6.3.4. Model Evaluation using Cloudnet observations (WP4)

This section describes the numerous ways that the Cloudnet observations have been used to evauate the
representation of cloud in the seven forecast model in the project. The work has been divided into 10
breakthroughs, which are summarised as follows:

1

10.

Evaluation of model cloud fraction. Cloud fraction is the primary cloud variable in models requiring
evaluation. We have compared the long-term statistics of cloud fraction derived from the observations
with the corresponding statistics held in each of the models (in particular the mean, frequency of
occurrence, mean amount when present and the probability density function) to identify the errorsin the
climatology of each model.

Evaluation of modé liquid water content (LWC) and supercooled water occurrence. The long-term
statistics of LWC have been compared with the models, which has highlighted the errors in the vertical
distribution of liquid, particularly at temperatures below 0°C where there is alarge divergence in the way
supercooled water is treated between models.

Evaluation of model ice water content (IWC) using the reflectivity-temperature and RadOn
algorithms. Long-term statistics of IWC have been compared with models using two different radar
algorithms, the first time IWC has been evaluated in such a comprehensive manner.

High cloud sampling. A problem with evaluating the model cloud fraction above around 8 km is that
the radar can have difficulty detecting the small ice particles at this atitude. A sensitive lidar (e.g. the
LNA at SIRTA) can detect these clouds but only in the absence of low liquid cloud that would block the
beam. Statistical studies have estimated the optical depths of the clouds that are missed by the radar and
show how careful lidar sampling can allow the high cloud in the model to be evaluated.

Cloud area versus volume and cloud inhomogeneity. The sub-grid structure of clouds is important for
their radiative properties. The observations have been used to characterise the relationship between
model-simulated cloud fraction by volume and the radiatively important cloud fraction by area. The sub-
grid inhomogeneity of ice clouds have also been characterised using cloud radar.

Regime analysis. It can be difficult to diagnose what is responsible for the errors uncovered in the
representation of clouds in models, but an approach has been developed in which the comparison
statistics are decomposed by synoptic regime. This reveals, for example, that the ECMWF overestimate
of low-level cloud occurs in neutral boundary-layer conditions but less so in the stable boundary layer.
Skill scores. The comparisons above all evaluate the model climatology, but pay no attention to whether
the clouds are forecast at the right time. Skill scores have been used to quantify the skill of the modelsin
simulating clouds as a function of time, height and forecast lead-time. The skill of the “persistence”
forecast is shown for comparison.

Change in the M eteo-France cloud scheme. A change to the Meteo-France cloud fraction scheme was
implemented in April 2003 and resulted in the previously substantial underestimate of cloud cover being
largely corrected according to the Cloudnet comparisons. Surprisingly, the comparisons with synoptic
observations of cloud cover showed a worsening of performance. However, this was found to be due to
the additional change in the cloud overlap scheme, highlighting the need to get both cloud fraction and
overlap right in models.

Changes in the Met Office cloud scheme. Various changes to the representation of clouds in the Met
Office model have been tested using Cloudnet data, and we describe the results of changing the
representation of mixed-phase clouds and the value of RHcrit, the grid-box-mean relative humidity at
which cloud isfirst formed.

Effective radius parameterization implementation in RACMO. Analysis of Cloudnet radar-lidar
retrievals of ice particle effective radius have shown that rather than parameterizing it as a function of
temperature (as is ubiquitous in climate models), a better approach would be to parameterize it as a
function of distance from cloud top. This has now been implemented in the RACMO model.
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1. Evaluation of model cloud fraction

R. J. Hogan, E. J. O’Connor (University of Reading)

The large quantity of near-continuous data from the three Cloudnet sites enables us to make categorical
statements about the cloud fraction climatology of each of the models, much more than was possible
previously from limited and unrepresentative case studies. Cloud fraction has been derived from the Target
Categorization dataset, and calculated on the grid of each of the various models. For each model we have
followed Hogan et a.’s (2001) ECMWF-only study, and compared mean cloud fraction, frequency that
cloud fraction is greater than 0.05 (“frequency of occurrence”), mean cloud fraction when it is greater than
0.05 (“amount when present”) and cloud fraction PDFs. Full monthly and yearly comparisons are available
for each model/observatory on the Cloudnet web site’. Here the main results are summarised. Due to the
problem of radar sampling of high clouds, little will be said about the model performance above 8 km,
although thisisresolved in Breakthrough 4.

ECMWF model. Cabauw observations from 2001-2002 revea that an overestimate of the frequency of
occurrence of low cloud (by around 50%) led to an overestimate of the mean cloud fraction in the boundary
layer. Since 2003 all Cloudnet sites show that this problem has been resolved, and now the mean cloud
fraction, frequency of occurrence and mean amount when present are accurate (see Fig. 1.1). Generally the
mid-level cloud fraction forecast is somewhat improved if model snow treated as cloud (shown by the
dashed linein Fig. 1.1). Thiswas aso found by Hogan et al. (2001).

Met Office mesoscale model. Frequency of cloud occurrence is very well represented below around 5 km,
with somewhat of an underestimate above. Mean amount when present, however, is around 60-80% of the
observed value between 1 and 8 km leading to an underestimate of overall mean cloud fraction below around
6 km. The problem appears entirely due to the inability of the model to represent the occurrence of
completely cloudy gridboxes, shownin Figure 1.2.

Met Office global model. Below 2 km the mean amount when present is very accurate although frequency
of occurrence (and hence overall mean cloud fraction) is underestimated by up to a factor of 2. To some
extent thisis due to the fact that, in the observations, the longer sampling time necessary to sample the larger
gridbox size than in the mesoscale model means that a given box is more likely to contain cloud; essentialy
larger gridboxes have cloud fraction PDFs with fewer occurrences of 0 and 1. This effect is missing from the
model due to its lack of a resolution-dependence in the cloud scheme. Above 2 km the performance is much
as in the mesoscale model, with errors dominated by the difficulty in generating a cloud fraction of 1.

M eteo-France ARPEGE model. The performance of this model is described in detail in Breakthrough 8.
SMHI RCA model. Below 2 km the amount when present is reasonably good, but both frequency of
occurrence and mean cloud fraction tend to be around 50-60% too high (Figure 1.3). The model agrees
approximately with the observations between 2-3 km, but above 3 km frequency of occurrence is
increasingly overestimated by up to 50-100% at 7 km. Amount when present is underestimated by 25-30% in
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mid-levels but is good at high levels. This leads to a substantial overestimate of mean cloud fraction.
Deutsche Wetterdienst (DWD) model. The comparisons at each observatory reveal that the model cloud
fraction climatology is largely correct, although at mid-levels the accurate mean cloud fraction belies around
a 20% overestimate of the frequency of cloud but a 20% underestimate of amount when present.

2. Evaluation of model liquid water content and supercooled liquid occurrence

E. J. O'Connor, R. J. Hogan (University of Reading)

Liquid water content (LWC) has been estimated from the observations using the scaled adiabatic method,
whereby the Target Categorization from the radar and lidar diagnoses which pixelsin each profile are liquid,
from which an adiabatic LWC profile is calculated. This profile is then scaled to match the liquid water path
derived by microwave radiometer. Although stratocumulus LWC can often deviate from adiabatic, these
clouds are typicaly thin so errors in attribution of liquid water with height would typically only be of the
order of 200 m, much less than the model errors that have been uncovered. As before, a complete set of
monthly and yearly comparisons are available on the Cloudnet web site.

Of all the models, the Met Office mesoscale generally agrees closest with the LWC observations, while a
number of errors are evident in the other models. Figure 2.1a evaluates model PDFs of LWC in the lowest 3
km, and it can be seen that ECMWF (which has prognostic cloud water content) tends to overestimate the
spread of LWC values while Meteo-France (which diagnoses water content from humidity) tends to have too
narrow a distribution. The RACMO model largely shares its cloud scheme with ECMWF, and consequently
its LWC errors are rather similar (not shown).
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Figure 2.1. (a) PDFs of low-level LWC from the 2004 Chilbolton observations (blue) and the ECMWF
model (red, top) and Meteo-France model (red, bottom); (b) Mean LWC and frequency of occurrence of
LWC>10"° g m™ for the Meteo-France forecasts; (c) Fraction of cloud in each 5<C layer that contain a layer
of supercooled liquid water at Chilbolton with an optical depth greater than 0.7.
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Due to a historic lack of good observations, the models differ substantially in their treatment of mixed-phase
clouds, and all except the Met Office and DWD simply diagnose the ice/liquid ratio from temperature alone.
As aresult there are substantial discrepancies in the vertical profile of LWC, which is important as it has
been shown that the radiative properties of a cloud with a certain water content differs substantially
depending on whether the water isin the ice or liquid phase. Figure 2.1b shows that the M eteo-France model
underestimates the mean LWC of boundary-layer clouds, but appears to overestimate the occurrence of
supercooled liquid water clouds above the boundary layer. To investigate this further, a year of radar and
lidar data from Chilbolton were analysed in detail, focussing on periods when the lidar (which is especially
sensitive to small liquid droplets) was unobscured by low cloud and hence could unambiguously identify
when supercooled liquid cloud was and was not present. The result is shown in Fig. 2.1c (from Hogan et al.
2003), depicting the fraction of al clouds observed by the radar that contained a layer of liquid water
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according to the lidar. Aswould be expected, the occurrence is seen to decrease to essentially zero at —40°C,
but neither the Met Office (which has independent prognostic variables for ice and liquid) nor ECMWF
(prognostic cloud water content with diagnostic ice/liquid fraction) come close to matching the observations.
Thisis addressed in Breakthrough 9.

3. Evaluation of model ice water content

J. Delanog, A. Protat (IPSL), R. J. Hogan (University of Reading)

The Atmospheric Model Intercomparison Project (AMIP) has highlighted the worrying order-of-magnitude
spread in mean cloud water content between different climate models, despite them all being constrained by
observed top-of-atmosphere fluxes. Ice clouds represent the largest uncertainty as there are currently no
reliable global observations of ice water content (IWC). In Cloudnet three techniques have been devel oped to
retrieve IWC, supplementing the radar reflectivity by either lidar backscatter (Donovan 2003, Tinel et al.
2005), Doppler velocity (the radar-only “RadOn” method; Delanoe et al. 2005) or temperature (Hogan et al.
2006). While the radar-lidar method is expected to be the most accurate, the attenuation of the lidar signal
means that it is only applicable to around 10% of the ice clouds over the Cloudnet sites. Comparisons
between the methods indicate a substantial degree of scatter, although for the higher values of IWC they
report approximately the same long-term mean values.

We therefore use the RadOn and radar-temperature methods for long-term evaluation of models. Care has
been taken to ensure that periods with rain at the surface have been excluded from the analysis, as on such
occasions the radar tends to be significantly attenuated by the melting layer, the rain drops and a layer of
water on the radar itself. Hence the comparisons that follow are predominantly of non-precipitating ice
clouds, but note that the radar-temperature method has been applied to precipitating ice clouds using alonger
wavelength radar (Hogan et al. 2006).
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Figure 3.1 (right four panels) PDFs of IWC from four of the models and from the RadOn algorithm, at three
height ranges over all three Cloudnet sites; (left two panels) mean IWC and frequency of IWC > 10° g m®
for the Met Office mesoscale model and the reflectivity-temperature algorithm.

The left four panes of Fig 3.1 compare observed RadOn PDFs of IWC with four of the modelsin three height
ranges. It can be seen that between 3 and 8 km, where the comparisons are likely to be most robust, the Met
Office mesoscale model, ECMWF and RACMO reproduce the distributions with considerable accuracy. As
with liquid water content, the Meteo-France model tends simulate too narrow a distribution of IWC, most
likely because it is the only model of the four that has an entirely diagnostic cloud scheme. In the ranges 0-3
km and 8-12 km, greater deviations from the observations are evident, although it should be noted that above
8 km the comparison is less reliable as there are believed to be a significant fraction of ice clouds above this
atitude that the radar does not detect.
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The right two panels of Fig. 3.1 evaluate the mean IWC and frequency of occurrence for the Met Office
mesoscale model using the radar-temperature method. It can be seen that the mean IWC is remarkably well
predicted, although above 8 km it is necessary to compare the model after modification to remove those
clouds that would not be detected by the radar (red line), rather than the unmodified model (magenta line).
The grey line shows the model including periods of rain, and is similar enough to the magenta line to suggest
that removing rain events has not substantially biased the comparison. Full yearly and monthly plots for the
radar-temperature method are available on the Cloudnet web site.

4. Evaluation of high cloud occurrence
M. Haeffelin, A. Protat, Y. Morille, A. Armstrong, D. Bounioal, J. Pelon (IPSL), R. J. Hogan, E. J. O ’Connor
(University of Reading)

The mean cloud fraction derived from radar and lidar at altitudes above around 8 km is substantially less
than that predicted by al the operational models involved in Cloudnet. There are known problems with the
observations at these altitudes: the small particle size in high cirrus and the distance from the instruments
means that cloud can fall below the sensitivity limit of the radar. Likewise, the lidar observations at these
altitudes are frequently obscured by intervening low cloud and the lidar ceilometers used at most sites are not
sufficiently sensitive to see all the cirrus, especialy during the day when their sensitivity is reduced due to
the elevated sky background. The approach in the Cloudnet model comparisons has been to remove from the
model those high ice cloud that are deemed undetectable by the radar (compare the red and magentalinesin
Figs. 1.1 and 3.1), bringing it into closer agreement with the observations, but meaning that we are unable to
truly evaluate cloud fraction at these atitudes.

To highlight this problem, datafrom SIRTA (which hosts a high sensitivity lidar) have been analysed. Figure
4.1 shows the vertical distribution of clouds for the radar-only and lidar-only observations (solid lines) and
the ECMWF model (dashed lines). The model has been sampled for the periods specifically when each of
the two instruments was operating, but carefully removing the clouds that each instrument is unlikely to
detect due to attenuation or limited sensitivity. It can be seen that the low cloud occurrence is similar, but the
lidar detects substantially more cloud above

10 km than the radar. It should be noted that s B R e
these high clouds are generaly not very L Paiod Gbe

I’adlatlvely ngﬂcant, an analyS|S of 1ol . Radar Period Mode!
ECMWEF cloud dataindicates that for aradar | ™~ . Radar Pariod Obs
sensitivity of —45 dBZ at 1 km, the optical 1ok

depths of the undetected clouds are !

0.02+0.06, and for -55 dBZ are 0.003+0.011 8 :

(an optical depth of 0.025 corresponds to
around 5 W m change in net radiative flux).
This analysis demonstrates the need to

Height {m)

evauate high cloud separately, but 4

unfortunately only the SIRTA site hosted a N

high sensitivity lidar, and even then it only 2 ~

operated during the day.

The most extreme example of cirrus S T s s s v s v s e w
undetectable by radar occurs in the tropics, so Vertical Distribution of Clouds (%)

we use data recorded at the ARM sitein the  Figure 4.1. Vertical distribution of clouds (i.e. mean
island of Nauru (166.9°E, 0.3°S), where  (|oud fraction normalized by the total cloud volume at all
micropulse  lidar data are recorded peights) at SRTA for the observations by radar and lidar
continuously. Considerable effort has been  (gplid lines) and the corresponding estimates from
expended to convert the various ARM data  ECMWEF accounting for radar and lidar sensitivity. The

formats  into  the Cloudnet Target pjack dashed lineis for the model from the entire
Categorization product so that Cloudnet  cjoudnet period.

algorithms can be run directly on it. The

Nauru observations have been used to estimate cloud fraction for comparison with the ECMWF model using
the normal Cloudnet procedure, for October 2003. The results are depicted in the left panel of Fig. 4.2 and
show that mean cloud fraction is reasonably well represented in the model up to an atitude of 10 km. Above
this the model appears to grossly overestimate cloud fraction when compared to the observations, but this
includes periods when the lidar would be unable to detect cloud even if it were present. The usual procedure
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of removing model cloud deemed undetectable by radar (red line) removes amost al the high cirrus,
confirming that we must rely principally on the lidar at this altitude, but that below 10 km the radar is likely
to be sufficiently sensitive that the results are robust.

We next perform the comparison again but include only periods when the lidar is sufficiently sensitive to
detect al high cirrus. All periods during daylight are removed from consideration, as well as periods when
the lidar is strongly attenuated, i.e. when liquid cloud, melting ice or rainfall are detected lower in the profile.
Since this sampling strategy removes all liquid water clouds from the comparison, purely liquid water clouds
are also removed from the model by setting the cloud fraction to zero whenever ice water content is less than
10° g m®. The results in the right panel of Fig. 4.2 show that mean high cloud fraction now appears to be
well captured in the model, but misplaced in atitude by 2 km. Below 10-12 km the procedure of removing
periods of reduced lidar sensitivity will have reduced the sample size significantly so here the comparison of
the left panel should be used instead to indicate biases in the model.
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This supports the need for cloud-observing stations to continuously operate a high sensitivity lidar, rather
than just alidar ceilometer, in order that clouds at all levels can be evaluated.

5. Cloud area versus volume and cloud inhomogeneities

M. E. Brooks (Met Office), R. J. Hogan, A. J. lllingworth (University of Reading)

Cloud fraction is an essential variable needed by models when grid boxes are partialy filled with clouds. It is
always assumed that the fraction of the volume of the grid box (Cv) that is saturated is also the fraction of the
grid box area (Ca) that is cloud covered and controlling the radiative fluxes. The illustration in Fig. 5.1
shows that thisis only true if the clouds have vertically oriented edges, but in general Ca>Cv. A one-year
Chilbolton data set has been analysed to quantify the size of this effect as a function of grid box dimensions
and the results are shown in Fig. 5.2 for grid boxes with a vertical height of 720 m. Clearly, there is no
difference in Ca and Cv for totaly clear or totally cloud grid box, but for a box with the volume half filled
with cloud (Cv=0.5) the horizontaly projected area of cloud is nearly 80%, on average. Analytical
expressions to correct for the underestimate of Ca by Cv as a function of grid box size and wind shear have
been derived from the data (Brooks et al. 2005) and the values of these expressions are also plotted in Fig.
5.2 and can be seen to capture the behaviour well. This correction factor could be easily applied in models.
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Cloud variability on scales smaller than the gridbox size of numerical forecast and climate models is
important in determining the radiative effects of clouds, but is not represented by most current models, which
assume a uniform distribution of water content in the cloudy part of the grid box. Satellite observations have
previously been used to characterize the horizontal variability of liquid water clouds, but there is a need to
characterize the variability of ice clouds. Figure 5.3 shows an inhomogeneous ice cloud observed by the
Chilbolton radar, together with the “fractional variance” of IWC derived from it. The cloud has the greatest
fractional variance at cloud top where the wind shear is low, but the variance rapidly decreases in the higher
shear region lower in the cloud due to the associated horizontal homogenisation. Figure 5.4 shows the
fractional variance derived from 18 months of radar data, as a function of both gridbox size and wind shear.
It can be seen that the variance increases with gridbox size up to a scale of around 50 km, but decreases with
increasing wind shear. Empirical fits to this behaviour have been reported by Hogan and Illingworth (2003),
and are useful for the newer GCM cloud schemes that have the capability to represent sub-grid cloud
variability.

6. Analysis of cloud fraction by meteorological regime

M. E. Brooks and D. R. Wilson (Met Office)

The Cloudnet comparisons provide very useful information about the biases in models, but it can be difficult
to determine the cause of the various errors that have been uncovered. However, the utility of the mean
profiles of cloud fraction, and other retrieved quantities, has been enhanced by the use of the model forecast
of the meteorological parameters to categorize the profiles. This categorization uses the vertical velocity at
300 hPa and 750 hPa, smoothed with a 3-hour running mean, from the UK Met Office Mesoscale, the
ECMWF and Meteo-France models. These data are normalized, so as to be inter-comparable, and averaged
to form an “ensemble mean” vertical velocity that is split into descending, neutral and ascending terciles of
the distribution. Above the boundary layer, cloud is generally found in the ascending tercile of this
distribtution. To categorize the boundary layer the same process is applied to the gradient of potential
temperature between 950 hPa and 1000 hPa, yielding three boundary-layer classes of stable, neutral and
convective.
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300 hPa: Decent/Neutral Decent/Neutral Ascent Ascent
750 hPa: Decent/Neutral Ascent Decent/Neutral Ascent

Stable Boundary L ayer
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