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Cloud scheme for assimilation

Abstract

A new cloud scheme has been devel oped specifically for the purposes of variational data assimilation; atask
complicated by the inherent nonlinearity of many cloud processes. The aim was to retain the central aspects
of the scheme used in the nonlinear forecast model, while removing much of the complexity and as many of
the discrete transitions as possible. The scheme thus retains a simplified link to convective detrainment, and
uses a similar formulation for the production of precipitation. A flexible statistical cloud scheme approach
is used, where the diagnosis of stratiform cloud fraction and condensate amount depend on assumptions
concerning subgrid-scale fluctuations. A novel aspect of the new scheme is the treatment of precipitation
evaporation that specifically takes this subgrid distribution of humidity variability into account.

The scheme is tested by comparing physical tendencies of thermodynamical quantities, calculated for a
series of input temperature and humidity profiles, to those produced by the complex prognostic cloud scheme
used in the forecast model. Thisis conducted over three sites in North America and the Tropical Western
Pacific, and the new diagnostic scheme is found to give comparable results to the full forecast model for
radiation and cloud observations. As a further test, a series of model integrations are performed, with the
full prognostic scheme used in operational forecasts replaced in turn by the nonlinear versions of the current
operational assimilation diagnostic cloud scheme, and then by the new scheme described here. Using the
prognostic scheme as ametric, the new scheme improves on the current assimilation cloud scheme for many
attributes such as cloud cover and ice water content, both in the tropics and mid-latitudes. In particular the
new diagnostic scheme addresses the overriding weakness of the current diagnostic scheme which produces
almost no precipitation in the tropics.

Tangent linear and adjoint versions of the new scheme have been constructed and it is demonstrated that
the scheme can successfully and robustly perform tangent linear integrations for a 12 hour window, and
significantly improvesthe tangent linear approximation of the simplified linearized model to finite difference
calculations using the full nonlinear forecast model.

1 Introduction

Data assimilation forms acrucial component of any forecast system, aiming to provide the forecast model with
the most accurate possible initial state, to which forecast errors are critically sensitive Courtier et al., 1994,
Rabier et al., 1996). A number of forecast centres have successfully introduced or are in the process of im-
plementing a four dimensional variational analysis (4D-Var) approach which determines the trajectory that
minimises the differences to the observations and the model background state over a specific time window
(Rabier et al., 1998).

In order to perform the minimization in variational data assimilation efficiently, the tangent-linear models
and their adjoints are required. The incremental formulation of 4D-Var Courtier et a., 1994), which is used

at ECMWEF, alows the minimization to be performed with a smplified linear model (using an adiabatic
model and lower resolution). The quality of the tangent-linear approximation affects the performance of the
analysis system (Rabier et al., 1998), and as discussed in several studies (Janiskova et al., 1999, Mahfouf, 1999,

Mahfouf and Rabier, 2000), this can be gradually improved by introducing physical processes. The first set of
linearized physics used in the ECMWEF 4D-Var system (Mahfouf, 1999) will be upgraded by including a more
sophisticated radiation scheme. However, the radiation scheme will still be combined with the simple diagnos-
tic cloud scheme described by Janiskova et al. (2002b), which has a number of weaknesses, not least the lack
of large-scale precipitation production in the tropics. For further improvement of the forecast system, and aso
to enable the future assimilation of cloud and precipitation data, a more comprehensive description of the moist
processes of convection and cloud is essential Janiskova et al., 2002a).

One factor inhibiting cloud scheme evolution is the inherent nonlinearity of latent heat release and associated
precipitation formation; and here lies the crux of the assimilation dilemma. It is desirable to have alinearized
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model that approximates as closely as possible the sensitivity of the full nonlinear model. If thisis not so, the
forecast model may not be in balance with its own analysis, resulting in problems of model spin-up. Addition-
aly, multi-incremental approaches that separate successive minimizations of the linear system with nonlinear
full integrations can suffer from discrete transitions, affecting the stability of the overall minimization process
(Mahfouf and Rabier, 2000). However, the nonlinear models have steadily evolved in complexity in order to
improve forecast skill, usually involving the inclusion of highly nonlinear processes that are often controlled
by threshold 'switches'. For example, the prognostic cloud scheme introduced into the ECMWF according to
Tiedtke (1993) and Jakob (2002) includes a plethora of such thresholds. Even if it were possible to construct
the tangent linear and adjoint versions of this complex scheme, the range of their validity would be restricted
due to these thresholds, and their value would be questionable. Indeed,Janiskova et a. (1999), Mahfouf (1999)

and Laroche et al. (2002) found that without the implementation of specific methods to remove nonlinearities
in the diffusion schemes for instance, it was not possible to achieve afunctiona assimilation system at all.

A compromise has to be found, with a’smooth’ tangent linear model containing as few discrete on/off’ pro-
cesses as possible, while still honouring the most important aspects of the full nonlinear scheme. The aim of
this paper is to outline such a scheme to represent stratiform cloud processes in the ECMWF 4D-Var system.
In order to avoid discreteness, it was necessary to retain a suitable level of simplicity throughout, which is
also constrained by the numerical efficiency requirements of any forecast system. The scheme that is devel-
oped is therefore less complex than the stratiform cloud scheme recently described byl opez (2002), which

included prognostic equations for cloud and precipitation amounts. A prognostic formulation of precipitation
necessitates the complexity of a semi-Lagrangian advection scheme or much shorter timesteps. A diagnostic
form is already used in the full Tiedtke (1993) scheme, and Ghan and Easter (1992) demonstrated that such an

approach is not necessarily detrimental. A prognostic cloud water relationship is left to future development,
which could possibly incorporate atotal water control variable.

The paper is outlined as follows. The following section briefly recalls the existing operational 4D-Var diag-
nostic cloud scheme, which shall be referred to as OPERDIAG, highlighting some of the weaknesses of the
present approach, while section 3 introduces the new diagnostic cloud scheme (NEWDIAG). Section 4 com-
pares these two diagnostic schemes and the operational prognostic scheme of Tiedtke (1993) (OPERPROG) to

cloud and radiation observations from the Atmospheric Radiation Measurement (ARM) program sites. Section
5 then describes forecast integrations using the full ECMWF Integrated Forecast System model, using first the
OPERPROG scheme, and then replacing this by the full nonlinear versions of OPERDIAG and NEWDIAG
schemesin turn. This permits an assessment of the diagnostic schemes’ physics relative to the operationa fore-
cast model, without invoking the additional errors associated with the tangent linear approximations. Finally
section 6 assesses the validity of the tangent linear approximation of the new scheme before the conclusions
aredrawn in section 7.

2 Thepresent 4D-Var Cloud Scheme

It is useful to summarize the salient features of the present 4D-Var diagnostic cloud scheme, outlined by
Janiskova et al. (2002b), before introducing the new scheme. The existing scheme is based onSlingo (1987),

which was aso used in the full forecast model prior to the implementation of current prognostic scheme of
Tiedtke (1993). Slingo (1987) relates the cloud cover, C, to the grid-mean relative humidity (RH). Asdiscussed
by Tompkins (2002), a relative humidity approach implicitly assumes subgrid-scale fluctuations of vapour and
cloud exist, without explicitly knowing the form of those fluctuations. The cloud cover is also adjusted accord-
ing to the grid scale vertical velocity and convective precipitation Slingo, 1987).

Thein-cloud liquid water mass mixing ratio r, is then taken as afixed ratio of the saturation mixing ratio ey
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(calculated according to Simmons et al., 1999), thus

g = Kraa, (1)

where the constant K iscurrently set to 0.05. This crudely represents the vertical statistical relationship between
cloud water (aterm used for both liquid and ice) and saturation vapour pressure, which is by no means a strict
relationship.

It is worth pointing out two features of this relationship. Firstly, the diagnostic determination of cloud water
implies that it is not conserved between timesteps. This aspect will not change with the new scheme since it
will aso introduce a diagnostic cloud water equation. The second concern of the above in-cloud liquid water
equation pertains to the temperature sensitivity. While roughly representing the reduction in cloud water with
altitude, it reverses the observed horizontal relationship. If a physical process introduces a cooling in a cloud
layer, Eq. 1 will subsequently reduce the in-cloud water content, while in fact the cooling and associated
reduction in re should lead to condensation. The reason this is not disastrous for the sensitivity of 4D-Var is
because the grid mean liquid water 1, is given by r; = Cr . The dependence of C on relative humidity usually,
but not necessarily, implies an increase in grid mean cloud water in response to cooling. Despite the sign of the
sensitivity being correct in most cases, this still implies that the magnitude is unlikely to be.

Thetreatment of rainfall isalso problematic. Thisisdetermined by converting any supersaturation directly into
rain, which falls out immediately. Rainfall evaporative processes currently inhibited. Rainfall bears no relation
to cloud properties, except that neither can exist in very dry atmospheres, and clouds existing in subsaturated
conditions are unable to form precipitation. This weakness is particularly prevalent in the tropics.

3 New 4D-Var Cloud Scheme

The new scheme can be divided into a number of components. The cloud cover and in-cloud liquid water
content consists of two sources, stratiform and convective cloud, thus

C = Cqra + Coomvs (2

and similarly for cloud water. The stratiform and convectively detrainment cloud water are combined to derive
the mean in-cloud water content, which is subsequently used to calculate the precipitation production. The
precipitation flux is assumed to fal out within one timestep, and is allowed to evaporate during the descent.
Each of these processes will be explained in turn.

Stratiform cloud properties

The new scheme is loosely based on statistical ideas, which assume a probability density function form to
describe the subgrid-scale fluctuations of total water and/or temperature. This alows the in-cloud liquid water
and cloud cover to be determined by integrating the saturated portion of the grid box. Examples of existing
statistical schemes are given by Smith (1990), Bony and Emanuel (2001) and Tompkins (2002) and the reader
isreferred to these manuscripts for details of this approach.

Previous investigations have used a number of function forms to describe the PDF of subgrid-scale fluctu-
ations, including symmetric triangular, uniform and Gaussian distributions Sommeria and Deardorff, 1977,
Smith, 1990, LeTreut and Li, 1991, Ricard and Royer, 1993), in addition to skewed forms such as the expo-
nential, gamma and beta distributions (Bougeault, 1981, Barker, 1996, Tompkins, 2002), and in two instances
bi-modal distributions (Lewellen and Yoh, 1993, Golaz et al., 2002). In this scheme, the smplest of all these
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distributions is adopted, namely the uniform distribution, for a number of reasons. Firstly, the distribution is
described by only two parameters, simplifying the closure task. Secondly, a number of the above distributions
require iteration for their solution (see e.g. Tompkins, 2002) which is not desirable when the tangent linear
or adjoint of the scheme is required. Simple distributions such as the triangular and uniform permit analytical
cloud relations, athough the triangular has the disadvantage of a discontinuous cloud cover relationship, which
again can trigger stability issuesin an assimilation context. The third and perhaps foremost reason for using the
uniform distribution is for consistency with the full forecast model’s scheme, which uses the same assumption
for the clear sky vapour fluctuations (Tiedtke, 1993).

One of the two parameters specifying the uniform distribution can be determined from the control variables of
temperature and humidity, combined to give the relative humidity. For the closure, a diagnostic assumption is
made for the total water variance, or equivaently the distribution width. Knowledge of the relative humidity
and the distribution width exactly specifies the uniform distribution and the cloud cover and water content can
subsequently be diagnosed. As discussed by Tompkins (2002), if a fixed diagnostic relationship is used for

the higher order moments of the distribution PDF, then the cloud cover can be directly derived as a relative
humidity formulation. For example, assuming a constant distribution width for the uniform distribution of total
water leads directly to the RH formulation of cloud cover used by Sundqgvist (1978) and Sundqvist et al. (1989)

which was later adopted by Lohmann and Roeckner (1996) and others.

It is likely that a constant variance is not accurate for all situations. Cloud can often form with low relative
humidities, lower than 60% (Walcek, 1994), implying that often awide distribution isrequired. However, using
a fixed width distribution that forms cloud at RH <60% renders unredlistically large values of liquid water as
the relative humidity approaches saturation, since it does not take into account the effect that precipitation has
in reducing distribution variance (Tompkins, 2002). The asymmetric nature of this process implies that alower
variance is required for high relative humidities, and thisis included in an very simplified manner by reducing
the distribution width linearly from its maximum value when RH = RH,,;;, where RH_,;; is a critical relative
humidity for cloud formation, to its minimum value when RH = 1, which is determined by a constant parameter
k. The width of the uniform distribution W is given by

W= rsai(l_ RHcrit - K(RH - RHcrit))a (3)

which leads to the following relationship for the stratiform cloud cover:

1-RH
C =1- . 4
sl \/1_ RHcrit - K(RH - RHcrit) ( )

The relationship between cloud cover and relative humidity is shown in Fig. 1 for various values of k. When

k = 0, the relationship reduces to the form used by Sundgvist et al. (1989). Although thisinitial schemes uses
a fixed distribution width, the use of a statistical scheme framework permits future development towards the
use of atotal water control variable. This could possibly be combined with a more complex but nevertheless
diagnostic treatment of the variance equation along the lines of Lenderink and Siebesma (2000). Moreover,

the knowledge of the subgrid PDF of water vapour fluctuations allows it to be used in other parametrizations
consistently, such as the precipitation formulation, or asin the scheme here, the evaporation of precipitation.

In the same way, the knowledge of the PDF and its assumed variance leads to the formulation of the grid-mean
cloud water mass mixing ratio which is given by

Mgrat = FsatCara (K(1— RH) + (1 — 1) (1 — RHgio)) (5)

Thusit is clear that both the stratiform cloud cover and mass mixing ratio will be sensitive to the choice of the

parameters k and RH,,;; which are defined as:
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Figure 1: Cloud Cover versus relative humidity for various values of x (see legend).

K = MAX[0,0.9(c — 0.2)%2], (6)

RH; = 0.76(1— 6)(1.85+ 0.95(c — 0.5)), @

cri

where o isthe vertical coordinate of the pressure divided by the surface pressure. These functions are graph-
ically depicted in Fig. 2, which shows the implemented profile of x reduces from 0.86 through most of the
lower troposphere towards zero in the upper troposphere. This, combined with the profile of RH,;;, implies
that stratiform clouds are initiated at drier relative humidities in the mid troposphere and that the variance is
largest at and above the tropopause region.

Convection contribution

One of the most significant sources of cloud in the tropics and mid-latitude summers in theTiedtke (1993)
cloud scheme is the detrainment from deep convection (e.g. Teixeira, 2001). Currently, the 4D-Var convection
scheme does not provide such information, but thiswill be included in an improved scheme under development
(Lopez and Moreau, 2003). The detrained cloud water is added to the diagnostic stratiform component given
above. For the cloud cover, the assumption is adopted from Tiedtke (1993) that convective clouds randomly
overlap existing stratiform cloud, and the source term is solved implicitly (after Eq. 37 inTiedtke, 1993). Thus
the convective cloud cover contribution (Gony) iS given by

—DAt

Ceorv = (1_Cstrat)(1_eT)a (8)

where D is the mass detrainment rate, p is the density, and At is the timestep.

Unlike the prognostic Tiedtke scheme, no memory exists for cloud water between consecutive timesteps. Thus
the additional assumption is made that any convectively detrained cloud water that is not converted to precipi-
tation during the timestep, evaporates. Thisis necessary to prevent convectively active regions from artificially
drying during the forward integration. It should also be noted that the present formulation is timestep depen-
dent. As the timestep approaches zero the influence of convective detrainment is removed. Alternatively, an
equilibrium solution for the cloud cover could be introduced, an approach complicated by the need to treat the
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Figure 2: RH,;; (solid) and x (dashed line)

cloud water consistently. This will investigated further, but the simple approach outlined here is retained for
theinitial implementation into 4D-Var.

Precipitation production

The generation of both snow and rain are parametrized as auto-conversion terms. The functional form adopted
is based on Sundqvist et a. (1989) as

“ifow] (5)])

whererg it isthe critical value of the in-cloud water content at which precipitation generation becomes efficient,
set to 0.5 g kg~t. The other variables G, and p are constants, given the values 3 x 10~4At and 2, respectively.
Note that once the cloud water mass significantly exceeds rg it the rate equation becomes quasi-linear, ap-
proximating r,c,. This behaviour replicates theKessler (1969) scheme, but differs substantially from the power
function forms adopted by, e.g., Beheng (1994) or Khairoutdinov and Kogan (2000). However, the nonlinearity
of this adopted form at lower cloud mass mixing ratios still enforces the use of techniques to prevent instability

when the tangent linear model is constructed, which will be outlined in detail below.

The local modifications of ¢, and rg it by Tiedtke (1993) to take into account the Bergeron-Findeisen or collec-
tion processes are not included here. Applying an autoconversion term for both snow and rain differs from the
operationa implementation of the prognostic Tiedtke (1993) scheme which was updated to include atreatment
of ice sedimentation according to Gregory et a. (2000) and Jakob (2002). Thisisjustified since it removes the
discrete physic process transition existing in the latter. Auto-conversion forms the basis of snow generation
in other more complex microphysical schemes (e.g. Linet al., 1983, Brown and Swann, 1997) and also the
original Tiedtke scheme. To compensate for the neglect of other processes in this simplified scheme, the liberty
is taken to tune within reasonable limits the value of g,, which is increased by a factor of three to obtain a
sensitivity that reproduces as closely as possible the performance of the OPERPROG scheme.
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Rainfall evaporation

Aswith the Tiedtke (1993) scheme, precipitation falls to the surface within one timestep and evaporates during
its descent. To retain thisimportant term, the new scheme also bases it on the Newtonian relaxation formulation
of Kessler (1969) (see Eqg. 35 of Tiedtke, 1993). However, there are some significant differences. Firstly, in
the OPERPROG scheme, the precipitation fraction (the proportion of agrid cell through which precipitation is
falling) is calculated via a maximum-random overlap assumption, similar to that used for the cloud cover inthe
radiation calculation (Jakob and Klein, 2000). For simplicity, the diagnostic scheme abandons this in favour of
amaximum overlap assumption.

A second contrasting aspect of the new scheme isthat it partially accounts for the overlap of precipitation with
the subgrid clear sky distribution of humidity fluctuations, which we recall are uniformly distributed. Thus,
instead of using the mean humidity throughout the whole clear sky region to calculate the rate at which rainfall
evaporates, the new scheme uses the mean humidity only in the clear-sky portion through which the rainfall is
falling, denoted Cf,'rre. Consistent with the maximum overlap assumption, this is taken to be the most moist G,

fraction of the clear sky. Using the uniform distribution,

CYr (rey —r
Fhre =Tt = 7”(61( o J (10)

The significant advantage of this new formulation is that it parametrizes the evaporative processes smoothly
without switches or discrete transitions. In contrast, due to the lack of memory of subgrid scale fluctuations
between timesteps, the operational Tiedtke (1993) scheme was forced to introduce arelative humidity threshold
for rainfall evaporation to prevent eventual gridscale saturation. This threshold ranged linearly from 70% to
100% according to the precipitation fraction. If theinitial RH exceeds this threshold, evaporation is completely
inhibited, while if the RH is less than this threshold, the evaporation calculation isinitialy unimpeded, but is
subsequently clipped, if necessary, to give the threshold value. This formulation not only introduces further
(ad-hoc) tunable parameters to the scheme in the form of this threshold, but this approach, and in particular its
numerical implementation, produces a noisy and discrete behaviour, undesirable for assimilation purposes.

The proposed scheme behaves smoothly, and replaces the tunable parameters with assumptions consistent with
other model components. Moreover, despite the apparent differences, the new approach does not significantly
ater the model climate. In order to demonstrate this, the new rainfall evaporation scheme was inserted into the
Tiedtke scheme and tested for a 11 day analysis experiment, conducted at T511 resolution using model cycle
25r4 for June 2002. The Z500 scores over the 11 cases indicate little impact in both hemispheres (Fig. 3).
For this period the new scheme appears to have a positive impact on the North American region (not shown)
although extended tests are required to make more statistically robust conclusions for such a confined region.
The impact on the 1000 hPa humidity is more notable, and the new scheme appears to improve the low level
humidity in the extra-Tropics.

4 1D ARM Tests

The first attempt to validate the new scheme is in a semi-prognostic framework, similar to that used by
Lord (1982). From each analysis at 00Z and 12Z, a 12 hour forecast using the full nonlinear OPERPROG
schemeis conducted. Inthe 4D-Var system, such aforecast providesthetrajectory calculation. Theinitial cloud
state in the analysis system is provided by the first-guess trajectory forecast which was shown byJakob (2000)

to remove the 10-12 hour cloud spin-up, and produce a smooth evolution of the cloud-related quantities. At each
timestep of this short forecast the radiative statistics are compared to the available data from the Atmospheric
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Figure 3: Left four panels. Z500 scores for 11 cycles of the default 25r4 forecast model (red lines) and the same forecast
model with the new rainfall evaporation formulation (blue lines). Right three panels. 1000 hPa Humidity biases for
northern and southern hemispheres and tropics

Radiation Measurement Program (ARM) sites', situated at Southern Great Plains (SGP) in North America, and
the two tropics sites based at Nauru and Manus in the equatorial Western Pacific Ocean. Such a comparison
has been previously conducted by Morcrette (2002), who provides details of the methodol ogy.

The OPERDIAG and NEWDIAG cloud schemes are then tested in a semi-prognostic mode. This is done
by taking at hourly intervals the control variables of humidity and temperature from the "trgjectory’ forecast
described above, and using these to drive the nonlinear version of each cloud scheme in turn. There is no
feedback from the cloud schemes to the temperature and humidity fields; this initial test concentrates on the
performance of the cloud schemesin astrongly constrained environment where the background thermodynamic
fields are not permitted to diverge. In thisway serious biases in the underlying cloud scheme physics may be
identified. However, the strong constraints imposed by this methodology implies that it is unable to identify all
deficiencies (e.g. long term drying or saturation of the atmosphere during a4D-Var integration), and thus must
be supplemented by alternative test procedures such as the full forecasts presented in section 5.

SGP site

The ARM Southern Great Plains (SGP) site is situated in Kansas and provides a wealth of cloud and radiation
observations. The new diagnostic model iscompared to the existing diagnostic model and the prognostic model.
The cloud cover from each model is shown in Fig. 4 for the month of January, during which the majority
of the cloud is most probably synoptically forced, rather than convectively generated. In such conditions,
Walcek (1994) showed that relative humidity was a good predictor for cloud cover, and indeed, it appears that
both diagnostic schemes produce similar cloud fraction evolution to the prognostic scheme. That said, OPER-
DIAG tends to under-predict some of the mid-level and upper level clouds. Thisis aresult of the relatively

Lsee www.arm.gov
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Figure4: Cloud cover over the ARM SGP site during January 2001 predicted by the (left) Operational prognostic scheme
(middle) 4D-Var operational diagnostic scheme, and (right) new diagnostic scheme. Contours arein 5% intervals.

high threshold of 80% relative humidity for the formation of clouds used in this scheme. Replacing this critical
threshold by the profile used in the new scheme given in Eq. (7) leads to significant improvements in the
prediction of synoptically forced mid-level clouds in the existing operational scheme (not shown).

In contrast, deep convection plays a significant role in generating cloud during the month of June at this loca-
tion, and the new diagnostic model is obviously able to produce a more accurate fit to the prognostic model, due
toitsdirect link through the detrainment term (Fig. 5). The operational model does make a number of artificial

adjustments to the cloud fraction when deep convection is active, but these are not linked to the convective up-
draught properties. Thus, while the operational scheme may predict the occurrence of cloud in deep convective
scenarios, the statistics are unlikely to reproduce the behaviour of the prognostic scheme. The short-comings
of the existing scheme will be more apparent when the tropical sites are examined. Note that even with its di-
rect link to the convection scheme, the new cloud scheme does not reproduce the longevity of the convectively
associated cloud events. Thisis due to the use of a diagnostic rather than prognostic formulation for the con-
vective cloud term, which only recognizes convection whileit is currently active. The cirrus clouds that remain
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Figure 5: Asfig 4 but for the month of June
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Figure 6: Monthly mean statistics for the year of 2001 for (a) Surface downward longwave, (b) surface net shortwave
radiation, (c) TOA outgoing longwave and (d) shortwave albedo

in the prognostic scheme after the convection has died exist in alow relative humidity environment, rendering
their accurate prediction by a diagnostic approach unfeasible. However, this dry environment also proscribes
the persistence of these clouds, which evaporate rapidly, and thus the time-truncation of the diagnostic model
represents aminor inaccuracy. If convection were to continue and moisten its environment to levels that prevent
fast cirrus dissipation, then these would also be predictable by the diagnostic approach.

A comparison of the liquid water and ice mass mixing ratios for the January case, where the occurrence of
cloud is well predicted, shows that both diagnostic schemes reproduce the ice and liquid water profiles of the
prognostic model reasonable well, with the new diagnostic scheme giving less liquid and more cloud ice (not
shown). In fact, the study by Chevallier and Kelly (2002) indicates that this increase of ice would bring the
analysis closer to observations and is therefore beneficial.

The above comparisons showed detailed diagnostics for a particular month. To gain a more systematic view
of the impact of the new scheme, Fig. 6 gives mean bhiases and root mean square errors in radiative quantities,
calculated as a monthly mean for the whole of 2001. The observations used for the comparison are the net
solar and infra-red fluxes at the top of atmosphere and surface. The TOA radiometric measurements are derived
from geostationary satellite data (GOES-8 over the SGP site and GMS-5 over the tropical locations). This
comparison is conducted for the new diagnostic scheme and the fully prognostic scheme, and shows that for
al statistics, the new scheme gives a improved fit to the observations during winter, when cloud is mostly
synoptically forced. When convective activity predominates during the late spring and summer months, the full
prognostic scheme, with its ability to sustain anvil cloud in dry conditions, outperforms the diagnostic model.
Overdl, the two schemes are comparable, although it should be emphasized again that the thermodynamic
fields are not free to evolve when using the diagnostic model.

Tropical sites

In addition to the SGP site, a comparison is conducted for the two ARM sites located in the tropical Western
Pacific, at Nauru and Manus. These sites are located at 0.55/167E and 2S/147E, respectively. Precipitation
at these sites is convectively generated the whole year through, either from organised or isolated systems. It
was seen from the SGP site statistics that these regimes pose the greatest difficulties for the diagnostic cloud
scheme, and thus the tropical sites represent a more stringent test.
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Figure 7: Cloud cover over the ARM TWP Manus site during May 2001 predicted by (left) OPERPROG (middle)
OPERDIAG, and (right) NEWDIAG. Contoursarein 5% intervals.

The simulations from the prognostic scheme shows that at both tropical sites the cloud is dominated by con-
vective activity (figs. 7 and 8). There are two peaks in cloud cover, at around 900 and 100 hPa, corresponding
to shallow and deep convection, respectively. Theresidua detrainment that occurs with the Tiedtke convective
mass flux scheme (Tiedtke, 1989) also maintains a small residual cloud fraction throughout mid-levels, despite
the dryness of the atmosphere there.

The new cloud scheme is unable to maintain these small mid-tropospheric cloud amounts in the presence of
low humidities. However, the scheme is able to reproduce the general cloud fraction structure well, with peaks
in the lower and upper cloud fractions. As for the ARM SGP site, the upper level cirrus is less continuous,
again due to the lack of memory for the convectively enhanced cloud from one timestep to the next. The
nature of the semi-prognostic test, where the temperature and humidities are continually reset, exacerbates
these discrepancies. The evaporation of the detrained cloud water would lead to a moistened upper troposphere
and eventually an increased cloud cover. This cirrus anvil cloud appears to be better represented in the existing
operational diagnostic scheme, wherethe cloud cover at the uppermost detrainment level isartificially enhanced
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Figure 8: Asfig 7 but for the ARM TWP Nauru site during March 2001
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Figure 9: AsFig. 8 but for cloud (ice+liquid) mass mixing ratio

in the presence of deep convection according toSlingo (1987). The cloud cover throughout the mid-troposphere
is afixed function of convective precipitation amount, which mostly produces a value of around 30% in these
cases, producing a strong and erroneous peak in the relative humidity/cloud cover PDF (not shown). The cloud
cover does not respond to the evolving thermodynamic conditions in a reasonable way and it is apparent that
the lack of shallow convection and the erroneous boundary layer cloud are problematic features. The sum of
the liquid and ice mass mixing ratio for the Manus site are shown in Fig. 9, revealing that the new scheme
produces an authentic replication of the prognostic scheme’s profile of both ice and liquid, with the peak in
mid-level liquid also present. Although the models are close, the new diagnostic scheme produces less liquid
water and more ice than the prognostic scheme, which isin fact aglobal feature. In comparison to NEWDIAG,
the present operational diagnostic scheme is obviously deficient.

5 Global Forecasts

The semi-prognostic tests described in the previous section give a brief insight into the operation of the two
diagnostic schemes, given the caveat that the humidity and temperature fields are not free to evolve. A more
stringent test, therefore, is to conduct full integrations of the ECMWF forecast model, substituting the prog-
nostic cloud scheme by OPERDIAG and NEWDIAG in turn. The nonlinear versions of the diagnostic cloud
schemes are used since the aim isto evaluate the cloud physics, and not the validity of the linear assumption.

Two weeks of forecasts are conducted at T159 resolution. The statistics are examined at a forecast range
of 12 hours, which is the current assimilation window of 4D-Var. This choice of resolution and integration
length therefore mimics the current inner-loop integration of 4D-Var. The initia conditions for the cloud
field and other thermodynamic variables are interpolated from the T511 resolution operational analysis. As
stated earlier, the cloud fields in the analysis are taken directly from the 'first-guess' trajectory forecast using
the OPERPROG scheme. Therefore the global forecasts conducted using the two diagnostic schemes are
likely to undergo an initial period of adjustment, often termed 'spin-up’. However,Mahfouf et a. (1999) and
Jakob (2000) effectively demonstrated that cloud fields equilibrate after approximately 10 hours, and thus by
examining the forecast range of 12 hours the cloud statistics are mostly unaffected by the initial state.

The total cloud cover for the forecast integrations (Fig. 10) reveals a marked correspondence between the new
cloud scheme and the prognostic scheme, both for the mid-latitude and tropical regions. In most areas the lo-
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Figure 10: Instantaneous total cloud cover averaged over 14 forecasts at T159 resolution at the 12 hour range for (top)
OPERPROG, (middle) OPERDIAG and (bottom) NEWDIAG
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cation and amount of cloud are captured well. Closer examination indicates that NEWDI AG produces a higher
cloud amount than OPERPROG, especially in the tropics. This contrasts to the findings of the previous section,
which highlights the limitations of the semi-prognostic test and aso the potential dangers of generaizing the
conclusions drawn from localized gridpoints. Although the current operationa diagnostic scheme also does a
reasonable job at predicting the location of clouds, the amount is significantly underestimated, particularly in
mid-latitudes. Note that neither diagnostic scheme is able to compensate for the deficiencies of the operational
forecast model, such as the lack of stratocumulus regimes over the coast of the Americas (Jakob, 1999).

The strength of the new diagnostic scheme is revealed when maps of precipitation are examined (Fig. 11).
Both OPERDIAG and NEWDIAG are able to faithfully mimic the Tiedtke scheme in mid-latitudes. This is
quite surprising when the simplicity of OPERDIAG is considered, where precipitation is simply the result of
removing supersaturation over one timestep. However, the operational diagnostic scheme evidently suffers
catastrophic failure in the tropics, producing almost no precipitation. The NEWDIAG scheme is able to also
convincingly reproduce the tropical precipitation, although the area coverage of precipitation appears to be
larger, with many areas receiving small but non-negligible amounts of rainfal. This latter difference may be
the result of the revised evaporation formulation in the diagnostic scheme, and has implications when used in
1DVAR assimilation techniques (Moreau et al., 2003).

The final figure examines the total column cloud water for the three cloud schemes at the same 12 hour range.
The existing scheme OPERDIAG clearly produces too little cloud condensate in mid-latitudes, while cloud
water is widespread through out the tropics. The new diagnostic scheme better predicts the location of the
cloud water, and as with the other variables, the NEWDI AG is found to match OPERPROG more closely. The
peak cloud water contents in the extra-tropics match well. It is notable that the new scheme does increase
the cloud water in some areas of the tropics, which is due to an increase in upper level ice cloud with re-
spect to the Tiedtke scheme (not shown). It is arguable that this is beneficial since previous investigations by
Chevallier and Kelly (2002) indicate that the OPERPROG scheme produces too little upper level ice.

The forecasts were also examined at a range of 24 hours, to verify that the conclusions drawn would be robust
if the assimilation window were to be extended in the future. No significant departure in the forecast behaviour
were noted at this extended range and the results are not shown for reasons of brevity. Note that the validity of
the linear approximation at these ranges was not tested, and is likely to be alimiting factor for such nonlinear
Processes.

6 Validation of the Linearized Scheme

The linearized versions (tangent-linear and adjoint) of the described cloud scheme have been developed. After
the standard validation of the tangent-linear and adjoint codes (Taylor formula and adjoint identity), the linear
evolution of the model with new cloud parametrization has been studied. Since for practical applications the
utility of tangent-linear (TL) and adjoint (AD) modelsis determined by how well they describe the behaviour of
finite-size perturbations corresponding to onesin the nonlinear model, the accuracy of the linearization of cloud
scheme is studied with respect to pairs of nonlinear results asinJaniskova et al. (2002a). Comparisons are then

made between the evol ution over 12 hours of analysisincrements 8x (8x = @ —x°, where x2 represents analysis

and x° background field) with the simplified tangent-linear model M (8x) and the finite differences between

two nonlinear forecasts (M (»x®) — M(xP)) using the full nonlinear physical package, starting from the different
initial conditions. Experiments are performed for three cases to sample the seasona cycle (15 December 2000,
15 March 2001, 15 June 2001) using the model resolution T159L60 (120 km horizontal resolution and 60
vertical levels) of the ECMWEF global spectral model, mimicking an inner-loop integration of the operational

4D-Var system.
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Figure 11: AsFig. 10 but for 12 hour accumulated large-scale precipitation
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Figure 13: Regularization for the auto-conversion function F of cloud water into precipitation: Function describing
which portion of cloud water mixing is converted into precipitation in one time step (black solid line), the physical limits
of the function: 0 and 0.417 (grey solid line), the original tangent to the function for a given change in the cloud water
Ax (dot-dashed line) and the proposed approximation for the linearized model (thick dashed ling). FD indicates the size
of finite difference increment (F (x+ Ax) — F(x)) and TL is used for the tangent-linear increment F’(AX).

Regularization of the tangent-linear scheme

Initial investigations showed that the linearized scheme developed noise during the integration, despite the
efforts expended to produce a smooth and differentiable parametrization scheme. A detailed post-mortem
revealed a sengitivity to the auto-conversion function describing the conversion of cloud water to precipitation.
From Eq. 9, the amount of cloud water converted to precipitation over one timestep is given by

F:1—exp{—co.(1—exp[—<rrg—lf'it)2]>}=1—eXp(—R)- (11)

This function has two physical limits, which constrain the amount of created precipitation to be between zero
and 1 —exp(—¢,) (grey linesin Fig. 13). Inthe TL model, any conditional decision is taken according to the
trajectory (nonlinear model) around which the linearized model evolves. It is therefore a possibility that the
linearized model will exceed physically reasonable limits. Such a circumstance is demonstrated in Fig. 13 by

dot-dashed lines, where the perturbation of cloud water Ax creates a TL increment exceeding both the nonlinear
one (F (x4 Ax) — F(x)), and the physical limits defined by the trgjectory. Such excessive increments can then
lead to the development of noise in the time integration of the linearized model.

One solution of the problem would be to change the power p=2in Eq. 9to make the function smoother and less
steep. However, experiments showed that such modification simply postpones the devel opment of noise and can
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deteriorate the quality of the physical parametrization itself. Another possibility is not to alow an increment
R = dR/dr, when added to the basic state R, to exceed the physical limits defined by the parametrization
scheme. This means ensuring that R+ R is not smaller than zero or larger than G,. Such a control can be
implemented in the TL model by introducing a weighting factor, which is equal to 1 when R+ R > 0 or
< ¢y and has avalue in the interval [0,1] otherwise. The proposed approximation is displayed in Fig. 13 by
dashed line. It is obvious that the linearized scheme is consequently not the exact tangent-linear version of
the cloud scheme. However, thisis already a case for many smoothing modifications applied in the linearized
models with physical parametrization schemes (for instance, neglecting or reducing the size of perturbation
of exchange coefficients in the vertical diffusion schemes, such as inMahfouf, 1999, Janiskovaet al., 1999,
Laroche et a., 2002). Such a solution can aso be applied since the incremental formulation of 4D-Var used
at ECMWEF (Courtier et a., 1994), for which the parametrization scheme was mainly developed, allows one to
use a simplified model which does not need to be exact tangent-linear version of the nonlinear model (using
lower resolution, simplified physics and so on). The modified scheme remains linear, and its adjoint can be
constructed providing that the weighting factor wy computed during the TL integration is saved for each grid
point and model level. The weighting factor is computed as:

R .
o ifR+R >
Wa=<¢ R ifR+R <0 (12)

1 otherwise

The origina value of R is then replaced by w, . R where w;, is treated as a constant for the linearized model,
though varying according to the different conditions. After applying the described modification, the linearized
scheme does not create any noise in the TL evolution of increments.

Results of the validation experiments

In the following evaluations, the impact of the cloud scheme is examined using mean absolute errors between
the tangent-linear and nonlinear integrations as:

€ =[M(x®) = M(x?)] = M'(x2 - xP) (13)

where M is the forecast model starting either from the analysis > or from the background x° and M’ is the
tangent-linear model starting from the initial conditions @ — x°. The results are evaluated as a relative impact
(in %) as:

& — €
n=—P_ el 100% (14)

8ref

where gop and ¢,; are absolute mean errors for experimental and reference runs, respectively.

ref

Figure 14 summarizes the relative impact n of the new diagnostic cloud scheme for temperature, specific hu-
midity and zonal wind. Inthisfigure, g represents the absolute mean error of the TL mode! using the set of op-
erational linearized physics combined with the radiation schemes (new rad) described byJaniskova et al. (2002b).
The experimental run (new_rad_cloud) includes the linearized version of the new cloud scheme. Theresults are
presented for various geographical domains. Including the cloud scheme in the linear model improves globally
thefit to the nonlinear model for each evaluated variable. Thelargest improvement isachieved in the Tropicsfor
temperature and zonal wind and in North20 for specific humidity. A small negative impact is mainly observed
for zonal wind in North20. The ability of the TL model to approximate the finite differences will necessarily be
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Figure 14: The improvement/deterioration of the tangent-linear (TL) model when using the new linearized cloud scheme
in place of the current operational diagnostic scheme for the geographical domainsof: Tropics: 20N-20S, North20: 20N-
90N, South20: 20S-90Sand globally. The results are presented as the percentage improvement for (a) temperature, (b)
specific humidity and (c) zonal wind. The comparisonsare made for 15 December 2000 (white bar), 15 March 2001 (grey
bar) and 15 June 2001 (black bar).
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Figure 15: Influence of the tangent-linear (TL) cloud scheme on the evolution of temperature (a) and specific humidity (b)
increments in zonal mean. Results are presented as the error differences (in terms of fit to the nonlinear model with full
physics) between the TL model with operational linearized physics including new radiation schemes and the TL model
with new cloud and radiation schemes. (c) presents the same, but for temperature at the model level L49 (~ 850 hPa) and
inthetropical domain (30S- 30N). 12-hour forecast for the situation of 15 March 2001, 12 UTC, units: K for temperature,
g.kg~? for specific humidity.
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Figure 16: Vertical profiles of relative decrease (negative values) or increase (positive values) of error differences as
a percentage for temperature (a,e), specific humidity (b,f) and u wind component (c,g). Results are shown for global
statistics (top panels) and only the Tropics (bottom panels). The dashed line compares the combined package of the new
radiation and cloud schemes to the operational set of the linearized physics. The solid line shows the impact of adding
the new cloud scheme to the new radiation scheme. These results are for the 12-hour forecast on the 15th March 2001,
12 UTC.

dependent on the meteorological situation, but generally the largest improvements are generally in the Tropics,
with the exception of specific humidity for which the improvement is globally uniform.

For a detailed presentation of the impact coming from the cloud scheme, zonal mean values of error differences
(€rew_rad_cloud — Enew.rag) are displayed in Fig. 15 for temperature and specific humidity, just for the situa-
tion of 15 March 2001. Negative values are associated with an improvement of the experimental TL model
(new_rad_cloud) with respect to the reference one (new rad) since they correspond to a reduction of the error
€. The new cloud scheme reduces the global mean error by 2.3 % for temperature and by 1.2 % for specific
humidity. Theimprovement is significant over the whole Tropics and in the lower troposphere, as demonstrated
in Fig. 15c, which presents error differences for temperature at the model level L49 (~ 850 hPa) in the tropical
domain (30S - 30N). At thislevel the relative improvement is as large as 7.8 %, despite the fact that the TL in-
tegration was performed with a simple convection scheme (i.e., no perturbation of the detrainment term), since
the new scheme can generate precipitation when the relative humidity is less than 100 %. The areas of error
reduction correspond to the regions with the most improvement observed in the 3D forecast validation (section
5). Further improvements are expected when the scheme will be combined with the new linearized convection
scheme recently developed (Lopez and Moreau, 2003).

Figure 16 showing the vertical profiles n (Eq. 14) of relative reduction or increase of error differences provides
amore detailed examination of the influence of the NEWDIAG scheme on the vertical profiles, both globally
and for the Tropics only. Results are presented for the combined new radiation and cloud schemes compared to
the operational set of the linearized physics to demonstrate the impact of cloud-radiation interaction processes.
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Figure 17: As solid line curves on Fig.16, but only for specific humidity, globally (a) and in the Tropics (b) and for the
different situations: 15 December 2000 (dashed line), 15 March 2001 (dot-dashed line) and 15 June 2001 (solid line).

The new cloud scheme is also analysed in isolation. The impact of cloud-radiation processesis largest between
the model levels L35 to L41 (~ 350 - 600 hPa) for temperature (improvements between 8 to 10 % globally
and 10 - 14 % in the Tropics) and for specific humidity (improvements between 3 - 4 % globally). For the
zonal wind, the error is mostly reduced below the model levels L48 - L49 (~ 800 hPa). The solid line indicates
that it is the cloud scheme that produces this positive impact for humidity. The impact of the cloud scheme on
temperature is smaller than that of the radiation scheme between L35 - L41, but its influence dominates below
L49 (~ 850 hPa). It is probable that evaporation processes, which were neglected in the previous version of the
linearized large-scale condensation scheme (Mahfouf, 1999), contribute to this error reduction when using the
new cloud scheme.

Thereisanincreasein error differences for specific humidity at L31 - L34 (~ 200 - 300 hPa), where the absolute
mean error £ (not shown) is quite small (0.02 - 0.03 g.kg™!). As seen from Fig. 17 displaying the vertical
profiles of relative error reduction/increase for specific humidity in the different situations, this deterioration is
general and is most significant for the winter case. Thisis likely to be aresult of differing ice microphysics
used in the two schemes. The lower end of the peak marking the deterioration is at exactly the temperature
(250 K) at which the operational prognostic scheme discretely switches its physics from the Sundgvist-based
auto-conversion for the mixed phase, to a sedimentation-based form for the pureice phase. The new diagnostic
scheme, using auto-conversion throughout the troposphere to ensure a smooth scheme, is unable to reproduce
the behaviour caused by this discrete change in physics.

Detailed analysis of the results has shown that, except for the isolated deterioration described above, the inclu-
sion of cloud scheme within existing linearized parametrizations improves overall the accuracy of the tangent-
linear approximation of the simplified model to the full nonlinear model (in finite differences).
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7 Conclusions

A new cloud scheme has been developed specifically for the purposes of variational data assimilation; a task
complicated by the inherent nonlinearity of many cloud processes. The attempt was made to develop a scheme
which is simple and does not contain discrete transitions, while retaining the central aspects of the Tiedtke
scheme used in the nonlinear forecast model.

The new model diagnoses cloud cover and cloud water (liquid+ice) from the input profiles of the temperature
and humidity control variables. This is performed in the spirit of statistical cloud schemes by assuming a
subgrid distribution for the fluctuations of humidity. The uniform distribution is chosen for coherency with
the full prognostic cloud scheme. Currently the variance of the distribution is fixed, implying that the cloud
cover and liquid water can be reduced to formulations based on relative humidity. This statistical framework
is flexible for future development, and will facilitate the move to a total water variable, if thisis deemed to be
advantageous for the assimilation system.

Simple auto-conversion terms are used for the generation of rain and snow, which fall out of the model column
during one timestep. One novel aspect of the scheme is anew treatment of precipitation evaporation during the
descent, which takes the subgrid-scale distribution of humidity into account in a self-consistent fashion. This
new treatment removes the requirement of artificial and discrete process thresholds used in the full prognostic
model, which would impact the feasibility of the tangent linear code.

The schemeistested by examining physical tendencies of thermodynamical quantities over aseries of timesteps
given fixed input profiles of temperature and humidity. This is conducted over three sites in North America
and the Tropical Western Pacific, and the new diagnostic scheme is found to give comparable results to the
full forecast model for radiation and cloud observations. As a further test, a series of model integrations
were executed, with the full prognostic scheme used in operational forecasts replaced in turn by the nonlinear
versions of the current operational assimilation diagnostic cloud scheme, and then by the new scheme described
here. Using the default model as a metric, the new scheme improves on the current assimilation cloud scheme
for many variables such as cloud cover and ice water content, both in the tropics and mid-latitudes. In particular
the new scheme addresses the overriding weakness of the current diagnostic scheme, which produces almost
no precipitation in the tropics. Instead the new scheme almost perfectly replicated both the pattern and quantity
of tropical precipitation.

Tangent linear and adjoint versions of the new scheme have been constructed, and with some regularization
to prevent instability, it is demonstrated that the scheme can successfully and robustly perform tangent linear
integrations for a 12 hour window, and significantly improves the tangent linear approximation of the ssimplified
linearized model to finite difference calculations using the full nonlinear forecast model.

With its physical link between cloud properties and the thermodynamic control variables of temperature and
humidity, the new scheme provides the opportunity to develop a system which can assimilate both cloud and
precipitation information. Moreau et a. (2003) have used the new cloud scheme in combination with the im-
proved linearized convection scheme of Lopez and Moreau (2003). The approach was to use 1DVAR locally
to obtain increments in total column water vapour, which are then inserted as’ pseudo observations' in the full
4D-VAR framework. This technique uses 1DVAR, which circumvents the stability problems that can arise in
a pure 4D-Var framework. Chevallier et a. (2004) discuss the possibility of using the scheme to assimilate
AIRS and Meteosat brightness temperatures in a 4ADVAR framework, and this will be investigated further in a
companion paper.
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