How well do operational models represent drizzle and light rain
when compared with radar and lidar observations?
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ABSTRACT

Both climate and operational forecast models have difficulty representing the drizzle process, which is
crucial in simulating stratocumulus and predicting their persistence and break-up. In this paper we use
eighteen months of ground-based radar, lidar and disdrometer observations to derive statistics of the liquid
water flux (i.e. precipitation rate) at cloud-base and at the ground for four operational forecast models.
Occasions when there is any precipitation flux at the freezing level are excluded from the analysis, and
only clouds warmer than 0°C and less than 1.5 km deep are included. Although the PDF's of modeled and
observed liquid water paths are broadly similar, the four models all produce light drizzle (< 0.1 mm hr—1!)
at cloud-base much too frequently, and too much of this light drizzle reaches the ground. This is especially
true for the ECMWF and Météo France models where most rainrates down to 0.001 mm hr—! at cloud-base
survive the journey to the ground. The Met Office model assumes an exponential drop size spectrum for the
precipitation so at these low rainrates the small drops evaporate before reaching the ground. However, for
rain rates of 0.03 to 1 mm hr~! the evaporation rate is still too low; we suggest that their assumed Marshall-
Palmer size distribution leads to drizzle drops which are too large. Observations suggest that in drizzle the
intercept parameter of an exponential distribution, Ny, is not constant but varies with the median volume
diameter, Do, as Do~%, where k is typically in the range 1.5 — 2. We propose a more appropriate power
law relationship between liquid water flux (LWF) in kg m~2 s~! and Dy in m: LWF = 5.37 x 103 D250,
suitable for drizzle drops with diameters from 80 pm to 1 mm. This result is explained physically in terms

of number flux density.

1. Introduction

Stratocumulus clouds cover a large fraction of the
Earth’s surface (Hartmann et al., 1992) and have a
strong influence on the radiation budget of the Earth
and hence climate (Ramanathan et al., 1989; Harri-
son et al., 1990). Climate models display significant
errors in the climatology of stratocumulus (Jakob,
1999; Webb et al., 2001; Jakob, 2003).

The presence of drizzle can alter the numerous
feedback mechanisms that are involved in the con-
tinual generation of stratocumulus such as the en-
trainment rate, heat fluxes and water budgets (e.g.
Caldwell et al., 2005; Wood and Bretherton, 2004).
For instance, the evaporation of drizzle below cloud
causes cooling which can lead to decoupling (Nicholls,
1984; Albrecht et al., 1995). Drizzle drops inter-
spersed within the cloud can change the cloud droplet
spectra and alter the cloud optical properties (Fein-
gold et al., 1996, 1997). This has an impact on ra-
diative fluxes (Hudson and Yum, 2001) and, in turn,
processes in the boundary layer that generate stra-
tocumulus, such as turbulence and vertical redistribu-
tion of heat and moisture (Driedonks and Duynkerke,
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1989; Paluch and Lenschow, 1991; Feingold et al.,
1996).

All these processes occur on small scales and
hence are difficult to parametrize in numerical mod-
els (Wood, 2005). Indeed, the same precipitation
scheme is used to represent both drizzle or rain pro-
duced by collision and coalescence, and rain aris-
ing from melting ice, even though the size distri-
butions may be markedly different. Since drizzle is
present in a significant proportion of stratocumulus
clouds (Stephens et al., 2002; Fox and Illingworth,
1997; O’Connor, 2003), an accurate representation of
the drizzle process in numerical models is of inter-
est. The inclusion of this process in models is not
straightforward though, because the patchy nature
of drizzle (van Zanten et al., 2005; Comstock et al.,
2004) means that the process is not explicitly resolved
at typical current operational model resolutions and
has to be parametrized. Since the relationship be-
tween cloud water and any precipitation is expected
to be non-linear, large biases in the modeled drizzle
rate can be introduced if derived using grid-box-mean
values (Pincus and Klein, 2000). In the precipitation
schemes of current operational models, a simple esti-
mate of the subgrid-scale variability is made through
the use of the cloud fraction variable, which describes
the proportion of a grid box filled with cloud. The



grid-box-mean cloud liquid water content is redis-
tributed to occupy the cloudy fraction of the grid-box
and the liquid water flux is then calculated from this
in-cloud value.

In this paper the representation of drizzle and
light rain in four operational forecast models is evalu-
ated. We use a combination of radar and lidar obser-
vations of liquid water flux and drop size (O’Connor
et al., 2005), cloud liquid water path from microwave
radiometer and surface precipitation rates and drop
size from disdrometer. In our analysis we consider
only occasions when warm rain processes are oper-
ating and specifically exclude the influence of the
ice phase or any times when there is vigorous con-
vection. This is achieved by excluding all observa-
tions and model representations when there is any
precipitation flux at the freezing level so that only
warm clouds remain; vigorous convective clouds are
excluded by considering only those clouds less than
1.5 km deep. Liquid water fluxes (precipitation rates)
at cloud base and the ground can easily be extracted
from the model analysis. We examine the liquid wa-
ter flux just below cloud base to isolate the precip-
itation generation terms (accretion and autoconver-
sion) from the evaporation term, which can be es-
timated by comparing cloud base fluxes with those
at the ground. For the observations, cloud base is
estimated to within 30 m using vertically pointing
lidar, which is straightforward (apart from certain
multi-layered situations), and the precipitation rate
just below cloud base is derived from the 60 m res-
olution reflectivity profile using a vertically pointing
cloud radar. Rain rates at the ground are measured
directly with disdrometers. All these observations are
available with 30 second resolution, but they are also
averaged over the grid box appropriate to the various
models considered as described below.

Modeled and observed values represent mean val-
ues in spatial volumes on very different scales; the
range of model grid-box volumes in this study are
on the order of 40 — 1000 km®, whereas the 30-
second, 60-m measurement volume is approximately
0.0004 km?® assuming a 20 m beamwidth and that,
for a 10 m s™! horizontal wind, 30 s is equivalent to
300 m. For comparison with model grid box values we
average the high resolution point observations (Mace
et al., 1998; Hogan and Illingworth, 2001) in time
and height to match the horizontal and vertical grid
spacing of each, although we are aware of the imper-
fection in this approach (as discussed by Jakob et al.,
2004). We use the known horizontal grid box size
and model wind speed at each height to calculate the
averaging time for the observations in the same man-
ner as [lingworth et al. (2007). To make sure that a
representative sample of observations is obtained, the

averaging time is limited to a minimum of 10 minutes
and a maximum of 1 hour. The resulting averaging
time equates to the time taken to advect the air hor-
izontally a distance equivalent to the horizontal size
of a model gridbox and assumes that, in the mid-
latitudes, the statistics of the observed variability are
primarily due to advection over the site rather than
in-situ evolution and should provide the same statis-
tics as would be obtained from a set of instantaneous
spatial observations from around the site (Mace et al.,
1998; Hogan and Illingworth, 2001; Illingworth et al.,
2007). However, care must be taken when proposing
a new model parametrization of a non-linear relation-
ship between precipitation flux and cloud liquid water
content that is based on such a comparison (Pincus
and Klein, 2000).

A brief description of the precipitation processes
in each model is given in section 2. In section 3, the
retrieval of observed cloud and precipitation prop-
erties by various complementary methods is out-
lined, and the method of comparing these observa-
tions with the corresponding model parameters is
then explained. In section 4 we compare the PDF
of modeled precipitation fluxes at cloud base and at
the ground over eighteen months and compare them
with the observed fluxes at both the original 'raw’ 30
seconds resolution, and also when averaged over the
model grid box. In section 5 we present the statis-
tics of observed liquid water flux and drop size and
in section 6 demonstrate that the observed relation-
ship between these two variables is consistent with
a physically-based simple scaling analysis based on
constant number flux density.

2. Model precipitation schemes

In this paper we compare eighteen months of
statistics of the representation of precipitation falling
from warm clouds less than 1.5 km deep in four op-
erational models: the European Centre for Medium-
Range Weather Forecasts (ECMWF) global model,
the Met Office global and mesoscale models, and the
Météo France ARPEGE model. The horizontal and
vertical resolutions, together with the forecast lead
times, for the versions of the model used in this study,
are summarized in Table 1. These models typically
hold in each grid box a prognostic cloud liquid wa-
ter variable, or prognostic water vapour variable from
which the condensed cloud liquid water can be diag-
nosed, which can then be acted on by various source
and sink terms relating to condensation and precipi-
tation.

There are three transfer terms within the typical
precipitation scheme that involve the warm rain pro-
cess; autoconversion of liquid water to rain, accretion
of liquid water droplets by rain, and evaporation of



TABLE 1: Summary of the four models evaluated in this paper.

Model Horizontal Vertical Forecast lead
resolution (km)  levels  time (hours)
Met Office global 60 38 024
Met Office mesoscale 12 38 6-11
ECMWF 40 70 12-35
Météo France ARPEGE 23 41 12-35

rain. The autoconversion term represents the process
by which cloud droplets initially combine through co-
alescence and collection but is poorly characterised
from observations. This term is usually dependent
on the model grid-box cloud liquid water content and
there may also be a threshold cloud liquid water con-
tent, cloud liquid water path or cloud droplet size
below which this term is set to zero. The accre-
tion term describes the collection of cloud droplets
by falling rain or drizzle drops, while the evaporation
of rain or drizzle takes place in the subsaturated air
below cloud base. In the Met Office model, the accre-
tion and evaporation rates are determined by the fall
speed of the drops and therefore, these rates can be
obtained by integrating across an assumed drop size
distribution of the rain or drizzle. However, for sim-
plicity and speed, the other two models derive these
rates merely in terms of the precipitating liquid water
content.

a. Met Office climate and forecasting models

The current large-scale cloud and precipitation
scheme in the Met Office Unified Model was described
in detail by Wilson and Ballard (1999) and is appli-
cable to both the mesoscale and global versions of the
model. In summary, the model holds a prognostic to-
tal water content variable (vapour plus liquid) from
which cloud fraction and cloud liquid water content
are diagnosed using the Smith (1990) scheme. The to-
tal water content has a triangular distribution with a
width determined by a critical relative humidity value
that describes the expected sub-gridscale variability.
Various precipitation processes can then act on the
total water variable.

For this model the autoconversion term is based
on the formulation of Tripoli and Cotton (1980), and
the rate of production of rain mixing ratio, ¢., has
the form,

dg:
i (1)
where K is a rate coefficient, ¢ is the cloud liquid wa-
ter mixing ratio, IV, is the the cloud droplet number
concentration. Although (1) is in prognostic form,
all precipitation produced is assumed to fall to the
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surface in one model time step.

The value of N, is currently a prescribed quan-
tity, 1.5 x 108 m~—2 for marine, and 6 x 108 m~3, for
continental situations. There is also a critical cloud
droplet size, 7 pm, below which the autoconversion
term is set to zero and autoconversion will not deplete
liquid water below the corresponding minimum lig-
uid water content (0.9 g m™* over land and 0.2 g m ™3
over the sea) required to satisfy this critical droplet
size.

Raindrops are taken to be spherical with a size
distribution given by Marshall and Palmer (1948):

n(D) = Nyexp(—AD) = Ny exp <%7D) , (2)
0
where Ny = 8.0 x 106 m™*, D, is the median volume
diameter and A is the slope of the exponential distri-
bution. Both the accretion rate and the evaporation
rate depend on the size and velocity of each falling
drop. The accretion term has the form

dq.  Tpga
dt 4 ®)

where p is the air density and v(D) is the terminal
fall speed of the raindrop. The fall speed relation-
ship is expressed as a power law (Sachidananda and
Zrni¢, 1986), with a correction factor for air density
(Pruppacher and Klett, 1978), so that the accretion
and evaporation transfer terms are simple to inte-
grate over the raindrop size distribution.

D*v(D),

b. ECMWF model

The representation of clouds in the global forecast
model of the European Centre for Medium-Range
Weather Forecasts (ECMWF) was described in de-
tail by Tiedtke (1993). The model has prognostic
cloud fraction and cloud water content, while the ice
to liquid ratio is diagnosed from temperature, with di-
agnostic equations for precipitation. The generation
of precipitation is parametrized following Sundqvist
(1978):

dq.

2
- _ G
dt n KQCI (1 P [ (qcl,crit> ‘|> ’ (4)




where ¢, is the cloud liquid water mixing ratio, K is
a rate coefficient and there is a critical value gq crit,
set to 3 x 107*kg kg~'. Here, rain is again diagnos-
tic and falls to the ground within one timestep. This
expression includes both autoconversion and accre-
tion terms in the determination of K and is linear for
large g.. The parameters K and g it are both set to
values based on tuning. There is no explicit size dis-
tribution. The evaporation of precipitation is based
on the scheme described in Kessler (1969) and only
takes place when the gridbox-mean relative humidity
is below a threshold value.

c. Météo France ARPEGE model

The representation of clouds in the Météo
France global forecast model ARPEGE was
described in detail by Ducrocq and Bougeault
(1995). The ARPEGE model cloud and precipitation
schemes are fully diagnostic, with cloud fraction diag-
nosed following Xu and Randall (1996). The genera-
tion of precipitation at each level is calculated from
the water in excess of the local saturation specific
humidity. There are no explicit size distributions or
expressions for autoconversion and accretion. The
evaporation of precipitation is based on the scheme
described in Kessler (1969).

d. Operational forecasts

The models are run operationally on a daily, or
more frequent, basis, producing forecasts out to at
least 36 hours ahead, and hourly profiles (every three
hours for the Met Office global model) of model vari-
ables over each Cloudnet site were archived as part
of the Cloudnet project (Illingworth et al., 2007).

The forecast hours selected from each model are
shown in Table 1 and depend on the profiles avail-
able and the number of model runs per day. The
global versions of the Met Office model and the Météo
France ARPEGE are run every 12 hours but only one
model run per day is currently selected; the ECMWF
global model is run every 24 hours. The Met Office
mesoscale model is run every 6 hours and the fore-
casts between 6 and 11 hours for each of the four runs
a day are concatenated to provide a 24 hour segment
of model data for each day.

The models hold values of liquid water mixing ra-
tio in each grid box which are converted to liquid wa-
ter content (LWC) using the model temperature and
pressure. Values of liquid water flux (LWF) are held
for the lower surface of each grid box in the vertical;
it was necessary to run the precipitation scheme of-
fline to obtain these values for the Met Office models.
Drop size for the Met Office models is a diagnostic pa-
rameter calculated from LWF, but is not available for
the other models.

3. Observations

The observations presented in this paper were ob-
tained during Cloudnet (Illingworth et al., 2007), a
FEuropean project to evaluate the representation of
clouds in several operational models using ground-
based remote sensing data. In this project, data
from the core instruments at each Cloudnet site, a
Doppler cloud radar, a lidar, microwave radiometers
and a raingauge, are combined into a single dataset
on a common grid (Hogan and O’Connor, 2006), with
a typical resolution of 30 s and 60 m for the radar
and lidar data. This preprocessing greatly assists the
subsequent derivation of the microphysical quantities
such as liquid water content and liquid water flux.

In this paper, we use observations from the re-
mote sensing site at Chilbolton in southern England
(51.1445 N, 358.563 E), which include data from the
94-GHz Galileo cloud radar and a Vaisala CT75K
lidar ceilometer. We now outline how the microphys-
ical quantities of interest are derived from the ob-
servations, and then, the method of comparing the
observed quantities with the model values.

a. Precipitation rates at cloud base

Cloud base is diagnosed by the sudden increase
in lidar backscatter (e.g. Hogan and Illingworth,
2001), and the precipitation rate is estimated from
the radar reflectivity using an empirical relationship
of the form:

LWF = 9.3 x 107°% Z°%, (5)
where liquid water flux (LWF) is in kg m~2 s~ and
radar reflectivity (Z) in mm® m~3. This relationship
is derived from in situ aircraft measurements of drop
size spectra (O’Connor et al., 2005).

An accurate method of deriving drizzle liquid wa-
ter flux and drizzle droplet size below cloud base
is possible from combined radar and lidar measure-
ments using the technique described in detail by
O’Connor et al. (2005), which uses the different scat-
tering properties of liquid drops at the two instru-
ment wavelengths. Because the radar reflectivity is
proportional to the sixth power of the diameter and
the lidar backscatter signal is approximately propor-
tional to the second power of the diameter, the ratio
of the radar to lidar backscatter power is a very sensi-
tive function of mean size (Intrieri et al., 1993). The
radar reflectivity also depends on the number con-
centration of drops within the sample volume and,
hence, the higher moments of the drizzle drop dis-
tribution, such as drizzle liquid water flux, can be
then derived. However, this technique may only be
applied in the drizzle below cloud base as the lidar
beam is strongly attenuated as soon as it penetrates
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the cloud. Comparisons of LWF values below cloud
base, where both methods can be applied, show that
LWF values obtained from the radar-lidar technique
and from radar alone (5) agree to within a factor of
two.

We use the accurate radar-lidar technique in sec-
tion 5, when estimates of drop size are required, but
otherwise we use the empirical relationship for this
study as it has the advantage that it can be applied
both above and below cloud base.

b. Surface rainrate from disdrometer data

A Distromet Joss-Waldvogel Impact Disdrome-
ter RD-69 (Joss and Waldvogel, 1967) installed at
Chilbolton provided the drop size distribution of rain
reaching the ground presented in this study. The
rainrate was then derived by integrating the drop size
distribution but is often lower than that measured
by conventional raingauges (e.g. Nystuen, 1999). At
Chilbolton there are also three rapid response drop-
counting rain gauges which count water droplets of
known volume as they pass an optical sensor (Nor-
bury and White, 1971; Harden et al., 1978).

The rainrate derived from the disdrometer at
Chilbolton has been compared with the rainrates
measured by the drop-counting rain gauges for more
than one year of continuous data and displays a con-
stant but small underestimate. Therefore, a constant
scaling factor of 1.4 has been applied to the disdrom-
eter rainrate used in this paper so that it agrees with
the drop-counting rain gauges. Any errors associated
with this scaling are assumed to be negligible when
looking at a signal that varies by several orders of
magnitude. We calculate the median volume diame-
ter from the drops encountered within each 30-s time
period to match the temporal resolution of the radar
and lidar.

c. Liquid water path

Multi-wavelength microwave radiometers can pro-
vide routine measurements of the total column lig-
uid water path, LWP, (Hogg et al., 1983; Westwater,
1993; Crewell et al., 2002). These instruments mea-
sure brightness temperatures at two (and sometimes
more) microwave frequencies from which the LWP
and vapour water path can be retrieved using a suit-
able microwave absorption model.

The method used in this paper also includes in-
formation from a lidar in the retrieval. The lidar is
used to check for clear sky periods and the retrieval
coefficients are adjusted so that the retrieved LWP
is zero during each clear sky period (Gaussiat et al.,
2007).

4. The comparison of models and observations

We first present a case study for a single day to il-
lustrate the typical features of observed and modeled
light precipitation and highlight some of the major
differences between the observed and modeled values.
However, we cannot attribute these differences defini-
tively to errors in the model precipitation schemes us-
ing only one day of comparisons as this requires that
the model forecasts were perfect in all other senses
on this particular day. Additional potential sources
of error include poor forecasts of the large-scale syn-
optic fields, such as temperature and humidity, errors
in the model cloud schemes that produce the cloud
liquid water contents, and retrieval errors in the ob-
servations.

A fairer comparison therefore is to evaluate the
statistics of the models, where it is assumed that the
influence of other sources of error are reduced, and
that over eighteen months the statistics of light pre-
cipitation in the model may be expected to match
the statistics of light precipitation in the observations
over the same period.

a. Case study

A continuous deck of stratocumulus cloud was
present for the whole day over Chilbolton on 10 Oc-
tober 2003. Figure la displays the observed cloud
boundaries together with the observed profiles of lig-
uid water flux, and indicates that cloud cover was
continuous but that the thickness of cloud varied
from 200 m to more than 1 km. In addition, there
was a continuous low flux of precipitation from cloud
base but generally this evaporated, only reaching the
ground from 0430 to 0530 and 1600 to 1700 UTC.
The forecast of the vertical profile of LWC and pre-
cipitation fluxes over Chilbolton are given in Figs. 1b-
e for the four models. All the models have a cloud
layer that persisted for much of the day, although
the ECMWF layer almost dissipated between 1500
and 2000 UTC and the cloud layer in the Met Office
mesoscale model dispersed after 2100 UTC. The val-
ues of LWP observed and held in the models are plot-
ted in Fig. 1f, showing that the model LWP is gener-
ally within the range of the observations, having val-
ues of up to 400 g m~2. As expected, the models do
not capture the fine structure of the observed changes
with time, and, more importantly, fail to simulate any
high LQP values such as those observed between 1600
to 1700 UTC when precipitation reached the surface.
This picture is confirmed by Fig. 1g, which compares
the liquid water fluxes at the ground. Essentially, all
of the precipitation observed at the ground falls in
two bursts, one between 1600 and 1700 UTC with
a peak 30-second rate of almost 1 mm hr~!, and a
second burst between 0430 and 0530 UTC reaching
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Fic. 1: (a) Observed cloud boundaries (contour lines) and liquid water flux (filled contours in kg m~2 s~!) at Chilbolton, and
(b) - (e), the corresponding values for four different operational models for 10 October 2003. Comparisons of (f) the liquid
water path (observations in black dots) and (g) the surface rainrate (observations in black bars) for the four forecast models.



0.1 mm hr~!, in contrast to the persistent precipita-

tion rates at the surface of 0.05 mm hr~! predicted
all day by the models. It is instructive to note that
all four models, and the observations, have a similar
daily mean LWP, and that the mean surface rainrate
for the day is also similar. In summary, the details
of the temporal changes in LWC and precipitation
fluxes vary from model to model, but the general pic-
ture is consistent; for a large proportion of the day
the models produce light precipitation at cloud base
which then falls to the surface with only a small frac-
tion evaporating.

b. Statistics of light precipitation rates over an eigh-
teen month period

The method of extracting suitable profiles is ap-
plied to eighteen months of observations and model
data. The Cloudnet dataset for this period con-
tains approximately 1,000,000 30-s observed profiles
of which a quarter (~ 250,000) satisfy the criteria
that there is no precipitation flux at the freezing level
and that the warm clouds are < 1.5 km deep. On av-
eraging to the model grid-spacing, this results in 700
to 2500 averaged profiles, depending on the model
horizontal grid separation. The corresponding model
datasets contain about 13,000 profiles (~ 4300 pro-
files for the Met Office Global model which outputs
every three hours) of which, again, just over a quar-
ter, 4000, match the criteria (1200 for the Met Office
Global model.)

These long periods of extensive and persistent low
level warm clouds occur about 25% of the time and
their presence is generally well captured by the mod-
els. Fig. 2 confirms that the PDF of the observed
and modelled LWP agree to within 50%. The peak
in the observed distribution is close to 0.1 kg m~—?
and the distribution for the global version of the Met
Office model is in good agreement. The shape of the
PDF for the other models has the same form as the
observations but they tend to underestimate LWP
when gretaer than 0.3 kg m~2. The peak of the dis-
tribution for the mesoscale version of the Met Office
model is shifted below that of the other models. We
conclude that any large overestimate of precipitation
rate at cloud base in any model is unlikely to be at-
tributable to an overestimate of the amount of liquid
water.

Figure 3 shows the probability density of the ob-
served LWF at cloud base (from radar-lidar method
O’Connor et al., 2005), and at the ground (from
disdrometer). The change in the shape of the
PDFs is immediately obvious; the frequency of LWF
< 1075 kg m™2 s7! is dramatically reduced at the
ground, compared to cloud base, whereas for higher
fluxes there is a much smaller change in frequency.
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Fic. 2: Probability density functions of observed and modeled
liquid water path at Chilbolton for the 18 months April 2003
to September 2004. The observed PDF was derived from ob-
servations averaged to the ECMWF model grid-spacing. The
individual PDFs have been offset slightly with respect to each
to other to improve clarity.
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F1G. 3: Probability density function of observed liquid water
flux at cloud base over Chilbolton for the 18 months April
2003 to September 2004. The PDF's were calculated for obser-
vations at the original raw 30-s resolution and for observations
averaged to the ECMWEF model grid-spacing.

The reduction in frequency is a signature of evapo-
ration and, if we assume that LWF is a function of
drop size and not drop number, then this change in
the shape of the PDFs, which is most striking for the
raw observations, can be attributed to the preferen-
tial evaporation of the smaller drops as they fall to
the surface.

The sharp drop-off in the raw LWF values below
107" kg m~2 s7!, or Z = —28 dBZ, is attributable to
the limited radar sensitivity. The effect of averaging
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F1G. 4: Probability density functions of observed and ECMWF
model liquid water flux at cloud base and at the surface at
Chilbolton for the 18 months April 2003 to September 2004.
The observed PDF was derived from observations averaged to
the ECMWF model grid-spacing.

the LWF to a model grid (the ECMWEF model grid
spacing has been chosen here) tends to shift LWF
towards lower values. About 24% of the individual
raw profiles contain LWF > 1077 kg m~2 s! at cloud
base, whereas at the surface the number of raw pro-
files above this threshold falls to less than 3%. After
averaging to the model grid-spacing 24% of the ob-
served profiles contain LWF > 1077 kg m~2 s™! at
cloud base but the number of averaged profiles above
this threshold at the surface is now 7%.

The mean surface precipitation rates for both Met
Office models (4.5 x 107° kg m™2 s7') and Météo
France(2.5 x 107° kg m™2 s7!) agree with the ob-
served precipitation rate (3.5 x 107° kg m™2 g7}
2.5 x 1075 kg m~2 s~! when averaged to a 3-hourly
timestep) to within a factor of two, which is compara-
ble with the expected error in the rainrate measure-
ments. The ECMWF model, however, has a mean
surface precipitation rate almost an order of magni-
tude lower than observed, at 5 x 107% kg m™2 s~ 1.

The probability density of precipitation rates at
cloud base and at the surface are presented in Figs. 4-
7 for each model and for observations averaged to
the appropriate model grid-spacing. The first point
to note is that all models overpredict the frequency
of LWF between 107% and 10™* kg m~2 s~! (approx-
imately 0.003 — 0.3 mm hr~') at both cloud base and
at the surface, even for those models where the mean
precipitation rate at the surface is in agreement. The
second is that the PDF of precipitation rate at the
surface is very different to what is observed.

The ECMWEF model (Fig. 4) produces precipita-
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F1G. 6: Same as Fig. 4 except for the Met Office Mesoscale
model with the observed PDF averaged to the Met Office
Mesoscale model grid-spacing.

tion rates less than 0.1 mm hr~! at cloud base much

more frequently than is observed, and the frequency
at the surface of this range of precipitation rates is
reduced by much less than 50%. The observations
have a quite different character and reveal that for
precipitation rates down to 0.01 and 0.001 mm hr—!
the evaporation is very high, as would be expected
for the smaller droplets in these very low precipita-
tion rates. The Météo France model (Fig. 5) shows a
similar behavior, in that precipitation rates less than
0.1 mm hr~! at cloud base are too frequent, and there
is insufficient evaporation as the drops fall to the sur-
face. These difficulties with the evaporation are prob-
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ably associated with the lack of an implicit change in
drop size with precipitation rate in the ECMWEF and
Météo France models. In contrast to this the two
Met Office models (Figs. 6 and 7) still produce pre-
cipitation rates less than 0.1 mm hr~! too frequently
but there is much more evaporation, and the pro-
portion which evaporates increases as the precipita-
tion rate becomes less. The improved performance
of the Met Office model, especially for lower precipi-
tation rates, is consistent with the use of an explicit
drop spectrum in the model; very low precipitation
rates are associated with smaller sized droplets which
evaporate more rapidly. Although the performance
of the Met Office model is an improvement, Figs. 6
and 7 demonstrate that for precipitation rates above
0.03 mm hr~!, the evaporation rate is still too low. If
the terminal velocity is proportional to the size of the
droplets, then it is easy to show that, for a given sub-
saturation, the survival distance of the drops varies as
the cube of the droplet diameter. In Section 5 we sug-
gest that assumed Marshall-Palmer size spectrum in
the Met Office model implies drop sizes much larger
than those actually observed for these light precipi-
tation rates.

c. Humidity profiles

For a given drop size the survival time below cloud
base is proportional to the subsaturation, so it is pos-
sible that the model relative humidity is much too
high and that this is responsible for the underes-
timate of the amount of evaporation. To examine
this we compare the median relative humidity below
cloud base from each of the four models with the
observed median relative humidity below cloud base
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Fic. 8: Median observed and modeled relative humidity be-
low cloud base at Chilbolton for the 18 months April 2003 to
September 2004.

derived from radiosondes released at Larkhill 25 km
away from Chilbolton. Figure 8 shows that model
grid-boxes only partially filled with cloud (i.e. cloud
fraction less than one) often have relative humidity
values less than 100% at nominal cloud base. The
same is true of radiosonde ascents, which, as a point
measurement, would not always be expected to pass
through a cloud. Figure 8 indicates that any biases
in the models are generally less than 5% and can-
not explain the large discrepancy in the modeled and
observed evaporation rates.

5. Statistics of drizzle drop size spectra

We now present the observed statistics of liquid
water flux versus drizzle drop size at the raw 30-s
resolution. The statistics in Fig. 3 suggest that driz-
zle rates generally decrease rapidly below cloud base
due to evaporation, so that even appreciable drizzle
at cloud base may not reach the surface (Brether-
ton et al., 2004; Wood, 2005). Figures 4 -7 indicate
that this is not captured adequately in models. We
now explore the validity of assuming that drizzle fol-
lows a typical rain size distribution such as that given
by Marshall and Palmer (1948) as used by the Met
Office and by Chen and Cotton (1987).

The Met Office Unified Model precipitation
scheme describes LWF in terms of an explicit size
distribution, which allows a direct comparison with
observations if we assume that the observed drizzle
drop size distribution can be represented by an expo-
nential distribution similar to that in (2). In Fig. 9
the relationship between the observed values of the
median volume diameter, Dy, and the observed LWF
is shown together with the same relationship for the
model. LWF in the model is calculated using the
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F1G. 9: Scatter plot of the observations (points) at the raw 30-
s resolution and Met Office mesoscale model values (solid line)
for median volume diameter versus maximum liquid water flux
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servations are shown in black and include all rain recorded in
the period, radar/lidar observations in grey. Superimposed is
the least-squares fit using linear piecewise-means to the obser-
vations (dashed).

size distribution given in (2) so that, although there
is some slight variation in fall speed due to air den-
sity, all points fall on the same line. The observed
values of D, below about 0.5 mm are derived from
radar and lidar data, while larger sizes are measured
by the disdrometer. Note that observed values of D
derived from radar and lidar data are only available
below cloud base.

The observed values derived from both disdrom-
eter and radar-lidar show consistency and have the
same relative spread for a given value of LWF; a
consequence of the variability in the drizzle droplet
number concentration. The least-squares fit to the
piecewise-means of the observations is significantly
different to the model relationship and illustrates that
the model precipitation scheme is clearly overestimat-
ing the drop size for Dy < 0.5 mm.

Previous findings have relaxed the assumption of
a constant Ny in model relationships. The formula
given by Thompson et al. (2004) utilised lower- and
upper-intercept limits with a gradual transition from
one to the other across the range of sizes correspond-
ing to drizzle. This was chosen to simulate the lower
terminal fall velocities of drizzle before returning to
a Marshall-Palmer value for the upper-intercept limit
at larger sizes. The effect of averaging the observed
spectra to model grids, however, is uncertain and any
parametrization must take into account the issue of
sub-grid-scale variability.
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30-s observations in Fig. 9 (denoted 'Observed - linear fit’),
the relationship derived from a simple scaling analysis ("The-
ory’) assuming number flux density is constant as described in
section 6, and two model relationships (see text).

6. Investigating the relationship between driz-
zle rate and drizzle drop size

The Met Office scheme assumes that both rain
and drizzle size distributions have the same constant
value of the N, parameter in (2) leading to the solid
line in Fig. 9 and a relationship between LWF and
D, of the form

LWF = 5.52 x 10'° Dy*°". (6)

However, the best fit to the observed data points is

(7)

This suggests that the assumption of constant Ny is
not appropriate for drizzle. In this section we derive a
more appropriate relationship for drizzle and explain
it physically.

LWF = 5.37 x 10° Dy2*°.

a. The variation of the intercept parameter with the
median volume diameter

An adjustment of the model LWF calculation so
that it agrees with the fit to the observations in Fig. 9
can be achieved in a simple manner by making the
N, parameter vary as function of Dy. To do this we
first define LWF as

pm [

LWF = n(D)D*v(D)dD, (8)

0
where p; is the density of liquid water, n(D) dD is the
number concentration of water droplets with diame-
ters between D and D+ dD and v(D) is the terminal
velocity of individual water drops. It is assumed that



n(D) is represented by (2), except with N is a func-
tion of Dy, and that v(D) follows a power law

v(D) = D, 9)

where e is a constant and f may vary from 0.5 for
large drops to 2 for small droplets in the Stokes
regime. An appropriate value for drizzle drops in
the range 80 um < D < 1mm is f =1 (e.g. Rogers
and Yau, 1989); the Met Office scheme uses f = 0.67,
more suitable for larger raindrops. Integration of (8)
over all drop sizes with N, constant gives

prel (44 f)
6 3.674f

where I' denotes the gamma function and the factor
3.67 arises from the exponent in (2).

Assuming a power law relationship Ny oc Dy*, in-
tegration of (8) gives

LWF = NO D04+f,

(10)

LWF = CI,DO(4+f+k) = CIDO2'5O7 (11)

where a is the prefactor in (7) and leads to

NO = CD()7(1'5+f)7 (12)

where the prefactor ¢ varies slightly with the choice
of f. If f = 1, reasonable for drizzle drops, then
¢ = 0.73, whereas if f = 0.67, as in the Met Office
scheme, then ¢ = 0.77.

b. FExplaining the intercept parameter variations in
terms of number flux density

The result given in (12) indicates that there is
some moment of the distribution which remains con-
stant. Once drops reach a diameter of 60 ym the
dominant mode of growth is by collision and coales-
cence (e.g. Rogers and Yau, 1989). If we assume
a steady-state profile of LWF then we might expect
the number of drizzle drops, once generated, to re-
main constant over the time it takes a drop to fall.
As the drops fall they increase in size through colli-
sion and coalescence but are also falling faster. If the
falling drops do not collide with other falling drops,
only cloud droplets, then the number flux density is
constant. With this assumption we can write

/n(D)v(D)dD =c, (13)
where the constant c is fixed, and we can then inte-
grate over all drop sizes in the same manner as (10);

el'(1+f)
3.670+5H

and obtain the result

NoD{"™) = ¢ (14)

Ny o< Dy 0, (15)

This is in reasonable agreement with the observations
(11) and the deviation of the observed exponent by
0.5 from the theoretical value indicates that the ob-
served number flux density decreases as the drops
grow. This suggests that the number concentration
of drizzle drops is high enough that capture of smaller
falling drops by larger ones occurs in significant num-
bers. The full expression given by Beard (1976) can
be used to represent v(D), which is also displayed in
Fig. 10 as the line 'Theory’. This line and the lin-
ear fit are not significantly different over the range of
relevant drop sizes.

A similar analysis (and suggested improvement)
cannot be performed for the ECMWF and Météo
France models since they do not describe the liquid
water flux in terms of an explicit size distribution.

7. Conclusion

An analysis has been carried out of precipitation
rates at cloud base and at the surface over a period
of 18 months for occasions when there was no precip-
itation flux at the freezing level but warm clouds less
than 1.5 km deep were present. Precipitation rates at
cloud base and the surface were observed every 30 sec-
onds and then compared with the precipitation rates
held in four operational forecasting models. Over one
million observations and 4,000 hours of model data
fulfilled the criterion. The PDF of the modelled and
observed values of liquid water path were similar, as
were the cloud bases and tops, indicating that model
liquid water contents were reasonably accurate. How-
ever, the models produced light precipitation rates,
< 0.1 mm hr~!, at cloud base much more frequently
than was observed, and, in addition, these light pre-
cipitation rates survived the journey to the ground
far more frequently than observed. The average pre-
cipitation rates for the model and observations were
in general agreement, but this was because the ob-
servations showed occasional bursts of heavier rain
which were not simulated by the models. The un-
derestimate of the sub-cloud evaporation was most
marked with the ECMWF and Météo France models,
especially at the lighter precipitation rates, and we
suggest that this is because the evaporation schemes
in these models have no implied drop size spectra.
The Met Office model was able to capture the evap-
oration of the very light precipitation rates below
0.03 mm hr=! and we believe this is because it has
an implicit Marshall-Palmer drop size distribution so
that these very low precipitation rates had very small
drops which could evaporate more quickly. However,
for precipitation rates in the range 0.03 to 1 mm hr=!
the evaporation in the Met Office model was still too
low and this may be because the assumed Marshall-
Palmer drop size spectrum leads to drops which are



larger than those observed. We propose that at these
low precipitation rates it would be more appropriate
to have a drop spectrum with a larger concentration
and smaller drops than currently assumed.
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