Using ensemble spread as a
measure of GNSS-RO impact:
real and simulated data

IROWG-9
Katrin Lonitz and Sean Healy

ECMWF

-c EC MWF © ECMWF October 11, 2022



ECMWF Tech Memo 636 Isaksen et al.

Background

- To estimate the statistical uncertainty in the short-range forecast we
performed Ensembles of Data Assimilation (EDA, Bonavita et al. [2012])
experiments.

- The EDA configuration we used consists of ten independent cycling
assimilation systems, where observations (inclusive soil moisture), sea
surface temperature, and model physics are perturbed.
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Ensemble of Data Assimilation (EDA)=
an ensemble of independent 4D-Var data assimilations
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Background

- To estimate the statistical uncertainty in the short-range forecast we
performed Ensembles of Data Assimilation (EDA, Bonavita et al. [2012])
experiments.

- The EDA configuration we used consists of ten independent cycling
assimilation systems, where observations (inclusive soil moisture), sea
surface temperature, and model physics are perturbed.

* If those perturbations are correctly specified, the EDA will provide good
estimates of analysis and short-range forecast error uncertainties.

« Harnisch et al. [2013] used the EDA spread values (standard deviation
amongst ensemble members) to estimate how the impact of GNSS-RO data
scales with observation number using simulated GNSS-RO data.
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Ensembles of Data Assimilation (EDA) experiments
Aim

Test if the addition of real GNSS-RO data reduces the EDA spread as
discussed in Harnisch et al 2013 using simulated data

Experiments

NoRO: ctrl - all GNSS-RO data
COSMIC2: ctrl + COSMIC-2
« Spire: ctrl + Spire

Spire+COSMIC2: ctrl + (Spire+COSMIC-2)
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How do we assimilate GNSS-RO data?

details

Variable
Forward operator

observation error
model

bias correction
use of data

model

data assimilation cycle

Experiment time

bending angles
2D

global bending angle error statistic

no
Assimilated from surface to 50km impact height

IFS CY47R1, TC0399
(25 km spacing)

12h

10 Jan — 10 Feb 2020

s ECMWF



Theory |

The EDA spread s, for each assimilation cycle d is defined as the
ensemble standard deviation o, about the ensemble mean, and it provides an
estimate of the statistical uncertainty for each assimilation cycle d.

N
1 “\2
N—1Z(x”_x)
n=1

where x, denotes the single ensemble member and x the ensemble mean.
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Theory |l

Similarly, the averaged EDA spread sgp, over D assimilation cycles is

D
1
sgpa = |E[0Z] = BZ — 1Z(xn — X)2

with the expectation operator E.
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Ensembles of Data Assimilation (EDA) experiments

Aim

Test if the addition of real GNSS-RO data reduces the EDA spread as

discussed in Harnisch et al 2013 using simulated data

Experiments

«  NoRO: ctrl - all GNSS-RO data
« COSMIC2: ctrl + COSMIC-2

« Spire: ctrl + Spire

«  Spire+COSMIC2: ctrl + (Spire+COSMIC-2)
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EDA spread for temperature @ 100hPa

Spire&COSMIC2 (Spire&COSMIC2 - noRO)

temp. spread [K]

temp. spread [K]
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Vertical profiles of EDA spread values for temperature

Tropics Tropics
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Reduction in EDA spread when GNSS-RO -
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Added simulated and real COSMIC-2 data

Reduction in spread between simulated and real data is similar.

Interesting differences in spread reduction when using different observation
errors.

Experiments

ctrl: Operational data available for the period, including the GNSS-RO data
Real C2: ctrl + COSMIC-2
Sim C2: ctrl + simulated COSMIC-2

e Sim C2, new err: ctrl + simulated COSMIC-2 with new observation error

Simulated GNSS-RO measurements at observed C2 times and locations using ECMWF
operatinal analyses with the bending angle simulation code and observation uncertainty model.
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Normalised difference in spread: temperature T+12h
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Tropics(20.0° to -20.0°)
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Results

 small differences in the Tropics /

| simulated data giving larger spread reductions in the
troposphere, and smaller reductions above 100 hPa
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» Difference in troposphere might be related to lack in
vertical error correlations

« Tropical stratosphere: 'sim C2’ used larger observation
errors (needed in Harnisch et al [2013]), updated in
‘'sim C2, new err’ 500
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Theory Il

The standard deviation of the radiosonde minus forecast departures,o, , ,
includes terms related to the forecast error statistics, g,, and the standard
deviation of radiosonde measurement errors, g, , so the variances can be
written as,

Oo-p & O-I? + O-g

e
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Theory IV

The radiosonde observation error statistics, o,, should not depend on the
number of GNSS-RO data assimilated, and the EDA is providing only an
estimate of 0,. This suggests modeling the variation of the 02, , values from
the set experiments with different GNSS-RO numbers with

2 _ 2
O5_p =M X Sgpa +C

where m is scaling factor and ¢ should be related to variance of the
radiosonde measurement errors, and it can be compared with other estimates
(e.g., Desroziers et al., 2005).
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Comparison of EDA spread with observations (FGdep)

radiosonde temperature at 100hPa, Tropics
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Change in variance of FG departure from OSEs versus EDA variance
for radiosonde temperature measurements at 100hPa in the Tropics.
Different coloured dots refer to different experiments.
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EDA spread? vs. Var(O-B) — temperature 100hPa
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Tropics
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Findings

« Decrease in the 0%, gives
decrease in 02, , (but different
magnitude), especially in higher
altitudes of the Tropics.

 Linear fit less good for

temperature in NH, 100hPa
and for relative humidity in
higher altitudes in extra-tropics.

«  Temperature: for the different

regions and different height
levels the scaling factor varies.

«  Might be related to different

representation of scales in the
EDA "



Summary

« Similarities between decrease in EDA spread in temperature at 100 hPa for
real GNSS-RO data with the equivalent study by Harnisch et al. [2013] for
simulated GNSS-RO.

* Real and simulated COSMIC-2 observations have a similar impact on the
EDA spread.

* Improvements in radiosonde departure statistics indicate that the changes
in the EDA spread underestimates the absolute impact of the GNSS-RO
measurements.

 Further work is required to understand the differences in scaling factors,
which might be related to EDA representing uncertainty at broader vertical
scales more accurately than at the fine vertical scales.
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Backup

Y
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Ensemble assimilation experiments

« 10-member ensemble of data assimilation cycles, plus one control
experiment.

* These are run twice daily at 00 UTC and 12 UTC with an outer loop
horizontal resolution of TCo399 ( 50 km horizontal resolution), and the 4D-
Var assimilation window is 12 hours.

« The EDA experiments in this study are based on model cycle IFS 47R1 with
137 vertical levels and three inner loops at a resolution of TL95/TL159/TL255

for the control run.
e Period run: 10 Jan — 10 Feb 2020

e
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pressure [Nra)

EDA spread versus Forecast error - temperature

» Check this assumption for std. dev. of +12-h forecast errors of OSEs and +12-h forecast EDA
spread for temperature

* First results:
— Vertical distribution of forecast uncertainty similar between the methods

— Quantitative values are different (could have different reasons, needs to investigated)
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pressure |[nkaj

EDA spread versus FC error (global)
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U-wind

EDA spread vs. fc error, var: U area: glob
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Simulated bending angles

ECMWF NWP analysis
-» proxy for the ‘truth’ for the
new observations

interpolate

Figure 8: Typical simulation system used to produce observations for the EDA computations. Note

=

Observation time and location

that errors are added both in this simulation step and later during the EDA.
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Normalised difference in spread: temperature T+12h

Global(40.0° to -40.0°)
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SH(-20.0° to -40.0°)

Tropics(20.0° to -20.0°)

59 5 o 54 5
10 10 4 10 1 10 L ]
201 201 201 204 L ]

— 50 —= 50 4 b — 50 — 50 L ]

] ] ] o

=% [=9 [=9 o

= = = =

e g e I

= = = =

7 @ 7 @

1 @ e @

2 100 2 100 4 32 2 100 S 100 L ]
200+ 200+ . 200 1 200 1 L 2
300 300 -« 300 1 300 *
500 4 500 + 500 A 500 A L ]

—@+ sim C2 @+ sim C2 —®+ sim C2 —@+ sim C2
00 -+ sim C2, new err 700 —+@t+ sim C2, new err y 200 — sim C2, new err 700 | —@+ sim C2, new err *
—® real C2 -+ real C2 @+ real C2 @+ real C2
850 1 —#+ control 850 1 —+@+ control 850 1 —@+ control 850 1 —@+ control p
1000 T T T T 1000 T T T T T 1000 T T T T T 1000 T T T T
-20 -15 -10 -5 0 5 10 -20 -15 -10 -5 0 5 10 -20 -15 -10 -5 0 5 10 -20 -15 -10 -5 0 5 10

normalised difference in spread [%]

normalised difference in spread [%]

normalised difference in spread [%]

Y
A\~ 4 ECMWF EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS

normalised difference in spread [%]

25



Normalised difference in spread: temperature T+120h

Tropics(20.0° to -20.0°)
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Results

 small differences in the Tropics /

| simulated data giving larger spread reductions in the
troposphere, and smaller reductions above 100 hPa
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» Difference in troposphere might be related to lack in
vertical error correlations

« Tropical stratosphere: 'sim C2’ used larger observation
errors (needed in Harnisch et al [2013]), updated in
‘sim C2, new err’
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