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Abstract

A series of experiments based on the ROM SAF Offline v1.1 processessing chain were performed
to test the 1D-Var sensitivity to various choices of observation uncertainty and error correlation. The
version of 1D-Var used as baseline was 1DV v4.2, the version used for production of ROM SAF
Offline v1.1 data set. The test data set chosen was a series of Metop and COSMIC GNSS radio oc-
cultations, collocated with nighttime GRUAN RS92 radiosondes. Six perturbations of the refractivity
error covariance matrix were probed, to test sensitivity to both uncertainty magnitude and correlation
structure. Results were evaluated in terms of changes in bias, Desroziers diagnostics and averaging
kernels, broken down on mission and latitude bands.

Generally 1D-Var temperature is negatively biased in the troposphere and positively biased in the
stratosphere. 1D-Var specific humidity is dry biased in most of the troposphere. Deflation of the re-
fractivity error covariance enhances these biases. Suppression of refractivity error correlations also
increases 1D-Var temperature bias structures in stratosphere, but has little effect on tropospheric tem-
perature retrievals. The negative specific humidity bias in middle and upper troposphere is enhanced
by suppression of refractivity error correlations. Desroziers diagnostics suggests that a substantial
deflation of tropospheric refractivity error covariance, with a factor of 2 or 3, can be justified.

By comparing Desroziers estimates of refractivity variance, with assumed variance, and relate that
to the analytical expression for Desroziers matrices it can be inferred that the current ROM SAF
background uncertainties are overestimated.
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1 Introduction

In the ROM SAF processing chains tropospheric parameters (temperature, specific humidity and sur-
face pressure) are retrieved from GNSS Radio Occultation (RO) profiles with a 1D-Var algorithm.
1D-Var is commonly used to estimate atmospheric parameters from RO observations [7]. The partic-
ular 1D-Var implementation used in the ROM SAF is documented in the ATBD [8]. The performance
of — and results from — the 1D-Var implementation are crucially dependent on the assumed un-
certainties, specified as error covariance matrices for background profiles B and refractivity R (see
[8]). The operational B is calculated from ERA-Interim error of first guess, and the operational R is a
parameterized error estimate roughly in accordance with estimates in [11] and [6].

The results presented in this report are related to the ROM SAF CDOP-3 Work Package 2330 [3]
on assessing the sensitivity of the 1D-Var results to error covariance choices. This is investigated
by characterizing the impact of variations of refractivity error covariance matrices on the current of-
fline ROM SAF 1D-Var performance. Sensitivity to refractivity error covariance is assessed through
experiments where the 1D-Var configuration is left untouched, except for the refractivity error covari-
ance matrix R, of which different properties are substantially — but not radically — perturbed. The
conclusions of WP 2330 is presented in this report.

As mentioned, the refractivity error covariance is only one of the inputs determining the perfor-
mance of 1D-Var, so this report only includes one aspect of the 1D-Var sensitivity to input. The
disentanglement of temperature and humidity signal in RO 1D-Var is determined by the background
profile and the background error covariance matrix B. The impact of perturbation of R is primarily to
change the weighting between observation and background information in the retrieval. But indirectly,
through correlation patterns, variations of R can be expected to also impact the weighting between
dry and wet contribution to the refractivity in the 1D-Var solution.

For this study data from Metop A and B and COSMIC-1 are processed with all the used R-matrices.
In order to reference the performance to an independent data source, the test data is chosen as a
subset of radio occultations collocated with RS92 radiosondes from the GCOS Reference Upper-Air
Network (GRUAN) [2].

The following experiments are performed:

1. The baseline run is performed with the configuration used for ROM SAF Offline and correspond-
ing R-matrix. See section 3.1.

2. Simple deflation: R→ R/4

3. Simple inflation: R→ 4R

4. Correlation length scaling: R correlation length divided by 5.

5. Troposphere focus: A combination of deflation, scaling with the additional feature that parame-
terization, STDV = 0.1% of refractivity, is extended below the tropopause, to 3 km.

6. ECMWF operational: The bending angle covariance used operationally at ECMWF, mapped to
refractivity space.

7. ECMWF, min 1 µrad: The ECMWF observation error covariance, with the lower limit bending
angle uncertainty changed from 3 µrad (operational) to 1 µrad.

The next chapter (2) describes the data, the processing and the analysis in a little more detail. The
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main part of the report, chapter 3, is structured as 7 sections, all starting with a brief statement of the
experiment. The results are presented separately in three subsections representing high, mid and low
latitudes. Each latitude section is separated into “diagnostics” (Desroziers and Averaging Kernels)
and “performance” results (changes in solution biases). The performance is shown separately for
Metop and COSMIC. This is chosen deliberately to catch possible spurious features caused by single
or few outliers in the data set. In Chapter 4 the dependency of Desroziers estimates on 1D-Var
configuration is analyzed. Chapter 5 contains a summary of the results with a few conclusions.
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2 Data and method

The experiments are designed to test the ROM SAF 1D-Var sensitivity to choices of observation
uncertainty and uncertainty correlation. The occultations are chosen such that they are collocated
with GRUAN RS92 [2] sondes, in the period between 2006 and 2016. The dataset contains 8607
COSMIC collocations, 6444 Metop A and B collocations. The background profiles used for 1D-Var
are interpolated from ERA5 forecasts as described for offline processing in [8].

The 1D-Var algorithm used for all the following results is described in [8], and will not will not be
described in further detailed here.1

For each experiment Desroziers diagnostics ([1] and [5, 9]) are applied, by estimation of the matrix

R̃ = (observation−background)(observation− solution)T (2.1)

in refractivity space. This matrix would approach the assumed R with an ideal well tuned 1D-Var.
Here R̃ is examined to indicate to which degree R is chosen correctly. R̃ is not an estimate of a “true”
error covariance, since it dependents on both the data and B and R itself. Desroziers diagnostics can
be regarded as a consistency check.

Another diagnostic tool is averaging kernels (KH) [4],

KH = (HTR−1H+B−1)−1HTR−1H, (2.2)

H being the linearized forward model. The averaging kernels measure the solutions atmospheric
parameters sensitivity to virtual perturbations in the atmospheric parameters themselves. For each
experiment a few examples of averaging kernels are presented. If KH was a unit delta function at
some level, it would mean that a perturbation of the state vector at that level would map, one to one,
into that level in the 1D-Var solution.

Retrieved temperature, specific humidity and pressure are compared to background profiles. GRUAN
collocated profiles are also analyzed for all occultations. Only nighttime GRUAN RS92 profiles are
used, to avoid solar heating bias. The GRUAN systematic temperature uncertainty is in the order of
0.1 K (tropsphere) 0.2 K (stratosphere). The GRUAN systematic humidity uncertainty is in the order
of 5-10%. The GRUAN combined pressure uncertainty is in the order of 0.6-0.2 hPa.

All results are compared on ERA5 model levels, with ERA5 forecast as reference, and plotted with
geopotential height as free variable. GRUAN data are interpolated to ERA5 model levels.

The refractivity profiles used in the 1D-Var algorithm were taken from the ROM SAF CDR v1.0, and
the QC from that dataset is inherited. In addition the success of the 1D-Var is required, implying an
additional check on the cost function (2J/m < 5) and number of iterations (to be kept under 25).

1The Offline v1.1 offline chain has a bug, preventing the forward model to correctly represent 1D-Var solutions with specific
humidity below zero. In the experiments represented here, the bug has been fixed such that q is mapped linearly into
refractivity space, and solutions where the humidity falls below zero due to noise are allowed.
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3 Results

The results are presented in 7 sections with a few specific comments addressed to each experiment
in the beginning of the experiment’s section. The first section is devoted to the baseline run, which
also introduces the diagnostic (Desroziers and averaging kernel) plots. In the remaining six sections
mean values, compared to ERA5 forecast, are shown along with the baseline and GRUAN data. The
word “bias” is used a little sloppy in this context; meaning deviation from ERA5. One thing to bare
in mind is that the GRUAN collocations are very sparse in the tropics, meaning that there is a high
uncertainty on both bias and covariance estimates. In the Desroziers estimated matrices this is seen
as increased apparent fine scale structure in the tropical results, which must be dismissed as noise.

3.1 Baseline experiment

The baseline dataset is produced with the operational dynamic tropopause dependent refractivity er-
ror covariance assumption described in [8]. In brief the baseline covariance matrix is defined such that
the standard deviation (square root of diagonal of R) is 0.2% of the refractivity above the tropopause,
increasing lineary to 2% at the surface. In the top of the profiles the refractivity standard deviation
is constrained such that it never falls below 0.02 N-Units. At all altitudes an exponential refractivity
correlation function with 3km decay length is assumed.

There are a few things to note about the baseline Desroziers matrices (shown in Figures 3.1,
3.2 and 3.3): The standard deviation found in the troposphere, at all latitudes for both Metop and
COSMIC is much smaller than the assumed standard deviation R. This is also the case in the upper
stratosphere, especially at polar and mid latitudes. The Desroziers matrices are not symmetric in
general. The lower and mid stratosphere refractivty errors are anticorrelated with the troposphere.
These features will show to be quite prominent for all experiments. The Desroziers matrix seems
to have longer correlation length that the original R everywhere, except for a small interval at the
crossover between correlated and anticorrelated refractivity error around 20 km.

It should be noted that in terms of covariance (rather than correlation) the difference between
assumed and estimated off-diagonal terms is smaller. The enhanced Desroziers correlation lengths
are associated with altitudes where the standard deviation (diagonal) is reduced in the Desroziers
matrix, and consequently the off diagonal elements are relatively large. Since the correlation matrix
is normalized with the diagonal elements of the covariance matrix, reduced standard deviation leads
to enhanced correlations at a given level.

The averaging kernels reflects that there is not much humidity sensitivity in upper and lower tropo-
sphere in the baseline run.

In the next section (Section 3.2), in Figures 3.5, 3.7 and 3.9, the biases of the baseline are plotted
with blue color along with GRUAN (green color) as references for high, mid and low latitudes. This
convention is kept for similar figures in all the following sections. The baseline and GRUAN mean
values are almost unchanged for all runs, only differing slightly due to small differences in QC.

Generally the baseline 1D-Var systematic temperature difference to GRUAN lies below 0.3 K. Be-
tween 15 and 30 km the baseline tends to be drawn away from the background towards the positively
biased GRUAN temperature. For humidity the baseline and GRUAN agrees within the GRUAN sys-
tematic uncertainty (5%) up to 6 km (8km for mid-latitudes). The GRUAN pressure has a strong

8



ROM SAF Report 41 Nielsen: 1D-Var sensitivity

positive bias in the stratosphere, suggesting that there may be some bias in geopotential height
calculations, leading to false altitude attribution of temperature in the stratosphere.

Generally the baseline specific humidity is dry biased in the lower troposphere, when compared
to the background (ERA5 forecast). At mid latitudes the baseline bias goes down to -0.2 g/kg and
GRUAN is wet biased up to at least 0.1 g/kg. There is noticeable difference between GRUAN bias
of Metop and COSMIC at 2 km. Except for that discrepancy, Metop and COSMIC performs quite
similarly. Between 4 and 7 km the baseline is slightly dry (2-3%) for high and mid-latitudes. GRUAN
humidity is not to be trusted above the tropopause and GRUAN temperatures are not to be trusted
above 40 km. At high latitudes the baseline temperature is generally negatively biased (-0.1K), com-
pared to the ERA5 background at low altitude. This is a 1D-Var artifact, not to be resolved here. At
mid-latitudes the baseline shows a negative temperature bias (0.1-0.2 K) at the tropopause, accom-
panied with similar drop in GRUAN temperature. This drop is attributed to superior vertical resolution
of GRUAN and RO at the tropopause.

There are only around 100 tropical night collocations for each mission, so the tropical comparisons
will not be interpreted too much. However, it can be inferred that in terms of mid troposphere humidity
the baseline and GRUAN agrees in the same way as for midlatitudes, except that the agreement
reaches up to 10 km. In the lowest tropical troposphere GRUAN specific humidity departs up 0.7 to
0.8 g/kg, and GRUAN temperature departs quite dramatic with a systematic structure for both satellite
missions. Note that most of these profiles come from one station in Singapore.
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Figure 3.1: Baseline high latitudes. Left: Refractivity error covariance matrices illus-
trated as contour plots of the correlation matrix, with superimposed relative standard de-
viation plotted as percentage vertically (axis on top). Top: An example of high latitude R
used as input operationally. Middle: Derived Desroziers R from 1D-var performed on COS-
MIC. Bottom: Derived Desroziers R from 1D-var performed on Metop. Right: Averaging
kernels derived for baseline configuration. The averaging kernel plots also shows the vir-
tual perturbation (dashed lines) that would lead to the given averaging kernel response.
The figures are shown in pairs. Top: Sp. Humidity and temperature response to tempera-
ture perturbation. Middle: Specific humidity and temperature response to specific humidity
perturbation. Bottom: Specific humidity and temperature response to 1 hPa pressure per-
turbation (blue) and pressure response to specific humidity and temperature perturbation
(black). Also shown as number: pressure response to pressure perturbation.
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Figure 3.2: Baseline mid latitudes. Left: Refractivity covariances, as in Fig. 3.1, with
30 < |lat| < 60 degrees. Top: An example of high latitude R used as input operationally.
Middle: Derived Desroziers R from 1D-var performed on COSMIC. Bottom: Derived
Desroziers R from 1D-var performed on Metop. Right: Example of averaging kernels.
As in Fig. 3.1, with 30 < |lat|< 60 degrees.
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Figure 3.3: Baseline low latitudes. Left: Refractivity covariances, as in Fig. 3.1, with
|lat|< 30 degrees. Top: An example of high latitude R used as input operationally. Middle:
Derived Desroziers R from 1D-var performed on COSMIC. Bottom: Derived Desroziers
R from 1D-var performed on Metop. Right: example of averaging kernels. As in Fig. 3.1,
with |lat|< 30 degrees.
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3.2 Operational R-matrix deflation

The deflation experiment is performed by simply putting the refractivity standard deviation to one
half of the operational STDV, and then rerun 1D-Var. The inflated error covariance matrices, show in
upper left corners of Figures 3.4, 3.6 and 3.8 have a small drop near the surface, due to an upper
refractivity uncertainty limit of 10 N-units in the ROPP code. Remarkably the Desroziers R̃ matrix
seems to just follow the suggested R, except for the troposphere and upper stratosphere, where the
diagonal of R̃ is even smaller than the deflated diagonal of R. The correlations appears unchanged.
As expected the sensitivity is increased, which is seen in the averaging kernels shown in the right
columns of Figures 3.4, 3.6 and 3.8. For instance humidity sensitivity at 8 km goes from close to 0.1
(baseline), to well above 0.2. In the tropics sensitivity of 0.1 is obtained above 11.5 km. Looking at
mean values, Figures. 3.5 and 3.7 and 3.9, the tropospheric dry bias is enhanced slightly, resulting in
an even larger deviation from GRUAN specific humidity in the lower troposphere. Generally the bias
structure seen in the baseline run is enhanced, which is seen very clearly between 5-7 km (up to 10
km at mid latitudes). For both high and mid-latitudes the 1D-Var is pulling towards a lower humidity
than ERA5 everywhere, except for the altitude range between 3 and 5 km, where RO and ERA5
agree, but GRUAN is positively biased.
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Figure 3.4: Operational R-matrix deflation, diagnostics at high latitudes. Left: Error
covariances, as in Fig. 3.1 for |lat|> 60 degrees. Right: Averaging kernels, as in Fig. 3.1,
for |lat|> 60 degrees.
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Figure 3.5: Operational R-matrix deflation, |lat|>60 degrees. 1D-Var results (humidity,
temperature and pressure, with background subtracted). Top: COSMIC. Bottom: Metop.
Gray curves show solution, black: mean solution, blue: baseline, green: GRUAN and
dashed: solution minus background STDV.
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Figure 3.6: Operational R-matrix deflation, diagnostics at mid latitudes. Left: Error
covariances, as in Fig. 3.1 for 30 < |lat| < 60 degrees. Right: Averaging kernels, as in
Fig. 3.1, with 30 < |lat|< 60 degrees.
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Figure 3.7: Operational R-matrix deflation, 30<|lat|<60 degrees. 1D-Var results (hu-
midity, temperature and pressure, with background subtracted) degrees. Top: COSMIC.
Bottom: Metop. Gray curves show solution, black: mean solution, blue: baseline, green:
GRUAN and dashed: solution minus background STDV.
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Figure 3.8: Operational R-matrix deflation, diagnostics at low latitudes. Left: Error
covariances, as in Fig. 3.1 for |lat|< 30 degrees. Right: Averaging kernels, as in Fig. 3.1,
with |lat|< 30 degrees.
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Figure 3.9: Operational R-matrix deflation, |lat|<30 degrees. 1D-Var results (humidity,
temperature and pressure, with background subtracted). Top: COSMIC. Bottom: Metop.
Gray curves show solution, black: mean solution, blue: baseline, green: GRUAN and
dashed: solution minus background STDV.

19



Nielsen: 1D-Var sensitivity ROM SAF Report 41

3.3 Operational R-matrix inflation

The inflation is simply performed by setting the refractivity standard deviation to twice the operational
STDV. Unlike in the deflation experiment the resulting Desroziers matrices (Figures 3.10,3.12 and
3.14) are not just following the “suggested” standard deviation of R. At mid and high latitudes, the
Desroziers standard deviation in the stratosphere remains more or less on the same magnitude as
in R while in the tropics it tends do increase for both Metop and COSMIC. Generally the averaging
kernels in figures 3.10,3.12 and 3.14 are a bit reduced, compared to the baseline. As one might
expect the impact on mean values in Figures 3.11, 3.13 and 3.15 is the reverse of the impact of
deflation, i.e. the solution moves closer to the background.
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Figure 3.10: Operational R-matrix inflation, diagnostics at high latitudes. Left: Error
covariances, as in Fig. 3.1 for |lat|> 60 degrees. Right: Averaging kernels, as in Fig. 3.1,
for |lat|> 60 degrees.
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Figure 3.11: Operational R-matrix inflation, |lat|>60 degrees. 1D-Var results (humidity,
temperature and pressure, with background subtracted). Top: COSMIC. Bottom: Metop.
Gray curves show solution, black: mean solution, blue: baseline, green: GRUAN and
dashed: solution minus background STDV.
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Figure 3.12: Operational R-matrix inflation, diagnostics at mid latitudes. Left: Error
covariances, as in Fig. 3.1 for 30 < |lat| < 60 degrees. Right: Averaging kernels, as in
Fig. 3.1, with 30 < |lat|< 60 degrees.
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Figure 3.13: Operational R-matrix inflation, 30<|lat|<60 degrees. 1D-Var results (hu-
midity, temperature and pressure, with background subtracted) degrees. Top: COSMIC.
Bottom: Metop. Gray curves show solution, black: mean solution, blue: baseline, green:
GRUAN and dashed: solution minus background STDV.

24



ROM SAF Report 41 Nielsen: 1D-Var sensitivity

0.0 0.2 0.4 0.6 0.8 1.0
g/kg/K

0

5

10

15

20

25

30

35

km

Sp. humidity sensitivity

0.0 0.2 0.4 0.6 0.8 1.0
K/K

0

5

10

15

20

25

30

35

km

Temperature sensitivity
Sensitivity to temperature, lat=-4.2542896

0.2 0.0 0.2 0.4 0.6 0.8 1.0
(g/kg)/(g/kg)

0

2

4

6

8

10

12

14

km

Sp. humidity sensitivity

4 3 2 1 0 1
K/(g/kg)

0

2

4

6

8

10

12

14

km

Temperature sensitivity
Sensitivity to sp. humidity, lat=-4.2542896

0.0 0.2 0.4 0.6 0.8 1.0
(g/kg)/hPa, hPa/(g/kg) (Black)

0.0

2.5

5.0

7.5

10.0

12.5

15.0

17.5

20.0

km

Sp. humidity sensitivity

0.0 0.2 0.4 0.6 0.8 1.0
K/hPa, hPa/K(Black)

0.0

2.5

5.0

7.5

10.0

12.5

15.0

17.5

20.0

km Sfc. press. sens: 0.43

Temperature sensitivity
Surface Pressure sensitivity, lat=-4.2

Figure 3.14: Operational R-matrix inflation, diagnostics at low latitudes. Left: Error
covariances, as in Fig. 3.1 for |lat|< 30 degrees. Right: Averaging kernels, as in Fig. 3.1,
with |lat|< 30 degrees.
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Figure 3.15: Operational R-matrix inflation, |lat|<30 degrees. 1D-Var results (humidity,
temperature and pressure, with background subtracted). Top: COSMIC. Bottom: Metop.
Gray curves show solution, black: mean solution, blue: baseline, green: GRUAN and
dashed: solution minus background STDV.
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3.4 Operational R-matrix with reduced correlation length

The reduced correlation length experiment is performed by changing the correlation length of the
exponential refractivity error correlation function from the operationally used 3000 m to 600 m, in the
calculation of the refractivity error covariance matrix. The resulting Desroziers covariance still has a
lower standard deviation than the baseline R at all altitudes (Figures 3.16,3.18 and 3.20), and at the
same time the correlations seems to have been slightly reduced, compared to the baseline Desroziers
matrix. However the long range weak correlations pattern does not disappear in R̃, and it becomes
quite visible in contrast to the narrow R matrix. A reduction of the width of the averaging kernels
is not visible in Figures 3.16,3.18 and 3.20. It is quite remarkable though, that the extra-tropical
stratospheric temperatures, seen in Figures 3.17 and 3.19, are allowed to depart considerably from
the background in this run, bringing them closer to GRUAN temperatures.
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Figure 3.16: Operational R-matrix with reduced correlation length, diagnostics at
high latitudes. Left: Error covariances, as in Fig. 3.1 for |lat|> 60 degrees. Right: Aver-
aging kernels, as in Fig. 3.1, for |lat|> 60 degrees.
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Figure 3.17: Operational R-matrix with reduced correlation length, |lat|>60 degrees.
1D-Var results (humidity, temperature and pressure, with background subtracted). Top:
COSMIC. Bottom: Metop. Gray curves show solution, black: mean solution, blue: baseline,
green: GRUAN and dashed: solution minus background STDV.
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Figure 3.18: Operational R-matrix with reduced correlation length, diagnostics at
mid latitudes. Left: Error covariances, as in Fig. 3.1 for 30 < |lat| < 60 degrees. Right:
Averaging kernels, as in Fig. 3.1, with 30 < |lat|< 60 degrees.
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Figure 3.19: Operational R-matrix with reduced correlation length, 30<|lat|<60 de-
grees. 1D-Var results (humidity, temperature and pressure, with background subtracted)
degrees. Top: COSMIC. Bottom: Metop. Gray curves show solution, black: mean solution,
blue: baseline, green: GRUAN and dashed: solution minus background STDV.
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Figure 3.20: Operational R-matrix with reduced correlation length, diagnostics at
low latitudes. Left: Error covariances, as in Fig. 3.1 for |lat| < 30 degrees. Right: Aver-
aging kernels, as in Fig. 3.1, with |lat|< 30 degrees.
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Figure 3.21: Operational R-matrix with reduced correlation length, |lat|<30 degrees.
1D-Var results (humidity, temperature and pressure, with background subtracted). Top:
COSMIC. Bottom: Metop. Gray curves show solution, black: mean solution, blue: baseline,
green: GRUAN and dashed: solution minus background STDV.
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3.5 Troposphere focused R-matrix

The “troposphere focused” refractivity error covariance is designed with guidance from the three
previous experiments. Again, the Desroziers matrices depends on what has been put into the 1D-
Var, which also includes the background error covariance B. So the Desroziers matrices from these
experiments cannot be regarded as the truth, which can also be seen from the fact that they vary a
lot. So what is being done here is just to note, on a qualitative level, the common tendencies in the
Desroziers matrices, and then construct an R which combines the features of the previous Desroziers
matrices, pointing to higher weighting of refractivity in the 1D-var:

1. Deflated standard deviation (0.1%)

2. Extension of the 0.1% regime down to 3 km.

3. Reduction of correlation length to 600 m

It is remarkable, that with this extremely low tropospheric standard deviation assumption, the
Desroziers method suggests an even lower standard deviation. The Desroziers matrices arising from
this experiment (Figures 3.22,3.24 and 3.26) show some very long range correlation patterns. In
addition to the weak stratosphere-troposphere anticorrelation pattern, present in all experiments, a
non-symmetric pattern (low right corner of especially Metop Desroziers matrices) is revealed as the
refractivity standard deviation is allowed to drop even further, to 0.05%, at the surface.

The averaging kernels, Figures 3.22,3.24 and 3.26, naturally show high sensitivity in this experi-
ment. The mid troposphere specific humidity sensitivity is almost 100%, but in the upper troposphere
the temperature sensitivity dominates. The weighing between specific humidity and temperature is
mainly determined by the B matrix.

Generally the baseline biases (Figures 3.23, 3.25 and 3.27) are enhanced as one would expect
when combining the deflation of R with reduced correlation length, but at mid and high latitudes a
remarkably strong dry bias of 10-15% is emerging, especially at mid latitudes between 6 and 10 km.
The “tropospheric focus” experiment summarizes in which direction the radio occultation measure-
ments points, if the background constraints are relaxed.
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Figure 3.22: Troposphere focused R-matrix, diagnostics at high latitudes. Left: Error
covariances, as in Fig. 3.1 for |lat|> 60 degrees. Right: Averaging kernels, as in Fig. 3.1,
for |lat|> 60 degrees.
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Figure 3.23: Troposphere focused R-matrix, |lat|>60 degrees. 1D-Var results (hu-
midity, temperature and pressure, with background subtracted). Top: COSMIC. Bottom:
Metop. Gray curves show solution, black: mean solution, blue: baseline, green: GRUAN
and dashed: solution minus background STDV.
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Figure 3.24: Troposphere focused R-matrix, diagnostics at mid latitudes. Left: Error
covariances, as in Fig. 3.1 for 30 < |lat| < 60 degrees. Right: Averaging kernels, as in
Fig. 3.1, with 30 < |lat|< 60 degrees.
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Figure 3.25: Troposphere focused R-matrix, 30<|lat|<60 degrees. 1D-Var results (hu-
midity, temperature and pressure, with background subtracted) degrees. Top: COSMIC.
Bottom: Metop. Gray curves show solution, black: mean solution, blue: baseline, green:
GRUAN and dashed: solution minus background STDV.
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Figure 3.26: Troposphere focused R-matrix, diagnostics at low latitudes. Left: Error
covariances, as in Fig. 3.1 for |lat|< 30 degrees. Right: Averaging kernels, as in Fig. 3.1,
with |lat|< 30 degrees.
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Figure 3.27: Troposphere focused R-matrix, |lat|<30 degrees. 1D-Var results (hu-
midity, temperature and pressure, with background subtracted). Top: COSMIC. Bottom:
Metop. Gray curves show solution, black: mean solution, blue: baseline, green: GRUAN
and dashed: solution minus background STDV.
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3.6 ECMWF operational

Finally this and the following section show results based on refractivity error covariance matrices
provided by ECMWF. At ECMWF the 4D-Var assimilation scheme ingests bending angle data from
Metop A, B and C, using a diagonal bending angle error covariance matrix, which is designed to be a
little “conservative” (meaning high diagonal values) to support robustness of the ECMWF assimilation
system. The bending angle standard deviation is constructed in the same way as the refractivity
standard deviation in the ROM SAF. That is, a constant relative error (here 1.25%) is assumed above
the tropopause (in this case fixed at 10 km). Below the tropopause the error increases linearly to
20% at 0 km impact height. The error is not allowed to drop below 3 µrad. The refractivity matrix
tested here has been constructed by mapping bending angle error covariance RBA to refractivity error
covariance through R = ARBAAT , where A is a linarized descrete Abel transform.

The refractivity covariance matrix (left plot of Figure 3.28) is only slightly more conservative than
the operational ROM SAF refractivity covariance matrix in the lower stratosphere, and above ap-
proximately 25 km the ECMWF standard deviation is in fact lower then the ROM SAF covariance
(compare eg. Figures 3.30 and 3.2. The correlation length of the ECMWF R matrix is generally lower
(i.e. less conservative) than the 3 km ROM SAF correlation length. The derived Desroziers matrices
in Figures 3.28,3.30 and 3.32 suggest that the ECMWF correlation length, calculated from a diagonal
bending angle covariance, is an underestimate of the refractivity correlation length. Especially in the
stratosphere around 30-40 km and near the tropopasue.

The troposphere performance is also interesting. Due to a less correlated R, the ECMWF allows
more impact in upper troposphere at midlatitudes than the ROM SAF does, which is seen in the
specific humidity in Fig. 3.31. It was shown in the reduced correlation length experiment that lower
correlation length in R leads to increased specific humidity (negative) bias, and it seems plausible
that this is what is going on here also. This increase in sensitivity is not really seen in the averaging
kernels, but is quite clear in the bias plots.
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Figure 3.28: ECMWF operational, diagnostics at high latitudes. Left: Error covari-
ances, as in Fig. 3.1 for |lat| > 60 degrees. Right: Averaging kernels, as in Fig. 3.1, for
|lat|> 60 degrees.
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Figure 3.29: ECMWF operational, |lat|>60 degrees. 1D-Var results (humidity, temper-
ature and pressure, with background subtracted). Top: COSMIC. Bottom: Metop. Gray
curves show solution, black: mean solution, blue: baseline, green: GRUAN and dashed:
solution minus background STDV.
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Figure 3.30: ECMWF operational, diagnostics at mid latitudes. Left: Error covari-
ances, as in Fig. 3.1 for 30 < |lat| < 60 degrees. Right: Averaging kernels, as in Fig. 3.1,
with 30 < |lat|< 60 degrees.
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Figure 3.31: ECMWF operational, 30<|lat|<60 degrees. 1D-Var results (humidity, tem-
perature and pressure, with background subtracted) degrees. Top: COSMIC. Bottom:
Metop. Gray curves show solution, black: mean solution, blue: baseline, green: GRUAN
and dashed: solution minus background STDV.
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Figure 3.32: ECMWF operational, diagnostics at low latitudes. Left: Error covari-
ances, as in Fig. 3.1 for |lat| < 30 degrees. Right: Averaging kernels, as in Fig. 3.1, with
|lat|< 30 degrees.
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Figure 3.33: ECMWF operational, |lat|<30 degrees. 1D-Var results (humidity, temper-
ature and pressure, with background subtracted). Top: COSMIC. Bottom: Metop. Gray
curves show solution, black: mean solution, blue: baseline, green: GRUAN and dashed:
solution minus background STDV.
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3.7 ECMWF, min 1 µrad

This run is completely identical to the previous, except that the minimum bending angle error is set to
1 µrad. This has only impact on high altitudes. The Desroziers correlations are a bit increased at high
altitude in Figures 3.28,3.30 and 3.32). In all the Figures 3.35,3.37 and 3.39) 1D-Var temperatures
are strongly cold biased around 40 km (-0.7 K compared to ERA5 at high and mid-latitudes), and at
the same time the Desroziers matrices are strongly correlated at that altitude. The ECMWF min 1
µrad error covariance allows RO to have a relatively strong impact at high altitude.
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Figure 3.34: ECMWF, min 1 µrad, diagnostics at high latitudes. Left: Error covari-
ances, as in Fig. 3.1 for |lat| > 60 degrees. Right: Averaging kernels, as in Fig. 3.1, for
|lat|> 60 degrees.
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Figure 3.35: ECMWF, min 1 µrad, |lat|>60 degrees. 1D-Var results (humidity, temper-
ature and pressure, with background subtracted). Top: COSMIC. Bottom: Metop. Gray
curves show solution, black: mean solution, blue: baseline, green: GRUAN and dashed:
solution minus background STDV.
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Figure 3.36: ECMWF, min 1 µrad, diagnostics at mid latitudes. Left: Error covari-
ances, as in Fig. 3.1 for 30 < |lat| < 60 degrees. Right: Averaging kernels, as in Fig. 3.1,
with 30 < |lat|< 60 degrees.
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Figure 3.37: ECMWF, min 1 µrad, 30<|lat|<60 degrees. 1D-Var results (humidity, tem-
perature and pressure, with background subtracted) degrees. Top: COSMIC. Bottom:
Metop. Gray curves show solution, black: mean solution, blue: baseline, green: GRUAN
and dashed: solution minus background STDV.
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Figure 3.38: ECMWF, min 1 µrad, diagnostics at low latitudes. Left: Error covariances,
as in Fig. 3.1 for |lat|< 30 degrees. Right: Averaging kernels, as in Fig. 3.1, with |lat|< 30
degrees.
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Figure 3.39: ECMWF, min 1 µrad, |lat|<30 degrees. 1D-Var results (humidity, temper-
ature and pressure, with background subtracted). Top: COSMIC. Bottom: Metop. Gray
curves show solution, black: mean solution, blue: baseline, green: GRUAN and dashed:
solution minus background STDV.
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4 Sensitivity of Desroziers matrix estimates to assumed R-matrix

In this chapter a summary of the estimated Desroziers diagonals (variances) is presented and con-
clusions are drawn from the dependency of the Desroziers estimate R̃, on the input refractivity error
variance R.

Looking first at Figure 4.1, showing R̃ diagonals as function of height, the following features are
noted: The R̃ diagonals differ from each other, which is to be expected when using different R as input.
Especially at low altitudes, below 25 km, there is a substantial split up of the estimated variances.
Above 30 km there is different split, where the variance of COSMIC-1 is seen to be larger than the
variance of Metop, especially at Mid and High latitudes. This will not be discussed further here, but it
is noted that the COSMIC-Metop difference is consistent with what was observed in the validation of
the ROM SAF CDR-v1.0 data ([10] page 25).

Diagonal elements of R̃, σ2
des are plotted as function of input variances σ2

inp for a few selected
altitudes in Figure 4.2. Metop (blue) and COSMIC-1 (red) results can be viewed separately. It is noted
that σ2

des is generally lower than the assumed covariance diagonals, σ2
inp. At high altitudes (around 30

and 40 km), at mid and high latitudes, there is almost no dependence on σ2
inp. At low altitudes, and in

the tropics there is generally a positive dependency such that σ2
des increases with σ2

inp, but levels off
at a low fraction of σ2

inp.

All the experiments presented in Chapter 3 are performed with the same set of background error
uncertainty B, and varying observation uncertainty R. The question is now what can be inferred about
the true B and R from these results:

In [1] the observation error covariance is written on the form

R̃ = R(HBHT +R)−1(HB∗HT +R∗), (4.1)

where B∗ and R∗ are the true error covariances, and B and R are the assumed error covariances.
The term HB∗HT+R∗ may be estimated empirically. Equation 4.1 is valid for the diagonals separately,
since its derivation can be carried out for a one dimensional single layer case.

In Figure 4.3 a diagonal term of equation 4.1 is plotted in a normalized way, corresponding to
setting the sum of the true variances σ2

b
∗
+σ2∗ equal to unity. The plot shows the relation between an

estimated diagonal element σ̃2 from the R̃ matrix and an assumed diagonal element σ2 from the R
matrix 1. This approach is consistent what is being used in [5], where R̃ is expressed in terms of the
difference beteeen the true and the assumed B.

It is seen that σ̃2 is always an increasing function of σ2, leveling off at σ2
b
∗
+σ2∗. If σ̃2 is lower

than σ2 for all choices of σ2, it is a signature of σ2
b being larger than σ2∗+σ2

b
∗. This seems to be

the case around 5 and 10 km, and for most cases at 17.5 km (lowest three rows of figure 4.2). So
as a guideline these results suggests that the tropospheric part of B should be deflated such that
least the diagonal of HBHT is less than the diagonal of HB∗HT +R∗. This can be examined more
systematically by probing 4.1 with a series of R matrices closer to the R̃ = R case.

It is also safe to conclude, that for the chosen B all probed R matrices have too high diagonal values
in the troposphere. In the stratosphere reasonably good estimates of refractivity error covariance

1A strict analysis could be done in the common eigenspace of R̃ and R. However, both the input covariances, and
the Desroziers estimates contain many missing values, which makes it cumbersome (not impossible) to diagonalize
equation 4.1, thus a simple analysis of just the diagonals is chosen for the present report
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diagonals can be read from figure 4.2, individually for COSMIC-1 and Metop, by visual interpolation
to the point where R̃ = R. So, keeping in mind that all estimates depend on the ROM SAF B matrices,
it can be said that under this condition the ECMWF operational R matrix (e.g. upper left plot of
Figure 3.30) appears to be fairly close to optimal in the middle stratosphere, because the estimated
R̃ is close to the assumed R. The results in Figure 3.30 suggest a minor deflation of R above 40 km,
especially for Metop.
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Figure 4.2: Diagnosed refractivity variances at 5 different height levels, and three different
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5 Conclusions and Outlook

1D-Var experiments have been performed with various choices of refractivity error covariance ma-
trices. The experiments are listed at page 5. The results from the 7 1D-Var experiments may be
summarized as follows.

In the Desroziers refractivity error covariance estimate produced by the baseline run, the stan-
dard deviation in the troposphere, at all latitudes for both Metop and COSMIC is much smaller than
the assumed operational standard deviation. The lower and mid stratosphere refractivty errors are
anticorrelated with the troposphere. These features persist for all experiments.

In the R deflation experiment the Desroziers matrix agrees very well with the assumed refractivity
error covariance of 0.1% in the stratosphere, but in the troposphere the Desroziers matrix suggests an
even smaller standard deviation. The biases of the baseline, i.e. negative humidity and temperature
biases in the troposphere and positive temperature bias in the stratosphere, are enhanced by the
deflation of refractivity error covariance.

In the inflation experiment the resulting Desroziers matrices are not just following the “suggested”
standard deviation of R (0.4%). At mid and high latitudes, the Desroziers standard deviation in the
stratosphere remains more or less on the same magnitude as in the background operational R.

The reduced correlation length experiment Desroziers covariance still has a lower standard de-
viation than the baseline R at all altitudes, and at the same time the correlations have been slightly
condensed around the diagonal, compared to the baseline Desroziers matrix. It is remarkable that the
extra-tropical stratospheric temperatures, are allowed to depart considerably from the background in
the reduced correlation length run, bringing them closer to GRUAN temperatures, and it is noteworthy
that a solely reduction of refractivity error correlation length allows the specific humidity to become
even more negatively biased than in the baseline run.

In the tropospheric focus run, with its extremely low tropospheric standard deviation assumption,
the Desroziers method suggests an even lower standard deviation. Generally the baseline biases are
enhanced as one would expect when combining the deflation of R with reduced correlation length,
but at mid and high latitudes a remarkably strong dry bias of 10-15% is emerging, especially at mid
latitudes between 6 and 10 km. The tropospheric focus experiment summarizes in which direction
the radio occultation measurements point, if the background constraints are relaxed.

With the in 3 µrad The ECMWF error covariance allows RO to have a relatively strong impact
at high altitude. Due to a less correlated R, the ECMWF allows more impact in upper troposphere
at midlatitudes than the ROM SAF does. In this case the diagonals of the Desroziers estimated R̃
matrices are in good agreement with the input R in the stratosphere, though a little on the conservative
side between 20 and 30 km. In the troposphere the Desrozier estimates are much lower that the
assumed refractivity uncertainty like in all the other experiments.

With the in 1 µrad ECMWF refractivity error covariance matrix, the 1D-Var temperatures become
strongly cold biased around 40 km, and at the same time the Desroziers matrices are stronger cor-
related at that altitude.

The ROM SAF operational refractivity covariance is too conservative at all levels both in terms of
too high standard deviation and too broad correlation, given the current B matrix. For the chosen B
all probed R matrices have too high diagonal values in the troposphere. Analysis of the sensitivity
of Desroziers estimates to choice of R matrices leads to the conclusion that not only the refractivity
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error covariance but also the background error covariance should be deflated in the troposphere.

The results obtained in this report will be used as guidelines in the definition of an R and B ma-
trices for the ROM SAF second reprocessing. They will be viewed in combination with other results,
including triple profile collocation analysis.
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