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1. INTRODUCTION

Current numerical weather prediction (NWP) sys-
tems have long benefited from different satellite
missions that provide information about a variety
of model variables. However, despite the massive
volume of available observations, many of these
are discarded for NWP, in part due to problems
with accounting for spatial observation error corre-
lations (Dando et al. 2007). To avoid treatment of
correlated errors, satellite radiances are generally
thinned at operational centres prior to assimilation
(Duncan et al. 2024). This comes with a signifi-
cant reduction in the number of observations and
information content in meteorologically interesting
regions such as areas of deep convection or tropical
cyclones (Fowler et al. 2018). To improve forecast
skill for high impact weather events, it is essential
that correlated observation errors are appropriately
accounted for in data assimilation systems.

Our focus here is on the observations from
AMSU-A. It is one of the most impactful satellite in-
struments due to its strength in numbers and tro-
pospheric channels’ sensitivity primarily to air tem-
perature (Duncan et al. 2021, 2022). The current
operational thinning distance used by ECMWF for
AMSU-A observations is 125 km. The top image in
Figure 1 shows the NOAA-18 AMSU-A observation
density over North-western Europe on 01 Nov 2023
00UTC for the operational thinning distance. The
bottom image shows a potential five-fold increase in
the observation density for the same area if the thin-
ning distance is reduced to 31 km. The sampling of
AMSU-A is around 48 km at nadir and increases
towards the swath edges, so a thinning of 31 km
effectively includes all AMSU-A observations.

Increasing the resolution of the data without ac-
counting for observation error correlations could
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have detrimental effect on forecast skill (Liu and
Rabier 2003). To demonstrate the impact of re-
duced thinning, we present results from data as-
similation experiments using different AMSU-A thin-
ning lengths, based on the ECMWF IFS cycle 48r1
(ECMWF 2023). The experiments include opera-
tional thinning (N80: 125 km) of AMSU-A data as
the control, alongside varying AMSU-A thinning dis-
tances of 177, 111, 89, 71, and 31 km. They use a
12-hour cycle 4D-Var, a full observing system and
are run at IFS resolution Tco399 on an octahedral
reduced Gaussian grid with approximately 28 km
grid spacing (ECMWF 2019). Figure 2 shows the
normalised change in standard deviation of obser-
vation minus background (O−B) for geopotential
at 500 hPa across the southern hemisphere (left),
the tropics (middle) and the northern hemisphere
(right). Values above and below zero indicate a
degradation and an improvement compared to op-
erational thinning respectively. The vertical lines
give the 95% confidence levels. It can be seen that
there is a degradation in forecast skill when more
observations are added (i.e. thinning is reduced)
in the tropics and the northern hemisphere. This
is indicative of the sub-optimal use of the obser-
vations due to unaccounted for error correlations.
However, there is an improvement in the southern
hemisphere, particularly for the 71 km (red) and 31
km (black) thinning experiments which is likely due
to the lack of other observations in that region.

The purpose of our work here is to estimate the
spatial observation error correlations for AMSU-A
by using the well known Desroziers et al. (2005)
method and to identify the sources of these correla-
tions so that we can ultimately model and account
for them in the data assimilation system. In sec-
tion 3 we present results for the NOAA-18 AMSU-
A observation channels that exhibit significant cor-
relations and reveal how the apparent correlations
change when the data is stratified based on land
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FIG. 1. AMSU-A observation thinning: used op-
erationally at ECMWF (top) vs possible thinning if
spatial error correlations are accounted for (bottom)
The blue dots represent the areas where the obser-
vations are located.

and sea. Prior to that, we will provide a brief
overview of the Desroziers et al. (2005) method and
the AMSU-A all-sky observations in section 2.

2. METHODOLOGY

Data assimilation combines observations y ∈ Rm

with some previous forecast (background) xb ∈Rn to
provide an optimal initial state (analysis) xa ∈ Rn. A
typical 4D-Var cost function for a control initial state

x0 is written as

J(x0) =
1
2
(xb −x0)

T B−1(xb −x0)

+
1
2

N

∑
i=1

(Hi(xi)−yi)
T R−1(Hi(xi)−yi)

(1)

where B and R are the covariance matrices as-
signed for background and observation errors re-
spectively. Hi : Rn → Rm is the observation opera-
tor that maps the model state onto the observation
space. That is,

yi = Hi(xt)+ εo. (2)

where xt is the true state. εo is the observation error
which includes instrument error and the represen-
tative errors due to the observation operator, pre-
processing or quality control, and unresolved scales
in the model (Janjić et al. 2018).

Estimating observation error covariances

To estimate the observation error covariance ma-
trix R, we use the well-known Desroziers et al.
(2005) method. The method relies on a key as-
sumption that the observation and background er-
rors are uncorrelated. It is based on the statisti-
cal expectation of the outer product of observation
minus analysis (do

a) and observation minus back-
ground (do

b) residuals (in our case, we are using de-
biased residuals). In other words,

R ≈ E[do
a(d

o
b)

T ]

≈ 1
N

N

∑
i=1

(do
a|i − d̄o

a)(d
o
b|i − d̄o

b)
T (3)

where
do

a = y−H(xa), (4)

do
b = y−H(xb) (5)

and N is the total number of samples. For a given
sample size, N, we can bin each do

a and do
b pair in

different ways to describe correlations as a function
of e.g. surface type, latitude, cloud fraction, scan
angle etc. To calculate spatial observation error cor-
relations, the data is binned as a function of the sep-
aration distance between the do

a and do
b pairs. Here

we are going to apply this method on the all-sky
AMSU-A observations.

All-sky AMSU-A

The Advanced Microwave Sounding Unit (AMSU-
A) is a 15 channel microwave sounder whose pri-
mary task is to provide atmospheric temperature
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FIG. 2. Normalised change in standard deviation of O−B for geopotential at 500hPa across the southern
hemisphere (left), the tropics (middle), and the northern hemisphere (right). The reference (0% line) is the
N80 control experiment while the 31 km (black), 71 km (red), 89 km (blue), 111 km (light blue), and 177
km (brown) are the different thinning experiments. Vertical error bars indicate the 95 % confidence range;
verification is against the control.

profiling 50 GHz oxygen band. It provides data
sampled at 48 km across track resolution at nadir.
Table 1 shows the AMSU-A channels and their sen-
sitivity in the atmosphere.

A key difference between AMSU-A all-sky and

Channel
Frequency

(GHz)

Peak
sensitivity

(hPa)
1 23.8 surface
2 31.4 surface
3 50.3 surface
4 52.8 920−810
5 53.596±0.115 650−530
6 54.4 390−320
7 54.94 260−200
8 55.5 170−135
9 57.29 = f0 85−70
10 f0 ±0.217 50−40
11 f0 ±0.3222±0.048 25−20
12 f0 ±0.3222±0.022 10
13 f0 ±0.3222±0.010 5
14 f0 ±0.3222±0.0045 3
15 89.0 surface

TABLE 1. Information on AMSU-A channels.

AMSU-A clear-sky assimilation is the way cloud af-
fected radiances are treated. In clear-sky assim-
ilation these radiances are simply discarded dur-

ing quality control and the observation operator is
based on clear-sky radiative transfer only. In con-
trast, in all-sky assimilation, data is used in clear,
cloudy, and rainy scenes and model clouds are
taken into account in the radiative transfer. A situa-
tion dependent error model is used where a higher
error is provided on top of a baseline error in the
presence of clouds (Duncan et al. 2022). From the
table it can be seen that channels 4-9 are sensi-
tive to troposphere where most of the clouds are
present.

Data

Our estimates are computed using operational
data from ECMWF’s IFS cycle 48r1, run at model
resolution Tco1279 (ECMWF 2019) which is around
9 km. The O−A and O−B residuals are stored
as part of the process in MARS (Meteorological
Archival and Retrieval System) and can be easily
retrieved. AMSU-A all-sky observations are taken
from NOAA-18 for the month of November 2023.
The observations are thinned at 125 km and the
correlations are plotted by taking samples binned at
25 km separation distances following Bormann and
Bauer (2010). The estimates are calculated from a
sample size N (for channel 5,6,7) of around 1 mil-
lion observations. From the sample size, roughly
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FIG. 3. Estimated spatial observation error correlations for AMSU-A channels 5,6,7 on NOAA-18. The
correlations (red) are plotted as a function of separation distance between the samples with the squares
being the distance bins. The black dashed line at 0.2 indicates the level after which the correlations become
significant.
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FIG. 4. A comparison of the estimated spatial observation error correlations for AMSU-A channels 5,6,7 on
NOAA-18 as a function of separation distance when observations are over land (black) vs over sea (red).
The black dashed line at 0.2 is again the threshold after which correlations become significant.

800,000 observations are over sea and 200,000 ob-
servations are over land. As a rule of thumb, corre-
lations are assumed to be insignificant if they are
less than 0.2 (Liu and Rabier 2003).

3. RESULTS

NOAA-18

The initial estimates show high spatial observa-
tion error correlations for lower peaking channels,
in particular for channels 5,6, and 7. These are the
channels which are more sensitive to the surface,
and precipitation and where the situation dependent
observation error modelling is applied. Figure 3
shows the correlation for these channels where we
can see the correlation length scales (defined here
as the distance where the correlation drops be-
low 0.2) to be ∼ 100 km. Similar estimates are
found for AMSU-A on NOAA-15, NOAA-19, MetOp-
B and MetOp-C for the same channels which are
not shown here. On the other hand, the higher

peaking channels 8-14 have negligible error cor-
relations (also not shown). We speculate that the
higher correlation in the lower peaking channels is
down to the error due to the misrepresentation of
clouds in the radiative transfer model as these chan-
nels are more sensitive to the surface, and to clouds
and precipitation.

Land vs sea

We show again the results for the same channels
from NOAA-18 but when data is stratified based on
whether observations are taken over land or over
sea (see Figure 4). The correlation estimates differ
for land and sea for channels 5 and 6 with the cor-
relation being higher over land than over sea. For
channel 5, the correlation length scale for land (∼
175 km) is considerably larger compared to the cor-
relation length scale for sea (∼ 100 km). Our re-
sults are similar to the study conducted by Bormann
and Bauer (2010) for the clear-sky AMSU-A data.
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Higher correlation over land suggests misspecifica-
tion of surface emissivity and surface skin temper-
ature in the radiative transfer model but further ev-
idence is required to establish the definitive source
of error correlations.

4. CONCLUSION

In this work we present initial results examin-
ing spatial observation error correlation estimates
for AMSU-A during November 2023 using the
Desroziers et al. (2005) method. The correlations
were found to be higher for the surface sensitive
channels (5,6, and 7) and negligible for the higher
peaking channels. When stratified based on sur-
face type, the correlations for observations over the
land were much higher compared to those over sea
for channels 5 and 6. Our next step is to pin-
point the sources of uncertainty. It is also impor-
tant to note that these estimates are not perfect as
they depend on the assumed statistics for the back-
ground and observations (Waller et al. 2016; Hu
and Dance 2024). A thorough metrological study
(Mittaz et al. 2019) can provide valuable insights
into these sources such as instrument calibration,
scanning geometry, and model biases. Moreover,
metrology will help establish a lower bound and pro-
vide confidence in our estimates.
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