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Abstract. This paper presents a chemical assimilation system based on the vari- 
ational method. It has been applied to an off-line stratospheric three-dimensional 
chemical transport model. This technique determines the best model initial con- 
ditions that minimize the model errors when compared to a set of observations 
for a predefined time window. The system is applied to the Cryogenic Infrared 
Spectrometers and Telescopes for the Atmosphere (CRISTA) measurements for the 
November 5-11, 1994, mission. Observed species are 03, CH4, HNO3, C1ONO2, 
N205, N20, and CFC-11. For an assimilation period of 12 hours, CRISTA obser- 
vations are well estimated by the assimilation system. These results vary according 
to the species considered and depend on the CRISTA's observational error. In 
particular, assimilated ozone differ from CRISTA by less than 5%. Analyses have 
been compared with independent observations in order to validate the assimilation 
system. It was found that observations by the Atmospheric Trace Molecule Spec- 
troscopy (ATMOS) experiment and the Halogen Occultation Experiment (HALOE) 
agree well with the analyses. These comparisons suggested systematic differences 
between CRISTA and HALOE or ATMOS. Unconstrained constituents like NOx 
and HC1 are influenced through chemical coupling and show small discrepancies 
with ATMOS and HALOE data. 

1. Introduction 

A scientific description of our environment originates 
in the collection of observations and their synthesis in 
models. However, atmospheric observations provide in- 
formation on our environment at specific times and 
locations. On the other hand, numerical models are 
based on numerous approximations due to the system's 
complexity and the requirement to comply with limited 
computer resources. Therefore exhaustive knowledge of 
the state of the atmosphere is impossible to achieve. In 
the eighties the need for improved weather prediction 
motivated the development of forecast systems that op- 
timize the integration of observations into atmospheric 
models [Ghil and Ide, 1997]. This method, known as 
data assimilation, compensates the sparsity and inaccu- 
racy of the observations and helps to provide a dynam- 
ically consistent picture of the atmosphere. Since then, 
data assimilation has been applied to other type of mod- 
els, e.g., stratospheric chemical models. An overview of 
data assimilation in meteorology can be found in the 
work of Ghil et al. [1997]. 

Chemical data assimilation of the stratosphere, using 
the variational approach was introduced by Fisher and 
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Lary [1995]. More recently, Khattatov et al. [1999] pre- 
sented a discussion of the properties and results of both 
the variational technique and the extended Kalman fil- 
ter. These studies, based on trajectory models, have 
shown that nonmeasured constituents can be deter- 
mined through chemical coupling between measured 
and nonmeasured species. Using chemical trajectory 
models, the chemical processes are, in general, decou- 
pled from the transport process. This reduces the prob- 
lem size in the assimilation system, in contrast to assim- 
ilation in the Eulerian framework. Elbern et al. [1997] 
have applied the four-dimensional variational data as- 
similation technique to an Eulerian chemical transport 
model of the troposphere. They found that only a few 
measured key species convey sufficient information to 
improve the analysis of species coupled with the ob- 
served species. 

In this context, we present a variational chemical 
data assimilation system, based on a Eulerian chem- 
ical transport model of the stratosphere. Using the 
four-dimensional variational data assimilation method, 
three sources of information can be optimally combined 
[Elbern and Schmidt, 1999]: (1) the "a priori" knowl- 
edge of the chemical state of the atmosphere, called 
first guess or background state, and the associated co- 
variance statistics, (2) the model equations describing 
the evolution of the chemical state, providing a link 
between observed model components and unobserved 
components, and (3) the actual observations and the 
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associated covariance statistics. An estimation of the 

chemical state (analysis) can be made on a mathemat- 
ical basis given the reliability of these information sets 
relative to each other. 

The assimilation system is applied to the observations 
of the first mission of the Cryogenic Infrared Spectrom- 
eters and Telescopes for the Atmosphere (CRISTA). 
Section 2 outlines the variational method, the strato- 
spheric model on which it is applied, as well as the 
CRISTA data. The assimilation setup is discussed in 
section 3. In section 4 the analyses are compared with 
the CRISTA data and with independent observations. 
Finally, section 5 summarizes the results and discusses 
their implication. 

2. Assimilation System 
2.1. Variational Data Assimilation Method 

The objective of the variational method is to find the 
initial condition of the model which allows it to ap- 
proximate a set of observations. This can be done by 
minimizing the misfit between model values and obser- 
vations, given by the objective or cost function J [Ta- 
lagrand and Courtier, 1987] (using the notation of Ide 
et al. [1997]) 

1 

J[x(t0)] -- •[x(t0) -- xb(to)]TB--l(to)[X(to) -- xb(t0)] 
I N 

+• Z(Yø(ti) -- H[x(ti)])TR(ti)-l(yø(ti) - H[x(ti)]), 
i--0 (1) 

where x(ti) represents the model state vector at time 
ti, xb(t0) is the first guess, and B is the error covari- 
ance matrix of xb(t0). Vectors yø(ti) and R(ti) are 
respectively the observation state vector and the error 
covariance matrix associated with the observations at 

ti. The operator H maps the model state x(ti) into 
the observation space. The first term of the right-hand 
side, called the background term, ensures the unique- 
ness of the minimum. Furthermore, this term improves 
the accuracy of the solution by including prior informa- 
tion. 

Efficient minimization algorithms require the knowl- 
edge of the gradient of J with respect to the initial 
condition, V J(x0), where V J(x0) is calculated with an 
algorithm that uses the adjoint model. In order to sim- 
plify the notation, let H be equal to the identity opera- 
tor, such that H[x(ti)] - x(ti). Furthermore, since the 
calculation of the gradient of the background term is 
straightforward, we will drop it in the following demon- 
stration. If we apply a small perturbation on the initial 
state x(t0), 5x(t0), the first-order perturbation on J, 
5J will be given by 

5a- va 5x(t0). (2) 

However, 5J can also be found from the definition of x 
in (1) 

N 

5J -- Z[yø(ti) -- x(ti)]TR(ti) -1 5x(ti). (3) 
i=0 

Let M be the model operator. The evolution of the 
state x is given by 

Then 

dt 

ax(t) 
dt 

= M[x(t)]. (4) 

= Mix(t) + 5x(t)]- M[x(t)] - M(t) 5x(t), (5) 

where M is the linear tangent operator (i.e., the Jaco- 
bjan) of the model associated with M at time t. The 
evolution of a small perturbation of the initial state, 
5x(t0) can be estimated by successive application of the 
operator M on that perturbation and one obtains 

(•X(tn) = M(tn,tn-x)M(tn_l,tn_2)... 

M(tx, to) 5x(t0), (6) 

where M(ti, ti-1) is supposed to be sufficiently accurate 
for the stepwise integration of x(ti), given x(ti_x). By 
equating (2) and (3) one finds 

N 

VJ 5x(t0) - •-•(yø(ti)- x(ti))TR(ti) -1 (7) 
i=0 

M(ti, ti-x)M(ti-x, ti-2) . . . M(tx, to) 5x(t0). 

This last equation gives the general method to calcu- 
late V J with the tangent linear model (TLM), but it 
requires a number of forward calculations of the TLM 

equal to the size of the initial state x(t0), i.e., • 4 x 106 
in our case. Note that the model value x(ti) must be 
known for each time step ti. 

A more efficient method uses the adjoint model. By 
definition, the adjoint operator M* of the linear opera- 
tor M satisfies [Talagrand and Courtier, 1987] 

[yø(t)--x(t)]TR(t)-x M(t)Sx(t)- (8) 
M*(t)[yø(t) - x(t)]TR(t) -1 5x(t), 

where M* correspond to the transpose matrix of M, 
i.e., M •". Applying repeatedly the properties in (8) on 
(7), one finds 

N 

VJ- •-•MT(to,tl)MT(tl,t2)...MT(ti_l,ti) 
i--O 

R(ti)-X[yø(ti) - x(•;i)]. (9) 

Hence, contrary to (7), (9) needs only one backward 
calculation to estimate V J. However, as for the TLM, 
the adjoint calculation requires the knowledge of the 
model state for each time step inside the assimilation 
period. 

The minimization of the objective function by typical 
algorithms is an iterative process schematically shown 
by the following steps: (1) Calculate J(x0), with a for- 
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ward model run; (2) calculate VJ(x0), with a backward 
adjoint model run; and (3)using x0, VJ(x0)and an 
minimization algorithm, check the test criteria. If they 
are not satisfied, find the new initial conditions of the 
model and return to step 1. Else, stop. 

2.2. Stratospheric Model and Its Adjoint 

The core of the assimilation system, the three-dimen- 
sional (3-D) off-line chemical transport model, was de- 
veloped for this study. The evolution of stratospheric 
species is calculated using operator splitting applied to 
the transport and the chemistry, with a time step of 
1800 s. The dynamic is driven by the winds and temper- 
ature precalculated by the U.K. Meteorological Office 
(UKMO) for the Upper Atmosphere Research Satellite 
(UARS) project [Swinbank and O'Neill, 1994]. They 
are updated every 24 hours at noon and are linearly 
interpolated at the time step of the model. They are 
defined at 22 vertical levels from 1000 up to 0.3 hPa 
(i.e., 10•-«, i-0,... 21) and have a horizontal resolu- 
tion of 3.75 ø in longitude by 2.5 ø in latitude (i.e., 96 x 
72 horizontal grid points). The model has the same res- 
olution. However, we have reduced the vertical domain 
to 15 levels from 68.2 to 0.3 hPa in order to reduce the 

computer time. At these boundaries the vertical winds 
were set to zero. 

Forty-one molecular species are calculated by the 
model and reported in Table 1. Long-lived species are 
fixed in the model, except for CH4, N20, and CFC-11, 
which are transported. The advection of the volume 
mixing ratios is resolved using a semi-Lagrangian trans- 
port scheme [Smolarkiewicz and Rash, 1991] with a 
time step of 1800 s. The chemical interaction is through 
106 gas-phase reactions, 29 photoreactions, and 9 het- 
erogeneous reactions given in Tables 2, 3, and 4. Since 
no polar stratospheric clouds were formed during the 
CRISTA 1 mission, only the heterogeneous reaction on 
sulfate aerosols was considered. The numerical algo- 
rithm used to integrate the chemical system of differ- 
ential equations is a fourth-order Rosenbrock solver 
[Hairer and Wannet, 1991], with no family assumption. 
The method is efficiently implemented by reducing the 
linear algebra cost following Sandu et al. [1996, 1997]. 
This algorithm uses an internal time step, which is mod- 
ulated according to an error control mechanism. An ex- 
ternal time step of 1800 s is used for the reaction rates 
calculation. The photodissociation coefficients are in- 
terpolated for each internal time step from a lookup 
table as a function of altitude, zenith angle, and 03 
column. The lookup table is precalculated using the 
two-stream delta Eddington method [Toon et al., 1989]. 
The reaction rates and cross sections are taken from De- 

More et al. [1997]. The liquid aerosol surface area den- 
sity was derived from the aerosol extinction coefficient 
distribution at 1.02 /•m with a climatological relation 
introduced by Thomasson et al. [1997]. This distri- 
bution was calculated with one month of the Strato- 

spheric Aerosol and Gas Experiment (SAGE) II mea- 

Table 1. Chemical Species Used in the Model 

Category Species 

Transported and 
chemically active 

Only transported 
Fixed 

Os, O, O(•D), H, OH, H202, 
HO2, HNOa, HNO4, N205, 
NO, NO2, NOs, Br, Br2, BrC1, 
BrO, BrONO2, HBr, HBrc, 
HOBr, CH20, CHa, CHaO, 
CHaO2, CHaOOH, HCO, C1, 
CI2, C1202, ClNO2, C10, 
C1ONO2, C1OO, OC10, HOC1, 
HC1, HClc 
N20, CH4, CFC-11 
02, N2, H20, H2, CO, CO2 

surements following the method presented by Franssens 
et al. [2000] and then zonally averaged. 

The backward in time calculation of the adjoint model 
requires the knowledge of the model state at each time 
step. For this reason, each species is stored every ex- 
ternal time step in the forward run, after the transport 
and chemistry calculations. The adjoint of the advec- 
tion algorithm is implemented using the automatic dif- 
ferentiation software TAMC [Giering, 1997]. For the 
chemistry the adjoint of the chemical equations was set 
up by TAMC. This system of equation was then solved 
with the same numerical algorithm as the forward case, 
following Carmichael et al. [1997]. Since this solver has 
a self-adaptive time step, we should, ideally, calculate 
the model state at each internal time step. This may 
lead to an important increase in the computing require- 
ments. A simple solution was tested and adopted. Each 
intermediate state is determined from the stored states 

with a linear interpolation in time. This approximation 
was compared with the full backward model calcula- 
tion in which the forward model recalculated the inter- 

mediate model states. With our numerical solver and 

our chemistry this approximation leads to less than 1% 
error in the derivative calculation, and no significant 
differences were present between the two assimilation 
results. This approximation leads to a speed up of a 
factor 2 for the adjoint chemistry calculation. 

Finally, the minimization of the objective function 
uses the quasi-Newton algorithm MIQN3 from INRIA 
[Gilbert and Lemarechal, 1989]. In this procedure, we 
have inputed loge[x(to)] and Vtn(xo)J(xo)instead of 
x(to) and VxoJ(xo) in order to assure the positiveness 
of the new initial condition [Fisher and Lary, 1995]. 

2.3. CRISTA Observations 

The data used in this study are taken from the Cryo- 
genic Infrared Spectrometers and Telescopes for the At- 
mosphere (CRISTA) experiment during the ATLAS 3 
mission, between November 4 and 11, 1994. CRISTA 
measures the Earth limb infrared emission from which 

vertical profiles of 03, HNO3, C1ONO2, N2Os, CH4, 
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Table 2. Gas-Phase Reactions Included 
in the Model a 

No. Reactions 

1 

2 

3 
4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

2o 

21 

22 

23 
24 

25 

26 
27 

28 

29 

30 

31 

32 

33 

34 

35 

36 
37 

38 

39 

40 
41 

42 

43 

44 

45 
46 

47 

48 

49 

50 

51 
52 

53 

54 

55 

56 

57 

58 
59 

60 

61 

62 

63 

64 

O+O2+M --• Oa + M 
O + Oa --• 202 
OlD + N2 --• O + N2 
OlD + 02 --• O + 02 
OlD q- Oa --• 202 
OlD q- Oa --> O q- O q- O•. 
OlD q- H•.O --• 2OH 
OlD + H• -• OH + H 
OlD + CH4 --• CH•O + H• 
OlD q- CH4 --• CHs q- OH 
OlD + N•.O --• O• + N• 
OlD + N•O -• NO + NO 
H + O• + M -• HO• + M 
H + Os -• OH + O• 
H• + OH-• H•O +H 
OH + Oa --• HO2 + 02 
OH + O -• O• +H 
OH + OH -• H•O + O 
OH + OH + M -• H•O• + M 
HO• + 0 -• OH + O• 
HO2 + Oa --• OH + 202 
H q- HO2 --• 2OH 
H + HO•. -• H•O + O 
H+ HO• -• H• + O• 
HO• + OH -• H•O + O• 
HO• + HO• -• H•O• + O• 
HO• + HO• + M -• H•O• + O• + M 
H•O• + OH -• H•O + HO• 
H•O• + O -• OH + HO• 
NO + Oa --• NO• + O• 
NO + HO• -• NO•. + OH 
NO2 + O --> NO + 02 
NO2 + Os --• NOs + 02 
NO2 q- OH q- M --> HNOa + M 
NO2 q- HO2 q- M • HNO4 + M 
NOs + O --• 02 + NO2 
NOs + NO --• 2NO2 
NOs + NO2 q- M --• N20• q- M 
N20• --• NO2 + NO3 
HNOa + OH --• H20 q- NOs 
HNO4 + OH • H20 q- NO2 q- 02 
HNO4 • HO2 q-NO2 
C1 + 02 + M --> CIOO + M 
C1 + Os --• C10 + 02 
C1 q- H2 --• HC1 + H 
C1 + CH4 --• HC1 + CHa 
C1 q- CH20 --• HC1 + HCO 
C1 q- HO2 --• HC1 + 02 
CI + HO2 --• OH + C10 
CI + H•O• --• HCI + HO• 
C1 + HOCI -• CI• + OH 
CI + HOC1 -• CIO + HC1 
C1 + OC10 --> C10 + C10 
C1 + C1OO --• C12 q-02 
C1 + C1OO --> C10 + C10 
C10 + O --• CI + 02 
C10 + OH -• HO2 q- C1 
C10 + OH -• HCI + O• 
C10 + HO• --• O•. + HOC1 
C10 + NO --• NO2 + C1 
C10 q- NO2 q- M -• C1ONO2 
C10 + C10 -+ C1 + OC10 
CIO + CIO --• CI + C1OO 
C10 + CIO --• C12 q- 02 

Table 2. (continued) 

No. Reactions 

65 

66 

67 

68 

69 

7O 

71 

72 

73 

74 

75 

76 

77 

78 

79 

8O 

81 

82 

83 

84 
85 

86 

87 

88 

89 

9O 

91 

92 

93 

94 

95 

96 

97 

98 

99 

100 

101 

102 

103 
104 

105 

106 

C10 + C10 --• C1202 
C1OO --• C1 + 02 
C10 + NOa --• C1OO + NO2 
C1202 --• 2C10 
HC1 + OH • H20 q- C1 
HC1 + O • OH + C1 
OC10 + O --• C10 + 02 
OC10 + OH -• HOC1 + 02 
OC10 + NO -• C10 + NO2 
HOC1 + O -• C10 + OH 
HOC1 + OH -• H20 + C10 
C12 + OH -• HOC1 + C1 
C1ONO2 + O --• C10 + NOs 
C1ONO2 + OH --• HOC1 + NOs 
C1ONO2 + C1 --• C12 + NOs 
Br + Os --• BrO + 02 
Br + HO2 --• HBr + 02 
Br + CH20 --• HBr + HCO 
Br + OC10 -+ BrO + C10 
BrO + O --• Br + 02 
BrO + HO2 --• HOBr + 02 
BrO + NO --• Br + NO2 
BrO + NO2 --• BrONO2 
BrO + C10 --• Br + OC10 
BrO + C10 --• Br + C1OO 
BrO + C10 --• BrC1 + 02 
BrO + BrO --• 2Br + 02 
BrO + BrO --• Br2 + 02 
HBr + OH --• Br + H20 
HBr + O --• Br + OH 
HOBr + O --• BrO + OH 
Br2 + OH --• HOBr + Br 
CO + OH -• H + CO2 
CH4 q- OH • CHa + H20 
CH20 q- OH -• HCO + H20 
CH20 q- O --• HCO + OH 
HCO + 02 -• CO + HO2 
CHa + 02 --• CHaO2 
CH30 q- 02 --• CH20 q- HO2 
CH302 q- NO • CH30 q- NO2 
CH302 q- HO2 --• CH3OOH + 02 
CHaOOH + OH --• CHaO2 + H20 

aReaction rates are taken from DeMore et 

al. [1997]. 

N2 O, and CFC-11 are inverted. This observation tech- 
nique allows to obtain one scan of the limb every 25 s 
during daytime as well as during nighttime. Moreover, 
CRISTA has three telescopes working simultaneously, 
with their viewing direction separated by 18 ø . This 
leads to an horizontal resolution of 200 km x 650 km at 

the Equator and increasing with the latitude. For more 
details on the CRISTA instruments and their data, see 
Offermann et al. [1999] and Riese et al. [1999]. 

During that mission, CRISTA took over 50,000 pro- 
files of trace gases with a latitude coverage from -57 ø 
to +67 ø, nearly all at the same local time. A global cov- 
erage of the equatorial region is obtained after 12 hours 
and a global coverage near the pole is completed in 24 
hours. Plate lb shows the volume mixing ratio of HNO• 
at 31.2 hPa on November 11, gridded at the model res- 
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Table 3. Photolytic Reactions In- 
cluded in the Model a 

Table 4. Heterogeneous Reactions Included 
in the Model a 

No. Reactions No. Reactions 

1 

2 

3 
4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

O• + hv • 20 
O• + hv • O + O• 
O• +hv • OlD + O• 
HO• + hv • OH + O 
H•O• + hv --• 2OH 
NO2 + hv • NO + O 
NOs + hv --• NO2 q- O 
NOa + hv • NO + 02 
N205 q- hv --• NO2 q- NO3 
HNO3 '5- hv -5 OH '5- NO2 
HNO4 + hv --• OH + NO3 
HNO4 + hv • HO• + NO• 
CI• + hv • 2C1 
OC10 + hv • O + C10 
CI•O• + hv • C1 + C1OO 
HOC1 + hv • OH + C1 
C1ONO• + hv • C1 + NO3 
C1ONO• + hv • C1 + NO• + O 
C1NO• + hv • C1 + NO• 
BrC1 + hv --• Br + C1 
BrO +hv • Br + O 
HOBr + hv --• Br + OH 
BrONO• + hv --• Br + NO3 
CH•O +hv • HCO +H 
CH•O + hv • CO + H• 
CH3OOH + hv • CH30 + OH 
C1OO + hv • O + C10 
C10 + hv • O + C1 
Br• + h• --• 2Br 

aCross-sections are taken from DeMore 

et al. [1997]. 

olution (see below for the description of the gridding 
operation). Fine horizontal dynamical processes can be 
seen, such as the tropical extrusion over South America 
[Offermann et al., 1999]. 

Version 3 of the CRISTA 1 level 2 data was used in 
this study. The CRISTA systematic and random er- 

C1ONO2 + H20(c) • HOC1 + HNO3(c) 
CLONO2 + HCI(c) --• C12 + HNOa 
N205 q- H20(c) --• 2HNO3(c) 
N205 + HCI(c) --5 C1NO2 + HNOa(c) 
HOC1 + HCI(c) • C12 + H20(c) 
BrONO2 + HBr(c) --• HOBr + HNO3 
HOC1 + HCI(c) -• C12 + H20(c) 
HOBr + HBr(c) --• Br2 + H20 
BrONO2 + HC1C --• BrC1 + HNOa 

aReaction rates are taken from DeMore et al. 

[1997]. 

rors are given [Riese et al., 1999] in Tables 5 and 6, 
as a function of the altitude and, for several species, 
with a distinction for different latitude regions. Un- 
fortunately, the error given above does not take into 
account the regional variability of the concentration for 
some species, i.e., error of representativeness. For exam- 
ple, on Plate lb, uniform error percentage is assumed 
for HNOa in the Southern Hemisphere, regardless of 
the location of the data point, e.g., inside or outside 
the South American streamer. 

In this study, the CRISTA observations are vertically 
gridded to the model levels with a linear interpolation. 
We mapped the horizontal position of each data point 
on the nearest model grid point to simplify the calcu- 
lation of the model state in the observation space. The 
covariance error matrix was defined using an linear in- 
terpolation of the Tables 4 and 5 to the vertical levels of 
the model. Only random errors were taken into account, 
and the data were not corrected for their systematic er- 
ror. The observation error covariance matrix R is also 

diagonal, implying that correlations between species are 
not taken into account. 

Table 5. CRISTA 1 Version 3 Systematic and Random Errors a for 
03, N205, N20, C1ONO2, and CH4 

Altitude, km 

Trace Gas 20 b 20 c 25 30 35 40 45 55 58 

O3 systematic 20 12 11 - 10 - 11 15 17 
O3 random 8 2.5 2.0 - 2.0 - 2.5 4.0 6.0 
C1ONO2 systematic 55 55 32 - 25 .... 
C1ONO2 random 25 6 3 - 10 .... 
CH4 systematic - - - 30 26 24 24 18 - 
CH4 random - - - 12 8.5 8.5 7.5 7.5 - 
N20 systematic - - 26 23 26 38 - - - 
N20 random - - 3 3.5 6.5 7.5 - - - 
N205 systematic - - 19 21 21 17 - - - 
N205 random - - 5 5 5 5 - - - 

a Errors are in percent. 
bHigh latitudes. 
CEquatorial latitudes. 
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o: 

<1 2 4 6 8 9 11 >13 

Volume Mixing Ratio 

[ppb] 

Plate 1. (a) Analyzed HNO3 on November 11 at noon and (b) CP•ISTA HNO3 on November 11 
for the whole day, at 31.2 hPa. 
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Table 6. Same as Table 5 but for HNO3 and CFC-11 

Altitude, km 

Trace Gas 20 a 20 b 20 c 25 a 25 b 25 c 30 • 30 • 30 • 

HNO3 systematic 12 0.3 ppbv 12 10 14 11 11 8 11 
HNO3 random 1.9 16 2.0 2.0 3.1 2.2 2.9 2.4 3.2 
CFC-11 systematic 13 6 16 ...... 
CFC-11 random 3.4 1.6 4.1 ...... 

•At 40øN. 

•Tropical latitudes. 
•At 40 ø S. 

3. Assimilation setup 

3.1. Analysis Strategy 

The assimilation begins on November 5, 1994 (first 
day of uninterrupted data availability in the CRISTA 
I mission). The assimilation period is 12 hours. For 
a beter exploitation of the chemical coupling between 
observed and nonobserved species, an assimilation pe- 
riod longer than 24 hours is preferrable. However, this 
requires too much computer time [Fisher and Lary, 
1995]. For an assimilation period of 12 hours the num- 
ber of available observations is in the range 1-2x105. 
A maximum of 60 iterations for the minimization al- 
gorithm was imposed for the first day of assimilation. 
This number was reduced to 30 for the following as- 
similation periods. This corresponds to a decrease of 
the objective function of less then or equal to 0.015 be- 
tween the two last iterations. Using 8 processors on a 
CRAY SV1, the CPU time is 3950 s for one iteration, 
i.e., one calculation of the forward model, the adjoint 
model and the finding of the new initial condition, with 
a parallelization efficiency of 85%. 

Every assimilation provides a new set of initial condi- 
tions for the considered period. We call "analysis" the 
model results during the assimilation period. After that 
window, the model results are named "forecast." Ex- 
cept for the November 5 morning assimilation period, 
all assimilations were initialized using the last model 
state from the previous analysis. The assimilation of 
the morning of November 5 has been initialized from a 
4 day model simulation, started on November I at 0000 
UT. This simulation was initialized using zonal means 
of the chemical species taken from the interactive 2D 
model of the middle-atmosphere SOCRATES [Huang 
et al., 1998] for the same period. 

3.2. Background Covariance Matrix 

The ratio between the corresponding elements of the 
observations error covariance matrix R and the back- 

ground error covariance matrix B controls the influence 
of the observations on the new initial conditions [El- 
bern and Schmidt, 1999]. Since the initial guess is de- 
rived from a 2-D model climatology and since CRISTA 
requires 24 hours to obtain a global coverage of the 

stratosphere, a different matrix B was used for the first 
assimilated day than for the rest of the mission. For 
the two periods of November 5 the error of the first 
guess was set to 500%. For the other periods the first 
guess error has been reduced to 50%. In this case, the 
information from the observations is maximally intro- 
duced in the analysis. The matrix B was set up as 
simply as possible, all species having the same relative 
background error, all uncorrelated. This implies that 
spatial correlations and the correlation between chem- 
ically coupled species are not taken into account. The 
background covariance matrix is therefore diagonal. 

4. Results 

A typical result of the assimilation of CRISTA is pre- 
sented on Plate 1, where we show both analyzed and 
observed HNO3 at 31.2 hPa. The analysis is shown at 
noon on November 11, 1994, on Plate la, while Plate lb 
shows a composite map of the observations over 24 
hours. One can see a very good agreement between 
analysis and CRISTA. For example, the three tropical 
extrusions are finely reproduced by the analysis [Offer- 
mann et al., 1999]. 

In subsection 4.1 we will discuss how the analyses esti- 
mate the CRISTA data. Then the analyses will be com- 
pared with independent observations, taken by HALOE 
and ATMOS, in order to validate our assimilation sys- 
tem. 

Since the analysis on November 5 uses a different 
definition of the matrix B than subsequent analyses, 
the following discussion includes only results from the 
November 6-11 period. 

4.1. Analysis Versus CRISTA 

In Figure I we show the distributions of the devia- 
tions between the CRISTA data and the analyses, rela- 
tive to the CRISTA random error (R), for the whole 
mission. Figure la aggregates the deviations of all 
species, while Figures l b-lh are relative to the indi- 
vidual species. Histograms are normalized by the total 
number of events, written at the top of each graph. In 
Figure l a we see that deviations are narrowly centered 
on zero. More than 60% of the data are estimated in- 
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Figure 1. Distribution of the deviation between analysis and CRISTA, relative to the CRISTA 
random error, for the whole November 6-11 period: (a) all the species, (b-h) individual species. 

side the CRISTA error range. However, this is not a 
convincing result given the very simple definition of ma- 
trix R. For example, CH4 presents deviations smaller 
than CFC-11 mostly because the CH4 random error is 
more than twice the CFC-11 random error. More in- 

teresting is the asymmetry of the distribution of the 
C1ONO2 and N205 deviations (on Figure ld and le). 
Since C1ONO• and N•O5 as well as 03 and HNO3 are 
chemically coupled, they cannot be taken as indepen- 
dent variables. For this reason, the use of the CRISTA 
total error (random and systematic) in the definition of 
R could reduce the asymmetries presented in Figures 
ld and le. 

In order to provide a more detailed view of these 
deviations, Figure 2 displays the CRISTA zonal mean 
and the corresponding analysis of these species, for the 
morning of November 9 assimilation period. We also 
give the zonal mean of the relative differences (in per- 
cent), between CRISTA and the analysis. We see that 
large deviations occur when the amount of the consid- 
ered species is very low, e.g., 03 above I hPa, HNO3 
and C1ONO2 in the tropical regions, N•O in the polar 
region near 2-5 hPa, CFC-11 above 30 hPa at mid- 
latitudes, and C1ONO,and N,• at their lower and 
upper levels. In Figure 2 a large deviation (.•30%) can 
be seen between analysis and observations for N20•, at 
4.6 hPa, which could come from the retrieval process of 
N•O• (Martin Riese, personal communication, 1999). 
Nevertheless, we generally see a very good agreement 
between analysis and data. 

4.2. Comparison With HALOE Measurements 

Considering the very good agreement between the 
CRISTA observations and the analyses, we have com- 
pared them with the Halogen Occultation Experiment 
(HALOE) [Russell et al., 1993] observations, version 
19. It uses the occultation measurement technique and 

retrieves the vertical profiles of numerous trace gases of 
the stratosphere, in particular, 03, NO, NO•, HC1, and 
CH4. HALO E has performed around 180 occultations 
from 10øS to 40øN during the November 6-11 period. 

Average vertical profiles of HALOE concentrations 
are compared with the assimilated fields in Figure 3, 
for two different latitudes (40øN and 0ø), on November 
11. The number of used profiles is given in Figure 3. 
This averaging takes the total error on the measure- 
ments into account by a weighting procedure, provid- 
ing also the uncertainties on the average [Taylor, 1982] 
(the dotted lines on Figure 3). The averaged analysis 
profiles are determined from the assimilated fields at 
time steps and locations nearest to the times and posi- 
tions of the corresponding HALOE measurements. The 
error bars associated to the analysis in Figure 3 repre- 
sent the systematic CRISTA errors (only for the species 
measured by CRISTA). This allows us to estimate the 
possible systematic differences between the analysis and 
HALOE data. Note the altitude range, which corre- 
sponds to the range where these species are measured 
by CRISTA. For NOx and HC1 we took the same levels 
as for HNO3 and C1ONO•, the species influencing NOx 
and HC1, respectively. 

Differences between the analyzed O3 and HALOE are 
less than 7%. These discrepancies are in the error range 
of CRISTA and HALOE. This comparison confirms the 
good quality of the CRISTA 03, since this result would 
not be possible without high-quality ozone measure- 
ments. The same comparison for methane shows that 
the analysis underestimates HALOE by around •025%. 
It follows that the CRISTA CH4 concentrations seems 
to be underestimated since (1) this discrepancy cannot 
be due to the transport representation in the model 
and (2) the HALO E CH4 data have been intercom- 
pared with correlative data with an agreement of 15% 
[Park et al., 1996]. Note that this is consistent with the 
CRISTA systematic error for methane. 
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Figure 2. 03, HNO3, N20, CFC-11, CH4, ClON02 and N20s (left) CRISTA zonal mean, the 
(middle) corresponding analysis, and the (right) percentage relative differences, for the assimila- 
tion of November 9, 1994, between 1200 and 2400 UT. 
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Figure 2. (continued) 

HALOE measurements of NO, NO•, and HC1 pro- 
vide a good opportunity to test how these constituents 
are influenced by the constrained species (Os, HNOs, 
C1ONO•, and N•O•) through chemical coupling. We 
have compared NO• (NO+NO•) instead of NO or NO• 
in order to avoid a possible large error at sunset and 
sunrise, due to a possible time shift of maximum 15 
min between the data and the analysis. In Figures 3g 
and 3h the analyzed NO• is seen to be in good agree- 
ment with HALOE NO•. We find the discrepancy to be 
less than 15% at 40øN and less than 25% at the Equator 
except at the 4.6 hPa pressure level. This is probably 
due to the better agreement between the analysis and 
CRISTA at midlatitudes than at the Equator, for HNOs 
and C1ONO• (see Figure 2). Also, the large deviation at 

4.6 hPa could be related to the N•Os analysis problem 
at this level. 

Before comparing the analyzed HC1 with HALOE, 
we would like to estimate the influence of C1ONO• on 
HC1. In Figure 4 we have compared the zonal HC1 at 
40 ø N from different analyses and model simulations. 
The three analyses correspond to the CRISTA data as- 
similation on November 6, 11, and 12, 1994 at 0000 
UT. The model results from a free simulation started 

on November I with the SOCRATES initialization (see 
section 3.2) are also shown, corresponding to November 
6 and 12 at 0000 UT. The influence of C1ONO• is clear: 
(1) we see that H C1 is not influenced at altitudes where 
C1ONO• is not measured by CRISTA and (2) while the 
zonal HC1 does not change between November 6 and 
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Figure 3. Comparison between HALOE (solid line) and analysis (diamond) for 03 (a and b), 
HCL (c and d) , ca4 (e and f), and NOs (g and h) at different latitudes, 40øN and the Equator 
(EQ) (see text for details). The dotted lines represent the mean HALOE uncertainties, while the 
error bars on the analysis represent the CRISTA systematic uncertainties (for 03 and CH4). 

November 12 in the model simulation, we see an in- 
crease of HC1 in the analysis, which is stabilized after 
5 days of assimilation of CRISTA. For this last reason, 
the comparison of HC1 with HALOE has been done at 
the end of the mission. The comparison shows a good 
agreement, around 25% (Figures 3c and 3d). The an- 
alyzed HC1 suggests a larger vertical gradient than in 
the HALOE observations. 
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•igure 4. Comparison between zonal HC1 taken from 
two model simulations and three analyses at 41.25øN. 
Model results are for November 6 (plus) and 12 (dotted 
line) and analysis are for November 6 (solid line, circle), 
z z (solid line, triangle) and Z2 (solid line, diamond); all 
at 0000 UT. The horizontal line at 4.6 hPa corresponds 
to the upper limit of the ClONO• measurements by 
CRISTA. 

Starting from the analysis of November 11, a fore- 
cast until November 25 has been made. The forecasted 

ozone is compared with the HALOE ozone to investi- 
gate a possible drift in the model. Figure 5 shows the 
24-hour mean HALOE ozone profiles for November 11, 
14, and 24 with colocated analysis/forecast ozone pro- 
files. From figure 5 it is clear that the forecasted ozone 
does not evolve noticeably in time and remains close 
to the HALOE observations. In general, the forecast 
of November 24 compares better to HALOE than does 
the forecast on November 14. This indicates that al- 

though the model is highly consistent with HALOE, 
the modelled ozone variability is not entirely consistent 
with HALOE. However, a single forecast is not sufficient 
to quantify possible model deficiencies. Nevertheless, 
this forecast did show a good ozone prediction. Fur- 
thermore, this good agreement between the model and 
HALO E ozone confirms the reliability of the transport 
scheme implementation and the 03 chemistry used in 
the model. 

4.3. Comparison With ATMOS Measurements 

During the ATLAS 3 mission the Atmospheric Trace 
Molecule Spectroscopy (ATMOS) experiment was pre- 
sent on the space shuttle [Gunson et al., 1996]. This 
occultation experiment has retrieved the vertical pro- 
files of 03, CH4, HC1, NO, NO2, HNO3, C1ONO•., and 
N205, between 10 ø and 40 ø N (for the sunrise measure- 
ments). Since the comparison between the analysis and 
ATMOS for 03, CH4, HC1 and NOx confirms the con- 
clusions found in the previous section, they will not be 
presented here. 

Average ATMOS (version 2) profiles and their cor- 



12,264 ERRERA AND FONTEYN' CHEMICAL ASSIMILATION OF THE STRATOSPHERE 

• 0.5 
a_ 1.0 

,- 5.0 
• 10.0 

a_ 50.0 

40øN / Nov. 14 40øN / Nov. 24 
15 occ. 15 occ. 

(a) 40øN / Nov. 11 
5 occ. 

6 

03 [ppm] 

(b) 

6 

03 [ppm] 
0 12 0 12 

(c) 

03 [ppm] 

30 • 
o 

20 •- 

12 < 
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responding analysis are plotted in Figure 6 for HNO3, 
C1ONO2, and N205. The number of profiles used is 
given in Figure 6. 

The analyzed HNO3 agrees well with ATMOS, gen- 
erally better than 15%, and the analysis is in the er- 
ror range of ATMOS. We found larger deviations in the 
comparisons for C1ONO• and N•Os, but these measure- 
ments are known to be less accurate [Abrams et al., 
1996], as suggested by the error bars. At their maxi- 
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Figure 6. Comparison between ATMOS (solid line) 
and analysis (diamond) for HNO3, C1ONO•, and N•O• 
at different latitudes, 40øN and 17øN (see text for de- 
tails). The dotted lines represent the mean ATMOS 
uncertainties, while the error bars on the analysis rep- 
resent the CRISTA systematic uncertainties. 

mum concentrations the analysis overestimates ATMOS 
by 25% for C1ONO2 and 17% for N•O•. Nevertheless, 
note the overlap of the error bars. These differences 
between analysis C1ONO• and N20• and the ATMOS 
data could be due to systematic differences between AT- 
MOS and CRISTA for these observations. Indeed, we 
have seen in section 4.1 that the analysis follows very 
well the CRISTA data for these species at these alti- 
tudes. 

5. Summary and Discussion 

We have presented a four-dimensional chemical as- 
similation system of the stratosphere applied to the 
CRISTA I observations, using the variational method. 
The analyses generally estimate the CRISTA data within 
the CRISTA random error. Larger relative differences 
were found in regions where a given species is less abun- 
dant. Taking into account the simple error description 
and the simple implementation of the CRISTA obser- 
vations, the agreement between the analysis and the 
observational data is very good. Further improvements 
in the data assimilation system should include a more 
accurate error representation and possibly a more de- 
tailed error covariance matrix allowing for spatial and 
species correlations. 

The good agreement between the analysis and inde- 
pendent measurements by HALOE and ATMOS has 
validated the assimilation system. The assimilated con- 
centrations are always within the error bars. These 
comparisons have demonstrated that the analysis is 
very representative of the CRISTA data. This is essen- 
tially due to the small weight assigned to the first guess 
in the minimization procedure. It is therefore possible 
to use the analysis in order to derive systematic differ- 
ences between CRISTA and other instruments. 

The comparison of analyzed HC1 and NOx with HA- 
LOE has shown that unmeasured species can be pre- 
dicted through chemical coupling with the measured 
species (03, HNO3, C1ONO•, and N•O• here). We 
have seen that -•5 days of assimilation are necessary 
to obtain a stable H C1 using an assimilation period of 
12 hours. Using a longer assimilation than 12 hours, 
e.g., 24 hours or more, would have resulted in fewer 
days of assimilation to obtain an H C1 consistent with 
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C1ONO2. Unfortunately, such a period is unpractical, 
owing to computer limitations. Computation time is 
probably the major limitation of the 4D-VAR method. 
In conclusion, this assimilation system can provide an 
important support for data validation and interpreta- 
tion in the future, e.g., for the Environment Satellite 
(ENVISAT) mission. 
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