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Abstract

This paper describes the strategy developed at ECMWTF for including physical parametri-
zations in the tangent-linear and adjoint versions of the operational forecast model (IFS). A
first set of sub-grid scale processes is defined for linearization purposes. It includes vertical
diffusion, large scale condensation, gravity wave drag, moist convection and radiation. Some
simplifications have been necessary with respect to the operational physics. The validity
range of the tangent-liear approximation is examined and preliminary results of singular
vector computations with physical processes are described. In future developments current
linearized versions of moist convection and radiation will be improved. The impact of in-
‘cluding physics in 4D-Var assimilation will be assessed and the adjoint of the phys1cs will be
used for the assimilation of satellite precipitation data.

1  Introduction

Linearized versions of Numerical Weather Prediction (NWP) models have recently been devel-
oped to solve problems of data assimilation (Tala,graﬁd and Courtier, 1987), sensitivity aﬁalysis
(Rabier et al., 1996), instability analysis (Buizza and Palmer, 1995), and Kalman filtering (Bout-
tier, 1993). The central part of a variational data assimilation system is the minimization of a
cost-function measuring the departure between model variables and corresponding information
(observations, previous forecast). Given the dimension of the state variable of a global NWP
model (10° for the ECWMF T213L31), the gradient of the cost-function with respect to the
initial state can only be computed efficiently using an adjoint version of the NWP model. In
instability studies, linear forward and adjoint versions of a forecast model are needed to com-
pute perturbations with the fastest growth over finite time intervals. At ECMWTE, these type
of perturbations, named singular vectors, are used to construct the perturbed initial conditions
of the Ensemble Prediction System (Molteni et al., 1996).

So far, the adjoint of the IFS (Integrated Forecasting System) model developed at ECMWF

in collaboration with Météo-France (Courtier et al., 1991) does not include physical processes
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apart from a simple vertical diffusion and surface drag scheme acting as a momentum sink
(Buizza, 1994). The lack of physical processes is not too detrimental at mid-latitudes where
most of the evolution of the flow can be interpreted in terms of dynamical instabilities, but the
use of an adiabatic linear model is certainly less valid in tropical regions.

However, the inclusion of physical parametrizations in adjoint models is not straightforward.
Physical processes are characterized by strong non-linearities like the transition from unstable
to stable regimes in the planetary boundary layer, and on/off switches (e.g. deep convection .
takes place when moisture convergence is positive together with low level vertical instability).
This means that the range of validity of the tangent-linear approximation is reduced when
physical parametrizations are included in linear forward /adjoint models. In data assimilation, for
example, this can cause convergence problems for the minimization algorithm (wrong estimate
of the gradient of the cost-function, existence of multiple minima).

Very few studies have been undertaken to include physical parametrizations in linearized
NWP models. However, preliminary results are encouraging. In data assimilation, depending
on the model and the physical parametrizations involved, convergence can be obtained either
without a particular treatment of the thresholds or with some regularization (Zou et al., 1993 ;
Zupanski, 1993; Zupanski and Mesinger, 1995). In instability studies, Ehrendorfer et al. (1996)
have shown that the inclusion of moist processes in the computation of singular vectors of a
limited area model leads to faster growth, and to an increased number of phase-space directions
along which perturbations may grow.

The main purpose of this paper is to describe the strategy adopted at ECMWEF in order to
progressively include physical processes within the tangent-linear and adjoint versions of the op-
erational forecast model. In section 2, the need for including physical processes in the context of
variational assimilation and singular vectors is explained, as well as expected improvements and
problems. Section 3 describes a first set of linearized physical parametrizations ; the linearity
of various physical processes is also examined. Preliminary results of singular vector compu-
tations with physical processes are presented in section 4. The last section considers future

developments.

2 Importance of physical processes in linearized models

An adiabatic adjoint version of the IF'S has been used for preliminary computations of singular
* vectors with a primitive equations model by Buizza (1993). He showed that the inclusion of
physical processes is essential to get realistic initial perturbations. Indeed, without surface drag
and vertical diffusion, large amplification rates are captured close from the surface in the linear

model. However, these singular vectors are non meteorological because they cannot grow in the
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full diabatic model where turbulent processes are effective. Rabier et al. (1993) performed a
4D-Var assimilation for the October 87’ Storm over France and England. They showed that, for
this explosive cyclogenesis, the lack of condensation in the model prevents realistic forecasts of
the humidity field. Beside these two examples, it is well-known that in mid-latitudes, the valid-
ity of the geostrophic approximation allows the definition of dynamical constraints to produce
consistent analysis of mass and wind fields (balance equation, projection of the flow on slow
Rossby modes). Indeed, the energy source of mid-latitude circulations is mainly derived from
the baroclinicity represented by large meridional temperature gradients. These constraints are
no longer valid in the tropics where the circulations are basically diabatically driven (cooling
by radiation and heating by moist convection principally). The lack of physical constraints
on dynamical fields (mostly the divergent part of the flow) and on thermo-dynamical variables
(temperature and moisture) is evidenced in data assimilation systems by the so-called spin-up
problém. The hydrological cycle (precipitation, evaporation, clouds) is generally not in equilib-
rium with the model at initial time. Therefore, during the first hours of the forecast, evaporation
and precipitation increase or decrease in order to achieve a quasi-balance.

The moisture analysis problem in the tropics is demonstrated in recent 4D-Var experiments
performed by Rabier et al. (1997). These experiments indicate that the forecast scores are
improved with respect to the current operational 3D-Var 6ver both hemispheres at all ranges.
However, scores in the tropics reveal an opposite behaviour. The lack of physical processes
(particularly moist convection) in the tangent-linear and adjoint versions of the ECMWTF model
contributes, at least partially, to explaining the worse performance. A sensitivity study showed
that, when reducing the vertical velocity 7 in the tropical belt, the zonal mean increments of
specific humidity are smaller and the subsequent forecasts experienced less spin-down (Rabier
et al., 1997).

Future satellite systems, like TRMM (Tropical Rainfall Measuring Mission) to be launched
at the end of 1997, will provide high resolﬁtion measurements of radiances in channels sensitive
to precipitable water and rainfall rates over sparse data areas like the tropical oceans (Simpson
et al., 1996). But these new observations will only be useful for data assimilation if they can
be compared with model counterparts given by sub-grid scale processes. In other words, the
observation operators providing the link between these new data and model variables are the

- physical parametrizations. Surface precipitation data provide information on the vertically inte-
grated latent heating profiles. They could be very useful for improving initial temperature and
moisture fields in NWP models, particularly in the tropics (few radiosondes, importance of dia-
bating heating). Various attempts have been made in that direction. They have been initiated
by Krishnamurti et al. (1984) and are often refered to as physical initialization or diabatic ini-

tialization. So far, physical initialization is not extensively used in operational data assimilation
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systems for two reasons. Physical initialization is built on empirical statistical relations between
satellite radiances and rainfall rates, and empirical ’inversion techniques’ are used to modify the
model profiles of temperature and moisture to better match the ’observed’ rainfall rates (Puri
and Miller, 1990 ; Heckley et al., 1990 ; Kasahara et al., 1996). However with new radiometers
and more efficient inversion techniques, physical initialization can be improved. More reliable
remotely-sensed observations will be provided by the TRMM Microwave Imager (TMI) and
variational techniques allow for a better comparison between satellite observed radiances and
model variables. Recent encouraging results with synthetic observations of precipitation have
been obtained by Fillion and Errico (1997) in a 1D-Var assimilation and by Tsuyuki (1996) in
a 4D-Var assimilation.

Problems associated with the convergence of the minimization algorithm have been pointed
out by Verlinde and Cotton (1993). A 4D-Var incremental approach has been devised by Courtier
et al. (1994) to reduce the problems of non-linearities induced by the physics (another justifi-
cation is a significant reduction of the computational cost). The trajectory is computed with
the full non-linear model (high resolution, comprehensive physics), and a simplified linear model
(low resolution, simplified physics) is used for solving the minimization problem in the vicinity
of the trajectory. Assimilation experiments of SSM/I precipitable water, performed by Filib-
erti et al. (1997), have shown improvements of the incremental formulation on the analysis
of humidity for the Octobef 87 severe storm situation with respect to Rabier et al.’s (1993)
results. A consequence of 4D-Var incremental is that a progressive inclusion of physical pro-
cesses in the linearized versions of the model will not increase the non-linearity of the problem.
The cost-function to be minimized corresponds to the full model with comprehensive physics.
The minimization problem solved in terms of increments will remain quadratic when including
linearized physics. Therefore, physical processes will not increase convergence problems in the
minimization algorithm with a 4D-Var incremental approach, although a positive impact on the

quality of analyses remains to be proved.

3 The ECMWTF linearized physics
3.1 General strategy

Results summarized in the previous section have clearly shown the importance of including
vertical diffusion and moist processes in the tangent-linear (TL) and adjoint (AD) versions of
the TFS model.

As a consequence, a first set of linearized physics has been devised for use in the TL/AD
versions of the IFS. For a number of reasons explained hereafter, this physical package contains

simplifications and modifications with respect to the operational one. The dominant physical
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processes (and interactions) given the time scale of interest (1 day) have been linearized, but
some of them are highly simplified. It is believed that the most important feedback mechanisms
between the processes are nevertheless described.

The strategy adopted is to remain as close as possible to the operational package of physical
parametrizations. This choice avoids the need for validating the parametrizations in the non-
linear model. For example, we have chosen to keep the operational mass-flux convection scheme
(Tiedtke, 1989) instead of using alternative simpler schemes (Kuo scheme, Betts-Miller scheme).
Recent papers from Kasahara et al. (1996) and Fillion and Errico (1997) have shown that, in the
context of assimilation of precipitation rates, retrieved moisture profiles are highly dependent
upon the convection scheme used.

However, concerning the representation of clouds and radiation, a number of simplifications
have been necessary, at least at this stage. The radiation scheme is computationally expensive,
and requires spatial and temporal samplings for operational purposes. Therefore, the adjoint of
the op’erational code would be prohibitive. The temporal sampling implies that the interactions
between clouds and radiation are not completly represented. Within a 3-hour window, clouds
remain fixed. In the context of data assimilation and singular vectors, where the typical time
window will be 24 hours, it seems better a priori to have a simplified radiation scheme but
allowing interactions with clouds at every time step. Otherwise, the sensitivity of radiative
fluxes to changes in cloudiness (through specific humidity and temperature) given by the linear
model, will be of limited use in the full non-linear model. A prognostic cloud scheme (Tiedtke,
1993) was introduced in the operational model in April 1995. This scheme introduces additional
variables for cloud cover, liquid and and ice water contents. The adjoint of this cloud scheme will
only make sense when the additional prognostic variables are included in the control variable to
be optimized. This raises too many technical and scientific issues for them to be examined in
these preliminary studies.

In order to reduce the validation part of simplified parametrizations within the non-linear
model, previous operational schemes have been chosen. The large scale condensation scheme
and the diagnostic cloud scheme to be linearized are those operational before April 1995. The
planetary boundary layer scheme has also been modified in order to express exchange coefficients
as functions of the local Richardson number only (Louis et al., 1982). The Louis scheme has
some known weaknesses, such as the lack of entrainment at the top of the mixed layer (Beljaars,
1995), but produces a unified scheme easier to linearize than the operational one (e.g. the

iterative estimation of the Monin-Obukhov length).
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Figure 1: Jacobians for indicated pairs of input and output fields [ PTM1=T, PQMl=gq,
PTENT=0T/08t, PTENQ=0q/0t | at model levels indicated on the ordinate and abscissa.
The computation is for a profile having deep convection. The Jacobian is computed using
perturbation of 10™* K, 10=%g,q; for T and q respectively. Contours intervals (indicated

by cont= in the ordinate legend) are in terms of model units.
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3.2 First set of linearized parametrizations
3.2.1 Vertical diffusion

A wvertical diffusion scheme based on the use of the Richardson number dependency of the ex-
change coefficients (Louis et al., 1982) is applied everywhere in the atmosphere (surface boundary
layer, planetary boundary layer, free atmosphere). Analytical expressions have been generalized
for the situation of different roughness lengths for heat and momentum transfers. The mixing
length profile uses the formulation of Blackadar (1962) with a reduction in the free atmosphere

is order to avoid the computation of a planetary boundary layer depth.

3.2.2 Radiation

A simple radiation scheme for the longwave spectrum is based on a constant emissivity formu-
lation. This approach requires the storage of emissivity arrays ¢ from the trajectory, but allows
modifications of the fluxes with temperature (negative feedback). The tendency of the perturbed

temperature can thus be written:

oT’

99

= = Cip 5 (4oeTT) (1)

3.2.3 Large-scale condensation

A large scale condensation scheme (classical moist adjustment scheme where all supersaturations
are removed instantaneously as precipitation without the cloud stage), includes evaporation in

subsaturated layers and snowfall melting.

3.2.4 Sub-grid scale orography

A parametrization of sub-grid scale orographic effects (gravity wave drag), represents the drag

produced by low-level blocking and wave breaking according to Lott and Miller (1995).

3.2.5 Moist convection

The convection scheme is expected to have an impact on the quality of 4D-Var in the tropics.
However, coding the tangent linear and adjoint versions of the ECWMF scheme represents a
large amount of technical work. In order to examine rapidly the influence of convection on 4D-
Var, an approach based on a simplified computation of the Jacobian matrices has been retained.
The advantage of that method is to avoid an explicit coding of the tangent-linear and of the
adjoint, while a major drawback is the computation and storage of huge arrays. This approach
has been applied with success in mesoscale models (Lengland et al., 1996 ; Fillion and Errico,
1997). Diagnostic studies performed by Errico (1997) have shown that the Jacobian matrices

601



cont= 2.0E-10

PTENQ

PERTURBED OUTPUT

cont= 5.0E-08

PTENU

PERTURBED OUTPUT

13

25

31
1

19

25

3N

JACOBIAN FOR PROFILE 26: PERTSIZE= 0.00010

PO T U T U S YOG YO0 TG 1 T TS N UM O N N N N N 1O N O O 0 OO0 W N |

Frr i rrrrrrrerryrrrryvtryyrrrrrri

25
PERTURBED INPUT = PTM1  scale= 1.0E-10

JACOBIAN FOR PROFILE 26: PERTSIZE= 0.00010

PR VN TR U T 0 S S S TN T T 2 U TS S VU U Y (N 0 OO

.
?
i
{

Q

hY

£ 100 T LN AL L DL L DL T 2 A O L SN GBI N L O B

31

PERTURBED INPUT = PTMt  scale= 1.0E-08

cont= 4.0E-03

PTENT

PERTURBED QUTPUT

cont= 1.0E-05

PTENQ

PERTURBED OUTPUT

O T UK 10 T N SN 0 T TN NN K T U OO0 TN G0 U WY N T W N O S O O O |

'JACOBIAN FOR PROFILE 26: PERTSIZE= 0.00010

LTIV —|

31

n — —_
w o] (A ~ -

P SN U0 U N S S UL U OV U0 VAN O T VU 200 T G N Y G T O O Y T O |

w
-

T T T Ty rTrTIrTrrrrr vy rrrrrrrrrioT

31
PERTURBED INPUT = PQM1  scale= 1.0E-03

JACOBIAN FOR PROFILE 26: PERTSIZE= 0.00010

TrrryrryrryrrrrrrrreivryryrrrveerTrTd

PERTURBED INPUT = PQM1  scale= 1.0E-06

Figure 2: As Figure 1 but for approximate Jacobians

602



associated with the ECMWTF convection scheme are rather sparse. Figure 1 shows that the
sensitivity comes mostly from the surface and from the level just below cloud base. The diagonal
part of the matrices corresponds to the mass flux t’ra)nsport. The strategy adopted consists in
computing only a few columns (i.e. perturbed directions)’and in reconstructing missing elements
by interpolation/extrapolation. The cost corresponds to 12 calls of the non-linear convection
scheme in the TL and AD versions of the IFS (instead of 125 for a full computation on a 31-
level grid). No extra storage is required, and the approximated Jacobian matrices capture the
main features of the full matrices (Figure 2). In this framework, modifications to the non-linear
convection scheme (simplifications/regularizations) can easily be tested without any recoding

(provided the structure of the Jacobian matrices is not fundamentally modified).

3.3 Evaluation of the non-linear parametrizations

Once some simplifications on the current operational parametrizations are devised, it is impor-
tant to check that the quality of non-linear forecasts remains acceptable. The vertical diffusion
scheme based on Louis et al. (1982) proposal and the diagnostic condensation scheme have been
put back in a T106L31 version of the ECMWEF model to perform a series a five 10-day fore-
casts. Since these parametrizations where previously in the operational ECMWF model, this
validation does not need to be exhaustive. The model scores associated with the synoptic fields
compares favourably with the reference, up to day 5 (Figure 3). Howéver,, prediction of weather

elements (clouds, screen-level temperature) are in poorer agreement with SYNOP observations.

3.4 Evaluation of the linearized parametrizations

The linearity of the large scale condensation scheme has been tested by a comparison of linear
and non-linear evolutions of a T42L31 version of the ECMWF model. The following Taylor

formula is checked for various orders of magnitude of a given initial perturbation pzo :

2
Mi(zo + pzo) = Mi(zo) + pwo - M's(z0) + %lg - M"i(20) - 20 + O(1) (2)

If £ is the ratio of the non-linear evolution of a given perturbation over the linear one, by plotting
log(€—1) as a function of log(u), a straight line should be obtained for the range of perturbations
associated with the linear regime. The original large scale condensation scheme does not present
such behavioﬁr, even if the accuracy of the tangent linear approximation reached for 4 = 1075 is
very good (Figure 4) (results are presented for a given spectral coefficient of the specific humidity
field). Relative error decreases when the size of the perturbation becomes smaller. For very small
perturbations the relative error increases due to round-off errors. A quadratic smoothing has
been introduced in the scheme around the saturation point (Figure 5). In that case, precipitation

can be produced before reaching saturation in the grid-box (which is physically possible if one
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LINEARITY OF THE LARGE SCALE CONDENSATION SCHEME
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Figure 4: Linearity diagram of a spectral coefficient for specific humidity. The accuracy of the
tangent-linear evolution with a model including large scale condensation is compared with
pairs of non-linear integrations. The relative error after 6 hours is plotted in log-scale
as function of the magnitude of the initial perturbation. The original scheme (solid) is

compared with regularized versions (daéhed).
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LARGE SCALE CONDENSATION SCHEME
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Figure 5: Grid-scale rainfall rate produced by the large scale condensation scheme as function
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regularized with a quadratic smoothing (long dashed) and an hyperbolic tangent smoothing

(short dashed).
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assumes a sub-grid scale statistical distribution of specific humidity). Figure 4 shows that the
linearity range is only marginally increased. When also neglecting other physical processes
defined with on/off switches (rainfall evaporation in subsaturated layers and snowfall melting)
the linearity range extends over five orders of magnitude of the initial perturbation. Another type
of smoothing was also tested for condensation by using an hyperbolic tangent function which
is differentiable at all orders (Figure 5). This choice can lead to worse results (differentiability
is increased but linearity is reduced), and spurious negative rainfall rates are estimated below
saturation (water substance is not conserved).

The way rainfall evaporation reduces the linearity regime of the lé,rge scale condensation
scheme can be understood by examining Jacobian matrices on Figure 6. Perturbations located
along the diagonal are associated with a local increase of specific humidity ¢ which enhances
supersaturation, leading to more condensation (therefore 0¢/0t decreases and thus 8¢/dq¢ < 0).
This local excess of moisture has a remote effect below cloud base, producing more rainfall
evaporation in the first subsaturated layer, thus d¢/0¢q > 0. When increasing the size of the
moisture perturbation from 0.0001 to 1 (equivalent to 10% relative humidity), the shape of
Jacobian matrices differs in places where thresholds are crossed. For proﬁle 2, thé low cloud
layer extends further up by ome level, and for profile 20, rainfall evaporation takes pla}:e in two
layers.

Figure 7 summarizes the brogressive reduction of validity of the tangent-linear approximation
when going from an adiabatic model to a model including large scale condensation, gravity wave
drag and vertical diffusion. When vertical diffusion is activated, the linearity regime is found
for smaller sizes of perturbations than with the remaining physical processes.

The convection scheme cannot be tested using the ratio of model spectral coefficients between
linear and non-linear integrations since the Jacobian approach only provides an approximate of
the tangent-linear model. We have checked within the IFS that the tendencies (moisture sink
()2 and heat source (1) produced by approximated Jacobians:

dz' Az] ,

(5) o= T |5 3
are close to the differences between two non-linear integrations of the convection scheme in the
limit of very small perturbations. A good agreement is obtained as shown on Figure 8 for two
columns characterized by deep and shallow convections.

Using only the full non-linear model, preliminary experiments were undertaken to examine
the linearity of the convection scheme. For a given situation (10 September 1993 ; Floyd case) the
T106L31 ECMWEF model was run for short range forecasts (48 hours), various initial perturbed
states zo + Aézy are applied to the model M. If the linear hypothesis is valid, for each value of
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The reference perturbation size 10~ (upper panel) is increased by 10* (lower »panel).

608



LINEARITY OF PHYSICAL PROCESSES
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Figure 7: Linearity diagram of a spectral coefficient for temperature in T21L19 versions in-
cluding various physical parametrizations (ADIAB=no physics ; COND=large scale con-
densation ; GWD=sub-grid scale orography ; VDIF=vertical diffusion). The accuracy of
the tangent-linear evolution is compared with pairs of non-linear integrations. The rela-

tive error after 6 hours is plotted in log-scale as function of the magnitude of the initial

perturbation.
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CONVECTIVE TENDENCIES (Perturbations)
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Figure 8: Perturbations of convective moisture and temperature tendencies (Q)1 and —Q2 on
the legend) produced from differences between two non-linear model integrations (N L on
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the parameter A, the following equality should apply :
A X [M(ﬂ?o + 61‘0) — M((Eo)] = M(CEO + /\6220) - M(Io) (4)

The initial perturbation dz¢ has been chosen from a sensitivity study described in Rabier et al.
(1996). Perturbed fields are initially located above 30 N with a maximum amplitude of 0.5 hPa
for the surface pressure (Figure 9). Simulations have been undertaken with A ranging from 0.125
to 8 with and without the convection scheme. The linearity diagram for the maximum error of
surface pressure after 12 h of simulation shows that the behaviour of the model is almost linear
with and without the convection scheme (Figure 10a). The convection scheme however produces
a non-linear behaviour for perturbations of very small initial amplitude (A = 0.125). It appears
that convection can be triggered at some places with a very rapid growth rate. The amplitude
of these perturbations is almost independent of the magnitude of the initial perturbation and
rapidly saturate with a low level of energy. The consequence is that they are hidden either when
dealing with larger initial perturbations or when examining results after 24h where the initial
perturbations associated with the baroclinic instability have grown emough to dominate the
global signal (Figure 10b). Figures 11, 12 and 13 present 12h forecasts for perturbations of the
surface pressure field with values of A equal to 0.125, 1 and 8 respectively and normalized by 1/.
All fields look similar (which supports the linearity of the model) with significant perturbations
located over the Northern Atlantic and Pacific oceans, except for A = 0.125 with convection,
where small scale perturbations dominate along the tropical belt. This study seems to indicate
that the most critical parametrization for linearization is the convection scheme. However,
the magnitude of the perturbations where non-linearities take place is perhaps too small (with
respect to analysis errors) to be important for practical applications. Further diagnostics need

to be done to address this question more completely.

4 Singular vectors with improved physics

The generation of effective perturbations is one of the major problems in Ensemble Forecasting.
At ECMWF they are obtained by perturbing the initial conditions along the most unstable
directions of the phase space of the system: the singular vectors.

The solution 2 of the model equations linearized about a non-linear trajectory:

dz , '
may be written as :
il,(t) = L(tg, t)])o (6)

where L is the linear forward propagator, the time ¢t —y is called the optimization time interval,

and M’; is an approximation of the tangent-linear version of the ECMWF model M. Specifically,
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Figure 9: Initial perturbation of surface pressure for 10/09/93 at 12 Z computed from a sensi-
tivity experiment (Rabier et al., 1996). Contour intervals are 25 hPa and dashed isoligns

represent negative values.
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Figure 11: Evolution of the surface pressure perturbation shown on Figure 9 after 12-h forecast
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the (linear) forward propagator is the product of operators representing large-scale condensation
(Lrsc), vertical diffusion (Lvpr), adiabatic processes (Lpyn) and non-linear normal mode

initialization (Lynwmr):
t

L =] LrscLvprLpyN)Lnnmi (7
o

Denote by (.;.) an inner product based on total energy:

1 71 ' 2
(e1;22) = = / / VA-LG - VAIG 4+ VATID, - VAID; + LT, + w2 grg,
2Jo Js TT CpTr

B <g—z> dn + % / RT, P, In(m1) In(m3)dS

where ( stands for vorticity, D for divergence, T for temperature, g for specific humidity, = for
surface pressure, C), is the specfic heat of dry air at constant pressure, L, is the latent heat of
condensation at 0 °C, Ry is the gas constant for dry air, T, = 300 K is a reference temperature,
and P, = 80000 Pa is a reference pressure. Note that the parameter w, defines the relative
weight given to the humidity term 1.

The total energy of a perturbation z at time ¢ can be computed as
lz(t)]|2 = (PLzo; PLzo) = (z0; L*P?Lxo) (8)

where L* is the adjoint of the linear propagator L with respect to the total energy scalar
product (.;) and P is the self-adjoint local projection operator (Buizza and Palmer, 1995).
The application of the local projection operator permits the identification of singular vectors
characterized by maximum growth rate over a selected region such as northern hemisphere (NII)
above 30 N.

The singular vectors v; of the propagator LP are the perturbations with maximum local-
ized energy growth over the optimization interval time t — 5. They are computed solving the
eigenvalue problem:

L*P’Ly; = olv; (9)

Specifically, they are the eigenvectors v; with maximum eigenvalues 0]2 of the operator L*P2L.
The square root of an eigenvalue is called the singular value.

Singular vectors are computed for a case study (5 December 1994) at T42 spectral triangular
truncation, with 19 vertical levels, for an optimization time of 48 hours. Four configurations are
examined, either including or excluding the large scale condensation scheme, and assigning two

different weights w, to the specific humidity term in the total energy norm (Table 1).

1The moisture term is defined by assuming conservation of perturbed moist static energy in a condensation
process Lyg' = —CpT".
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Experiment LSC scheme w, o3

NOLSC.0 off 0.0 18.6
LSC.0 on 0.0 317
NOLSC.1 off 1.0 194
LSC.1 on 1.0 35.4

Table 1: Experiments list, with the growth rate of the leading singular vector

=0 NOLSC.0 NOLSC.1 LSC.0 LSC.1
NOLSC.0 1.00 0.91 0.77 0.73
NOLSC.1 1.00 0.75 0.75
LSC.o 1.00 0.96
LSC.1 : 1.00

Table 2: Similarity indices computed among unstable sub-spaces of different experiments

We analyze first the impact of the weight parameter w, on the singular vectors. The com-
parison of the NOLSC.0 and NOLSC.1 singular vectors shows that, when the large scale
condensation is not used, the inclusion of the specific humidity term in the inner product has
a very small impact on growth rates (Figure 14). A measure of the impact on singular vector
structures is given by the similarity index of the unstable sub-spaces generated by the ﬁfst 16 sin-
gular vectors, which measures the degree of parallelism between the two sub-spaces (two parallel
unstable sub-spaces have similarity index 1.00, while two orthogonal sub-spaces have similarity
index 0). Table 2 shows that the similarity index between the NOLSC.0 and NOLSC.1 is
0.91, indicating a high degree of parallelism. Similar conclusions can be drawn when considering
experiments LSC.0 and LSC.1, although a slightly stronger impact on growth rates and a
slightly higher parallelism between the unstable sub-spaces can be detected.

We now focus on the experiments with w, = 1 and examine the impact of the large scale con-
densation scheme. Figure 14 shows that large scale condensation processes increase the growth
rates by 50 % with peaks of the order of 80 % for the leading vectors. Considering the singular
vector structures, the scheme induces a shift of the total enegry spectra, at optimization time,
towards higher wave numbers (Figure 15). Consequently, the structural Change corresponds to a
substantial reduction of the unstable subspaces parallelism (Table 2). For reference, the similar-
ity index between the unstable sub-spaces generated by the first 16 singular vectors computed
for consecutive dates and 48-hour optimization time is about 0.30.

It is worth mentioning the result of a more complete analysis of the sensitivity of singular

vectors to the weight w, , in the range 0.01 < w, < 100.
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If w, < 1, at initial time the singular vectors have very large specific humidity component,
and if the large scale condensation scheme is activated, growth factors much higher than LSC.1
can be produced through latent heat release. In regions where the trajectory activates the
condensation scheme, the large initial perturbations in moisture can be converted to temperature
perturbations having a higher comparative weight in the scalar product definition. By contrast,
if the large scale condensation is not active the impact on singular vectors is almost negligible,
since there is no mechanism to transfer the moisture part of the total energy into its other
components.

If however w, > 1, the singular vectors are characterized by very small specific humidity
components at initial time, and thus the activation of the large scale condensation scheme
has very little impact. Nevertheless, growth rates much higher than LSC.1 can be produced.
The dynamics can increase the singular vectors’ specific humidity component by the following
mechanism: the perturbed wind field component V' is modified so that the perturbed specific
humidity ¢’ is increased by advection of the basic state specific humidity g, essentially through
a contribution during the linear evolution of the term V'.Vq.

These results are in agreement with analytical and numerical studies of moist frontogenesis,
where the development of a baroclinic wave is enhanced when latent heat release is accounted
for in the ascending pafrt of the frontal zone (Thorpe and Emanuel, 1985).

For a different situation (23/10/93) and a T42L31 version of the IFS, preliminary computa-
tions of singular vectors have been performed with all the phyﬁcal processes linearized except
the convection. The optimization périod of 48 hours lead to unphysical growth of the singular
vectors initially located in the tropics when convection is added. This result needs further inves-
tigation, but certainly indicates that the tangent-linear approximation is not valid anymore over
a two day period when the forecast model includes moist convection. Results are summarized
for the spectrum of the first 16 vectors (Figure 16). With respect to the reference (simplified
diffusion), the improved vertical diffusion produces lower amplification rates although the shape
of the spectrum is unchanged. The inclusion of the radiation and sub-grid scale orography has
a small effect but also acts to damp the growth of the perturbations. Large scale condensation,

as described above, increases the amplification rate of the most unstable perturbations.

5 Preliminary conclusions

A first set of linearized physical parametrizations has been devised for use in the tangent-linear
and adjoint versions of the ECMWF forecast model. Given the time scale of interest for data
assimilation and singular vectors (24 hours) the following processes are represented: vertical dif-

fusion, gravity wave drag, large scale condensation, radiation, moist convection. Simplifications
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Figure 16: Growth rates of the first 16 singular vectors for T42L31 experiments (optimiza—
tion time : 48 hours) with progressive inclusioﬁ of physical processes : Reference (solid);
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ence (simplified vertical diffusion) ].
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with respect to the operational parametrizations have been defined in order to describe the main
interactions between the processes. A priori, it seems better to represent most of the processes,
even if some approximations are necessary, than to retain only a few physical processes with a
high level of details.

As expected, the range of validity of the tangent-linear approximation is reduced when includ-
ing physical processes in the model. Preliminary tests on singular vector computations showed
that a more realistic vertical diffusion scheme produces results comparable to the simplified
scheme devised by Buizza (1994). The inclusion of the large scale condensation parametrization
scheme confirms the results of Ehrendorfer et al. (1996), that higher amplification rates can be
achieved through latent heat release. Recent results from Langland et al. (1996) also show that
moist processes contribute to a reinforcement of dry baroclinic instability. Moreover, our results
indicate that the inclusion of large scale condensation processes induces a shift of the singular
vectors’ total energy towards larger wave numbers. Moist convection appears to be the most
non-linear physical parametrization, therefore its use for computing unstable modes for large
optimization periods could lead to unrealistically large growth rates. However, in the context of
data assimilation, the 4D-Var incremental approach will help to deal with non-linearities. The
sensitivity study of Rabier et al. (1997) as well as the empirical physical initialization techniques
are very encouraging for the potential of physical processes to help to extract more efficiently
information contained in observations (particularly in the tropics) in order to get improved
analyses.

Concerning some technical issues mentioned in Courtier et al. (1994), it appears that au-
tomatic tools to produce adjoint codes are not yet reliable enough, and have not been helpful
for coding the adjoint of the ECMWTF physics. The linearized versions of the IFS still use an
Fulerian time integration scheme. Therefore, the trajectory of model variables at ¢ — At is
needed for the physics. It implies a doubling of memory storage that will be unnecessary when
the adjoint of the two-time level semi-lagrangian scheme is developed. The ECMWTF physics
uses a fractional step method for updating the tendencies of the prognostic variables (Beljaars,
1991), which means that the actual amount of storage for the trajectory is increased by a factor

of 3 since adiabatic tendencies are also required.
6 Future developments

6.1 Ideas for simplified radiation and convection schemes

Future developments will concern improvements of the linear radiation scheme and its inter-
actions with clouds, and the convection scheme. Following ideas of Chou and Neelin (1996) a

linear radiation scheme for the longwave part is being developed at ECMWEF.
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with the full ECMWF longwave radiation scheme and with a linearized version.
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The longwave flux F (upward and downward) at a given level & is expressed by :

Fk)y=< F(k)>+>_.>" <§§,> (B, k") {< X(k") > -X (¥} (10)

X K

where < X > is the zonal mean of X, being parameters to which longwave fluxes depend on
(e.g. temperature and specific humidity profiles, surface pressure, ozone, ...). The Jacobian
matrices < 3F/3X > are to be computed for both clear sky and cloudy atmospheres for a
sample of latitude rows, by a perturbation méthod at the first model time step. One colufn_n
simulations performed by J.-J. Morcrette for various sets of atmospheres show that the linear
scheme compares favourably with the full radiation scheme (Figure 17).

Such a scheme could be used in data assimilation and called every time step and.every grid
point to allow full interactions with cloudiness. With such a scheme, the linearization of the
previous operational diagnostic cloud scheme (Slingo, 1987) will make sense. Since the shortwave
part is much less expensive, the linearization of the operational scheme is affordable.

Concerning moist convection, if it appears that the Jacobian approach has a positive impact
on 4D-Var, it could be worth developing a simplified linearized convection scheme before handling
the complexity of the full operational ECMWF scheme.

Since the very simple 7j-relaxation proposed by Rabier et al. (1997) produced encouraging
results, it may be possible to account for the effect of the cumulus induced subsidence in a
more physical way. The experience with vertical diffusion for singular vectors (Buizza, 1993)
has proved that simplified physical parametrizations can help to improve the realism of the
tangent-linear model, even if only part of the processes are described (constant PBL depth,
neutral stability only).

The apparent heat source (); and moisture sink ()3 produced by convection can be written

as follows, when assuming cloud properties described by a bulk model (Tiedtke, 1989) :

10
Q1-Qr = —;E [MySy + Mgsq — (My + Mg)s|+ L(cy, —eq —e; — ep) (11)
10 .
Q2 = P [Mugy + Myqq — (My 4 Mg)gq] — (cu —ea — €1 — €p) - (12)

where s = CpT + gz is the dry static energy, ¢ the specific humidity, p the density of air, My, My,
¢, and ey are the net contributions from clouds to the upward mass flux, downward mass flux,
" condensation and evaporation, respectively, and s,, sg, ¢» and ¢g are the weighted averages of
s and ¢ from all updrafts and downdrafts. Here e; is the evaporation of cloud air that has been
detrained into the environment and e, is the evaporation of precipitation in the unsaturated
subcloud layer. '

Using the equations of the bulk cloud model for both cumulus updrafts and downdrafts, the
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()1 and Q2 can be rearranged as:

01— On = % [(Mu N Md)—g—z I Du(su — ) + Da(sd 3)} (e —ep) (13)
Qs = 3+ Mgl D=0+ Dalae =) + (o) (1)

The first term accounts for the compensating subsidence induced by cumulus convection (warm-
ing and drying) and the second one represents the detrainment of cloud properties in the environ-
ment. The last terms are the cooling and moistening from cloud and precipitation evaporation.
In deep convective situations, the first term is the dominant one for @; and also for Q5 in the
upper part of the cloud (Yanai et al., 1973 ; Gregory and Miller, 1989).

The difficult part of the linearization concerns the perturbation of cloud properties. On the
other hand, the trajectory at ¢ — At being available in the TL/AD versions of the IF'S, the mean
properties of convection can easily be computed. The simplest way to linearize the convection
scheme is to assume that cloud properties are constant and to account only for their effect on

the perturbed fields describing the environmental properties:

1 ds'

Q-0 = 1[0+ MG~ (Dut Do) (15)
a /

@ = 2ot + 135 - 0o+ DY | )

This simplification retains the dominant term : the "pseudo-vertical advection” by convection
of the perturbed fields, which almost cancels the "mean adiabatic vertical advection”. The
mass-fluxes M and the detrainment rates D are provided by a non-linear computation of the
full convection scheme.

Such an approach retains some of the effects of convection, similar to what Rabier et al.
(1997) tried to represent when reducing the vertical velocity in the tropics. However, the mag-
nitude of the mass-flux can vary spatially and temporally. The present approach accounts for
such variations by only operating on convective points diagnbsed for the trajectory.

This approach represents a dominant process for deep convection (diagonal part of the Ja-
cobian matrices described on Figure 1) but may be less suited for shallow convection where
detrainment processes at cloud top dominate. However it is simple enough to be tried rapidly,
and can be seen as a first step towards the full linearization of the ECMWYF convection scheme.

The explicit coding of the adjoint of the full convection scheme will be required when assim-

ilation experiments using observed precipitation are to be performed.

6.2 Towards the assimilation of precipitation rates using microwave radiances

There are several possible options for performing a variational assimilation of microwave radi-

ances. Variational techniques require the adjoint of a transfer model between observations and
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model variables (observation operator) in order to provide an efficient estimate of the gradient
of the cost-function to be minimized. They extract in an optimal way the signal contained in
available observations knowing a background information (6-h forecast).

A 1D-Var assimilation of SSM/I radiances has been developed by Phalippou (1996) using
the adjoint of a microwave radiative transfer model. This technique allows retrieval of specific
humidity and liquid water profiles and surface wind speed. This transfer model can be adapted
to account for rainfall rates profiles.

The adjoint of the moist physical parametrizations (deep convection, grid scale precipitation)
allows the fitting of temperature and specific humidity profiles in order to match observed
precipitation rainfall rates, as shown in a feasibility study by Fillion and Errico (1997).

In a first stage, a 1D-Var assimilation using the adjoint of the ECWMF moist physics and a
statistical relation between brightness temperatures and rainfall rates (e.g. Ferraro et al., 1996)
could be performed. In that context, it is possible to use the framework of the 1D-Var satellite
retrievals developed at ECMWF for TOVS and SSM/I to order to get the collocation of the
first-guess and information on background error statistics (Andersson et al., 1993). The difficulty
of such exercise is the specification of observation error statistics for the retrieved rainfall rates
(and also bias corrections and quality control). The second step is to develop a coupled 1D-
Var assimilation using both the physical parametrizations and the radiative transfer model.
The specification of observaﬁon errors is then easier (mostly instrumental errors). Optimal
profiles of moisture and temperature can be derived from a minimization algorithm in order to
match observed radiances, given a background constraint. The coupling will take place through
the rainfall rate profiles, being the output of the moist parametrizations and the input of the
radiative transfer model.

A 1D-Var assimilation of radiances for retrieving rainfall rate profiles could also be possible
in principle. However, a number of difficulties exists with this approach, namely the collocation
of rainfall rate profiles for the first-guess (spatial and temporal interpolation), the estimation
of background errors for these quantities, the estimation of 'pseudo-observation’ errors of the
retrieved profiles.

The 1D retrieved profiles will be introduced in the 3D-Var or 4D-Var assimilation system in
a way to be defined (direct profiles, total precipitable water column). The next step will be to
perform a direct 4D-Var assimilation (horizontal and temporal consistency, use of all types of
data simulaneously). The impact of the use of such data will be assessed on both the analyses

and the forecasts.
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