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ABSTRACT

High temporal and spatial resolution observations of precipitation occurrence from the NEXRAD-based

Multi-RadarMulti-Sensor (MRMS) system are compared to matched observations fromCloudSat for 3 years

over the contiguous United States (CONUS). Across the CONUS, precipitation is generally reported more

frequently by CloudSat (7.8%) than by MRMS (6.3%), with dependence on factors such as the NEXRAD

beamheight, the near-surface air temperature, and the surface elevation. There is general agreement between

ground-based and satellite-derived precipitation events over flat surfaces, especially in widespread pre-

cipitation events and when theNEXRADbeam heights are low.Within 100 km of the nearest NEXRAD site,

MRMS reports a precipitation frequency of 7.54% while CloudSat reports 7.38%. However, further in-

spection reveals offsetting biases between the products, where CloudSat reports more snow and MRMS

reports more rain. The magnitudes of these discrepancies correlate with elevation, but they are observed in

both the complex terrain of theRockyMountains and the relatively flatmidwestern areas of the CONUS. The

findings advocate for caution when using MRMS frequency and accumulations in complex terrain, when

temperatures are below freezing, and at ranges greater than 100 km. Amultiresolution analysis shows that no

more than 1.88%ofCloudSat pixels over flat terrain are incorrectly identified as nonprecipitating as a result of

shallow showers residing the CloudSat clutter-filled blind zone when near-surface air temperatures are

above 158C.

1. Introduction

Reliable observations of the frequency, spatial dis-

tribution, and intensity of rainfall and snowfall inform

local weather forecasts, offer an observational bench-

mark for both daily weather forecast and reanalysis

model evaluation, and provide early warning of severe

weather, flash floods, and landslides. Dependable

reanalyses of basic elements of daily weather including

surface temperature and soil water content are con-

tingent on accurate ancillary precipitation products

(Gottschalck et al. 2005). Perturbations in satellite-

based precipitation inputs to hydrologic models result

in large differences in modeled streamflow volume and

evapotranspiration, especially for smaller streams and

when the perturbations are spatially correlated (Nijssen

and Lettenmaier 2004). Even light precipitation can also

have broad implications for Earth’s energy balance; la-

tent heat released in warm rain may partially account for

imbalances in observational estimates of atmospheric

energy balance (L’Ecuyer et al. 2015). Precipitation has

also been shown to influence the lifetime and brightness

ofmaritime clouds that exert a strong influence on top-of-

atmosphere radiation balance.

Observations of the occurrence of precipitation nec-

essary for these applications are generally derived from

one of three sources: surface gauge networks, ground-

based radar networks, or satellites. The Next Genera-

tion Weather Radar (NEXRAD), for example, is a

network of S-band Weather Surveillance Radar-1988Corresponding author: Mark Smalley, mark.a.smalley@jpl.nasa.gov
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Doppler (WSR-88D) radar sites across the United

States, its territories, and its military bases. NEXRAD

offers reflectivity and Doppler velocity measurements

with high sensitivity and spatial resolution, especially

near the radar sites. The installation ofWSR-88D radars

comprising NEXRAD led to the creation of NCEP

stage IV (Lin and Mitchell 2005), a gridded NEXRAD

and surface gauge accumulation product covering the

contiguous United States (CONUS) and spanning from

2002 to present. Because of its high spatial resolution,

relatively long record, stringent quality manual control,

and near full-CONUS coverage, stage IV is often used

as a reference in comparison and evaluation studies of

models and other observational precipitation products

(Wu et al. 2012; Gourley et al. 2010; Tesfagiorgis et al.

2011; Lin and Hou 2012).

The coverage of ground-based radar networks is,

however, limited over many land areas and over the

global oceans. Spaceborne radars improve data avail-

ability while providing researchers with not only pre-

cipitation rate estimates, but also information about

cloud and precipitation vertical structure. In 2006, the

CloudSat platform carrying the Cloud Profiling Radar

(CPR) was launched into a sun-synchronous orbit with

the goal of contributing to synergistic observations with

other instruments in the A-Train satellite constellation

(L’Ecuyer and Jiang 2010) to advance our understanding

of microphysical cloud and aerosol processes. The

CloudSat CPR is the first W-band spaceborne radar,

providing near-global retrievals of finescale precipitation

occurrence (Haynes et al. 2009) and precipitation rate in

both frozen (Wood et al. 2014) and liquid phases

(Lebsock and L’Ecuyer 2011). Previous efforts to evalu-

ate the CloudSat precipitation products are encouraging

(Ellis et al. 2009; Berg et al. 2010; Norin et al. 2015), but

further evaluations for observations over land are nec-

essary. Of particular interest are consequences of omit-

ting the surface clutter correction over land surfaces,

which was not designed to estimate clutter in complex

terrain (NASA 2007), leading to questions of CloudSat

precipitation retrieval in mountainous areas.

Despite the growing use of stage IV and CloudSat

precipitation products, Smalley et al. (2014, hereafter

SM14) demonstrated large differences between their

precipitation occurrence statistics. These differences

were greatest during the cold months, during which time

CloudSat reported far more precipitation when the

near-surface air temperature was close to or below 08C.
Conversely, only about 2% of all scenes were reported

as precipitating by stage IV and nonprecipitating by

CloudSat, a proportion that was observed to be stable

across geographic location and when the near-surface

air temperature was greater than 08C. This led the

authors to speculate that occasions when stage IV re-

ported precipitation and CloudSat did not were pri-

marily due to combined effects of temporal mismatches

between the hourly stage IV accumulations and the in-

stantaneous CloudSat measurements. However, the

analysis in SM14 did not fully explain other sources of

biases and agreement between the satellite and surface-

based precipitation datasets, for example, the effect of

the NEXRAD beam height on the stage IV detections.

As the beam travels from the WSR-88D radar site, its

height above the ground generally increases with dis-

tance from the radar, owing to the combined effects of

surface curvature, surface orography, and atmospheric

refraction (Doviak and Zrnić 1993). In addition, radar

sensitivity decreases with the square of the distance from

the radar site. The combined effects of beam height and

decreased beam density at long ranges suggest that

surface radars should provide more reliable detections

of precipitation nearer the radar. The lack of precise

temporal matchups between the hourly stage IV and

instantaneous CloudSat observations and the lack of

explicit accounting for the influence of distance on the

comparisons precluded the quantification of the sources

of the discrepancies in SM14.

This study evaluates collocated observations of pre-

cipitation occurrence from CloudSat and an in-

dependent reference precipitation product derived from

NOAA/National Severe Storms Laboratory (NSSL)

Multi-Radar Multi-Sensor (MRMS; Zhang et al. 2011,

2016). TheMRMSprecipitation product provides highly

quality controlled gridded precipitation rates at high

spatial and temporal resolution to estimate this critical

component of the Earth atmosphere system over the

CONUS. The MRMS radar mosaic data employed here

are derived from the same NEXRAD observations as

stage IV but are presented at a much higher spatial and

temporal resolution, affording a more detailed analysis

of the strengths and weaknesses of the NEXRAD sur-

face radars and W-band spaceborne radars. Addition-

ally, MRMS products are processed uniformly for all

measurements over the CONUS, and specific products

are generated to permit targeting environmental and

observational conditions where precipitation estimates

are likely more trustworthy. Examples of these products

include the height of the NEXRAD beam, surface ele-

vation, and precipitation observations at varying spatial

and temporal resolutions. Several of these products are

investigated in this study. MRMS also benefits from

surface rain gauge inputs and extensive quality control

efforts. Direct comparisons of collocated MRMS and

CloudSat observations therefore allow a detailed as-

sessment of the limitations inherent to both surface-

based radar observations (e.g., undetected precipitation
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in cold temperatures, in the western United States

where radar coverage is sparse, and near topography)

and spaceborne W-band radar observations (e.g., trade-

off between false detections and missed shallow pre-

cipitation caused by a valid observation height of more

than 1km above the surface).

The goal of this work is to examine comparisons of

MRMS and CloudSat observations to determine the

causes and regime dependence of challenges of pro-

viding high-quality ground-based and spaceborne radar

precipitation measurements. Weather systems across

the CONUS exhibit a wide range of characteristics and

occur across a broad spectrum of surface types, pro-

viding the necessary environmental diversity to expose

the uncertainties in each product as well as to highlight

areas of good agreement between them. This study

quantifies the dependence of biases on a combination of

environmental factors such as topography, seasonal

variations, near-surface air temperature, and in-

strument/algorithm factors such as radar beam height,

ground clutter, and sensitivity.

The precipitation products used in this study are

documented in section 2, and section 3 presents the

mean precipitation totals reported by CloudSat and

MRMS. Section 4 analyzes the effects of various factors

relevant to the performance of each sensor across the

CONUS, while section 5 limits comparisons to selected

regions that highlight the individual challenges unique

to each sensing system. Section 6 presents a discussion of

the results in the context of another griddedNEXRAD–

gauge product, NCEP stage IV. Conclusions are pre-

sented in section 7.

2. Data

a. The CloudSat precipitation product

The CloudSat platform orbits in an 0130/1330 local

time sun-synchronous low-Earth orbit as a member of

the A-Train satellite constellation. Its only science in-

strument is the CPR, a nadir-pointing 94GHz W-band

radar with a ground footprint of about 1.3 km 3
1.7 km, a vertical resolution of 240m, and a minimum

detectable signal of about228 dBZ (Tanelli et al. 2008).

The sensitivity and resolution of the CloudSat CPR

(hereafter CloudSat) permit detailed analyses of cloud

and precipitation vertical and horizontal structure on a

near-global scale (between 828S and 828N).

The principal CloudSat precipitation occurrence

product is 2C-PRECIP-COLUMN (2CPC), described in

Haynes et al. (2009). When discriminating precipitation

by phase and confidence, the CloudSat 2CPC algorithm

accounts for the maximum tropospheric temperature,

the cloud-base height, themaximum in-cloud reflectivity

in the lowest cloud, and the reflectivity of the lowest

noncontaminated atmospheric height. The resulting

precipitation phase and confidence categories are pre-

sented in Table 1 and are detailed inHaynes et al. (2009)

and SM14. As noted in SM14, one important consider-

ation when usingCloudSat over land is that precipitation

discrimination occurs in the fifth range bin (1.00–

1.50 km) above the surface regardless of terrain or at-

mospheric conditions (Fig. 1b). This is done to avoid

contamination of the reflectivity profile by surface re-

turns, which can affect the lowest five range bins above

the surface (Tanelli et al. 2008) since the current [release

04 (R04)] product does not include a surface clutter

correction like that employed over ocean surfaces. This

introduces some additional uncertainty in CloudSat

precipitation occurrence estimates, particularly in

complex terrain.

As a consequence of its measurement height, Cloud-

Sat 2CPC may miss valley rain or thin orographic

precipitation in complex terrain or very shallow pre-

cipitation events in flat terrain. This is evident in the

results of Norin et al. (2015), who find the closest

agreement between the snowfall estimates from the

CloudSat 2C-SNOW-PROFILE dataset and the C-band

Swedish national weather radar network (Swerad) when

collocated observations are made between 46 and 82km

from the nearest Swerad station. At longer distances, the

Swerad radars lose sensitivity and have an increased

chance of overshooting low snow events. But nearer the

radar, some Swerad snow events are shallow enough to

be obscured in the clutter-filled lowest range bins of

CloudSat, causing an underestimation of snowfall rates

in these cases. In cases of heavy snow, it has been shown

that CloudSat underestimates snow rates due to atten-

uation of the CPR beam by large particles but reports

higher frequency of light snow than the NEXRAD-

based snow rate product NMQ (Cao et al. 2014). How-

ever, Chen et al. (2016) showed that when collocated

TABLE 1. List of available designations from CloudSat 2CPC precipitation discrimination ‘‘Precip_flag.’’ This study designates all scenes

labeled as rain certain, mixed certain, and snow certain as precipitating and others as nonprecipitating.

Clear Rain possible Rain probable Rain certain Snow probable Snow certain Mixed probable Mixed certain Uncertain

0 1 2 3 4 5 6 7 9

JUNE 2017 SMALLEY ET AL . 1659

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 08/28/24 07:27 PM UTC



comparisons were limited to conditions suitable for

NEXRAD, snow occurrence fromCloudSat is similar to

snow occurrence from MRMS.

b. The MRMS precipitation product

MRMS integrates data from ground-based radar

(NEXRAD, sites shown in Fig. 1a), automated rain

gauge networks, and atmospheric model analyses in the

CONUS and southern Canada to provide records of

high-resolution (0.018, 2min) quantitative precipitation

estimation (QPE) data over the CONUS. MRMS pre-

cipitation rates are used for many applications in hy-

drology (Gourley et al. 2017), evaluation of satellite

QPEs (Kirstetter et al. 2014), and precipitation clima-

tology studies (Zhang et al. 2016) and are available for

assimilation in numerical weather prediction. MRMS

mosaics radar reflectivity data onto a common 3D grid

and estimates surface precipitation type, rate, and ac-

cumulations at different time scales. At each grid cell,

the lowest altitude of nonmissing hybrid scan reflectivity

comprising elevation angles closest to the surface values

is recorded (Fig. 1a) to estimate surface precipitation.

Coverage is best near populated areas with uniform

terrain. Radar estimates are adjusted with rain gauge

networks at hourly time steps. The 0.018 grid resolution

ofMRMS products provides great flexibility inmatching

MRMS samples to satellite footprints of choice (Kirstetter

et al. 2012). Inspection of Fig. 1 reveals that NEXRAD

beam heights are usually lower than the CloudSat mea-

surement heights, except in areaswith complex terrain or

areas far from the nearest WSR-88D site. The MRMS

precipitation product is limited in some areas by sparse

NEXRAD and surface gauge coverage, beam blockage,

and high beam heights in complex terrain, consis-

tent with Maddox et al. (2002). In cases of beam block-

age, MRMS precipitation estimation is performed by

interpolation of surface gauge data, detections from

other nearby radars, or the nearest radar at increased

beam elevation angles (Zhang et al. 2011, 2016). Be-

cause of its complex terrain and frequent orographic

precipitation, the mountainous western states provide

challenging conditions to both spaceborne and surface-

based precipitation radars.

c. MRMS/CloudSat matchups

This study employs direct matchups of selected

precipitation-related CloudSat and MRMS, version 9,

products. All areas observed coincidentally by CloudSat

and MRMS were collected for the period from January

2008 to December 2010 (prior to NEXRAD dual-

polarization upgrades). The MRMS products were

matched in time to the CloudSat satellite local-overpass

time. Spatially, the MRMS-derived precipitation was

computed by averaging all MRMS pixels (precipitating

and nonprecipitating) found within a specified radius

around the center of the CloudSat footprint to compute

unconditional mean rain rates at the CloudSat pixel

scale. Three different scales are considered here:

1) Direct matchup: MRMS precipitation estimates us-

ing the 5-min MRMS products within a radius of

;1 km around the center of the CloudSat footprint.

These spatiotemporal collocations allow direct com-

parisons between the two products to better un-

derstand the strengths and weaknesses of each

observing system over the CONUS. Unless other-

wise noted, the direct matchup MRMS dataset is

used in comparison to CloudSat as it represents the

closest spatiotemporal matchup.

2) Local area matchups: MRMS precipitation estimates

at 5-min time resolution and 5-km spatial resolution

to characterize the neighboring area.

FIG. 1. (a) MRMS min beam height above the surface. (b) CloudSat 2CPC observation height above the surface.

1660 JOURNAL OF HYDROMETEOROLOGY VOLUME 18

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 08/28/24 07:27 PM UTC



3) Stage IV scale matchups: MRMS precipitation esti-

mates at hourly time resolution and 5-km spatial

resolution tomatch the resolution of NCEP stage IV.

In all, there are more than 7.2 million individual

matched observations that contribute to this analysis.

This study focuses on measurements of precipitation

occurrence, as there is not yet an operational pre-

cipitation rate algorithm in release for land areas from

CloudSat. CloudSat 2CPC pixels are considered pre-

cipitating if they satisfy any of the requirements of

‘‘rain certain,’’ ‘‘snow certain,’’ or ‘‘mixed certain’’ in

the CloudSat database (Haynes et al. 2009; SM14).

At a distance of 50 km from the nearest WSR-88D,

radar echoes have been measured at 28 dBZ with a

signal-to-noise ratio of 0 dB. However, the minimum

detectable signal of individual radars at native reso-

lution becomes less meaningful for a radar–gauge

mosaic with individual scenes averaged to coarser

resolution and often observed by multiple WSR-88D

instruments. Therefore, any given MRMS native res-

olution (1 km, 2min) location is considered pre-

cipitating if the mosaicked hybrid scan reflectivity is

above 5 dBZ when the surface temperature is below

28C and above 10 dBZ otherwise. The MRMS also

employs a minimum detectable rain rate of 0.01 in. h21

at the native ;1-km resolution, equivalent to about

0.25mmh21. This threshold is applied prior to aver-

aging and any pixels that have nonzero averaged rain

rates are considered precipitating at each respective

resolution.

3. Annual mean precipitation totals across the
CONUS

Figure 2 compares precipitation maps at 28 resolution
derived from the direct matchup MRMS (Fig. 2a)

dataset and CloudSat 2CPC (Fig. 2b) between 2008 and

2010. While there is general agreement in the spatial

pattern of precipitation events between the two datasets,

CloudSat reports a relative 24% higher probability of

precipitation (PoP) overall, and significant disagree-

ments are evident over the western states in complex

terrain. Figures 2c and 2d break the CloudSat pre-

cipitation in Fig. 2b down by phase, which is determined

for overland scenes by a maximum tropospheric tem-

perature from ECMWF of below 08C for snow, be-

tween 08 and 28C for mixed/uncertain, and above 28C
for rain (algorithm updated for overland scenes in

SM14). The contribution of mixed/uncertain pre-

cipitation to Fig. 2d is small but generally follows the

spatial pattern of the snow category (not shown). The

map of CloudSat rain in Fig. 2c bears a close similarity

to the MRMS totals in Fig. 2a, suggesting that frozen

precipitation accounts for a significant portion of the

disagreement in Figs. 2a and 2b. Figure 2d shows that

much of the precipitation that CloudSat observes over the

Rocky Mountains is reported as snow and that many of

these cases are not reported by the MRMS. SM14 also

documented significantly higher reported PoP from

CloudSat than another NEXRAD-based retrieval (stage

IV) in cold environments. This regime is examined more

closely in section 4.

Also outlined in Fig. 2 are boundaries of the Rocky

Mountains (RK) and Midwest (MW) regions, which

FIG. 2. Total PoP reported by (a) MRMS and (b) CloudSat 2CPC

for matched observations from 2008 to 2010. CloudSat 2CPC ob-

servations from (b) are broken into phase as determined byCloudSat

as (c) rain and (d) snow/mixed. Overlaid are black lines designating

the RK and MW regions that are detailed in section 4.
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approximately capture major aspects of each observa-

tion environment and present unique challenges to the

NEXRAD andCloudSat sensing systems. These regions

represent relative extremes in terms of terrain variabil-

ity, characteristic precipitation systems, and hydrologic

concerns and also represent extremes in terms of the

NEXRAD coverage uniformity and beam height in

MRMS (Figs. 1a, 3). The WSR-88D beam height is a

function of the distance from the nearest NEXRAD site,

the scan elevation angle, and atmospheric refractive

index (Doviak and Zrnić 1993). The flat terrain in the

MW region results in a tight relationship between beam

height and distance, but this tight relationship is broken

over areas of complex terrain under beam blockage

conditions, such as occur in the RK region. In the MW

region (Fig. 3c), the NEXRAD beam height is a tight

function of the distance to the nearest radar. On the

other hand, complex terrain in the Rockies (Fig. 3b)

forces the radar to sample at higher elevation angles,

which increases the beam height compared to the MW

region. The larger spread in beam height in the RK re-

gion highlights the greater diversity of observing con-

ditions in complex terrain. Observations also tend to be

made closer to the NEXRAD sites in theMWdue to the

more uniform and denser spatial coverage of NEXRAD

sites in that region, which is beneficial when generating

MRMS reflectivity mosaics.

A couple other areas of discrepancy merit brief

mention. First, western Washington and Oregon are

characterized by both frequent drizzle and complex

terrain, leading to well-documented difficulties in ob-

serving precipitation with surface radars (Westrick et al.

1999). The upper northeastern states of Maine, New

Hampshire, Vermont, and northern New York are also

marked by large differences in total PoP. While beam

heights are low in this area (Fig. 1a), nearly all the dis-

crepancy can be attributed to observations made

more than 100 km from the nearest NEXRAD site

(not shown).

Figure 3 illustrates that the most frequent measure-

ment height over CONUS is between about 0.3 and

0.7 km above the surface, which falls below theCloudSat

measurement height of about 1.00–1.50 km. Thus,

MRMS provides a more direct estimate of falling hy-

drometeors that actually reach the surface than Cloud-

Sat but also experiences an increased risk of false

detections due to surface clutter at the lowest beam

heights. While typical sources of ground clutter were

largely mitigated even prior to the dual-polarimetric

upgrade to NEXRAD, errors due to beam blockage

(Lakshmanan et al. 2007) and biological sources

(Lakshmanan et al. 2010) remained as significant chal-

lenges and a substantial effort is still made in MRMS to

lessen the effects of these issues. See Zhang et al. (2016)

for a detailed explanation of techniques used by MRMS

to avoid surface clutter and biological radar echoes.

4. Role of geography, geometry, and the
environment

The general depiction of how CloudSat and MRMS

detect precipitation across the CONUS shown in Fig. 2

highlights broad similarities and differences between the

products, but explaining their causes requires deeper

analysis of how they vary as a function of specific envi-

ronmental and geographic conditions. Such analyses

may also help guide future algorithm improvements.

Figure 4 compares CloudSat and MRMS precipitation

FIG. 3. Normalized frequency of MRMS beam height vs the distance to the nearest NEXRAD radar site for the (a) CONUS and the

(b) RK and (c)MW regions defined in Fig. 2. Beam heights and distances are shown for collocatedCloudSat 2CPC andMRMSpixels used

in this study. Gray bars indicate the approximate CloudSat measurement height over land surfaces.
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occurrence statistics from the direct matchups as a

function of the near-surface air temperature from

ECMWF, the height of the NEXRAD beam, the dis-

tance to the nearest NEXRAD site, and the surface ele-

vation. Both sensors agree that precipitation is most

frequent when near-surface temperatures are just below

08C. However, CloudSat reports snow more frequently

than MRMS in cooler environments while MRMS re-

ports rain more frequently than CloudSat when near-

surface air temperatures are above about 158C (Fig. 4a).

Figures 4e and 4i show that these discrepancies can

largely be attributed to regional differences that persist

into the broader CONUS statistics.

Close agreement is found between MRMS and

CloudSat over the Midwest, except at the coldest and

hottest temperatures. A majority of precipitation is ob-

served by both sensors (solid black curve) while the

number of events detected by only one sensor (red and

blue curves) is relatively small. Conversely, a majority of

the precipitation that falls at colder temperatures in the

Rockies is observed only by CloudSat while a significant

fraction of the precipitation falling at high surface tem-

peratures is only observed by MRMS. Since colder

temperatures are more frequently observed in the

mountains and hot temperatures are more prevalent in

the Midwest, this leads to regional biases between the

datasets where MRMS observes more frequent pre-

cipitation at lower elevations and CloudSat observes

more at higher elevations. This can be explained by

examining Figs. 4b, 4f, and 4j and Figs. 4c, 4g, and 4k,

which demonstrate that agreement is best in all regions

when the MRMS beam is below about 1 km and when

the matched observations are made within 100 km of the

nearest NEXRAD site. This close agreement quickly

fades as the observations are made farther from the

NEXRAD site and as beam heights increase and radar

sensitivity decreases. Much of the precipitation missed

by MRMS at these distances is therefore likely shallow,

light rain, or snow.

The substantial disagreement as a function of tem-

perature in the Rockies region can be explained by a

combination of the height of the MRMS beam, the

distance to the nearest NEXRAD site, and surface ele-

vation as shown in Figs. 4f–h. As NEXRAD beam

heights increase far from their site sources in the

Rockies region, MRMS PoP drops precipitously. In

FIG. 4. Collocated CloudSat and MRMS PoP from the direct matchup dataset as a function of 12 quantiles of ECMWF 2-m air

temperature, MRMS min beam height, distance to the nearest NEXRAD site, and surface elevation. Dashed lines show the totals

observed by each product. The solid black line shows precipitation detected by both sensors. Solid red and blue lines show the pre-

cipitation exclusively detected by MRMS and CloudSat, respectively.
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Figs. 4f and 4g, CloudSat PoP appears to increase as a

function of properties that should be independent of

CloudSat observations. However, inspection of Fig. 4h

in combination with Fig. 1a shows that the lack of

NEXRAD coverage in the Rockies region is correlated

with mountainous areas. Events that are generated or

enhanced by orography are more difficult for MRMS to

detect because of scant coverage. Since CloudSat ob-

servation heights are unaffected by complex terrain over

land (Fig. 1b), it observes many more of these events,

potentially explaining the increase inCloudSat PoP with

increased distance from the nearest radar. Of course,

these environmental properties are highly correlated

and distinctions between their individual effects are

difficult to express in this framework. When matched

observations are made close to the NEXRAD sites,

however, WSR-88D beam heights are lower than

CloudSat’s fifth range bin, and MRMS measurements

report an increasing amount of precipitation not de-

tected by CloudSat. This suggests that CloudSat likely

misses some very shallow events embedded in its

clutter region.

Agreement is much closer in the MW region, even at

temperatures below 08C. This suggests that while pre-

cipitation phase might play a role in the discrepancy in

the Rockies, temperature is not likely the only factor.

Figures 4j–l show close agreement, with MRMS con-

sistently reporting slightly higher PoP except when

beam heights are at their highest farthest from the

radar sites.

5. Regional analyses

To better illustrate the different detection capabil-

ities of MRMS and CloudSat, the broad RK and the

MW regions are analyzed separately. The complex

terrain in the RK and the frequent snow and shallow

rains in the MW present unique challenges to each

observing system.

a. Influence of topography in the Rocky Mountains

Figure 5 shows bivariate distributions of total PoP and

PoP exclusively detected by either instrument for the

RK region as a function of temperature. When the near-

surface air temperature is less than 08C (cold regime),

total MRMS detections (Fig. 5a) are associated with

changes in beam height above the surface more than

surface elevation. This is likely caused by a combination

of a loss of sensitivity far from the NEXRAD radar site,

the lowest beam elevation angles being blocked by

complex terrain, and beam overshoot due to sparse ra-

dar coverage. On the other hand, total PoP reported by

CloudSat (Fig. 5b) is mostly dependent on elevation.

There is a strong similarity between MRMS total and

both, illustrating that CloudSat generally agrees with

MRMS when MRMS reports precipitation (i.e., in-

frequent MRMS only). The resulting CloudSat only

exclusive detections (Fig. 5d) reflect the difference

between the distributions in Figs. 5a and 5b, demon-

strating that the differences between CloudSat and

MRMS under these conditions depend both on eleva-

tion and NEXRAD beam height. The sample sizes are

large and the results are smooth in each of the cold

regime plots (Figs. 5a–e), adding confidence to this

interpretation.

As temperatures increase to the cool regime (08 ,T,
158C), the sensors agree that precipitation occurs at

lower elevations. The high agreement when MRMS

detects precipitation follows this descent (Fig. 5j) and

many of the times CloudSat reports precipitation but

MRMS does not can be explained by high NEXRAD

beam heights (Fig. 5i).

Figures 5k–m show analogous comparisons for the

warm temperature regime (T. 158C). In contrast to the

cold and cool regimes, MRMS reports higher PoP than

CloudSat. There is a distinct increase in PoP reported at

high elevations by both CloudSat and MRMS (Fig. 5o).

The ‘‘hot spot’’ in MRMS detections at elevations be-

tween 1.4 and 1.8 km and beam heights of less than

0.7 km is not observed in theCloudSat database, leading

to questions concerning its validity. Closer inspection

reveals that this feature is positioned in southeastern

Wyoming (not shown). In the absence of this hot spot,

general trends between MRMS and CloudSat are simi-

lar, with each reporting PoP increasing with both ele-

vation and NEXRAD beam height.

Because CloudSat reports precipitation so frequently

in the mountains, it is natural to suspect that the dis-

crepancies are due to false detections due to surface

clutter in the complex terrain. There is no guarantee that

raising the observation height to the fifth bin above the

surface is sufficient to avoid false detections from sur-

face clutter. However, closer inspection adds confidence

that the CloudSat detections in Fig. 5 are real for three

reasons. First, it is not expected that the near-surface air

temperature should be inversely correlated with the rate

of CloudSat false detections, but there is a clear re-

duction in high-elevation PoP in Figs. 5g and 5i as the

surface temperature increases. Actually, one can imag-

ine that snowmelt mountain lakes and surface water

would actually increaseCloudSat false detections due to

their flat, horizontal surfaces. Second, the increase in

PoP reported byCloudSat in the warm regime (Fig. 5l) is

corroborated by MRMS (Fig. 5k), which actually re-

ports greater PoP at the highest observed elevations in

warm temperatures. Also, MRMS reports the increase
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FIG. 5. Total and exclusive PoP reported by each dataset in the RK region illustrated by bivariate composites

on surface elevation and MRMS beam height where (a)–(e), (f)–(j), and (k)–(o) designate the cold (T , 08C), cool
(08 , T , 158C), and warm (T . 158C) temperature regimes, respectively. Dot sizes are proportional to the

number of observations contributing to each PoP estimate, where each estimate is composed of amin andmax of 1500

and 6754 collocated observations, respectively.
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in high-elevation PoP across a range of NEXRADbeam

heights, indicating that the increase in MRMS PoP is

not due to surface clutter. Mountain surface water is

not expected to affect MRMS detections because

NEXRAD views the atmosphere generally horizontally

while CloudSat views it from above. Third, Mott et al.

(2014) focused on orographic snow and demonstrated an

enhancement of snow rate and occurrence near moun-

tain peaks under synoptically driven events, corrobo-

rating the results in Fig. 5.

b. Effects of MRMS resolution and proximity over
the Midwest

The central CONUS presents different challenges for

efforts to remotely sense precipitation. Here, changes in

elevation are relatively small and precipitation sys-

tems often propagate eastward as opposed to being

geographically concentrated during their lifetimes.

Figures 6a–c display detection statistics limited to the

MW region outlined in Fig. 2, where PoP for the de-

graded resolutions ofMRMS are shown in Figs. 6b and

6c. In contrast to the RK region, MRMS reports pre-

cipitation more frequently than CloudSat in the cold

temperature regime when observations are made very

near the NEXRAD radar sites. A recent study of

shallow snow events from the CloudSat 2C-SNOW-

PROFILE product suggests that some of the dis-

crepancy close to NEXRAD sites (when beam heights

are low; Fig. 3c) can be attributed to shallow cumuli-

form snow events embedded in the lowest CloudSat

range bins (Kulie et al. 2016). However, as the dis-

tance to the nearest NEXRAD site increases beyond

100 km, the MRMS PoP falls quickly below PoP re-

ported byCloudSat. Light rain and snow that occurs in

the cool and cold temperature regimes becomes in-

creasingly more difficult for the MRMS to detect as

the beam diffuses far from the radar site.

To place these results in the context of the compari-

sons made in SM14 between CloudSat and stage IV

precipitation occurrences at 60min and 5km scales,

Fig. 6 also shows MRMS detections at local area

matchup and at stage IV scale matchup resolutions as

described in section 2. As the spatial and temporal res-

olutions ofMRMS are degraded, higher PoP is reported.

This is especially true near the NEXRAD sites, where

beam heights are low and sensitivity is high. In this

nearest quantile group, MRMS PoP increases 4.7%

specifically due to increased search area (5 vs 2 km)

between Figs. 6a and 6b and increases another 3.7%

when the accumulation time is increased to an hour in-

stead of 5min between Figs. 6b and 6c. In a relative

sense, the PoP increases the most in warm temperatures

near the radar. In fact, PoP within 100 km of the nearest

NEXRAD site is more than doubled when resolution is

degraded to the stage IV scale matchup resolution.

Clearly, it is important to account for resolution when

utilizing precipitation occurrence statistics. Resolution

has also been shown to be important for typology, rates,

and the effects of nonuniform beam filling (Kirstetter

et al. 2015).

In the MW warm regime, MRMS reports more fre-

quent precipitation at all distances and resolutions. This

could occur for a few reasons. Fast-moving or isolated

convective precipitation generally occurs in warmer en-

vironments. In these cases, the increase in MRMS pre-

cipitation relative to CloudSat is most evident. It is

important to remember that MRMS and CloudSat ob-

servations are built from instantaneous measurements

and that those measurements can be made at any time

during the collocated 5-min window, leading to instances

in which a precipitation event exists within the collocated

area when CloudSat passes overhead but not when

NEXRADmakes its scan, contributing toCloudSat only.

Note that degrading theMRMS spatial resolution to 5km

actually increases the agreement (both; Fig. 6h) until

nearly all scenes reported by CloudSat are also reported

by MRMS. This suggests that many of the instances of

precipitation that are observed only by CloudSat at high

resolution are due to these collocation mismatches. In-

creasing the accumulation period does not increase the

agreement and merely adds to the amount of pre-

cipitation detected only byMRMS (MRMS only, Fig. 6i).

Another source of discrepancy is scenes where only

part of one sensor’s pixel is covered by precipitation,

while more of the other sensor’s pixel is filled. This

partial beam filling has been shown to affect spaceborne

radar precipitation retrievals (Tanelli et al. 2012;

Kirstetter et al. 2015), but will be a factor in this study

only when the edges of precipitating systems exist be-

tween the closely collocated MRMS and CloudSat

footprints. This effect is indistinguishable from the

temporal mismatch hypothesis at the 5-min resolution of

these comparisons and so they are collectively referred

to as fast moving/partial filling (FM/PF).

To test this temporal mismatch/rain system edge hy-

pothesis, PoP from CloudSat and MRMS are compos-

ited against a benchmark of the local variability of

precipitation occurrence surrounding each matched

observation. Figure 7 shows the relationship between

the warm regime matchups shown in Fig. 6g and deciles

of the fraction of MRMS native-resolution (1 km) pixels

that contain precipitation at the MRMS 5-km resolution

(local area matchups). Doing so provides insights into

the high-resolution spatial variability of precipitation

occurrence during the matched observations. Averaging

the MRMS data across all 10 deciles in Fig. 7 and
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multiplying by the fraction of scenes where MRMS

Precipitation Fraction (PF) . 0 gives the same overall

precipitation fraction shown in Fig. 6g. The same is not

true for the CloudSat data, as the CloudSat algorithm is

permitted to report precipitationwhen theMRMSPF5 0.

However, 91% of allCloudSat precipitating pixels occur

when MRMS PF . 0 and therefore contribute to the

CloudSat statistics in Fig. 7, demonstrating general

agreement between the two precipitation products.

The greatest agreement (both category) occurs when

MRMS reports precipitation across the full 5-km pixel.

However, the discrepancy at MRMS PF 5 1.0 shows

that CloudSat is likely missing 10.9% of precipitation

cases when MRMS is most confident of precipitation

across the 5-km pixel. This adds to just over 3% of total

collocated pixels in the MW warm temperature regime.

It is unlikely that this discrepancy is due to MRMS false

detections, as NEXRAD surface return signals do not

FIG. 6. As in Fig. 4, but for the distance to the nearest NEXRADradar site and only covering the areas defined as theMW, as outlined in

Fig. 2. Rows designate different MRMS spatial and temporal resolutions [(top) direct matchups, (middle) local area matchups, (bottom)

stage IV scale matchups]. Comparisons have been separated into (left) cold (T , 08C), (center) cool (08 , T , 158C), and (right) warm

(T . 158C) temperature regimes by collocated ECMWF 2-m air temperature.
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typically cover a full 5-km pixel. Much of the discrep-

ancy when MRMS is most confident must therefore be

explained by very shallow rain events, as the NEXRAD

beams are generally lower than the CloudSat observa-

tion height across the MW region (Fig. 1). However,

these shallow events likely influence relative statistics

when MRMS PF , 1.0 as well.

Differences between MRMS only and CloudSat only

are most notable in Fig. 7 when the 5-kmMRMS pixel is

partially covered by precipitation (MRMS PF ’ 0.65),

suggesting that much of the disagreement in Fig. 6g can

be attributed to FM/PF systems. Because shallow sys-

tems can be fast moving and scattered precipitation can

fall from shallow heights, Fig. 7 cannot explain exactly

which of the MRMS-only events are due to FM/PF rain

and which are due to shallow rain. However, an esti-

mation may be made based on observational charac-

teristics of each platform, assumptions about the speed

of propagating rain systems, and the inclusion of

coarser-resolution MRMS precipitation detections.

Here, it is assumed that when comparisons are limited

to conditions that aremost suitable for surface radars, all

existing rain is detected by MRMS. In this case, com-

parisons are limited to when NEXRAD beam heights

are between 0.2 and 0.5 km in the Midwest warm tem-

perature regime. Under these conditions, the only

scenes reported as precipitating by CloudSat and not by

MRMS in direct matchups must be a result of FM/PF

showers, which are likely to be reported by MRMS in

local area matchups. Because not all scenes observed in

local area matchups truly passed over the central col-

location area, it is also required that CloudSat observe

precipitation. Therefore, the subtraction of CloudSat

only in local area matchups fromCloudSat only in direct

matchups gives an estimate of the loss of MRMS PoP

due to FM/PF systems. Because of the longer integration

time in MRMS than CloudSat observations, this value

(0.72%) also represents a lower bound of the effects

of FM/PF systems on CloudSat detections in direct

matchups. If these are the only two sources of missed

detections under these conditions, the subtraction of this

value from MRMS only in direct matchups yields an

upper bound (1.88%) on how much PoP goes un-

detected by CloudSat due to shallow showers. Because

WSR-88Ds make multiple scans during the 5-min win-

dow, the true value is likely much lower. The results are

summarized in Table 2. The addition of CloudSat ‘‘rain

probable’’ scenes to the analysis slightly reduces the

effect of shallow showers, but also increases the risk of

reporting false detections.

Of course the validity of this hypothesis depends on an

assumption that MRMS and CloudSat have comparable

detection capabilities when precipitation truly exists

during their respective instantaneous observations and

that these are the only (or at least dominant) two sources

of discrepancies under these conditions. It is seen from

Fig. 6 that precipitation detections are most similar in

this region and temperature regime than any other,

suggesting that the assumption of comparable skill is

satisfied. For this reason, a similar analysis is not possi-

ble for the Rocky Mountains, where there are clear

detection differences betweenCloudSat andMRMS as a

function of temperature (Fig. 4). This analysis also de-

pends on the fast-moving systems missed by MRMS at

direct matchup resolution being observed by MRMS at

local area matchup resolution.

6. Discussion

TheCloudSat andMRMS precipitation products each

benefit from advantages unique to their observational

and processing capabilities and offer high-quality esti-

mates of rain and snow occurrence. Collocated obser-

vations show excellent agreement between these

TABLE 2. Estimated PoPmissed byCloudSat in the warm regime

(T. 158C) specifically due to shallow or fast moving/partial filling

rain systems when compared to direct matchup MRMS at 2-km,

5-min resolution. The parentheses denote the values if CloudSat

rain-probable scenes are considered as precipitating.

FM/PF (lower bound) Shallow (upper bound)

0.72% (0.78%) 1.88% (1.74%)

FIG. 7. As in Fig. 6g, but for results conditioned on the local area

matchup (5 km, 5min) MRMS PF. Pixels for which MRMS PF5 0

(90.1% of all pixels) are removed. The remaining data are com-

posited into deciles ofMRMSPF and the resulting conditional PoP

for CloudSat and direct matchup MRMS (2 km, 5min) data are

shown. Because there aremany instances ofMRMSPF5 1.0, there

are two overlapping deciles for each statistic at theMRMSPF5 1.0

and another decile visible at MRMS PF 5 0.994.
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datasets whenMRMS observations are within 100 km of

the nearest radar site across the CONUS, consistent

with previous works (Cao et al. 2014; Norin et al. 2015;

Chen et al. 2016). However, the analyses also point to

some inevitable observational challenges inherent to

each platform. The comparisons identify three near-

surface air temperature regimes, distinguished by 08 and
158C, in which disparities between products depend on

separate factors. Much of the minor disagreement over

theMidwest in warm temperatures is found to be caused

by quickly propagating or partially filling events, an

unavoidable consequence of collocating instantaneous

measurements over a finite temporal window. The re-

mainder is estimated to be a result of shallow showers

undetected by CloudSat. This proportion of CloudSat

that missed PoP due to shallow showers in the warm

regime (as well as the overall missed PoP) is reduced by

considering rain-probable scenes as precipitating, but

the impact is minor.

The results suggest that considerable caution should

be exercised when using ground-based radar estimates

to drive hydrologic models affected by cold season

precipitation in complex terrain (Gourley et al. 2017).

The quality of precipitation detection declines where

intervening mountains inhibit low-level radar coverage,

thus affecting snowpack and snow depth estimation and

the snowmelt contribution to floods in meltwater runoff

models. These models have been shown to be sensitive

to precipitation inputs (Gottschalck et al. 2005; Nijssen

and Lettenmaier 2004). While CloudSat does not pro-

vide sufficient temporal or spatial sampling to drive such

models, its more uniform observation height, sensitivity,

and calibration may provide a means for correcting for

range effects in such applications.

CloudSat sometimes misses very shallow precipita-

tion events that are embedded within its clutter region

less than 1km above the land surface. It is confidently

stated that CloudSat misses no more than 1.88% PoP in

warm environments over flat terrain due to shallow

showers; the true value is likely to be much lower. In

areas of uniform terrain (e.g., Midwest), 78.6% (69.5%)

of all pixels identified as precipitating by CloudSat

(MRMS direct matchups) are also identified as pre-

cipitating by MRMS direct matchups (CloudSat) reso-

lution. It therefore appears that raising the observation

height of CloudSat over land not only eliminates false

positives in flat terrain but also causes the shallowest

precipitation events to go undetected. However, many

instances of pixels being reported by MRMS and not by

CloudSat over flat terrain are the result of fast-moving,

isolated convective events that preferentially add to

MRMS detections to because of its multiple scans dur-

ing the collocated time period. It should be noted that

contributions of these fast-moving or partial-filling

precipitation systems are significantly reduced com-

pared to SM14, where NEXRAD-based stage IV de-

tections are reported at hourly intervals.

To demonstrate the degree of agreement between

CloudSat and MRMS and to provide additional context

with the stage IV–CloudSat comparisons in SM14, Fig. 8

shows estimates of the Heidke skill score (HSS;

Stephenson 2000) built from the 23 2 contingency table

in Table 3 as a function of temperature regime and

distance to the nearest NEXRAD site for comparisons

between CloudSat and each of the considered MRMS

resolutions. The HSS is defined here as Eq. (1), where

the a, b, c, and d variables are set according to condi-

tional detections outlined in previous figures. The HSS

for collocated stage IV is also shown for context with

SM14. For reference, the figure also displays the total

PoP for each NEXRAD product at each distance and

temperature regime:

FIG. 8. HSS between CloudSat and NEXRAD-based stage IV and various MRMS resolutions in color for the

(a) RK and (b) MW regions as a function of near-surface temperature regime and distance to the nearest

NEXRAD site. NEXRAD-based total PoP is shown as text within each category for reference.
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HSS5
2(ad2 bc)

(a1 c)(c1d)1 (a1 b)(b1d)
. (1)

The HSS is an ideal skill score for this application be-

cause HSS 5 0 for random forecasts and it is transpose

symmetric (Stephenson 2000) and therefore does not

hold preference for which precipitation product is the

‘‘forecast’’ and which is the ‘‘observation’’ in the 2 3 2

contingency table shown in Table 3. The HSS ranges

from 21 to 1, with 1 representing perfect agreement

and 21 representing perfect disagreement.

Overall, the high HSS in Fig. 8 indicates close agree-

ment betweenCloudSat and variousMRMS resolutions,

most notably the direct matchups. As theMRMS spatial

and temporal resolutions are degraded, the HSS gen-

erally decreases. Meanwhile MRMS total increases, as

there are greater areas and time periods for which pre-

cipitation may occur at degraded resolution. It is clear

from Fig. 8 that agreement between CloudSat and

MRMS direct matchups is higher than between Cloud-

Sat and stage IV except at distances greater than 165 km

in the cold and cool temperature regimes. Under these

conditions, however, agreement with CloudSat is gen-

erally low for all NEXRAD products. It is also apparent

that the precipitation observed exclusively by MRMS

exhibits a greater dependence on temperature than that

from stage IV, potentially resulting from automated

homogeneous quality control in MRMS as opposed to

manual and automated quality controls in stage IV.

7. Conclusions

The results of this study can be summarized as follows:

1) CONUS-wide PoP is 6.3% according to MRMS and

7.8% according to CloudSat. If CloudSat rain-

probable scenes are also counted as precipitating,

total PoP increases to 8.1% but the figures change

only imperceptibly (not shown). MRMS and Cloud-

Sat precipitation statistics agreemost closely near the

NEXRAD sites where beam heights are low and

when the terrain is uniform. These conditions are

best suited for educated use of MRMS radar in-

formation in terms of resolution and quality.

2) When the near-surface air temperature is less than

08C, the NEXRAD suffers from signal loss at loca-

tions far from the radar site and the resulting radar

echoes fall below the threshold for detection of

frozen precipitation, resulting in a reliance on sparse

surface gauges. This is exacerbated in the Rocky

Mountains, where CloudSat reports an increase in

PoP with elevation when near-surface temperatures

are below freezing, likely a result of orographic snow

in the complex elevated terrain. This highlights the

challenges for surface radars in snow events across

the wide spectra of environmental regimes over the

United States. These results are consistent with pre-

vious comparison studies between CloudSat and the

Swedish operational radar network (Norin et al.

2015) and another NEXRAD-based precipitation

product, NCEP stage IV (SM14), although agree-

ment between CloudSat and MRMS is generally

much higher than for CloudSat and stage IV.

3) When CloudSat reports precipitation in warm tem-

peratures over flat terrain, MRMS almost always

agrees. However, MRMS consistently reports pre-

cipitation more frequently than CloudSat under

these conditions. Much of this discrepancy can be

attributed to inevitable collocation mismatches.

However, undetected shallow showers may affect

up to 1.88% of CloudSat scenes over flat terrain in

warm conditions, though the true value is likely

much lower.

4) MRMS and CloudSat agree more closely than the

stage IV–CloudSat comparisons presented in Fig. 8

and in SM14. Degrading the MRMS spatial and

temporal resolution decreases agreement between

MRMS and CloudSat (Fig. 8). This is especially true

when temperatures are below freezing, indicating

that the differences between stage IV and MRMS

exclusive PoP extend beyond simple spatial and

temporal resolution. Further study is required to

understand specific differences between stage IV and

MRMS quantitative precipitation products.
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