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ABSTRACT

The algorithm for source identification and concentration field reconstruction problems for an atmospheric chem-

istry transport and transformation model is tested with combined in situ and remote sensing data. It is based on

the ensembles of the adjoint problem solutions and the sensitivity operators. Novosibirsk city traffic emissions

inverse modeling scenario is used to test the algorithm.

Keywords: source identification problem, atmospheric chemistry, remote sensing data, in situ measurements,
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1. INTRODUCTION

Remote sensing measurement systems, especially satellite-based instruments, approach spatial and temporal

resolutions that are needed to monitor urban air quality.1,2 They have an important advantage of the wide spatial

coverage and therefore are attractive for use in data assimilation algorithms.3,4 However, the uncertainties of

the remote sensing measurement procedures take additional calibration with the help of in situ measurements.5

In the previous paper,6 we compared the source reconstruction results for in situ and image-type measure-

ments. In the current paper, we add to the comparison the solution of a hybrid inverse problem in which both

in situ and remote sensing data are used simultaneously. The algorithm based on the sensitivity operators and

adjoint ensemble solutions7 allows a natural combination of different measurement data types just by joining the

corresponding ensembles.

The paper’s objective is to compare the emission (source term) function identification results based on in

situ time series-type, final image-type concentration measurements, and combined measurements in the realistic

urban scenario.
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1.1 Methods

A convection-diffusion-reaction model for l = 1, . . . , Nc is considered in the domain ΩT = Ω × (0, T ), where Ω is

a sufficiently smooth approximation of the bounded rectangular domain [0, X]× [0, Y ] in R2, T > 0. The domain

ΩT is bounded by ∂ΩT = ∂Ω × [0, T ].

∂ϕl

∂t
−∇ · (diag (µl)∇ϕl − uϕl) + Pl(t, ϕ)ϕl = Πl(t, ϕ) + fl + rl, (x, t) ∈ ΩT , (1)

n · (diag (µl)∇ϕl) + βlϕl = αl, (x, t) ∈ Γout ⊂ ∂Ω× [0, T ], (2)

ϕl = αl, (x, t) ∈ Γin ⊂ ∂Ω× [0, T ], (3)

ϕl = ϕ0
l , x ∈ Ω, t = 0, (4)

where Nc is the number of considered substances, ϕl = ϕl(x, t) denotes the concentration of the lth substance at

a point (x, t) ∈ ΩT , ϕ is the vector of ϕl(x, t) for l = 1, . . . , Nc will be called the state function, L = {1, . . . , Nc}.
The functions µl(x, t) ∈ R2 correspond to the diffusion coefficients, diag (a) is the diagonal matrix with the

vector a on the diagonal, u(x, t) ∈ R2 is the underlying flow speed. Γin and Γout are parts of domain boundary

∂ΩT in which the vector u(x, t) points inwards the domain ΩT and is zero or points outwards the domain

ΩT correspondingly, n is the outer normal. The functions αl(x, t), ϕ
0
l (x) are boundary and initial conditions,

correspondingly, fl(x, t) is the a priori known source function, rl(x, t) is a source function to be determined

with the inverse problem solution (the uncertainty function). Let r ∈ R, where R ⊂ L2

(
ΩT ;RNc

ρ

)
is the

set of admissible sources such that the direct problem has a solution. Destruction and production operator

elements Pl,Πl : [0, T ] × RNc
+ → R+ are defined by the transformation model (in the considered case of the

chemical transformations, they are polynomials with positive coefficients depending on time). We suppose all

the functions and model parameters are smooth enough for the solutions to exist and the further transformations

to make sense. Direct problem: given fl, rl, µl, ul, αl, ϕ
0
l , find ϕ from (1)− (4).

Let there be an “exact” source function r(∗) to be found and Lmeas denote the set of indices of the measured

substances. We consider the following inverse source identification problems with different types of measurement

data available:

1. Image: With the final concentration field image {ϕ(∗)
l (x, T )|x ∈ Ω, l ∈ Lmeas}.

2. In situ: With time series of concentrations {ϕ(∗)
l (x, t)|t ∈ [0, T ], x ∈ χ, l ∈ Lmeas} in a given set of the

measurement sites χ.

3. Combined: Combination of the previous two types.

Here ϕ(∗) is the solution of the direct problem with the source function r(∗).

For the solution of the inverse source problems, we use the algorithm based on the ensembles of the adjoint

problem solutions.6,7 The cases differ by the adjoint ensemble construction and share common quasi-linear

operator equations solver based on the regularized TSVD Newton-Kantorovich method. The ensemble is defined

by a set of adjoint equation source functions. The ensemble corresponding to a combined case is constructed

as the union of the ensembles for “Image” and “In situ” cases. The important thing in making a combined

ensemble is the normalization of the adjoint source functions. In all cases, we optimized the ensemble of the

adjoint problem solutions according to the maximal projection of the initial discrepancy to the appropriate
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trigonometric cosine-basis. Analogous algorithms have been applied to the linear passive transport problem8

and the nonlinear transport-transformation model with point-wise sources and in situ measurements.9

In the current statement, we can consider several relevant inverse modeling tasks. The obvious one is the

inverse source identification problem stated above. The second one is the “continuation” problem, which consists

of reconstructing ϕ(∗) using the inverse source problem as an auxiliary one. It can be called a “continuation”

problem because we continue the measurements to the whole domain using the advection-diffusion-reaction

model. Hence, the obtained concentration field obeys the advection-diffusion-reaction model.

1.2 Inverse modeling scenario

As an example, we consider the RADM2 transformation mechanism10 with 61 reacting species with time-

dependent reaction rates.11,12 To prepare the coefficients of the chemical transport model (1)-(4), the meteoro-

logical parameters u and µ are calculated with the WRF model13 in the area limited by geographic coordinates

54.75◦ - 55.16◦, 82.66◦- 83.37◦, corresponding to Novosibirsk city. The calculations were made for the model

period 12:00-14:00 July 09, 2019. To obtain 2D spatial wind speed fields, the 3D WRF fields were vertically

averaged. The domain parameters for the numerical inverse problem solution are X = 35613m, Y = 34697m,

T = 2 × 3600s and the grid parameters are: Nx = 50, Ny = 49, Nt = 232. Inverse problem solution time is

limited by 1 hour.

The sources were located in the places of the roads of the city, marked by contours in Fig.1a. The sources

emitted NO with constant rates, which were proportional to the total number of cars in the specified location

for the whole interval. 2GIS Company granted the information about the road traffic intensity. The emitted

substance name and the constant emission regime are known in the inverse modeling scenario. Emission rates

are a priori considered as non-negative. Another information about the sources of emission was considered as

unavailable.

The locations of the measurement sites (marked by red circles in Fig.1a) were taken from the state report.14

Measurement sites provide time-series of the concentrations for the model time interval. For the Image and In

situ case, we took 144 and 140 ensemble members correspondingly. For the combined case, we considered 284

ensemble members. The number of ensemble members describes the number of data elements that are used by

the algorithm.

Both direct and indirect measurements with respect to the observed chemical substance concentration Lmeas

are considered. In the numerical experiments with the direct measurements, the emitted substance NO concen-

tration were measured, while in the indirect case, only the secondary pollutant ozone (O3) concentration was

available. According to the chemical transformation model, O3 is removed by the reaction with NO.

2. RESULTS

In the numerical experiments, we compare the source reconstruction results in scenarios that are defined by

measurement system types and direct/indirect measurements with respect to the observed chemical substance.

The results of the emission source identification for the direct measurements are presented in Fig. 1. The relative

error dynamics is presented in Fig. 2.

In Fig.1 and 2 we can see that the previous conclusions6 also hold for the presented scenario: for the image-

type case, direct and indirect measurements make a significant difference in the reconstruction accuracy. For the
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(a) Exact (b) Combined

(c) Image (d) In situ

Figure 1: Comparison of the exact solution and source identification results for different measurement data types

with direct measurements of the emitted substance NO.

(a) (b) (c)

Figure 2: Convergence analysis: source identification relative error (a); continuation problem relative error (b);

continuation problem relative error with respect to model time (c). In (a) and (b), the computation time is

measured in direct problem solution times (tinverse/tdirect). “Background” in (c) denotes the solution of the

direct problem with zero emission sources.

Proc. of SPIE Vol. 11560  115607I-4
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 12 Nov 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



(a) Exact (b) Combined

(c) Image (d) In situ

Figure 3: Comparison of mean concentrations of NO over the time interval for the “exact” and “continuation”

problem solution results for different measurement data types with measurements of O3 concentration, which is

removed by the reaction with NO.

in situ measurements, the difference is less. The synergetic effect of the combined measurements is stronger in

the case of the direct measurements (Fig. 2a). For the indirect measurements a small advantage of the combined

scheme can be seen in the “continuation” problem solution results (Fig. 2b and 3).

Another important conclusion is that the relative “continuation” problem solution error is less than the

relative source identification error. Concentration fields are dynamic pictures, and to illustrate the reconstruction

results in the static figure, we present the mean concentrations of the emitted substance in Fig.3. In Fig. 2c

we can see that in the indirect image-type data case, the solution is still better than the solution with no data

available (background).

3. CONCLUSION

The results of the source identification and pollutant concentration field reconstruction with different measure-

ment data types were compared in the plausible scenario for the city of Novosibirsk. In all the cases, the

algorithm was able to estimate the sources and concentration fields. The combined scheme in which both in situ

and image-type measurements were used simultaneously has shown in the considered inverse modeling scenario,

the results that are better than the results of the individual in situ and image configurations.
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