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ABSTRACT

Microphysical data and radar reflectivities (Ze,215,Ze, 10 dB) measured from flights during the NASA

Tropical Clouds, Convection, Chemistry and Climate field program are used to relate Ze at X andW band to

measured ice water content (IWC). Because nearly collocated Ze and IWC were each directly measured,

Ze–IWC relationships could be developed directly. Using the particle size distributions and ice particle

masses evaluated based on the direct IWC measurements, reflectivity–snowfall rate (Ze–S) relationships were also

derived. For215,Ze, 10dB, the relationships herein yield larger IWCandS than givenby the retrievals and earlier

relationships. The sensitivity of radar reflectivity to particle size distribution and size-dependentmass, shape, and

orientation introduces significant uncertainties in retrieved quantities since these factors vary substantially

globally. To partially circumvent these uncertainties, a W-band Ze–S relationship is developed by relating four

years of global CloudSat reflectivity observations measured immediately above the melting layer to retrieved

rain rates at the base of the melting layer. The supporting assumptions are that the water mass flux is constant

through the melting layer, that the air temperature is nearly 08C, and that the retrieved rain rates are well

constrained.WhereZe. 10 dB, thisZe–S relationship conforms well to earlier relationships, but forZe, 10 dB

it yields higher IWC and S. Because not all retrieval algorithms estimate either or both IWC and S, the authors

use a large aircraft-derived dataset to relate IWC and S. The IWC can then be estimated from S and vice versa.

1. Introduction

Radar is an effective tool for remotely measuring the

properties of snow precipitation. Directly relating a radar

measurable cloud property, such as the equivalent radar

reflectivity factor (Ze), to the snowprecipitation rate (S) can

be used to monitor and estimate the development of snow

precipitation.With the ability tomapout snowprecipitation

globally using W-band (94GHz), Ku-band (13GHz), and

Ka-band (35GHz) radarmeasurements fromCloudSat, the

Global Precipitation Measurement (GPM), and the forth-

coming Earth Clouds, Aerosols and Radiation Explorer

(EarthCARE) satellites, a much better characterization of

Earth’s water budget is now possible.

The Ze–S relationships developed to date are usually of

the form Ze 5 ASP, where A is a coefficient and P the

power; most relationships to date are independent of the

air temperature and are applicable typically to snowfall at

the surface. The relationships are developed using two

basic approaches. In the first approach, radar reflectivities

measured by a ground-based radar are related to co-

incident snowfall ratesmeasuredwith precipitation gauges

(Puhakka 1975; Boucher and Wieler 1985; Fujiyoshi et al.
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1990), or, more recently, to a Hotplate (Wolfe and Snider

2012). To compensate for marked differences in sample

volumes between instruments and for collocation errors,

these studies use averaging times from 5min to 1h. A

modification of this technique, using collocated radar and

precipitation gauge data, differs in that it derives a value of

A for each 30–60-min period, with the assumption that

P5 1.6 (Rasmussen et al. 2003). The resulting relationship

is used to nowcast snowfall rates. The second approach

derives Ze–S relationships based on particle size distribu-

tions (PSDs), which are either measured or, more com-

monly, taken fromdata reported in the literature, together

with assumed or observed ice particle shapes, or habits

(Imai et al. 1955; Sekhon and Srivastava 1970; Ohtake

1970). By default, studies using ground-based gauge ob-

servations involve systems capable of producing pre-

cipitation at the surface, while aircraft-based studies are

freed from this restriction. The backscatter cross sections

of the ice hydrometeors are derived and then the value of

Ze can be derived. Because non-Rayleigh scattering be-

comes significant when large ice particles are measured

with Ku- through W-band radars, researchers have de-

veloped methods to determine the backscatter cross sec-

tions of the ice particles using T-matrix and discrete dipole

approximations (Matrosov 2007, hereinafter M07; Liu

2008;Matrosov et al. 2009;Kulie andBennartz 2009;Hiley

et al. 2011; among others). Calculating backscatter cross

sections is especially challenging at the W band (94GHz),

the frequency of CloudSat (Hong 2007; Liu 2008; Kulie

and Bennartz 2009; Kulie et al. 2010; Wood et al. 2015).

The cross sections depend on ice particle shape to varying

degrees, depending on particle size, ice bulk density, and

radar wavelength, making it necessary to model ranges of

particle shapes, and the shape effects can contribute sig-

nificant uncertainty to derived Ze–S relationships. Recent

studies with complex models (e.g., Petty and Huang 2010;

Tyynela et al. 2011; Leinonen et al. 2012; Hogan and

Westbrook 2014) indicated that for larger cloud ice and

snow-sized particles, the use of shape models with homo-

geneous mixtures of ice and air (e.g., a soft spheroidal

model) can result in significant underestimation of back-

scattering cross sections. Themodel backscatter differences

are more pronounced for particles with larger size–

wavelength ratios and thus are more acute for W-band

frequencies. For many observed particle size distribu-

tions, however, larger particles contribute to integral

backscatter relatively little because of their low concen-

trations and bulk densities. As a result, the homogeneous

spheroidal model backscatter for particle populations is

often in reasonable agreement with the range predicted

by more sophisticated particle shapes (e.g., Liu 2008;

Hogan andWestbrook 2014).However, the limitations of

the spheroidal model can contribute to the uncertainties

of modeled uncertainties of modeled W-band

backscatter, especially for larger particles (higher

reflectivities).

Dual-wavelength radar (DWR) techniques have

shown promise in accurately estimating snowfall rates

when scattering is in the Rayleigh regime at one radar

wavelength and non-Rayleigh at the other (Matrosov

1992, 1998). The logarithmic difference between re-

flectivities at the two wavelengths provides an inde-

pendent estimate of snowflake median volume size. In

those articles, it is shown that the advantage of theDWR

approach over the single radarZe–S approach is that the

DWR exhibits a low sensitivity to snowflake density and

details of the size distribution. While we acknowledge

this method, it is not used here because it has a higher

detection threshold of the X- versus W-band radar,

which would reduce our sample size.

Developing algorithms to retrieve the ice water content

(IWC) from radar reflectivity is also problematic. In-

struments for measuring the (bulk) IWC are not readily

available, and they are rarely deployed at the ground.Most

determinations ofZe–IWC relationships rely on the second

approach identified above, and some further account for

cloud temperature (Hogan et al. 2006; Protat et al. 2007).

Other techniques replace calculated reflectivities with

valuesmeasuredby radar and collocatedwith in situ aircraft

observations from which IWC can be derived (Heymsfield

and Palmer 1986; Heymsfield et al. 2005). Yet other ap-

proaches relate observed reflectivities to the IWC values

retrieved using multisensor observations, which are ex-

pected to be more robust than radar-only algorithms (e.g.,

Matrosov 1997). These implementations may use radars

and infrared radiometers together (Matrosov et al. 1994),

radars together with lidars (Intrieri et al. 1993; Wang and

Sassen 2002; Tinel et al. 2005), and dual- or triple-

wavelength radar (Sekelsky et al. 1999; Gaussiat et al.

2003). Most of these studies considered a wide range of Ze

and IWC, spanning several orders of magnitude, and were

primarily oriented toward nonprecipitating clouds.

In Part I of our study, we use approaches for deriving

the snowfall rate and ice water content from radar

reflectivity at X (9.6GHz) and W bands that differ from

those described above. Future work will use similar ap-

proaches, focusing onKu andKa bands.Althoughwewill

use observations from only one location, and these are

used to point out potential uncertainties in earlier re-

lationships and in retrievals from spaceborne active re-

mote sensors, the goal of this study is to develop a

methodology and relationships that might apply more

broadly. Initially, we present a method to mitigate the

uncertainties involved in deriving the backscatter cross

sections of the ice particles, especially for W band.

These cross sections are potentially a significant source of
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error in the estimated value of Ze since they are derived

by assuming ice particle shape and by using complex

scattering models that are yet somewhat unvalidated by

observations. Furthermore, both the PSDs (owing to their

temperature dependence as well as their dependence on

the relative height within a cloud) and, especially im-

portant, the particle masses used in deriving IWC, S, and

Ze are potential sources of significant error. In this study,

we directly relate the IWCmeasured in situ by an aircraft

instrument to the Ze measured at X and W bands by an

aircraft overflying the in situ aircraft. Given the direct

IWC measurements, together with detailed ice particle

imagery, we can more reliably develop Ze–S relation-

ships. We also derive IWC and S from the measured

PSDs. Our results are compared with previously de-

veloped relationships and with CloudSat retrievals from

almost five years of near-global observations. To develop

more globally relevant relationships, we compare esti-

mates of rain rate R derived from CloudSat retrievals of

rainwater content just below the melting layer with the

W-band reflectivities just above the melting layer. With

the assumption that the precipitation rate across the

melting layer is approximately constant, we can then re-

late R to Ze to develop a Ze–S relationship in a different

way. Finally, we relate the IWC from direct measure-

ments encompassing a large body of in situ data from

many locations to the S calculated from the measured

PSDs and ice particle imagery. Because IWC has fewer

variables in its calculation than does S, some of the

earlier Ze–IWC relationships can then be used to de-

rive S; or, conversely, the directly measured snowfall

rate from Ze–S relationships could potentially be used

to derive the IWC.

In section 2, we discuss the data sources. In section 3,

we present the in situ measurements of IWC and S

collocated with the Ze measured from the overflying

aircraft and relate our results to those from earlier

studies and from the most recent retrievals using

CloudSat W-band measurements. In section 4, we dis-

cuss several possible sources of differences between our

relationships and those derived earlier. The results are

summarized and discussed further in section 5.

2. Data

This section presents the datasets that are used in the

development of Ze–S and Ze–IWC relationships.

a. DC-8 in situ data

The Tropical Clouds, Convection, Chemistry and Cli-

mate (TC4) field program was based in Costa Rica in 2007

(see Toon et al. 2010). During this experiment, the ER-2

aircraft, withX- andW-band radars (Heymsfield et al. 2010)

and a cloud lidar (McGill et al. 2003), flew coordinated

tracks with the NASA DC-8 aircraft, which was equipped

with a set of microphysical probes. Flights on three days

were available for this study: 22 and 31 July and 8 August.

Sampling temperatures ranged from about2198 to2528C,
and the clouds were all stratiform ice clouds/anvils, not

producing precipitation at the surface and formed from the

outflow of thunderstorms (see Fig. 1). The total condensed

(liquid1 ice) water contentwasmeasured by a counterflow

virtual impactor probe (CVI; Twohy et al. 1997).

Particle probe measurements from the DC-8 were

made with a combination of a Droplet Measurement

Technology (DMT) cloud imaging probe (CIP), sizing

from about 50 to .1500mm, and a DMT-modified pre-

cipitation imaging probe (PIP), sizing from about 200mm

to 6mm,with ‘‘reconstruction’’ of partial images allowing

particles .1 cm in diameter to be sized and concentra-

tions measured (Heymsfield and Parrish 1978). Most ar-

tifacts produced from shattering of ice on the inlets of the

particle probes have been removed objectively, using

particle interarrival times (Field et al. 2006).More details

of the TC4 particle probe data are given in Heymsfield

et al. (2013). A DMT cloud aerosol spectrometer (CAS)

sized in the range from about 1 to 30mm. These data were

used only to identify liquid water regions where CAS

concentrations were higher than 5 cm23; those regions

are excluded from this analysis.

To calculate the IWC, ice particle masses (m) were

estimated from a power-law relationship,

m5 aDb , (1)

where a 5 0.0052 and b 5 2.1 (cgs units), based on a

large dataset of CVI measurements in a wide range of

ice clouds (Heymsfield et al. 2013). In Eq. (1) and

hereinafter, D is the maximum physical dimension of a

particle as found from the particle image as the mini-

mum diameter of a circle that fully encloses the particle.

The S was also calculated using this m(D) relation-

ship. Snowfall rate is proportional to the integral over

PSD of the product of the mass and terminal velocity

(Vt). Mass was derived as above, and Vt was derived

from this mass and the particle cross-sectional areas

measured by the imaging probes (Heymsfield and

Westbrook 2010). Other m(D) relationships are also

used in order to examine the sensitivity of IWC and S to

the choice of the m(D) relationship, as described in

section 3b.

b. ER-2 radar data

Radar reflectivities during TC4 were measured from

two radars on board the NASA ER-2 aircraft: the ER-2

X-band Doppler radar (EDOP) and a W-band Doppler
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radar, the Cloud Radar System (CRS; Heymsfield et al.

2010). The reflectivity data have been calibrated to

within about 1dB by internal and external calibrations

and checked against the ocean surface return (Heymsfield

et al. 2010). For the TC4 data, further cross calibration of

the two radars near the tops of ice clouds indicates a dif-

ference of less than 0.5dB. Thus, the absolute error of

each radar is ;61dB.

c. Collocations of DC-8 and ER-2

We use collocations between the ER-2 and the DC-8

aircraft to relate the in situ and remote sensing obser-

vations. Arbitrarily, we define a ‘‘collocation’’ to occur

in the following way. For each 1 s of a DC-8 time, a circle

of 3-km diameter is drawn, centered on the location of

that 1-s period. If the ER-2 flies within one of the circles

within 610min of that time, a ‘‘collocation time’’ is

designated. There were a total of 27001 1-s in-cloud

collocations on 22 July, 33001 1-s collocations on 31 July,

and 54001 collocations on 8 August. We have halved the

separation time to 5min, and thismade little difference in

the relationships we derived but it led to significantly

fewer points, larger standard deviation, and the need to

widen the ice water content and reflectivity averaging

bins. Ensuring that the data from all altitudes were above

the radar-detection thresholds, the minimum detectable

reflectivity of the X-band radar (25dBZ at a range of

about 13km, or a height of about 5km MSL) versus that

of the W band (215dBZ) resulted in far fewer colloca-

tion points at X band than W band.

d. CloudSat data

We compare our results with those derived from global

distributions of snow and ice cloud properties derived

FIG. 1. Composite of NASA ER-2 lidar [cloud physics lidar (CPL); thin lines above 15 km], W-band radar (CRS), and X-band

radar measurements on 31 Jul 2006, during an overflight of the DC-8 aircraft (horizontal line between 11 and 12 km) for the period

1504–1530 UTC.
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from the CloudSat W-band radar. CloudSat ice water

content and snowfall-rate retrievals were obtained from

release R04, using observations from epoch 1, starting

7 July 2006, through epoch 4, ending 17 April 2011. We

use the CloudSat 2C-Snow Water Content and Snowfall

Rate (2C-SNOW-PROFILE, hereinafter 2C-SNOW),

which uses a Bayesian retrieval algorithm implemented

with optimal estimation (Rodgers 2000), estimating the

observed state using the measurements in conjunction

with an explicit a priori estimate of the state. These are

applied to vertical profiles of W-band radar reflectivity

observed by CloudSat’s Cloud Profiling Radar (CPR). A

retrieval is performed when an analysis of the reflectivity

profile and an associated temperature profile suggests

snow is occurring at the surface. The retrieval algorithm

then operates on the lowermost contiguous range of radar

bins that appear to contain snow. The retrieval estimates

snow PSD parameters using a priori information about

snow PSDs and snow particle microphysical and radar

scattering properties (Wood et al. 2015). From the a priori

microphysics and the retrieved PSD parameters, the al-

gorithm estimates vertical profiles of ice water content

and snowfall rate. The terms in them(D) relationship [Eq.

(1)] used in the 2C-SNOW algorithm are a 5 0.0033 and

b 5 2.25. The 2C-SNOW snow rates are calculated using

size-resolved fall speeds (Mitchell and Heymsfield 2005)

that are sensitive to vertical variations in atmospheric

pressure and temperature. Here, snowfall rates are de-

rived for standard temperature and pressure conditions

(273K, 1000hPa). Because W-band radar observations

can be affected by attenuation andmultiple scattering, the

radar reflectivity factors in the data used here were syn-

thesized using the algorithm’s assumed scattering prop-

erties and the retrieved size distributions to calculate the

singly scattered, unattenuated radar reflectivities.

Ice water contents were also obtained for the same

periods using the CloudSat 2C-ICE product (Deng

et al. 2013). By combining CloudSat reflectivities and

CALIPSO lidar backscatter data, the 2C-ICE method

provides a vertically resolved retrieval of ice cloud

properties, such as the effective radius, IWC, and visi-

ble extinction. The product is primarily aimed at upper-

tropospheric ice clouds ranging from optically thin

cirrus to optically thicker anvils (Deng et al. 2010).

3. Results

This section develops ice water content–radar relation-

ships at X and W bands using direct measurements of the

radar reflectivity and the IWC for the ER-2–DC-8 collo-

cation times from the TC4 field program. Also developed

are Ze–IWC and Ze–S relationships using the measured

PSDs and the m(D) relationship with a 5 0.0052 and

b 5 2.1 as described earlier; The terminal velocities (Vt)

are calculated as described above, with the assumption

that the atmospheric pressure is 1000hPa to allow for

consistent comparisons with surface-based observations.

Further, Ze for the two radar frequencies X (9.6GHz)

and W band (94GHz) are derived using the observed

PSDs, the m(D) relationship, and backscatter cross

sections from the standard Mie-spheres approximation

(Bohren and Huffman 1983) and the T-matrix back-

scatter coefficients of M07, assuming that the particles

are oblate spheroids with an aspect ratio (minor tomajor

dimension) of 0.6, which follows from the study of

Hanesch (1999) and Korolev and Isaac (2003). The bulk

density of the particles was calculated as the ratio of their

mass to the spheroidal volume. From the distributions of

the IWC and radar reflectivity contributions with size, the

median mass- and reflectivity-weighted particle sizes,Dm

andDZ, respectively, are also derived. In the figures that

follow, standard deviations are shown except where they

add too much clutter.

a. Overview of the data from individual flights

In this section, we present an overview of the mea-

surements and calculations for each flight, focusing

on one m(D) relationship (from Heymsfield et al.

2013, hereinafter H2013) to illustrate some key points.

Figures 2a and 2b show the distribution of the measured

reflectivities with temperature at X and W band, re-

spectively, for those periods designated as ER-2:DC-8

collocations. To select those times when the measured

reflectivities are above the radar noise levels, the fol-

lowing criteria are used: 25 , Ze , 10 dBZ (the upper

limit measured) for EDOP, and215, Ze , 10dBZ for

CRS. As noted from the number of collocation times on

the left side of each panel in the figure, there were many

more collocation times at W band than X band. Most of

the cloudy regions sampled during the collocations on

22 July were for temperatures (T)219,T,2488C, on
31 July 255 , T , 2288C, and on 8 August 250 ,
T , 298C.

1) IN SITU DATA

The correspondence between themeasured (IWCCVI)

and PSD-derived IWC (IWCPSD) is good (Figs. 3a–c).

Note that there is lag in the change in the IWCCVI during

rapid fluctuations in the ambient value, which in-

troduces scatter when compared with the IWCPSD.

We summarize the results in the panels in this way.

First, the median ratio of IWCCVI/IWCPSD for all points

combined on 22 July was 1.25 (IWCs underestimated by

IWCPSD), on 31 July it was 1.12 (IWCs underestimated

by IWCPSD), and on 8 August it was 0.93 (IWCs over-

estimated by IWCPSD). Second, with decreasing IWCCVI
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below 0.025gm23, the IWCPSD are increasingly higher

than IWCCVI, reaching about 20%higher at 0.0125 gm23;

between 0.025 and 0.08gm23, they are quite accurate;

above 0.08gm23, the trends are case specific. Given the

median values of the ratio IWCCVI/IWCPSD, we surmise

that S derived from the PSDswill be almost as accurate as

was found for the IWCs if the particle fall velocities are

appropriate, since S represents amoment of the PSD that

is only slightly larger than that for IWC. This point is

examined later.

Figures 3d–f show the ratio of IWCCVI/IWCPSD in

terms of the PSD median mass size. In general, Dm in-

creases with the IWC (not shown). For each of the cases,

the values ofDm are quite flat and support the view that

the results for a particular case depend upon the mete-

orology and do not show a systematic error in them(D)

relationship with size.

2) RADAR DATA FROM OVERFLYING AIRCRAFT

The DWR derived fromdBZEDOP 2dBZCRS, should,

in principle, be ameasure of the particle characteristic size.

On 22 July, the relatively low DWR values in comparison

with the other two flight days (Figs. 4a–c) are presumably

due to the relatively low values of characteristic size

(Figs. 4d–f). Figure 4a also suggests is that the two radars

have about the same calibration because the DWR at the

lower reflectivities are generally between 0 and 1dB.

3) CALCULATIONS FROM THE IN SITU DATA AND

COMPARISONS WITH THE MEASUREMENTS

A comparison of the radar reflectivities measured

by the ER-2 X- and W-band radars with those calcu-

lated from the PSDs using the Mie-sphere and the

T-matrix approach assuming spheroidal ice particles

can be used to discern some interesting aspects of the

ability to accurately calculate Ze from the PSDs. At X

band, the non-Rayleigh scattering effects should be small

where Ze , 10dBZ [Matrosov et al. (2009), who showed

that the Rayleigh approximation is generally satisfactory

at X band for particles smaller than about 5mm]. There-

fore, the measured and calculated (ZPSD) reflectivities

should be about the same for the collocation times, unless

there are errors in the estimated ice particle masses for the

sizes contributingmost toZe. (This finding ignores the large

FIG. 2. Reflectivity measured from the ER-2 aircraft at (a) X band (EDOP) and (b) W band (CRS) as a function

of temperature for those 1-s times identified as ER-2–DC-8 collocations for three TC4 flights. The points are color

coded according to the flight date. The number of collocation times corresponding to the points are shown for 58C
temperature intervals (left side of each panel).
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mismatch between the sample volume of the radars and

the particle probes and the small errors resulting from time

and position differences between the DC-8 and ER-2 that

we have used to define the collocations.) Another piece of

information comes from the comparison of the measured

and calculated IWCs (Figs. 3a–c), which suggests that for

medianmass diameters below about 800mm, our estimates

of the particle masses are quite accurate (Figs. 3d,e).

For the 22 July case, there are only a few dB differ-

ences between the measured and calculated reflectivity

values, on average (Fig. 5a). However, the Ze from the

PSDs are larger than measured values by 4–8 dB on the

other two days (Figs. 5b,c). The mass- and reflectivity-

weightedmean sizes can aid in interpreting these results.

The DZ values for the 22 July case have a median value

of 0.9mm and the median ratio of DZ/Dm is 1.46

(Fig. 5d), supporting the view that ourm(D) relationship

is relatively accurate for sizes below about 1mm. For the

other two cases, the median DZ values are much larger,

1.4 and 1.2mm, and the ratios are 2.13 and 2.14. The

mismatch noted between the DZ and the Dm values

(Figs. 5e,f) would suggest that too muchmass is assumed

for .1mm particles.

The particle mass needed to give the X-band mea-

sured reflectivity can be estimated by using the calcu-

lated and measured values of Ze for each collocation

time. The mass change that equates to the error in the

calculated radar reflectivity factor (e.g., Hammonds

et al. 2014) can be evaluated from (where ; means

proportional to)

Z;m2 , (2)

Z
new

/Z
old

; (m
new

/m
old
)2, and (3)

DdBZ; 20[log
10
(m

new
/m

old
)] . (4)

In Figs. 5a–c, we have taken each value of DdBZe

and calculated the corresponding ratio of mnew/mold.

These ratios are annotated above each DZ value in

the figure. The downward adjustments to the original

assumed masses are about 0.8 for the 22 July case, and

0.4 to 0.5 for the other two cases. Combining the new

masses and the corresponding DZ for all cases, a least

squares relationship was fit to yield a new m(D)

relationship:

m5 0:003 79D2:21, (5)

FIG. 3. (a)–(c) Ratio of the measured (CVI) to calculated (PSD) IWC as a function of the measured IWC, during

the times of the collocations for the three DC-8 flights used in this study. (d)–(f) As in (a)–(c), but as a function of

the median mass-weighted particle diameter. The large black circles are the median values, and the vertical lines

denote the standard deviations.
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quite similar to the relationship used by the CloudSat

2C-SNOW algorithm (section 2d). At diameters of 100

and 500mm and 2mm, Eq. (5) yields masses that are 0.44,

0.52, and 0.61 times the original masses. Those would fit

the annotated values shown in Figs. 4d–f quite well, and

they are in the correct direction to explain the differences

between the measured and calculated IWCs in Fig. 3.

If the backscatter cross-section model is reliable and

the W-band reflectivity measurements are accurate,

then the errors at W band for Ze ,25 dBZ, where non-

Rayleigh scattering is likely to be minimal, should be

similar to what was found at X band (see Liao et al.

2008); that is, mass errors would dominate the error.

Overall, the W-band reflectivities calculated from the

Mie-spheres model appear to provide a slightly better

match to the CRS measurements (Fig. 6) than do those

from the T-matrix spheroidal model. Thus, with ad-

justments to the particle mass, the spheroidal model for

W band should more closely match the measurements.

b. Ze–IWC and Ze–S relationships for X and W band
developed from combined dataset

In the following discussion of the TC4 data, we

combine the data from all three cases to deriveZe–IWC

and Ze–S relationships, and in the process we evaluate

other m(D) relationships in the context of the observa-

tions. Most m(D) relationships take the power-law form

given by Eq. (1), where from CRYSTAL-FACE con-

vectively generated ice clouds, a 5 0.0061 and b 5 2.05

(Heymsfield et al. 2004, hereinafter CF); from stratiform

ice cloud, a 5 0.00294 and b 5 1.9 (Brown and Francis

1995, hereinafter BF); and for the relationships used

earlier in this section, a5 0.0052 and b5 2.1 (H2013). For

convectively generated ice clouds in the central Pacific

area, Heymsfield et al. (2002) developed a relationship

that included the ‘‘area ratio’’ (Ar) of the ice particles,

which they defined as the ratio of the ice particle area to

the area of a circle of the same maximum diameter, as

m5 k(A
r
)nDa , (6)

where k 5 0.07, n 5 1.5, and a 5 20.05. This relation-

ship is identified as TRMM. The relationship between

the IWC calculated from the PSDs and thatmeasured by

the CVI as derived from the four m(D) relationships

(Eqs. 1 and 6) are shown in Fig. 7a. Where IWC ,
0.1 gm23, H2013 and BF fit the measurements quite

well, with CF providing overestimates by about 20%and

TRMM underestimating by ;40%.

FIG. 4. (a)–(c) Dual-wavelength ratio (defined here as X-band2W-band reflectivity) for the three days, and (d)–

(f) the corresponding reflectivity-weighted mean diameters at X band and W band.
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Power-law curves of the form

IWC
CVI

5 c(IWC
PSD

)d (7)

are fitted using a least squares method to the relation-

ship between the measured and calculated IWCs for

each of the m(D) relationships, with the associated

correlation coefficients shown (Fig. 7). Each of the

power-law curves has a high correlation coefficient, in-

dicating that the fits are good. Because the correlation

coefficients of the fits are high yet the exponent d in all of

the fits is in the range 0.80–0.88, it is unclear what the

form of the m(D) relationship needs to be to provide a

goodmatch with themeasured IWC across the full range

of IWCsmeasured. It is suggested by Eq. (5) that a value

of b5 2.21 could be a better fit to the data, but it is also

possible that the difficulty in finding one relationship is

because we have combined the data from all three cases.

Nonetheless, it points to possible errors in the Ze–IWC

relationships developed from the use of a single m(D)

relationship in earlier studies.

Because there are no direct measurements of the

snowfall rates to evaluate our calculations, Fig. 7b

compares the snowfall rates derived from the H2013

m(D) relationship with those derived from the other

m(D) relationships, all using the Heymsfield and

Westbrook (2010) terminal velocitymodel. In the figure,

the rates from BF fit closely to the H2013 rates, with

deviations between the two of ,10%. Although differ-

ences in the coefficients and exponents of the m(D)

relationships for BF and H2013 cause mass to be dis-

tributed differently across the particle size spectrum, the

resulting snowfall rates are quite similar. The rates de-

rived from the TRMM relationship are considerably

lower and those from the CF relationship considerably

higher than the H2013 approach, consistent with the

findings from the IWC comparison.

A way of showing how the m(D) relationships fold into

the terminal velocity calculations for the same particle

shapes (derived from the imaging probedata) is byderiving

an ensemble mean terminal velocity (Vs) that is related to

the snowfall rate. The S is the ice mass flux, given by

S (mmh21)5 [IWC (gm23)3 1026V
s
(cm s21)

3 3600 (s h21)]/r
w
(g cm23) , (8)

FIG. 5. (a)–(c) Difference between the radar and PSD-derived values ofZe at X band for the three days, and (d)–

(f) the corresponding reflectivity (black points) and mass-weighted (yellow points) mean diameters. In (d)–(f),

numbers above the black lines show the fractional decrease in the particle mass needed for the calculated re-

flectivity to match the measured values.
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where rw is the density of water. Solving for Vs is useful

because it allows comparison with the assumptions used

in the CloudSat snowfall-rate retrieval algorithm dis-

cussed later. Figure 8a shows the relationship between S

and IWC, and the lines of constant Vs in the figure in-

dicate that Vs increases with IWC and S. What is quite

nice is that the S–IWC relationships are nearly the same

for the different m(D) relationships, that is, they nearly

converge to the same functional form. Figure 8a does

suggest, and Fig. 8b shows, that Vs does depend on the

m(D) relationship, exhibiting a factor of almost 2 vari-

ations inmagnitude across the range of IWCs. It would be

hoped that differences in the m(D) relationship would

affect S and IWC similarly, which would lead to nearly

the same values of VS for a given IWC, but this is not the

case. Thus, the m(D) relationship has a significant effect

on the ice particle terminal velocities. Therefore, any

errors in the m(D) relationship used to calculate IWC

and S from the PSDs and to determine the backscat-

tering properties that relate them toZe yield larger errors

for S than for IWC.

We now focus on developing Ze–IWC and Ze–S re-

lationships, combining the data from all three cases.

Ideally, them(D) relationships that yield approximately

the same values of IWC as were measured (e.g., H2013

and BF) would, with appropriate backscatter cross sec-

tions, yield approximately the same values of Ze as were

measured, although we noted that this was not the case

when examining the data from each case individually.

Figure 9 compares the measured reflectivities with

those derived assuming the Mie-spheres model for

the four m(D) relationships cited. We also use the

T-matrix spheroidal backscatter cross-section model

discussed in section 3a.

At X band, the difference between Ze measured and

calculated (DdBZe) is nearly the same for both back-

scattermodels, implying little shapedependence (Figs. 9a,b).

The H2013 and BF m(D) relationships produce neg-

ative DdBZe values, consistent with the results ex-

pected from Figs. 5a and 5b. Likewise, the TRMM and

CF m(D) relationships produce the expected results.

The TRMM relationship provides a good match with

the X-band reflectivity because the masses from that

parameterization are lower than those from the other

three relationships.

For W band, the negative DdBZe values are more

extreme than those at X band, a result that was found in

Figs. 6a–c, and the magnitude of the error increases with

FIG. 6. As in Fig. 5, but for W band and without the annotated numbers in (d)–(f) because it is difficult to separate

the effects of mass and non-Rayleigh scattering.
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FIG. 7. (a) Comparison of IWC derived from the PSD for the collocation times using differentm(D) relationships [CF (light blue), BF

(red), TRMM (green), andH2013 (yellow)] with themeasured IWC for the three TC4 cases combined. The two dotted black lines and the

solid black line show ratios of 0.8, 1.0, and 1.2, representing errors of220%, 0%, and 20%, respectively. Points along the x axis represent

themedian value of the IWC in 20 intervals, each interval having the same number of data points; the y axis represents themedian value of

IWCCVI in that interval. Curve fits, and goodness of fits, are shown for eachm(D). (b) Snowfall rates calculated from the differentm(D)

relationships compared with those derived from the H2013 relationship. The dotted lines show the relationship assuming that the ice

particle area ratio is 1.0 rather than the measured values.
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decreasing Ze (Figs. 9c,d). The Mie-sphere approxima-

tion yields Ze values that are about 2 dB closer to the

measurements. A disturbing trend is noted for Ze .
0 dBZ, however. Whereas the comparisons at X band

have relatively flat DdBZe values, the DdBZe at W band

are increasingly more positive. This might be in part due

to the fact that the T-matrix-based spheroidal model

produces reflectivity values that are increasingly biased

low as the contribution of larger particles into total

backscatter increases.

Given the mismatch between the measured and de-

rivedZe values, our approach is to develop relationships

that are based on the direct measurements, as well as

from the PSD, using these differentm(D) relationships.

FIG. 8. (a) IWC vs S with lines for different mean snow-rate-weighted terminal velocity (Vs) values ranging from

20 to 100 cm s21. (b) IWC vs Vs from Eq. (8) as derived from the four m(D) relationships. Also shown are curves

assuming that the area ratio is unity.
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We now relate the measured and calculated IWCs to

the measured X- and W-band reflectivities and to ear-

lier relationships. To simplify the comparison of our

results with those developed earlier, we will only show

the curve fits to our data and not the individual data

points. The X-band Ze–IWC relationships developed

for the CVI and from the PSDs using the H2013 m(D)

relationship, along with the fitted curves, are compared

in Fig. 10a. The slopes in the relationships are nearly

the same (0.422 vs 0.424) and differ by about 12%

across the range of reflectivities. If we take the CVI

relationship and then calculate the range of IWCs

FIG. 9. Calculated (a),(b)Ze (EDOP)2Ze (PSD) vsZe for X band and (c),(d)Ze (CRS)2Ze (PSD) vs Ze forW

band from the four different m(D) relationships (colors). Panels (a) and (c) show the calculations assuming Mie

spheres, and (b) and (d) show the values using T-matrix calculations assuming spheroids with a particle aspect ratio

of 0.6. The reflectivity given along the x axis is the measured reflectivity.

SEPTEMBER 2016 HEYMSF I ELD ET AL . 2075



sampled with the X-band radar, the implied range

is 0.098–0.46 gm23. The relationship developed by

Heymsfield et al. (2005), using Ze (X band) and

IWCCVI measured during CRYSTAL-FACE, yields

higher values of Ze for given values of the IWC. This

result is likely due to sampling the outflow of a vigorous

convective storm, producing larger particles than

observed here.

Figure 10b compares the Ze–IWC fitted curves using

the four m(D) relationships with the one derived from

the CVI. As found from the earlier comparisons, the BF

relationship agrees well with the CVI and H2013 re-

lationships, while CF gives values of IWC that are too

large and TRMM gives values that are too small.

The IWCs cover a wider range of observed Ze for

W band than for X band. The relationship developed

between Ze measured at W band and IWCCVI for

IWC . 0.01 gm23 has a steeper slope than for X band;

this result is due to non-Rayleigh scattering effects at the

higher reflectivities (Fig. 11a). The different slopes at

the two wavelengths imply that a single Z–IWC re-

lationship for W band across all reflectivities found for

W band is not appropriate.

As seen from the curve fit to the CVI data, the range

of IWCs covered by theW-band radar are 0.03, IWC,
0.5 gm23. The slope of the relationship derived from the

PSDs is not as steep as for the CVI, and the IWCPSD

curve crosses over the IWCCVI curve at 26dBZ. We

believe that this obvious overestimate in the mass of the

particles when IWC, 0.089 gm23 is the reason why the

calculated reflectivities become increasingly negative

than the measured values where Ze , 26 dBZ.

The Ze–IWC relationships developed from the

CloudSat global database using the retrieval algorithms

2C-SNOW and 2C-ICE are plotted in Fig. 11a for two

temperature intervals, 2508 to 2408C and 2108 to 08C.
Given that the temperatures measured by the DC-8

aircraft during the overpasses were generally in the2208
to 2508C range, the CloudSat observations for temper-

atures of2508 to2408C would be more appropriate for

comparison with our dataset. In the range 210 , Ze ,
0 dBZ, there is about a factor of 3 difference in the IWCs

from the in situ measurements and the 2C-SNOW but

good agreement with the 2C-ICE and Matrosov and

Heymsfield (2008) technique data, especially at higher

reflectivities.

Numerous Ze–IWC relationships for W band appear

in the literature, derived from either 1) PSDs observed

or presented in the literature, in most cases using m(D)

relationships that are available in the literature, or

2) using output from numerical models. They are largely

developed for stratiform ice clouds. In Fig. 11a, some of

these Ze–IWC relationships are replotted in IWC–Ze

coordinates. Although there is a wide spread in the re-

lationships, all yield lower IWCs for a given Ze than we

observe in this study. This is not due to our sampling in

outflow ice cloud rather than for stratiform cloud, be-

cause these situations would likely lead to higher IWCs

for a given Ze because of more small particles. Instead,

we suggest that this result is due to two factors: 1) some

of the relationships integrate the assumed PSD with

diameter limits from 0 to infinity, which would produce

more reflectivity than would be found with a limit to the

maximum diameter, and 2) ice particle densities that are

higher than are implied by the CVI data, producing the

same effect. Although the radar backscatter cross sec-

tions used for the relationships may not accurately

represent the particles in clouds, this is not likely the

problem because the disagreements are largest at the

low reflectivities where there would be little non-

Rayleigh scattering.

The Ze–IWC size relationship derived from the CVI

data is compared in Fig. 11b with the relationships de-

rived from the various m(D) relationships. It is in-

teresting to note that the curve for the CVI has a

somewhat steeper slope than the H2013 and BF curves,

for unexplained reasons. The curve for TRMM is par-

allel to the CVI curve, suggesting that an increase in the

coefficient k in Eq. (6) would produce good results.

The relationship between the snowfall rate and

measured X-band reflectivity is derived from the

PSDs, as described earlier (Fig. 12). Rather than us-

ing the atmospheric pressure that was measured

during the in situ sampling, a pressure of 1000 hPa is

assumed in order to conform to most other Ze–S re-

lationships. The snowfall rates implied by the fitted

curve are in the range of 0.2–0.88mmh21; the upper

limit is quite low.

An important consideration that should not be over-

looked is that ice particles in the airstream flowing

through the arms of the imaging probes (when the probe

is looking downward on the particles) torque upward,

potentially leading to an underestimation of their max-

imum particle size (King 1986) and a decrease or in-

crease in their area/area ratio. We have evaluated the

potential effect on the terminal velocity (but not on the

reflectivity, as that would be complex because of non-

linear scattering effects). We have examined the size

dependence of the mean area ratio for the ice regions of

the TC4 clouds by increasing/decreasing the averages by

620% (fairly extreme). We have also decreased the

particle diameter by 10%. On average, doing so leads to

11%decrease/4% increase inVt. As a sensitivity study of

the effects of an extreme case in the estimates of the

snowfall rates that follow, we assume that Ar 5 1.0 and

there is no change in particle diameter.
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FIG. 10. Comparison of the measured values of X-band reflectivity (from EDOP) with (a) IWCCVI and (b) IWCPSD. Also shown are

least squares fits to these data. The earlier parameterizations at X band are Wang et al. (2005) [W(2005)] and Heymsfield et al. (2005)

[H(2005)], which is a fit to the CRYSTAL-FACE data. Deviations of 620% and640% from the CVI values are shown at the indicated

IWC in each panel.
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FIG. 11. As in Fig. 10, but for W band. In (a), averages for the CloudSat retrieval algorithms 2C-SNOW (CSat.) and 2C-ICE are also

shown for two temperature ranges. The parameterizations at W band are Liu and Illingworth (2000) [LI(2000)], Protat et al. (2007)

[P(2007)], Hogan et al. (2006) [H(2006)], Matrosov and Heymsfield (2008) [MH(2008)], and Heymsfield et al. (2005) [HWM (2005)].
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Earlier Ze–S relationships are shown in Fig. 12. One

was developed for X band by Puhakka (1975) on the

basis of measured Ze and measured snowfall rate (with

appreciable time averaging); two were developed for C

band by Huang et al. (2015) using a 2D video dis-

drometer in comparison with rain gauge and radar

measurements; Matrosov et al. (2009) used m(D) and

PSD relationships, which they evaluated against radar,

precipitation gauge, and Hotplate data; also plotted is a

relationship used by the National Weather Service

(Vasiloff et al. 2013) for S-band measurements, and one

derived by Puhakka (1975). In general, these relation-

ships were developed or evaluated where Ze . 15dBZ,

whereas in our study Ze , 10dBZ. Even though a

comparison over the same range of reflectivities is not

possible, the plots suggest that for a given value ofZe our

estimated S are considerably larger than those derived

from earlier studies, even if we assume that all particles

have an area ratio of 1.0.

The Ze–S relationship developed for W band from the

H2013 m(D) relationship yields higher values of S for a

given reflectivity than those found from earlier studies,

except for the one identified as SS in Fig. 13. Assuming an

Ar of unity has little effect on the resulting relationship.

Because of the range of reflectivities considered, non-

Rayleigh effects are probably small, and this is suggested

by the similarity between theZe–S fitted relationships for

X and W bands. (Fig. 13a vs Fig. 12a). The range of S

implied by the fitted curve is 0.08–1.19mmh21; the upper

limit is quite low. Earlier relationships yield lower values

FIG. 12. Snowfall rates, calculated for particles falling at a pressure level of 1000 hPa, as a function of EDOP (X band) radar reflectivity

(shown as curve fits) from the TC4 observations derived from the H2013m(D) relationship using the measuredAr (solid lines) andAr 5
1.0 (dotted lines). The data points, and times signs and error bars, are median values of S in intervals of Ze using this m(D) relationship.

Vertical bars show intervals of 620% and 640% deviations from that curve at two values of Ze, along with the curve fit. The earlier

relationships shown are Huang et al. (2015) [Hu(2015)] for C-band radar for two case-study days, identified with different colors; National

Weather Service S-band snow relationship (NWS);Matrosov et al. (2009) using the PSD fromBraham (1990) [M(B)(2009)]; and Puhakka

(1975) [P(0C)(1975)].

SEPTEMBER 2016 HEYMSF I ELD ET AL . 2079



FIG. 13. As in Fig. 12, but for W band. In (a), averages based on the CloudSat 2C-SNOW are shown for two temperature intervals. The

relationships shown are from Hiley et al. (2011) [H(2011)], Liu (2008) [L(2008)], Surassavadee and Staelin (2006) [SS(2006)], and

Matrosov (2007) M(2007).
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FIG. 14. Terminal velocities Vs derived from a combination of snowfall rate and IWC as a function of Ze measured at (a) X band and

(b)W band, for the TC4 data. TheVs curves for the H2013 assume two area ratios, those measured (solid red) and those assuming a value

of 1.0 (dotted red). The black points indicate the measured area ratios. In (b), the values derived from 2C-SNOW are shown.
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of S than those derived from the TC4 data (Fig. 13a).

Also, the temperature-dependent average S from the

CloudSat 2C-SNOW are one-half or less than those de-

rived from the TC4 data for the same reflectivity. This

point will be discussed in more detail in section 4. There

are no surprises in how the Ze–S curves compare for the

four m(D) relationships (Fig. 13b).

Although the terminal velocity is not likely to be the

primary factor responsible for the differences in our

Ze–S relationship and those from earlier studies, we

can check on the realism of our estimates of Vt. An es-

timate of the mass-weighted fall speed normalized to a

pressure level of 1000hPa Vs is from Eq. (8). Figure 14a

shows that Vs as a function of Ze at X band for the TC4

dataset is indeed quite large,;90 cm s21. Increasing the

Ar to unity does make a sizeable difference, but this is

an unrealistically high value. In Fig. 14b, Vs as a func-

tion of Ze at W band for the TC4 data is compared with

those from the CloudSat 2C-SNOW analysis. For

the temperature range2508 to2408C, the TC4Vs values

are about a factor of 2 larger than the CloudSat

retrieved values.

Also shown in the figure is Vs as a function of Ze

derived based on the mean Ar as a function of size for

the TC4 particles, with a curve fit to those data. These

fit quite well toAr 5 0.4 using them(D) relationship of

H2013, close to the averages for the TC4 data. The Vs

are higher than are deduced, for example, using 2D

video disdrometers at the ground (Huang et al. 2015).

The Ar of the particles they examined, looking from

the side rather than from the top, are about 0.7; for

particle sizes of 1mm and below, the particle masses

are about 1.7 times as large as those we use for the Vs

calculations. The Vs derived from the assuming an Ar

of 0.7 fits closely to the Huang et al. (2015) data. Al-

though the particles they sampled have higher masses,

theAr in the direction of the fall of the particles may be

larger than they measured from the side. In any event,

FIG. 15. Rain rate retrieved for a height just below the melting layer as a function of the reflectivity at the top of the melting layer, from

CloudSat data. A fourth-order polynomial is fitted to the data. Shown for comparison are the CloudSat 2C-SNOW averages for the two

temperature ranges.
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we conclude that potential errors in our estimates of

the particle terminal velocities do not fully explain

the discrepancy between our S and those from the

CloudSat analysis.

4. General snowfall rate–reflectivity relationships
at W band (CloudSat)

CloudSat-derived rainfall rates (R) at a height just

below the bottom of the melting layer are related to the

radar reflectivity measured at a height directly above the

melting layer where the freezing level height is from

the CloudSat 2C-PRECIP-COLUMN product and is

identified using collocated reanalysis temperature pro-

files (Haynes et al. 2009). These are for clouds identified

as ‘‘stratiform.’’ To the authors’ knowledge, this ap-

proach has not been used before. Assuming that the

precipitation rate across the melting layer is approxi-

mately constant, then Ze and R, and thus Ze and S, can

be related directly. Heymsfield et al. (2015) calculated

the snowfall rate at the top of the melting layer and

compared this with the rainfall rate at the bottom of the

layer in cases in which the relative humidity through the

layer ranged from near water saturation to considerably

belowwater saturation. The S andR agree to better than

50%, which we consider to be quite good given the un-

certainties in the rates due to factors such as the m(D)

relationship used to estimate the masses of the snow

particles. Also, uncertainties in the retrieved rainfall

products from CloudSat will contribute errors to the

estimated values of R. Given these potential sources of

error, we believe that this analysis can provide a check

on the Ze–S relationship derived from the TC4 data

and extend it to much lower and higher reflectivities.

Also, we can compare these results with the 2C-SNOW

snowfall rates.

For the CloudSat dataset, there are more than 11

million data points. These are summarized in Fig. 15, in

the form of mean values and standard deviations ob-

tained for reflectivities from220 to 20 dBZ. Rain water

contents were taken from the CloudSat 2C-RAIN-

PROFILE product (Lebsock and L’Ecuyer 2011;

Mitrescu et al. 2010) for a height 1 km below the esti-

mated freezing level. Rain water contents were con-

verted to rain rates assuming a Marshall–Palmer

distribution (Marshall and Palmer 1948). Also shown

are the values found from the T4 data using the H2013

m(D) relationship. These agree well with those from

FIG. 16. Comparison of the (a) particle mass, (b) terminal velocity, (c) product of mass and terminal velocity, and

(d) mass squared as illustrated by the H2013 algorithm divided by those given by the BF, 2C-SNOW, and M07

approaches.
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the Ze–R relationship, at least for Ze from 210 to

10 dBZ. Although the 2C-SNOW snowfall rates agree

well with those derived from the Ze–R relationship, the

snowfall rates are increasingly underestimated by

2C-SNOW where Ze , 8 dBZ.

5. Discussion

Our Ze–IWC relationship was derived directly from

measurements; our Ze–S relationship was derived from a

mass–dimensional relationship that yielded IWCs consis-

tent with the direct measurements but that overestimated

X- and W-band reflectivities for a majority of the collo-

cations. There were no obvious inconsistencies found

when evaluating the terminal velocities. The Ze–IWC

relationship derived from the CloudSat 2C-ICE algo-

rithm, and obtained for four years of data, agrees quite

well with our TC4Ze–IWC relationship. TheZe–IWCand

S–Ze relationships derived from 2C-SNOW yield lower

IWCs and S values for a given Ze over the range sampled

here; similarly, this was found by comparison with many

of the earlier studies.

The discrepancies noted could be due to differences in

measured or assumed ice particle mass. We can examine

how the m(D) relationship affects the calculated S and

the Ze–S relationship by drawing upon the assumptions

used in the 2C-SNOWalgorithm. The 2C-SNOWmodels

particle masses and horizontally projected areas as power

laws whose parameters are determined from analyses of

ground-based observations of lake-effect and synopti-

cally driven snow (Wood et al. 2015). In that algorithm,

m 5 0.0033D2.25, and the Vt are calculated (assuming a

pressure of 1000hPa for the analyses presented here)

from the masses and horizontally projected areas using

the formulation of Mitchell and Heymsfield (2005). A fit

to those velocities, although a fit is not used in the algo-

rithm, yields Vt 5 149D0.52 (cgs units).

Figure 16a compares the size dependence of the mass

given by the H2013 relationship divided by the mass

given by the 2C-SNOW algorithm and BF and M07 re-

lationships, respectively. Also compared are the ice

particle masses used in the Ze–S relationship developed

by M07. The 2C-SNOW masses are considerably below

those of H2013, BF, and M07, particularly in the range

100–1000mm, where most of the IWC is contained in

these samples (Figs. 3d–f). Because mass enters into the

estimation of the Vt, it is not surprising that the ratio of

theVt derived from theH2013, BF, andM07 approaches

FIG. 17. Comparison of the IWC derived from the CVI with the (a) H2013, (b) BF, (c) 2C-SNOW, and (d) M07m

(D) relationships for the times of the aircraft collocations on three days during TC4.
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is much larger than those from the 2C-SNOW Vt

(Fig. 16b). An Ar of 0.4 is used to calculate Vt for the

H2013 and BF masses. As expected from Figs. 16a and

16b, S is quite low for the 2C-SNOW algorithm relative

to those derived for the other three methods (Fig. 16c).

The radar reflectivity is approximately proportional tom2,

assuming that the particles act as Rayleigh scatters (for

smaller particle sizes). Not surprisingly, this term is low

relative to those derived using the other two m(D) re-

lationships (Fig. 16d). A comparison of Figs. 16c and 16d

suggests that them(D)2 discrepancy is relatively close to

the m(D)Vt(D) discrepancy. Clearly, errors inm(D) will

produce errors in m(D)2 and m(D)Vt(D) that are corre-

lated; however, these errors will likely not cancel out,

because when a PSD is considered, the weighting of

the size distribution by mVt when calculating S is

generally different than weighting when calculating

Ze. In addition, backscatter cross sections for non-

spherical particles also influence Ze, in a non-

straightforward way.

Figure 17 shows how the m(D) relationship factors

into the calculation of the IWC when the PSD is con-

sidered and how this influences the discrepancy. In the

figure, the IWC derived from the H2013, BF, 2C-

SNOW and M07 m(D) relationships are compared

with that measured by the CVI. The H2013 and BF

m(D) relationships both provide a good match with

the IWCCVI, with little difference noted between the

two (Figs. 17a,b). The IWCs derived from theM07m(D)

relationship are about 20% lower than measured

(Fig. 17c). By contrast, there is a factor of about 3

discrepancy between the IWC measured and from the

2C-SNOW approach, similar to that found with the

comparison of the m(D) relationships in Fig. 16a, for

particle sizes of 100–1000mm.

Figure 18 uses the PSDs, m(D) relationships, and

backscatter cross sections to develop Ze–S relationships

for the four different methods. For the H2013 and BF

approaches, the backscatter cross sections are derived as

discussed earlier for the TC4 data. The cross sections in

FIG. 18. Comparison of snow-rate–reflectivity relationships derived from the PSDs for W band using the m(D)

and Vt relationships of (a) H2013, (b) BF, (c) 2C-SNOW, and (d) M07. Backscatter cross sections for H2013, BF,

and M07 are derived using theirm(D) relationship assuming that particles are oblate spheroids of aspect ratio 0.6;

those for 2C-SNOWare derived using that algorithm. Curve fits to the data are also given. Also shown are theZe–S

relationships derived from the TC4 data and the method that compares rainfall rate at the bottom of the melting

layer with the reflectivity at the top of the layer.
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FIG. 19. Snowfall rate as a function of the IWC derived from a large dataset (1 3 106 km in situ sampling; Heymsfield et al. 2013),

where the terminal velocities are calculated assuming a pressure level of 1000 hPa. Median values with error bars are shown in blue,

along with a curve fit to the values. Values derived from the CloudSat 2C-SNOW analysis, derived for a pressure level of 1000 hPa and

for the two different temperature ranges are also shown. (a) IWC calculated from the particle size distributions, and (b) IWCmeasured

by the CVI.
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M07 are based on that m(D) relationship, and those for

the 2C-SNOW approach use those developed in Wood

et al. (2015). Also shown are the values derived by re-

lating the rain rate at the base to the reflectivity at the

top of the melting layer, and the quasi-direct Ze–S re-

lationship developed from the snow rate calculated from

the PSDs (H2013) and the collocated CRS radar re-

flectivities. The calculations using the M07 approach fit

the data best, but even so there is still an increasing

difference between the calculated and measured Ze as

the reflectivity decreases below about 5 dBZ, mirroring

the general findings shown in Figs. 9c and 9d.

Section 3 has shown Ze–IWC and Ze–S relationships

from a number of studies. These relationships are de-

veloped independently and may have used different

assumptions to derive particle masses and size distri-

butions. Because the retrieval of IWC has fewer as-

sumptions than the snowfall rate, and thus it is expected

to be more accurate (e.g., cf. Figs. 16a and 16c), it is

desirable to have a way of directly relating S and IWC. It

can be shown analytically that these can be related be-

cause the size distributions and the particle masses are

the same and because the terminal velocity is a function

of the particle size and shape.

In Fig. 19, the S derived for a pressure level of 1000hPa

is related to IWCCVI for field programs ranging from

tropical to Arctic areas. There are a total of more than

600000km of in situ sampling (H2013). The snowfall

rates are calculated based on particle areas, as was done

here. The TC4 dataset is included in this evaluation.

Figure 19 shows the relationship between S and IWC is

approximately a power law, with log(S) increasing almost

linearly with log(IWC). The CloudSat 2C-SNOW data

for the temperature interval of2108 to 08C fall almost on

top of the points from the large dataset, implying that, if

the IWC is known, such as from 2C-ICE, the S can be

derived (for a pressure level of 1000hPa). These can be

readily adjusted using the adjustment for pressure from

Heymsfield and Westbrook (2010). In Fig. 19b, the

snowfall rates are related to the measured IWC. Because

these IWCs are independent of the calculated snowfall

rates, the relationship between S and IWC is somewhat

different. It is preferable to use the datawhere S and IWC

are both calculated from the same m(D) relationship

because the resulting errors are reduced even though the

m(D) relationship might not be exactly correct.

The S–IWC relationships derived from the PSDs for

different pressure levels—1000, 800, 600, and 400hPa—are

FIG. 20. Relationship between snowfall rate and IWC, where for the PSD approach different pressure levels are used to calculate S.
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compared in Fig. 20. For a given IWC, S decreases

slightly with pressure. The S–IWCCVI relationship yields

slightly lower values for S for IWC . 0.1 gm23. The

relationship derived from the CloudSat 2C-SNOW re-

trieval for a pressure level of 1000hPa and temperatures

of2108 to 08C agree quite well with the IWCPSD and the

IWCCVI for the same pressure level. This would suggest

that the S–IWC relationship is relatively independent of

the retrieval algorithm and that the 2C-ICE retrieval of

IWC can be used to yield snowfall rates.

6. Summary and conclusions

This study has used nadir-viewing radar measurements

from the NASA ER-2 aircraft together with in situ mi-

crophysical measurements from the NASADC-8 aircraft

during the TC4 field program to developZe–IWC and Ze

–S relationships. The specific goal of the study was not to

develop relationships that are universally applicable to

clouds and precipitation remote sensing from satellite-

borne radars. Rather, the goal of this study was to test the

ability to obtain IWC and S as a function of radar re-

flectivity at X and W bands from particle size distribu-

tions, where the particlemass could be derived accurately

using direct measurements of the IWC and particle size

distributions–shapes, and the reflectivities at these wave-

lengths could bemeasured directly with collocated remote

sensing and in situ observations. A key finding of the study

is that, even though ice particle masses were constrained

by the ice water content measurements, backscatter cross

sections derived using two backscatter models were over-

predicted. There are several limitations to our study: first,

the upper limit of the reflectivities measured was only

10dBZ, and our study uses a set of data that are for one

geographical area during the summer months. Also, our

relationships are developed from data in outflow regions,

and snow falling to the ground could have different char-

acteristics than that observed aloft.

Specific findings include the following:

d Even with knowledge of the particle mass, reflectivities

calculated using Mie-sphere and T-matrix approxima-

tions were 2–8dB too high relative to the collocated

radar observations, suggesting that either the masses

of the particles .1mm are too high and that a single

power-law-type mass–dimensional relationship does not

apply to all particle sizes, and/or the models we used to

represent the backscatter cross sections of the particles

are inappropriate. Our analysis does suggest that the

mass–dimensional relationships are different for the

smaller and larger parts of the ice particle populations.
d When applied to the observed PSDs, the H2013 and

Brown and Francis (1995) m(D) relationships yielded

IWCs that were accurate to better than 20% over the

range 0.01 to about 0.5 gm23.
d When applying m(D) to observed PSDs to yield IWC

and S, errors in m(D) produce larger errors in S than

in IWC.
d The CloudSat 2C-ICE algorithm yielded a Ze–IWC

relationship that fit the relationship developed from

the TC4 data quite well, for similar temperatures.
d The CloudSat 2C-SNOW algorithm might underpre-

dict the IWCs and S, for the specific reasons identified.

Our study can lead to improvements in the algorithms

this retrieval uses.
d A method for deriving Ze–S relationships, using the

idea that there is approximately conservation of mass

flux across themelting layer, is developed using almost

five years of CloudSat data.
d Pressure-dependent relationships for directly relating

retrieved IWC—a parameter that has fewer variables

than S and is thereby less prone to error—to the S is

developed from a vast library of globally derived

direct measurements of IWC.

In a future study, we will develop Ze–IWC and Ze–S

relationships using Ku- and Ka-band radar data that are

collocated with in situ aircraft measurements from several

field programs and cover a wider range of reflectivities. As

part of that effort, we will attempt to quantify and explain

differences in the relationships developed from the in situ

data and those derived in earlier studies and from re-

trievals developed for the GPM Ku- and Ka-band mea-

surements; wewill also attempt to quantify potential errors

in backscatter cross-section models.
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