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ABSTRACT

Using cyclone-centered compositing and a database of extratropical-cyclone locations, the distribution of

precipitation frequency and rate in oceanic extratropical cyclones is analyzed using satellite-derived datasets. The

distribution of precipitation rates retrieved using two new datasets, theGlobal PrecipitationMeasurement radar–

microwave radiometer combined product (GPM-CMB) and the Integrated Multisatellite Retrievals for GPM

product (IMERG), is compared withCloudSat, and the differences are discussed. For reference, the composites

of AMSR-E, GPCP, and two reanalyses are also examined. Cyclone-centered precipitation rates are found to be

the largest with the IMERG andCloudSat datasets and lowest withGPM-CMB. A series of tests is conducted to

determine the roles of swath width, swath location, sampling frequency, season, and epoch. In all cases, these

effects are less than ;0.14mmh21 at 50-km resolution. Larger differences in the composites are related to

retrieval biases, such as ground-clutter contamination in GPM-CMB and radar saturation in CloudSat. Overall

the IMERGproduct reports precipitationmore often, with larger precipitation rates at the center of the cyclones,

in conditions of high precipitable water (PW). The CloudSat product tends to report more precipitation in

conditions of dry or moderate PW. The GPM-CMB product tends to systematically report lower precipitation

rates than the other two datasets. This intercomparison provides 1) modelers with an observational uncertainty

and range (0.21–0.36mmh21 near the cyclone centers) when using composites of precipitation for model eval-

uation and 2) retrieval-algorithm developers with a categorical analysis of the sensitivity of the products to PW.

1. Introduction

Precipitation in the midlatitudes is important to soci-

ety as a water source and through its association with

extreme events. Extratropical cyclones play a dominant

role in precipitation at these latitudes, contributing up to

90% of the total precipitation in the Northern Hemi-

sphere (NH) winter (Hawcroft et al. 2012; Catto et al.

2012). There are still issues in the representation of

midlatitude precipitation in current general circulation

models (GCMs; e.g., Stephens et al. 2010; Catto et al.

2015; Hawcroft et al. 2016); to assess this representation,Corresponding author: CatherineM.Naud, cn2140@columbia.edu
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an observational benchmark and a measure of obser-

vational uncertainty are needed.

In the recent past, the NASA–JAXATropical Rainfall

Measuring Mission (TRMM; Simpson et al. 1988;

Kummerow et al. 1998, 2000) has been one of the primary

sources of satellite observations of precipitation, but

these observations are limited by the latitude range

sampled by the instrument (508N–508S at most). Offering

better latitudinal coverage, observations from the Ad-

vanced Microwave Scanning Radiometer for the Earth

Observing System (AMSR-E; Kawanishi et al. 2003) are

also used over the oceans (Kummerow et al. 2011), but

this instrument has some sensitivity issues in the mid-

latitudes (Stephens et al. 2010; Behrangi et al. 2012). The

availability of gridded combined products such as the

Global Precipitation Climatology Project (GPCP; Adler

et al. 2003) helps to overcome the coverage issue, but

these are typically daily datasets and do not provide a fine

temporal match with extratropical cyclones. Global and

gridded reanalysis products of precipitation can also be

used, but their accuracy is still under examination (e.g., de

Leeuw et al. 2015; Reichle et al. 2017).

With the launch of the Global Precipitation Measure-

ment (GPM; Hou et al. 2014) Core Observatory satellite

in 2014, a new source of precipitation information has

become available that includes bothmicrowave and radar

information to obtain a better precipitation retrieval in

conditions of light rain or frozen hydrometeors for a wide

latitude range up to 658N–658S (Skofronick-Jackson et al.

2017). The objective of this paper is to explore the dif-

ferences in extratropical-cyclone-centered composites of

surface precipitation rates between the new datasets of-

fered by the GPM mission and other observation-based

data sources.

Cyclone-centered compositing of satellite observa-

tions is an effective method for model evaluation, as

demonstrated in previous analyses of clouds, cyclone

thermodynamics, dynamics, precipitation, and water

vapor (e.g., Lau and Crane 1995; Klein and Jakob 1999;

Bauer and Del Genio 2006; Naud et al. 2006, 2010; Field

andWood 2007; Field et al. 2008, 2011; Catto et al. 2010;

Rudeva and Gulev 2011; Hawcroft et al. 2012, 2016;

Govekar et al. 2014). Compositing uses the center of the

extratropical cyclones as an anchor for averaging mul-

tiple systems together. As such, the resulting composite

provides a representation of the most salient features

that all of these systems have in common and reduces

much of the natural variability so that comparisons can

be made with modeled cyclones that are not coincident

or collocated with observations. For precipitation, these

composites have been used for model evaluation in

various studies (e.g., Bauer and Del Genio 2006; Catto

et al. 2015; Field et al. 2008, 2011; Hawcroft et al. 2016),

using disparate precipitation datasets for reference. It is

thus important to compare new and older sources of

precipitation information and also to characterize issues

in the composites caused by observational uncertainties.

In this analysis, the recent products to be examined

are the combined radar–radiometer product from the

GPM Core Observatory mission (GPM-CMB; Grecu

et al. 2016), the Integrated Multisatellite Retrievals

for GPM gridded product (IMERG; Huffman et al.

2017), and the CloudSat level-2C precipitation col-

umn (2C-PRECIP-COLUMN; Haynes et al. 2009). The

CloudSat instrument (Stephens et al. 2002) has been

found to be very accurate in the midlatitudes because of

its ability to detect light precipitation (Haynes et al.

2009; Behrangi et al. 2012). So far, two major issues for

compositing CloudSat were its narrow swath and its

sporadic sampling, but the now mostly continuous 10-yr

period of operation allows much better data sampling

than before. In addition, other sources explored here

for reference to previous work are the AMSR-E pre-

cipitation product (Kummerow et al. 2011), the GPCP

One-Degree Daily precipitation product (GPCP-1DD;

Huffman et al. 2001), and precipitation from two rean-

alyses: the European Centre for Medium-RangeWeather

Forecasts interim reanalysis (ERA-Interim; Dee et al.

2011) and the Modern-Era Retrospective Analysis for

Research and Applications, version 2 (MERRA-2;

Gelaro et al. 2017).

The aim of this study is not to search for the best

product but instead to diagnose specific characteristics of

the datasets for extratropical-cyclone precipitation so as

to 1) informmodelers on which product might be best for

their applications and 2) assist in refinement of the re-

trieval and/or blending algorithms for the newer datasets.

As such, the goals are to compare recent datasets as

well as existing, more extensively used, datasets and to

quantify the observational variability in extratropical-

cyclone composites across the datasets. The analysis

described herein focuses on an intercomparison of

cyclone-centered composites of surface precipitation

obtained for both the NH and Southern Hemisphere

(SH) 308–608 latitude bands over the oceans. We discuss

the impact of observational uncertainties and sampling-

related issues as well as explore the sensitivity of pre-

cipitation in extratropical cyclones to environmental

moisture amount and its implication for seasonal vari-

ations according to the three recent datasets: GPM-

CMB, IMERG, and CloudSat.

2. Data sources

In this studywe explore precipitation rates obtained from

different observational products: GPM-CMB, IMERG,
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CloudSat, AMSR-E, and GPCP-1DD. Table 1 provides a

list of these products and their associated characteristics.We

focus on midlatitude regions between 308 and 608 for both
hemispheres, for all seasons. The time period of focus is

2014–16; a different range of years is used for some of the

datasets on the basis of data availability. The impact of

differing epochs on the results will be discussed later.

The GPM Core Observatorywas launched in February

of 2014 to a non-sun-synchronous orbit spanning

658S–658N and has been continuously operating and de-

livering data since March of that year. A full description

of the platform, instruments, products, and algorithms is

given in Skofronick-Jackson et al. (2017). The platform

hosts the GPM Microwave Imager (GMI) instrument as

well as two radars: one Ka band (KaPR; 35.5GHz) and

one Ku band (KuPR; 13.6GHz), jointly called the Dual-

Frequency Precipitation Radar (DPR). The dataset used

here is version 5 of the CMB (Grecu et al. 2016), and we

will test two versions of the product: the combination of

KuPR and GMI (Ku 1 GMI) and the combination of

KaPR, KuPR, and GMI (Ka 1 Ku 1 GMI). These

products provide 5-km-resolution precipitation rate and

type in a 245-km swath for Ku 1 GMI and a 125-km

swath for Ka 1 Ku1 GMI. Grecu et al. (2016) describe

the algorithm and present some preliminary evaluations:

over the midlatitude oceans, they find larger rainfall es-

timates when using Ka 1 Ku 1 GMI than when using

Ku 1 GMI. This is most likely because the inclusion of

the Ka-band radar observations allows for more accurate

estimates of the precipitation particle size distributions.

Because of its relative novelty, to our knowledge these

retrievals have not been used yet to explore precipitation

in oceanic extratropical cyclones. We will refer to this

product as GPM-CMB.

As part of the same mission, the IMERG (Huffman

et al. 2017) product is a global, gridded, merged pre-

cipitation dataset, with 0.18 and 30-min spatial and

temporal resolutions. After applying a Goddard profiling

(GPROF)–like algorithm (Kummerow et al. 2015) to

multiple sensors that are part of the GPM constellation,

the product merges and grids these microwave pre-

cipitation estimates with microwave-calibrated infrared

satellite estimates and precipitation gauge analysis for the

GPM era while applying an intercalibration procedure,

a gauge adjustment, and schemes to fill in the gaps

(Skofronick-Jackson et al. 2017). The intercalibration of

the radiometers is performed using the precipitation es-

timates of the combined GMI–DPR product. The files

used in this study were processed as part of the latest

version-4 processing ‘‘research/final run’’ sequence for

2014–16. This dataset is of particular importance for

model-evaluation purposes because of its global nature,

as well as its high spatial and temporal resolutions. In

addition, daily and monthly versions are available. Here

we also examine the daily product.

As part of the ‘‘A-Train,’’ two instruments have the

capability to observe and characterize precipitation and

have been extensively used for this purpose in the

midlatitudes: the AMSR-E on Aqua and the W-band

CloudSat radar. The AMSR-E period of operation was

2002–11, and here we use data from 2006 to 2010. The

retrieval relies on brightness temperatures measured in

the microwave spectrum that have been trained on co-

incident radar observations from the TRMM Pre-

cipitation Radar. A detailed description of the retrieval

algorithm is available in Kummerow et al. (2011). Here

we use a fairly dated version of the product, version 10,

in an effort to match earlier studies that used this dataset

(e.g., Field and Wood 2007; Field et al. 2011).

We also collected precipitation retrievals from the

version-4 release of the 2C-PRECIP-COLUMN prod-

uct of CloudSat (Haynes et al. 2009) for the period

2006–16. Of all the datasets explored here, this one is the

most sensitive to light precipitation (e.g., Stephens et al.

TABLE 1. Summary of all of the precipitation products used in this analysis, with name, characteristics (instrument, resolution, and

version), period of data collection for the analysis, and reference.

Product Characteristics Period Reference

GPM-CMB Combined radar and radiometer product; Ku 1 GMI

(245-km swath width; 5-km resolution) and Ka 1 Ku 1 GMI

(120-km swath width; 5-km resolution); version 5

2014–16 Grecu et al. (2016)

IMERG Multiplatform radiometers; global gridded 0.18 spatial and 30-min

temporal resolutions; version 4

2014–16 Huffman et al. (2017)

CloudSat

PRECIP-COLUMN

W band; 1.4 km 3 1.7 km footprint; release 4 2006–16 Haynes et al. (2009)

AMSR-E Microwave radiometer; swath width 1450 km and spatial

resolution 5.4 km; version 10

2006–10 Kummerow et al. (2011)

GPCP-1DD Multiple platform; 3-hourly satellites, daily rain gauges, and gridded

product of 18 spatial and daily temporal resolutions; version 1.2

2006–15 Huffman et al. (2001)

ERA-Interim Reanalysis; 1.58 3 1.58 spatial and 6-hourly temporal resolutions 2006–16 Dee et al. (2011)

MERRA-2 Reanalysis; 0.58 3 0.678 spatial and 3-hourly temporal resolutions 2006–16 Gelaro et al. (2017)
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2010) because of the radar frequency (W band; 94GHz).

The 2C-PRECIP-COLUMN product uses the two-way

path-integrated attenuation of the radar beam and the

height of the precipitating column to estimate the rain

rate. One drawback is that total attenuation (above

roughly 60 dB) can occur in heavy-precipitation events,

causing underestimates in the surface precipitation rate.

Because retrievals can still be made when attenuation

occurs, to alert the users to potential attenuation errors,

precipitation-rate retrievals are flagged in the product

(the retrieved precipitation rates are reported as nega-

tive numbers). Here, unless otherwise stated, we keep

these retrievals (using the absolute value). This product

is only available along the nadir track of the radar, and

so the swath width is only about 1.4 km, the single-

footprint width (Tanelli et al. 2008).

Another gridded global dataset is the GPCP-1DD

product, which has been extensively used to evaluate

GCMs (e.g., Hawcroft et al. 2012). This dataset provides

daily precipitation at 18 spatial resolution from a com-

bination of monthly rain gauge analyses and 3-hourly

satellite observations (Huffman et al. 2001). We use

here data from version 1.2 for the period of 2006–15.

Reanalyses are also often used to provide precipitation

for model evaluation. Here we compare the MERRA-2

and ERA-Interim reanalyses with the observational

datasets.MERRA-2 is available at a 3-hourly 0.58 3 0.678
resolution; ERA-Interim is 6 hourly, andwe use data that

have been provided at a 1.58 3 1.58 resolution. Finer-

resolution ERA-Interim products are available, but we

chose this resolution because it is similar to that ofGCMs.

For both reanalyses, we considered data for the period

of 2006–16.

3. Method

Our compositing method involves three steps: 1) asso-

ciate precipitation information to a cyclone, 2) project

this information into an equal-area rectangular 50-km-

resolution grid centered on the sea level pressure mini-

mum (i.e., the cyclone center), and 3) average precipitation

rates over all cyclones available for each dataset by

superimposing all 50-km grid cells using the cyclone

center as the anchor. To average cyclones from the SH

with those of the NH, we flip the SH cyclones to place

the polar side of the cyclones at the top of the grids.

The cyclones are located using theModeling, Analysis,

and Prediction program Climatology of Mid-Latitude

Storm Area (MCMS) algorithm (Bauer and Del Genio

2006; Bauer et al. 2016), which provides cyclone locations

and tracks obtained using 6-hourly ERA-Interim sea

level pressure. For this study, we consider each 6-hourly

cyclone identification as independent from other identi-

fications of the same system at different times.

Steps 1 and 2 are illustrated in Fig. 1 for theGPM-CMB

product. For the precipitation products that are available

as instantaneous data along a narrow-swath orbit (i.e.,

GPM-CMB, AMSR-E, and CloudSat), we extract the

segment of orbit that is found within 2500km of the cy-

clone center, in a time period of63h around the time of

cyclone identification. Figure 1a shows an example for

Ku 1 GMI orbits that match these criteria. For the

gridded products, we extract all grid cells in the 2500-km

radius region: for IMERGwe collect all 30-min data files

within63h of the cyclone detection, andMERRA-2 and

ERA-Interim are matched in time with the cyclones. For

GPCP-1DD and IMERG Daily, we match the pre-

cipitation information to cyclones identified at 1200UTC.

Then we apply the same gridding algorithm to all of

these data sources: we construct a rectangular grid of

50-km resolution and dimension 61500km in the north–

south and east–west directions, centered on the cyclone

minimum in sea level pressure. Each grid cell is defined on

the basis of the distance between its center and the center

of the cyclone. For each dataset to be composited, the data

points are allocated into each grid cell on the basis of their

distance in kilometers to the center of the cyclone. Each

grid cell has the same area (50km 3 50km). Figure 1b

shows the projected GPM Ku 1 GMI precipitation rates

for the example of Fig. 1a. For each cyclone, grid cells that

are encompassed by the sensors’ swath contain the accu-

mulated precipitation and the number of data points that

contribute to it. For the reanalyses that have a resolution

close or lower than the 50-km resolution chosen here, the

50-km-resolution grid cells contain the precipitation from

the closest grid cell in the reanalysis output.

We thus obtain databases of cyclones with pre-

cipitation information for each of the data sources. Of

the 50 000 six-hourly cyclone snapshots identified in

both NH and SH oceans in the 2014–16 period, about

36 000 cyclones (i.e., 6-hourly snapshots) are associated

to GPM Ku 1 GMI precipitation retrievals. Because of

the wider Ku 1 GMI coverage, more precipitation re-

trievals will be available per cyclone with this product

than with CloudSat or Ka 1 Ku 1 GMI. For the full

2006–16 period, of the 190 000 identified cyclones

(6-hourly snapshots), about 110 000 have CloudSat

precipitation retrievals associated with them.

Although the cyclone centers are selectedwhen they are

found over the oceans, the entire cyclone area might in-

clude land or sea ice. Products such as IMERG provide

precipitation rates over land as well as oceans, but we

found no noticeable impact of land or sea ice contamina-

tion in the IMERG precipitation composites (not shown).
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4. Results

For all of the observational datasets presented

above, we calculate composites of mean precipitation

rates by averaging all of the cyclone-centered retrievals

whether or not they detect precipitation. Although

the resolution of the precipitation retrievals differs

among datasets, we find that they all have a minimum

precipitation rate on the order of 1024mmh21 at the

50-km-resolution scale chosen here. To provide a more

quantitative characterization of the different datasets,

Table 2 contains the means obtained in two areas de-

fined about the extratropical-cyclone (ETC) centers:

a 10003 1000 km2 area and the larger 30003 3000 km2

domain for each of the composites and various tests

presented below.

a. Cyclone-centered total precipitation

Figure 2 shows the cyclone-centered composites of

precipitation for the level-2 (instantaneous) products

(AMSR-E, GPM-CMB, and CloudSat), and Fig. 3 shows

the same for the global gridded products (IMERG and

GPCP-1DD). In both figures, the cyclone-centered

composites of precipitation all share similar features,

consistent with previous studies (e.g., Bauer and Del

Genio 2006; Field andWood 2007; Naud et al. 2006, 2012):

a comma-shaped area of relatively large precipitation

that wraps around the low pressure center with a tail

expanding into the warm sector, a maximum near the

storm center into the warm-frontal region (northeast of

the low pressure center in the NH and southeast of it

in the SH), and a region of relatively light precipitation

on the polar side of the low, in the western quadrant. The

shape of this pattern is more representative of a proba-

bility map for precipitation than it is representative of

any single cyclone, because many storms have pre-

cipitation constrained to smaller frontal regions. It does,

however, offer a very useful metric for comparing ob-

servations that have different spatial footprint sizes.

Here we use it to explore composite rain-rate differ-

ences, but for ease and clarity in presentation we refer

to the rain rates in the same manner that we use with

individual storms.

Figure 2 reveals differences among the different da-

tasets: at the center, in the region of relative maximum

precipitation, AMSR-E shows the lowest rates and

CloudSat shows the largest. GPM-CMB Ku 1 GMI

shows lower rates than Ka 1 Ku 1 GMI, in agreement

with the Grecu et al. (2016) assessment. For CloudSat,

the area with precipitation above 0.1mmh21 is more

widespread as are the areas at weaker precipitation

thresholds. This is most likely because of its very good

detection sensitivity. Notably though, CloudSat has a

higher mean rate throughout the cyclone composite,

FIG. 1. Example of an extratropical cyclone located at 49.538S, 112.438E at 0600 UTC 1 Jan 2015: (a) GPMKu1
GMI orbits with precipitation rate located in close proximity to the storm center within63 h of cyclone detection.

The solid lines show the MERRA-2 sea level pressure contours. (b) The corresponding GPM precipitation rates

projected on a 50-km-resolution equal-area grid centered on the cyclone low pressure point (asterisk).
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including the areas of heaviest precipitation where total

attenuation is expected.

Figure 3a shows that the 30-min IMERG composite

agrees closely with CloudSat (Fig. 2c), with a similarly

large maximum value at the center. The area of relative

minimum shows lower rates in IMERG. Use of IMERG

Dailymeans and the 1200UTC cyclones in the composite

leads to lower precipitation rates than when using in-

stantaneous values and the four possible times of cyclone

identification (Fig. 3b). Nevertheless, the IMERG Daily

composite precipitation (Fig. 3b) is overall stronger than

GPCP-1DD precipitation (Fig. 3c) over the warm-frontal

region and warm sector while showing lower values in

areas poleward and west of the low. Despite using a

similar algorithm suite, there are steps specific to IMERG

and not included in the GPCP-1DD algorithm that might

explain some of the differences, such as the use of the

DPR–GMI combined estimates for the intercalibration

of the different radiometers utilized in the IMERG pro-

duction. Other potential causes for difference are the

differing spatial resolutions and temporal sampling of the

observations. This being said, these differences between

GPCP-1DD and IMERG cyclone composites are con-

sistent with the Behrangi et al. (2014) assessment of

GPCP-1DD when compared with their multiplatform

precipitation product, that is, a tendency for GPCP-1DD

to underestimate precipitation at lower latitudes where

precipitation is relatively large (as in the center of the

cyclones) and to overestimate at higher latitudes

where precipitation is relatively light (as in the area

away from the cyclone center).

We construct similar composites using surface pre-

cipitation from the two reanalyses (Fig. 4). Both rean-

alyses give a spatial distribution that is similar to that of

the observations. The maximum precipitation near the

center is greater than Ka 1 Ku 1 GMI and less than

TABLE 2. Cyclone-centered mean within 6500 km and 61500 km of cyclone center of precipitation and precipitation distribution.

Parameter Dataset 6500 km 61500 km

Total precipitation (mmh21) ERA-Interim 0.31 0.14

MERRA-2 0.28 0.14

2014–16 0.30 0.14

2010–12 0.28 0.14

GPM ETCs 0.30 0.14

CloudSat ETCs 0.28 0.14

GPM pixels 0.27 0.14

CloudSat pixels 0.26 0.13

AMSR-E 0.15 0.08

GPM-CMB Ku 1 GMI 0.19 0.09

GPM-CMB Ka 1 Ku 1 GMI 0.21 0.10

CloudSat 0.36 0.17

IMERG 0.34 0.15

IMERG Daily (324) 0.30 0.15

GPCP (324) 0.20 0.13

Percentage of pixels: No precipitation IMERG 51% 68%

GPM-CMB 60% 73%

CloudSat 58% 70%

Percentage of pixels: Light precipitation IMERG 16% 13%

GPM-CMB 13% 11%

CloudSat 13% 12%

Percentage of pixels: Moderate precipitation IMERG 24% 14%

GPM-CMB 21% 13%

CloudSat 19% 13%

Percentage of pixels: Heavy precipitation IMERG 8% 4%

GPM-CMB 6% 3%

CloudSat 10% 5%

Total precipitation for low PW IMERG 0.10 0.08

GPM-CMB 0.11 0.09

CloudSat 0.17 0.15

Total precipitation for medium PW IMERG 0.32 0.15

GPM-CMB 0.28 0.12

CloudSat 0.50 0.21

Total precipitation for large PW IMERG 0.52 0.19

GPM-CMB 0.34 013

CloudSat 0.36 0.15
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IMERG, whereas the relative minimum in the western-

poleward quadrant is similar toCloudSat orGPCP-1DD

and thus larger than that of IMERG or either GPM

product. Because its resolution is coarser than the 50-km

resolution that we chose for the cyclone-centered grids,

the ERA-Interim composite shows some striping. For

composites that are based on a 150-km grid (not shown),

the striping disappears but the precipitation distribution

remains unchanged.

b. Uncertainties caused by differing sensitivity to
precipitation rates

The compositing analysis of the level-2 and level-3

products and reanalyses provides a range of precipita-

tion values that could be useful for a model evaluation,

but it is difficult to determine which of these composites

are more accurate than the others. On the basis of

known strengths and limitations of the instruments, we

can add information that would be useful to modelers

when using these composites and would help them to

decide which product would be more accurate for

their application. To examine the impact of these in-

herent strengths and weaknesses, we focus on GPM-

CMBKa1Ku1GMI (hereinafter simply GPM-CMB),

CloudSat, and IMERG and explore the distribution of

precipitation rates in the cyclones for all three datasets.

For this we count the number of 50-km grid cells,

across all cyclones, that fall into each of the following

arbitrarily defined precipitation-rate bins: 0mmh21

(no precipitation), 1024–0.05mmh21 (light precipitation),

FIG. 2. Cyclone-centered composites of precipitation (rates$ 0mmh21) obtained with (a) AMSR-E for 2006–10, (b) GPM

Ku1 GMI for 2014–16, (c) GPMKa1 Ku1 GMI for 2014–16, and (d) CloudSat PRECIP-COLUMN for 2006–16.
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0.05–1mmh21 (moderate precipitation), and .1mmh21

(heavy precipitation).

To compare the three datasets, we need to ensure that

these categories are not dependent on each dataset’s

resolution. This is because the frequency of occurrence

of precipitation changes with resolution (Stephens et al.

2010). Matching CloudSat’s one-dimensional sampling

with IMERG two-dimensional product is not a trivial

exercise. We need to define the length of a segment

along the CloudSat track that would best represent the

area covered by IMERG. This length should be between

the actual size of an IMERG pixel (;10km) and the

length that would provide the same 10km3 10 km area.

Behrangi et al. (2012) used both a linear chord length

and an area-matching estimate to obtain a lower and

upper bound of CloudSat precipitation frequency.

Stephens et al. (2010) used TRMM data to obtain a

3:1 ratio (vs 4:1 ratio to ensure equal area) to compare

CloudSat frequencies with gridded climate-model out-

put. Here, after a series of tests using the linear chord

(6 footprints), the 3:1 ratio of Stephens et al. (2010; 18

footprints) and the area-matching condition (42 foot-

prints), we decided to impose the equal-area criterion.

So we first average the CloudSat precipitation in 42 foot-

prints (42 3 1.4 3 1.7 5 99.96km2) to match the ap-

proximately 10km3 10km (100km2) IMERG resolution

before building the 50-km-resolution cyclone-centered

CloudSat gridded product. For the GPM-CMB prod-

uct, we regrid using 2 3 2 pixel averages to match the

100-km2 area.

FIG. 3. As in Fig. 2, but for the gridded product: (a) IMERG 30min for 2014–16, (b) IMERGDaily for 2014–16, and (c) GPCP-1DD for

2006–15. The two daily products are divided by 24 to match the color scale, which is in millimeters per hour.

FIG. 4. As in Fig. 2, but for (a) MERRA-2 and (b) ERA-Interim precipitation composites.

998 JOURNAL OF APPL IED METEOROLOGY AND CL IMATOLOGY VOLUME 57

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 02/01/21 04:25 PM UTC



Figure 5 demonstrates the overall distribution of

precipitation rates in the cyclone region:

1) Precipitation-free areas (Figs. 5a,e,i) are most often

found in the cold sector, especially in the western

quadrant on the polar side of the low. This relatively

colder and drier area of the cyclones displays very

little precipitation over the oceans, regardless of

which platform is used for the retrievals. The area

close to and slightly east of the center shows a rela-

tive minimum in zero precipitation fraction, but

even there zero precipitation is still found close to

25%–30% of the time. This figure illustrates the ef-

fect of compositing with respect to what the distri-

bution of precipitation in an individual cyclone

might be.

2) Light precipitation rates (Figs. 5b,f,j) occur more

often on the equatorward side of the low pressure

center, with a maximum slightly to the west, more

or less corresponding to the area behind the cold

fronts.

3) Moderate precipitation rates (Figs. 5c,g,k) occur

principally near the cyclone center and warm-frontal

zone but also tail into the warm sector.

4) Heavy precipitation rates occur (Figs. 5d,h,l) most

frequently in the area just poleward and east of the

center, again corresponding to thewarm-frontal region,

with some occurrences also found in the warm sector.

This figure demonstrates the high variability of pre-

cipitation occurrence in these systems, in part because

these composites are not anchored to the warm- or cold-

frontal locations where precipitation would be occurring

most often. It also indicates that 1) precipitation in the

cold sector of oceanic cyclones is rare, 2) light pre-

cipitation occurs mostly on the equator side of the low,

on both sides of the cold fronts, and 3) heavy pre-

cipitation is (not surprisingly) observed in the warm

conveyor belt (e.g., Field and Wood 2007).

All three products agree to first order with the relative

locations of the rain-rate categories. There are some

differences as well:

FIG. 5. Cyclone-centered composites of the percentage of 50-km cells with precipitation rates in four different ranges for three datasets:

(a)–(d) IMERG, (e)–(h) CloudSat 36 pixels, and (i)–(l) GPM-CMB Ka1Ku 1 GMI 4 pixels for the ranges (left) 0, (left center) 0–0.05,

(right center) 0.05–1, and (right) greater than 1mmh21.
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1) In the warm sector IMERG reports light and mod-

erate precipitation more often than the other two

datasets, or it could be said that IMERG reports zero

precipitation less often than do the other two data-

sets. This result might be caused by the differences in

resolution despite our efforts, or it might reveal a

tendency for the microwave radiometers to report

false detections more often than radars.

2) In the post-cold-frontal region (western-equator-

ward quadrant, at least 750 km away from the low

pressure center), CloudSat reports slightly more

(;15%) of the light precipitation, but to some

degree this is dependent on the number of footprints

chosen to match IMERG’s resolution.

3) IMERG and CloudSat tend to agree on the fre-

quency of occurrence of heavy precipitation,

whereas GPM-CMB tends to estimate higher rates

less often.

4) GPM-CMB and IMERG detect moderate rain rates

more often than CloudSat.

5) GPM-CMB detects zero precipitation more often

and light precipitation less often than the other two

datasets, suggesting lower sensitivity to light pre-

cipitation with low radar reflectivity.

These results for GPM-CMB are consistent with the

findings of Casella et al. (2017) who, on the basis of the

evaluation of coincident CloudSat and GPM DPR ob-

servations, estimated that the DPR misses more than

90% of the snow radar echoes detected by CloudSat.

This may affect DPR’s ability to detect precipitation

even when the phase at the surface is rain because, as a

result of ground clutter, the lowest clutter-free DPR

observations might be associated with snow. Indeed,

composites of precipitation liquid fraction obtained with

GPM-CMB and CloudSat disagree: whereas CloudSat

detects 96% liquid fraction at least at the surface in the

cyclones, the liquid fraction can be as low as 30% in the

GPM-CMB retrievals (not shown). Because of this is-

sue, one would expect GPM-CMB to report pre-

cipitation less often than CloudSat. For CloudSat, the

results are also consistent with the saturation issue

mentioned earlier, which might explain the lower fre-

quency of moderate precipitation for CloudSat relative

to the other two datasets. To illustrate this, Fig. 6 shows

where the radar attenuation occurs across all cyclones

in the database and indicates a maximum occurrence

of approximately 10% in the area where moderate

precipitation and heavy precipitation occur, suggest-

ing that this issue probably affects both the 0.05–1

and .1mmh21 categories.

These differences in distribution across the three

datasetsmight also be largely influenced by the difference

in cyclone properties and sampling. So before we can

draw any conclusions as to the impact of differing in-

strument/retrieval accuracies on the composite differ-

ences, we explore the impact of sampling.

c. Uncertainties caused by differences in sampling of
the cyclones

All three datasets cover different periods of time,

sample each cyclone with differing coverage, and do not

sample the same number of cyclones. Here we examine

the impact of these differences on the composites. To do

so, we use the MERRA-2 surface precipitation because

1) it is global and 2) it covers a longer period than

IMERG does. We sample MERRA-2 precipitation as if

it were observed by either one of the GPM or CloudSat

platforms by selecting MERRA-2 grid cells along their

respective swaths.

The first test is to establish the effect of interannual

variability on the precipitation composites, and we

compare the composite of MERRA-2 precipitation

obtained for 2014–16 with the one obtained for the full

2006–16 period. Figure 7a indicates that the largest dif-

ference in composite between these two periods is found

in the area near the center of maximum precipitation. It

also reveals that this difference is less than 0.06mmh21.

Because this difference could be caused by the differing

length of the two periods and associated difference

in sample size, we also compare the MERRA-2 com-

posites obtained for 2010–12 with 2014–16. Figure 7b

shows a difference in MERRA-2 composite of a similar

FIG. 6. Cyclone-centered composite of the frequency of occurrence

of attenuated pixels in the CloudSat precipitation dataset.
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magnitude, suggesting that the difference obtained in

Fig. 7a has more to do with the choice of 2014–16 than

the duration of the period. These two plots suggest that

GPM-CMB and IMERG could be slightly over-

estimating near the center relative to other datasets

because of the period that they cover. Such epochal

variations are relevant when comparing these observed

datasets with a free-running GCM, for example.

The second test is designed to determine whether the

subset of cyclones that are actually observed by GPM-

CMB and CloudSat is representative of the full cyclone

population for the period of time over which these

two instruments have been operating. About 2/3 and 1/2

of the cyclones are actually sampled by GPM-CMB

and CloudSat, respectively. Figures 8a and 8c show

the difference in MERRA-2 precipitation composites

when these are obtained for the full database for each

instrument period and those cyclones actually sam-

pled by GPM-CMB and CloudSat, respectively. These

two panels show very small differences—less than

0.04mmh21, suggesting that this ‘‘subset’’ issue has little

impact on the cyclone composites. This result means

that comparing observations with a free-running GCM

output should not be affected by the mismatch between

real and simulated cyclones.

The third test is related to the fact that, because of

their narrow swath (in particular, that ofCloudSat), only

small portions of the cyclones are actually observed by

GPM-CMB and CloudSat. Figures 8b and 8d show the

difference in MERRA-2 composites when the entire

area is sampled and included in the average versus when

only a few narrow swaths are included (e.g., Fig. 1). In

this case, the differences are much larger and can reach

0.14mmh21 close to the center and in the warm sector.

Consequently, for a difference between modeled and

observed precipitation to be of any significance, it would

have to be larger than this 0.14mmh21 near the center,

although less so in the warm sector.

Another possible cause for differences in the com-

posites is the properties of the cyclones themselves,

which might differ among the datasets. So here we test

the distribution of the cyclone populations in each

dataset in terms of their age, location, and the time of

year in which they are detected. Figure 9 shows how the

cyclones are distributed for each dataset as a function of

time to peak (6 hourly), latitude (sorted into 28 bins),
and month. The peak intensity is defined on the basis of

the depth of the cyclone in sea level pressure, that is, the

difference in sea level pressure between the center and

the outermost closed pressure contour (e.g., Rudeva and

Gulev 2011; Polly and Rossow 2016).

Figure 9a shows that the overall distribution of

6-hourly cyclones has a maximum number of cases at

peak intensity and relatively fewer cases before and after

peak. This is caused in part by considering only cyclones

over the oceans, which removes from the database early

or late stages when they occur over land, in part by re-

moving cyclones in their dissipative phasewhenoccurring

poleward of 608N/S, and in part by the variability in cy-

clone duration, causing some to have a relatively short

onset or dissipative phase. Figure 9a indicates a slight

tendency for the CloudSat-sampled ETC subset to have

more cyclones at peak and fewer prior and after peak

than do the other two datasets. Rudeva andGulev (2011)

FIG. 7. Difference in cyclone-centeredMERRA-2 precipitation composite (a) between the mean over 2006–16 and

the mean over 2014–16 and (b) between the mean over 2010–12 and the mean over 2014–16.
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find a peak in precipitation in the early stages of the

cyclones and a rapid decrease as the cyclones intensify

and then decay. Therefore one would expect the larger

number of cyclones in the early stages for IMERG

and GPM-CMB to be balanced by the larger number in

the dissipation phase. Consequently, these slight varia-

tions in the cyclones’ age distribution should not have a

significant effect on the composites.

Figure 9b indicates a tendency for CloudSat to sample

fewer SH and more NH cyclones than the other two

datasets. This might bias the composite of CloudSat

precipitation toward higher precipitation rates because

a previous study found greater precipitation rates in

NH cyclones than in SH cyclones (Naud et al. 2012).

Although this might partly explain the differences

between CloudSat and GPM-CMB, it is likely not the

main reason for the difference between CloudSat and

IMERG. The difference in zonal distribution of the

cyclones is also very small in Fig. 9b. Thus, the differ-

ences in the composites among the three datasets are

probably not caused by differences in the sampling lo-

cations of the cyclones.

Figure 9c shows the monthly distribution of extra-

tropical cyclones, indicating relatively more cyclones in

May and June for IMERG and relatively fewer January

and February cyclones for GPM-CMB because of their

period of observations. The distribution is fairly flat for

CloudSat. There are relatively small seasonal variations

in the SH, but they are large in the NH (e.g., Naud et al.

2015), and thereforemonthly variations in the composites

FIG. 8. Difference in cyclone-centeredMERRA-2 precipitation composites (a) between themean for all cyclones

and the mean for cyclones sampled by GPM, (b) between the mean for all pixels in the cyclones and the mean for

the pixels sampled by GPM, (c) between the mean for all cyclones and the mean for CloudSat-sampled cyclones,

and (d) between the mean for all pixels in the cyclones and the mean for the CloudSat-sampled pixels.
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of precipitation might be influenced by the NH seasonal

variations. With this in mind, we examined the variations

in precipitation composites for the three datasets when

subsetting into trimesters (not shown) and found that the

uneven temporal distribution of GPM-CMB data alone

does not explain the differences with the other datasets,

whereas the larger number of cyclones in May and June

does not affect the IMERG composites when compared

with CloudSat.

Taken together, the uncertainties related to the ob-

servational setup, period length, or irregular sampling

all are expected to have a much smaller impact on the

composites than do the uncertainties inherent to the

characteristics of the observations themselves. This

result suggests that the differences observed in Fig. 5 are

related to differing instrumental/retrieval sensitivities

amongst the datasets rather than to sampling issues,

even though the up to 0.14mmh21 sampling impact

revealed in Fig. 8 might affect some of the results.

Therefore, to better document the conditions that might

affect each of the dataset’s sensitivities, we next explore

the impact of cyclone large-scale properties on the

precipitation composites.

d. Sensitivity to large-scale environment

Pfahl and Sprenger (2016) and Yettella and Kay (2017)

recently examined the sensitivity of precipitation in ex-

tratropical cyclones to changes in the environmental

FIG. 9. Frequency of occurrence of extratropical cyclones observed by IMERG (solid

lines), GPM-CMBKa1Ku1GMI (dotted lines), and CloudSat (dashed lines) as a function

of (a) time to peak, (b) latitude, and (c) month.
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conditions. Both studies find a strong correlation between

changes in precipitation and changes in environmental

moisture amounts. Therefore it seems appropriate to

examine how the three datasets represent such a sensi-

tivity, which not only would help to better characterize

their differences but would also help to better constrain

model evaluations.

For this, we examine the sensitivity of the composites

to themean precipitable water (PW) in the cyclone area.

We subset the cyclones for each precipitation dataset

into three categories on the basis of the cyclone-

averaged PW. The cyclone averages are performed

in a circular area of 1500-km radius, and the PW is

obtained from theMERRA-2 reanalysis. The categories

are defined on the basis of the entire cyclone population

for both hemispheres in 2006–16. Low PW comprises all

cyclones with mean cyclonewide PW of less than 11mm,

moderate PW between 11 and 19mm, and large PW that

is greater than 19mm. This set of PW ranges is used for

each dataset.

Figure 10 shows the cyclone-centered composites of

precipitation for all three PW categories, using IMERG,

CloudSat, and GPM-CMB, respectively. All three da-

tasets show that precipitation in the cyclones is sensitive

to PW, consistent with previous work with AMSR data

(Field and Wood 2007). The area near the center with

maximum precipitation (e.g., Fig. 2) shows an increase

in precipitation rates as PW increases (in excess of

2mmh21 difference), and so does the polar half of the

cyclones (but with much smaller differences, less than

0.1mmh21). It is interesting to note that, in the far

corner of the eastern-equatorward quadrant, and in

contrast with the warm-frontal region, cyclones with low

PW tend to have slightly larger precipitation rates

(up to 10.6mmh21 difference) than cyclones with

larger PW. Changes in this quadrant might be related

to previous observations that larger PW in cyclones

tends to be accompanied by a transition from strati-

form to convective clouds and precipitation, causing

larger intensities but also lower frequency of occur-

rence and coverage (Naud et al. 2015). Nonetheless,

the first-order relationship is that greater PW means

more precipitation. In recognition of this first-order

dependency of precipitation on PW, the GPROF algo-

rithm (Kummerow et al. 2015), which produces passive

microwave precipitation rates that are ingested into

IMERG, categorizes the Bayesian retrievals on the basis

of PW.

Despite the overall agreement in PW sensitivity

across the three datasets, CloudSat stands out because it

shows larger precipitation in the moderate PW range.

The issue of total attenuation for CloudSat retrievals

probably explains the decrease in precipitation rate at

the cyclone center between the moderate and large

PW categories. GPM-CMB and IMERG both show a

monotonic increase in composite precipitation versus

PW, and this consistency gives more confidence in the

idea that CloudSat for large PW is missing precipitation

because of attenuation.

The relative difference between GPM-CMB and

IMERG increases as PW increases, indicating a possi-

ble relationship between PW and retrieval bias for

GPM-CMB. The reason for this behavior is unclear

because attenuation is not expected to be significant for

the Ku-band radar. It is possible, however, that some

of the precipitation unreported by the GPM-CMB is

shallow and obscured by ground clutter. It is also pos-

sible that the raindrops in the categories affected by this

underestimation are smaller than what is assumed in the

default electromagnetic-scattering lookup tables used

by the GPM-CMB algorithm, and thus the adjustment

processes (cf. Grecu et al. 2016) are not effective.

Differences between CloudSat and IMERG revealed

in Fig. 10 suggest that the agreement between the two

datasets for the composite of all cyclones (Figs. 2d and

3a) may be the result of compensating biases. IMERG

reports less precipitation than CloudSat in the warm

sector for both low and moderate PW and then balances

out these biases by having more precipitation than

CloudSat in the high PW cases.

The PW-sorting analysis provides utility to multiple

different efforts. These differing sensitivities to large-

scale environments provide information to help

retrieval algorithm developers determine on which as-

pects of the algorithm to focus. Furthermore, these tests

could be used for verification of future iterations of the

retrievals. In the context of model evaluation, these re-

sults can help to further constrain the cyclone behavior.

For relatively dry environments (low-PW categories),

because of their agreement and the well-characterized

performance of CloudSat, all three datasets could be

used to provide bounds on the precipitation distribution

for comparison with models. For the moderate-PW en-

vironments, CloudSat might be the most accurate while

the other two datasets offer a lower bound on what pre-

cipitation might be. For large-PW categories, the IMERG

product probably is the most accurate while GPM-CMB

or CloudSat provide the lower bound, but additional

work is required to determine whether IMERG (which,

at high latitudes, is not exclusively calibrated on radar

retrievals) is not biased for this category.

PW-sorting analyses also help in understanding sea-

sonal variations in the composites from the three data-

sets. For the seasonal analysis, December–February

(DJF), March–May (MAM), June–August (JJA), and

September–November (SON) composites are generated
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for NH cyclones (Fig. 11) and SH cyclones (Fig. 12)

separately. For all datasets, the seasonal cycle is stronger

in the NH than in the SH. The season-to-season differ-

ences are not all consistent, however. Here, we focus on

the warm-frontal precipitation near the cyclone center.

In the NH, IMERG and GPM-CMB have stronger

precipitation rates in JJA and SON (Fig. 11). For

CloudSat, the larger precipitation rates occur in SON

and DJF. From the PW results, we interpret these dif-

ferences as CloudSat being negatively biased (low) in

FIG. 10. Cyclone-centered composites of (a) IMERG, (b)CloudSat, and (c)GPM-CMBprecipitation rates as a function of cyclone area-

averaged PW for (top) PW , 11mm, (middle) 11 , PW , 19mm, and (bottom) PW . 19mm. The numbers at the top of each plot

represent the total number of cyclones included in each composite.
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JJA, the warmest (and highest PW) season in the NH.

It is interesting to note that, despite the disparities

among the three datasets, all three suggest an increase

in precipitation at the center of the cyclones from JJA

to SON. In the SH, the difference between IMERG and

CloudSat is smaller in SH summer (Figs. 12a,e), pre-

sumably because the SH cyclones are dryer than their

NH counterparts (Naud et al. 2012). In both hemispheres,

IMERG reports lower precipitation rates at the center

and elsewhere in winter and spring than does CloudSat,

consistent with the lower rates in the low- andmoderate-

PW categories.

5. Conclusions

Using a database of cyclone locations over the mid-

latitude oceans, we constructed cyclone-centered com-

posites of precipitation from multiple sources. Large

differences in precipitation are found when comparing

the different products. On average for all cyclones,

IMERG and CloudSat precipitation in extratropical

cyclones is larger than that for the other observational

datasets tested here, and AMSR-E and GPCP-1DD

precipitation provides the lowest composite average

precipitation rates. Two reanalyses, ERA-Interim and

MERRA-2, produce precipitation composites within

the observational range. When compared with IMERG

or CloudSat, GPM-CMB Ka 1 Ku 1 GMI tends to

detect precipitation slightly less often and predicts lower

precipitation rates, but it has higher composite pre-

cipitation values than the Ku 1 GMI product does.

The sensitivity of the composites to the spatial and

temporal sampling of the precipitation is examined.

Uncertainties related to the time period of data avail-

ability are less than 0.06mmh21. The largest uncertainty

in precipitation related to the spatial sampling is found

to be caused by the irregular spatial coverage of the

cyclone region by satellites with small swath widths, and it

can reach up to 0.14mmh21. In focusing on GPM-CMB

Ka 1 Ku 1 GMI, IMERG, and CloudSat, we find larger

differences related to the datasets themselves. IMERG

reports precipitation more often than the other two

FIG. 11. Cyclone-centered composites of total precipitation for theNH for (a)–(d) IMERG, (e)–(h)CloudSat, and (i)–(l)GPMKa1Ku1
GMI for the (left) DJF, (left center) MAM, (right center) JJA, and (right) SON seasons.
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datasets, and GPM-CMB reports less. GPM-CMB also

detects light or large precipitation rates less often than

the other two datasets, and CloudSat tends to un-

derreport moderate precipitation rates relative to the

other two datasets. Some of these differences can be

explained by known issues with the instruments and

retrieval techniques. The GPM-CMB known issue of

contamination by ground clutter and low sensitivity to

snow might explain lower precipitation rates than those

of the other datasets. CloudSat issues when large pre-

cipitation rates cause radar attenuation might explain

lower precipitation rates near the cyclone center than

those of the other datasets in humid environments.

Therefore, these different platforms provide a range of

observed precipitation in extratropical cyclones, and this

range should be taken into account when using these

composites for evaluation of GCMs. For use of cyclone-

centered means near the center (6500km) and within a

wider area (61500km), Table 2 summarizes the results

in a more quantitative fashion and provides the expected

range for the datasets examined here. Collectively these

different datasets provide information on the distribution

of precipitation in extratropical cyclones and its sensi-

tivity to environmental conditions:

1) Over the oceans, there is very little surface pre-

cipitation on the polar side of the cyclones, especially

in the western quadrant.

2) Light precipitation dominates in the equatorward

half of the cyclones, in particular in the post-cold-

frontal region, that is, in the western-equatorward

quadrant.

3) Heavy and moderate precipitation rates are found in

the warm conveyor belt and warm-frontal regions.

Our work provides an exhaustive examination of the

datasets that are at our disposal for helping to un-

derstand extratropical cyclones and their representation

in GCMs. Overall, our results suggest that in fairly dry

environments CloudSat-based composites might be

more realistic than IMERG or GPM-CMB and that

IMERG is more reliable in wet environments. Conse-

quently, cyclone-centered precipitation in winter or in

the SH regardless of seasonmight be better described by

CloudSat retrievals, whereas summertime NH cyclones

FIG. 12. As in Fig. 11, but for the SH.
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might be better described by IMERG. The GPM-CMB

algorithm used here is currently being tested and im-

proved, in part on the basis of these results, and it is

expected that the work being carried out to reconcile the

GPM-CMB and IMERG products for cyclones in the

large-PW category will provide new insights into both

algorithms. Therefore, our study also provides valuable

information for future retrieval developments.
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