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Forward Model - Radiative Transfer

 NIMO spherical Monte Carlo RTM

 Calculates radiances and box AMFs

 Input parameters:
 P,T profiles

 Trace gases: ζ, ρ profiles

 Aerosol: k profile, ω, and g for PHG(θ)

 Wavelengths

 Surface albedo, instrument altitude, topography (DEM)

 Field of view

 SZAs, azimuths and elevation angles
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Path calculation

 An altitude grid is selected or read in from a file.

 The photon path is retraced to determine the pathlength 

through each layer.

 The pathlengths are weighted by the normalized intensity of 

the photon.

 The LZA in each layer is determined from geometry and a 

small correction is made for refraction.

 The mean, intensity-weighted paths are then:












m

i

i

m

i

ii

z

l

Path

1

1







10 100 1000 10000 100000

Altitude (m)

0

5

10

15

20

25

30

B
o

x
 A

M
F

0 30 60 90 120 150 180

Relative azimuth angle (°)

0.000

0.020

0.040

0.060

0.080

N
o

rm
a
lis

e
d

 R
a

d
ia

n
c
e

NIMO

Belgium

Bremen pp

Bremen sp

Heidelberg

Japan

Canada

Switzerland

Russia

 577 nm,  SZA 80°,  elevation 2°, surface albedo 3%

 Aerosol layer 0.1 km-1 from 0 to 1 km

Relative azimuth 180°

RTM comparison – Wagner et al. 2007
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Forward Model – Weighting Functions

0 0.5 1 1.5 2 2.5

LZA-altitude layer AMF

0

20000

40000

60000

80000

A
lt
it
u

d
e

 (
m

)

LZA
79.75

80.0

80.25

83.5

83.75

84.0

84.25

Mean paths for 350nm, SZA 84°, elevation 45°
 Mean intensity weighted 

pathlengths in each layer.
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 One NIMO table for each 

geometry.

 One altitude profile for 

each LZA interval.

 Σ paths over all LZAs =   

box-AMF x Δz.



SCD calculation

 For each measurement SZA and azimuth calculate F(x) :

 k0(z) = Σ [kRay(z)+ kHG(z)+ kO3(z)+ kother(z)]

 ζ – cross-section of the absorber

 ρ – absorber density at LZA index θ, altitude layer z

 L – mean intensity weighted pathlength for θ, z

 From Lambert-Beers Law :



Weighting functions

 K = δy / δx = sensitivity of measurements to state vector

 y = DSCD = SCDOff-Axis – SCDreference

1) Start with xa = array of ρ profiles at retrieved SZAs

2) Perturb each layer of each profile in turn with a set 

mixing ratio amount, δx

3) Recalculate DSCDs for all measurement geometries

4) One element of K is then: (yp – y) / δx

5) Repeat sequence to calculate all rows of K.



The inversion

 Optimal estimation – ‘n-form’ of non-linear Gauss-Newtonian 

iteration (Rogers 2000):

 Sε = measurement error covariance matrix

 Sa = a priori error covariance matrix

 Repeat forward model with new xi new K and F(xi)

 Convergence when Kdx < 0.2 √Sε FM: final K, F(xi)
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Retrieved profiles for 24th June AM



DFS, 24th June, AM



Averaging Kernels for 24th June, AM



NO2 (ppb) 18th June, AM
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Vertical columns



Summary and Outlook

 MAX-DOAS measurements contain most profile 

information in lowest 1 km

 Very sensitive to aerosols – need accurate FM

 Retrieved profiles are strongly influenced by xa and Sa

 Simplify algorithm: 

- retrieve one scan at a time without LZA dependence

- use Kalman smoothing

 Compare with log version

 Implement aerosol retrieval


