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1. INTRODUCTION

From the beginning of operational forecasting at ECMWEF, a fast and accurate parametrization of the cloud-

radiation interactions has been among the most important features of the package of physical parametrizations.
The 10-day forecast period is long enough for the effect of cumulative systematic errors in the radiation
fluxes to influence the quality of the forecast significantly. This was verified on different occasions in the
past (Slingo and Ritter, 1985) and more recently during experimentation and implementation of the new
‘ physicali parametrizations (May 1989). These included a replacement of the radiation scheme. The revised
radiation scheme helped maintain a more vigorous hydrological cycle and was largely responsible for curing
the systematic decay of the model kinetic energy over a few days of integration (SAC paper on Radiation,
1989; on Systematic Errors, 1990).

The changes in the physical parametrizations of May 1989 have made the ECMWF model much more
sensitive to cloud-radiation interactions over shorter timescales, especially through interactions with the
convective processes in the tropics, and through the modulation of the energy available at the surface in the
extratropics.  Therefore, a proper diagnosis of the performance and deficiencies of the existing
parametrizations is of primary importance. This paper reports on such a diagnosis and on some possible

solutions.

Since the replacement of the radiation scheme in May 1989, no new data sets of clear-sky radiative fluxes
(particularly of good quality observed fluxes) have been published that would allow a better assessment of
the clear-sky fluxes in the ECMWF model, so this aspect of the parametrization will be addressed only
briefly. Most of the new observational data sets (ERBE, SSM/I, Warren-Hahn’s Surface Cloud Climatology,
ISCCP) are more relevant to cloudy conditions, and section 2 presents comparisons of the model cloud and

radiation fields with those observational data sets.

One main result of these comparisons is to emphasize the limitations of the present description of the cloud

liquid water content by the diagnostic cloud scheme. Section 3 presents preliminary results obtained
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cloud liquid water content by the diagnostic cloud scheme. Section 3 presents preliminary results obtained
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in research mode with prognostic cloud schemes which provide a more realistic representation of the 3-
dimensional distribution of the cloud liquid water. All results presented in this section represent work in

progress rather than solutions to problems.

The dependence of the parametrization package on the model horizontal and vertical resolution is
important for future model development at ECMWF when the operational model will rely on the
Integrated Forecast System (IFS, discussed in the SAC paper on Variational Analysis); amongst other
capabilities the IFS can provide a variable grid over the globe. This topic is also relevant to the internal
and external use of the ECMWF model for long integrations (seasonal at ECMWF for predictability
research, or multi-year in outside institutions). In section 4, we present results of sensitivity studies which
show the robustness of the ECMWF humidity and associated cloud and radiation fields when the

horizontal resolution is changed.

In the final section, we discuss some further improvements that might be introduced in the ECMWF
operational cloud-radiation parametrizations in the future, and we stress the need for more

validation/verification of the model cloud-radiation products against observational data.

2. DIAGNOSTIC AND COMPARISONS WITH OBSERVATIONS

In this section we discuss the performance of the operational system in simulating the cloud and radiation

fields. Section 2.1 discusses the cumulative impact of model changes in the last four years on various
components of the energy budget. Section 2.2 discusses the validation of cloud and radiation processes

through the use of a variety of observational data.

2.1 Impact of model changes on the energy budget

In this section we discuss the impact of model changes on various components of the energy budget.
Results are displayed as departures from reference data sets such as ERBE or climatology, in order to

- clarify the evolution. The relevant model changes are summarized in Table 1.

2.2 Representation of cloud and radiation during the last four years

Recently, the first year (Feb.1985 to Jan.1986) of Earth Radiation Budget Experiment (ERBE)
measurements has become available and we have used them to verify the model radiation fields at the top
of the atmosphere (TOA) in the period 1987-1991. Figs. 1 to 4 present the differences between the model
produced shortwave (SW) and longwave (LW) radiative fluxes over land and sea, between January 1987
and April 1991, and ERBE data. Although the present observations are not synchronous with the model

simulations, the comparisons on a zonal mean basis are certainly useful for illustrating the impact of the

recent changes in the model parametrizations on the radiation fields.



For surface radiative fluxes, no observational data set of sufficient quality is available and we rely on the
climatology of surface fields over the ocean compiled at MPI by Oberhuber (1988). Figs. 5 and 6
present, over the ocean, the difference between the model simulated surface radiative fields in 1987-91
and climatological fields. Figs. 7 and 8 show the full model SW and LW fields over land in 1987-91;

no well-established climatology is available for comparison.

Cycle Date Content

29 07/04/1987 Revision of the parametrization of surface proéesses

30 05/11/1988 Vertical diffusion above PBL is removed

31 22/11/1988 Change to initialization

32 02/05/1989 New radiation scheme, replacement of Kuo by mass-flux
convection, revised gravity wave drag

33 04/07/1989 Bug-fix to spurious drizzle

34 16/08/1989 Change to initialization

35 16/05/1989 Physics recoded, masking effect of vegetation on snow

36 05/06/1990 Evaporation of low wind speeds, introduction of non-
precipitating convective clouds

37 13/02/1991 Change to initialization

38 09/04/1991 | New surface albedo, maximum cloud overlap, increased v,

revised vertical diffusion above PBL

39 ./09/1991 T-213-L31 model, maximum-random cloud overlap, fixed-
liquid water mixing ratio for convective clouds

Table 1: Changes in the forecast scheme since 1 January 1987. Those important for the
representation of cloud-radiation interactions are printed in BOLD face.

As a reference data set for clouds, we have used the climatological global data set of total cloudiness from
surface observations compiled by Hahn et al. (1982, 1984) and Warren et al. (1986, 1988). Results for
1987-91 are presented in Figs. 9 to 11 where we have subtracted from the model cloudiness the
climatology for the period 1951-1981. Over this period, the climatological data are provided at a 5°
horizontal resolution over both land and ocean. Since the observational data are from surface synoptic
observations, this comparison is best aimed at verifying the total, low- and medium-level cloudiness

because high clouds might be obscured by lower layers of clouds. Figs. 9 to 11 show the departure from



this climatology of the model clouds which are operationally archived as total, low- and medium-level
cloudiness during the period 1987-91.

Comparisons with the observational datasets provided by Figs. 1-11 show the signature of the two main

changes in the physical parametrizations.

Cycle 32

In May 1989 (model CY31 — model CY32), the increase in net solar radiation at the surface follows the
replacement of the radiation scheme. The new scheme computes larger downward solar radiation due io
a decrease in water vapour shortwave absorptivity. Over land, the increase in solar energy at the surface
produces a warmer surface, larger sensible heat flux, and a warmer planetary boundary layer (PBL).
Because the relative humidity threshold for diagnosing the low-level cloudiness was not retuned, the drier
PBL became less cloudy. This caused ihe warm temperature bias in the lower troposphere observed
during summer 1989 (as an excess of about 60 W m? around 50°N in June 1989 in Fig. 1). Over the
ocean, the revision of the convection and radiation schemes weakened the temperature inversion at the
top 6f thé subtropical PBL. Thérefore the amount of oceanic lko.-leve]. cloudiness diagnosed from the
strength of the inversion, generally located over the eastern parts of the oceanic basins, decreased. The
new mass-flux scheme also suppressed the drizzle in the sub-tropics associated with the previous Kuo
scheme and therefore contributed to the reduction of the low-level cloudiness over the westem parts of
the oceanic basins in the subtropics (increase of the positive errors poleward of 30° in Fig. 3, after May
1989). On the positive side, the more opaque high-level clouds in the new radiation scheme improved
the longwave radiation budget at TOA in better agreement with the ERBE observations after May 1989
(Figs. 2 and 4, 15°N-15°S latitude band). |

Cycle 36
In July 1990 (model CY35 — model CY36), the enhancement of the evaporation in case of low winds and
the diagnosis of shallow convective clouds from the condensation rate certainly improved a number of
features in the ECMWEF model (Beljaars and Miller, 1990). However, with respect to cloud and radiation,
the change can be seen as detrimental. The increased evaporation brought more moisture into the
convergence zone with increased deep convection, and larger fractional cover of high clouds of slighily
increased liquid water content. These high clouds appear too reflective in the shortwave range and too
cold in the longwave range (Figs. 3 and 4, respectively, equatorward of 20°, after June 1990). In the
subtropics, the shallow convective clouds compensate for the "inversion" stratiform clouds that had
disappeared with CY32. However, the new clouds are usually formed in the western part of the oceanic

basins, whereas the stratiform clouds are observed off the western coasts of the continents.



The surface fluxes also show the signature of these two changes. The May 1989 change increased the
solar energy available at the surface by about 40 W m?, both because of the reduction in the amount of
stratiform clouds (Fig. 10a) and the decreased water vapour SW absorbtivity in the new radiation scheme
(see Figs. 5 and 7 around 40° in N.H. summer JJA’89 and S.H. summer D’89-J°90). In the longwave
spectrum, the presence of the water vapour continuum absorption in the new scheme increased the
downward flux at the surface in the intertropical area (see Fig. 6, equatorward of 15° afier May 1989).
The July 1990 changes decreased the SW radiation under the convective clouds of the ITCZ and the non-
precipitating clouds of the subtropics (Fig. 10a), and similarly increased the downward LW radiation
(Fig. 6, around 30°N).

Some of these changes have also put their mark on the behaviour of the model during the 10-day
forecasts. The May 1989 changes have corrected for the systematic drop in the intensity of the
hydrological cycle and of the kinetic energy, through a) a reduction of the spin-up (due to the mass-flux
scheme) and b) a more steady Hadley circulation due to the increased LW clear-sky radiative cooling in
the sub-tropics. This is clearly illustrated in Fig. 12 where the zonal means of the surface net solar
radiation at day 1, 3, 5 and 10 are plotted for the 4 July months of 1987-1990. This improved stability
of the fluxes over the full length of the forecasts is important to the users of ECMWF surface fields.
However, the "interannual variability" due to the changes in the model is a major drawback for
climatoiogical use, as shown in Fig. 13 where the precipitation, surface and TOA radiation budgets and
cloudiness over the TOGA/COARE area all display some signature of the model changes.

Cycle 38 .
In April 1991 (model CY37 — model CY38), a number of changes were introduced in the model, some

of them directly related to the cloud-radiation parametrizations:

Albedo

A new mean annual surface albedo from Dorman and Sellers (1989) has replaced the mean annual surface
albedo of Geleyn and Preuss (1983). The new albedo is the result of radiative transfer calculations of
the plane albedo made by Dorman and Sellers (1989) for 13 different types of surfaces compiled from
atlases of soil and vegetation types, and vegetation cover. It differs, in some areas substantially, from the
previous model albedo derived by Geleyn and Preuss (1983) from polar-orbiter satellite channel
measurements of reflectances. Such a derivation requires corrections to be applied to deal with the cloud
screening, the atmospheric absorption, the conversion from a bi-directional reflectance to a plane albedo,
from a narrow-band measurement to a total shortwave quantity, and a proper sampling of the diurnal
variations of the correction factors. The main differences can be seen over the Sahara, where the new

albedo is smaller ( 31 % instead of 3548 % ) and more homogeneous as the new climatology considers



one soil type only over this area. Smaller absolute differences are also seen over most of the continents
with the new albedo generally larger, e.g., 12 % vs. 9 % over the Amazon basin, 11 % vs. 7 % over the
U.S. Great Plains, 14 % vs. 10 % over Poland. These differences directly affect the net solar radiation
available at the surface which is returned to the atmosphere as sensible and/or latent heat fluxes.

Radiation changes

A series of modifications were aimed at optimizing the cloud and radiation codes for use in a model with

an increased vertical resolution:

- A cooling-to-space approximation to the longwave radiation transfer is applied to layers higher
than 10 hPa (with no impact in the present configuration of the model, because of the absence
of levels above 10 hPa). '

- The overlapping of cloud layers was changed from a random overlap to a maximum overlap
assumption to ensure a better treatment of the convective cloud towers. This change affects both
the longwave and shortwave radiation. schemes as well as the cloud scheme and includes a
retuning of a number of parameters relevant to the diagnostic of the cloud distribution and optical
properties (suppression of the wider base of the convective cloud, widening of the convective
cloud, introduction of an omega- (vertical velocity) filter in the diagnostic of the middle-level
cloudiness, increase of the proportionality factor y relating the saturation mixing ratio to the
cloud liquid water content (from 3 to 5 percent), tuning of the coefficients to allow inversion-

capped low-level stratiform clouds to form under weaker temperature inversions).

Changing from a random to a maximum overlap assumption has the overall effect of decreasing the total
cloudiness, and therefore of decreasing the radiative effects linked to the areal coverage by cloudiness.
However, this effect can be partially compensated (especially in the shortwave range where the radiation
transfer occurs in non-saturated conditions) by the increase in the vertically integrated optical thickness
in the cloudy part of the aimosphere. With the random overlap assumption, the radiation code saw
convective cloud towers as staggered layers whereas it handles them as true towers with the maximum
overlap assumption. Everything else being eqﬁal, this change would allow more solar radiation to reach
the surface (thus heating it), and more longwave radiation to escape to space (thus cooling the
atmosphere). However, other modifications (particularly, the increase in low level cloudiness and the
higher cloud liquid water content) compensate this direct impact and the overall effect of the cloud and
radiation chénges is a decrease in the solar radiation available at the surface and an otherwise smail

warming within the atmosphere in the tropics (Fig. 5, for April 91 in tropical regions).



Cycle 39

A set of physics changes has been developed as part of the preparation of the new high resolution model
(T213/L31). The revised cloud scheme will allow the stratiform clouds to form in any number of layers
instead of the three levels (high, medium, and low) in the previous version of the scheme. There will be
a proper location of the anvil-cirrus cloud at the top of the convective tower, and another (slight)
modification to use the random-maximum cloud overlap assumption first introduced by Geleyn and
Hollingsworth (1979). Moreover, as a short-term measure before the implementation of a prognostic
scheme for cloud liquid water, the cloud liquid water content (LWC) will be diagnosed separately for
convective and condensation clouds. Convective clouds will be assigned a fixed liquid water mass mixing
ratio of 1 x 10* kg/kg, while a proportionality factor y of 5 % is kept for the other clouds. Finally, the
mean effective radius assigned to the cloud droplets is allowed to vary with height from 10 microns at
the surface to 45 microns at 100 hPa in an attempt to represent the variations of the droplet size within
different types of clouds from relatively small droplets in stratocumulus clouds to large particles in cirrus

clouds.

Future developments of the radiation and diagnostic cloud scheme

A version of the radiation scheme including the longwave absorption by CH,, N,0, and CFC-11 and -12
as well as the scattering and absorption effects of the climatological aerosols (Tanré et al., 1984) is now
available, mainly for long integrations. Whilst these new radiatively active constituents help decrease by
a few W m? the OLR or the surface solar radiation in clear-sky conditions, their presence has not had any
noticeable impact on the systematic errors or the quality of the 10-day research forecasts. Provision is
also made to distinguish between ice and liquid water clouds using two sets of optical properties, and to
introduce the first order effect of scattering by cloud droplets in the longwave window region by
distinguishing between upward and downward cloud longwave emissivity as done by Smith and Shi
(1991).

Feedback loops

This section has shown how much the cloud and radiation fields have been affected by the recent changes
in the physical parametrizations. All of the changes in cloud-radiation interactions discussed above have
also had a noticeable impact on the rest of the model through feedback loops with other physical

Processes.

For example, a decrease of low-level cloudiness over the summer continental masses (as happened during
summer 1989) was further enhanced by the associated increase in surface radiative heating, the warming
and decrease of the PBL relative humidity and the further decrease of the cloudiness (a positive feedback

loop). In the process, the sensible heat flux increased, with a negative impact on the objective scores



tirough a spurious increase in the kinetic energy of the model. Over high terrain, the increased solar
radiation available at the surface enhanced the effect of the elevated heat sources and contributed to the

overestimation of the convective precipitation over the orography.

Another example of such a feedback loop is found in the tropics where an increase in low-level cloudiness
(as in June 1990) is partly responsible for enhancing the evaporation through a change in radiative cooling
within the cloud layer and a redistribution of that cooling within the well mixed layer. This in turn can
increase the moisture available for the deep convective activity in the ITCZ, and strengthen the resulting
Hadley circulation. - As the subsidence in the descending branch is stronger, a stronger temperature

inversion develops which leads to an increase in the inversion-capped low-level cloudiness.

In both cases, the interactions with other physical processes is much faster than the 10 to 20 day time-
scale commonly accepted for radiative processes inasmuch as the clouds play a central role in these
interactions. The modulation of the radiation fields by cloudiness occurs on the same time-scales as the
moist processes to which they are linked. In view of the rapid interactions that can impact the quality
of the model forecasts, it is therefore essential to validate/verify both the spatial and temporal behaviours
of the cloud and radiation interactions not only over Europe but on a global scale. Comparisons witi

satellite observations play a major role in such a validation.

2.3 Diagnostics of model cloud and radiation fluxes with satellite data

Until recently, the validation of the cloudiness and of its radiative impact was made difficult by the
absence of simultaneous and independent observaﬁons of radiation fluxes, cloud characteristics (¢.g., cloud
fractional cover, top temperature and pressure, optical thickness), and other parameters governing the
radiation field (surface temperature, LW emissivity and SW albedo, water vapour distribution). From July
1987 (with the beginning of operational Special Sensor Microwave Imager SSM/I products) to February
1990 (with the termination of the scanner measurements on ERBS, the last satellite to carry a working
ERBE payload), there is the potential availability of good quality measurements of cloud parameters in
the various ISCCP (International Satellite Cloud Climatology Project) datasets, radiation fluxes (with the
ERBE dataset) and vertically integrated water vapour and cloud water derived from the SSM/I
observations. There is an on-going project of reassimilating (with a recent version of the ECMWF
forecast system) a few months of meteorological data over that period starting with July 1987 in order
to conduct a thorough validation of the cloud and radiation. As all observational datasets are not available
yet to ECMWF, we discuss here preliminary results illustrating the potential use of these satellite

observations.



Comparison with SSM/I observations

Klinker (1991) compared precipitable water content (PWC) from the model with PWC derived from
SSM/I observations for July 1990. He found remarkable changes of the PWC in the tirst 5 days of the
forecast indicating that the model has a general tendency to dry the subtropics and moisten large areas
of the tropics where the deep convection occurs. The similarity of the PWC forecast change (Fig. 14b)
to the PWC difference between the SSM/I analysis and the ECMWF analysis (Fig. 14a) suggests that the
model has a tendency to approach a state which agrees more with the SSM/I analysis than with the
ECMWEF analysis, which at the time was based largely on NESDIS humidity retrievals over the ocean.

Comparison with ERBE data

Klinker (1991) also compared the greenhouse factor (ratio between the outgoing longwave radiation at
the top of the atmosphere and the longwave radiation emitted from the surface, as done by Raval and
Ramanathan, 1989) in the model for July 1990 with the one derived using ERBE measurements and NMC
analysis of SST for July 1985. The general distribution of the greenhouse factor as a function of the
temperature (Fig. 15a) agreed quite well with observations (Fig. 15b). However, the nonlinear increase
for SST’s higher than 295 K in the ITCZ was noticeably higher in the short-range forecast and even

higher in the medium-range forecast suggesting an overestimation of the longwave cloud forcing.

A comparison of monthly mean modelled and observed radiation fields and cloud forcing for January
1986 by Vesperini et al. (1991) has given some insight about how the cloud-radiation interactions were
handled in the cycle 34 version of the ECMWF model. It shows a good representation of the clouds in
the storm tracks of the Northern Hemisphere; it aiso confirms the overestimation of both the shortwave
and longwave impacts of clouds in the convective areas, the lack of low-level stratiform clouds over the
cold waters of the eastern subtropical ocean basins, and the underestimation of the radiative impact of the

clouds in the higher latitudes of the Southern Hemisphere.

The model changes leading to cycle 38 have been evaluated in a data assimilation experiment for a period
of 5 days in July 1990. The radiation fluxes at TOA generated in the 6 hour forecast during the
assimilation are compared here against ERBE data for July 1985. Though the time period of 5 days is
relatively short, the differences between the model top solar radiation for cycle 36 and ERBE data
(Fig. 16a) are similar to the differences for the full month of July 1990 (not shown). A positive bias over
most areas of the Northern Hemisphere indicates a lack of cloud cover or deficiencies in the cloud optical
properties. The increase of cloud liquid water for a given saturation mixing ratio in cycle 38 has reduced
this bias over land and sea areas of the Northern Hemisphere (Fig. 16b). However, the general increase
of cloud liquid water had a detrimental impact on the solar radiation fluxes in the tropics by increasing

the negative bias even further. The changes in cycle 39 (fixed cloud liquid water for convective clouds)



retains most of the beneficial impact of cycle 38 in the Northern Hemisphere and reduced the bias in the
tropics to the level of the cycle 36 bias (Fig. 16c).

The increase of low-level cloudiness with cycle 38, especially along the western coasts of the continents
brought the net solar radiation closer to observed values. However, the spurious low-level cloud cover
in summer over the Mediterranean Sea and in the same latitude range over the East China Sea has been

further increased resulting in a larger bias in the solar radiation for cycles 38 and 39 over these areas.

The reduction of the positive bias in the Northern Hemisphere between cycle 36 and cycle 38 must be
partially attributed to an increase of the surface albedo. The positive radiation bias over Sahara in cycles

38 and 39 suggest that the albedo reduction over this desert area might have been too large.

Compared to the solar radiation, the impact of cycles 38 and 39 model changes on the OLR is relatively
small (Fig. 17). The overestimation of the OLR over the summer continental areas is slightly reduced
with cycle 39.

Comparison with ISCCP-B3 data

The verification of the cloudiness and its radiative effects on short time scales, which would be even more
relevant for understanding the interactions between, say, the convective processes, the evolution of the
associated cloud field, and the radiative processes, is particularly difficult. Even one of the most advanced
retrieval scheme to date (the ISCCP cloud algorithm, Rossow et al., 1988) has to rely on some time
compositing to retrieve successfully the clear-sky radiances which serve as background over which an
observed instantaneous radiance will be classified as clear-sky or cloudy. As illustrated for example by
Morcrette (1991c¢), such a compositing procedure can introduce large uncertainties in the retrieved cloud
cover and subsequent derived parameters. On short time scales (hours to a few days), very useful
information is obtained from a more direct approach, the"model-to-satellite" method (Morcrette, 1991b)

where radiances as similar as possible to the satellite observations are produced from the model variables.

Figs. 18 to 20 compare over a number of limited areas [ (10.125°?, i.e. 9 x 9 T106 grids] the evolution
histograms of the longwave window brightness temperature EH(Ty) (Morcrette, 19915) as observed by
METEOSAT and modelled by the ECMWEF for a 4-day period in July 1983. Results are shown for the
observed Ty degraded to the model T106 resolution and for simulations with the cycle 31 and 36 of the
ECMWF model. Fig. 18 corresponds to the observed EH(T}) over four limited areas, namely a) the Cape
Verde Islands area where low-level stratiform clouds are prevailing, b) the Niger-Nigeria area where the
dominant feature is the strong diumnal cycle of both the surface temperature and the convective cloudiness,

¢) the Sierra Leone Basin with quasi-permanent convection over the ocean, and d) the Gough Island arca
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displaying the signature of passing frontal systems. Fig. 19 shows the EH(Ty) simulated with the CY31
physics, with very few scattered clouds over the Cape Verde Island, and too transparent clouds (especially
the high-level ones) over the other three areas. The Sierra Leone Basin area also shows a gap in the
distribution of the Ty around 270 K (about 500 hPa) indicating the absence of cloud tops in that
temperature range. Fig. 20 presents results with the CY36 model. More cloudiness is now observed over
the Cape Verde Islands area but not of the stratiform type, and the three other areas now display the

signature of much more radiatively active high-level cloudiness.

This section presented only a few preliminary results and illustrated the improved knowledge of the
atmosphere and of the surface-cloud-radiation interactions that can be gained from satellite observations.

These observations will therefore be extensively used in the future to improve the parametrizations.

24 Discussion

~ As seen from the history of ECMWF model cloud and radiation fields, any model change that impacts
the moisture and temperature distributions may significantly modify the clouds and associated radiation
fields. Satellite observations provide a wealth of information directly relevant for validating the clouds
and radiation generated by a model if the spatial and temporal variability of these model outpuis is studied
as well as the more usual time averages. Comparisons with satellite observations also show the limitations
of the diagnostic approach to the cloud formulation, particularly regarding the cloud water content. Only
prognostic schemes, which allow for a consistent treatment of the condensation, cloud, precipitation and

evaporation water, offer a viable way to physically link the radiative and the moist processes in the model.

3. PRELIMINARY RESULTS WITH PROGNOSTIC SCHEMES

The main conclusion from the previous comparisons with observations is that cloudiness and associated
radiation fields show a distinct impact of any changes in the model moisture field. We also feel that the

limitations of diagnostic cloud schemes justify an effort on developing prognostic cloud schemes.

New schemes have recently been tested within the ECMWF model, which allow for a more realistic
treatment of the water content of clouds. Any change in the liquid water within the clouds impact the
radiation fields. Tiedtke (1991) has proposed an extension of the mass-flux scheme (Tiedtke, 1989) with
prognostic equations for both the convective cloud cover and convective cloud liquid water content as well
as a unified scheme for convective and non-convective clouds. Le Treut (1991) has tested the scheme
originally developed for the model of Laboratoire de Meteorologie Dynamique (Le Treut and Li, 1991),
with a prognostic equation for the stratiform clouds. In the following, we compare cloudiness and related

radiation fields obtained with the operational diagnostic cloud scheme, as originally designed by Slingo
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{(i987) (CY36) and as recently revised (CY39), with these two new prognostic schemes (SC and UN).

Table 2 below summarizes the characteristics of the four T63 simulations of July 1987 discussed hereafter.

Experiment Convective cloud Stratiform cloud Y
CY36 Operational * Operational 0.03 (all)
CY39 Operational Operational 0.05 (SC)
1x10%kg/kg (CC)
SC Operational Le Treut (1989) 1x10* kg/kg (CC)
Unified Tiedtke (1991) New N/A

Table 2: Characteristics of the four T63 simulations of July 1987

3.1 The Le Treut and Li prognostic scheme for cloud condensed water content in stratiform clouds

The scheme, originally developed for a climate model (Le Treut and Li, 1991), includes a new prognostic
equation for total water and a diagnostic relationship from which cloud water and cloud fraction are

determined assuming that the cloud population depends statistically on the large scale moisture field (q),

the vertical velocity (w) and the Richardson number (Ri), through a moisture variance
2
(Agp ~ ("‘% At)

a+ blo|

where o, =
In (1 + max (0, Ri))

From the knowledge of A g, cloud fraction and cloud water content are determined. Microphysics are
parametrized following Kessler (1969), but a distinction has been made between warm and cold clouds.

A more detailed description of the scheme together with preliminary results can be found in Le Treut
(1989).

The scheme has been tested in some long integrations (at T42 and T63) and in a few T106-10 days
forecasts. Results presented hereafier are from a version of the scheme which has been coupled with the
radiation and the diffusion schemes. However, there is no coupling with the convection scheme.
Convective cloud cover and liquid water amount are still represented by the operational diagnostic scheme
(CY39 version). The coupling with the vertical diffusion scheme assumes that in the test of buoyancy
in presence of cloudiness (in the computation of the Richardson number), the air parcels follow the moist

rather than the dry adiabat. This coupling has proved to be particularly relevant to the representation of
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boundary layer clouds (Fig. 21). Stratocumulus decks, off the coast of California and Angola, are better

represented in the SC experiment. They are nearly absent in the control CY36 experiment.

3.2 A unified fully prognostic scheme for convective and non-convective clouds

The unified scheme for convective and non-convective clouds is an extension of a prognostic scheme
originally proposed for cumulus cloud fields (Tiedtke, 1991). In addition to the formation and dissipation
of clouds in connection with cumulus convection, it considers the formation of stratiform clouds by

condensation. Thus the following processes are now considered:

cloud formation
. detrainment of cloud air from cumulus updrafts (Tiedtke, 1991)
o condensation due to large-scale ascent and diabatic cooling in terms of
dg.(p, ) — da, da, (g)
dt dp dT \ o ) 4.
cloud dissipation
. evaporation due to large-scale subsidence and diabatic heating (formally the same as for
condensation);
o precipitation processes (Sundgvist, 1988);
. turbulent mixing of cloud air and unsaturated environmental air proportional to the saturation

deficit of environmental air.

It should be noted that this scheme uses two new prognostic equations and, in contrast to most other
schemes, predicts cloud water content and cloud area, which is usually diagnosed. Uncertainties in the
parametrization exist primarily through tunable parameters for precipitation processes, the turbulent
diffusion coefficient and the assumption for the critical humidity above which stratiform clouds are
assumed to form, which at present is between 90 % and 100 % depending on height above ground.
Validation of the scheme indicates that boundary layer clouds are not represented adequately and an
extension of the scheme may be necessary by linking it to the boundary layer scheme which includes

moist processes.

3.3 Comparisons of cloud parameters

Figs. 22 to 25 present the latitudinal/height cross-sections of the zonally averaged cloud fractions on top
. panels and of the cloud liquid water content on bottom panels given by the four simulations. Fig. 22

corresponds to the control CY36 model, Fig. 23 to the revised diagnostic formulation of CY39, Fig. 24
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to the stratiform clouds (SC) produced by Le Treut’s scheme and Fig. 25 to the results of the fully
prognostic scheme (UN).

The main features of the observed cloud cover distribution are the convective "towers" in the deep tropics
topped by some anvil-type clouds, the relative minima in the subtropics and the higher values of the cloud

cover at middle-to-high latitudes. Those features are present in all simulations.

In the CY36 simulation (Fig. 22), the diagnosed convective clouds in the tropics display a maximum at
. low levels, corresponding to the bottom part of the L-shape distribution assumed for the convective
clouds. In the operational CY36 scheme, the convective clouds are diagnosed from the accumulated
convective precipitation rate and occupy all layers between the base and the top of the column undergoing
convective adjustment. However, a weighting factor of 0.25 is applied to the convective cloud fractional
cover in all layers except the lowermost, in an attempt to represent the shallow convective clouds (this
is referred to as the L-shaped convective clouds). In the CY39 simulation (Fig. 23), allowing for more
than one cloud layer within each of the three atmospheric slices (low, medium, and high) increases the
overall cloudiness, especially at the top of the tropical convective tower, and is, in this respect, most
similar to the UN simulated cloud cover.

The operational CY36 cloud scheme simply diagnoses the cloud liquid water content (LWC) as a given
fraction of the saturation mixing ratio of water vapour. As seen in Fig. 22, this leads to a cloud liquid
water path (LWP) varying as a strong function of the local temperature, with maximum value in the lower
layers of the tropics and rapid decrease in higher layers or/and at higher latitudes. In CY39, the increase
in the proportionality factor y for the stratiform clouds and the fixed mass mixing ratio for the convective
cloud liquid water gives a very different distribution of the cloud liquid water amount. In particular, it
gives higher LWP over the whole vertical extent of the deep convective clouds as also obtained in the
UN simulation. However, the LWP derived for the stratiform clouds has its maximum values close to

the surface and cannot represent the relative maximum of LWP located higher up in both the SC and UN

simulations.

As previously discussed, the CY36 simulation displays a large cover by convective clouds at low levels
as a result of the L-shape assumed for convective cloud tower, a feature which was suppressed with

CY38. The new prognostic scheme (UN) for convective clouds does not give any such maximum either.

The new prognostic schemes both give a very different (and intuitively) more realistic picture of the
distribution of the liquid water content, with maximum values for the clouds poleward of 45° at height

well above the PBL. These features are produced by both prognostic schemes and to some extent by the

14



revised diagnostic scheme. Both prognostic schemes are successful at describing extratropical clouds
together with some tropical anvil clouds. Cloud cover and cloud liquid water amount (Fig. 24 and 25,
a and b) in the upper troposphere are increased when compared to control CY36 experiments (Fig. 22 a
and b).

The geographical distribution of the vertically integrated cloud liquid water derived over the ocean from
SSM/I microwave measurements are shown in Fig. 26, together with similar quantities derived from the
experiments. The CY36 simulation clearly overestimates the cloud liquid water in the tropics, while other

simulations show reasonable agreement with observation.

- The drastic changes in the three-dimensional distribution of the cloud LWC between CY36 and the other
experiments is of relevance for the associated radiative fluxes. Fig. 27 presents the zonally averaged
shortwave and longwave radiative fluxes at TOA and at the surface from these four experiments which
used the same radiation scheme and cloud optical properties. ERBE measurements for July 1985 are
added to the TOA fluxes for comparison. The larger improvement is seen in the shortwave fluxes in the
tropical region, where the agreement between UN and ERBE fluxes becomes good. At higher latitudes,
both UN and SC fluxes get closer to ERBE fluxes but the discrepancy at SO°N is still 20 W m2. North
of 60°N, none of the simulations is in agreement with the measurements, suggesting a lack of cloudiness
and/or too small LWP. In the longwave, the prognostic schemes produce clouds which allow more
radiation to escape to space. Although the fractional cover by anvil-type clouds is not decreased and the
liquid water content is in fact slightly increased by the UN scheme, this larger loss of energy to space is
due to the disappearance of the low-level maximum of LWC. Comparisons with ERBE OLR show that
the maximum in the clear-sky sub-tropics is overestimated by 20 W m?, a feature partly due to the

absence of absorption by aerosols and trace gases (N,0, CH,) in this version of the radiation scheme.

A large impact is also seen on the radiation fluxes at the surface (bottom panels in Fig. 27). The
shortwave fluxes increase by up to 50 W m? under the prognosed convective clouds due to the
suppression of the low-level maximum of LWC. At higher latitudes, the larger cloud LWC produced by
the UN scheme contributes to decreasing the solar radiation available at the surface. In the longwave
range, the shift to higher levels of the maximum LWC decreases the downward longwave flux at the

surface by at least 10 W m?, with maximum changes of 30 W m? under the convective clouds.
34 Discussion

As noted earlier, the importance of cloud-radiation interactions and the limitations of doagnostic cloud

schemes justify the development of prognostic cloud schemes. We have compared the performance of
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several diagnostic and prognostic schemes. The results from the prognostic schemes show real promise
and justify further work.

4, SENSITIVITY TO MODEL HORIZONTAL RESOLUTION

A recent paper by Kiehl and Williamson (1991) reports a study carried out with the NCAR. Community
Climate Model which shows the model cloudiness to be highly dependent on the model horizontal
resolution. In their experiments which encompass resolutions from R15 to T106, the globally averaged
total cloudiness decreases from 0.47 at R15 to 0.26 at T106 using the original cloud scheme of
Ramanathan and Dickinson (1981) and from 0.54 at T21 to 0.42 at T63 when including a Slingo-type

diagnostic cloud scheme.

Similar experiments have been run with the ECMWEF model for July 1987 for the 4 resolutions T21, T42,
- T63, and T106, using either the operational mass-flux scheme to deal with the convective processes, or
the pre-May’89 Kuob scheme with the shallow convective part of the scheme either active or inactive, or
the Betts-Miller adjustment scheme, or in its simplest configuration, without any deep convection
parametrization. As can be seen from Fig. 28 which presents the different componenis of the globally
averaged cloudiness, the moisture field and therefore the cloudiness is a very stable feature in the
ECMWF model in 31-day simulations. Zonal means of the total cloudiness for the different model

configurations (not shown) show that the largest variations are mainly seen:

i) for low-level cloudiness at high latitudes, as at T21 the negative humidity fixer creates areas of
high relative humidity over orography (Greenland and Antarctica) whereas it is much less active

at higher horizontal resolutions;

if) for high-level cloudiness, larger at T21 over the subtropics, as a result of a wider and less intense

convergence zone at lower resolution.

However, if the three-dimensional distribution of cloudiness appears quite stable when changing the
resolution, large differences can be seen in the day-to-day variability of the cloudiness and associated
radiative fields, as illustrated in Figs. 29 to 31 which show for three latitude bands the Hovméller
diagrams of the longwave cloud forcing in July 1987 as described by the CY36 version model at the four

horizontal resolutions.

5. CONCLUSIONS
From the first operational forecasts in 1978, the ECMWF model has included a parametrization of cloud

and radiation interactions including interactive clouds inasmuch as the cloud fraction and liquid water
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content are linked to the model humidity and temperature fields. Since 1985, the cloudiness has also been
a (experimental) model product distributed to the Member States on which they have come to rely more
and more. Over the last few years, the cloud cover has therefore been operationally verified against
synoptic observations, almost exclusively over Europe. However, the comparisons with observations of
section 2 show that recent changes in the physics package have had large systematic changes in cloudiness
mostly in the tropics. It is therefore important that future changes in the model likely to affect the

cloudiness be assessed with equal consideration to the cloudiness outside of European area.

As judged by a recent survey of the existing radiation parametrizations for GCMs (/CRCCM, 1991), the
ECMWEF radiation package is certainly state-of-the-art with regards to clear-sky radiation fluxes.
However, the validation carried out when the scheme was developed mostly included comparison with
results of more detailed computations by either line-by-line or narrow-band models first calibrated on
line-by-line model results. Verification of the absorption coefficients in the clear-sky parametrizations
will therefore be performed against the latest release of the compilation of spectroscopic parameters
(AFGL’91). An effort will be pursued to carry out more validation with observational datasets, as, for
example, done recently by Bréon et al. (1991) with the longwave part of the ECMWE radiation scheme.

The new surface albedo appears more realistic (except over Sahara where it might be too low), but needs
to be checked against recent estimations of albedo or net solar radiation from satellite measurements. The
climatology by Dorman and Sellers (1989) offers prospects for the future: Monthly albedo are available
which incorporates the seasonal cycle of the vegetation, as well as monthly means of the vegetation
resistance and roughness essentially consistent with the shortwave albedo as they are all relying on the
same soil and vegetation type distributions. A major effort will be devoted to verification of the surface
radiation fields in the future.

The preliminary results obtained with new research cloud schemes (section 3) show that the liquid water
content assigned to the clouds up to now by the present operational diagnostic scheme is far from realistic.
The new results cast doubt on any attempt at verifying the three-dimensional distribution of radiation
fields. In fact, a correct vertical distribution of the cloud liquid water is, with the fractional cover,
paramount to the proper determination of the radiative fluxes, particularly in the longwave range.
Unfortunately, we are still very far of being able to verify this quantity from observations, as even the

new SSM/I measurements give access to only vertically integrated cloud liquid water,

Until the new prognostic schemes produce model distributions of cloud liquid water close to the actual
distribution of cloud liquid water, there may be little point in addressing potential improvements in

handling the effects of clouds on the radiation fields (e.g., improving the cloud optical properties through
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differentiating various types of cloudiness, or including the effect of scattering by cloud droplets in the
longwave) and even more so as long as the model includes a diagnostic cloud scheme. The gross
unrealism of the cloud LWC may have been less of a problem before May 1989 as the previous radiation
scheme was much less sensitive to the clouds (due to the model cloud assumed for the off-line Mie

computations of its absorption and scattering coefficients; Morcrette, 1990, 1991a).

One outcome of the comparisons with the observations of section 2 and of the preliminary studies with
prognostic cloud schemes (section 3) is the high sensitivity of the radiation fluxes at TOA and at the
surface to the details of the cloud fields. In that respect, it is clear that the validation of the cloud and
radiation fields is a continuing process, that validation cannot be done once and for all, and the adequacy
of a given parametrization has to be challenged every time a new observational data set becomes
available.

Up to recently, the only validation possible was that of radiation fluxes at the top of the atmosphere. The
ISCCP and surface cloud climatology data sets allow for validation of some of the cloud characteristics
(mostly cloud fractional cover but also cloud top height and temperaturc and reflectance). The overall
* radiative impact of the cloudiness (the SW and LW cloud forcings) can be checked using the ERBE data,
in particular the derived clear-sky fluxes. Unfortunately, the radiative fluxes at the surface and the
radiative heating/cooling rates cannot be validated due to the lack of observational data sets. ECMWF
should become more closely connected with the programs of in situ observations to gain quicker access
io the experimental measurements (such as those already obtained during FIRE-1 on cirriform and
stratiform clouds, or those to be observed in the near future during TOGA/COARE, FIRE-2 or EUCREX
or as part of the U.S. DOE Atmospheric Radiation Program). Inasmuch as the 3-dimensional distribution
of cloud fraction and cloud liquid water content are very important parameters for understanding the role
of the clouds in their interactions with the rest of the model, those quantities should be operationally

archived instead of the less meaningful four cloud fractions we presently keep.

With the potential implementation of a prognostic cloud scheme in the ECMWF forecast model in the not
too distant future, it is crucial that the possibility of an operational analysis of cloud parameters be studied
in detail. Different approaches are possible using either direct satellite-observed cloudy radiances in the
Jongwave and/or microwave ranges of the spectrum or retrieved cloud liquid water from SSM/I (and cloud

cover from AVHRR as recently proposed by NOAA/NESDIS).

Finally the history of radiation fluxes in the ECMWF model shows that large changes occurred in May
1989 and July 1990, and that further large changes can be expected if a prognostic cloud scheme becomes
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operational. Thus the archived ECMWF operational model radiation fluxes cannot be used as a

representative climatology of radiation by the outside research community.
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Fig. 2 Time evolution of the difference with ERBE cbservations of the model outgoing longwave radiation at
the top of the atmosphere zonally averaged over land. Units are W m™,
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Fig. 10  Time evolution of the zonally averaged difference with the Surface Cloud Climatology of the low-level
cloudiness over the ocean (top) and over land (bottom). Units are percent.
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Fig. 14a Difference between the mean SSM/| derived PWGC and the mean ECMWF analysis PWC for July 1990.
Units: kg/m®. Contours 12.5, £5.0, ...
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Fig. 14b Difference between the mean PWC of the 5-day forecast and the analysis for July 1990. Units: kg/m?.
Contours £2.5, £5.0, ...
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Fig. 16  The difference with ERBE observations (July 1985) of the net shortwave radiation at the top of the

atmosphere for July 1990. Units are W m. Top panel Is for the cycle 36 version of the ECMWF model,
middle panel for cycle 38 and bottom pansl for cycle 39,
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Fig. 19  Asin Fig. 18, but for the brightness temperature simulated with the CY31 version of the ECMWF model.
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As in Fig. 18, but for the brightness temperature simulated with the CY36 version of the ECMWF model.
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Fig. 21  The geographical distribution of the total cloudiness as given in CY36 model (top pansel) and SC (bottom
panel) experiments.
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Fig. 26  The geographical distribution of the vertically integrated cloud liquid water over the ocean as deduced
from SSM/I observations and computed by the 4 model simulations.
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Sensitivity to Cloud Formulation
Zonal Means over a 31 Day-Forecast
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The zonally averaged shoriwave (left panels) and longwave (right panels) radiative fluxes at TOA (top
panels) and at the surface (bottom panels) from the 4 model experiments. Units are W m*, TOA ERBE

fluxes are given by the dot-dash line with squares.

44

~375

-350

-125

-100

.................................

s ot

~120
-110
-100
-90 .
-80 |
..70 -
_60 -

=50

-40-1A J |

90

60 30

Latitude

-----------------
.................................

——
0

—
-30 -60

Degrees

T

-90

Latitude

s
30 -60
Degrees

|
-90



ublH  eIppIN

1

-sesseooid Jsiow ey} jo suoleziewrled jusielip Yum pewioped suolenwis uj (9011 pue €91

'2p1 ‘12L) suonnjosel [ejuoziioy Inoj e sseuipnojo pebeieae Ajjeqo)b ey Jo siusuodwos jusieyip ey,

[

RTEORAEANS

f

g90LL ]
€91 B
[47% - |
lel E3

AL AVANAAN

Rty

¢tt0.0.8

juswsnfpy JafiN-sliag

15899104-AB( | £ B 19A0 SUBSW [BQO[D
uo|Injosey |ejuozjol uo ssuspuedsq

UBIH  eIPPIN  MOT
]

VAN

9oLl (3
€91 KX
eyl ™
lel 22

unjo9

15800404-AB(J | £ B JOAC SUBS [BQOID

uojjnjoso

3
el
12¢]

it

20208
AUOD MOJIBYS N0 0Ny

H 121U0Z[I0H Uo vouopuadad

~ 20

€0

- ro

EAY

90

“1'0

ssaulpnoln

ssauIpnoly

UbiH  eIPPIW MO7  AUOD
i

Iejol

AR

1 ! O =
_ e R

-

I
oy

g0LL
£91 KX
ol

lel E3
¢.0,0.8
Ajup uopesuspuo) sjeog-abie
15B03104-ABQ |£ B JaAO SUBDW |BqOlD
uojnjosay [ejuozioH uorasuspuadag

ssaupnoiD

YA E

ubiH  eIPPIN Mo

I B

8oLl 3
g9l BX]
chl mn

el 2
¢l10L048

UO[}08AUOD MOJIBUS + ON|

-9'Q

A

1580910.4-A8( L§ B JOAO sUBS |eqojD
uojjnjosey |BJUOZIIOH UO souspusdag]

=
=2
oy

alPPIN Mo

vl

AR

[A33FAA:]

EUTINIRRN

901l [
g9l KX
(4208 - I
121 22

mojjeyS + dea( :awaLog XNj.-SSBYY
}seoalo4-ABQ L€ B J9AO0 SUBAY [BQO)D
UojInjosaYy |ejuozIoH Uo douspuadag

ssaupnolD

ssaupnoj)

45



0- 744 HRS HOVMOLLER DIAGRAM OF OLR: L5f £7078152 U—  s44 nnd

HOVMOLLER DIAGRAM OF OLR: LBE 87070112 ;
BAND 7 BETWEEN 16.9 AND 11.2

BAND 7 BETWEEN 16.9 AND 11.2 °

MSF RES: T106 MSF RES: T63
30 7 60 i s

1. - A .»

6.

11.

16.

21.

26.

31.

[¢] 45E S0E 135E 180 135W 90W - 45W . .0 0 45E 90E 135E 180 135W . 80W  45W o

Longitude Longitude
HOVMOLLER DIAGRAM OF OLR: L4w B7070112 0- 744 HRS ~ HOVMOLLER DIAGRAM OF OLR: L4R 87070112 0- 744 HRS
BAND 7 BETWEEN 16.9 AND 11.2 ; . BAND 7 BETWEEN 16.9 AND 11.2
MSF RES: T42 - MSF RES: T2t

135W

90E 135E 180 135W 90w £ 90 135 180
Longitude Longitude

Fig. 29  The Hovméller diagram of the cloud longwave forcing during July 1987 as simulated by the cycle 36
version of the ECMWF at four harizontal resolutions. Model radiative fluxes are processed over the

latitude band 16.9-11.2°N.
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Fig. 30  As in Fig. 29, but for the latitude band 5.6- 0°N.
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Fig. 31  As in Fig. 29, but for the latitude band 33.7-39.4°S.
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