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Abstract. Methodology is explored for the reconstructed radiances from the Infrared Atmosphere
Sounding (IASI) for the purpose of assimilation into numerical weather prediction models. A
principal component based fast radiative transfer model has been implemented into the WRF data
assimilation system, thus allow the investigation of the reconstructed radiances from the IASI
observations. Testing of a prototype system with 165 reconstructed channel radiances in band 1
shows marginal improvement as there are a few channel-correlated errors existed in the
reconstructed radiances even the noise reduced much. The method implemented in this regard is
examined and the potential for channel selection for reconstructed radiances is explored.

Introduction

The Infrared Atmospheric Sounding (IASI) [1] is a kilochannel infrared Fourier transform
spectrometer which was first launched on the MetOp-A satellite in October 2006. It measures the
radiance emitted from the earth in 8461 channels covering the spectral interval from 645 to 2760
cm™ (3.8-15.5 um) at a resolution of 0.5 cm™, providing information on atmospheric temperature,
weather vapour content, ozone and trace gas concentrations with high accuracy and vertical
resolution. IASI is the first truly operational Infrared (IR) interferometer on a weather satellite and is
showed that it provides 25% of the impact of all observations, more than any other platform or
conventional observation type [2].

Although TASI has become a major part of the assimilation system of many numerical weather
prediction (NWP) centers [3][4], it might still be under-used because only a few hundred channels
are carefully selected for data assimilation by prohibitive computational cost. These limited channels
are far less than the full IASI spectrum, and current operational assimilation schemes for IASI are
conservative.

In principle, the large number of channels from IASI with high spectral resolution and low
radiometric noise mean that much more information about the atmospheric is available to improve
the information content of the IASI assimilation. Reconstructed radiance [5] from the raw spectrum
is proposed to represent the IASI observations more efficiently. The method has received a great deal
of attention as a mean for assimilation of high-resolution infrared data. Here we design the structure
for application the reconstructed radiance from IASI observations in the data assimilation system of
Weather Research and Forecasting Model (WRFDA) [6] and test the prototype system.

The article is organized as follows: Sections 2 and 3 we review the theory of reconstructed
radiance and discuss the features of reconstructed radiance derived from the raw IASI spectrum.
Section 4 presents the methodology of assimilation of reconstructed radiance using the basic WRF
data assimilation system. Finally, conclusions are given in section 5.

Basic theory of reconstructed radiance

Reconstructed radiances are calculated from the principal component (PC) scores [7]. Firstly
eigenvectors are taken from a covariance matrix of radiance dataset, and then PC scores for each
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observation are computed for only the leading eigenvectors. The eigenvectors that are discarded
mostly contain random measurement noise, thus the full spectrum of several thousand channels can
be compressed into just a few hundred PC scores. Thirdly, the reconstructed radiances refer to
truncated PC scores representation of the spectrum that has been converted back into radiance. These
radiances are similar to the raw spectrum, but the truncation reduces the random noise in the
measurements.

Suppose our dataset consists of | spectra of n radiances arranged into an 1 by n data matrix R. The
dataset can then be represented by the vector population r = (r1, 12, .... , )" (here T denotes the
transpose). If C is n by n covariance matrix arranged as row vectors in descending order according to
the magnitude of their eigenvalues, thus:

C=—L RR" = LAL" (1)

nobs

Here, A is the diagonal matrix of eigenvalues. L is the PC vector basis formed by the eigenvectors
of the covariance matrix arranged as row vectors in descending order according to the magnitude of
their eigenvalues.

The principal component, P, related to the observations can be written as:

T
P..=L.R ?)

The PC vector basis L is then truncated and only chosen the first m (M =1 in ranked order)
eigenvectors to compress the data and remove components (n-m) consisting mostly of random
measurement noise. Typically, the radiance dataset would be the subset which consists of 165
long-wave channels in IASI band 1 covering the region between 645 and 875 cm ™' with a primary
sensitivity to temperature and the surface. Each vector of observed PC scores has length n=165, but
crucially we use only the highest rank PC scores (1, 2, 3, ... , m ) that convey most information

about the atmospheric state to reconstruct the radiance y&y. of IASI observations:

Yars=Ls P L LR (3)

S’ obs

Assimilation methodology for reconstructed radiance

The architecture of data assimilation system for reconstructed radiance

The WRF data assimilation seeks an “optimal” estimate of the true atmospheric state at the
analysis time via the combination information of the observations over short time window and the
corresponding model short-term forecast Xb on the model grid [8].

The atmospheric state (Xp) is used as input to the fast radiative transfer model PCRT, and then to

compute the model equivalent of the reconstructed radianceY,'" . The observed IASI spectrum R is

also inputted to the WRFDA system, and after the process of cloud screening and quality control the
raw radiances are projected to the principal component space, and then the derived PC scores are

transformed to reconstructed radiances Y.~ from observations. If we ignore the time integration of

the forecast model, the cost function to estimate the true atmospheric state through a process of
minimization can be essentially:

JX)=[X =X, I B [X =X, J+[Y & - YT OV —Y ]

4)
Here, X, is the background estimate of the atmospheric state and is described by the

background error covariance B. The error covariance O describes the accuracy of the observations.

The atmospheric states Xa referred to as analysis value is derived from the minimization of the cost
function. The departures of the observations Y.;- from the simulated reconstructed radiance Y.
are referred to as observation innovation defined at the start of the 4D-Var window, and the
simulated reconstructed radiances Y, are derived from the observation operator H (X )by the

following equation:
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Yo =Hga (X) (5)

The methodology adopted in this article for 4D-Var assimilation of reconstructed radiance is
shown in Figure 1. The observed IASI radiances are first screened for the presence of clouds and the
contaminated fields of view (FOVs) are discarded.
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Fig. 1 The flow diagram of reconstructed radiance assimilation

The observation operator PC_RTTOV model

The observation operator applied in this paper is a PC-based fast radiative transfer model
(PC_RTTOV) for the assimilation of Advanced TIROS Operational Vertical Sounder (ATOVS), and
originally developed at the European Centre for Medium Range Weather Forecasts (ECMWF) in
early 90’s [9] for TOVS. The PC_RTTOV performs rapid and accurate simulation of PC scores and
reconstructed radiances for hyper spectral infrared sounders using a multiple linear regression
scheme. The assimilation system requires the use of a forward model referred to as observation
operator H to simulate radiances, H(x), from the atmospheric state vector x. The PC-based forward
model Hpc(x) projects the radiances to PC space and the forward-modeled for reconstructed radiance
HRR(x) project the PC scores to the radiance space by a matrix transform, thus:

HPC(X): LTnH(X) (6)
Her (00 = LL,H () (7)

Here, Y is the radiance simulated by observation operator H from the atmospheric background
profiles X on the observation grids. The simulation of the forward-modeled for reconstructed
radiance includes the steps as follows:

e Input the atmospheric profiles to the standard fast radiative transmittance (RT) model.

e The standard fast RT model computes the polychromatic radiance in a multiple linear regression
scheme.

e (Calculate the PC scores by project the polychromatic radiance on the eigenvectors-based
coefficients PC scores obtained from the covariance matrix of the large metrological dataset.

e Input the channel predictors, and transform the PC scores to be reconstructed radiance by also
using the eigenvector-based coefficients.

The key step 4) is based on the equation (7) and the function is implemented as figure?2.
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k=1
DO prof = 1, nprofiles
DO i=1, nchannels_rec p
chan = chanprof _in(i)%chan
rad = 0. jprb
DO j =1, npcscores_p
rad=rad + &
coef pccomp%eigen(optsort_ir%pc%ipcbnd)% eigenvectors_t(j,chan) *
&
pccomp% pescores((prof-1) * npcscores_p + j)
ENDDO
pccomp%total pccomp(k) =rad * coef pccomp%noise in(chan)
k=k+1
ENDDO

Fig.2 The algorithm based on reconstructed radiance.

The error of reconstructed radiance

If the raw observation vector has an error¢,, the corresponding error for the reconstructed

radiance is given by
RR T
gy = I-sl-m‘c"y +‘9R (8)
Here, ¢,is the error comes from the true atmospheric signal that is contained in the unused

components. If the forward model that is used explicitly calculates reconstructed radiances, &;is

zero, although forward model error remains. If we carefully choose the number of principal
components and the training set used to produce them, g, should below the level of the first term in

the equation and non-zero, we can assume that the reconstructed radiances are a ‘noise-filtered’
proxy for the raw radiances.

Reconstructed radiances have a different instrument error covariance from raw radiances, as the
PC compression process introduces significant levels of correlation between channels and imposes
mathematical constraints on the respective error covariance matrix R, therefore

Cov(y™) = E[¢™ (™)' 1= L LT,EL, LT + L, LT FL, LT )

Where E is the original observational error covariance matrix and F is the error covariance matrix
introduced on reconstructing process. If the radiance are normalized by the true noise, then E=I.
Despite these mathematic considerations, we used the IASI reconstructed radiances described in
Collard et al. [6] in our assimilation experiments. We choose 165 discontinuous channels from
channel 16 to channel 921 in band 1.

Conclusions

Testing of the reconstructed radiance based prototype system shows the noise level of the
reconstructed radiances reduce significantly even only marginal improvement in forecast skill above
the use of the raw radiance. That would be the reason that reconstructed radiance would tend to have
channel-correlated errors and the Collard method of channel selection was generated for raw
radiances, where there are no constraints on the rank of the error covariance matrix. In the future
work we will research more methods for channel selection based on mathematical and physical
consideration.
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