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ABSTRACT

The joint European Space Agency–Japan Aerospace Exploration Agency (ESA–JAXA) Earth Clouds,

Aerosols and Radiation Explorer (EarthCARE) mission is scheduled for launch in 2016 and features the first

atmospheric Cloud ProfilingRadar (CPR) withDoppler capability in space. Here, the uncertainty of the CPR

Doppler velocity measurements in cirrus clouds and large-scale precipitation areas is discussed. These re-

gimes are characterized byweak vertical motion and relatively horizontally homogeneous conditions and thus

represent optimum conditions for acquiring high-quality CPR Doppler measurements. A large dataset of

radar reflectivity observations from ground-based radars is used to examine the homogeneity of the cloud

fields at the horizontal scales of interest. In addition, a CPR instrument model that uses as input ground-based

radar observations and outputs simulations of CPR Doppler measurements is described. The simulator ac-

curately accounts for the beam geometry, nonuniform beam-filling, and signal integration effects, and it is

applied to representative cases of cirrus cloud and stratiform precipitation. The simulated CPR Doppler

velocities are compared against those derived from the ground-based radars. The unfolding of the CPR

Doppler velocity is achieved using simple conditional rules and a smoothness requirement for the CPR

Doppler measurements. The application of nonuniform beam-filling Doppler velocity bias-correction algo-

rithms is found necessary even under these optimum conditions to reduce the CPR Doppler biases. Finally,

the analysis indicates that a minimum along-track integration of 5000m is needed to reduce the uncertainty in

the CPRDoppler measurements to below 0.5m s21 and thus enable the detection of the melting layer and the

characterization of the rain- and ice-layer Doppler velocities.

1. Introduction

The Earth Clouds, Aerosols and Radiation Explorer

(EarthCARE; EarthCARE 2004) satellite is a joint Eu-

ropean Space Agency (ESA) and Japanese Aerospace

Exploration Agency (JAXA) mission, and is scheduled

for launch in 2016. EarthCARE (EC) aims at a better

understanding of the interactions between cloud, radi-

ative, and aerosol processes that play a role in climate

regulation, and it includes a spaceborne 94-GHz

Doppler Cloud Profiling Radar (EC-CPR). The EC-

CPR will be the first spaceborne Doppler cloud radar

used in climate research and evaluation of numerical

weather prediction models (e.g., Kobayashi et al. 2002):

its Doppler capability along with its high sensitivity

(235 dBZ or better) is a step forward in spaceborne
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millimeter-wave radars beyond the current state-of-the-art

defined by the CPR on CloudSat, a joint National Aero-

nautics and Space Administration (NASA) and Canadian

Space Agency (CSA) mission (e.g., Stephens et al. 2008).

The availability of Doppler measurements from space

will offer a unique opportunity for the collection of

a global dataset of vertical motions in clouds and pre-

cipitation. Such a global dataset is expected to improve

our understanding of convective motions in clouds and

to help evaluate current parameterizations of convective

mass flux in cloud-resolving models (e.g., Manabe and

Strickler 1964; Tiedtke 1989; Bechtold et al. 2001).

Furthermore, global climate models (GCMs) required

an accurate representation of ice particle sedimentation

rates (e.g., Mitchell et al. 2008; Sanderson et al. 2008),

which the CPR Doppler measurements can potentially

provide. The Doppler measurements from space will

also help to constraint the retrieval of particles’ char-

acteristic size in drizzling and large-scale precipitation

conditions. Notably, Doppler capability has been rec-

ognized as a critical capability not only by ESA and

JAXA but also by the U.S. National Research Council

(in its decadal survey; National Research Council 2007)

for a radar system on board the NASA Aerosol Cloud

Ecosystems (ACE) mission and other mission concepts,

and by the Canadian proposed concepts of SnowSat and

Polar Precipitation Measurement mission (PPM; Joe

et al. 2010; Kollias et al. 2007b).

Early detailed studies of Doppler measurements with

spaceborne radars articulate the challenges in developing

Doppler capability for atmospheric research from space

due to the platform motion and second-trip echoes

(Lhermitte 1989; Amayenc et al. 1993; Meneghini and

Kozu 1990). Several of the aforementioned challenges

can be theoretically mitigated using sophisticated trans-

mit waveforms with variable pulse length and polariza-

tion diversity. The planned EC-CPR uses a simple short

single-pulse (i.e., narrowband, single carrier) transmit

waveform with no frequency modulation or polarization

diversity. Thus, the EC-CPR Doppler performance is

challenged by the fundamental constrains of Doppler

measurements from space in its chosen configuration

(Kobayashi et al. 2002). The main challenge in space-

borne Doppler measurements from low-Earth-orbiting

(LEO) satellites arises from their high relative speed

(Vsat; 7.6 km s21) that introduces significant broadening

of the Doppler spectrum, even if the radar is pointing

perfectly perpendicular to its motion. Doppler velocity

aliasing, cloud inhomogeneity (Tanelli et al. 2002a,b;

Schutgens 2008), multiple scattering (Battaglia et al.

2010, 2011), and pointing uncertainty (Tanelli et al.

2005) are additional sources of error and uncertainty in

Doppler moment estimation from space.

Here, the expected uncertainty in EC-CPR Doppler

velocity measurements in nonconvective conditions is

investigated using an EC-CPR Doppler velocity simu-

lator that uses as input ground-based radar data. The

simulator and a comprehensive analysis of the critical

parameters that affect the performance of EC-CPR

Doppler measurements from space are presented in

section 2. A detailed climatology of radar reflectivity

variability in clouds and precipitation in several differ-

ent climatological regimes is used to assess the along-

track variability of clouds and precipitation (section 3).

Illustrative applications of the EC-CPR simulator to a

cirrus cloud and a stratiform precipitation case, and a

quantitative comparison of the observed and simulated

Doppler velocities are discussed in section 4.

2. Background

a. Challenges associated with EC-CPR Doppler
measurements

In contrast to radar power estimates (e.g., radar reflec-

tivity), Doppler velocity estimation requires coherent

measurements of phase changes between successive

radar returns. In general, this requires such returns to be

acquired with an intrapulse period (IPP) significantly

shorter than the decorrelation time.When the pulses are

transmitted with a constant IPP, it is customary to adopt

its inverse (pulse repetition frequency, PRF5 1/IPP) to

indicate the timing configuration. A parameter that is

indicative of the signal correlation is the normalized

Doppler spectrum width sf /PRF, where sf 5 sy /(l/2),

l is the radar wavelength, and sy is the Doppler velocity

spectral width, which for space-based profiling radars

(narrow beam) can be expressed in first approximation

as the sum of several independent sources of Gaussian

spreading:

s2
y 5s2

SM1s2
PSD 1s2

T 1s2
WS , (1)

where sSM is the spread due to the satellite motion,

given, for circular antenna patterns, by sSM ’ 0.3Vsatu3dB
(Sloss and Atlas 1968) and Vsat is the satellite velocity;

and u3dB is the 3-dB beamwidth of the antenna in radians

that depends on the antenna size (u3dB ; 1.2l/DA for a

typical parabolic antenna), where DA is the antenna di-

ameter. The other three terms—sPSD is broadening due

to the particle fall velocities, sT is broadening due to

turbulence at scales smaller than the radar sampling

volume, and sWS is broadening due to wind shear within

the radar sampling volume—depend on the cloud and

precipitation microphysics and dynamics, and their value

depends on the dimensions of the radar pulse. The sPSD
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term ranges from a few cm s21 for cloud droplets and ice

crystals to 1.0–2.5m s21 for raindrop size distributions;

thus, it is not negligible in rainfall. In moderate turbu-

lence and wind shear regimes, the wind shear and tur-

bulence terms can be as high as 1m s21 and thus should,

in general, not be ignored. Nevertheless, for simplicity, it

is assumed for the moment that the first term dominates

the spread of the velocities for typical radars in LEO

(s2
y ’s2

SM). The acquisition of coherent samples for re-

liable Doppler estimates requires that the radar samples

be collected at sufficiently high PRF. A constraint tra-

ditionally adopted in ground-based Doppler weather

radars is (Doviak and Zrni�c 1993)

PRF$
4psV

l
, (2)

which for LEO and narrow beamwidth (i.e., under the

s2
y ’s2

SM assumption) becomes

PRF

u3dB
$

1:2pVsat

l
. (3)

Given the EC-CPR u3dB (0.0958 based on actual mea-

surements of the 2.5-m-diameter CPR), the range of

selected operational PRF (6.1–7.5 kHz, variable within

each orbit with the platform latitude) is well below the

required value (14 kHz) to satisfy the criteria for sample

coherency (for EC-CPR, the sSM ’ 3.8m s21). The

upper-bound limit of 7.5 kHz (22.5-km unambiguous

range) is imposed by the constraint to observe the entire

troposphere without second-trip ambiguous overlaps,

and this creates an inconvenient truth for the EC-CPR.

Furthermore, the high velocity of LEO platforms usu-

ally imposes short integration times to preserve along-

track resolution: in the case of EC-CPR, the integration

time for level 0 products is set to approximately 65ms

(resulting in a 500-m along-track sampling). Longer in-

tegration times can be used in ground processing to re-

duce the variance of the Doppler velocity estimates. For

reference, with a PRF of 7 kHz and a Vsat 5 7.6 km s21,

the EC-CPR can collect up to 460 samples every 500m

(in practice, about 10% of said samples are traded to

obtain background noise estimates instead). Further-

more, given the parameters mentioned above, the

EC-CPR range of Nyquist velocities (VN 5 l3PRF/4)

ranges from VN 5 64.9 to 66.0m s21. Using these two

sets of parameters, radar signal simulations were per-

formed (Fig. 1) to assess the EC-CPR Doppler velocity

variance for a wide range of along-track integrations

(500, 1000, 2500, and 5000m) and signal-to-noise ratio

(SNR) conditions [220 to 130 on a logarithmic scale

(dB)]. For each set of conditions, a large number (i.e.,

1000) of radarDoppler spectra centered on zero velocity

are generated as in Zrni�c (1975). The assumption of zero

mean Doppler velocity implies still hydrometeors (i.e.,

the hydrometeors have either negligible fall velocity or

it is balanced by an updraft) in the radar sampling vol-

ume, and it is used to study the best-case scenario and

isolate the effect of signal decorrelation on the quality of

the CPRDoppler measurements (Tanelli et al. 2002a,b).

The resulting Doppler spectra are then inverted (Zrni�c

1975) and the in-phase and quadrature components

(I/Q) of the radar echo of various lengths are input to

autocovariance analysis by means of the pulse-pair (PP)

processing technique for the estimation of the Doppler

velocity (Zrni�c 1977). A cloud with radar reflectivity

of 221.5 dBZ generates a radar return power that is

approximately equal to the EC-CPR receiver noise

(SNR 5 0 dB—that is, signal power equals the receiver

noise power) for a single pulse (Fig. 1, black vertical

line). For very low SNR, the standard deviation of the

radar Doppler spectrum reaches the limit value for a

white noise power spectrum (2VN /
ffiffiffiffiffi
12

p
5 2.82 and

3.46m s21 for Figs. 1a and 1b, respectively).

At low SNR conditions (SNR , 0, left of the vertical

black line in Fig. 1), the standard deviation of the

Doppler velocity is high and makes its application

challenging. For the EC-CPR, such low SNR conditions

FIG. 1. Standard deviation of the EC-CPR Doppler velocity

estimates as a function of radar reflectivity and signal integra-

tion conditions. Two PRF settings are considered: (a) 6100 and

(b) 7500Hz. Three different integration lengths are considered:

1000 (blue), 2500 (red) and 5000m (black). Each point in the figure

corresponds to the standard deviation of the estimate from 10000 re-

alizations using the same SNRand signal integration conditions. Radar

reflectivities below 221.5dBZ (vertical black line) correspond to

negative SNR conditions. SNR is defined on a logarithmic scale.
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will be observed in liquid clouds and thin ice clouds or

near the tops of thicker cirrus clouds. The small hydro-

meteors contained in these clouds have negligible fall

velocities, and the observed Doppler velocity is domi-

nated by cloud turbulence and gravity waves (e.g.,

Kollias et al. 2001). Even if we could observe their

Doppler velocity with sufficient accuracy, it will contain

little or no information of characteristic particle size.

Furthermore, the size of the EC-CPR footprint (700m

along track and 500m vertical) will average out all small-

scale turbulence information. Thus, it is suggested that

CPR Doppler velocities recorded in cloud layers with

low radar reflectivity (e.g., below 220 dBZ) will be

classified as unrecoverable and thus will be filtered out

of final CPR Doppler velocity products. The lack of

CPR Doppler velocity measurements in cloud-only sys-

tems will have a very small impact on the EC mission

scientific objectives.

At higher SNR conditions (SNR . 0, right of the

vertical black line in Fig. 1), the theoretical limit of the

standard deviation of the Doppler velocity is above

1m s21 for 1000-m integration for radar reflectivities

below 215 dBZ for the low PRF option. For the high

PRF setting, the standard deviation for 1000-m inte-

gration is below 1m s21 for positive SNR values. Fur-

thermore, the standard deviation is inversely proportional

to the square root of the along-track integration. The

required reduction in the standard deviation of the

Doppler velocity depends on the scientific application

and this dictates the length of the along-track in-

tegration in particle sedimentation regimes. In the case

of large ice crystals or drizzle particles, the observed

Doppler velocities from ground-based radars (with av-

eraging so the vertical air motion is removed) are in the

range of 1–2m s21. If we need to reduce the variance

below 20% of the magnitude of the observed Doppler

velocities, then a horizontal integration of 2500–5000m

is required for the high PRF option and even larger for

the lowPRF option. If we apply the same requirement to

raindrops in large-scale precipitation (with a melting

layer and a much higher SNR), then a shorter along-

track integration length will be sufficient. Signal in-

tegration is a well-established approach for reducing the

variance of measurements; however, it comes at the

expense of the representativeness of the average value

of radar reflectivity and mean Doppler velocity over the

integration length. In section 3, the along-track vari-

ability of clouds and precipitation in terms of Z vari-

ability is examined.

The total error budget of the EC-CPR Doppler ve-

locity measurements includes several other factors such

as velocity aliasing, nonuniform beam filling (NUBF),

antenna mispointing, and instrument phase error. Particle

sedimentation regimes are characterized by weak

vertical motion, and the development of a velocity

dealiasing algorithm is straightforward (Ray andZiegler

1977). Here, the simulated EC-CPR Doppler velocities

have been corrected for velocity folding (section 4).

However, the development of a velocity-unfolding al-

gorithm in convective areas is expected to be more

challenging. A NUBF Doppler velocity correction has

been applied to the simulated EC-CPR Doppler veloc-

ities (section 4). Another factor that can introduce both

bias and increase the uncertainty of Doppler velocity

measurements from space is uOP, the CPR antenna off-

nadir pointing. For small angles, the velocity component

introduced is proportional to the VsatuOP product. It is

apparent that in spaceborne Doppler radars, the point-

ing uncertainty budget needs to be more stringent than

those for non-Doppler radars. The correction is straight-

forward when the mispointing can be characterized by

low-frequency harmonics only. Reliable data from the

spacecraft navigation system along with referencing

antenna-pointing techniques that relay on the earth’s

surface Doppler velocity measurements (e.g., Testud

et al. 1995; Kobayashi and Kumagai 2003; Tanelli et al.

2005) can be used to mitigate this problem. However,

small uncertainties in spacecraft attitude can introduce

a large Doppler velocity error. For reference to the

EC-CPR, an rms of uOP ; 40mrad will introduce an

uncertainty of 0.2–0.3m s21. An external calibration

method using ground-based active radar calibrators

(ARC) has been proposed by JAXA (Horie et al. 2008),

and it expected to provide information on the EC-CPR

pointing and the quality of the spacecraft navigation

data. Errors introduced by antenna mispointing are

not included in the analysis of the performance of the

EC-CPR Doppler velocity. Furthermore, the impact of

the satellite vertical motion is not included in the pre-

sented analysis.

b. Synthesis of EC-CPR measurements from
ground-based radar data

The generation of synthetic EC-CPR Doppler velocity

measurements from the Atmospheric Radiation Mea-

surement Program (ARM) ground-based radar measure-

ments is described in this section. The set of the EC-CPR

system configuration parameters is listed in Table 1. A

flowchart that indicates the steps in the EC-CPR simula-

tion is shown in Fig. 2. The input scenes can be daily files

of 35- and 94-GHz profiling Doppler radar observations

(Fig. 3a) from the U.S. Department of Energy (DOE)

ARM program facilities (Kollias et al. 2007a; Stokes and

Schwartz 1994). The use of the ARM dataset includes

some drawbacks: liquid and gaseous attenuation accu-

mulates from the ground-up rather than from top-down as
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in EC-CPR. This implies that during intense precipitation,

the ARM radars observe the highest reflectivities near the

ground, whereas the EC-CPR observes them near the top

of the liquid layer (Matrosov et al. 2008). However, since

this study is concerned with horizontal gradients of radar

reflectivity, this should not affect the results if the period

with highly variable attenuation is removed. In addition to

attenuation, multiple scattering is largely absent in

ground-based cloud radar observations, while multiple

scattering will frequently occur with the EC-CPR

(Battaglia et al. 2011). For these reasons we focused

our analysis on scenes not containing deep convection

that would have resulted in highly variable and severe

attenuation, and multiple scattering effects.

The 94-GHzARM radar observations are available at

42-m vertical resolution and 4-s integration. An example

of ARM radar observations from a midlatitude pre-

frontal cirrus cloud observed at the ARM Southern

Great Plains site is shown in Fig. 3a. In the EC-CPR

simulations, ARM radar time is converted to horizontal

distance using the wind profile measurements from the

nearest atmospheric sounding at the ARM sites. In a

cirrus cloud, the cloud-layer average horizontal wind

velocity is used. The impact of the localized (within the

CPR sampling volume) horizontal wind shear on the

reflectivity structure (e.g., tilted structures) has been

already captured in the ground-based observations.

Here, for illustration purposes, a 25m s21 horizontal

wind is used. The boxes (Fig. 3a) indicate examples

of the EC-CPR sampling volumes, as indicated by its

500-m-range resolution and 700-m footprint. The EC-

CPR samples every 100m in range; thus, there is 5 times

oversampling (and significant correlation) in the EC-CPR

observations in the vertical column.Thehorizontal spacing

between the centers of the boxes is 1000m between boxes

1 and 2 and 5000mbetween boxes 1 and 3; this provides an

indication of the typical horizontal averaging (along-track

integration).

Each simulated EC-CPR volume contains ;[7 (hor-

izontal) 3 11 (vertical)] ARM radar observations

(NARM5 77), thus providing a good description of the

along-track 2D variability within the EC-CPR 700-m

footprint (Figs. 3b,c). It is apparent that the resolution

of the ARM radar observations is sufficient to describe

the conditions within the EC-CPR sampling volume.

NUBF (Tanelli et al. 2002a; Schutgens 2008) conditions

are observed in all the EC-CPR-simulated sampling

volumes, both in the radar reflectivity and the mean

Doppler velocity (Figs. 3b,c). Near the cloud edges,

the partial beam-filling results in a stretch of the

hydrometeor-layer boundaries and the underestima-

tion of the radar reflectivity with respect to the high-

resolution ground-based ARM observations.

The expression for the spacecraft-motion-induced

Doppler bias can be approximated by expressions

dependent only on the along-track distance from nadir

x (Tanelli et al. 2002a). The two-way antenna pattern

f 4(u, f) is assumed circularly symmetric and with Gauss-

ian shape. Our simulations are 2D; thus, we are only con-

cerned with the normalized two-way antenna-weighting

FIG. 2. Flowchart that indicates the various steps of the EC-CPR simulation.
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FIG. 3. (a) Example of ARM ground-based radar observations of a midlatitude prefrontal cirrus cloud at the SGP

site. The black rectangles (boxes) represent CPR sampling volumes. Volumes 1 and 2 are spaced 1 km apart, and

volumes 1 and 3 are spaced 5 km apart. (b),(c) Distribution of ARM radar reflectivity (dBZ) and ARM Doppler

velocity (m s21) within the CPR sampling volume 1, respectively. (d),(e) The antenna-weighting function and the

Doppler shift due to the satellite motion as a function of the distance from nadir, respectively.
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function f 4(x). This weighting function is applied to all the

radar reflectivity ARM ZARM(x) observations within the

sampling volume to estimate the CPR radar reflectivity

ZCPR(x) (Fig. 3d):

ZCPR(x)5ZARM(x)f 4(x) . (4)

The satellite motion (Vsat ; 7.6 km s21) is large enough

to induce a Doppler shift to the ARM radar volumes

within the EC-CPR sampling volume despite its narrow

antenna beamwidth. The local Doppler velocity VCPR(x)

seen by the EC-CPR is provided by the following ap-

proximated expression, valid for small beamwidths and

for near-nadir angles (Tanelli et al. 2005):

VCPR(x)5
Vsat

Hsat

x1VARM(x) , (5)

where the first term represents the Doppler shift induced

by the satellite motion andVCPR(x) is the observedARM

radar mean Doppler velocity from the ground. The

quantityHsat is the altitude of the CPR. Figure 3e shows

the apparentDoppler velocity [first term inEq. (5)] of the

ARM radar volumes due to the motion of the satellite as

a function of their distance from nadir.

Centered on each ARM radar data point (along track

and height), the simulator defines the EC-CPR sampling

volume, and all the ARM observations (ZARM, VARM)

within the EC-CPR volume are identified (Fig. 4, top).

The shaded area (Fig. 4, top) indicates higher radar re-

flectivity at the forward part of the CPR volume and it

induces asymmetry, and thus bias, in the estimated radar

Doppler spectrum (Fig. 4, shaded area). The ARM ra-

dar observations are converted to their corresponding

contributions to the CPR radar reflectivity and velocity

[ZCPR(x), VCPR(x)] using Eqs. (4) and (5), respectively.

The pairs of ZCPR and VCPR are used to construct the

ideal (noise free) EC-CPR Doppler spectral density

PS,nDFT [n point of the discrete Fourier transform

(nDFT); Fig. 4, bottom, black line]. Use of a Doppler

spectrum to describe the frequency content of the radar

signal requires the use of the stationarity assumption. At

a particular range gate, a new EC-CPR Doppler spec-

trum is estimated every time the satellite moves forward

to the next ARM profile, which enters the sampling

volume when the last one exits. The time for the EC to

move along-track DL 5 100m (horizontal spacing be-

tween ARM profiles) is equal to DL/VSAT, and the

number of CPR pulses transmitted within this time in-

terval is Np 5PRF3DL/VSAT. The synthesized CPR

Doppler spectrum is an ideal one (with very large Ny-

quist velocity VN,CPR). This is accomplished by using

a very large pulse repetition frequency (PRFIDEAL) that

is several times (e.g., U times) higher than the actual

EC-CPR PRF (PRFIDEAL 5U3PRF). Thus, the ideal

Doppler spectrumNyquist velocityVN,CPR (m s21) isU

times higher than the EC Nyquist velocity

(6U3PRF3 l/4) imposed by the selected EC-CPR

PRF and wavelength. Furthermore, the number of spec-

tral densities (NDFT) is also U times higher than Np and

thus the velocity resolution Dy (m s21) of the EC-CPR

Doppler spectrum is preserved. The return atmospheric

signal power (average of ZCPR contributions) and the

information about the EC-CPR receiver noise power ZN

(total EC-CPR receiver noise is assumed equal to

221.5dBZ, estimated using expected CPR sensitivity

performance) are used to add noise in the EC-CPR

Doppler spectrum (Fig. 4, bottom, gray line). Noise spec-

trum is assumed white; thus, assuming homogeneous

noise contributions, the mean noise spectral density PN is

provided by the following expression:

FIG. 4. Example of CPR Doppler spectra construction using the

high-resolution ARM radar observations within the CPR sampling

volume. (top) The geometry of the CPR simulator with the grid

representing the high-resolution ARM observations (not exact

match of grid points). The horizontal bar in the middle of the CPR

sampling volume represents the ARM gate where the CPR

Doppler spectra is constructed using the ARM data above and

below. The shading indicates the presence of higher reflectivities in

the forward part of the CPR beam. (bottom) The CPR radar

Doppler spectra without CPR receiver noise (black line) and

with CPR receiver noise (gray line). The vertical bars corre-

spond to velocity displacements of ARM velocities due to mo-

tion of the satellite, and the width of the bars indicates the

vertical variability of the ARM Doppler velocity at the same

displacement off nadir.
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PN

�
mm6 m23

m s21

�
5

ZN

NDFTDy
. (6)

Once the mean noise power density is estimated, a ran-

dom fluctuation component is added following the

method described in Zrni�c (1975), so that the spectral

power density of the signal-plus-noise PS1N(i) in the ith

velocity bin of the spectrum is given by the expression

PS1N(i)52[PS(i)1PN] ln[k(i)] , (7)

where k is a random number uniformly distributed be-

tween 0 and 1 (Fig. 4, bottom, eight gray lines).

The CPR sampling volume is shifted vertically at each

ARM range gate, and this process generates a vertical

stack of CPR Doppler spectra (Fig. 5a). The next step

is to apply inverse discrete Fourier transform (IDFT) of

the constructed CPR Doppler spectrum in order to re-

trieve in-phase (I) and quadrature-phase (Q) voltage

time series (Zrni�c 1975). The generated I/Q radar time

series at each ARM range gate are subsequently un-

dersampled by a factor U to simulate the actual PRF of

the EC-CPR. Examples of I time series generated by the

IDFT operation are shown in Fig. 5b. The amplitude of

the I time series corresponds well with the intensity of

the CPR Doppler spectral densities. The I time series

also appear vertically uncorrelated. However, because

of the EC-CPR range-weighting function W(r), the I/Q

samples of the CPR at consecutive range gates (spaced

by 100m) should be correlated (Fig. 5c). Thus, the I (and

Q) samples corresponding to the same EC-CPR pulse

are convoluted with W(r). The outcome is I/Q time se-

ries correlated with height (Fig. 5d) according to the

EC-CPR range resolution and spaced at the EC-CPR

range sampling.

The described process generates Np I/Q radar sam-

ples every DL along-track displacement of the satellite.

In the next step, the simulator moves DL to the next

ARM radar data profile and generates another set of

Np I/Q radar samples. After integrating over 500m

(EC-CPR along-track integration distance), the gener-

ated I/Q radar samples have length M5Np(500/DL)
and are used to estimate (Kobayashi et al. 2002) the first

three radar Doppler moments (radar reflectivity, mean

Doppler velocity, Doppler spectrum width) using the au-

tocovariance analysis by means of the PP processing tech-

nique (Zrni�c 1977). In the time domain, the radar complex

signal C(t) 5 I(t) 1 jQ(t) is used to calculate the autoco-

varianceR(t) at lag one—for example, frompulse to pulse:

R̂(t)5
1

M2 1
�

M21

i51

C*(i)C(i1 1) (8)

ŷ5
l3PRF

4p
arctan

8<
:
Im[R̂(t)]

Re[R̂(t)]

9=
; (9)

The real and imaginary parts of the autocovariance R̂(t)

[Eq. (8)] are then used to estimate the mean Doppler

velocity ŷ [Eq. (9)]. In case of longer integration length

(e.g., 1000–5000m), the raw real and imaginary parts of

R̂(t) are first corrected for NUBF and, subsequently,

their mean average values are used to estimate the

Doppler velocity of the echo.

3. Climatology of Z variability in clouds and
precipitation

To assess the impact of (500–5000m) along-track

integration of CPR measurements, a large dataset of

ARMground-based 94-GHz radarmeasurements is used.

The dataset comes from four separate deployments (see

Table 2) of the W-band ARM Program Cloud Radar

(WACR) system (Widener and Mead 2004). The ARM

Mobile Facility (AMF) deployment at Niamey, Niger

(NIM, 8 months of observations, 2006); the AMF de-

ployment at the Black Forest, Germany (FKB, 8 months

of observations, 2007); the AMF deployment at Graciosa

Island, Azores (GRW, 19 months of observations (2009–

10); and the deployment of the WACR at the ARM

SouthernGreat Plains (SGP, 2months, 2006). During the

NIMdeployment, the typical cloud conditionswere cirrus

clouds and extensive precipitation systems; during the

FKB deployment, low-level clouds and extensive oro-

graphic precipitation with low melting layer; during the

GRW deployment, extensive marine stratocumulus con-

ditions, broken cumulus, and frontal systems; and during

the SGP deployment, frontal precipitating systems.

The WACR data have 4-s temporal resolution and

42-m vertical resolution, and cover from 150m above

the ground to 15-km height. At eachWACR range gate,

the radar reflectivity difference (DZ) for fixed horizontal
lengths (500, 1000, 2500, and 5000m) is recorded using

observations spaced by the aforementioned horizontal

lengths. At cloud edges, DZ is not defined and thus the

analysis does not include gradients near cloud bound-

aries. For each selected horizontal length, the average

radar reflectivity hZi is estimated using all the available

WACR reflectivity values within the horizontal length,

and temperatureT from the nearest sounding interpolation

is also recorded. Furthermore, a 15-dBZ radar reflec-

tivity threshold at 300m above the ground is used to

separate the WACR profiles into precipitating and

nonprecipitating groups.

The selection of the horizontal lengths used in the

climatology is determined by the EC-CPR parameters.
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FIG. 5. (a) Vertical stack of simulated CPR Doppler spectra at different ARM range gates. The red line is the

NUBF Doppler bias estimated by the distribution of ARM radar observations within the CPR sampling volume.

(b) ARM I/Q radar time series generated from the inverse fast Fourier transform. There is one I/Q time series for

each spectrogram displayed in (a). There are 110 samples of I or Q in each height collected in 15.7ms of along-track

integration (PRF 5 7 kHz). (c) The radar range-weighting function repeated every 100m. (d) The I/Q CPR radar

time series after the along-range convolution of the ARM I/Q radar time series with the CPR range-weighting

function. Notice the vertical correlation between the I/Q time series.
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Theminimum along-track integration length of the CPR

is 500m; thus, no CPR observable will be available

in higher resolution. The estimation of DZ from the

EC-CPR reflectivity measurements requires a minimum

of two measurements; thus, DZ measurements will be

available every 1000m. The DZ measurements every

1000m (DZ1000, dBkm21) will be used to assess the

NUBF velocity bias VNUBF in the CPR Doppler ve-

locities (Tanelli et al. 2002a). Finally, the 2500- and

5000-m horizontal lengths are used here to provide in-

formation on the cloud and precipitation inhomogeneity

over longer integration lengths.

The cumulative distribution functions of DZ for the

four horizontal lengths and for theWACR deployments

are shown in Fig. 6. The results are similar in all four

sites. At 1000-m length, 63%, 67%, 66%, and 68%of the

measured DZ1000 are below 3dBkm21 at the FKG,

GRW, NIA, and SGP sites, respectively. This is the

horizontal length where the NUBF Doppler velocity

corrections will be applied. The fraction of DZ changes

that are less than 3 dB decreases significantly with hor-

izontal distance in clouds and precipitation. At 5000-m

length, 46%, 50%, 49%, and 52% of the measured

DZ5000 are below 3 dBkm21 at the FKG, GRW, NIA,

and SGP sites, respectively. The observed, along-track

inhomogeneity of the radar reflectivity affects the in-

tegration length of the EC-CPR Doppler velocity mea-

surements in two ways: First, every 500m, a NUBF

Doppler velocity bias correction needs to be applied

(see section 4). However, the NUBF correction is based

on the assumption that two EC-CPR reflectivity

measurements spaced 1000m apart are sufficient to

describe the NUBF conditions (i.e., the along-track

radar reflectivity field varies linearly). Any departure

from this assumption will result to accumulating NUBF

Doppler velocities biases within the integration length.

Second, even if the NUBF correction is applied cor-

rectly, the question of representativeness of EC-CPR

Doppler velocities over an along-track length that is

characterized by significant radar reflectivity is open. In

section 4c, this issue is revisited.

These issues are amplified in the case ofmarine stratus

clouds, which are of particular interest to the EC sci-

entific community due to their important impact on the

boundary layer dynamics and global climate (Bony and

Dufresne 2005). In particular, the representation of

drizzle in numerical models is a challenge of current

concern, especially since drizzle is ubiquitous in marine

stratocumulus (e.g., Serpetzoglou et al. 2008). This cloud

type is a challenging target for the EC-CPR (as it has

been for CloudSat; Tanelli et al. 2008) due to the ex-

pected contamination of the lowest 0.75–1.2 km by the

surface echo. The EC-CPR features higher along-range

sampling (100m) that could be useful in characterizing

the CPR echo structure near the surface (lowest 1.2 km).

This can assist in subtracting an estimate of the surface

clutter from the total measured return power near the

surface and thus improve the detection of clouds close to

the earth’s surface. However, the main factor deter-

mining the vertical extent of the surface echo is the pulse

length. The EC-CPR uses the same pulse length as

CloudSat, and the details of the EC-CPR receiver point-

target-response function (not available at this point) will

determine any improvement that the EC-CPR will have

over CloudSat in detecting low-level clouds. Neverthe-

less, using the large dataset from the AMF deployment

at GRW, a targeted (limited to the lowest 2 km and for

high-cloud-fraction conditions) analysis of the horizon-

tal variability of marine stratiform clouds is shown in

Fig. 7. The analysis indicates that these ‘‘allegedly’’

homogeneous stratiform clouds have large Z variability

that exceeds the climatological values derived at the

four ARM sites (Fig. 6). At 1000m, 56% of the mea-

sured DZ1000 are below 3dBkm21 and at 5000m, the

percent drops to 47%. The presence of large horizontal

TABLE 1. EarthCARE CPR technical characteristics.

Frequency (GHz) 94.05

PRF (kHz) 6.1–7.5

Antenna diameter (m) 2.5

Beamwidth (8) 0.095

Altitude (km) 400

Beam footprint (m) 700

Vertical resolution (m) 500 (3.3-ms pulse)

Vertical sampling (m) 100

Along-track integration (m) 500

Sensitivity (dBZ) 221.5 (single pulse)

235 (10-km integration)

TABLE 2. ARM sites and data periods used in the climatology.

Site Latitude Longitude

Record

(months) Start End

FKB 48832024.1800N 8823048.700E 8 1 Apr 2006 31 Dec 2006

GRW 39850 2800N 2881’ 4500W 19 1 May 2009 30 Nov 2010

NIM 13828039.1500N 2810027.6200E 8 1 Apr 2007 31 Dec 2007

SGP 36836018.000N 9782906.000W 2 1 May 2007 1 Jul 2007
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variability, combined with the shallow nature of these

stratiform clouds and their low reflectivity values make

the use of the CPR Doppler velocity challenging.

4. Synthetic EC-CPR observations

The described EC-CPR simulator (section 2) is ap-

plied to 40 different cloud scenes (20 cirrus clouds and 20

large-scale precipitation cases) observed by the WACR

at the ARM fixed and mobile sites (SGP, FKB, NIM,

andGRW). Each case consists of 6–15 h of observations,

with an average thickness of 4 km for the cirrus layers

and an average thickness of 10 km for the precipitation

systems. Considering that theWACR vertical resolution

is 45m and its temporal resolution is 4 s, the total sim-

ulated WACR dataset included more than 60million

data points.

The presented EC-CPR-simulated Doppler velocities

have been corrected for NUBF and aliasing. In general,

VNUBF can be expresses as a function of the distribution

of the radar reflectivity field in the along-track direction

within the EC-CPR sampling volume (Tanelli et al.

2002a). This information however, is not available in

EC-CPRmeasurements. The only information available

to characterize the along-track variability of the radar

reflectivity is the gradient of radar reflectivity DZ1000 from

the EC-CPR. In this case, VNUBF can be expressed as

VNUBF 5aDZ1000 , (10)

where a [m s21 (dBkm21)21] is a constant that depends

on the along-track weighting function f 4(x) of the CPR

and the along-track variability of the radar reflectivity

with the CPR volume. Here, a mean value for the pa-

rameter a is estimated using the CPR simulation

framework and all simulated WACR cases. For each

EC-CPR sampling volume (see Fig. 4b), the velocity

bias induced due to NUBF (VNUBF) is estimated by

replacing all ARM radar velocities (see Fig. 4d) with

zero. In this case, only the inhomogeneous distribution

of ARM radar reflectivities within the EC-CPR volume

contributes to the simulated Doppler velocity. The

along-track gradient of the radar reflectivity (DZ1000) is

estimated by the EC-CPR simulated radar reflectivities.

FIG. 6. Cumulative distribution functions of observed DZ changes at (a) FKB, (b) GRW, (c) NIA, and (d) SGP for

four different horizontal lengths: 500 (thin gray), 100 (thick black), 2500 (thick gray), and 5000m (dotted gray).
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Using all available (VNUBF, DZ1000) pairs in a particular

height in a cirrus or a precipitation system, the param-

eter a [m s21 (dBkm21)21] is estimated using linear

regression fit (Fig. 8a). The distribution of all a values

estimated using the entire simulated WACR dataset is

shown in Fig. 8b. The mean value of a is 0.2297m s21

(dBkm21)21 and its standard deviation is 0.0167m s21

(dB km21)21. Thus, a DZ1000 of 3 dB (doubling of Z)

will produce a CPR Doppler velocity bias of

0.69m s21; a DZ1000 of 6dB is available as output of the

EC-CPR simulators, and the entire dataset is corrected

using the estimated mean value of the parameter a [ms21

(dBkm21)21].

In addition to the NUBF correction, the simulated

EC-CPR Doppler velocities are also corrected for ve-

locity folding. For the selected cloud systems, the ver-

tical air motion is expected to be weak, jwairj, 2m s21.

This assumption greatly simplifies the velocity-unfolding

algorithm that assumes that aliasing can occur only due

to the large sedimentation velocity of large hydrome-

teors. The velocity unfolding is a two-step process. First,

if the simulated EC-CPR Doppler velocity is higher than

13ms21 (updraft) and the EC-CPR-simulated reflectivity

is higher than25dBZ, then the EC-CPRDoppler velocity

is unfolded using the following expression:

Vunfolded 5VFolded 2 2VN . (11)

Following this step, the along-track EC-CPR Doppler

velocity gradient is estimated, and its value is used to

identify the remaining folded velocities that are also

unfolded using Eq. (11).

Here are two representative cloud cases sampled by

the ARM 94-GHz radars in an attempt to illustrate key

features of the expected performance of the EC-CPR in

particle sedimentation areas. The first cloud system is

a long-lived thick cirrus cloud observed at the SGP, and

the second is an extensive stratiform precipitation case

observed at the NIM deployment.

a. Cirrus cloud case

The ARM WACR ground-based observations of

the extensive cirrus cloud are shown in Fig. 9. The

hydrometeor-layer average horizontal wind speed is

used to convert time to horizontal length in the WACR

data. The cirrus-layer thickness varied from 3.5 km at the

beginning of the period to 5.0 km at the end of cirrus

hydrometeor cluster (Fig. 9a). On average, the radar re-

flectivity increases toward the cirrus cloud base, indi-

cating particle growth. The estimatedVNUBF every 500m

of signal integration is shown in Fig. 9b. As discussed

previously, theVNUBF is estimated by replacing theARM

radar Doppler velocity field with zero. The VNUBF field

structure resembles the WACR radar reflectivity field

(Fig. 9a) with tilted structures similar to the fall streaks.

The largest NUBF Doppler velocity biases are observed

near the cloud boundaries. This is consistent with the

partial beam filling of the CPR sampling volume (hy-

drometeor filled vs hydrometeor free volumes). Away

from cloud boundaries, the NUBF Doppler velocity

biases are relatively small (60.5m s21).

TheWACRDoppler velocity field is shown in Fig. 10a.

The increased downward Doppler velocities in the lower

part of the cirrus cloud are consistent with the presence of

higher reflectivities near the base of the cirrus layer. Near

the cirrus layer, mammatus clouds are shown in the ve-

locity and reflectivity images. The black contour indicates

the area of the cirrus cloud with radar reflectivity above

221.5 dBZ and thus above zero SNR conditions for

EC-CPR. The simulated CPR Doppler velocities every

100m range and with a horizontal integration of 1000m

[nominal CPR level 2 a (L2a) Doppler velocity product

resolution] are shown in Fig. 10b. The simulated CPR

Doppler velocities have been corrected for NUBF biases

[Eq. (10)] using the simulated CPR radar reflectivities to

estimate DZ1000 and using the mean value of a [m s21

(dBkm21)21]. As expected, near the cloud edges and in

areas with low radar reflectivities, the CPR-simulated

velocity field is noisy. Within the cirrus area with higher

WACR reflectivities, the simulated CPR Doppler ve-

locities are more in agreement with the input WACR

Doppler velocities (Fig. 10b); however, large uncertainty

is observed. The simulated CPRDoppler velocities every

FIG. 7. Cumulative probability distributions function of observed

DZ for different horizontal lengths: 500 (thin gray), 1000 (thick

black), 2500 (thick gray), and 5000m (dotted gray) in marine

stratocumulus observed by the WACR during the AMF GRW

deployment. Only WACR cloud detections in the lowest 2 km of

the atmosphere and with high-cloud-fraction conditions (above

80%) have been used.
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100m range and with a 5000-m horizontal integration

are shown in Fig. 10c. Longer CPR signal integration has

no effect on the CPRDoppler estimates at very low SNR

conditions. However, the simulated CPR Doppler ve-

locity estimates within the area of high SNR is smoother

and resembles the original WACR Doppler velocity

measurements.

b. Large-scale precipitation case

The ARM WACR ground-based observations of the

extensive large-scale precipitation period from NIM are

shown in Fig. 11. The extensive precipitating system

persisted for over 700 km (over 20 h, with an average

horizontal wind of 10m s21) with an initial short-lived

convective period (centered on 200-km-length location)

that attenuated significantly the WACR signal and ef-

fectively reduced the detected cloud top from 13 km to

as low as 5 km. Understandably, the bottom-up view of

precipitation from theWACR is very different from the

top-down view from a spaceborne radar; however, our

analysis focuses on the trailing stratiform part of the

studied precipitating system. The melting layer is at

4.2 km and can be observed by the WACR radar re-

flectivity jump (Kollias and Albrecht 2005). The black

contour indicates the area of precipitation with SNR. 0.

The simulated NUBF CPR Doppler velocity biases ev-

ery 500m of the signal integration are shown in Fig. 11b.

As it was the case in the cirrus cloud simulation, the

largest NUBFDoppler velocity biases are observed near

the cloud and precipitation boundaries. Away from

cloud boundaries, the NUBF Doppler velocity biases

are relatively small (60.5m s21).

The WACR Doppler velocity field is shown in

Fig. 12a. The WACR Nyquist velocity is 8m s21, and it

is sufficiently large to avoid velocity folding in this case.

The transition from the ice phase to the liquid phase

is clearly delineated at 5 km in height by the WACR

Doppler velocity field. The simulated CPR Doppler

velocities for every 100-m range and with a horizontal

integration of 1000m are shown in Fig. 12b. In this case,

the areas with low WACR reflectivities are only a small

fraction of the observed system; although, due to at-

tenuation, it is possible that the WACR does not detect

a significant part of the upper part of the cloud. Al-

though there are large uncertainties, the simulated CPR

Doppler velocities clearly capture the signature of the

melting layer in the precipitation. There are several

areas, especially early in the convective period, where

the simulated CPR Doppler velocities are positive (up-

ward). This is attributed to velocity folding and occurs

FIG. 8. (a) Example estimation of the parameter a using simulated EC-CPR data at a par-

ticular height. The parameter is estimated as the slope of the linear regression fit. (b) The

distribution of all a values estimated using all simulated WACR cloud and precipitation cases.

At each EC-CPR range gate and for each simulated cloud and precipitation system, an a value

is estimated using all available simulations at this range gate.
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when the combination of reflectivity-weighted hydro-

meteor fall velocity and the vertical updraft–downdraft

motions exceed the EC-CPRNyquist velocity VN. Thus,

even in ideal conditions (uniform beam filling and no

antenna mispointing), EC-CPR Doppler measurements

in precipitation will suffer from velocity aliasing that

needs to be corrected, as is done in ground-based and

airborne Doppler radars. The simulated CPR Doppler

velocities for every 100m with a 5000-m horizontal in-

tegration are shown in Fig. 12c. The simulated CPR

Doppler velocity estimates within the area of high SNR

is smoother and resembles the original WACRDoppler

velocity measurements.

c. Comparison of WACR and simulated CPR
Doppler measurements

A comparison between observed ARM radar Dopp-

ler velocity measurements and simulated CPR Doppler

velocity estimates is provided in Fig. 13. Four different

cloud systems have been simulated: a cirrus case ob-

served on 22 November 2004 at the SGP (Fig. 13a),

a cirrus case observed on 7 March 2006 at Darwin (Fig.

13b), a stratiform precipitation case observed on 28

August 2006 at NIM, (Fig. 13c), and a stratiform pre-

cipitation case observed on 1 June 2007 at FKB (Fig.

13d). On average, 10 h of ground-based observations

have been used in each case to estimate the profiles of

the mean Doppler velocity and its standard deviation.

The ARM radar Doppler observations have been av-

eraged over 5000m at each height, and the simulated

EC-CPR Doppler velocities are generated using 5000m

of along-track integration. At each height, the mean and

the standard deviation of observed (ARM) Doppler

velocities are shown in black and the mean and standard

deviation of the simulated (CPR) Doppler velocities are

shown in red. Only Doppler velocities that correspond

to radar reflectivities above 215 dBZ are used in the

calculation of the statistics shown in Fig. 13. Overall,

there is agreement between the observed and simulated

mean profiles. In the cirrus cases, the differences are

higher near the cloud edges. This is consistent with the

presence of more variable conditions near the cloud

boundaries that can produce complicated NUBF con-

ditions that cannot be corrected using the linear gradient

approximation [Eq. (10)]. In the precipitation cases, the

larger differences are observed in the deep liquid pre-

cipitation layer in NIM (Fig. 13c), consistent with the

presence of large variability due to subcloud layer

evaporation. The simulated EC CPRDoppler velocities

have a higher standard deviation.

Finally, using all simulated cases (20 cirrus and 20

precipitation cases observed by the ARM WACR), the

FIG. 9. Horizontal length vs height plots of (a) theWACR radar reflectivity and (b) estimated

NUBF Doppler velocity bias (m s21). The black contour indicates the cirrus area with radar

reflectivity above 221.5 dBZ.
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uncertainty in the EC-CPR Doppler velocity measure-

ments is estimated. The results are classified to cirrus

clouds and stratiform precipitation systems, and are

available for two different CPR along-track integration

lengths (1000 and 5000m). At each EC-CPR range gate,

the root-mean-square deviation (RMSD) between the

observed and simulated Doppler velocities is estimated

using the following expression:

RMSD5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�
n

i51

[VARM(i)2VCPR(i)]
2

n

vuuut
. (12)

Only EC-CPR-simulated Doppler velocities with a ra-

dar reflectivity higher than 215 are used in the RMSD

estimation. The RMSD estimates from each CPR range

gate and for all simulated cloud and precipitation sys-

tems are used to produce the RMSD histograms shown

in Fig. 14. The total number of data points (VARM,

VCPR) used for each histogram is 169 000 (Fig. 14a),

33 790 (Fig. 14b), 616 000 (Fig. 14c), and 123 300 (Fig.

14d). In addition to the aforementioned classifications

(cirrus vs stratiform precipitation) and (1000 vs 5000m),

the RMSD statistics are displayed with and without the

NUBF Doppler velocity bias correction applied. In all

FIG. 10. Horizontal length vs height plots of (a) the WACR mean Doppler velocity (m s21)

and (b),(c) the simulated CPR Doppler velocity estimates for a 1000- and 500-m signal in-

tegration, respectively The EC-CPR PRF is 7000Hz.

380 JOURNAL OF ATMOSPHER IC AND OCEAN IC TECHNOLOGY VOLUME 31



cases, the implementation of the NUBF Doppler ve-

locity bias correction improves the comparison (shifting

of the histograms to lower RMSD values) between the

WACR and the CPR-simulated Doppler velocities. The

NUBFDoppler velocity correction impacts more the qual-

ity of theCPRDoppler velocities in terms ofRMSDvalues

at 1-km integration (0.12–0.15ms21 improvement in the

mean RMSD) compared to a 0.02–0.03ms21 improve-

ment at 5-km integration. This can be attributed to the

canceling of NUBF velocity biases as the integration

length increases. Most of the improvement in the NUBF-

correctedmeanRMSD values from 1- to 5-km integration

for both cirrus (0.44 from 0.84m s21) and precipitation

(0.27 from 0.54m s21) cases can be attributed to the

factor of increase in the number of CPR I/Q samples used

in the estimation of the CPR Doppler velocities. Finally,

the lower RMSD values in precipitation are attributed to

the higher SNR conditions encountered in precipitation.

5. Summary

An EC-CPR Doppler velocity simulator is developed

to provide an assessment of the quality of the EC-CPR

Doppler measurements in nonconvective regimes. Ex-

cluding factors related to the CPR hardware (e.g.,

transmitter phase noise), the quality of the EC-CPR

Doppler velocity measurements is affected by three

main factors due to the spacecraft motion:

d Doppler broadening constant along a profile in

presence of homogeneous fields of reflectivity: this

broadening contributes to the total spectral width

in rms sense, and ‘‘whitens’’ the Doppler spectrum,

and therefore reduces the Doppler accuracy.
d Doppler bias, variable along the profile, in presence of

nonhomogeneities inside each volume of resolution:

the bias term is proportional to the along-track

gradient of measured backscattered power within

the volume of resolution.
d Doppler bias constant along a radar profile introduced

by antenna mispointing: this bias can amount to

several meters per second, and only a portion of it

can be removed using the a priori knowledge of the

pointing and navigation coordinates of the radar.

The uncertainty in EC-CPR Doppler measurements in-

troduced by the antenna mispointing is not discussed in

the total error budget here. Furthermore, the selected

cloud and precipitation systems are characterized by

weak vertical motion and small radar reflectivity gradi-

ents. Thus, the presented analysis should be considered

as the best-case scenario. Three different methods are

used to assess the impact of the first two factors on the

FIG. 11. Horizontal length vs height plots of (a) the WACR radar reflectivity and (b) esti-

mated NUBF Doppler velocity bias. The black contour indicates the precipitation area with

radar reflectivity above 221.5 dBZ.
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CPR Doppler performance. First, CPR raw signal sim-

ulations for uniform beam-filling conditions were per-

formed using the CPR operational parameters to assess

the impact of the Doppler broadening factor (section 2a).

Similar simulations have been carried out in the past for

more generic spaceborne radar concepts (e.g., Tanelli

et al. 2002a,b). Here, the analysis focuses on the EC-

CPR and indicates that the CPR Doppler velocity

measurements at low SNR conditions (below221.5 dBZ)

will have large uncertainties and will be challenging to

use for scientific applications. The analysis indicates

that signal integration (2500–5000m) is needed to re-

duce the Doppler velocity standard deviation below

0.5m s21. The suggestion of along-track integration to

reduce the uncertainty in CPRDoppler measurements

is not new, and there is no penalty if the cloud and/or

precipitation scenes are homogeneous for the dura-

tion of the integration. It is important to highlight the

impact of the PRF on the Doppler velocity uncertainty

in uniform conditions. The EC-CPR is expected to

have much better Doppler performance at high lati-

tudes (above 608) compared to the tropics and

FIG. 12. Horizontal length vs height plots of (a) the WACR mean Doppler velocity and

(b),(c) the simulatedCPRDoppler velocity estimates for a 1000- and 5000-m signal integration,

respectively, The EC-CPR PRF is 7000 Hz.
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midlatitudes due to the gradual change in PRF from

6100 to 7500Hz.

To investigate how often cloud and precipitation

scenes satisfy the homogeneity condition, a large dataset

of 94-GHz observations at various climatological re-

gimes were analyzed to derive the statistics of reflectivity

variability (DZ) for various along-track integrations.

Overall, the statistics from all sites are remarkably

similar. This increases the confidence in the climatology

results and also raises interesting questions regarding

controlling factors of cloud inhomogeneity as depicted

by radar reflectivity measurements. On average, 66% of

the observed changes in DZ are less than 3 dBZ for

a horizontal length of 1000m. The fraction ofDZ changes

less than 3 dB decreases significantly with horizontal

distance in clouds and precipitation. The corresponding

fractions for other horizontal lengths are: 55% for 2500m

and 48% for 5000m. In particular, marine stratocumulus

clouds sampled at Graciosa Island, Azores, exhibit very

large along-track variability, and it suggests that the

along-track integration in drizzling stratus will often

result in large Doppler biases due to nonuniform beam

filling and reflectivity and velocities that are not repre-

sentative of the integration length.

Finally, the CPR simulator is applied to a large number

of cirrus and stratiform precipitation systems. Detailed

results from two representative cirrus cloud and strati-

form precipitation cases are discussed. In both cases, the

simulated CPR Doppler velocities at low SNR condi-

tions and near cloud boundaries were characterized by

large uncertainties. In the case of the cirrus cloud sim-

ulation, along-track integration of 1000m results in an

average RMSD of 0.99m s21. If an along-track inte-

gration of 5000m and NUBF Doppler bias correction

are applied, the RMSD reduces to 0.44m s21. In the case

of the large-scale precipitation, along-track integration

of 5000m can reduce the RMSD to 0.27m s21. The CPR

simulations demonstrated the importance of applying

FIG. 13. Mean (solid lines) and standard deviation (dashed lines) of mean Doppler velocity (m s21) for four dif-

ferent ARM WACR cloud systems. Two cirrus cases: (a) 22 Nov 2004 (SGP) and (b) 7 Mar 2006 (TWP). Two

stratiform precipitation cases: (c) 28 Aug 2006 (NIM) and (d) 1 Jun 2007 (FKB). The WACR Doppler velocity

observations statistics are shown in black and the EC-CPR-simulated Doppler velocities statistics are shown in red.

The integration length for both datasets is 5 km.
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FIG. 14. Distributions of RMSD between ground-based (ARM) and simulated (CPR) for two integration lengths

(left) 1000 and (right) 5000m, and two different types of cloud systems: (a),(b) cirrus clouds and (c),(d) stratiform

precipitation. The gray lines indicate the RMSD prior to NUBF corrections, and the solid black lines indicate the

RMSD after the NUBF correction.
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the NUBF Doppler velocity bias correction, especially

for 1-km integration. Furthermore, the simulations in-

dicated that despite that the selected areas are charac-

terized by weak vertical motion, Doppler velocity folding

is observed due to the high fall velocity of raindrops. A

simple conditional algorithm was applied to unfold the

simulated EC-CPR Doppler velocities. A more thor-

ough analysis is needed for the development of an objec-

tive criterion that determines the along-track integration

in order to reduce the CPR Doppler velocity variance

but at the same time capable of accounting for the in-

homogeneity of the integrated length.

In summary, there are several challenges in theDoppler-

based retrievals from space that are not present in ground-

based Doppler observations. The EC-CPR simulations

suggest that the EC-CPRwill be capable of detecting the

main morphological Doppler velocity features from space

(e.g., melting layer, increase of Doppler velocity with

radar reflectivity). The estimated EC-CPR Doppler ve-

locity RMSDs suggest that more research is needed in

order to assess the potential for using the CPR Doppler

velocities for retrieving the characteristic size of particle

size distributions. This will be the topic of future research.
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