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2 1 INTRODUCTION 

1 lntroduction 

The back-trajectory is an easy but powerful tool for assessing possible source origin of a 
measured trace species. In an important study on the Chernobyl accident Persson et al. 
(1987) used this approach to estimate the amount released from the rampaged nuclear 
power station. 

However, back-trajectories suffer from oversimplifications ofthe transport-diffusion pro­
cess by entirely omitting diffusion. Moreover, the nature of trajectories is to follow a sin­
gle air parcel implying a very short response at the receptor point. These deficiencies are 
not always in mind when interpreting backward trajectories. However, the adjoint tech­
nique applied to a 3D dispersion model would inherently include more of the transport 
mechanisms and allow for longer response times at the receptor. 

Using adjoint equations was first described by Kontarev (1980) and Marchuk and Pe­
nenko ( 1980) for complex dynamical systems. Applications for environmental problems 
were outlined by Marchuk (1986) and Uliasz (1987), basicly discussing influence func­
tions in the framework of a receptor oriented approach. 

The adjoint technique is now found in different disciplines such as numerical weather 
prediction with some early work by Talagrand and Courtier ( 1987). Lorenc ( 1988) and 
Derber ( 1989). Vast amount of literature exist on this subject, late ly various aspects on 
variational methods have been published by Le Dirnet et al. (2002). Park and Zupanski 
(2003). Purser et al. (2003), Mu and Wang (2003). Adjoint methods have been discussed 
in oceanography by Ghil and Malanotte-Rizzoli ( 1991) and Sirkes and Tziperman (2001). 
Chardigny et al. ( 1996) and Shen and Kuo ( 1999) discussed calibration of hydrological 
models including remote sensing by means of adjoint methods, and Van den Berghe 
( 1993) presented variational techniques for mapping pollutants in lakes. 

In air pollution modeling early work was done by Marchuk ( 1986) and Uliasz ( 1987) 
and lately Pudykiewicz ( 1998) and Wotawa et al. (2003) presented work in connection 
to the Comprehensive Test Ban Treaty (CTBT), where the concept of "fields of regard" 
comes close to the objective of this paper. Data assimilation in dispersion models have 
been discussed by Robertson and Persson (1993), Robertson and Langner (1998), Tan­
guay and Polavarapu (1999), Houweling et al. (1999). Menut (2003) and Konstadinos 
and Robertson (2003). The extension of data assimilation by including complex chem­
istry have been demonstrated by Uliasz and Pielke (1991), Elbern and Schmidt (1999), 
Daescu et al. (2003a.2003b) and Schmidt and Martin (2003). 

In this paper we will explore the options of using adjoint modeling in contrast to tradi­
tional back-trajectory models, very much in line with the receptor oriented approach dis­
cussed by Uliasz and Pielke (1991), Pudykiewicz (1998) and Rivin and Voronina (2001). 
The purpose is thus not to perform data assimilation as such but ~o e~lore the_ use of 
observations in terms of possible source regions. Special attention 1s paid to the 1mpact 
from the temporal resolution in measured values. 

The basis for this work is the MATCH model (Robertson et al .. 1999) into which adjoint 
equations have been implemented. 

In Section 2 we make some introductory desciiption of the transport-diffusion equation 
and the !imitations of back-trajectoiies, followed by the basis for adjoint modeling in 
Section 3. Section 4 covers a formalism fora discrete numeiical model needed for the 
description of influence functions in Section 5. Some numerical aspects are discussed 
in Section 6, and the adjoint technique is applied to a few events presented in Section 
7. The paper in finalized by a summary in Section 8. 
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2 Transport equation 

The fate of a tracer in the atmosphere is described by the continuity equation describing 
processes in the atmosphere that governs the transport, deposition and transformation. 
The advection-diffusion equation isa sub-space of the continuity equation omitting pro­
cesses like chemistry transformation and aerosol dynamics, 

8pµ 8t + Vvpµ- Vpl<Vµ + p>..µ = q ( 1) 

where µ is the mixing ratio of the tracer, p air density, v the mean 3D wind field, K the 
turbulent diffusion tensor, >.. coefficient for wet scavenging and/or radioactive decay, 
and q the forcing source term . The lower boundary condition of the diffusion tenn is 
diy deposition, 

(2) 

where Vd is the diy deposition velocity. 

The basis for trajectories means a further simplification by omitting all tenns except the 
advection, 

8pµ 
8t +Vvpµ = 0 

or combined with the continuity equation for the air itself (µ = 1) 

8µ 
8t +vVµ 

Dµ 

Dt 

0 

= 0 

(3) 

(4) 

(5) 

where the latter is the total derivative in a Lagrangian framework simply telling us that 
the mixing ratio is unchanged following an air parcel not exposed to other processes 
than the transport by the mean wind field. 

Apparently the trajectoxy models oversimplifies the transport processes and are there­
fore less useful for long time-integrations. Moreover, trajectories are just following one 
air parcel at the time, i.e. describing a short temporal response at the receptor. 

Backward trajectories means following the parcel upstream 

DJt 
0 (6) = 

Dt 
8µ 

0 (7) -- -vVµ = 
8t 

then integrating backwards in time taken the wind field in the reverse direction. In the 
following section we will show that this is the adjoint of the advection equation (3). 

3 Adjoint transport equation 

The concept of adjoint operators in this context arises from the Lagrangian duality rela­
tion (Marchuk, 1994) 

< Jt*. LJL > = < L * p*. Jl > (8) 
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where L* is the adjoint operator of L. µ* the adjoint control variable, and <, > is an 
appropriate norm. 

Adopting a real valued Euclidean norm 

< y,x > = yTx 

the adjoint equals the transpose 

< µ*' Lµ > = µ*T Lµ = (LT µ*)T µ = < LT µ*' µ > (9) 

which is a suitable approach for discrete numerical models and is therefore adopted 
for the MATCH model. However. some general insight may be gained by investigating a 
norm in a more general functional space defined over a domain n and a time interval T. 

< g,h > = 1T dt LghdO. 

and the adjoint in this functional space is defined by. 

1T dt L µ* f(µ)dO. = 1T dt L µf*(µ*)dO. 

As an example we may look into the advection equation (3) 

[ dt fnµ• (
8
;; + 'ilvpµ) dO. = 

[ dt fn pµ (-a;• -v'ilµ*) dO. + 

L (pµµ*)r - (pµµ*)o dn + 

{T dt 1 vpµµ* dan 
lo Jan 

(10) 

which is derived by partial integration and where an is the boundary of n. By applying 
the constrains µ0 = µ*r = 0, and µ* = 0 at the boundary an. the two latter terms 
disappear and thus 

8µ* 
- - -vv'µ* 

at 
(1 I) 

is the adjoint to the advection equation (3). and identical with the equation for back­
trajectories (7). Back-trajectories are thus the most simplified form of adjoint equations. 

For the complete transport and diffusion equation (1) we arrive at. 

fT dt f µ* (Bpµ + \lvpµ - '7pK'7µ + p>i.µ) dn = 
lo ln at 

{T dt f pµ (- åµ* - v'v' µ* - ! v' pKv' µ* + A/l*) dn + 
lo .In åt p 

f (pµµ* )r - (pµµ* )o dD. + 
.In 

l,,T dt i vpµµ* + µpKv'µ* - µ* pKv'p, dän + 
IJ .'fanz~O 

(12) 

(13) 

(14) 
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with the similar constraints as above, i.e. µ 0 = µ* r = 0 and µ* = 0 at the boundary 
anz:10 (excluding surface boundary), and with the additional constraint K = O at the 
boundary anz:10 the terms (12) and (13) disappear, while the term (14) incorporates the 
lower boundary condition (2) at the surface anz=O· Hence, the adjoint to the transport­
diffusion equations yields, 

- p Bµ* - pvv' µ* - v' pKv' µ* + p>i.µ* at 
with the lower boundary condition of the diffusion term, 

(15) 

(16) 

Note that the diffusion and deposition terms are so called self adjoint, i.e. identical in 
forward and adjoint mode. 

4 Discrete numerical model 

The MATCH model like other 3D transport modets solves the transport-diffusion equa­
tion (1) by implementation of different numerical methods on a discrete mesh. Con­
sidering all the terms in ( 1) as linear processes the presentation may be simplified by 
describing the numerical process in a rather condensed form, 

µo = µb 

µt+l Aftµt + q 

where µb is the initial state, and Mt represents all the linear processes treated, µt the 
model state vector on the grid-mesh, t is the time-level. and q the sources term at this 
stage assumed constant over time. It is convenient to change the model space inta a 
combination of the model state and the source term. 

(17) 

and the evolution of Zt is thus described by, 

Zt+l ei· n z, 

Generalization to a time-dependent source term is straight forward, 

µo µb 

µt+l = Mtµt + Qtq 

where Qt is same tlme-dependent modulation of the source intensity and location, hence 

Zt+l (
Mt Qt) 
0 I Zt (18) 

(19) 

Due to the assumed linearlty of the numerical process there is a linear relation between 
any time level and the initial state, 

Zt Lt-1 = 0 Zo 

(20) 

(21) 
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where Li-i then complises the selies of matlix operations Mt-iMt-2 •.• M0 • It is notable 
that the matrtx M is never matelialized explicitly as the linear processes it complises 
could, by the nature of linear processes, be treated separately even on the individual 
grtd-cell level. 

5 Influence function 

The concept of influence functions may be understood as the area of influence from 
possible source areas to a given receptor. This is a function of the response time at 
the receptor and the development of the atmospheric state prior to the response. We 
should first explore the response from a single observation, and in the next sections 
evaluate two different approaches to include a set of observations. Let us assume a 
single observation, Yt,i, at the time-point t and site i. The model estimate at this point 
may then be written, 

(22) 

where Hi is a linear observation operator converting the model state to the observed 
quantities and to the site i. In the most simplest fashion Hi only represents a linear in­
terpolation from the model mesh to the observation point, hut could be of more complex 
nature. Following the notation of Zt in the previous section we may write, 

Yt,i = (Hi 0) Zt 

= (Hi 0) L~-I z0 

(23) 

(24) 

where the latter relation utilizes the linear relation to the initial state ( ). Moreover, we 
may express this operation by an Euclidean norm and utilize the Lagrangian duality in 
( ) . 

(25) 

(26) 

where we can identify that L~ - i T equals MöMf ... Mf_ 1 • We therefore arlive at two differ­
ent ways to deiive the model estimates at the observations points, a) forward integration 
from time o to t and interpolating to the observation site by the observation operator 
( ), or b) integrating an adjoint operator Mf backward in time (from t to O) feed by the 
observation operator, 

* Zt = 

* Zt-l = 

and thus, 

iJ,.i 

(~n 
MT * t- l Zt 

< z6, zo > 

(27) 

(28) 

(29) 

The impact from deposition processes become visible in Eqn. ( ). Deposition processes 
are as described above self-adjoint which means that the signal is attenuated when ex­
posed to deposition. This means that the initial state z0 has to be increased in order to 
get back to some expected observed value. This is in accordance with that the observa­
tion only account for the fraction of the emission that has not been deposited under its 
way from the source to receptor. 
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The adjoint control variable z; could be decomposed into the adjoint model state vector 
and the adjoint emission term, respectively, 

zt_, = (:I=:) (30) 

= (~t: ~) (:D 
where we have taken the transpose of M in Eqn. ( ). hence 

(31) 

(32) 

(33) 

(34) 

The adjoint control variables should be interpreted in the following way, µ0 is the influ­
ence function for the initial model state vector, and q0 is the influence function reflecting 
possible emission patterns. 

The above implies an inherent assumption that the measurement is instantaneous, as 
described in ( ). or at least represent the time-resolution of the discrete numerical 
model (normally a few minutes). However, observations are more likely sampled over 
several hours or even days. A model estimate would then rather look like, 

t 

Yt = N~l L HiµT 
-r=t-N 

The implication in terms of adjoint backward integration is that the observation operator 
is repeatedly feed into the adjoint control variables, over the number of time-levels that 
covers the observation sampling period, scaled by the inverse of the number of model 
time-steps involved, 

• µt = 1 HT 
N+l i 

µ;_1 = MT • 1 HT 
t-lµt + N+l i (35) 

µ;_N = MT • 1 HT 
t-Nµt-N+l + N+l i 

µ;_N-1 = MT • 
t-N-lµt-N· 

In this fashion the response time is taken into account which is not feasible to achieve 
in a trajectory model. 

5.1 Unit response influence function 

In the previous section we presented the meaning of an influence function in terms of 
one single receptor. Expanding into a set of observations from different sites (that may 
change over time as well), calls for a measure of the misfit of the model related to the 
observed values. In this section we wil1 explore a misfit of the first moment, i.e. the 
mean error, arriving at an influence function with unit response at the receptors. In the 
next section we will look into the implication of a squared error misfit. 

Having access toa set of observations, Yt = (y1, Y2, ... , YN )T at a time-level t, the mean 
error could be represented with a penalty function proportional to the mean deviation 
between model and measurements, 

(36) 
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with the same notations as~ above. We may convert this expression into vector form by 
introducing a help vector J = {1, 1, ... , l)T defined such that jT j = N, and a general 
observation operator H that transform the model state into model estimates at all the 
observation sites, 

J = < j, H µt - Yt > 

= ~ ( ) t 1 < I, H O L 0 - zo - Yt > . 
(37) 

(38) 

Note that H µt has the same dimension as the observation vector Yt. As we will see 
below, j represents a unit response at the observation sites. In the latter expression we 
have utilised the relation (24) in the previous section. The penalty function in (36) could 
easily be extended to observations at different observation hours, then incorporating a 
time-series of measurements. 

A perturbation of the penalty function J with respect to the initial state z0 reads, 

8J = < v'J,8zo > 

were we could identify that the gradient "v J is given by, 

VJ = L~-1T (H:j) 

(39) 

(40) 

(41) 

which could be evaluated by integrating an adjoint control variable in the following way, 

z; = ( HOTj) 

with j as the response at the receptors, and thus, 

"y J = Zo 

öJ = < Zo, ÖZo > . 

(42) 

(43) 

(44) 
(45) 

Note the similarity between Eqn. (29) and (45). The the initial state and the emission 
term, z0 , is given by, 

Zo = Zb + O'. "y J (46) 

where zb is some initial quess, and a is a coefficient selected in a way ~at_ the penalty 
function (38) is at minimum. For zb being zero a would represent the em1ss1on strength 
needed to explain the mean value of the observations. 

In similar fashion as in the previous section the adjoint control variable zo coul~ be 
decomposed into the gradient with respect to the initial state and the sour~e fun_cti?n, 
respectively. Long sampling periods of observed quantities are incorporat~d m a simdar 
way as described in the previous section, by repeated insertion of the forcmg term. 

5.2 Weighted influence function 

We have shown that an influence function based on a mean error penalty function leeds 
toan unit resonse at the receptors that does then not reflect the individual magnitudes 



5.2 Weighted influence function 9 

of the observations. In the following we will borough the basis for data assimilation at 
the end arriving at an influence function that is weighted by the observed quantities. 

In variational Bayesian data assimilation an initial guess is modified by minimizing a 
penalty function of the following kind. 

J(z) = ½(z - Zb)T B- 1 (z - Zb) + ½(y-y(z)f 0- 1 (y-y(z)) 

= Jb + Jo 

where Zb is the initial guess. B and O are covariance matrices representing background 
and observation errors. respectively. and y is the model estimate at observation points 
similar to Eqn. (22) (see e.g. Lorenc. 1986. Courtier et al.. 1993). 

In this context we will only consider the observation term (J0 ) and further simplify by 
setting the observation errors to unity. By introducing our model state Zt from Eqn. (17) 
we arrive at. 

Jo(zt) = ½(Yt - iit(zt))T(Yt - Yt(Zt)) 

and using the results from Talagrand and Courtier ( 1986) demonstrating that the gra­
dient of J0 with respect to z0 is given by. 

-\7J.(zo) = JvCfMf ... ML, c~n (y, -ii,(zo)l 

where we have used the linear relation between Zt and zo in (20). In data assimilation 
the gradient is used in order to iteratively find the optimal selection of µ 0 and q that 
fits to the observed data (Talagrand and Courtier. 1987. Derber. 1989. Robertson and 
Persson. 1993). The scope of this paper. however. is just to get a first glance at the 
possible source regions. Therefore we omit the the forward contribution. Yt. implying a 
first forward estimate being an imaginary run with no initial state and no emissions. 

The gradient is then the influence function weighted by the observations. This gradient 
may, in a similar fashion as for Eqns. (27) - (34). be found by integrating adjoint control 
variables by the following scheme, 

µ; = 
• µt-1 = 

q;_l = 

aniving at 

HTYt 
AfT µ* 

t-1 t 
QT • + • t-lµt qt 

(47) 

(48) 

(49) 

The difference from the unit response adjoint relation is that the observation vector 
Yt replaces the unit vector i (see e.g. Eqn. 42). Moreover, for inert substances the 
gradient would directly reflect the emission rate. However, when deposition processes 
are included the gradient will be attenuated, which make sense in a data assimilation 
procedure, but in our application the direct interpretation as emission rate is lost. 

In a similar fashion as in (35) observed values sampled over a longer time-period is 
repeatedly feed into the adjoint control variable. 

The weighted influence function putsa certain emphasis in pointing out source regions 
that are able to explain the largest measured values. It is also possible to directly 
deduce the source intensity from the weighted influence function. under the condition 
that deposition could be omitted. 
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6 Num.erical aspects 

There are some numerical considerations worth mentioning before looking into the ex­
amples. Noted in Section 4 various numerical methods are used to solve the advection­
diffusion equation (1) on the discrete grid-mesh. As an example we should look into the 
advection term that is solved in the MATCH model by a donor cell approach (Robertson 
et al., 1999), 

µi+l 
t+l = µ~+1 + p+ 

i 
µt+l = µ: - (F+ + p-) (50) 

i-1 
µt+l = µ!-1 + p-

where the indices µt refers to the time-level, and µi to the grid-cell index. The fluxes (F+ 
and F-) are calculated at the grid-cell µi and donated to its neighbors. This is a flux 
oriented scheme that guarantees mass conservation. Fora second order scheme the 
fluxes are calculated utilizing the three adjacent grid-cells, 

p+ = a+µi+l + b+µi + c+µi+l 

p- = a-µi+l + b-µi+ c-µi+l 

where a, b, c are Lagrangian polynomial functions taking the wind field as argument. 
In higher order schemes more grid-cells are involved in the flux calculations, giving a 
higher degree of accuracy. Rephrasing (50) in a linear form yields, 

and the adjoint (transpose) of this linear system is given by, 

(

µi~l) 
µi + 
i-1 

µ t+l 

or 

µ:+1 µ:t~ + a+(µi+l - µi)t+l + a-(µi-1 - µi)t+l 

µ! = µ:+1 + b+ (µi+l - µi)t+l + b-(µi-1 - µi)t+l (51) 

µ;-1 µ;;~ + c+(µi+l - µi)t+l + c-(µi-1 - µi)t+l· 

Note that the forward scheme in flux form (50) are turned inta difference form in the 
adjoint scheme (51), similar to the analytical formulations in Eqns. (3) and (11) that 
transforms the advection term from flux form to advective form. 

From a numerical point of view the difference form in (51) is a numelically unstable 
scheme, causing oscillations and negative values. In order to minimize this deficiency a 
low-pass Forester filter (McRae et al., 1982) is applied. Figure 1 illustrates the impact 
of filtering fora second order adjoint advection scheme, and the importance of filtering 
is rather evident. 



Unfiltered 2nd order scheme 
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Filtered 2nd order scheme 
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Figure 1: Adjoint simulation with and without Forester filter fora second order aduection 
scheme. 

The selection of advection scheme is a delicate balance between nurnerical accuracy 
and computation speed. In Figure 2 the results from four different adjoint advection 
schemes are s hown. There are not that much gain from higher order schemes. while 
the fastest (zero order) scheme is all toa diffusive. The second order scheme is h ereafter 
used in the examples to follow. 
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2nd order adv. scheme 
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4th order adv. scheme 

SMHI SAT 26 APR 1986 00Z+000 

3 10 30 

Figure 2: Demonstration oj various adjoint advection schemes, ranging from zero order 
(ups tream) (upper lejt) ta Jorth order (lower right). The figure s l10ws that a second order 
scheme appears s ufficient, and is thus selected in the examples. 
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7 Examples 

In the following examples we will demonstrate the potential of extended back-trajectories. 
and the implications of using either unit response or weighted influence functions. The 
first example is taken from the Chernobyl accident followed by the ETEX tracer ex­
periment. Next we use the Algeciras accident to investigate the implications of mea­
surements with various sampling periods. and the final example is an event with heavy 
smoke from Eastern Europe. Finally. a suggestion for an operational setup is discussed. 

The deposition processes have been excluded in these examples. 

7.1 The Chernobyl accident 

The Chernobyl accident took place in the morning 26 April 1986 around 00 UTC. Mea­
surements where taken all over Europe. while we have restricted this demonstration 
to a selection of mainly Swedish samples. The observations used are from Stockholm. 
Eksjö. Oskarshamn. Ringhals, Ljungbyhed. Öland and Ris0 (Persson et al .. 1987). Fig­
ure 3 shows the readings for a selection of these locations. As seen from the figure there 
are two occasions where the radioactive cloud passed Scandinavia. 

In Figure 4 the first episode is followed backwards and hit an area around the Chernobyl 
plant at 00 UTC the 26 April 1986. The figure shows the weighted influence function 
based on all observations from 1 of May and earlier. By using the weighted influence 
function the individual magnitudes of observed values are taken into account in the 
adjoint simulation. 

Figure 5 shows the time-series of the weighted influence function at the location of 
Chernobyl and for different heights using all observation from 26 April to 10 May. The 
influence function reflects the source term and demonstrates that there was a second 
part of accidental emission that made its way towards Scandinavia. 

However. in lack of available observations this type of simulation is not feasible. Having 
just an indication of elevated radioactivity at these stations the unit response influence 
function becomes the only means of assessment (see Section 5.1). We have chosen to 
use observations exceeding 0.1 Bq/m3 as indications of the timing at the receptors, and 
thus assigned a unit response for these values. Figure 6 illustrates the time-series for 
unit response influence function at Chernobyl. It becomes clear that the unit response 
approach is more for a qualitative indication of impact from a given source point rather 
than a quantification of the emission rate. 
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Figure 3: Measured values of Cs 13
; at Eksjö. Öland and Oskarshamn, respectively. in 

April and May 1986. Unit in Bq/ m :3 • 

lnfluence function near surface 
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Figure 4: Weighted injluence Junctionfor the first occasion when the radioactive cloud 
from Chernobyl reached Sweden, calculatedjrom 1986-05-01 :00 back to 1986-04-26:00. 
and using all the available observations over this period. Unil in llq/ 111 :3 . The empty circles 
point out the observation sites, and the filled circles are various nuclear power planls in 
this area. The large filled circle point out the location oj Chernobyl. 
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Figure 5: Time series oj the weighted influencejunction at Chernobyljor diffe rent heights. 
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7 .2 ETEX experiment 

The European Tracer Experiment (ETEX) provides two data sets from controlled point 
source releases monitored across Europe. The experiments took place in late October 
(ETEX-I) and early November (ETEX-11). 1994. The former of these two data sets has 
been used here. In both experiments a perflourocarbon (PFC) was released inta the 
atmosphere in Monterfil, Brittany (France). over a period of 12 hours at a rate of 7.9 
g/s, and air samples were taken at 168 stations in 17 European countries up to 90 
hours after the start of the release (Nodop et aL, 1997). The tracer was sampled in 3-
hour intervals and for ETEX-I a total of 3104 measurements passed the quality control. 
The PFC is an inert gas insensitive to uptake at the surface or wet scavenging, and is 
thus only affected by advection and diffusion. 

Figure 7 shows the adjoint simulation at four different instances. In the lower right 
panel the influence function is given at the center data of the "true" release period, and 
displays its maximum at the release point. 

In Figure 8 lime-series of the influence function is plotted for different heights. The 
tracer experiment was a near surface release that is reproduced in this adjoint simula­
tion. 

The lime-series in Figure 9 is a transform inta an emission rate of the concentration 
profiles in Figure 8, which is doable as deposition is not active for an inert tracer, there­
for is all emission transferred to the observation points with no losses during transport. 
This source rate isa factor two less than the true release. This may have several rea­
sons, the observations may not "see" more of the release, the MATCH model may have a 
bias that affect the emission eslimate. This brings forward that any emission estimate 
is always model dependent, and has to evaluated having this in mind. 
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Fig u re 7: Weighted irifluenceji.mclion atfour different datesfor the ETEX I case. Note that 
the integration is made baclcward. Unit in ng/m 3 
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7 .3 Algeciras accident 

In the spring-lime of 1998 an accidental release of Cs137 occurred from the steel mill 
Acerinox close to Algeciras, Spain. The release was estimated to 8 - 80 Ci over a few 
ho urs period in the morning of 30 May (00 - 03 UTC). The health effect was concluded 
to be well below exposure limits. Vogt et aL (1998) compiled a number of filter mea­
surements across Europe and also made the first estimates of the release amount. The 
measurements comprises a data set with a wide range of sampling times, from 1 day up 
to 14 days. and cover the period from 2 June to 17 June. 

We have split the data into 3 different datasets: 1) all data, 2) measurements sampled 
for 1 day, and 3) measurements sampled for more than one day, respectively. 

In the Figures 10 and 11 the weighted influence function is plotted for 4 different in­
stances, and with the dataset 2 and 3, respectively. The discussion on the forcing from 
observations sampled over longer periods, in Section 5, is especially valid for this case. 
An equal fraction of the observed values are reinserted into the adjoint model for 1 up 
to 14 days in this example. 

In Figure 10 it is notable the bifurcation starting at 31 May 00 UTC and leading to a 
double peak over Spain, one at the Algeciras location and one in central Spain. The 
dataset 3, representing long term samples, used in Figure 11 result in a less distinct 
influence function as could be expected. 

The lime-series plots in Figures ~ 2, 13 and 14 clearly shows that most of the signal 
comes from the short term measurements. Still the long term observations are able 
to provide some information, even though not entirely unambiguous. The bifurcation 
displayed in Figure 10 implies that several source locations are possible, and only the 
precise tlming of the ~elease would discriminate the most probable one from the oth­
ers. In these latter figures the weighted influence function is transformed into emission 
estimates (Ci/h) showing peak numbers that are in accordance with the estimated to­
tal release of 8 - 80 Ci. However, deposition processes are not accounted for in these 
simulations which make the emission estimates a bit dubious. 
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Figure I 0: The weighted injluence Junction at 4 different insiances us ing observations 
from the Algeciras accident with sampling time oj 1 day. The ji.lled c ircle in southern 
Spain points out Algeciras. 
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Figure 11: The weighted injluence function at 4 different instances using observations 
from lhe Algeciras accident with sampling time more than 1 d ay. In addition to the location 
oj Algeciras in soutllem Spain the other circles are the long term measurements available 
al lhe dijferenl dates. Blaclcfilled circles means that the observations values exceeds the 
color scale. 
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Figure 12: Time-series oj the weighted injluence junction transformed into an emission 
estimate (Ci/h) at three dijferent locations including Algeciras where a ll available obser­
vations are used. 
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Figure 13: T ime-series oj the weighted injluencejunction transformed inta an emission 
estimale (Ci/h) at three dijferent locations including Algeciras where observali.ons sam­
pled up to 1 day are used. 
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Figure 14 : Time-series oj the weighted injluence Junclion transformed inta an emission 
estimate (Ci/ h) al three dijferent localions including Algeciras where observations sam­
pled over more than 1 day a re used. 
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7.4 Heavy smoke incident in Scandinavia 

In the beginning of September 2002 smoke particles where noticed in southern Sweden. 
The origin was at first unclear but a lat of observations over a large area indicated long­
range transport. At the time assumptions where made that severe forest fires reported 
from the Moscow area, Russia. could be the reason. We may however conclude that the 
Moscow fires did not contribute to this smoke to any significant degree. 

The smoke was sufficiently dense to affected the visibility observed at synoptic weather 
stations in southern Sweden. Figure 15 shows same of the visibility readings from 3 
to 8 September. 2002. The mast profound drop in the visibility occurred 4 - 5 and 7 
September, with same recovery during 6 September. 

In this experiment we assumed visibility below 5 km to be associated with this smoke 
event. and we formed a control variable taking the visibility as argument. 

c(V) 
5 - m·in (V, 5) 

5 
(52) 

where the visibility, V, is measured in km. Figure 16 shows the visibility records for the 
two weather stations in Figure 15 converted inta this control variable. In total visibilily 
observations from 11 synoptic station in southern Sweden have been used. 

Figure 17 shows the adjoint simulation that clearly indicating source regions in central 
Europe. Integration towards earlier dates does not show a ny influence from the Moscow 
area. Information about a number of forest fires in northern Ukraine (Yaroslav Sorokin 
at Institute of Ma thema tical Machines and Sys tem Problems. Kiev. Ukraine. personal 
communication) make us more convinced that forest fires in central Europe contributed 
to the smoke noticed rather than forest fires from th e Moscow area. 
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Figure 15: Time-series oj visibilities at two locations in Southern Sweden, Bar/cå/cra and 
Såtenäs. in early September 2002. 
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Figure 16: The time-series in 15 transformed inta a control variable used in the adjoint 
simulations. 
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Figure 17: Baclcward transport oj transformed visibility observations. Same major cities 
a re plotted as blue.filled circles. In lhe text we discuss the importancefrom Moscow area 
that is the somewhat larger circle to the north -east. 
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7 .5 An operational approach 

In the previous examples we have demonstrated the use of various observations from 
same selected events. An operational approach has, however, to be based on routlne 
procedures where measurements are not likely to be available. More over, results should 
be made accessible before any measurements are taken and provide a quick guidance 
of possible source origins in case the information will be needed. We are then restricted 
to the use of the unit response approach. 

Figure 18 shows an example of the present operational products now available with 
the back-trajectories for same selected receptor points. In Figure 19 we have added 
adjoint modeling combined with traditional back-trajectories for one of the receptors. 
In this specific example it becomes clear that trajectories have }imitations in describing 
the atmospheric transport, but would anyhow provide some useful information. We 
have restricted the calculations to only one of the receptors in Figure 18 simply because 
influence functions from several receptors will be superimposed in the presentation and 
not possible to be separated from each other. 

In the figure the influence function originates from a unit response of a 6 hour period 
over a depth of 500m at the receptor. Trajectories are calculated with start dates at the 
end of this period and for a start height of 300m. Figure 20 shows plain trajectory plats 
for comparison. An optional product would be the mean influence function as shown in 
Figure 21. but could on the other hand be a bit ambiguous. 

In the example given the influence functlon became rather elongated during the course 
of integration. in contrast to the next example in Figure 22 where the influence area 
is more like a moving blob, and as shown in Figure 23 the mean influence function 
displays a more confined track of possible emission areas. 

In a web based product dissemination the standard products as in Figure 18 could be 
the entry point. where the various receptor points could be made click-able in order to 
display the adjoint simulations for each receptor. 
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Figure 18 : Example ojthe present operational product ojbaclc-trajectory calculations. The 
symbol denoting a g iven receptor appears for every 24 hour along the trajector. and minor 
filled cricles appear al every 6 hour. 
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Figure 19: Unit response irifluence jimctionfor a 6 hour response at Kiruna and trajec­
tories starting in both ends oj the response p eriod. The blaclc line with circles starts a t 
09-14:00 UTC and the blue line with triangles at 09-13: 18 UTC. Non dimens ional unit. 
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Figur e 20 : The same as Figure 19 but only f or the trajectories. The black line with circles 
starts at 09 -14:00 UTC and the blue line with triangles a t 09-13 : 18 UTC. 



7.5 An operational approach 

Adjoint and back-trajectories 
6 09-13-18 at 300m 
o 09-14-00 at 300m 

Mean influence function near surface 

,,, "- ... ' \ 

'\ \ f , 

'\ 't 1 1 
'I 'I i i 

SMHI SAT 10 JAN 2004 00Z+000 

3e-5 1 e-4 3e-4 1 e-3 3e-3 0.01 0 .03 

31 

Figure 21: Mean unit response irifl.uence Juncl'ion for a 6 hour response at Kiruna and 
trajeclories starting in both ends oj the response period. The black line with circles starts 
al 09- I 4:00 UI'C and the blue line with triangles at 09-13: 18 urc. Non dimensional unit. 
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Figure 22: Unit response infiuence Junction for a 6 hour response at Ursvilc and trajec­
tories starting in both ends oj the response period. The black line with circles s tarts at 
09-14:00 UTC and the blue line with triangles at 09-13: 18 UTC. Non dimensional unit. 



7. 5 An operational approach 

Adjoint and back-trajectories 
6 09-13-18 at 300m 
o 09-14-00 at 300m 

Mean influence function near surface 

SMHI SAT 10 JAN 2004 00Z+000 

3e-5 1 e-4 3e-4 1 e-3 3e-3 0.01 0 .03 

33 

Figure 23: Mean unit response irifluence function for a 6 hour response at Ursvilc and 
Lrajectories starting in both ends oj the response period. The blaclc line with cirdes starts 
al 09-14:00 urc and the b lue line with triangles at 09-13 : 18 UTC. Non dimensional unil. 
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8 Summary 

We have shown that the adjoint technique using influence functions is rather similar to 
back-trajectories. The latter is in turn the most simple adjoint model. however. limited 
by its oversimplification of atmospheric transport. With the adjoint technique. applied 
toa 3D dispersion model. more ofthe atmospheric physics is accounted for. The adjoint 
technique also offers a mechanism for taking longer response times into account. or 
directly feed back observations for indication of the most possible source areas. 

By some examples from e.g. the Chernobyl accident and the ETEX experiment we have 
gained confidence in the potential for the adjoint technique when observations are at 
hand. where the proper source areas have been accurately pointed out by the adjoint 
influence functions. 

Back-trajectories have the advantage of being simple but may at the same time be mis­
leading. In an operational environment the so called unit response approach would 
bring forward more detailed information about the possible source areas than tradi­
tional back-trajectories are able to provide. especially for longer time-integrations. 

The deposition processes have not been included in this study. This is an acceptable 
limitation as long as the main objective is the influence area as such. and thus possible 
source areas. rather than a precise deduction of emission rates. 
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