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1 Introduction

Chemistry-transport models (CTMs) have, as many other models, manifold sources of incertainties
and errors. The model skill is not only dependent on completeness of the model formulation and grid
resolution, but also on various model parameters, which take their part in controling the simulation.
The focus of the paper is placed on the variational calculus as a methodology to improve the skill and
reliability of complex CTMs. With a systematic application of this technique, measurements are used
to systematicaly (1) identify model deficiencies and uncertainties, and (2) optimize misspecified
parameters to assure a better simulation quality and analysis of chemical states.

While data assimilation is widely associated with identification of initial values or state analysis,
space-time assimilation agorithms can also be taken for the optimization of other modeled
parameters, like emission rates, deposition velocities, boundary values and others. The method
adopted to solve this inversion problem is afirst real world implementation of the four-dimensional
variational data assimilation algorithm (4D-var) based on the various adjoint model operators,
which modify the modeled constituents.

The variational calculus has first been applied to atmospheric chemistry modelling by Fisher and Lary
(1995) with a reduced stratospheric mechanism. Tropospheric applications have been described in
Elbern et a. (1997) for atropospheric box model, and in Elbern and Schmidt (1999, 2001) for the three-
dimensiona University of Cologne Eulerian CTM EURAD. All these studies focus on initia value or
chemica state andysis. In polluted areas, however, emission rates can be of higher importance on atime
scae larger than haf a day (Elbern and Schmidt, 2001). Emission rate estimation with advanced
modelling techniques is an actice field of research since the work of Marchuk (1974), who introduced
the variational calculusfor the solution of the problem. Later studiesin that field are due to Newsam and
Enting (1988), Enting and Newsam (1990 Bousquet et a. (1999a,b), Gloor et a. (1999), Kaminski et a
(1999a,b), and Zhang and Heemink (1999). All these studies have in common to optimize the emission
rates of the observed species. Van Loon et d. (2000) and Elbern et a. (2000) demonstrated for the first
time, that, with suitably chosen regularization rules, emision rates of precursor species of ozone can be
estimated by ozone observations. In the former case a reduced rank Kaman filter isimplemented, while
in the latter study a four dimensional variational approach is adopted. In this paper results will be
presented for the joint optimization of initial values and emission rates. Misspecified emission
parameters are an important error source for tropospheric CTMs.

2 Theory

The variational data assimilation method is likewise applicable to the initial value problem and
parameter optimizations, as for emisssion rates. In our case the emission rates are subject to
optimization. This section presents a brief outline of the theoretical background. For a review of
variational parameter optimization studies see for example Navon (1997). A distance function or
objective function may be defined as follows:

J(x,e(r)) = %J’(eb (1) =e(1)) K™ (e, (1) —e(®))dt + %J’(k~ (1) = x(0))" R™(x (1) = x(1)dt
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where J is a scaar functional defined on the time interval 0 < 7 < Vdependent on the vector valued State
variable x(7), and a parameter e(¢) to be optimized. The error covariance matrices of the first guess or
background emission rates e,(f) and observations are denoted K and R, respectively. The chemistry

trangport modd (CTM) with inclusion of emissons is given b % =M(x)+e, Wwhere M actsas a

generaly nonlinear model operator and e isin our case the vector of emission rates. Both terms uniquely
define the state variable x(7) at time ¢, after an ever fixed initid sate x(0) is provided. A detailed
description of the theoretical background and implementation may be found in Elbern et d. (2000).

3  Assimilation system components

Four components may be identified to outline the design of the variationa chemistry data
assimilation algorithm: (1) the forward model, (2) the adjoint of its tangent linear version, (3) the
background error covariance matrix, and (4) the minimization routine. The EURAD CTM2 is a
comprehensive tropospheric Eulerian model operating on the mesoscale-alpha (Chang et al., 1987;
Hass, 1991). The chemistry transport model calculates the transport, diffusion, and gas phase
transformation of about 60 chemical species with 158 reactions. The present grid configuration is
77 x 67 x 15 with 54 km grid resolution and 100 hPa model top. The associated adjoint operators
include the gas phase mechanism, the transport schemes and an implicit vertical diffusion scheme.
To ease computationa burden of the assmilation process, most experiments are performed in a sub-
domain with the same resolution. Another component is the emission module which includes 19 emitted
species. A more detailed description may be found in Hass (1991). The emission data in this study are
taken from EMEP (co--operative programme for monitoring and evaluation of the long range transmission
of air pollutants in Europe) and further processed as presented in Memmesheimer et a. (1995).

The development of the adjoint of the CTM2 comprises the coding and implementation of the
adjoint operators of and given in(). The adjoint chemistry was coded by hand, while for the
advection and diffusion routines the AMC adjoint model compiler (Giering and Kaminski, 1998)
and Oyssee differentiation system (Faure and Papegay, 1998) were used for adjoint compilation.
The correctness of the adjoint code was examined by the method proposed by Chao and Chang
(1992). The gas phase chemistry solver and the implicit vertical diffusion operator apply adaptive
time step techniques. During backward integration the same time steps are taken as determined by
the forward integration. The quasi--newton limited memory L-BFGS algorithm devised in Nocedal
(1980) and Liu and Nocedal (1989) is applied for the minimization.

4 Observations and meteorological situation

Observations of chemical constituents were obtained from various sources. A coarse coverage of
Europe by observation sites is provided by EMEP data sets with hourly mean vaues of ozone
measurements at 82 locations. In general EMEP stations are deployed to observe chemical
background conditions with enhanced spatial representativeness of individualobservation sites. On
average, records of about 400 observation sites were available each day of the case study. Estimated
accuracy is about 10 or at least 2 ppbv (parts per billion by volume) for ozone (personal
communication V. Mohnen, Fraunhofer Institute for Environmental Research). An additional
portion of the error is assumed to be due to the poor spatial representativeness as implied by a
horizontal resolution of 54 km. This is a specia problem for the use of urban and suburban
measurement sites, although observations close to areas with elevated traffic load were omitted.

A long lasting episode of elevated ozone levels over central Europe, which took place from 3 to 20
August 1997, is selected for the application of the chemistry 4D--var system. The mesoscale
meteorological simulations of this time span are made by MM5 which is restarted every 48 hours
starting from August 1 0000 GMT to August 202400 GMT. Meteorological initial and boundary
values were taken from ECMWF analyses. The meteorological and chemistry--transport simulation
of the first two days of the episode serve to attain a chemically balanced initial state by August 3.
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Figure 1 Model simulations with emission optimization (solid lines) and without (dotted lines) for Lugano
(top panels), Pforzheim (middle panels), and the lower plattform of the Eiffel tour (bottom panes) for
August 05, 06:00 to 20:00, 1977. Crosses denote ozone measurements. Left panel column depicts
simulations without prior initial value optimization, right panel column with prior initial value optimization.

5 Results

Prior to the optimization runs a traditional forward ssimulation (reference run) was performed with
four days spin-off time. Optimization runs were made in two different ways: the first procedure starts
with initidl values as obtained by the reference run. Any optimization is then achieved by
modification of the emission rates. The assimilation window for emission rate optimization is selected
to embrace the daytime traffic emissions, and starts at 06:00 UTC in the morning and ends at 20:00
UTC. Figure 1 exhibits results for stations with obvioudly strongly misspecified emission rates, which
are Lugano, Pforzheim, and the lower platform of the Eiffel tour. The left panel column displays
results from the pure emission optimization runs. The simulation performance is markedly improved
In the course of the assimilation interval. Large initial value discrepancies between the reference run
and observations during the first hours stem from the lagging effect of emission modifications.

The right column of Figure 1 shows the same case with prior initial value optimization, where the
assimilation interval was restricted to 6 hours. It is seen that the model-observation discrepances are
reduced as compared to the former case. This results in a overall better performance within the
entire 14 hours analysis interval. The case of the Eiffel tour station is of specia interest, as the
initially ssimulated NOx emissions are suppressing the ozone levels below 5 ppbv prior to the
optimization procedure. Hence, the model simulation portrays a different chemical regime as
monitored by the observations. Nevertheless, the variational emission optimization is able to
drastically improve the model performance, as can be verfied from the lower panelsin Figure 1.
Figure 2 gives the amplification factors for NO emissions for the case of prior optimization of initial
values. In most areas with occuring modifications, as given by the areas with available measurements
sations, an augmentation of the reference emissions is analysed, especialy in the southern and eastern
part of Germany. The strongly overspecified NO emissions in the Paris area, as aso reveded by the
Eiffel tour station, isgiven by the darker grid cells, analysed in the lle de France region. In summary it
can be stated, that the emission rate optimization by the 4D-var calculus is able to optimize emission
rates of ozone precursor species, even if only ozone as the product speciesis observed.
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Figure 2 Optimized emission factors of NO after assimilation with prior initia value optimization. Factor 1
shading either indicates proper emission rates or unobserved regions.
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