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Abstract In this study, we analyze an in situ shipboard global ocean drop size distribution (DSD) 8‐year
database to understand the underpinning microphysical reasons for discrepancies between satellite oceanic
rainfall products at high latitudes reported in the literature. The natural, latitudinal, and
convective‐stratiform variability of the DSD is found to be large, with a substantially lower drop
concentration with diameter smaller than 3 mm in the Southern hemisphere high latitude (S‐highlat, south
of 45°S) and Northern Hemisphere polar latitude (N‐polar, north of 67.5°S) bands, which is where satellite
rainfall products most disagree. In contrast, the latitudinal variability of the normalized oceanic DSD is
small, implying that the functional form of the normalized DSD can be assumed constant and accurately
parameterized using proposed fits. The S‐highlat and N‐polar latitude bands stand out as regions with
oceanic rainfall properties different from other latitudes, highlighting fundamental differences in rainfall
processes at different latitudes and associated specific challenges for satellite rainfall retrieval techniques.
The most salient differences in DSD properties between these two regions and the other latitude bands are:
(1) a systematically higher (lower) frequency of occurrence of rainfall rates below (above) 1 mm h‐1, (2)
much lower drop concentrations, (3) very different values of the DSD shape parameter (μ0) from what is
currently assumed in satellite radar rainfall algorithms, and (4) very different DSD properties in both the
convective and stratiform rainfall regimes. Overall, this study provides insights into how DSD assumptions
in satellite radar rainfall retrieval techniques could be refined.

1. Introduction

Precipitation is a key source of freshwater. Therefore, observing and monitoring global patterns of precipita-
tion and its intensity and detecting long‐term changes in precipitation are critically important for science,
society, and understanding our planet in a changing climate. Satellites provide the only platforms from
which to measure precipitation globally. In 2014, the National Aeronautics and Space Administration and
the Japan Aerospace Exploration Agency launched the Global PrecipitationMeasurement (GPM) spacecraft.
The GPM core satellite carries a dual‐frequency Ka/Ku precipitation radar (hereafter DPR) and a multifre-
quency passive microwave radiometer for measuring the three‐dimensional structure of precipitation glob-
ally. The GPM core satellite was designed to measure rainfall rates from 0.2 to 110 mm h−1 and to detect
moderate to intense snow events (Skofronick‐Jackson et al., 2017). Understanding precipitation processes
and characterizing their variability across different regions of the globe are also a major challenge, as vulner-
able communities and farming activities heavily rely on the provision of freshwater to survive.

While the predecessor of GPM, the Tropical Rainfall Measurement Mission (TRMM, e.g., Simpson et al.,
1988), focused primarily on the tropical latitudes, the GPM satellite, inclined at ~65°, has allowed the focus
to shift to higher latitudes with an emphasis on liquid, mixed phase, and frozen precipitation in middle‐ and
high‐latitude weather systems (Skofronick‐Jackson et al., 2017). Accordingly, GPM precipitation algorithm
developers have worked to modify tropical retrievals originally developed for TRMM in addition to develop-
ing new retrievals for converting active and passive measurements from the GPM core observatory into
snowfall and rainfall rates in mid‐ and high‐latitude weather systems (Kummerow et al., 2015).
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Recent validation efforts of the new GPM algorithms for rainfall rate retrieval have highlighted large sta-
tistical discrepancies in zonal precipitation averages between the different operational techniques (dual‐
frequency only, passive radiometer only, combined radar‐radiometer technique, and the Global
Precipitation Climatology Project climatology) south of 40°S and north of 40°N in latitude. These sys-
tematic differences were first published in Grecu et al. (2016) and Skofronick‐Jackson et al. (2017) but
are still present in more recent comparisons. Differences of up to a factor 2 are documented in these
publications at those high latitudes. Among several possible sources of errors (e.g., different instrument
sensitivities, beam filling and rainfall microphysics assumptions, algorithm differences, etc.), incorrect
assumptions made about the drop size distribution (DSD) and its variability with latitude in physically
based estimation algorithms are expected to play a significant role in differences in statistical rainfall
properties between latitude bands. From the global perspective (as opposed to regional, or even conti-
nental scale), these validation efforts cannot conclude which satellite products should be trusted, as there
is no reference measurement used in these studies on which to base such statement. Beyond these issues
with rainfall properties, aerosol‐cloud‐radiation‐precipitation processes over the Southern Ocean region
are not correctly represented in global models (e.g., Kay et al., 2016; Trenberth & Fasullo, 2010), which
produces substantial biases in absorbed surface shortwave radiation hindering our capability to accu-
rately predict future climate. Producing accurate retrievals of light precipitation properties in this region
is therefore critical in that respect as well.

The main objective of this work is to characterize the latitudinal variability of the convective and stratiform
oceanic DSD properties using a new in situ shipboard global ocean precipitation database produced by the
Ocean Rainfall And Ice‐phase precipitation measurement Network (OceanRAIN; Klepp et al., 2018) in order
to better understand how rainfall processes differ at different latitudes and better inform future GPM rainfall
algorithm developments for the higher latitudes. The OceanRAIN database, briefly described in section 2,
was collected using an optical disdrometer specifically designed for all‐weather shipboard operations and
includes more than 6.83 × 106 min of particle size distribution and fall rate measurements from eight ships,
covering select regions at most latitudes from June 2010 to April 2017. Although this data set obviously does
not include data from all ocean basins at all latitudes, it is nevertheless an invaluable resource to provide new
insights into the latitudinal variability of statistical rainfall properties and new pathways to improving cur-
rent GPM algorithms for the higher latitudes.

Due to the large number of results to be described, this study is organized in two parts, with Part 1 focusing
on the statistical properties, latitudinal variability, and convective‐stratiform variability of oceanic DSD
properties and associated rainfall obtained with the OceanRAIN database and Part 2 characterizing the lati-
tudinal variability of statistical relationships between radar observables and DSD properties. Both parts pro-
vide insights into how current assumptions held in GPM radar rainfall retrieval techniques could be
improved over the oceans.

2. The OceanRAIN Database

The OceanRAIN database has been described extensively in Klepp et al. (2018). Here we only briefly provide
information relevant to this study. OceanRAIN is a unique in situ global ocean shipboard data set comprising
75 meteorological and oceanographic parameters including precipitation, evaporation, resulting freshwater
flux, and surface turbulent fluxes. The precipitation parameters include rain, snow and mixed‐phase precipi-
tation occurrence, intensity and accumulation, all derived from particle size distributions measured using
automated ODM470 optical disdrometers specifically designed to meet all‐weather shipboard requirements
(Großklaus, et al. 1998; Klepp, 2015). The ODM470 disdrometer measures particle size in 128 bins between
0.36 and 22 mm, using a logarithmically increasing resolution toward smaller drop sizes, and resulting
DSDs are produced at 1‐min resolution. Precipitation rates as low as 0.01 mm h−1 can be measured by the
ODM470, allowing for light precipitation regimes to be examined. These data sets were (and are still being)
collected during the long‐term installations and special campaigns onboard eight research vessels from
June 2010 covering all latitudes (see Figure 1), oceanic basins and seasons and comprise 696,740 precipitation
minutes. The high quality of the ODM470 observations in harsh marine environments has been demon-
strated in Klepp et al. (2018) using quantitative comparisons between T‐matrix calculations of 24 GHz radar
reflectivity using the ODM470 DSDs and direct measurements of 24 GHz reflectivity from a micro rain radar
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(MRR‐2, Klugmann et al., 1996) during the CAPRICORN (Clouds, Aerosols, Precipitation, Radiation, and
atmospherIc Composition Over the southeRN ocean) experiment; Mace & Protat, 2018). Correlation
between the two estimates was 0.75, with no detectable instrumental artifact at low or high reflectivities. In
section 3, we present further validation results using two radar frequencies, which corresponds to two
different moments of the DSD. OceanRAIN data are publicly available through the website http://www.
oceanrain.org/ and the World Data Center for Climate (data referenced as Klepp et al. 2017a, Klepp
et al., 2017b).

The total number of 1‐min DSD measurements with precipitation in the OceanRAIN database is 702,641
(about 10% of all measurements including non‐rainy minutes). Out of these, 40.7% are classified as snow
or mixed phase using an automatic precipitation phase detection algorithm (Burdanowitz et al. 2016) and
are therefore discarded from our analysis of rainfall properties. Due to the requirement in our analysis that
at least 10 bins are filled with data to produce a fit, 47% of all DSDs are discarded. Due to the rainfall rate
being below the ODM470 disdrometer threshold of 0.01 mm h−1, 26.4% are discarded. Note that some
DSD measurements can be discarded for multiple reasons among those three. This leaves 18.3% (126,533)
of the DSD measurements in the OceanRAIN database validated for our analysis.

3. Methodology
3.1. The DSD Formulation

As demonstrated by the pioneering studies of Testud et al. (2001), Illingworth and Blackman (2002), and
Bringi et al. (2002), the DSD can be accurately approximated by a normalized gamma distribution:

N Dð Þ ¼ N *
0
Γ 4ð Þ 3:67þ μ0ð Þ4þμ0

3:674 Γ 4þ μ0ð Þ
D
D0

� �μ0
exp − 3:67þ μ0ð Þ D

D0

� �
(1)

Normalized gamma distributions of rainfall are controlled by three parameters: No
* (often called Nw in the

literature), the intercept of the distribution; D0, the median volume diameter of the distribution; and μ0,
the so‐called shape parameter of the distribution. In this study, the quality‐controlled OceanRAIN DSDs
are fitted using this normalized gamma formulation. The three resulting parameters are considered valid
only if the DSD has at least 10 size bins filled with data, as recommended in, for example, Jaffrain and
Berne (2011) and Tokay et al. (2013).

Thurai and Bringi (2018) recently demonstrated the excellent performance of a generalized gamma model
following the double‐moment normalization work from Lee et al. (2004), which includes two shape para-
meters (denoted as μ and c) instead of one in (1). Using moments 3 and 4 of the DSD, the formulation of this
generalized gamma fit can be written as:

N Dð Þ ¼ N ′

0 c Γ μþ 3
c

� �� �− 4þcμð Þ
Γ μþ 4

c

� �� � 3þcμð Þ D
Dm

� �cμ−1

exp −
Γ μþ 4

c

� �
Γ μþ 3

c

� �
 !c

D
Dm

� �c
" #

; (2)

where Dm is the mass‐weighted mean diameter (the ratio of the fourth to the third moment of the DSD, e.g.,
Bringi et al., 2002). Note thatD0 andDm are related byD0/Dm= (3.67+μ0)/(4+μ0), andNo

* andNo
' are related

Figure 1. Global map of all Ocean Rainfall And Ice‐phase precipitation measurement Network precipitation observations
included in this analysis. Colours indicate during which season each observation has been collected. Dashed lines of
constant latitude delimit the latitude bins used in this study.
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by N*
0=N

′

0 ¼ 44=6ð Þ. A formulation slightly different from (2) of the double‐moment normalization, devel-
oped to examine the stability of the functional form of the ice particle size distribution, has been recently pro-
posed in Delanoë et al. (2014):

N Dð Þ ¼ N*
0 β

Γ 4ð Þ
44

Γ αþ5
β

� 	h i 4þαð Þ

Γ αþ4
β

� 	h i 5þαð Þ
D
Dm

� �α

exp −
Γ αþ5

β

� 	
Γ αþ4

β

� 	
0
@

1
A

β

D
Dm

� �β

2
64

3
75 (3)

Formulations (2) and (3) will be used in this study, given the more generalized properties and additional flex-
ibility offered by the generalized gamma fits.

Williams et al. (2014, hereafter referred to as W14) suggested that a lack of statistical independence between
the three parameters of the normalized gamma distribution (1) may introduce bias into the TRMM and GPM
satellite rainfall rate retrievals. A new framework has therefore been proposed by these authors, based on the
two first moments of the mass spectrum: the mass‐weighted mean diameterDm, which is the first moment of
the mass spectrum, and σm, the standard deviation of the mass spectrum. This σm parameter can be calcu-
lated directly from Dm and μ0 as (W14):

σm ¼ Dm= 4þ μ0ð Þ1=2 (4)

However, as discussed in W14, the two DSD attributes (Dm and σm) are not independent, they are in fact
highly correlated, as we shall confirm later for different latitude bands and rainfall types. Therefore, a
mass spectrum standard deviation σ'm independent of Dm is obtained using a power‐law fit between σm
and Dm (σ′m ¼ σm=Dm

bm ), following Haddad et al. (1996). The two statistically independent Dm and σ'm
parameters are then used to build a constraint on μ0 to reduce the dimension of the radar retrieval
problem to two unknowns, No

* and Dm, using:

μ0 ¼
Dm

2−2bm

σ′
2
m

−4: (5)

Convective‐stratiform classification is used in our study to examine the latitudinal variability of DSD proper-
ties in convective and stratiform situations separately. Results using a disdrometer‐based partitioning tech-
nique described by Thurai et al. (2010), which is a simple threshold in the N0

*
‐Dm two‐dimensional space

derived using a tropical data set, have been compared with using a simple 40‐dBZ threshold. Statistical
results discussed in what follows were found to be very similar overall. Since the Thurai et al. (2010) techni-
que has been derived from tropical observations only, a simple 40‐dBZ threshold has been used to separate
convective and stratiform precipitation throughout this study.

3.2. Radar Simulations Using DSDs and Indirect Validation of the DSD Observations

Radar reflectivity ZH at different frequencies (3 GHz, C‐band at 5.6 GHz, Ku‐band at 13.6 GHz, Ka band at
35 GHz, and W band at 95 GHz) was estimated from all OceanRAIN DSD measurements using the
PyTMatrix code developed by Leinonen (2014), with two objectives in mind: the indirect evaluation of
the DSD observations using comparisons with measured radar reflectivities and the development of statis-
tical relationships between radar observables and DSD properties (presented in Part 2). The main assump-
tions of these T‐matrix calculations are the drop shape model and the standard deviation of the drop canting
angle (i.e., the angle between the major oblate drop axis and the horizontal axis). In this study, the drop
shape model from Thurai et al. (2007) and a standard deviation of the canting angle of 10° are used (settings
recommended in pyTMatrix). In this study we will only discuss results obtained at Ku band and Ka band, as
these are the two frequencies of the GPM DPR radar.

These T‐matrix calculations provide an excellent opportunity to indirectly evaluate the quality of the
ODM470 DSD observations, as was done in Klepp et al. (2018) using data from the first phase of the
CAPRICORN experiment (Mace & Protat, 2018). During the second phase of the CAPRICORN experiment
conducted in January–March 2018 over the Southern Ocean as part of the international Southern Ocean
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Clouds, Radiation, and Aerosol Transport Experimental Study, two vertically pointing radars, the 24 GHz
MRR‐PRO radar and the 95 GHz BASTA cloud radar (Delanoë et al., 2016), were installed close to the
main foremast hosting the ODM470 on RV Investigator. Using two radar frequencies allows for two
different moments of the DSD to be evaluated independently. Figure 2 shows a good agreement between
T‐matrix calculations and direct measurements of reflectivity at the two frequencies over a large
reflectivity span. Despite very different sampling volumes, differences in height (radar range bins at 105
and 100 m were used for MRR‐PRO and BASTA), and inherent errors of the T‐matrix calculations
(especially at 95 GHz), relatively high correlations of 0.64 and 0.78 are found with MRR‐PRO and BASTA,
respectively. The most noticeable difference in these comparisons is the slightly lower disdrometer‐derived
reflectivities relative to MRR‐PRO for reflectivities lower than about 15 dBZ. Given that such difference is
not observed on the comparisons with the BASTA cloud radar, it is likely that this difference can be
attributed to the lack of sensitivity of the MRR‐PRO to small drops, rather than a potential problem with
the ODM470 disdrometer related to the detection of small drop concentrations. Although these
comparisons do not fully characterize the accuracy of number concentration observations in individual
bins of the ODM470 disdrometer, they at least demonstrate that integral properties of the DSD are well
reproduced by the ODM470 DSDs.

3.3. Latitude Bands for DSD Analysis

To examine the latitudinal variability of DSD properties, we have selected bins for each hemisphere in a way
that it broadly discriminates between high‐, mid‐, sub‐, and tropical regimes. These bins are shown as dashed
lines on Figure 1. With this latitude band setup, only 146 points were left after validation in our database in
the polar band of the Southern Hemisphere (latitude <−67.5°S). Therefore, we have not included it in our
analysis. Although it does not follow the formal definition of the global regimes, this selection of bands
has the advantage of highlighting potential specific differences in DSD properties for latitudes lower than
−45° and higher than 45°, which is where satellite rainfall statistics disagree between different satellite pro-
ducts. Let us introduce the terminology and color code used throughout the paper to refer to each latitude
band, from the northernmost to the southernmost: N‐polar (light blue), N‐highlat (dark blue), N‐midlat
(orange), N‐tropics (red), S‐tropics (red), S‐midlat (orange), and S‐highlat (dark blue). The Northern
Hemisphere plots will be displayed with solid lines, while the Southern Hemisphere ones will be displayed
with dotted lines.

Table 1 shows the total number of samples and percentage of all rainfall samples in each latitude band. The
information has also been reported for stratiform and convective rainfall samples separately in Table 1. A
large fraction of the rainfall data set has been sampled in the S‐highlat band (34% of all samples and 27.6%
of the convective samples). The least populated one is the S‐tropics band, with only 4.9% of the rainfall

Figure 2. Statistical comparisons of T‐matrix calculations of radar reflectivity using drop size distribution measurements and direct reflectivity measurements from
(a) the 24 GHz MRR‐PRO radar and (b) the 95 GHz BASTA cloud radar. Radar range bins 105 and 100 m above sea level were respectively used for MRR‐PRO and
BASTA.
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samples. Samples are then reasonably evenly distributed among the other latitude bands, which contain 8%
to 18.1% of the samples (i.e., about 6,300 to 23,000 individual DSDmeasurements). Overall, OceanRAIN data
have been collected from at least three seasons in all latitude bands except for the N‐polar band which only
contains JJA and SON data (from the German Polarstern and Maria Merian research vessels, see Figure 2 in
Klepp et al., 2018). More year‐long data sets in the N‐polar band have been collected and will be included in
the second release of the OceanRAIN data set. The S‐highlat band includes the best balance of rainfall data
from all four seasons. In our study, no attempt has been made to further split the data set into seasons as this
was resulting in too few samples in toomany seasons and latitude bands. It will be very interesting to address
this in the future when more data become available. This highlights the need for a sustained long‐term
program to collect more OceanRAIN observations.

4. The Statistical Properties, Latitudinal Variability and Convective‐Stratiform
Variability of Rainfall

The overall objective of this section is to analyze the statistical properties and latitudinal variability of the
convective and stratiform DSD shapes and associated DSD parameters (No

*, Dm, μ0, σm, and σ'm) and to
develop and analyze relationships between rainfall rate and DSD parameters at different latitudes. Results
from this section are primarily aimed at better understanding how different rainfall properties are in the
higher latitudes and how these differences potentially explain discrepancies between satellite rainfall retrie-
vals at these higher latitudes that predominantly use the same retrieval assumptions at all latitudes.

4.1. DSDs and Normalized DSDs

In this section we document the statistical properties and natural variability of the convective and stratiform
DSDs and normalized DSDs and then characterize their latitudinal variability (from our limited number of
samples). The underlying motivation is to identify statistical differences which could explain why satellite
rainfall retrieval techniques produce very different rainfall statistics at high latitudes.

Figures 3 and 4 show the joint frequency distribution of the DSD N(D) and the normalized DSD N(D)/No
*,

respectively, as obtained from all 1‐min DSDs in the OceanRAIN database withmore than 10 points and with
a rainfall rate higher than the detection threshold of the disdrometer (0.01 mmh−1). As already documented
by several authors for DSDs and ice particle size distributions, the natural variability of the DSD is large
(Figure 3) but dramatically reduced once scaled by No

* (Figure 4). Fits using equations (1), (2), and (3) all
approximate very well the normalized DSD. Using the same OceanRAIN database, Duncan et al. (2019)
reached the same conclusion. The Thurai and Bringi (2018) and Delanoë et al. (2014) fits provide very similar
results and outperform the standard gamma fit (1) for the small normalized diameters. This can be attributed
to the more flexible formulation of those fits, boasting one additional fit parameter, as also found and exten-
sively discussed in Thurai and Bringi (2018).

Differences are large between the stratiform (Figure 3b) and convective (Figure 3c) DSDs in our data set, with
a general increase in mean drop concentrations for all diameters in convective DSDs, most notably for drop
diameters between 1 and 3 mm, and a substantial increase in the frequency of occurrence of diameters
greater than 2 mm. In contrast, the normalized concentrations and range of normalized diameters are simi-
lar in normalized convective and stratiform DSDs (Figure 4, see also Figure 4a). This result indicates that the

Table 1
Total Number and Percentage of All, Stratiform, and Convective Rainfall Samples in Each Latitude Band

Latitude
S‐highlat

[−67.5; −45]
S‐midlat

[−45; −22.5]
S‐tropics

[−22.5; −0]
N‐tropics
[0; 22.5]

N‐midlat
[22.5; 45]

N‐highlat
[45; 67.5]

N‐polar
[67.5; 90]

All 42,997
34.0%

10,836
8.6%

6,269
4.9%

17,034
13.5%

13,715
10.8%

22,871
18.1%

12,665
10.0%

Stratiform 39,343
34.7%

9,464
8.3%

5,532
4.9%

14,159
12.5%

11,766
10.4%

20,443
18.0%

12,440
11.0%

Convective 3,654
27.6%

1,372
10.4%

737
5.6%

2,875
21.7%

1,949
14.7%

2,428
18.3%

225
1.7%

Note. Total numbers of samples, stratiform rainfall samples, and convective rainfall samples are 126,533, 113,293, and 13,240, respectively.
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Figure 3. Frequency distribution of the drop size distribution for latitudes between 67.5°S and 90°N, including (a) convec-
tive and stratiform samples, (b) stratiform samples only, and (c) convective samples only. Colors show the number of
samples in each bin using a logarithmic scale, defined such that the bin with most occurrences has 0 dB and each 50%
decrease in occurrence has a 3‐dB decrease on the color scale. Black circles show the mean value of drop concentrations in
each diameter bin.
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Figure 4. Same as Figure 3 but for the normalized drop size distribution. The black, red, and blue lines are fits derived
using equations (1), (2), and (3), respectively. Black circles show the mean value of normalized concentrations in each
normalized diameter bin.
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convective‐stratiform variability is not driven by a change in the functional form of the normalized DSD but
by a change in the statistical properties of the DSD parameters used to normalize the distributions (No

* and
Dm) between the convective and stratiform rainfall regimes. This will be investigated later in this study.

The latitudinal variability of the mean DSD is explored in Figure 5. A substantial latitudinal variability of the
mean DSD is found. The midlatitude (orange) mean DSDs are very close to the overall mean throughout the
whole range of diameters for both hemispheres. There is a general decrease in drop concentrations with
increasing absolute value of latitude. The largest differences in concentration (up to a factor of 4 in our data
set) are between the N‐tropics and N‐polar bands. Tropical mean DSDs (red) are characterized by the highest
number concentrations of drops with diameter greater than 1 mm. In the S‐highlat (light blue) and N‐polar
(dark blue) bands, where GPM satellite rainfall products most disagree, the main signature is a substantially
lower number concentration of drops with diameter smaller than 3 mm, with a factor 1.9 and 2.4 difference
in concentration for D = 1 mm with respect to the mean concentration for all DSDs. In Figure 5, we also
observe large differences between hemispheres for the high‐latitude bands, with the N‐highlat concentra-
tions higher (lower) than the S‐highlat drop concentrations for drop smaller (bigger) than about 2.2 mm.
The lower concentrations of small to medium size drops at high latitudes in the Southern Hemisphere are
consistent with the expected indirect effects of much lower aerosol concentrations on cloud formation and
resulting rainfall within the pristine Southern Hemisphere air masses at those high latitudes. This result sug-
gests fundamental differences in the efficiency of rainfall microphysical processes and/or substantial aerosol
indirect effects on rainfall properties, which cannot be readily addressed with our data set.

It is important to understand how convective and stratiform rainfall regimes contribute to this latitudinal
variability in our data set, both from a fundamental rainfall process standpoint, and to provide further
insights into satellite rainfall algorithm improvements. As expected, since 90% of the samples are stratiform,
the latitudinal variability in stratiform DSDs (Figure 5b) is generally similar to that obtained when all DSDs
are included (Figure 5a). However, this variability in stratiform DSDs is markedly lower for all drop dia-
meters, which indicates that both regimes do contribute to the latitudinal variability, despite the much lower
frequency of occurrence of convective DSDs (10%). Consistent with this, Figure 5c shows that latitudinal dif-
ferences in convective rainfall DSDs are indeed substantially larger than for stratiform DSDs (Figure 5b),
therefore contributing to the overall latitudinal variability despite the much lower number of convective
samples. From our relatively small number of DSD samples in the tropical bands (3,612, see Table 1), we find
that tropical convective DSDs are characterized by much higher number concentrations of drops of all dia-
meters. As was the case for stratiform rainfall, there is also a general decrease in number concentrations with
increasing absolute value of latitude. As an example, the number concentration of drops with diameter
around 2 mm is a factor 2.5 higher in the tropics than in the midlatitude bands concentrations, a factor
3.2 higher than in the high‐latitude bands, and a factor 7 higher than in the N‐polar latitude band.

In the high‐latitude bands, the S‐highlat concentrations in convective DSDs are also lower than the N‐highlat
concentrations for drops smaller than about 2.2 mm (Figure 5c). This statistical signature is therefore driven
by both the convective and stratiform rainfall regimes. In contrast, the higher concentration of drops with
diameters greater than 2.2 mm in the S‐highlat band is driven solely by the convective rainfall regime.
This result clearly has implications for satellite radar rainfall algorithm development.

We now turn our attention to the latitudinal variability of the normalized DSDs in convective and stratiform
regimes (Figure 6). The objective here is to assess whether we can use the same functional form of the nor-
malized DSD for all latitudes and for both convective and stratiform regimes. Figure 6a shows that the lati-
tudinal variability of the mean normalized DSD is much smaller than that of the mean DSD without
normalization by No

* (Figure 5). The main exception to this general statement is the higher normalized con-
centrations of normalized diameters in the N‐polar band. Luckily, there are no GPMmeasurements made in
that latitude band (GPM measurements are restricted to ±65°), so no specific adjustment to the functional
form of normalized DSDs would be required in GPM rainfall algorithms to account for these higher normal-
ized concentrations in the N‐polar band. Going back to our focus on the S‐highlat and N‐highlat bands, this
result clearly suggests from our limited number of samples that specific issues with satellite rainfall statistics
at those latitudes cannot be attributed to a fundamentally different functional form of the normalized DSD.

Overall, mean normalized DSDs in convective and stratiform rainfall are similar (Figure 6), with mean nor-
malized drop concentrations similar over the whole normalized diameter range. The main differences are a
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Figure 5. Latitudinal variability of mean drop size distributions (a) for all samples, (b) stratiform samples, and (c) convec-
tive samples. Colored lines represent different latitude bands. Solid (dotted) lines are Northern Hemisphere (Southern
Hemisphere) results from each latitude band. Black, blue, and red circles in Panel (a) show the mean value of normalized
concentrations in each normalized diameter bin for all samples, stratiform samples, and convective samples, respectively.
Black circles in Panels (b) and (c) show the mean value of normalized concentrations in each normalized diameter bin
for stratiform samples and convective samples, respectively.
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Figure 6. Same as Figure 5 but for mean normalized drop size distributions.
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slightly more pronounced “shoulder” in mean normalized stratiform DSDs around normalized diameters of
1 and a slight increase in normalized drop concentration in convective rainfall for D/Dm > 2. The other
important thing to note from Figure 6 is that the S‐highlat band stands out statistically from the other lati-
tude bands in the convective rainfall regime, with higher concentrations of drops with normalized diameters
greater than 1.2. However, due to the naturally low frequency of occurrence of convective samples (10% in
our database), this important microphysical difference does not produce noticeable statistical differences
for the S‐highlat band when both the convective and stratiform samples are included (Figure 6a).

The important implication of this small latitudinal and convective‐stratiform variability of the functional
form of the normalized DSD from a DSD retrieval point of view is that this functional form can be assumed
constant (using the two proposed fits, one for convective and one for stratiform) without introducing too
much error, leaving two parameters of the normalized DSD to be retrieved (No

* and Dm).

4.2. Rainfall Rate and DSD Parameters

The GPM radar rainfall retrieval algorithms (single‐frequency and dual‐frequency) are currently formulated
using the gamma‐shaped distribution formalism, which approximates the DSD with three DSD parameters
(No

*, Dm, and μ0). Because a major objective of this paper is to characterize the latitudinal variability of rain-
fall microphysics using DSD measurements to inform further improvements to the GPM algorithms, the
focus of this section is to analyze the statistical properties and latitudinal variability of these three DSD para-
meters. However, new probabilistic GPM rainfall rate retrievals are also under construction as part of the
National Aeronautics and Space Administration Precipitation Measurement Missions DSD working group
using optimal estimation or Bayesian formulations (based on earlier work from Munchak & Kummerow,
2011; Haddad et al., 2006), which will use the mean and standard deviation of statistically independent
DSD attributes (σ'm and Dm) presented in W14 (see discussion in section 3). The statistical properties and
variability of these DSD attributes, and the relationship between these DSD attributes and the gamma
DSD parameters, will therefore be explored in our study as well.

The probability distribution function (PDF) of rainfall rate derived from all valid OceanRAIN DSDs is shown
as a solid black line in Figure 7a. As expected, the highest frequency of occurrence (2–3%) is found for rainfall
rates between 0.5 and 2 mm h−1, and the frequency of occurrence of higher rainfall rates then drops quickly
(note the logarithmic scale). The most interesting feature on Figure 7a is the substantial latitudinal
variability, which is much larger than the interhemispheric differences in each latitude band. The mean
PDF of rainfall rate clearly results from very different contributions from different latitude bands. There is
a clear tendency for higher (lower) frequency of occurrence of rainfall rates greater (smaller) than about
1–3 mm h−1 with decreasing absolute value of latitude. The N‐polar band has no rainfall rate exceeding
10 mm h−1 in the OceanRAIN database, and the N‐highlat and S‐highlat bands have no rainfall rate exceed-
ing 50 mm h−1. In contrast the tropical latitude bands are characterized by a much larger frequency of occur-
rence of rainfall exceeding 10 mm h−1 than the other latitude bands. Going back to our focus on identifying
specific differences in rainfall properties in the S‐highlat band, Figure 7a clearly shows that the rainfall
regime in this pristine environment is noticeably different from the N‐highlat band (compare solid and
dashed blue lines in Figure 7a), with systematically higher (lower) frequency of occurrence of rainfall rates
below (above) 1 mm h−1. It would be interesting (but out of scope of this study) to compare these PDFs with
those derived from the GPM radar rainfall retrievals, as was done with the GPM combined algorithm in
Duncan et al. (2019) but using our latitude band definitions.

As concluded in the previous section, specific issues with satellite rainfall rate statistics in the high‐latitude
bands (e.g., Skofronick‐Jackson et al., 2017) cannot be attributed to a fundamentally different functional
form of the normalized DSD. Therefore, our hypothesis is that these differences result from the latitudinal
and/or convective‐stratiform variability of some or all of the three DSD parameters (No

*, Dm, and μ0). The
PDFs of these DSD parameters and their latitudinal variability are shown in Figures 7b, 7c, and 7d, respec-
tively, for No

*, Dm, and μ0. It appears clearly that the No
*and μ0 parameters are characterized by a high lati-

tudinal variability, while the variability is much smaller for Dm. The S‐highlat and N‐polar bands clearly
stand out in Figure 7b as regions with much lower normalized concentrations No

* (No
* ~1,400–2,000 com-

pared to a median value for all samples of 5843 in Figure 4a), which is consistent with the much lower drop
concentrations for drop diameters lower than 3 mm and the interhemispheric differences at high latitudes
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(Figure 5). The S‐highlat and N‐polar PDFs of μ0 are found to be very different from each other. The high‐
latitude and midlatitude bands share similar statistical characteristics, with a peak value of μ0 ranging
from −1 to +1. In contrast the N‐polar and tropical bands are characterized by much higher peak values
of μ0 ranging from 2 to 5. This finding of large values of μ0 within the N‐polar band is consistent with the
analysis of DSD measurements from Finland (Leinonen et al., 2012). Owing to the larger number of samples
in the high‐latitude and midlatitude bands, the μ0 distribution obtained by including all samples at all lati-
tudes resembles that of the high‐latitude/midlatitude group. This is an important result, since the GPM rain-
fall algorithms assume either μ0 = 2 (combined radar–radiometer algorithm, Grecu et al., 2016) or μ0 = 3
(dual‐frequency radar algorithm, Seto et al., 2013). Clearly, these GPM assumptions were inherited from
the TRMM era, when algorithms were developed and tuned for the Tropics. Our results clearly suggest that
the μ0 assumption currently held in GPM radar rainfall algorithms needs to be refined to better account for
the observed latitudinal variability. Whether such change would in turn positively impact the retrieval ofNo

*

for the high latitudes cannot be assessed in the present study. These marked latitudinal variability signatures
highlight again some fundamental differences in rainfall properties in the high latitudes of the Southern
Hemisphere, consistent with and therefore potentially linked to much lower cloud condensation nuclei
and ice nucleating particles concentrations observed within the pristine Southern Hemisphere air masses
at those high latitudes (e.g., McCluskey et al., 2018).

The mass spectrum standard deviation parameter, σm, (Figure 7e) exhibits a similar level of latitudinal varia-
bility as the first moment of themass spectrum,Dm (Figure. 7c), with similar latitudinal trends. The S‐highlat
band is characterized by a slightly higher peak value of σm (around 0.35) than the N‐highlat (around 0.20),
tropical (0.20 to 0.25), and midlatitude bands (0.25 to 0.30). Once normalized using the technique

Figure 7. Probability distribution functions of (a) rainfall rate, (b) log10 (No
*), (c) Dm, (d) μ0, (e) σm, and (f) σ'm. The black

solid line is for all samples, and the coloured lines are for each latitude band (see colour bar). Solid (dotted) lines are
Northern Hemisphere (Southern Hemisphere) results from each latitude band. The black circles show the statistics when
only convective samples are included. Results using stratiform samples only are not shown as they are nearly undistin-
guishable from the black line.
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described in W14 and Haddad et al. (1996) to make the normalized mass spectrum standard deviation statis-
tically independent fromDm, the PDF of σ'm shows a very similar peak value of σ'm (0.30–0.35) for all latitude
bands except in the Tropics (Figure 7f), where the peak value is 0.25–0.30. The other difference is the broader
distribution of σ'm for the S‐highlat band, compared to the more peaked distribution in the tropical bands.
Overall the latitudinal variability of σ'm is not large. However, the impact of such variability on probabilistic
rainfall retrievals has not been assessed and may not be negligible.

Figure 7 also shows how convective and stratiform rainfall regimes contribute to this latitudinal variability of
the DSD parameters (black circles are the PDFs for convective samples only). The stratiform PDFs are not
displayed in Figure 7 as they are nearly indistinguishable from the PDFs with all samples included. This
shows that most of the latitudinal variability discussed previously comes from the statistical differences in
stratiform DSD parameters. The implication of this result from a GPM algorithm perspective is that account-
ing for the latitudinal variability of the DSD properties for the stratiform rainfall regime, starting with the μ0
assumption, should have a strong and positive impact on the latitudinal mean statistics of rainfall rate.
Figure 7 demonstrates that convective and stratiform regimes are characterized by very different statistical
properties of the DSD parameters, which has been documented extensively in the literature since the early
work of Tokay and Short (1996) in the Tropics. The largest differences are found for Dm (Figure 7c), μ0
(Figure 7d), and σm (Figure 7e). The peak values of theDm and σm PDFs are more than twice as large for con-
vective rainfall (around 1.8–2.2 and 0.9 mm, respectively, compared to 0.8–0.9 and 0.3 mm in stratiform rain-
fall). These convective rainfall PDFs of Dm and σm are also broader, highlighting the much higher natural
variability of rainfall microphysics in the convective regime. In contrast, once σm is normalized, the σ'm
PDF is found to be very similar in the convective and stratiform rainfall regimes (Figure 7f), which is an
interesting property of rainfall that could be exploited in future GPM probabilistic satellite rainfall retrievals
based on the principle of using σ'm and Dm as statistically independent DSD attributes. The convective μ0
PDF is also completely different from the stratiform μ0 PDFs at all latitudes (Figure 7d), with a peak value
of −2 to −1.5 and a much smaller standard deviation. Figure 7b also shows that No

* distributions are quite
similar in convective and stratiform rainfall regimes. This result is not consistent with earlier tropical rainfall
microphysics studies using DSD measurements (e.g., Testud et al., 2001; Tokay & Short, 1996) or dual‐
polarization radar retrievals (e.g., Penide et al., 2013), where convective No

* is usually larger than stratiform
No

*. Also, the peak values of the tropical Dm PDF are usually slightly smaller (around 1.6–1.8 mm) than the
value reported in Figure 7c (1.8–2.2 mm). One possible explanation for these differences is that the statistical
properties presented in Figure. 7 combine very different convective properties from multiple latitudes.

In order to investigate this further, Figure 8 shows the latitudinal variability of the DSD parameters for the
convective rainfall regime only. Documenting this latitudinal variability is also extremely important for sev-
eral applications (including hydrology and extreme rainfall studies) where convective rainfall rates need to
be accurately retrieved from space at all latitudes. Although the individual PDFs are noisier due to the smal-
ler number of convective samples in each bin for each latitude, we clearly observe in Figure 8 a substantially
higher latitudinal variability of Dm, σm, σ'm, and No

* for convective rainfall. Compensating effects coming
from different latitude bands are obvious when comparing with the total PDFs (black lines). Peak No

* values
are much higher in the Tropics than in other latitude bands, and peak values of tropical convective Dm are
closer to those found in the literature for the Tropics (1.6–1.8 mm, e.g., Tokay & Short, 1996; Penide et al.,
2013). Another important result is how different the N‐polar and S‐highlat convective DSD properties are
compared to other latitudes, highlighting the need for a special treatment of convective rainfall properties
in satellite rainfall retrieval techniques. In short, the convective rainfall regime in the N‐polar and S‐highlat
bands is characterized by much smaller No

* (Figure 8b) and much larger Dm (Figure 8c) than at other lati-
tudes. Interhemispheric differences in convective properties between the high‐latitude bands are also very
large, with the S‐highlat band characterized by much smaller No

* (Figure 8b), much larger Dm (Figure 8c),
and much smaller σ'm (Figure 8f) than the N‐highlat band. Although these results are drawn from a limited
number of samples and a limited set of associated large‐scale conditions, they suggest that these two high‐
latitude bands cannot be treated in the same way in satellite rainfall algorithms either.

4.3. Relationships Between DSD Parameters and Rainfall Rate

In W14, disdrometer observations collected in Huntsville, Alabama (latitude: 34.7304°N), were used to
demonstrate that radar reflectivity, rainfall rate, and σm are all correlated with Dm. In this section we
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investigate if such correlation is found at all latitudes and how these relationships vary with latitude and with
rainfall regime. Developing empirical relationships between DSD parameters for single‐frequency or dual‐
frequency satellite rainfall retrievals requires these DSD parameters to be statistically independent.
Figure 9a shows the relationship between σm and Dm derived from the OceanRAIN data set. The high
correlation already documented for the Huntsville site in W14 is also found with our much larger data set.
The all‐latitude relationship obtained in our study is nevertheless quite different from that in W14:

σm ¼ 0:349 D 1:531
m : (6)

The exponent of the relationship, bm, is higher than the value found in W14 (1.36).

Normalizing σm to make it statistically independent from Dm:

σ′m ¼ σm

Dm
1:531 (7)

we obtain a higher value of σ'm thanW14 (0.349 versus 0.30). Figure 9d shows the PDF of σ'm and a Gaussian
fit to this PDF, characterized by a mean value σ′

m ¼ 0:349 and a standard deviation std(σ'm) = 0.100. The
Gaussian fit is a good approximation of the σ'm distribution (which was also the case in W14), albeit some
skewness of the σ'm distribution toward larger values. This implies that σ'm distributions can be described
using Gaussian statistics and can be used in probabilistic rainfall retrieval techniques using σ′

m and std
(σ'm). As in W14, Figure 9d shows the upper bound (σ′

m + std(σ'm) = 0.449) and lower bound (σ′

m ‐ std
(σ'm) = 0.249) of σ'm as blue and red dashed lines, respectively, which can in turn be converted using equa-
tion (7) to upper and lower bounds for σm for each value ofDm. As can be seen in Figure 9a, theW14 relation-
ship falls very close to the lower bound σm‐Dm relationship derived in our study. The exact same conclusion
was also recently reached in a detailed analysis of a 12,177 1‐min continental DSD data set (Thurai et al.,

Figure 8. Same as Figure 7 but for convective samples only.
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2019). Their σm‐Dm distribution (Figure 6 in Thurai et al., 2019) is also remarkably similar to that of
Figure 9a.

In W14, the statistically independent Dm and σ'm parameters are used to build a constraint on μ0 for the
satellite rainfall retrieval algorithms. Using this μ0 = f (Dm, σ'm) parameterization, W14 suggested that they
were able to reduce rainfall retrieval errors (mean and standard deviation) over the whole Dm range com-
pared to using a fixed value of μ0 (μ0 = 3 in the GPM DPR retrieval, Seto et al., 2013). Using equation (5)
and the results from Figure 9, our general relationship including all latitudes is:

μ0 ¼ 8:21 Dm
−1:06−4: (8)

Again, the upper and lower bounds of this relationship can be derived from using the upper and lower
bounds of σ'm. These results are reported in Figures 9e and 9f. As also found in W14, the very skewed and
wide μ0 distribution cannot be described accurately using Gaussian statistics, with the median value of the
Gaussian distribution (μ0 = 2.1) largely overestimating the actual peak of the distribution. These results
clearly indicate that both the mean and standard deviation of the μ0 distribution strongly decrease as Dm

Figure 9. Joint (a) σm‐Dm, (c) σ'm‐Dm, and (e) μ0‐Dm distributions. Also shown in these panels are power‐law fits (solid
black lines) and fits derived from one standard deviation more (dashed blue lines) or less (dashed red lines) than the
mean value. The dashed black lines are theW14 fits. Panels on the right‐hand side are probability distribution functions of
(b) σm, (d) σ'm, and (f) μ0. Dotted lines on panels (d) and (f) are Gaussian fits to the probability distribution functions, with
the mean and standard deviation values of these Gaussian fits also reported.
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increases. An intriguing difference between the W14 results and our study
is that the peak of the μ0 distribution is around μ0 = 3 in W14, which is
consistent with the assumption in the GPMDPR retrieval technique, while
ours is around μ0 = 0 (Figures 9e and 9f). However, as shown in Figure 7,
this mean peak value around μ0=0 results from compensating effects from
different latitude bands, with the tropical bands and the N‐polar band dis-
tributions peaking around μ0 = 3 as well.

An important aspect that could not be investigated in W14 is the latitudi-
nal variability of these relationships between DSD parameters. Such study
is important to provide optimal constraints to develop GPM rainfall pro-
ducts that account as much as possible for latitudinal and rainfall regime
variability. The latitudinal variability of the σm‐Dm relationship is found
to be quite large, especially for Dm > 1.5 mm (Figure 10a). The coefficients
of all the σm‐Dm power‐law fits are reported in Table 2. The tropical bands
and the S‐midlat band stand out from the other latitude bands, with sys-
tematically lower σm as a function of Dm. This difference between fits cor-
responds to clear shifts of the σm‐Dm joint distribution (not shown). So,
this latitudinal variability explains to some extent the larger standard
deviation of the σm distribution found in our study compared to the W14
study, where only one location (Huntsville, Alabama) was used.

Once σm is normalized to remove its statistical dependence on Dm, a lati-
tudinal variability of σ'm is still observed (Figure 10b), which implies that
probabilistic GPM rainfall algorithms based on the mean and standard
deviation of (σ'm and Dm) should take this latitudinal variability into
account. However, it remains to be demonstrated whether such variability
(from 0.30 to 0.36) has a measurable effect on these retrievals, which can-
not be readily assessed in our study. As has been observed for the indivi-
dual DSD parameters, the S‐highlat and N‐polar bands clearly stand out,
with higher σ'm than at other latitudes where σ'm values range from 0.30
to 0.32. Interhemispheric differences between the N‐highlat and S‐highlat
σ'm are also found. Interestingly, the N‐midlat σ'm is found to be very close
to the W14 value, which was derived in the same latitude band.

As discussed inW14, the statistically independent (σ'm andDm) pair can be
mapped back onto the gamma DSD parameters to produce a μ0 = f (Dm

and σ'm) parameterization for rainfall retrievals assuming gamma distributions. When doing this for each
latitude band individually, the different μ0‐Dm fits are found to be quite similar (Figure 10c). Therefore, it
seems appropriate to recommend using a single relationship for all latitudes in GPM algorithms to improve
upon the μ0 = 3 assumption. However, further inspection of the joint μ0‐Dm distributions reveals systematic
differences between latitude bands (not shown), which could be exploited to refine this assumption at a later
stage in collaboration with the GPM algorithm developers.

An important assumption in single‐frequency and dual‐frequency GPM radar rainfall algorithms is the rela-
tionship between rainfall rate (denoted as R) and Dm (Iguchi et al., 2017; Kozu et al., 2009). R‐Dm

Figure 10. The latitudinal variability of the (a) σm‐Dm, (b) σ'm‐Dm, and (c)
μ0‐Dm joint distributions. Coloured lines are for each latitude band (see
colour bar on the right). Solid (dotted) lines are Northern Hemisphere
(Southern Hemisphere) results from each latitude band. Also shown in
panel (a) is the overall joint histogram of the σm‐Dm relationship (same as
Figure 9a, using the same dB color bar as in Figure 3). The dashed black lines
are the W14 fits.

Table 2
Coefficients (am and bm) of the σm ¼ am D bm

m Relationship for Each Latitude Band

Latitude
S‐highlat

[−67.5; −45]
S‐midlat

[−45; −22.5]
S‐tropics

[−22.5; −0]
N‐tropics
[0; 22.5]

N‐midlat
[22.5; 45]

N‐highlat
[45; 67.5]

N‐polar
[67.5; 90]

am 0.360 0.314 0.313 0.313 0.302 0.321 0.343
bm 1.444 1.469 1.426 1.438 1.681 1.684 1.496
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relationships are assumed for stratiform and convective rain separately to
calculate specific attenuation and radar reflectivity for a given rainfall rate
at both Ka and Ku bands. These assumed GPM relationships are:

R ¼ 0:401 ϵ4:649 D 6:131
m stratiformð Þ; (9a)

R ¼ 1:370 ϵ4:258 D 5:420
m convectiveð Þ; (9b)

where ϵ is an adjustment factor derived globally from redundant informa-
tion in the GPM DPR algorithm using path integrated attenuation derived
from surface backscatter observations as a 5° × 5° latitude‐longitude map
in the latest version (V05) of the GPM DPR algorithm. In the earlier ver-
sion (V04), this adjustment factor was set to ϵ = 1.

Figure 11 shows the joint R‐Dm distribution obtained from the OceanRAIN
data set when all latitudes are included. Also shown are individual fits
obtained within each latitude bin, the W14 relationship, and the GPM
V04 relationships (equation (9) with ϵ = 1). The coefficients of all the
R‐Dm power‐law fits are reported in Table 3. The first important result
observed in Figure 11 is the large spread of the joint histogram, which
implies potentially large errors when using a single relationship at all lati-

tudes. The latitudinal variability of the R‐Dm relationship is also found to be large (see different fits in
Figure 11 and Table 3), with for instance a factor 2 difference between Dm from the tropical relationships
and the S‐highlat relationship for R = 10 mm h−1 and even more difference for higher rainfall rates. It must
be noted however that those higher rainfall rates are much rarer at higher latitudes than in the Tropics, as
demonstrated in Figure 7a. Again, the R‐Dm relationships obtained in the S‐highlat and N‐polar bands
clearly stand out as being very different from the mean relationship, from the GPM relationships, and
from the relationships in other latitude bands. These systematically lower rainfall rates over the Dm range
are consistent with the lower number concentrations found in the S‐highlat and N‐polar bands, since rain-
fall rate is proportional to No

*, while Dm, being a ratio of the fourth to the third moment of the DSD, does
not depend on No

*.

The second point to note in Figure 11 is the large difference between the mean fit obtained from the
OceanRAIN database (solid black line in Figure 11) and the GPM V04 relationships, with much larger
Dm for rainfall rates greater than 10 mm h−1. The R‐Dm relationship derived including all latitudes is

R ¼ 0:710 D 3:83
m (10)

This relationship is close to that obtained in W14 but generates lower Dm for very large rainfall rates. As was
the case for the σ'm value, it is interesting to note that the N‐midlat R‐Dm relationship is very close to that of
W14, which had been derived in the same latitude band. The GPM V04 relationships are also found to be in
good agreement with our tropical estimates (red lines in Figure 11), which, as was also found for the μ0= 2 or
3 assumption (Figure 7), likely reflects the legacy of DSD assumptions from the TRMM era in the GPM rain-
fall algorithms, when algorithms were developed and tuned for the Tropics.

Figure 11. The latitudinal variability of the R‐Dm relationship. Coloured
solid and dotted lines are for each latitude band (see colour bar on the
right). Solid (dotted) lines are Northern Hemisphere (SouthernHemisphere)
results from each latitude band. Also shown in color (using the same dB
color bar as in Figure 3) is the overall joint R‐Dm distribution when all
samples are included. The dashed black, red, and blue lines are the W14 fit,
Global Precipitation Measurement V04 convective and Global Precipitation
Measurement V04 stratiform relationships, respectively.

Table 3
Coefficients (cm and dm) of the R ¼ cm D dm

m Relationship for Each Latitude Band, With R in mm h−1 and Dm in mm

Latitude
S‐highlat

[−67.5; −45]
S‐midlat

[−45;−22.5]
S‐tropics
[−22.5;−0]

N‐tropics
[0; 22.5]

N‐midlat
[22.5; 45]

N‐highlat
[45; 67.5]

N‐polar
[67.5; 90]

cm 0.43 0.64 1.48 1.48 0.98 0.81 0.35
dm 2.861 5.190 3.885 3.901 3.180 3.018 3.482
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5. Summary and Conclusions

The aim of this study was to better understand underpinning microphysical reasons for the large discrepan-
cies between satellite rainfall products at high latitudes over the ocean in the Northern and Southern
Hemispheres which are reported in the literature. To do so, we have characterized the latitudinal variability
of the convective and stratiform DSD properties and developed and analyzed relationships between radar
observables and DSD parameters using a new in situ shipboard global ocean precipitation database produced
by the OceanRAIN project (Klepp et al., 2018). Our hope is that these results will inform further GPM rainfall
algorithm developments to better account for the observed latitudinal variability in the near future.

We have first analyzed the statistical properties and latitudinal variability of the functional form of all DSDs.
We then repeated the same analysis for the convective and stratiform DSDs separately to better understand
the contribution of these rainfall regimes to the observed variability. As expected, the natural variability of
the DSD is found to be large but dramatically reduced after scaling it byNo

*. Large differences between strati-
form and convective DSDs were also largely reduced after scaling. The latitudinal variability of the mean
DSD was found to be substantial, with a general decrease in drop concentrations with increasing absolute
value of latitude. In the S‐highlat and N‐polar bands, where GPM satellite rainfall products most disagree,
a substantially lower number concentration of drops with diameter smaller than 3mmwas found. This result
highlights fundamental differences in the efficiency of rainfall microphysical processes and/or substantial
aerosol indirect effects on rainfall properties. Despite the much larger number of stratiform samples (90%),
we find that both the convective and stratiform regimes contribute to this latitudinal variability of the mean
DSD. In contrast, the latitudinal variability of the mean normalized DSD (and of the normalized convective
and stratiform DSDs separately) is much smaller than that of the mean DSD, except for the N‐polar band
characterized by slightly higher normalized concentrations overall. These results indicate that issues with
satellite rainfall rate statistics at high latitudes (e.g., Skofronick‐Jackson et al., 2017) cannot be attributed
to a fundamentally different functional form of the normalized DSD. From a DSD retrieval standpoint, the
important implication of this result is that the functional form of the normalized DSD can be assumed con-
stant and parameterized using the fits proposed in our study, except maybe for the N‐polar band where
refinements to the normalized DSD formulation may be needed. As was already clearly demonstrated in
Thurai et al., (2018) using continental DSD data sets, we also found that general gamma fits, due to their ver-
satility, largely outperform standard gamma fits and should be preferred as the baseline formulation of rain-
fall retrieval algorithms.

PDFs of rainfall rate and DSD parameters (No
*, Dm, μ0, σm, and σ'm) were then analyzed in different latitude

bands to identify differences in rainfall properties within the high‐latitude bands. The S‐highlat and N‐polar
bands clearly stood out as regions with systematically higher (lower) frequency of occurrence of rainfall rates
below (above) 1 mm h−1, and much lower normalized concentrations No

*, which is consistent with (and
therefore possibly linked to) much lower cloud condensation nuclei and ice nucleating particles concentra-
tions observed within pristine high‐latitude air masses (e.g., McCluskey et al., 2018). Major differences were
also found between latitudes for the μ0 shape parameter, with high‐latitude and midlatitude μ0 ranging from
−1 to +1 and polar and tropical μ0 ranging from 2 to 5. This important result clearly suggests that the μ0
assumption currently held in GPM radar rainfall algorithms needs to be refined to better account for this
observed latitudinal variability. Overall the latitudinal variability of Dm, σm, and σ'm was much smaller than
that of No

* and μ0. However, the impact of this modest variability on probabilistic rainfall retrievals has not
been assessed and may not be negligible.

Splitting the analysis of these PDFs of DSD parameters into the convective and stratiform rainfall regimes
shows that convective and stratiform regimes are characterized by very different statistical properties of
the DSD parameters, which has been documented extensively in the literature, but more importantly for
the purpose of our study that most of the latitudinal variability comes from the statistical differences in strati-
form DSD parameters between latitudes, due to the much larger number of stratiform samples. The implica-
tion of this result from a GPM algorithm perspective is that accounting for the latitudinal variability of the
DSD properties for the stratiform rainfall regime, starting with the μ0 assumption, should have a strong
and positive impact on the latitudinal mean statistics of rainfall rate. Although the statistical contribution
of the convective regime to the overall latitudinal variability is not as large as that of the stratiform regime,
the latitudinal variability of the convective DSD parameters was found to be very large (much large than for
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the stratiform regime), with the N‐polar and S‐highlat convective DSD properties characterized by much
smaller No

* and much larger Dm than at other latitudes. Interhemispheric differences in convective proper-
ties between the high‐latitude bands were also very large, with the S‐highlat band characterized by much
smaller No

*, much larger Dm, and much smaller σ'm than the N‐highlat band. This result highlights the need
for a special treatment of convective rainfall properties in satellite rainfall retrieval techniques.

In the pioneering work of W14, statistical relationships between DSD parameters and rainfall rate were
developed, namely, the σm‐Dm relationship, the μ0= f (Dm, σ'm) parameterization and the R‐Dm relationship,
which are being used in the latest version of the GPM dual‐frequency radar technique and for the develop-
ment of new probabilistic GPM radar rainfall retrieval techniques. The latitudinal variability of these rela-
tionships had not been documented, which was therefore the focus of our work. The latitudinal variability
of the σm‐Dm and R‐Dm relationships were found to be large, especially for Dm > 1.5 mm. Interestingly,
our σm‐Dm distribution derived from all oceanic DSDs from all latitudes was found to be very similar to that
derived from a recent analysis of continental DSDs (Thurai et al., 2019), suggesting that land/ocean differ-
ences in DSDs might not translate into an large impact on this distribution. In particular, the R‐Dm relation-
ships obtained in the S‐highlat and N‐polar bands clearly stood out as very different from the mean R‐Dm

relationship when data from all latitudes are included, from the currently assumed GPM relationships,
and from the relationships obtained in other latitude bands. Some latitudinal variability of σ'm was also still
observed after normalization of σm, which suggests that probabilistic GPM rainfall algorithms based on the
mean and standard deviation of (σ'm, Dm) should probably take this latitudinal variability into account. The
μ0‐Dm fits within different latitude bands were quite similar, but further inspection of the joint distributions
highlighted systematic differences that could be exploited in GPM algorithms as well.

In Part 2 of this study, we delve into what can be learned from the OceanRAIN data set in terms of relation-
ships between radar observables available from satellite platforms and DSD parameters, how these relation-
ships compare with current GPM radar rainfall algorithm assumptions, how strong the latitudinal variability
of these relationships is, and whether this latitudinal variability needs to be included in GPM radar rainfall
algorithms. The next natural step of this overall study will be to liaise with GPM algorithm developers and
work on introducing the latitudinal variability of statistical rainfall properties where appropriate, then eval-
uating the resulting statistical improvement in rainfall statistics in the high latitudes using the OceanRAIN
database. Due to the difficulty to maintain funding for the OceanRAIN project, we would also like to stress
the importance to the scientific community and express our strong support for the continuation of the long‐
term OceanRAIN sampling.
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