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Reflectivity and rain rate in and below drizzling stratocumulus
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SUMMARY

Ship-based radar measurements obtained during the East Pacific Investigation of Climate 2001 stratocumulus
(Sc) cruise are used to derive characteristics of the rainfall from drizzling Sc. Reflectivity to rain rate (Z–R)
relationships are determined from shipboard raindrop-size distribution measurements obtained from observations
using filter-paper, and compared to Z–R relationships derived from aircraft probe data from below north-east
Atlantic drizzling Sc and stratus. A model for the evaporation and sedimentation of drizzle is combined with
reflectivity profiles from a millimetre-wavelength cloud radar to derive information on the mean raindrop radius
and drizzle drop concentrations at cloud base, and to show how Z–R relationships change with height below
the cloud base. The Z–R relationships are used in conjunction with shipborne C-band radar reflectivity data to
estimate areal average precipitation with uncertainties at cloud base and at the surface. In the Sc drizzle Z–R
relationship, Z = aRb (where a and b are constants), the estimated exponent b = 1.1 to 1.4 is lower than
commonly observed in deep convective rain (b = 1.5). Analyses indicate that variations in Sc rain rates and
reflectivities are influenced both by fluctuations in drizzle drop concentration and in mean radius, but that number
concentration contributes more to the modulation of rain rate in Sc. Rain rates derived using the scanning C-band
radar are found to be spatially variable, with much of the accumulation originating from a small fraction of the
drizzling area. The observations also suggest that rain rate in marine Sc is strongly dependent on cloud liquid-
water path, and inversely correlated with cloud droplet concentration.
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1. INTRODUCTION

Stratocumulus (Sc) clouds play an integral role in the earth’s climate system.
Large regions of Sc exist off the west coast of continents in the subtropics (Klein and
Hartmann 1993). The low, warm Sc clouds reflect a substantial amount of incoming
solar radiation but have only a small effect on the net outgoing long-wave radiation
compared to the sea surface. The substantial areal extent and persistence of Sc clouds
make them important to global climate (e.g. Slingo 1990). Philander et al. (1996)
found that the presence of low-level stratus was also crucial to the positioning of the
Pacific intertropical convergence zone north of the equator. Sc drizzle is associated
with latent heating in the clouds, and is a primary means of removing water from the
marine boundary layer (MBL) that could otherwise condense into cloud. A portion
of the drizzle evaporates; this cools the sub-cloud layer, stabilizes the MBL against
turbulence, and could potentially decouple the cloud layer (e.g. Turton and Nicholls
1987). Significant below-cloud evaporation was observed at times during the second
Lagrangian experiment in the Atlantic Sc Transition Experiment (ASTEX; Bretherton
et al. 1995), but few of the studies focusing on Sc have examined the evaporation of
drizzle. In this paper, we estimate drizzle both at cloud base and at the surface using
ship-based radar observations. This dataset from EPIC (Eastern Pacific Investigation
of Climate 2001) Sc provides an unprecedented opportunity to quantify the mean
characteristics and spatio–temporal variability of drizzle, and its relation to MBL and
cloud characteristics in a subtropical stratocumulus regime.

The EPIC Sc cruise in October 2001 (Bretherton et al. 2004) was an extensive
examination of the Sc region near Peru (20◦S, 85◦W). As in the TEPPS Sc cruise
(Yuter et al. 2000) off the coast of Mexico, EPIC Sc used a scanning C-band radar
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aboard the National Oceanic and Atmospheric Administration (NOAA) ship the Ronald
H. Brown (RHB) to obtain areal information on the structure of the drizzling Sc.
During EPIC Sc, the RHB was also equipped with a NOAA Environmental Technology
Laboratory (ETL) vertically pointing millimetre-wavelength cloud radar (MMCR), a
microwave radiometer, and a suite of other instruments for sampling the ocean and
atmospheric boundary layer. We use the C-band radar data from EPIC Sc in conjunction
with a derived relationship between radar reflectivity (Z) and rain rate (R) to obtain areal
average drizzle statistics. MMCR data are used to examine below-cloud evaporation of
drizzle. The radar data used in this study are unique, because of the ship’s location within
the south-east Pacific Sc region, the sample duration of several days and the large area
sampled by the scanning radar.

Previous field studies of drizzling Sc have used aircraft radar and in situ data to
estimate rain rates along and near the flight track (e.g. Austin et al. 1995; Vali et al. 1998;
Stevens et al. 2003), and surface-based vertically pointing radar to obtain profiles of
precipitation characteristics (e.g. Miller and Albrecht 1995). Because no in situ cloud
data were available for this campaign, data obtained on 12 flights in the north-east
Atlantic between 1990 and 2000 aboard the UK Met Office C-130 aircraft (Wood 2005)
are used for verification and comparison of our techniques and results.

The data used in our analysis are described in section 2, and the procedure for
obtaining Z–R relationships is outlined in section 3. Section 3 also includes an ex-
amination of below-cloud evaporation of drizzle using an evaporation–sedimentation
model. In section 4 the effect of evaporation on the parameters in the Z–R relationships
is discussed. Also in section 4, reflectivity and rain rate are each expressed as functions
of drizzle drop number concentration and mean size, and these are used as additional
means to estimate the exponent b in the Z–R relationship, Z = aRb, where a and b are
constants. We show that all of our datasets and methods yield similar Z–R relationships
for Sc drizzle. In section 5, the Z–R relations are applied to EPIC and TEPPS C-band
radar data to estimate rainfall amounts, their probability distribution at cloud base, and
the quantity of rainfall reaching the surface. We also determine an empirical relationship
among rain rate, liquid-water path, and droplet concentration that will be useful in the
development of model parametrizations of drizzle.

2. DATA

(a) Filter-paper data samples
Filter-paper treated with a water-sensitive dye (methylene blue, or ‘meth blue’) is

a time-tested, but labour-intensive technique for observing rain drop-size distributions
(DSDs). Filter-paper DSD samples were taken aboard the RHB because ship vibrations
interfere with disdrometer measurements and the ship’s rain-gauges were not sensitive
to small amounts of drizzle (Yuter and Parker 2001). During EPIC Sc, the 23.8 cm
diameter filter-paper was exposed to precipitation for a timed duration (up to 2 minutes),
and the drops were counted and categorized by hand into eight evenly spaced bins
between 0.1 and 0.8 mm radius, establishing a DSD for each sample. The preparation
and collection of filter-paper samples is described by Rinehart (1997). The range of
resolvable drop sizes is assumed to be sufficient to determine a Z–R relationship.
The minimum detectable drop size is 0.1 mm radius. During the EPIC Sc cruise,
33 samples were collected during 23 separate drizzle episodes. When possible, two
samples were collected in sequence to check the consistency of the DSD. Six filter-
paper samples were also analysed from the TEPPS Sc cruise.
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(b) Samples from aircraft in situ microphysics
Aircraft DSD data were collected on 12 flights in and below drizzling Sc clouds off

the coast of the UK. The UK Met Office C-130 aircraft was equipped with a Particle
Measuring Systems (PMS) Inc. Forward Scattering Spectrometer Probe, which counted
cloud drops between 1 and 23.5 µm radius and categorized them in 15 evenly spaced
bins. The PMS 2D-C optical array probe counted drops in 32 size categories between
12.5 and 400 µm radius. Post-processing by linear interpolation produced combined
DSDs from the two instruments (Wood 2005). On constant-height in-cloud flights,
samples were averaged over about 10 minutes, corresponding to 50–100 km; on ‘saw-
tooth’ flights, data were averaged over the entire flight. Exponential curves were fitted
to the collected data and extrapolated to determine the expected number of drops with
radii between 400 µm and 1.7 mm, as these occur in small quantities and are poorly
sampled by the optical array probe. In 80% of the cases, corrections produced a less
than 2.5 dBZ enhancement of Z, though Z increased by 7.5 dBZ or more in 4% of the
cases. O’Connor et al. (2004) also found that the exponential distribution reasonably
described stratocumulus drizzle.

(c) Data from C-band and millimetre cloud radars
Radar data in this paper are from a 6-day observational period during EPIC Sc,

16–21 October 2001 inclusive, at 20◦S, 85◦W. This period was characterized by per-
sistent Sc, sometimes continuous and other times broken, with intermittent drizzle
throughout. One of the two meteorological radars aboard the RHB, the horizontally
scanning C-band radar, has a 5 cm wavelength with 0.95◦ beam width (Ryan et al. 2002).
It provided a reflectivity volume of 30 km radius every 5 minutes throughout EPIC Sc.
The C-band lower reflectivity limit is about −12 dBZ at 30 km, sufficient to detect
drizzle but not non-precipitating clouds. The upper limit is significantly higher than
any reflectivity found in drizzle. Appendix A discusses the calibration, scan strategy,
and the interpolation procedure applied to the C-band data. The calibration uncer-
tainty is ±2.5 dBZ. Quality-controlled C-band three-dimensional (3-D) reflectivity was
averaged between 0.5 and 2 km and subsequently treated as a 2-D dataset. This vertical
averaging was to circumvent uncertainties in radar pointing angles during volume scans,
that produced uncertainties in the altitude corresponding to individual radar returns
(see appendix A). Because the cloud thickness was typically less than the 500 m
interpolated resolution, and data below 500 m were contaminated by sea clutter, vertical
averaging did not significantly degrade reflectivity information.

The NOAA ETL 8.6 mm wavelength vertically pointing MMCR has a 0.5◦ beam
width, and obtained a profile every 10 s during EPIC Sc. Its minimum detectable
reflectivity is approximately −60 dBZ; the maximum depends on the distance from
the radar, but it is about 20 dBZ near cloud top during EPIC (Moran et al. 1998).
Uncertainties in MMCR data are outlined in appendix A. An example of C-band and
MMCR data during EPIC Sc is shown in Bretherton et al. (2004, their Fig. 6).

(d) Data from additional shipboard instrumentation
A shipboard ceilometer provided cloud-base heights with 15 m vertical resolution at

15 s intervals. Hourly cloud-base heights were computed using the median value during
each hour to eliminate the influence of spuriously low readings caused by drizzle.

Continuous observations were made of the vertically integrated cloud liquid-
water content (i.e. the liquid-water path, LWP) using a microwave radiometer (Fairall
et al. 1990; Bretherton et al. 2004). Data contaminated due to wetting of the radome



2894 K. K. COMSTOCK et al.

surface by drizzle were removed. There was also a broadband short-wave radiometer, or
pyranometer, aboard the RHB (Bretherton et al. 2004).

3. COMPUTATION OF Z–R RELATIONSHIPS FOR DRIZZLE AT CLOUD BASE AND
THE SURFACE

Rain rates can be determined along aircraft flight paths using in situ DSD measure-
ments, but current remote-sensing technology does not enable rain rate to be measured
directly. Remote-sensing techniques can measure radar reflectivity, and radar reflectivi-
ties are converted into rain rates using a Z–R relationship traditionally of the form:

Z = aRb, (1)

where Z is the independent variable, and a and b are constants. Currently there are very
few Z–R relationships published for drizzle. Reported slopes, b, in the literature vary
widely from 1.0 (Vali et al. 1998) to 1.5 (Joss et al. 1970).

(a) Z–R relationships for drizzle from DSDs
The derivation of Z–R relationships from DSD data usually has fewer sources of

uncertainty than other methods (e.g. radar–rain-gauge comparisons), because the data
used to calculate both Z and R are obtained from the same volume of the atmosphere at
the same time. However, short duration DSDs are typically not accurately sampled over
the full range of relevant drop sizes (Joss and Gori 1978; Smith et al. 1993).

For the filter-paper DSDs, R and Z were estimated for each sample following
Rinehart (1997). Aircraft Z and R were determined from the exponentially extrapolated
DSDs as outlined in Rogers and Yau (1989). The relationship for terminal velocity used
in these calculations is a function of drop radius, temperature, and pressure using the
spherical best-number approach summarized in Pruppacher and Klett (1997).

Coefficients a and b can be obtained by least-squares regression of the logarithm
of (1): log Z = log a + b log R (e.g. Doelling et al. 1998). If the correlation between Z
and R is not close to unity, the values of a and b will vary depending on whether log Z
or log R is treated as the independent variable (e.g. Campos and Zawadzki 2000). As we
want to minimize errors in rain rate, we consider log Z to be the independent variable
in all subsequent linear regressions, and rearrange the above terms to obtain

log R = 1

b
(−log a + log Z). (2)

Because values of log a are approximately normally distributed in our datasets, the
one standard deviation (σ ) values of log a, corresponding to the 16th and 84th percentile
values of a, can be used as error bounds on the Z–R relationship (Doelling et al. 1998).

Using this procedure, the surface Z–R relationship for the EPIC filter-paper data
is Zsfc = 57R1.1

sfc , with the estimated error bounds Zsfc = 38R1.1
sfc and Zsfc = 86R1.1

sfc .
TEPPS filter-paper DSDs are also well described by this relationship. For the aircraft
data, the resulting cloud-base relationship is ZCB = 32R1.4

CB, bounded by a values of 17
and 61∗. A table of statistics for each dataset is presented in appendix B. Filter-paper
and aircraft data are plotted in Fig. 1.

∗ If log R is considered the independent variable, the Z–R relationship is unchanged for the filter-paper, but the
resulting aircraft relationship is ZCB = 14R1.2

CB.
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Figure 1. Reflectivity, Z, versus rain rate, R, for cloud-base millimetre-wavelength cloud radar (MMCR)-
derived data (circles), cloud-base aircraft data (squares), and surface EPIC filter-paper data (triangles).
Z–R relationship lines are shown for: MMCR ZCB = 25R1.3

CB (solid); aircraft ZCB = 32R1.4
CB (dashed); and

filter-paper Zsfc = 57R1.1
sfc (dash-dot). Arrows are sketched to represent evaporation between cloud base and

the surface. See text for details.

We do not expect the Z–R relationships from the cloud (aircraft) and surface
(filter-paper) data to be the same because the data sources differ significantly.
Also, significant evaporation occurs below the cloud, affecting the DSD and therefore
the Z–R relationship; this will be discussed in the following sections.

In this paper, we find b = 1.1–1.4. For deep convective rain, b ∼= 1.5 (Smith and Joss
1997; Doelling et al. 1998; Steiner and Smith 2000). Other published Z–R relationships
for drizzle include Z = 150R1.5 (Joss et al. 1970) and Z = 10R1.0 (Vali et al. 1998).
Joss et al. acquired surface DSDs with a disdrometer but assumed the exponent in the
Z–R relationship a priori to be 1.5, based on relationships available at that time for
rain. Although we find a similar Z–R relationship for EPIC filter-paper DSDs when we
assume b = 1.5, the Joss data may have been contaminated with ice within the cloud,
which can alter the size distribution. Vali et al. used aircraft data from marine stratus off
the Oregon coast. The small sample volume of the instrument (similar to the aircraft
instrumentation described in subsection 2(b)) did not permit detection of any drops
with radii larger than about 0.18 mm. Because larger drops have a disproportionate
effect on reflectivity (∼D6, where D is drop diameter) compared to rain rate (∼D4),
neglecting them introduces errors in the Z–R relationship. Appendix B shows the effect
of extrapolation on the Z–R relationship.

(b) Z–R relationships for drizzle from MMCR vertical profiles of reflectivity
Because drizzle drops are small—rain rate and radar reflectivity in Sc are dominated

by drops with radii in the range 20 < r < 400 µm (Wood 2005)—their evaporation
below cloud base will change the Z–R relationship. This has important implications for
estimation of precipitation. To evaluate this effect, we use an evaporation–sedimentation
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model that modifies the DSD (and thus Z and R) with distance beneath the cloud.
We estimate the drizzle drop number concentrations ND and the mean radii r of the
DSDs by comparing MMCR reflectivity profiles with model results. This process yields
another cloud-base Z–R relationship (from MMCR Z, and model-derived R) as well as
relationships between cloud-base Z and below-cloud R.

(i) Sedimentation–evaporation model: Evaporation of drizzle below cloud base.
The sedimentation–evaporation model simulates the evaporation of drizzle drops below
cloud base. It does not include the effects of coalescence or break-up, but these effects
are of little consequence below cloud for the sizes and concentrations of drizzle drops
in Sc (Pruppacher and Klett 1997). The model provides steady-state solutions for a
population of sedimenting drops evaporating into a sub-saturated environment below
cloud base, with an imposed relative-humidity gradient of 0.36 km−1 based on EPIC
observations. The DSD at cloud base is prescribed, and is represented by an exponential
distribution truncated at a lower size limit, r0, shown to be a good fit by Wood (2005):

NCB(r) = ND

r − r0
exp{−(r − r0)/(r − r0)} (r > 20 µm), (3)

where r is the mean radius of the truncated exponential distribution at cloud base∗, and
r0 = 20 µm is the smallest drizzle drop size. Drops smaller than r0 are cloud drops
with insignificant terminal velocities and negligible contributions to radar reflectivity.
Including the small drops can result in instabilities in the model because their evapora-
tion rates are large. Model details and a discussion of the limitations of the technique
are presented in appendix C.

The following function provides a reasonable parametrization of the model-
predicted rainfall rate as a function of height above the surface, z, for a truncated-
exponential DSD†:

R(z)

RCB
= c(χ) = exp(−kχ(r, z)), (4)

where χ = {(zCB − z)/(r)2.5}1.5 is a normalized height coordinate. RCB is rain rate at
cloud base, i.e. where z = zCB. A single value of constant k = 320 µm3.75m−1.5 was
found to be appropriate for the temperatures, pressures and vertical relative-humidity
gradients observed during EPIC Sc (see appendix C).

The model can be used to estimate changes to the Z–R relationship as the drizzle
evaporates. For the range of cloud-base mean radii observed in drizzling Sc, the model-
predicted reflectivity can be further parametrized:

Z(z)

ZCB
≈

(
R(z)

RCB

)q

, (5)

where q ≈ 0.75 for our simulations of drizzle evaporation. Reflectivity decreases more
slowly with distance below cloud base than does the precipitation rate, because the
dominant contributions to the reflectivity are from larger, more slowly evaporating
droplets than those that dominate the rain rate.
∗ For a non-truncated exponential the ratio of mean volume radius, rvol, to r is 6(1/3) = 1.8. For an exponential
truncated at radius r0, the ratio rvol/r is lower than this and increases with the ratio r/r0. For r0 = 20 µm,
r = 30 µm corresponds to rvol = 34 µm, and r = 50 µm corresponds to rvol = 67 µm. Aircraft measurements
(Wood 2005) find rvol at the cloud base between 31 and 53 µm consistent with this range.
† The authors note that our evaporation–sedimentation model can be solved analytically by separation of variables
to yield solutions having a Weibull-type distribution, from which a linear combination of solutions could be
used, in theory, to match the prescribed boundary conditions at the cloud base. However, the incorporation of the
exponential distribution boundary condition at z = zCB would lead to unwieldy mathematical solutions.
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Figure 2. Terminal-velocity relationship with drizzle drop radius from Pruppacher and Klett (1997) (actual,
solid line), and single power law used to fit the velocity relationship (dashed line) for simplifying calculations.

The value of q is primarily a function of the relationship between terminal velocity
and drop size, but it also depends on the form of the assumed DSD and on the relation-
ship between evaporation rate and drop size. The exponent may be somewhat different
in other types of rain-producing systems, such as deep-convective or midlatitude rain.
Approximately, q = (3 + d)/6, where d is the exponent in the relationship between
terminal velocity, ωT, and drop size:

ωT(r) = ATrd, (6)

with AT = 2.2 × 105 m−0.4s−1 and d = 1.4 (for r in m and ωT in m s−1). This relation-
ship, shown in Fig. 2, provides a reasonable fit to the terminal-velocity relations given
in Pruppacher and Klett (1997) for the size range 20 < r < 400 µm. This single power
law in (6) simplifies the solution of the sedimentation–evaporation equations, and tests
indicate that results do not appreciably differ from those obtained using a more complex
form. The exponent d here is different from that for rain (e.g. Rogers and Yau 1989)
because it is optimized to drops of smaller size.

Combining (4) and (5) gives:

Z(z)

ZCB
= exp(−qkχ(r, z)). (7)

To show that the parametrization (7) is consistent with independent in situ data,
we plot aircraft estimated reflectivity data against χ in Fig. 3. No in situ cloud micro-
physical measurements were made during EPIC Sc, but we consider Sc clouds suffi-
ciently universal in nature for the UK results to serve as a test of the numerical model.
Relative-humidity gradients are similar to those in EPIC Sc (within ±10%). Although
the observed values are somewhat scattered due to sampling uncertainties and variable
cloud-base heights, the model parametrization (7) does not seem unduly biased, and
represents the observations well.
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Figure 3. Profiles of radar reflectivity, Z, below cloud normalized with the maximum value, ZCB, versus the
normalized height variable χ = {(zCB − z)/(r)2.5}1.5. Circles represent aircraft data from the UK Met Office
flights in North Atlantic Sc with estimated error bars. The dashed line shows the evaporation–sedimentation

model parametrization using (7). See text for details.

(ii) MMCR-based estimation of cloud-base drizzle parameters and a Z–R relationship.
The MMCR cloud-base reflectivity and profiles below cloud base are combined with the
parametrization from the sedimentation–evaporation model to estimate the parameters
of the drizzle DSD at cloud base. The latter is assumed to be a truncated exponential
function. To avoid contributions from cloud liquid water, no profile with a maximum
reflectivity less than −20 dBZ was used. We averaged the acceptable profiles over
10 minutes, because this is short enough to capture the spatial variability of drizzle
observed during EPIC and long enough to ensure that the profile would be vertically
coherent with respect to the falling of drizzle drops. We approximate cloud base as
the height with maximum reflectivity in the MMCR profile in order to simplify the
exponential fit (7). The mean height of the maximum reflectivity is consistent with the
cloud base derived from the ceilometer. Figure 4 shows three example MMCR profiles
compared with parametrization (4) and the cloud bases for cases of light and heavy
drizzle.

For each 10-minute mean MMCR reflectivity profile, we solve for r in (7) using
the Z(z)/ZCB profile between cloud base and 400 m. Only data in this height range are
used, to ensure that (7) is a good approximation and to avoid problems associated with
the saturation of the MMCR at low levels.

Once r is known, ND is derived using the observed cloud-base radar reflectivity
ZCB = 26M6, where M6 is the 6th moment of a truncated exponential distribution.
The moments Mn of order n of this distribution can be expressed, using an integral
recurrence relation, as

Mn(r0, r, ND) = NDn!(r − r0)
n

n∑
i=0

(
r0

r − r0

)i 1

i! . (8)
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but somewhat higher in non-drizzling periods.

Once r and ND are found, any of the moments of the truncated exponential
distribution can be obtained through (8). For example, the rain rate at cloud base is

RCB = 4πρw

3
ATMd+3(r0, r, ND), (9)

where AT and d are from (6) (the approximation for the terminal velocity of drizzle
drops) and ρw is the density of water. For non-integer values of d we interpolate (8) to
find Md+3. Figure 5 shows time series of ND and r and their median fitting uncertainties
from the model based on MMCR data during EPIC Sc. The range of variations in r is
small (40 ± 20 µm) compared to ND, which fluctuates over four orders of magnitude.

A Z–R relationship is computed as described in subsection 3(a) from cloud-base
RCB estimated using (9) and MMCR ZCB:

ZCB = 25R1.3
CB, (10)

with uncertainty bounds in a of 11 and 54∗. Figure 1 shows MMCR ZCB and RCB values
together with (10).

(iii) Effect of evaporation below cloud: bi-level Z–R relationships. Cloud-base Z–R
relationships can be applied to the cloud-base radar data to determine the amount
of drizzle falling out of the clouds, but how much drizzle reaches the surface?
The evaporation–sedimentation model predicts drizzle rates at any level below the cloud
by modifying the inferred cloud-base DSDs from the MMCR data. From the model-
derived rain-rate profiles we can estimate ‘bi-level’ Z–R relationships that relate cloud-
base reflectivity to below-cloud rain rates.

To explore what we expect a bi-level Z–R relationship to look like, we use (4) and
assume the Z–R relation obeys a power law, i.e. ZCB = aRb

CB at cloud base, which leads

∗ Using log(R) as the independent variable would yield an alternative relationship: ZCB = 11R1.1
CB.
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median error

(a)

(b)

Figure 5. Time series of: (a) 10-minute cloud-base drizzle drop concentration ND(zCB), and (b) mean cloud-base
drizzle drop radius r(zCB), derived using millimetre-wavelength cloud radar reflectivity profiles (dots). Lines show

3-hourly mean values. Median error bars in each plot represent uncertainties in ND and r . Time is UTC.

to

ZCB = a

(
R(z)

c(χ)

)b

. (11)

Taking the logarithm of (11) and using the definition of c(χ ) gives

log ZCB = log a + b{log R(z) + kχ(r, z)}. (12)

It is apparent from (12) that there is not necessarily a simple power-law relationship
between Z at cloud base and R below cloud. This is not surprising, because evap-
oration changes the size distribution and affects reflectivity and rain rate nonlinearly
(see section 4(a)). From our data, it is reasonable to expect that the departure from lin-
earity increases with increasing distance from the cloud base, or increasing evaporation.

The range of rain rates is limited in the MMCR 10-minute average dataset, and is in-
sufficient to fully define a non-power-law Z–R relationship for all rain rates of interest;
hence, instead we define a piecewise linear function. Only profiles with below-cloud rain
rates greater than 1 × 10−4 mm hr−1 are used because of the large scatter and insignifi-
cant accumulation associated with lower rain rates (see subsection 5(b)). The relation is
estimated by assuming a linear relationship between log ZCB and log R(z) below cloud,
as in (2). Where this Z–R line intersects the cloud-base Z–R line it must follow the
latter for higher reflectivity values, because in an evaporative environment there cannot
be more precipitation below cloud than at cloud base. The log R(z) data are obtained by
using the model to sediment/evaporate the MMCR estimated cloud-base DSD. Model-
derived surface rain rates and several bi-level Z–R relationships are shown in Fig. 6.
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Increasing the distance below cloud increases the rain rate at which the bi-level
and cloud-base Z–R relations intersect, i.e. the maximum rain rate at which measurable
evaporation occurs between cloud base and the specified level. The average cloud base
during EPIC was around 900 m (Bretherton et al. 2004), so the ‘surface’ (CB–900 m)
bi-level Z–R relation, is:

ZCB = 302R0.9
sfc , (13)

with uncertainty bounds in a of 159 and 571.
Although the derived bi-level Z–R relationships may not be precise descriptions of

the sub-cloud rain-rate behaviour, our results show an important trend in the relationship
between cloud-base reflectivity and below-cloud rain rates. For low rain rates at cloud-
base, it is essential to consider the evaporation below cloud base when relating rain rate
and reflectivity at different levels (Li and Srivastava 2001).

(iv) Potential sources of error in the derived drizzle parameters. Two categories of un-
certainty lead to errors in the derived drizzle parameters. The first category, discussed
in appendix A, is related to possible saturation of the MMCR. Periodic MMCR satura-
tion means that there are no high values of reflectivity to constrain the MMCR-derived
Z–R relation. This may lead to poor estimates of rain rate for the highest reflectivity
values that are measured by the C-band radar. The second source of error, discussed in
appendix C, arises from simplifying assumptions made in the method of estimation of
drizzle parameters from the MMCR reflectivity profiles.
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An important assumption made in the model is that vertical air motions have negli-
gible effect on the profiles of rain rate and reflectivity, and on their dependence upon the
mean radius of the drizzle drops at cloud base. It is well understood (e.g. Nicholls 1987)
that the terminal velocity of drizzle drops is comparable to the vertical ascent/descent
rates for turbulent eddies, and that this motion has an important effect on the production
of drizzle by recirculating small drizzle drops within the cloud. It is less certain how
this may impact the rain-rate profiles below cloud where many of the smaller drops
have evaporated. Because our method uses 10-minute mean profiles, the mean vertical
motion over this period will be negligible because the typical duration of a eddy of scale
1000 m as it passes over the ship is about 2 minutes. However, a non-zero correlation
between r and vertical wind at smaller scales would alter the profile (4), leading to
overestimates in rain rate. These errors are estimated to be smaller than those associated
with the uncertainty in C-band radar calibration (see appendices A and C).

4. UNDERSTANDING THE PARAMETERS IN THE Z–R RELATIONSHIP

(a) Expected changes in Z–R relationships due to evaporation
The Z–R relationships for the surface and cloud base differ in part because of the

nature of the DSD collection, but the main source of difference is due to evaporation
below cloud base. From the cloud-base and surface Z–R lines shown in Fig. 1, we
see that a increases significantly from cloud base to the surface, while the exponent
decreases slightly. Parcels with higher rain rates tend to be less affected by evaporation
than parcels with lower rain rates, as represented by arrows in Fig. 1. Some surface Z
values in Fig. 1 are greater than the cloud-base values, primarily because filter-paper
samples are nearly instantaneous while cloud-base samples are horizontally averaged
(see also MMCR uncertainties in appendix A).

(b) Mathematical derivation of b

We can understand the cloud-base Z–R relationship in terms of the joint proba-
bility density function (pdf) of drizzle drop concentration, ND, and mean drizzle drop
radius, r . Figure 7 shows scatter plots of pair-wise correlations among MMCR-derived
10-minute averaged ND, r, and cloud-base rain rate, RCB, obtained as in subsec-
tion 3(b)(ii). The correlation coefficients between the logarithms of these variables are
0.72 (ND, R), −0.58 (ND, r) and 0.14 (r, R), the latter of which is not significant.
We can now use this information to derive an expression for the value of the exponent b
in the Z–R relationship at cloud base, ZCB = aRb

CB. Relating Z and R to the moments
of a truncated exponential DSD:

ZCB = α1M6

RCB = α2Md+3,
(14)

where α1 and α2 are constants with values of 26 and 4
3πρwAT from (9), respectively, and

M is from (8). Using a power-law fit to (8) over the estimated range 25 < r < 60 µm,
we obtain:

M6 ≈ ND(r)β1

Md+3 ≈ ND(r)β2,
(15)

where β1 ≈ 9.8 and β2 ≈ 6.5 if r0 = 20 µm. Without truncation of the exponential size
distribution, i.e. r0 = 0, we would obtain β1 = 6 and β2 = 3 + d (and (15) would be
exact).
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(a) (b)

(c)

Figure 7. Correlations between: (a) drizzle drop concentration, ND, and rain rate, R; (b) drizzle drop mean
radius, r , and R; and (c) r and ND, for parameters at cloud base derived by millimetre-wavelength cloud radar.

Correlations greater than 0.35 are significant at the 95% confidence level.

The parameters log a and b in the ZCB–RCB power law (2) can be considered
optimal least-squares values obtained from the regression of log RCB on log ZCB.
Together, (14) and (15) express ZCB and RCB in terms of ND and r. We can deduce
expressions for log a and b in terms of the fluctuations in these two DSD parameters
if they have a bivariate log-normal joint pdf, with a correlation coefficient rlog ND log r .
The solution for the least-squares value of b at cloud base is:

b = 1

rlog R log Z

{
1 + β2

1σ 2
log r

/σ 2
log ND

+ 2β1rlog r log NDσlog r/σlog ND

1 + β2
2σ 2

log r/σ
2
log ND

+ 2β2rlog r log NDσlog r/σlog ND

} 1
2

, (16)

where σ 2
log ND

and σ 2
log r

are the variances of the logarithms of ND and r, which indicate
the respective degrees of variability of the size distribution parameters (see appendix D
for derivation). Thus, the exponent is determined by the relative amount of variance in
ND and r (see also Doelling et al. 1998). Note that the degree of correlation between
log r and log ND, rlog r log ND, does not greatly affect b, and the correlation between
log R and log Z, rlog R log Z, is typically close to one. The two limiting cases (assuming
for the moment that log Z and log R are perfectly correlated and there is no correlation
between log r and log ND) are: b = 1 (precipitation rate variations are dominated by
variations in ND, σ 2

log ND
� σ 2

log r
), and b = (β1/β2) = 1.51 (precipitation rate variations
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TABLE 1. VALUES OF DROP SIZE DISTRIBUTION PARAMETERS AND
THEIR VARIABILITY

Parameter Value (EPIC MMCR) Value (Aircraft) Units

σlog ND 0.787 0.628 None
σlog r 0.082 0.161 None

Median ND 2.35 × 104 2.54 × 104 m−3

Median r 39.3 34.5 µm
rlog R log Z 0.92 0.91 None
rlog r log ND −0.58 −0.44 None

See text for details.

TABLE 2. RELATIVE CONTRIBUTIONS TO VARIANCE
IN RAINFALL RATE, R, AND RADAR REFLECTIVITY, Z

Contribution to variance of R to variance of Z

from ND 0.62 0.62
from r 0.29 0.66
from rlog ND log r −0.49 −0.74
Sum 0.42 0.54
Observed 0.42 0.56

See text for details.

are entirely modulated by variations in r , σ 2
log r � σ 2

log ND
)∗. Equation (16) couches the

Z–R exponent b as a physically significant parameter related to whether variability
(in time or space) in drizzle droplet number concentration or in the size of the drops has
most influence over variability in the precipitation rate. A similar relationship is shown
graphically in Steiner et al. (2004) based on modelled DSD data. Relevant quantities for
the estimation of b for both MMCR-derived and aircraft data are given in Table 1.

Distributions of ND and r , calculated from the MMCR data, are approximately log-
normal. Log-variances for the MMCR-derived size-distribution parameters (Table 1),
lead to a theoretical value (16) of b = 1.24. This is intermediate between the limiting
values, indicating that precipitation rate variability is controlled by variability in both ND
and r . There is much greater variability in ND but, because of the stronger dependence
of Z on r (compared to R), r also impacts the fluctuations in radar reflectivity and, to a
lesser degree, in rain rate. The aircraft data were characterized by higher variation in r ,
which led to a larger theoretical b of 1.41.

To better understand the relative contributions of ND and r to variances in R and Z,
the variance equation for log Z or log R can be written σ 2

log(Z or R)
= σ 2

log ND
+ β2σ 2

log r

+ 2βrlog ND log rσlog NDσlog r where rlog ND log r is a correlation coefficient, and β is either
β1 (for Z) or β2 (for R). Results given in Table 2 indicate that the values of β1 and β2
are appropriate, because the sum of the terms is very close to the observed variance in
the MMCR-derived time series. These are not always equal because (15) is not exact.
Variability in ND contributes more than r for R, but for Z both contribute more equally.
The negative correlation between ND and r reduces the variance in R and Z.

∗ In the classic Marshall–Palmer formulation (Marshall and Palmer 1948), their N0 (our ND/r) is taken to be
a constant. This implies that σlog r = σlog ND and rlog r log ND = 1. The value of rlog R log Z also equals one for a
Marshall–Palmer distribution. Inserting those values into (16) with the definitions for β1 and β2 for untruncated
distributions, b = (1 + β1)/(1 + β2) = (1 + 6)/(1 + 3 + d). For rain d = 0.67 (Gunn and Kinzer 1949), so the
theoretical exponent b equals the expected value of 1.5.
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Figure 8. Estimated areal average rain rate from C-band radar data for the cloud base and surface from
millimetre-wavelength cloud radar-derived cloud-base and bi-level relationships of radar reflectivity and rain rate
(Z–R) for 6 days during EPIC Sc. Shading represents C-band calibration uncertainties of ±2.5 dBZ. Time is UTC.

5. IMPLICATIONS

(a) Estimation of drizzle amount from radar data
Previous sections have described methods to obtain relationships between observed

radar reflectivity and precipitation at cloud base and below. These relationships can
now be applied to determine the amount of rainfall during the EPIC Sc and TEPPS
Sc cruises. To obtain area-averaged cloud-base rain rate, we apply the MMCR-derived
Z–R relationship (10) to the C-band data, in order to take advantage of the C-band
radar’s superior areal coverage. The resulting area-averaged rain-rate time series during
EPIC Sc is shown in Fig. 8. The surface drizzle rate, derived from the bi-level Z–R
relationship (13), is also shown. The effect of the ±2.5 dBZ calibration uncertainty on
the estimated rain rates is illustrated. This is the largest source of error in the rainfall
estimation. The Z–R relationship uncertainties are not shown; they are of the same
magnitude as the calibration uncertainties. Average reflectivity is determined using
C-band data interpolated to 500 m by 500 m pixels. Because precipitation rates are
scale-dependent, a different spatial resolution may yield somewhat different results.

For each Z–R relationship derived in this study, the average rainfall rate is com-
puted for the days on which it drizzled during EPIC and TEPPS Sc in order to
make a fair comparison between rain rates in the north-east and south-east Pacific Sc
regions. ‘Drizzle days’ are defined as having a daily areal average rain rate (AARR)
of >0.1 mm day−1 or a daily average conditional rain rate (ACRR) > 5 mm day−1.
The conditional rain rate describes the pixel rain rate if and only if it is raining. AARRs
and ACRRs and uncertainties are presented in Table 3.

Our best estimate of the mean AARR during the 5 drizzle days in EPIC Sc is about
0.7 mm day−1 at cloud base, with a total uncertainty envelope of 0.2–2.3 mm day−1.
About 0.2 mm day−1 reached the surface (uncertainty range 0.1–0.6 mm day−1). On the
two TEPPS drizzle days there was much less precipitation, about 0.2 mm day−1 at cloud
base (within the range 0.1–0.5 mm day−1), and 0.1 mm day−1 (0.04–0.2 mm day−1) at
the surface.

During TEPPS, we expect the C-band calibration uncertainty to be in the same
range as for EPIC. The TEPPS region was synoptically different from the EPIC Sc
region, with a more decoupled MBL and higher cloud bases at times (as much as 200 m),
so the surface rain rates may be slightly overestimated. Drizzle occurred less frequently
during TEPPS, but when it was drizzling the cloud-base rain rates are comparable to
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TABLE 3. AVERAGE AREA AND AVERAGE CONDITIONAL RAINFALL RATES FOR EPIC AND TEPPS

EPIC TEPPS
Daily areal average
rain rate (AARR) Z–R −2.5 dBZ 0 dBZ 2.5 dBZ −2.5 dBZ 0 dBZ 2.5 dBZ

MMCR-derived − (CB) Z = 11R1.3 0.7 1.3 2.3 0.2 0.3 0.5

MMCR-derived (CB) Z = 25R1.3 0.4 0.7 1.3 0.1 0.2 0.3
MMCR-derived + (CB) Z = 54R1.3 0.2 0.4 0.7 0.1 0.1 0.2

bi-level − (Rsfc, ZCB) Z = 159R0.9 0.1 0.3 0.6 0.1 0.1 0.2

bi-level (Rsfc, ZCB) Z = 302R0.9 0.1 0.2 0.4 0.0 0.1 0.1
bi-level + (Rsfc, ZCB) Z = 571R0.9 0.0 0.1 0.2 0.0 0.1 0.1

Daily average conditional
rain rate (ACRR)

MMCR-derived − (CB) Z = 11R1.3 10.4 12.0 13.7 13.8 16.3 18.8

MMCR-derived (CB) Z = 25R1.3 5.8 6.7 7.7 7.7 9.2 10.6
MMCR-derived + (CB) Z = 54R1.3 3.3 3.8 4.3 4.3 5.1 5.9

bi-level − (Rsfc, ZCB) Z = 159R0.9 0.4 0.7 1.4 1.0 1.7 2.9

bi-level (Rsfc, ZCB) Z = 302R0.9 0.2 0.4 0.9 0.8 1.4 2.4
bi-level + (Rsfc, ZCB) Z = 571R0.9 0.1 0.3 0.5 0.7 1.1 2.0

MMCR is millimetre-wavelength cloud radar, CB is cloud base, sfc is surface, R is rain rate and Z radar
reflectivity. Average rain rates in mm day−1 are given for: mean Z–R relationships, Z–R uncertainties and C-band
calibration uncertainties (−2.5, 0, +2.5 dBZ) on EPIC Sc drizzle days (17–21 Oct. 2001) and TEPPS Sc drizzle
days (2–3 September 1997). Best estimates from (10) and (13) are in bold. Only values of R � 1 × 10−4 mm hr−1

are used to compute daily rain rates. See text for further details.

those from EPIC (see ACRRs in Table 3). Even with the uncertainties, it is clear that a
substantial amount of evaporation of sub-cloud drizzle is occurring in both the north-east
and south-east Pacific Sc MBLs.

(b) The spatial pdf of cloud-base drizzle rate
As in deep convective rainfall (e.g. Doelling et al. 1998), the spatial pdf of drizzle

rate is strongly skewed, such that a large percentage of the rain rate in drizzling Sc
falls from only a small fraction of the area. This may lead to considerably different
dynamical feedbacks than if the drizzle fell evenly throughout (through spatially patchy
evaporative cooling in the sub-cloud layer and latent warming in the cloud layer).
We examine spatial cloud-base rain-rate pdfs using the C-band radar data from EPIC Sc.
The C-band radar has far better sampling statistics than the MMCR and gives true
spatial variability information. For each C-band horizontal scan, the MMCR-derived
Z–R relationship (10) is used to estimate rainfall at each pixel, and a pdf of rain rate
is obtained. All of the pdfs are then composited. As illustrated in Fig. 9(a), the pdf
of the drizzling area has a significant tail, which indicates that a considerable amount
of rain is associated with only a small fraction of the area. For example, as shown in
Fig. 9(b), 50% of the drizzle accumulation is contributed by rain rates greater than
0.37 mm hr−1, but it originates from only 5% of the drizzling area. Drizzle was detected
by the C-band in only 41% of the total area, so that 90% of the accumulation, which
comes from 68% of this drizzling area, corresponds to only 28% of the total area.
The intermittency is considerable. Because most of the drizzle during EPIC evaporated,
and rates of 0.04 mm hr−1 can lead to local sub-cloud cooling rates of several K day−1,
it is possible that evaporating drizzle could result in downdraughts with subsequent
dynamical response that may locally enhance cloud thickness and drizzle production
(Jensen et al. 2000).
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(a) (b)

Figure 9. (a) Composite probability density functions of drizzling area (solid line) and total accumulation
(dashed line) for each rain rate at cloud base, R(zCB). Data are taken from the C-band radar using the relation
(10) derived from millimetre-wavelength cloud radar. (b) The total rainfall accumulation and the corresponding
drizzling area for the given rain rates (e.g. 25% of the rain comes from 0.10 < R(zCB) < 0.37 mm hr−1, and this

corresponds to 17 % of the drizzling area).

(c) Estimation of rain rate from cloud-drop concentration and liquid-water path
Model simulations (e.g. Nicholls 1987; Baker 1993; Austin et al. 1995; Khairout-

dinov and Kogan 2000), observations (e.g. Bower et al. 1992) and simple physical argu-
ments (Tripoli and Cotton 1980), show that the production of drizzle depends strongly
upon both the cloud liquid-water content and the cloud droplet concentration, with high
liquid-water content and low droplet concentration leading to stronger drizzle produc-
tion. During EPIC Sc, the cloud droplet concentration, Nd (note that this is different from
drizzle drop concentration, ND, used previously), was estimated during the daytime
using the observed LWP and cloud transmission measurements from the pyranometer
(Dong and Mace 2003; Bretherton et al. 2004). Linear interpolation of the daytime Nd
was used to estimate values during the night. Because of the coarseness in Nd estima-
tions, and to reduce the sampling uncertainties, all the values (RCB, LWP, and Nd) are
aggregated into 3 h means. Air advects about 75 km in a 3 h period; during this time,
patches of thicker and thinner cloud may advect overhead, resulting in considerable LWP
variability. Thus, these estimates should be regarded as appropriate for mean quantities
averaged over (75 km)2 regions. Tests show that RCB is reasonably well parametrized
as a function of LWP/Nd (Fig. 10):

RCB = 0.0156(LWP/Nd)
1.75, (17)

with LWP in g m−2, Nd in cm−3, and RCB in mm hr−1. The correlation between rain
rates derived in subsection 3(b)(ii) and parametrized from (17) is 0.77. If only LWP is
used to estimate the rain rate, the correlation falls to 0.60, suggesting that there is some
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Figure 10. Three-hourly mean cloud-base rain rate, R(zCB), derived from the millimetre-wavelength cloud
radar, plotted against the ratio of the mean cloud liquid-water path, LWP, to the droplet concentration, Nd, with
uncertainties. The parametrization described in the text is shown by the dashed line. Uncertainties in LWP are
assumed to be 25 g m−2, which affects the computation of Nd as well. A conservative estimate of combined

uncertainty in rain rate is 60%.

important modulation of the rain rate by changes in droplet concentration (see Fig. 7 in
Bretherton et al. 2004). However, our data are not sufficient to establish the statistical
significance of the R–Nd relationship. Our results are in general qualitative agreement
with those of Pawlowska and Brenguier (2003), whose data support a near-quadratic
dependence of RCB upon liquid-water path, and an inverse dependence upon cloud
droplet concentration. Further observational datasets are necessary to quantify these
relationships more accurately.

6. CONCLUSIONS

Observations from field campaigns in different Sc regimes were used to obtain
relationships between rain rate and radar reflectivity in drizzle for the surface and
cloud base. The impact of evaporation below cloud base on Z, R and their relationship
was explored with a sedimentation–evaporation model and MMCR reflectivity profiles.
Several independent datasets yield an exponent, b, of 1.0–1.1 near the surface and
1.3–1.4 near the cloud base in the relationship Z = aRb for drizzle. These exponents
are lower than the accepted value of 1.5 for deep convective rain. Our suggested Z–R
relationship at Sc cloud base is Z = 25R1.3.

For exponential or truncated-exponential DSDs, we relate b to the relative variabil-
ity of ND and r (time series of ND and r are shown in Fig. 5). Variations in rain rate
are mainly driven by variations in ND, while fluctuations in ND and r contribute equally
to variations in reflectivity. Understanding the microphysical mechanisms underlying
the variability of ND and r will require careful modelling studies and further analyses
of aircraft data. The maximum size that a drizzle drop may reach is constrained by
the combination of weak updraughts (almost everywhere <1 m s−1) and limited cloud
thickness (almost always <500 m). This may have some important consequences for
the observation of MBL drizzle from space-borne cloud radar, and deserves additional
attention.
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Evaporation below cloud base has a significant effect on drizzle DSDs, and there-
fore Z–R relationships. The coefficient a increases with distance below cloud base,
as evaporation of the small drops leads to an increased mean drop size. This makes the
derivation of sub-cloud rain rate profiles using only reflectivity difficult. Remote-sensing
instruments such as surface-based radar and satellite radar (e.g. CloudSat; Stephens
et al. 2002) may need to use different Z–R relationships to determine precipitation
amounts at various vertical levels where significant changes in the DSD are expected to
take place. Bi-level Z–R relationships that were derived for predicting surface rain rate
from cloud-base reflectivity show that for low rain rates it is important to account for
evaporation below cloud.

Although our radar retrievals of the rainfall amount in the Pacific Sc regions are
uncertain to within a factor of three, it is possible to say that area-averaged drizzle rates
are highly variable, that sub-cloud evaporation recycles a large fraction of the drizzle
before it reaches the surface, and that drizzle is spatially highly inhomogeneous. Areal
average drizzle rates frequently exceed 1.0 mm day−1 at cloud base, especially in the late
night and early morning when Sc is usually thickest. Our best estimate for the EPIC Sc
region during 5 days in October 2001 was 0.7 mm day−1, on average, or between 0.2
and 2.3 mm day−1 within the range of conservative radar calibration uncertainties.
The amount of precipitation reaching the surface is usually significantly less than the
amount falling out of the clouds; during EPIC the average was 0.2 mm day−1 (ranging
from 0.04 to 0.6 mm day−1 with uncertainties). Like deep-convective rain, most of the
drizzle accumulation comes from a small fraction of the precipitating area.

Drizzle rates in Sc are dependent on both the LWP and the cloud droplet concentra-
tion, Nd (e.g. Austin et al. 1995). A linear relationship was found between the derived
rain rate and (LWP/Nd)

1.75 during EPIC Sc. The inverse relationship between rain rate
and cloud-drop concentration is consistent with previous findings, but more observations
are needed to establish the uncertainties in this relationship.
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APPENDIX A
RADAR CALIBRATION, SCAN STRATEGY AND DATA PROCESSING

(a) MMCR calibration and comparison with C-band data
After the EPIC cruise, the MMCR was calibrated to within about 1 dBZ (NOAA

ETL 2002, 2003, personal communications). Two potential sources of error remain
in the MMCR data: Mie scattering and saturation. Drops of radius greater than about
300 µm scatter in the Mie regime, rather than the Rayleigh regime. Figure A.1 shows
ZMie/ZRayleigh as a function of mean radius at the MMCR 8.6 mm wavelength. In Sc
drizzle the mean radius of drizzle drops is typically 80 µm or smaller (<10% error),
calculated from our data. The largest mean drop size obtained by surface filter-paper
sampling during EPIC Sc was about 350 µm radius (this is likely to be an overestimate
because the detection threshold was 200 µm), so the errors will be at most +20% or
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Figure A.1. Ratio between Mie-scattering reflectivity and Rayleigh-scattering reflectivity for drop-size distribu-
tions with a mean radius of 0–400 µm.

−50% of the MMCR reflectivity. The larger mean sizes mostly occur well below cloud,
when the small drops have evaporated. No MMCR data are used below 400 m, so errors
are expected to be smaller than the range stated above. These errors will only occur
when the drizzle rate is significant, and we expect them to account for a small fraction
of the total error in cloud-base rain rate derived from the MMCR.

The reflectivity value at which the MMCR saturates increases with increasing
height (i.e. range). Saturation is about 17 dBZ at mean cloud base and 20 dBZ near
mean cloud top (D. Hazen 2003, personal communication). Hourly averaged cloud-base
MMCR reflectivity is plotted with hourly area-averaged reflectivity from the C-band
radar (discussed in the following sections) in Fig. A.2(a). The C-band reflectivity data
in this plot is ‘thresholded’ at 17 dBZ. Because their time and space resolutions differ,
the comparison between the two instruments cannot be exact; however, the two time
series track each other fairly well.

Figure A.2(b) shows the ratio of non-thresholded to thresholded hourly area-
averaged C-band reflectivity. The curve signifies the reflectivity peaks that the MMCR
may be underestimating. Comparison between the MMCR maximum reflectivity data
and the thresholded C-band data yields a consistent result, that indicates a relative
calibration offset between the C-band and MMCR that is small and positive (i.e. the
C-band reflectivity is greater than that from the MMCR).

(b) C-band calibration, scan strategy and quality control
We estimate that the C-band absolute calibration is within ±2.5 dBZ. In addition to

the above comparison that shows C-band data are consistent with the MMCR, two other
independent comparisons were performed with radar data from the first leg of the EPIC
cruise immediately prior to EPIC Sc. Radar data were compared to TRMM precipitation
radar data, and no apparent biases were found (Petersen et al. 2003). Mapes and
Lin (2005) estimated divergence profiles from the C-band radar data, using several
assumptions to compute moisture convergence. Using different Z–R relationships,
they found that the calibration offset was likely to be in the range 2.0 to 2.7 dBZ.
Our estimation of ±2.5 dBZ is consistent with this result.
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Figure A.2. (a) Time series of hourly-averaged millimetre-wavelength radar (MMCR) cloud-base reflectivity
(dashed), and hourly area-averaged C-band radar reflectivity (solid). A threshold of 17 dBZ was imposed on the
C-band reflectivity (shown here: C-band� 17 dBZ). (b) Time series of the ratio of C-band actual hourly area-

averaged reflectivity (Z) to C-band thresholded reflectivity. Time is UTC. See text for details.

The C-band radar scan strategy for EPIC Sc was designed to obtain high-resolution
temporal and spatial data of the mesoscale structure of drizzling Sc. Constraints on
the radar sampling were: the small size of the features of interest, a cloud-top height
less than 1.5 km, and a radar echo depth of 500–1000 m. These constraints, combined
with the 0.95◦ beam width of the C-band radar antenna, limited volumetric observations
of research quality to within 50 km radius of the ship, and the minimum usable
elevation angle to 1◦. Due to erroneous values in the signal-processing software, the
maximum range of the volume and RHI scans was reduced to 30 km. The centrepiece of
EPIC Sc C-band scan strategy was an 11 elevation-angle volume scan every 5 minutes.
Volume scans were interspersed with vertical cross-sections six times an hour, and long-
range surveillance scans every 30 minutes.

Over 3100 radar volume scans were obtained during EPIC Sc. An automated
quality-control algorithm originally developed for TEPPS was fine-tuned to remove
questionable echoes in the recorded reflectivity data.

(c) C-band antenna stabilization and interpolation of data to a 2-D grid
Scanning radar observations from a ship requires antenna stabilization to maintain

the antenna pointing angle at the requested elevation with respect to the horizon indepen-
dent of the motion of the ship. On the RHB, a Seapath Inertial Navigation Unit provides
the SIGMET Inc RCP02 antenna controller with information to perform the antenna
stabilization and to remove the ship motion from the recorded radial velocity data.
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There is usually a <0.4◦ discrepancy between the requested angle and the antenna
pointing angle. There were some concerns about potentially larger pointing-angle
errors during EPIC Sc impacting the interpolated reflectivity maps; consequently, for
the purposes of this paper, the reflectivity values were averaged between 0.5 and 2 km
to yield a 2-D dataset that circumvents this issue.

The 3-D polar coordinate volume scan data were interpolated to a 2-D Cartesian
horizontal grid utilizing the National Center for Atmospheric Research Atmospheric
Technology Division’s REORDER software with Cressman (1959) interpolation.
REORDER uses the beam by beam recorded pointing angle, and is well suited to data
obtained from moving platforms. The interpolated Cartesian grid has 500 m spacing in
the horizontal and extends to 60 km diameter. The weight (W ) of a particular radar range
gate in deriving the grid point is calculated as follows (Oye and Case 1992):

W = L2 − l2

L2 + l2
, (A.1)

where l is the distance between the centre of the polar coordinate gate and the centre of
the Cartesian grid point, and L is the radius of influence:

L2 = dX2 + dY 2 + dZ2, (A.2)

where dX, dY , and dZ were set to be a function of range from the radar, a delta azimuth
of 0.6◦, and a delta elevation of 1.5◦. Data below 500 m altitude are not used in the
interpolation due to potential sea clutter contamination. The interpolation weights (A.1)
peak at 500 m altitude and decrease with increasing altitude.

APPENDIX B
STATISTICS FOR Z–R RELATIONSHIPS

Table B.1 compares Z–R relationships of the form Z = aRb derived from different
stratocumulus datasets. Cloud-base and surface Z–R relationships will differ, partly
due to differences in data sources. For example, considerable sampling limitations for
aircraft data result in poor sampling of the largest drops. These are estimated using
exponential extrapolation, as discussed in section 2(b). The primary effect of this in the
Z–R relation is a smaller exponent b, shown in Table B.1.

APPENDIX C
SEDIMENTATION–EVAPORATION MODEL

(a) Model formulation
For a drizzle drop larger than about 20 µm radius, the evaporation rate below cloud

base is linearly proportional to the degree of subsaturation and inversely proportional
to its radius (Pruppacher and Klett 1997). The constant of proportionality is a fairly
weak function of temperature, T , and pressure, p, and it is assumed to be constant
for the conditions of this study (T = 286 K, p = 900 hPa). We model profiles of the
size distribution N(r, z) of a population of sedimenting, evaporating drops via the
equilibrium relationship:

ωT(r)
∂N(r, z)

∂z
= − ∂

∂r

(
N(r, z)

Dr

Dt

)
, (C.1)
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TABLE B.1. STATISTICS FOR Z–R RELATIONSHIPS OF THE FORM Z = aRb

1 EPIC filter-paper Aircraft Aircraft, MMCR
(surface) (cloud) no extrapolation (cloud base)

2 Best exponent, b 1.1 1.4 1.1 1.3
3 Mean a 57 32 22 25
4 p16th a 38 17 18 11
5 p84th a 86 61 28 54
6 Cumulative bias 1.06 0.99 1.12 0.83
7 Average bias 1.07 1.12 1.03 1.17

Rows in the table represent:
1. Datasets used. The columns here are: EPIC (Eastern Pacific Investigation of Climate

2001) Sc filter-paper; UK Met Office aircraft in cloud; Aircraft without using exponential
extrapolation to estimate large drop concentrations; cloud-base parameters derived from
MMCR (millimetre-wavelength cloud radar).

2. The best exponent, b, from linear least-squares regression, rounded to the nearest tenth.
3. Mean value of a from least-squares regression.
4. 16th percentile value of a from 10{log a−stdev(log a)}.
5. 84th percentile value of a from 10{log a−stdev(log a)}.
6. Cumulative bias for all drop size distribution (DSD) samples in the dataset:∑

Rest/
∑

Rcalc, where Rest is estimated from the Z–R relationship, and Rcalc is
calculated from the DSD for each sample.

7. Average bias: (1/N)
∑

(Rest/Rcalc), where N is the total number of DSD samples in the
dataset (for further discussion see Hagen and Yuter 2003).

where ωT(r) is the terminal velocity of a drop of radius r (e.g. Hall 1980, his Eq. (29),
retaining only evaporation/condensation and vertical advection terms, with no time
dependence). We use an exponential distribution, truncated at a lower radius of r0 =
20 µm in (3), as the cloud-base boundary condition. Leg- and level-averaged droplet-
size distributions in Sc are described well by an exponential distribution (Wood 2005).

We assume that RH is unity at cloud base and decreases linearly below cloud base
with a rate 0.36 km−1, the median gradient from rawinsonde profiles during EPIC Sc.
Deviations from this RH profile will alter evaporation rates, necessitating different
values of k in (4), as illustrated in Fig. C.1. One standard-deviation values of dRH/dz
are 0.26 and 0.46 km−1; these lead to a RMS fractional error in RCB of only 11% at any
one time. We did not find a strong correlation between drizzle and the value of dRH/dz,
so errors in RCB will tend not to be correlated with RCB. Because the Z–R relationship
is nearly linear, introducing a random uncorrelated error in dRH/dz leads to only small
changes in the Z–R relationship.

We use a single power-law terminal-velocity relationship in the model (see (6)).
Ventilation coefficients are taken from Pruppacher and Klett (1997) and increase almost
linearly from approximately unity at r = 20 µm to 5.2 at r = 500 µm. Finally, we
assume that the drops are falling below cloud in still air, i.e. there are no turbulent
motions. Turbulent motions are responsible for the growth and development of the
drizzle DSD within cloud (Nicholls 1987; Baker 1993; Austin et al. 1995). No direct
observational evidence exists to show how the sizes and concentrations of drizzle drops
are correlated with vertical wind fluctuations in the cloud-base and sub-cloud regions.
There may be considerable errors associated with the still-air assumption. This is
addressed below in subsection (b), but requires more investigation, both in observations
and models.

We calculate N(r, z) numerically, by solving (C.1) as a function of height below
cloud for the temperature range 270–290 K and for cloud-base mean radius r from
30–80 µm, which covers the range of MMCR observations. We then calculate the
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Figure C.1. Values of k in (4) (given as kes in figure) as a function of relative-humidity gradient below cloud
(dRH/dz). The median RH gradient for EPIC corresponds to k = 320 µm3.75m−1.5. The curve represents a fit to

results from the sedimentation–evaporation model (diamonds) for different RH gradients. See text for details.

precipitation rate normalized with its cloud-base value as a function of distance below
cloud base. The rate of decrease in rain rate with height is lower when the mean
radius is larger, because larger drops fall faster and evaporate more slowly. A good
parametrization of the model results is provided in (4).

Results from the sedimentation–evaporation model are presented in Fig. C.2,
which shows normalized profiles of rain rate R/RCB against the height parameter
χ = {(zCB − z)/(r)2.5}1.5 that best collapses the different model conditions.
The parametrization of (4) is also shown, and clearly represents a good fit to the
model results over the range of cloud-base mean radii typical in drizzling Sc clouds.
Figure C.2(b) shows the relationship between R/RCB and Z/ZCB together with the
parametrization expressed in (5).

(b) Sources of error and considerations
The spread in observational values is a result of two main factors: (i) there is

considerable spatial variability in the cloud-base height; (ii) turbulent mixing in the
cloud–sub-cloud layer can alter the drizzle drop profiles. The latter was also noted by
Nicholls (1987) who compared sub-cloud DSDs with the results of a numerical model.
Nicholls’ model assumes still air beneath cloud base, and results in drop concentrations
decreasing faster with height below base than those measured. However, we find that
the simple sedimentation–evaporation model can reproduce fairly well the observed
decrease in precipitation rate below cloud base.

Vali et al. (1998) present the only observations published to date of correlations
between radar reflectivity and vertical wind from three cases of marine stratus/Sc.
In the sub-cloud region these correlations are of the order −0.25. The correlations are
negative because in the sub-cloud layer there is a positive gradient of reflectivity with
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Figure C.2. Results from the sedimentation–evaporation model: (a) profiles of normalized rain rate R/RCB
against the normalized height parameter χ from the model (thin lines), together with the analytical parametrization
(thick solid line) in (4); (b) R/RCB plotted against normalized radar reflectivity Z/ZCB from the model (thin lines)
together with the analytical parametrization (thick solid line). The key in (a) also applies to (b) but similarities are

such that many lines are effectively superimposed. See text for details.

height and a downward turbulent transport of drizzle drops from the more reflective
cloud layer. The correlations result in profiles of R that decrease less rapidly with
height (for a given ensemble mean r) than profiles with no correlation. Therefore,
using a still-air value of k (see (4)) to derive r results in an overestimate if negative
correlations between reflectivity and vertical wind are neglected. We simulate the
effect of such a negative correlation between reflectivity and vertical wind using an
ensemble of 100 realizations of the sedimentation–evaporation model with a range
of updraughts and downdraughts. A constant vertical-wind standard deviation σw =
0.6 m s−1 is used, which is representative of turbulence in relatively deep cloud-topped
MBLs. Observations from the MMCR suggest that in time-scales less than an hour,
the standard deviation of the radar reflectivity is approximately 5–10 dBZ. The model
size distributions are initialized to give an ensemble of parcels with these statistical
properties. We also assume that the updraughts/downdraughts are coherent through the
depth of the sub-cloud layer. Using these ensembles, the approximate overestimate of
r depends upon the magnitude of r , decreasing as r increases, with errors of 30, 15
and 5% for r = 40, 55 and 75 µm, respectively. These overestimates in r propagate to
overestimates in RCB of 67, 35 and 12%, respectively, and corresponding underestimates
of Rsfc of a similar magnitude. These errors, while non-negligible, are somewhat lower
than the uncertainties associated with the C-band calibration (see appendix A).

APPENDIX D
DERIVATION OF AN EXPRESSION FOR b

We define u = log ND and v = log r to be normally distributed with standard
deviations σu = log ND and σv = σlog r , respectively. We wish to find the least-squares
optimal value of the exponent b in the relationship ZCB = aRb

CB, where log(ZCB) =
u + β1v and log(RCB) = u + β2v, from (14) and (15). Taking the logarithm of the Z–R
relationship with log(ZCB) as the independent variable as in (2), the optimal value of b
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is given by (e.g. Press et al. 1992):

b = 1

rlog Z log R

σlog Z

σlog R

= 1

rlog Z log R

σ(u+β1v)

σ(u+β2v)

= 1

rlog Z log R

{
σ 2

u + β2
1σ 2

v + 2β1σuσvrlog ND log r

σ 2
u + β2

2σ 2
v + 2β2σuσvrlog ND log r

} 1
2

,

which results in the expression given in (16).
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