.5°/km before 0400 UTC 
in the outer core and rainbands (Figure 5d), values of 1.0–2.0°/km were sampled below 2 km in the inner core 
and eyewall after 0500 UTC, implying a high number concentration of medium-sized drops as ZDR ranged from 
0.75 to 1.25 dB at this time.

3.2.  GPM DPR Retrievals

The GPM DPR sampled Laura shortly before it made landfall on the southwest Louisiana coast at 0301 UTC 
27 August (Figure  6). Figure  6 shows near-surface (just above ground level) KuPR, and vertical along-track 
cross-sections of KuPR, DM, and log10(Nw) through the inner core and eyewall. The southwestern and north-
eastern eyewall is characterized by echo top heights >12 km in the deepest convection, and also experienced an 
upward displacement of the 0 C isotherm to 6 km above the surface. This has been found to be associated with 
latent heat release in strong updrafts as higher θe air is transported from the boundary layer to the mid-troposphere 
(e.g., Fierro et al., 2012; Kirstetter et al., 2013; McGee & van den Heever, 2014). The cross-section illustrates 
KuPR of 50–55 dBZ in the eyewall with values ranging from 30 to 45 dBZ in regions of the outer core. DM 
values of 2.0–2.5 mm occurred in the outer core at an along-track distance of 200–225 km, with lower values of 
1.25–1.5 mm being observed in the eyewall. This differs from the location of maximum log10(Nw) which occurred 
in the eyewall and exceeded 4.5 m −3 mm −1 within the deep convection, whereas the outer core had values between 
2.75 and 3.5 m −3 mm −1. This suggests that pre-landfall the eyewall had a large concentration of medium-sized 
drops, while the outer core had a PSD skewed toward smaller concentrations of larger drops. Another possibility 
for this abrupt transition between DM and log10(NW) between the eyewall and outer core is a potential error in the 
DPR PSD algorithm. At an along-track distance of 70 km, the DPR estimated a DM of 2.5–3.0 mm and log10(NW) 
values of 1–2 m −3 mm −1, indicating a low concentration of large drops. One potential explanation for this feature 
is the presence of eyewall size-sorting, similar to how Laurencin et al. (2020) and Homeyer et al. (2021) observed 
offsets in maximum regions of ZDR and KDP using ground radar observations.
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The second DPR overpass occurred post-landfall at 1246 UTC 27 August as Laura tracked north over western 
Louisiana (Figure 7). Near-surface KuPR illustrates a broader inner core region with concentric spiral rainbands 
extending outward from the western portion of the center of circulation. The along-track cross-section through 
the rainbands shows cores of KuPR between 50–100 km and 150–175 km of 35–40 dBZ with a bright-band 
located between 4.5 and 5.0 km. Within the inner core at an along-track distance of 200–275 km, there was a 
slight increase in the 0 C isotherm to 5.5 km consistent with weaker convection compared to the pre-landfall 
case. A region of KuPR increasing toward the surface below 3 km can also be seen at an along-track distance of 
250 km, inferring the presence of collision-coalescence processes (Porcacchia et al., 2019). At the same loca-
tion an increase in DM toward the surface can be seen which is collocated with maximum values of log10(Nw) 
of 4.5 m −3 mm −1 implying the highest hydrometeor concentration in this region of the inner core. The constant 
values of log10(Nw) with height at this location are likely non-physical and a product of the DPR PSD algorithm 
as it is known that drop concentration typically changes with height (Carr et al., 2017).

Figure 5.  Columnar-vertical profiles (CVPs) of ZH, ZDR, ρhv, and KDP from SR1-P from 0200 to 1000 UTC 27 August. Precipitation processes are inferred from the 
change in ZH and ZDR toward the surface below the melting layer, with increases toward the surface implying collision-coalescence.
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For the aforementioned along-track cross-sections, along-track vertical profiles of 25th, 50th, 75th, and 95th 
percentiles of KuPR were computed to identify and compare dominant precipitation processes before and after 
landfall (Figure 8). The first overpass contained more deep convective features as shown by the higher echo top 
heights for all percentiles. Further, there is a higher range of near-surface KuPR ranging from 23 to 50 dBZ at 
the surface, which is characteristic of convection. Pre-landfall, the region of enhanced KuPR located around the 
freezing level is deep ranging from 4.5 to 7.0 km which is anticipated in convection as updrafts loft mixed-phase 
hydrometeors vertically (e.g., Homeyer & Kumjian,  2015; Kirstetter et  al.,  2013; Loney et  al.,  2002). The 
post-landfall overpass illustrates a lower echo top height and a lower range in near-surface KuPR from 23 to 
43 dBZ all indicating the presence of more stratiform precipitation.

Figure 6.  (a) Global precipitation measurement mission dual-frequency precipitation radar overpass at 0301 UTC 27 August (pre-landfall) showing 
attenuation-corrected near surface Ku-band reflectivity (KuPR) and portable in situ precipitation stations locations, (b) vertical profiles of KuPR, (c) mean drop 
diameter, and (d) normalized intercept parameter. Vertical cross-sections are taken along track from the star. The dashed black line represents the 0° C isotherm.
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Pre-landfall, the greater negative slope of the 95th and 75th KuPR percentiles between the freezing level and 
2.5  km implies a higher magnitude of drop growth via collision-coalescence (Carr et  al.,  2017; Porcacchia 
et al., 2019) compared to the post-landfall overpass which illustrates a negative slope of lower magnitude, which is 
solely confined to the 95th percentile KuPR profile. The 25th percentile profile during this overpass shows a posi-
tive slope of KuPR below the melting layer, implying the presence of evaporation in less intense areas of precipi-
tation, while more intense regions of precipitation (i.e., in convection) were dominated by collision-coalescence. 
The presence of vertical wind shear was unlikely the cause of the inferred evaporation post-landfall as 850-200 
mb wind shear was less than 10 knots as Laura progressed inland (Figure 9), therefore disruption of the inner core 
likely occurred due to land interaction or dry air entrainment. The longwave 200 mb ridge pattern over the Gulf 
Coast region that contributed to this low-shear environment was favorable for Hurricane Laura to maintain major 
hurricane status up to and shortly after landfall.

Figure 7.  (a) Global precipitation measurement mission dual-frequency precipitation radar overpass at 1246 UTC 27 August (post-landfall) showing 
attenuation-corrected near surface Ku-band reflectivity (KuPR) and portable in situ precipitation stations locations, (b) vertical profiles of KuPR, (c) mean drop 
diameter, and (d) normalized intercept parameter. Vertical cross-sections are taken along track from the star. The dashed black line represents the 0° C isotherm.
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3.3.  Disdrometer Observations

Figure 10 displays composite parsivel disdrometer observations of DM and log10(NT) from PIPS 1A, PIPS 2A, and 
PIPS 2B between 2000 UTC 26 August and 1200 UTC 27 August. PIPS 1A experienced the western portion of 
the eyewall before becoming non-operational near 0700 UTC 27 August. log10(NT) ranged from 2.0 to 3.25 m −3, 
corresponding to a DM of 0.5–1.5 mm translating to a high concentration of small drops, particularly in the west-
ern portion of the inner core. The largest DM (>2.0 mm) observed by PIPS 1A occurred as the spiral rainbands 
embedded in the outer core moved over the disdrometer after 0300 UTC.

PIPS 2A sampled the outer core from 0300 to 0530 UTC 27 August and primarily measured drop sizes below 
1.5 mm, with the greatest log10(NT) of 2.0–2.5 m −3 occurring with DM less than 1.0 mm. PIPS 2A observed a 
broader drop size distribution as the inner core moved over the station after 0525 UTC 27 August, with the largest 
values of log10(NT) near 3.0 m −3 occurring with drop sizes less than 1.0 mm, implying a high total concentration 
of small drops in the inner core and eastern eyewall. The outer periphery of the inner core was sampled by PIPS 
2B after 0430 UTC 27 August, which measured the highest log10(NT) values of 3.0 m −3 coincident with a small 
drop size of 0.5–1.0 mm. Larger drops of 2.0–2.5 mm were observed at this time in the inner core, but at a lower 
total concentration of 1.5–2.0 m −3. The drop size distribution was also much broader in the inner core compared 
to the outer core environment before 0330 UTC.

Figure 11 shows DM gradually increasing from approximately 0.75 mm around 0100 UTC 27 August to near 
1.5 mm at 0300 UTC 27 August as the outer core began to move over PIPS 1A. DM then rapidly increased to 
values as high as 4.0 mm as the western portion of the inner core and eyewall moved over the disdrometer. This 
may be positively skewed toward a higher DM as a broader drop size distribution was observed after the inner core 
moved over the observation site. PIPS 2A observed similar values of 0.5–1.5 mm in the outer core environment 
before measuring DM values in the 1.0–4.0 mm range in the inner core, which is consistent with a broadening of 
the drop size distribution after the inner core moved over this disdrometer after 0530 UTC. PIPS 2B observed 
similar DM values of 0.5–2.0 mm in the outer core increasing to values of 1.5–4.0 mm after 0430 UTC as the 
disdrometer began to sample the inner core. Figure 12 illustrates the time series of log10(Nw) from each PIPS, and 
measured the values as high as 4.0 m −3 mm −1 in regions of the inner core and eyewall, while the outer core and 
outer rainbands were characterized by lower values ranging from 2.0 to 3.75 m −3 mm −1 implying a lower drop 
concentration.

Figure 8.  (a) Along-track percentiles of Ku-band reflectivity (KuPR) at 0301 UTC 27 August pre-landfall and (b) 1246 UTC 27 August post-landfall. The dashed line 
represents the along-track mean 0° C isotherm.
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ZH and ZDR were derived from the PIPS PSD moments to provide a direct comparison with the SR1-P observa-
tions and the GPM DPR PSD algorithm (Figures 13 and 14). PIPS 1A observed ZH values of 0–30 dBZ and ZDR of 
0–1 dB as it experienced the outer rainbands before 0300 UTC 27 August as it experienced periodic precipitation 
and a DM < 2.5 mm. ZH rapidly increased to 30–45 dBZ and ZDR increased to 1–2 dB in the outer core after 0300 
UTC, with the highest values of 50–60 dBZ (ZH) and 1–2.5 dB (ZDR) occurring in the western eyewall before 
0700 UTC. PIPS 2A sampled a ZH as high as 45 dBZ in the outer core of Laura before measuring peak values of 
50–55 dBZ in the inner core and eyewall after 0530 UTC, with ZDR increasing to 1–2.0 dB, indicating an increase 
in drop size. As PIPS 2B sampled the inner core, the highest ZH values of 45–s55 dBZ were observed until 0730 
UTC 27 August. However, the larger values of ZDR from all PIPS may be positively biased by the larger drop sizes 
of 2.0–3.0 mm at a lower concentration that the disdrometer measured as ZDR is independent of drop concentra-
tion (Kumjian, 2013a). Further, ZH from SR1-P is higher than the estimated ZH from PIPS 2B, which may be due 
to the radar sampling at a beam height of approximately 0.2 km over the disdrometer. One potential explanation 
for this difference is larger drops within the broader beam of the radar may not be sampled by the smaller footprint 
of PIPS 2B, whereas the low concentration of these larger drops acts to positively bias ZH from SR1-P.

Figure 9.  850-200 mb environmental wind shear and 200 mb streamlines from 1800 UTC 26 August to 1200 UTC 27 August.
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4.  Discussion
Hurricane Laura provided a unique opportunity and novel data set to quantify drop size distribution characteris-
tics in different portions of a landfalling TC using ground radar observations, space-borne radar retrievals, and 
disdrometer measurements. Prior research has examined the microphysical signatures in different regions of 
landfalling TCs using ground and space-borne radar observations (e.g., Brauer et al., 2021; DeHart & Bell, 2020; 
Didlake & Kumjian, 2017; Feng & Bell, 2019; Homeyer et al., 2021), however the use of disdrometer observa-
tions were not incorporated in order to verify PSD quantities and provide a direct comparison to estimations from 
remote sensing platforms as these retrievals were unavailable.

Ground radar observations from SR1-P exhibited the greatest increase in ZH and ZDR toward the surface below the 
melting layer from 0430 to 0700 UTC which are signatures of collision-coalescence dominant precipitation (e.g., 
Carr et al., 2017; Porcacchia et al., 2019). This occurred primarily in the inner core and western eyewall, and can 
be seen on both the composite RHI scans (Figures 4d and 4e) and CVPs (Figures 5a and 5b). Within the outer core 
and rainbands of Laura before 0330 UTC at the location of SR1-P, ZH decreased with height below the melting 
layer while ZDR increased slightly, which is consistent with evaporation and/or drop breakup (Figures 5a and 5b). 
The GPM DPR overpass at 0301 UTC 27 August shows KuPR and DM increasing toward the surface in the 
eyewall at an along-track distance of 100–175 km which is indicative of collision-coalescence and/or a balance 
between collision-coalescence and drop breakup (Figures 6b and 6c). Further, in the region of the outer core at 
an along track distance of 200–300 km, KuPR remains constant below the 0 C isotherm, indicating the presence 
of evaporation or drop breakup (Figure 6b). PIPS 2B was located in proximity to the location of the along-track 
cross section from the DPR (Figure 6a), and measured a DM near 1.5 mm at the time of the overpass. This value of 
DM is similar to the 1.75 mm that the DPR algorithm extracted at an along-track distance of 260 km (Figure 6c). 
Further, the DPR algorithm estimated a log10(NW) value of 3.5 m −3 mm −1 at the same along-track distance which 

Figure 10.  (a) Drop diameter and log10(NT) from portable in situ precipitation station 1A, (b) 2A, (c) and 2B from 2000 UTC 26 August to 1200 UTC 27 August. The 
red line represents the separation of the outer core from the inner core while the magenta line represents the time of the pre-landfall global precipitation measurement 
mission dual-frequency precipitation radar overpass (0301 UTC).



Journal of Geophysical Research: Atmospheres

BRAUER ET AL.

10.1029/2021JD035845

16 of 23

is higher than the log10(NT) value of 2.5–3.0 m −3 which was observed at the same drop size of 1.0 mm by the PIPS 
(Figures 6d and 10c), and temporally collocated with a log10(NW) value of 3.5 m −3 mm −1 estimated by the PIPS 
(Figure 12). This indicates that the DPR may be overestimating the drop number concentration in the outer core 
of Laura prior to landfall.

The post-landfall DPR overpass occurred at 1246 UTC 27 August (Figure 7), shortly after PIPS 2A and PIPS 
2B stopped operating near 1200 UTC. During this time, the inner core of Laura had progressed inland, with 
both disdrometers being situated in the outer rainband environment. Figure 7b illustrates that KuPR is primarily 
constant toward the surface within the warm cloud layer outside of the inner core, with DM ranging from 1.5 to 
2.0 mm (Figure 7c) and log10(NW) near 3.5 m −3 mm −1 (Figure 7d). At an along-track distance of 200–260 km 
in the inner core, KuPR increased from 35  dBZ at 0°  C isotherm, to 50  dBZ near the surface, implying 
collision-coalescence and/or a balance between collision-coalescence and drop breakup. DM also increased from 
1.25 to 1.50 mm near the melting layer, to 1.75–2.00 mm near the surface with the highest values of log10(NW) of 
4.5 m −3 mm −1. While the highest drop concentrations in the eyewall is consistent with prior studies (e.g., Didlake 
Jr. & Kumjian, 2018; Homeyer et al., 2021), the constant values of log10(Nw) is likely a non-physical assump-
tion of the DPR PSD algorithm as hydrometeor concentration is known to change with height through vertical 
profiles of ZH and KDP (e.g.,. Carr et al., 2017; Brauer et al., 2020). Figure 8 displays the comparison of KuPR 
percentiles from the pre-landfall overpass and the post-landfall overpass. At the 75th and 95th percentiles, the 
increase in KuPR toward the surface at 0301 UTC is greater than the slopes at 1246 UTC. This suggests that the 
magnitude of collision-coalescence dominant precipitation decreased from pre-landfall to post-landfall, which is 
also reflected in the smaller DM values <1.0 mm after 0930 UTC 27 August that were observed by PIPS 2A and 

Figure 11.  (a) DM from portable in situ precipitation station 1A, (b) 2A, and (c) 2B from 2000 UTC 26 August to 1200 UTC 27 August. The red line represents the 
separation of the outer core from the inner core while the magenta line represents the time of the pre-landfall global precipitation measurement mission dual-frequency 
precipitation radar (GPM DPR) overpass (0301 UTC). The green circles represent the near-surface value of DM from the pre-landfall GPM DPR overpass.
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PIPS 2B, indicating the increased presence of drop breakup or evaporation (i.e., non-CC processes). Further, the 
highest values of log10(Nw) of 2.5–4.0 mm −3 occurred after 0900 UTC 27 August as well (Figure 12), which is 
consistent with a higher magnitude of drop breakup and/or a balanced between collision-coalescence and drop 
breakup, translating to a smaller mean drop size. While dominant precipitation processes in different portions of 
the storm are known to vary, both along-track cross-sections were computed through regions of the inner core 
and outer core, therefore the along-track percentiles of KuPR shown are consistent with showing a decrease in the 
frequency of collision-coalescence processes from pre-landfall to post-landfall (Figure 8).

While there are limitations when comparing observations of ZH and ZDR from disdrometers to ground radars (i.e., 
such as radar beam height increasing with range), disdrometers have been historically used to calibrate remote 
sensing platforms (e.g., Lee & Zawadzki, 2006; Martner, 1977). As PIPS 2A was close in proximity to SR1-P, a 
time series of ZH and ZDR from the ground radar provides a direct comparison between both observational plat-
forms (Figures 13 and 14). As all PIPSs was located in the inner core and eyewall after 0530 UTC 27 August, 
the disdrometer observations estimated ZH values of 35–50 dBZ, with the greatest values occurring from 0530 to 
0730 UTC 27 August (Figure 13). Additionally, SR1-P observed lower values of ZH by approximately 3–5 dBZ 
over PIPS 1A, potentially due to additional drop growth via collision-coalescence below radar beam height meas-
ured by the PIPS, especially in the inner core region after 0500 UTC. This difference may also be caused by the 
ZH T-matrix calculation from the raw PSD retrievals.

A comparison of ZDR between SR1-P and the PIPSs (Figure 14) illustrates additional differences. ZDR initially 
ranged from 0.5 to 1.0 dB after 0330 UTC before increasing to as high as 1.5–2.0 dB at 0500 UTC in the inner 
core. These values are higher than SR1-P ZDR values which primarily vary from 0.0 to 1.0 dB. The maximum 

Figure 12.  (a) log10(NW) from portable in situ precipitation station 1A, 2A (b), and 2B (c) from 2000 UTC 26 August to 1200 UTC 27 August. The red line 
represents the separation of the outer core from the inner core while the magenta line represents the time of the pre-landfall global precipitation measurement mission 
dual-frequency precipitation radar overpass (0301 UTC). The green circles represent the near-surface value of log10(NW) from the pre-landfall GPM DPR overpass.
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SR1-P ZDR values of 0.5–1.5 dB occurred after 0500 UTC as SR1-P sampled the eyewall. As ZDR is independent 
of number concentration, this negative bias from SR1-P may be caused by additional drop growth toward the 
surface as the beam height from SR1-P is approximately 900 m above the surface from PIPS 1A, 100 m above 
the surface from PIPS 2A, and 200 m above the surface from PIPS 2B. This is an additional source of uncertainty 
when computing ZDR from the PIPS observations.

5.  Conclusions
The mobile ground-radar observations, two GPM DPR overpasses, and three disdrometers were able to sample 
Hurricane Laura before, during, and after landfall as it impacted southwestern Louisiana from 26 to 27 August 
2020. Both SR1-P and the GPM DPR observed signatures associated with collision-coalescence before and 
during landfall, with ZH, ZDR, and KuPR all increasing toward the surface below the melting layer which is indic-
ative of drop growth. The PIPS observed a gradual increase in drop size up to landfall as the inner core moved 
onshore, as DM increased from 1.0 mm to as high as 4.0 mm in the eyewall, with values decreasing to below 
1.0  mm post-landfall. The GPM DPR observed similar signatures of the magnitude of collision-coalescence 
decreasing from pre-landfall to post-landfall, with a decreasingly negative slope of KuPR at the 95th percentile 
within the warm cloud layer toward the surface, implying an increased presence of drop breakup between both 
overpasses. Additionally, the larger range in KuPR indicates that more convection was present in the pre-landfall 
overpass, whereas the post-landfall DPR overpass illustrated the presence of more stratiform precipitation with 
some embedded convection. It was also found that prior to landfall, the DPR algorithm may be overestimating 

Figure 13.  (a) ZH from portable in situ precipitation station (PIPS) 1A, (b) 2A, and (c) 2B from 2000 UTC 26 August to 1200 UTC 27 August. The red line 
represents the separation of the outer core from the inner core while the magenta line represents the time of the pre-landfall global precipitation measurement mission 
dual-frequency precipitation radar (GPM DPR) overpass (0301 UTC). The green circles represents the near-surface value of Ku-band reflectivity (KuPR) from the 
pre-landfall GPM DPR overpass. The thin red line indicates ZH from SR1-P over the location of each corresponding PIPS.
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log10(NW) by 0.5–1.0 m −3 mm −1 in comparison to the PIPS, resulting in differences in drop number concentration 
between both retrieval methods. These results are similar to prior work from Huang et al. (2021) who compared 
DPR retrievals to disdrometer observations during the summer monsoon season in China. One potential reason 
for the DPR PSD algorithm overestimating log10(Nw) compared to the PIPS is that the near-surface retrievals have 
been corrected for attenuation (https://www.eorc.jaxa.jp/GPM/doc/algorithm/ATBD_DPR_V07A.pdf). Future 
work can use disdrometer observations to correct for this assumption made by the DPR PSD algorithm to more 
accurately quantify DM and log10(NW) at the surface in TCs. Lastly, ZH and ZDR from the PIPS were larger than 
the  SR1-P retrievals, which may be due to additional drop growth via collision-coalescence below radar beam 
height.

Although it is a challenging task to deploy a mobile radar and multiple disdrometers in a landfalling TC, future 
studies should examine similar observations from all retrieval methods in order to determine if similar differences 
and similarities exist in TCs between ground radars, space-borne radar, and disdrometers to obtain a larger sample 
size. Further, one could incorporate S-band radar observations if available, as the KLCH WSR-88D become 
non-operational shortly before landfall. One additional avenue for future work would be to quantify and compare 
the derived rainfall rates using the polarimetric ground radar observations, the DPR-derived surface rainfall 
rate, and precipitation rates derived from the PIPS retrievals. This work can also be used to improve the DPR 
PSD algorithm, particularly in TCs. An additional limitation of this study is that each retrieval method sampled 
different portions of the TC at different times, therefore a denser observation network would be ideal to collect 
observation at different locations to provide a more detailed sample of different drop size distribution moments.

Figure 14.  ZDR from portable in situ precipitation station (PIPS) 1A, 2A, and 2B from 2000 UTC 26 August to 1200 UTC 27 August. The red line represents the 
separation of the outer core from the inner core while the magenta line represents the time of the pre-landfall global precipitation measurement mission dual-frequency 
precipitation radar overpass (0301 UTC). The thin red line indicates ZDR from SR1-P over the location of each corresponding PIPS.

https://www.eorc.jaxa.jp/GPM/doc/algorithm/ATBD_DPR_V07A.pdf
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Data Availability Statement
The WSR-88D Level II polarimetric radar data used in this study can be accessed at https://www.ncdc.noaa.
gov/nexradinv/ (Radar Operations Center, 2021). The SR1-P and PIPS data used in this study are accessible 
via https://zenodo.org/record/5518199#.YvWF_OzMLjA (N. Brauer et al., 2021). The GPM DPR data used in 
this work can be found at https://search.earthdata.nasa.gov/search?fp=GPM%26fi=DPR (Huffman et al., 2014). 
The ERA-5 reanalysis data set are openly available at https://cds.climate.copernicus.eu/cdsapp%23%21/dataset/
reanalysis%2Dera5%2Dpressure%2Dlevels%3Ftab%3Dform (Hersbach et al., 2020). Figures were made using 
Matplotlib version 3.3.2 (Hunter, 2007).
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