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Global observing system experiments in the ECMWF assiiilaystem S ECMWF

Abstract

This study summarises results from observing system exais with the ECMWF system, con-
ducted over two seasons covering a total of 8 months. Theiexgets investigate the forecast impact
of withholding selected observations from the assimilasgstem compared to using the full observ-
ing system. The observing systems considered are: conmahtibservations, microwave radiances,
data from hyperspectral infrared instruments, bendindesnfgom GPS radio occultation, as well as
Atmospheric Motion Vectors.

Results show that conventional observations and micronaiances are presently the main drivers
of headline scores, with infrared sounders adding furtbbustness for a wide range of geophys-
ical variables. GPS radio occultation measurements giyeifgiant impact in the upper tropo-
sphere/lower stratosphere, mainly on temperature, batadker variables, and the data have a clear
influence on the mean state in these regions. AtmospherioMyectors add benefits for tropo-
spheric wind, particularly in the tropics and at the shonge The strong impact of the microwave
satellite radiances is aided by the availability of an unpdented number of instruments, providing
good spatio-temporal coverage.

The observing systems considered have considerablesfinanean analyses, especially the con-
ventional observations, resulting both from the direciragation of the observations as well as
interactions with the variational bias correction.

1 Introduction

This memorandum gives an overview of the impact of some offrtaim observing systems in the current
ECMWEF assimilation system. The basis are assimilation rax@ats in which selected observing sys-

tems are denied from the assimilation and the results ar@aed to those from an experiment with the
full observing system. The purpose for conducting these®xgents is two-fold: Firstly, they have been

performed in support of observing system experiments (P®IEshe polar regions conducted under the
EU-funded APPLICATE project, in order to put results for fhadar regions into context of experiments

with the global observing system. Secondly, the experimbighlight the value of microwave observa-

tions from satellites for the atmospheric analysis in NuoaiVeather Prediction (NWP), in the context

of the overall global observing system. This provides inputecent discussions regarding frequency
protection and spectrum allocation (e.g., English et al80

Observing system experiments provide an evaluation ofahgéementarity and resilience of the present
global observing system for Numerical Weather Predictieny.( Bouttier and Kelly 2001, Kelly and
Thépaut 2007, Radnoti et al. 2012, McNally 2014). They araxgortant tool for analysing the interac-
tion of different observations and can help in the plannifthe future global observing system. When
conducted periodically, they also help to document theudiai of the changing impact of different com-
ponents of the observing system. Such changes are the oésither changing coverage or availability
of observations, or improved use of the observations oweg.tiFor instance, a decade ago observations
sensitive to humidity and clouds were providing compaedyilittle medium range forecast impact in
assimilation systems (e.g., Kelly and Thépaut 2007), eaeitheir impact has grown in recent years,
both through a larger number of available observations disaselevelopments of all-sky assimilation
(e.g., Geer et al. 2017). It should be noted that OSEs threreflavays only reflect the present usage of
the observations in the context of the present observingisysand will neither give an indication of the
potential of a given observing system, nor its performandhé context of a changed observing system
or data usage. In contrast to cheaper adjoint-based esimatshort-range forecast impact (e.g., Lang-
land and Baker 2004, Cardinali 2009), OSEs allow a detaitedacterisation of the impact of observing
systems both in terms of any geophysical variables as wétleasiedium-range forecast impact.
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The last comprehensive OSEs in the ECMWF system have beenciaa with cycle 40R1 by McNally
(2014). He noted strong impact from conventional obsepuatiover the Northern Hemisphere, with
microwave and infrared radiances providing leading impdiam satellites. The study demonstrated
some resilience of the observing system, in the sense thaethoval of one satellite observing system
had a much smaller impact than the removal of all satellita.da

Major additions in the observation usage since then arenthaduction of many more humidity-sensitive
microwave instruments (MWHS, MWHS-2, SAPHIR, F-18 SSMISJIGAMSR-2), the hyperspectral
infrared sounder CrlS on S-NPP, as well as more high-rasaluadiosonde data and aircraft observa-
tions. Observation usage has been enhanced through a nafrdiEervation error upgrades (including
for GPS radio occultation, radiosondes, and IASI, with itieannel error correlations taken into ac-
count for the latter), the use of a 2-dimensional obsermatjperator for GPS radio occultation (GPSRO)
and slant-path radiative transfer for clear-sky radianbetter usage of microwave and infrared data
over land, improved aircraft bias correction (in 45r1), adlws a number of quality control refinements,
among others. A key change of the data assimilation metbggidias been the modification of the hu-
midity background error formulation, making better use ofvfldependent characteristics as described
by an Ensemble of Data Assimilations (EDA; Isaksen et al.020A more complete summary of the
changes in the ECMWF system can be found under: https://egmwf.int/en/forecasts/documentation-
and-support/changes-ecmwf-model

The structure of this memorandum is as follows. First we diesdhe observing systems considered in
the experimentation, and the assimilation experimentdwated. This is followed by a discussion of the

verification strategy employed in this study, and the veatfan results for the short- and medium-range
forecast impact, respectively. We also provide an overwéthe mean analysis changes introduced by
the various observing systems, before summarising the coaiciusions in the last section.

2 Observing systems and experiments

The present study characterises the forecast impact ofdaairlg observing systems in the ECMWF
system, using assimilation experiments in which each afdhmbserving systems is withheld from an
otherwise full system. Tablg gives an overview of the observing systems considered. Tomprise

all conventional observations, all microwave radiancesared sounder radiances, bending angles from
GPSRO, as well as Atmospheric Motion Vectors (AMVs). Obsensystems not considered in separate
denial experiments, but still included in the experiméotatare geostationary radiances, scatterometer
observations, ozone retrievals, and precipitation eséismtom ground-based radar observations. The
choice of observing systems were primarily driven by theimre@mnents of the APPLICATE study, which

is considering the polar observing system, and hence sose\@tions with no or very limited use over
the polar areas in the ECMWF system were not considered.

The experiments were conducted with ECMWF’s 12h 4-dimevaivariational (4D-Var) assimilation
system (e.g., Rabier et al. 2000, Bonavita et al. 2012), raoye¢he two periods 1 June to 30 Septem-
ber 2016 and 1 December 2017 to 31 March 2018. They are baseycts 43R3 and 45R1 of the
operational system, respectively, but have been run atoilverlspatial model resolution ofch 399
(approximately 25 km), with 137 levels in the vertical, anahalti-incremental analysis with three outer
loops and a final incremental analysis resolution o255 (approx. 80 km). A Control experiment was
run that includes all observations, and five denial expants¢ghat exclude the five observing systems
listed in Tablel, respectively. For computational reasons, the same bawgikdrerror specification was
used in all experiments, based on situation-dependemaists from an EDA that uses the full observing
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Table 1: Observing systems considered in this study.

Observing system Types/instruments/satellites
Conventional Radiosondes
observations Balloon and profiler wind observations

Aircraft reports
Synop stations
Drifting buoys
Microwave radiances | Sounders:
AMSU-A from 6 satellites (NOAA-15, -18, -19, Aqua, Metop-/AB)
ATMS on S-NPP
MHS from 4 satellites (NOAA-18, -19, Metop-A, Metop-B)
MWHS on FY-3B
MWHS-2 on FY-3C
SAPHIR on Meghatropiques
Combined imager/sounders:
SSMI/S from 2 satellites (F-17, -18

GMI on GPM
Imagers:
AMSR-2 on GCOM-W1
Infrared sounder AIRS on Aqua
radiances IASI from 2 satellites (Metop-A, Metop-B)
CrIS on S-NPP
GPSRO Data from up to 9 satellites (Metop-A, Metop-B, TANDEM-X,
TERRASAR-X, FY-3C, GRACE-A, and up to 3 COSMIC satellites)
AMVs Data from up to 5 geostationary satellites (Meteosat-FQ/1T/&,

Himawari-8, GOES-13 -15)

Data from 7 polar satellites (NOAA-15, -18, -19, Aqua, S-NRIetop-
A, -B)

Dual-satellite AMVs from Metop-A/B

10nly 183 GHz humidity sounding channels used for F2Bepending on periofOnly up to 1
January 2018.

system. This means that the increase in the backgroundresualting from the denial of observations is
neglected here, and the assumed background errors forriad deperiments are likely to be too small.
Some of the loss in forecast skill in the denials could bepecated through re-running the EDA without
the denied observations, as highlighted, for instance, éiNaly et al. (2014). The effect is, however,
considered relatively small for experimentation with $ngbserving systems.

Figure 1 provides an overview of the number of observations usedenCbntrol experiment with the
full observing system, separated by broad geographicanmseg It shows the well know characteris-
tics of these observing systems, with the majority of cotie@al observations located in the Northern
Hemisphere extra-tropics, whereas the coverage of thesttetlite observing systems is more equally
distributed among these regions. Together, satellite platgde around 90 % of the observations, with
the IR sounders the largest contributors (57 % of the totaibr of observations assimilated), followed
by passive MW radiances (25 %). It is clear from this Figurat tihe number of observations denied
in each experiment considered here is very different, arsdwiiil be one factor to bear in mind when
interpreting the forecast impact obtained.
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The spatio-temporal sampling characteristics for the twgdst satellite observing systems, IR sounders
and MW radiances, are very different. Despite the large databers, the spatio-temporal coverage
for the IR sounders is actually much poorer than that of the Bthders. This is illustrated in Fig,
which highlights the temporal coverage for a given longgtuoh contrast to the commonly displayed
spatial coverage over a given period. The 180E meridional eki@sen here as it is mostly over ocean,
therefore avoiding effects introduced through more coradie data use over land regions; qualitatively,
the situation would be similar for other locations. As cansken, the IR sounder coverage originates
from only four satellites, some of which have very similauatpr crossing times (e.g., Metop-A/B;
Aqua/S-NPP). In the tropics and the mid-latitudes, largeops of the day remain unobserved by IR
sounders. For every point observed by the IR sounders uplachfnnels are assimilated, subject to
cloud screening and other quality control. In contrast, MMWrler radiances are presently provided by
many more satellites, with different orbital charactéeist hence giving much more frequent coverage
throughout the day, albeit with observations in much fewarnmels (3-15, depending on instrument)
and inherently much poorer vertical resolution. The cogers currently particularly good for MW
humidity-sounders, which are available from 11 satellifésey achieve better thar%ZhourIy sampling

for most latitudes, with almost half-hourly coverage polard of 70 latitude for around two-thirds
of the day. However, for MHS for instance, only 3 soundingrotes are assimilated, so the vertical
resolution is very limited. This good coverage is of courseguaranteed to continue in the future, as
many of the satellites present are well past their design lif

Another critical difference between the coverage for thati@ the MW data is the geophysical sampling.
The MW radiances are assimilated over most surface typesafpdand, sea-ice), including surface-
sensitive radiances (e.g., Bormann et al. 2017), and therityapf the humidity-sensitive MW radiances
are assimilated in all-sky conditions (Geer et al. 2017jhuwhe exception of ATMS and MWHS radi-
ances (Bormann et al. 2013, Chen et al. 2015). In contrastRinadiances are confined to channels not
affected by clouds (and a limited sample of totally overcasines, McNally 2009), and over land only
data not sensitive to the surface are used (for the Dec 2054ciVR018 experiment). This further limits
the sample of assimilated IR data in the troposphere.

| Al MW
B IR sounders
20 GPSRO
= B AMVs
% W Conventional obs
5 15 Others
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%]
)
S 10
o
@
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>
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o - L I = -
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Figure 1: Percentage of observations over the Southern Bighare extra-tropics, Tropics, and Northern Hemi-
sphere extra-tropics for the observing systems consideréds study. “Others” denotes all other observations
(thatis, geostationary radiances, scatterometer obg@wa, ozone retrieval, and precipitation from ground-eds
radar observations). Data are based on the two experimantgeriods combined.
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Figure 2: Temporal coverage for MW temperature sounders)(fd\W humidity sounders (middle) and IR sounders
(bottom). The plots show the coverage of assimilated obens in a meridional band of 500 km width centred
on the 180E meridian, as a function of time of day (x-axis) latituide (y-axis), for 15 February 2018.
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3 Verification considerations

To evaluate the forecast impact obtained with the five olisgisystems requires comparing the forecasts
against a reference to characterise the difference bettireeforecast errors in the denial experiments
and the Control. The choice of this verifying reference cameha dramatic effect on the appearance of
the forecast errors found, especially in the short rangés iShighlighted in Fig:3, which displays the
change in the size of forecast error for wind at 200 hPa forettperiment with the denial of conven-
tional observations as an example. Verification againsbsatdes indicates an increase in forecast error
of 8 % over the Northern Hemisphere after 12 h, so a consitieddgradation when the conventional
observations are withheld. In contrast, when the Contrdlthe Denial are each verified against their
own analyses, the scores suggest that forecast errors allersby 12 % when conventional observations
are denied, ie a very significant improvement when the cdioal observations are withheld (but with
some degradation from day 3 onwards). Verification agaimstoperational analysis instead suggests
a massive increase in forecast errors exceeding 40 % at 2 &,nmassive degradation of short-range
forecasts without conventional observations. It shoulehdiied that the 200 hPa wind error is a partic-
ularly drastic example for verification differences for gh@mnge forecasts, and other variables do not
necessarily show such strong disagreements, but somécagnidifferences are very common.

The differences in the short-range verifications are a reduhe different error characteristics of the
verifying references used, and in particular they refleet diegree of independence of the verifying
analyses and the forecast errors. This aspect mattersddrrsimge forecasts because the analysis and
forecast errors are of comparable magnitude. Consideingtance, the own-analysis verification shown
in Fig. 3, suggesting strong degradations from the assimilationoafi@ntional observations. As the
assimilation system uses a short-range forecast to prathecanalysis, errors in the analysis chosen
for verification and errors in the short-range forecastsnaaessarily correlated. This means that some
forecast errors will be masked in own-analysis verificatiand the size of the forecast error will be
under-estimated. The apparent degradations seen i ligly reflect that the degree of this correlation
is reduced when the conventional observations are addddhanaspect outweighs the accompanying
reduction in the forecast error. Indeed, forecasts in alpaiyserved area may apparently verify very
well against an own analysis in the short range, simply besaww observations have corrected the

VW: SH -90° to —20°, 200hPa VW: Tropics -20° to 20°, 200hPa VW: NH 20° to 90°, 200hPa
0.25

04l
02 f|
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Figure 3: Normalised difference in the 200 hPa vector wingkdast error between the experiment without the
conventional observations and the Control for the two expent periods combined. Verification is performed
against radiosonde observations (blue), operational EGMaMalyses (red) or each experiment against its own
analysis (black). Error bars indicate 95 % statistical calgihce intervals, following Geer (2016).
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short-range forecast errors during the analysis (see aso & al. 2010). So own-analysis verification
may incorrectly suggest that systems with fewer obsematperform better for short-range forecasts, a
particularly unfortunate situation for observing systexpeximents.

In contrast, verification against the operational analf@ishort-range forecasts may appear somewhat
optimistic in Fig.3. This is because some aspects of the errors in the operatioaigsis are shared with
the Control, as a result of using the same observing systemwgell as the same forecast and analysis
system. Verification against operational analyses mayfoes favour the Control. However, the situa-
tion is not as bad as when all experiments were verified agttiasControl analysis, as the operational
analysis is produced with a different assimilation setatfigher resolution and different computer con-
figuration. The operational analysis hence provides a nmolepgendent sample of the random part of the
analysis error, and the problems of correlations betweedama forecast errors and analysis errors are
less severe than in own-analysis verification or verificatigainst the Control analysis.

For short-range forecasts, the verification against olbsiens may offer an attractive alternative, and
the results shown in Fig3 for verification against radiosondes do not appear to shovioab flaws.
However, verification against observations is also noteuittpitfalls. Ideally, independent observations
that are not assimilated should be used for this, but of eourgractice very few such observations
of relevance are available. Forecasts can still be verifigihat observing systems that are assimilated
(as in this example), and these observations are at leasgpéndent in the sense that each forecast has
not yet seen the verifying observations. Neverthelessilaimguality control in the assimilation and
the verification, or, for more complex observations suchaalfances, the same observation operator or
bias correction mean that there is still some dependenakthesm dependence may mask some short-
range forecast errors in a similar way as correlations batvierecast and analysis errors do in analysis-
based verification. Possibly the biggest disadvantage liserwvation-based verification is, however,
the restriction to the sampling of the available observaticeither spatio-temporally, or through the
geophysical variables being measured. The geographicgtlsey is particularly an issue for radiosonde-
based verification, which, for instance, cannot capturestiget-range forecast error over large parts of
the Southern Hemisphere ocean.

The above mentioned verification problems are less of ae iEBunedium-range forecasts from around
day 3-4 onwards. This is because forecast errors domindlkésatange, and analysis errors and their
correlations with forecast errors become less relevanta Assult, there tends to be more agreement
between different verification options. In the example shamw Fig. 3, there is qualitative agreement
between the results from the verification against radiososioservations and the verification against
operational analyses from around day 3-4 onwards. Resolts Yerification against own analyses are
also more similar at this forecast range, indicating berfedin the observations, albeit to a smaller
extent. While the ranking of the impact of the observing eyst tends to agree for the verification
against radiosonde observations and against the opeabtoalysis, own-analysis verification can at
times give a different impression.

Given the severe problems with analysis-based verificdtioshort-range forecasts, we will in the fol-
lowing use observations to verify the short-range forexa3the limitations in geographical sampling
will need to be kept in mind, especially when looking at vedfion against radiosondes. We aim to
counter-act these sampling problems by evaluating agaimstie range of observations, including ob-
servations with more even geographical coverage. We wsi lmur medium-range forecast verification
on verification against the operational analysis. Thissdndgree with verification against observations
where good observational coverage is available, but igmiteld to the observational coverage available,
so allows a more representative evaluation in that respect.
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4 Results

4.1 Short-range forecast impact

Figures4 and5 give an overview of the short-range forecast impact evatiagainst a range of conven-
tional and satellite observations, respectively. Theyide a characterisation in terms of temperature,
humidity, and wind over large hemispheric regions and dewdiht levels in the atmosphere. The statis-
tics highlight the complementary nature of the currentlsimflated observing system, with almost all
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Figure 4. Standard deviation of background departures,malised by the Control, for several conventional ob-

serving systems, for the Southern Hemisphere extra-sqedt), the Tropics (middle), and the Northern Hemi-

sphere extra-tropics (right). The observations are terapee from radiosondes (top), humidity from radiosondes
(middle), and vector wind from radiosondes, profiler, pilabhd aircraft observations (bottom). Statistics cover
the two seasons combined. Values for the four experimetitstng satellite observing systems are shown. A
value greater than 100 % indicates an increase in the errahig background due to the denial of the respective
observing system. Horizontal lines indicate statistiéggh#ficance at the 95 % level.
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Figure 5: As Fig.4, but for a number of satellite observing systems. The obsiens are bending angles from
GPS radio occultation (top), MW sounding radiances from ATth-board S-NPP (middle), and Atmospheric
Motion Vectors (AMVs, bottom). GPSRO is primarily sensitty temperature, with some sensitivity to humidity
in the troposphere. ATMS channels 6-15 are primarily serssiio temperature, with sensitivity of channel 6 in
the mid/lower troposphere and channel 15 peaking around& HR contrast, channels 18-22 are tropospheric
humidity-sounding channels, with the peak altitude insieg with channel number. AMVs provide estimates of
wind at single altitudes derived by tracking cloud motiomséquences of satellite imagery.

observing systems considered here providing leading-sange forecast impact for at least some aspect
of the atmosphere. The results also show the expected edgidferences, with the conventional ob-
servations providing strong forecast impact over the NarttHemisphere where the largest number of
observations are available (Fig.right column), whereas the satellite data dominate thectst impact
over the Southern Hemisphere. Somewhat surprising is lvedy large short-range forecast impact of
the conventional data in the tropics (Figmiddle column), given the relatively low data numbers shown
in Fig. 1. There has been a marked increase in the number of availatiafadata in the tropics, such
that more than half of the conventional data for the secompe@xentation period come from aircratt,
and this likely contributes to the good impact found for camional data.
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The microwave or infrared radiances show significant imgpact temperature, humidity, and wind, in
the troposphere as well as the stratosphere (Figuyrés The very clear impact on wind, despite the
data being only sensitive to temperature, humidity, andddo is likely a result of thermal adjustment
processes combined with tracing effects in 4D-Var. For th& Mlata, the latter is aided by the high
spatio-temporal sampling of the data presently availadaliscussed earlier. The impact of the IR data
is not quite as strong as that of the MW, probably partly alteguhe poorer spatio-temporal sampling
available with the current observing system, combined thighrestriction to primarily cloud-free obser-
vations. An apparent degradation from using the IR sounder id found with S-NPP ATMS channel 9,
a temperature-sounding MW channel that peaks around thegemse (Fig5, middle). The equivalent
AMSU-A channel instead shows one of the strongest improwsnier all AMSU-A instruments (not
shown), so the signals here are not consistent betweemetiffexstruments. A similar inconsistency,
though in the opposite direction, is observed for GPSRO, dlatavhich ATMS channel 9 suggests some
of the largest benefits from introducing the data, whereasSAIMA channel 8 suggests near neutral im-
pact. The reasons for the inconsistencies for these egaivahannels are not fully understood. The
channels show different geographical bias pattern, plysie result of subtle differences in level-1 pro-
cessing or pass-band characteristics. The possibly wiltical sampling of the tropopause of ATMS
channel 9 resulting from the wider swath compared to AMSU-@yralso play a role. Given the good
impact of the IR data seen in the radiosonde statistics, waotithink that the degradation seen here
against ATMS channel 9 is a major concern.

Despite much lower data numbers, the beneficial impact of AMWd GPSRO data is also very clear.
The importance of GPSRO for temperature in the upper trdmrgfiower stratosphere is very apparent,
particularly over the Southern Hemisphere (Fgtop). This also leads to benefits for wind at these
levels, and there are indications of small benefits for tspheric humidity, as highlighted through the
ATMS humidity channels (channels 18-22 in Figmiddle). AMVs, in contrast have their largest impact
on upper tropospheric wind (Fig, bottom), particularly in the tropics. Despite no sengigito humidity

for AMVs, benefits for humidity are apparent from the ATMS Hdity channels (Fig5, middle), most
likely a result of improved humidity transport. Note thag tAMV coverage had a gap over the Americas
for part of the second experimentation period (after 1 Jgn2@18), as GOES-13 retired and GOES-16
was still undergoing pre-operational testing (e.g., Leath Bormann 2019). So the AMV impact may
be slightly underestimated compared to full coverage fremdieostationary satellites.

4.2 Medium-range forecast impact

We will now investigate the forecast impact for day 2 and lmelyo This will primarily be evaluated
through verification against the operational analysistHerreasons discussed earlier.

Figure6a, b shows the forecast impact of denying the various obsgisystems over the extra-tropics
for the 500 hPa geopotential for the two seasons combinedthEdNorthern Hemisphere, the conven-
tional observations show the largest impact, followed leyNtW observations, with degradations of the
forecast error at day 3 of 10 and 6 %, respectively, when tiee @l@ excluded. Statistically significant
forecast impact is obtained from both observing systemgsmday 7. Over the Southern Hemisphere,
the MW observations show the dominant forecast impactjiead an 11 % degradation at day 3 when
the data are excluded, and some statistically significapagnhcan be detected out to day 9. Clear bene-
fits are also obtained from conventional observations, lihders, and GPSRO data, and denial of these
observations shows a statistically significant increagberforecast error at day 3 of around 2-3 % each.
The different behaviour over the Northern and Southern ldphere reflects the well known observation
coverage, with relatively few conventional observatiougilable over the Southern Hemisphere, such
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Figure 6: Normalised difference in the standard deviatidmhe forecast error in the 500 hPa geopotential versus
the Control experiment, as a function of forecast range lier five observing system experiments as listed in the
legend. The left column shows results for the Southern Hraie extra-tropics, whereas the right column shows
results for the Northern Hemisphere extra-tropics. a) ahghow results for the two seasons combined, whereas
c¢) and d) show the June — September 2016 period and e) andv) Beoember 2017 — March 2018 separately.
Vertical bars indicate 95 % confidence intervals; corrensdor temporal correlations in score differences and
multiple comparisons (Sidak) have been applied, as de=tiilb Geer (2016).
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that the analysis heavily relies on satellite data. The fitsrfeom including the MW data in the Southern
Hemisphere and those from including the conventional detathe Northern Hemisphere translate to a
gain in forecast skill of around 6-7 hours at day 3.

There is some variation in these results over the two seaswrsidered (Figuresc-f). The relative im-
pact of the microwave data over the Northern Hemisphereaappe be larger over the summer period
during which the MW impact is comparable to that of the cotizeral observations. Lower impact of
MW data over winter has previously been found in earlier is®igvith surface-sensitive MW data over
land and sea-ice (Bormann et al. 2017), and partially atieithto poorer data usage of these observations
over snow and sea-ice during winter. However, it is likelgttbther factors such as different meteoro-
logical regimes also play a role for the present result. Intrest, the relative impact of the conventional
data is larger during the respective winter seasons for fethispheres. The impact of the conventional
data for the Southern Hemisphere winter is remarkable diverdow data numbers, and on a par with
that of the IR sounder data. Similarly, GPSRO shows stromgeact on the 500 hPa geopotential during
the Southern Hemisphere summer period, again despitézedyabw data numbers (cf Fidl). Reasons
for the larger impact of the conventional data over winterraot fully clear, but may be linked to benefits
in terms of determining the thermal structure of the tropesp in the vertical. The stronger impact seen

a) VW: SH -90° to —20°, 200hPa
T T

b) VW: Tropics —20° to 20°, 200hPa c) VW: NH 20° to 90°, 200hPa
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Figure 7: Normalised difference in the root mean square eewatind error versus the Control experiment, as a
function of forecast range for the five observing systemréaxpats as listed in the legend. The top row (a-c) shows
results at 200 hPa, whereas the bottom row (d-f) shows esutilB50 hPa. The left column covers the Southern
Hemisphere extra-tropics, the middle one the Tropics, &edright one the Northern Hemisphere extra-tropics.
Statistics are for both seasons combined. Vertical bariatd 95 % confidence intervals, following Geer (2016).
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Figure 8: Normalised difference in the standard deviatidithee forecast error versus the Control experiment, as
a function of forecast range for the five observing systeneraxents as listed in the legend. The top row (a-c)
shows results for temperature at 200 hPa, whereas the batianid-f) displays statistics for the 850 hPa relative

humidity. The left column covers the Southern Hemisphera-wpics, the middle one the Tropics, and the right
one the Northern Hemisphere extra-tropics. Statisticsfardoth seasons combined. Vertical bars indicate 95 %
confidence intervals, following Geer (2016).

for the Northern Hemisphere may also be a result of improeednting practices for conventional data,
with more high-resolution radiosonde and aircraft datalalvke, and hence not only a seasonal effect.

The impact seen for the 500 hPa geopotential is also broaghgesentative of the impact on other tro-
pospheric variables in the extra-tropics, at least in teshile relative impact of the different observing
systems (e.g., Figuré&/d, c/f,8a/d, c/f). The benefit of AMVs is somewhat clearer for windeftaists,
with statistically significant benefits from including thatd out to day 3 for some levels.

For tropospheric wind forecasts in the tropics, the MW anadveational observations again show the
largest impact, statistically significant out to day 7 angdrel, depending on level (Figb and e). The
impact of AMVs on tropical wind is broadly comparable to tbathe IR sounder data, and statistically
significant out to day 3 or 4. Given the relatively strong ircigaf AMVs noted in the short-range forecast
verification, the relatively swift loss of the AMV impact a®@ hPa may seem somewhat surprising. This
may reflect a lack of overall thermo-dynamic adjustmentriuthe assimilation, possibly because the
observations themselves only provide single-level wirfdrimation, or because balance constraints are
too weak in the tropics.
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The significant impact of GPSRO data on upper troposphenit I@ver stratospheric) temperature noted
in the short-range forecasts also continues into the medamge. Adding the observations in an oth-
erwise full observing system results in statistically #igant benefits at 100 hPa out to day 6 over the
Southern Hemisphere and Tropics (F8g-c), and smaller benefits in the mid- or lower tropospheot (n

shown). GPSRO play an important role in constraining biasekbias corrections in the assimilation

system, and this aspect will be investigated further in #nd Bection.

Finally, impact on low-level relative humidity is shown ingk-8d-f. Relative humidity is notoriously
difficult to verify, as the problems discussed earlier rdgay analysis-based verifications tend to be
particularly severe. The results should hence be treatddseme caution. However, the impacts of the
observing systems considered on 850 hPa humidity is ovarlile with that for other variables, and in
particular consistent with that for wind at 850 hPa shownigq Fd-f.

Given the strong impact of the MW data, F@further separates this into impact from sounding and
imaging channels, respectively. To do so, two further drpents have been run, a “MW sounder denial”
in which all temperature- and humidity-sounding channeigehbeen excluded (ie around 50-60, 118,
and 183 GHz), and a “MW imager denial” in which all activelyimsilated imager channels were denied
(ie channels around 18.7, 23.8, 36.5, 89 GHz). Note thatdeelexperiments we use data from only 3
instruments with imager channels, whereas data from 1lrumsnts provide temperature or humidity-
sounding information. While the impact of the sounder datstiy dominates in the extra-tropics, the
imager data nevertheless contributes significantly to tieeadl impact of the MW data. In particular, the
imager channels add constraints on low-level humidity,clviiD-Var can use to infer wind information,
as well as constraints on ocean surface wind through thenaaagssivity. These aspects appear particu-
larly effective in the tropics (Fig9g, j). The impact on 200 hPa wind in the tropics is also notallere
the imager channels from 3 instruments appear to give arbalief the impact of the sounding data.

The experiments discussed so far have only considered tti@ déone observing system, and while the
losses of one observing system are clearly significant, dneyalso not catastrophic. This suggests that
there is good resilience of the present observing systenitande in the ECMWEF assimilation system.
However, this situation changes when we consider the losg\ral observing systems. To highlight
this, we conducted another assimilation experiment in vttie microwave observations and the infrared
sounder data are denied at the same time. In this case, treddégn in forecast skill is much stronger,
and stronger than the sum of the individual losses of fotedddls (Fig. 10): in the absence of MW data,
the IR sounders have a much stronger impact (compare the ljneeand the black line), and, equally, in
the absence of the IR sounder data the MW observations hasearstronger impact than they have in
the full system (compare the green and red lines). Note trahése experiments the background error
characteristics are still those of the full control, andtill arguably over-estimate the loss of forecast
skill even more in the case of the dual observing system. Bsitapparent that the loss of one of these
observing systems would result in a significant loss iniexsike of the entire observing system, making
forecasts more volatile to data outages and instrumenirésiland their quality therefore less reliable.
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Figure 9: a, b) As Fig6a,b, but with the results of the denial experiment for all M#¥ad(black) separated into
impact obtained with MW sounder channels (red) and MW imabannels (green). c-h) As Fig@, but with the
results of the denial experiment for all MW data (black) seped into impact obtained with MW sounder channels
(red) and MW imager channels (green). i-k) As F8g-f, but with the results of the denial experiment for all MW
data (black) separated into impact obtained with MW sourtik@nnels (red) and MW imager channels (green).
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Figure 10: As Fig.6a/b, but for observing systems in which the MW radiancesci)land the IR sounder data
(red) are denied individually or together (green).

4.3 Impact on mean analyses

So far we have primarily looked at the reduction of randonorsriresulting from the addition of the
observing systems considered here, and this is the mostiamp@spect for NWP. However, there are
also very considerable differences in the mean analysesjrathe following we will examine these
more closely. Changes in the mean analysis from introduclmggrving systems tend to suggest that
there are biases present, either in the forecast modelbger@tions, or the observation operators. Such
biases are unavoidable, and the assimilation system ieslsdme methods to address these. Biases in
the observations or the observation operator are treataditigtional bias correction (VarBC) during
the assimilation (e.g., Dee 2004), but this is not withowatabems especially in the presence of forecast
model bias (e.g., Eyre 2016). In the stratosphere, modsébiare estimated through a weak-constraint
formulation of 4D-Var (e.g., Goddard et al. 2017), with adjuent time-scales of the order of several
months in the present configuration, but a bias-free fotenasel is assumed elsewhere.

Validation of changes in the mean analysis is very difficuthaut assuming that certain observations
are unbiased. Reference observations such as GRWAdy offer their services here, but the changes
observed in the following tend to be either too small or tocalsed to be convincingly captured by

GRUAN. So in the following we will restrict ourselves to deunanting the changes and pointing out
some interactions which could be analysed further in theréut The changes reflect the uncertainty in
the mean state, given unavoidable biases in the system. &is @ the winter period, but the summer
period shows changes of similar magnitudes, albeit wittediht geographical structures.

Figurellshows considerable changes to the mean temperature adiyseghout the atmosphere from
the introduction of conventional observations, GPSRO, Méfruments, or IR sounders. AMVs are not
included here, as differences in terms of temperature agesreall. Most of the differences are fairly

large-scale and typically have primarily zonal featuregh(exceptions for the lowest tropospheric lev-
els), so the zonal means displayed allow a convenient suynafidine changes at a range of levels. The

1Global Climate Observing System (GCOS) Reference UppeNaiwork, www.gruan.org
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Figure 11: a) Zonal mean differences of the temperatureysisbf the experiment with conventional observations
denied and the Control for the December 2017 - March 2018ogkrRed colours indicate a warming resulting
from the denial of the observations. b) As a), but for the GB8Bnial. c) As a), but for the MW radiances denial,
d) As a), but for the IR sounder denial.

largest changes in the troposphere result from the comraitobservations, with vertically consistent
changes of several tens of K in the tropics, and a more aseglatructure in the polar regions. Conven-
tional observations and GPSRO appear to lead to consigtanges around 400-200 hPa over Antarctica,
resulting in a cooling at these levels, whereas MW instrusiand IR sounders lead to a warming at the
same levels. The consistency of the signal from the cormealtidata and GPSRO may point to a fore-
cast model bias here, as both observing systems are usedhasiag observations. In contrast, MW
and IR radiances are prone to air-mass dependent biaseslgrmhithe variational bias correction. As
shown by Eyre (2016), VarBC in the presence of model biasaaeto at least partially re-enforce the
model bias. So the finding that MW and IR radiances introdineages of the opposite sign may still be
consistent with the presence of model bias in these areaanhincorrected observational bias can also
not be ruled out. In any case, the changes introduced by MWRanadiances around 400-200 hPa over
Antarctica act to increase the bias against radiosondé®iarea.

The largest changes in the mean temperature analysis doouwe 40 hPa. Conventional observations,
GPSRO, and IR sounders introduce qualitatively similangiea, albeit of different magnitudes, whereas
the MW radiances alter the analysis in the opposite directithe strong influence of the MW instru-
ments is a reflection of using the highest temperature-sngrzhannel as an anchor for the variational
bias correction. For the period shown, this channel iségealy Constrained VarBC, penalising large
bias corrections in order to counter-act strong model Biaséhe upper stratosphere (Han and Bormann
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Figure 12: As Fig11, but for the geopotential.

2016). This provides a constraint for broad vertical stites only (as given by the weighting function
of the selected channel), and little information on theigattstructure. The oscillating pattern in the
zonal mean differences for the other observations areyliteflecting an interaction between the model
bias and the further information on the vertical structumavjgled by these observations.
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Figure 13: Map of the difference in the mean analysis of mesmlevel pressure between the experiment with
conventional observations denied and the Control, for thégal December 2017 - March 2018.
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Figure 14: a) Map of the difference in the mean analysis oftanind at 200—hPa between the experiment with
conventional observations denied versus the Control,Hermeriod December 2017 - March 2018. b) As a), but
for the AMV denial experiment. c¢) As a), but for the experinvethout MW radiances. d) As a), but for the
experiment without IR sounder data.

Mean analyses of geopotential also show considerable esaagpecially for the conventional data, with
values of several gpm for large parts of the troposphere. utdahgse into context, differences of these
magnitudes are not uncommon when comparing mean analysgsopbtential from different NWP
centres (e.g., McNally 2014), giving another estimate efdbcuracy of NWP analyses in terms of bias.
The differences are linked to changes in the mean analysiseah sea-level pressure (MSLP) caused
by the conventional observations which reathl hPa (Fig.13) over the tropics and high-latitudes,
respectively. For all other observing systems, changelarMSLP are below 0.1 hPa for most of the
globe, and the changes in the mean geopotential analysest @fly the temperature changes discussed
earlier.

Finally, very significant changes in the mean zonal wind ysiglin the troposphere can also be seen
for the various observing systems (with the exception of BB} with conventional observations again
causing some of the largest differences (e.g., Ef). At 200 hPa, conventional observations lead to
changes reaching almost 1 m/s in some places, particuleslynd the sub-tropical jet, but also in the
mid-latitudes. The large changes in the mean wind analygisolwiously contribute to the apparent
degradation from conventional data seen earlier in the amalysis verification (Fig3). The four ob-
serving systems show relatively little consistency in theamzonal wind changes, making it harder to
attribute these to a forecast model or observation bias.
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As indicated before, some changes to the mean analyses dankdxt to the treatment of biases with
VarBC, and further evidence of this can be seen in the vanatibias corrections applied. An exam-
ple of this are the bias corrections applied to AMSU-A datavahin Fig.15. With the exception of
AMVs, all other observing systems have some effect on thieaglmean bias correction solution VarBC
applies, particularly for the stratospheric channels ricleh 9 and above), but in the case of the con-
ventional observations also for the tropospheric chanfieB). GPSRO and radiosonde observations
are not subject to variational bias correction (though rdflbias correction is applied to day-time ra-
diosonde measurements), and their anchoring effect onG/&Bvell known (affecting the GPSRO and
conventional experiments). The influence from the IR souddés is interesting, given the IR sounder
radiances are included in the variational bias correc8orare not anchoring observations in the classic
sense. The changes introduced by the IR data are likely # odsadding vertical resolution, combined
with interactions with model bias as mentioned earlier, poigntially observational biases. While these
overall mean changes in the bias corrections applied aaglgleotable, it should also be mentioned that
they are all below 0.2 K and hence relatively small compapetie variability of bias corrections applied
to AMSU-A data for different instruments (which can fd K).

Given the strong changes to mean analyses for the expenmittiout conventional observations, the role
of the anchoring effect on the variational bias correctias heen investigated further: to do so, another
experiment has been conducted without conventional oagens, but with bias corrections taken from
the analysis of the Control experiment and kept fixed for eesimilation cycle. This latter experiment
hence still uses the conventional observations to ancleovdtiational bias corrections, but it excludes
the direct effect on the analyses of having the conventiohaérvations present during the assimilation.
Fig. 16 shows that when the anchoring effect is still present, tfferénces to the Control in terms of

14_ T T T T _

Z |

13

12

11

10

Channel number

5t T :

-06 -04 -02 0.0 0.2 0.4 0.6
mean [K]

IR sounder denial
GPSRO denial

AMYV denial
Conventional obs denial
Control

Figure 15: Global mean bias correction applied to all AMSUr&truments assimilated for the Control and the
denial experiments as indicated in the legend. Resultat@é period 10-30 March 2018, ie the end of the winter
experiment.
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Figure 16: a) Zonal mean differences of the temperaturesislbf the experiment with conventional observations
denied and the Control for the period December 2017 - March&(Red colours indicate a warming resulting
from the denial of the observations. b) As a), but for the eatienal observation denial in which the variational
bias corrections are inherited from the Control experiment
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Figure 17: As Fig.16, but for the zonal mean differences in the geopotentialyses.

the mean temperature analyses are considerably smallee imitd troposphere to stratosphere, and the
anchored bias corrections have a strong effect on the gteuof the mean temperature analysis (aided
also by the presence of GPSRO data). In contrast, at lowelslélie anchoring effect plays a minor
role, and most of the changes to the mean temperature anahgsstill present even when the anchored
bias correction is used. As a result, the changes in the meapotential analysis with the inherited bias
corrections show a more zonal structure than for the stancamventional observation denial (Fig?).
The results highlight that both the direct effect of havilg@rvations present in the analysis as well as
the indirect effect of anchoring bias corrections play apantant role in how conventional observations
affect the mean temperature and geopotential analysisrebtingly, the direct effect appears to be the
dominant factor for wind analyses, and the differencesemtiean wind analyses are fairly similar for the
two conventional observation denials (not shown). WhileB& s not used for wind observations, the
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indirect effect could still play a role through adjustmettigemperature or humidity, but it appears that
this effect is small. Standard deviations of forecast erfor the two conventional observation denials are
relatively similar, with only minor benefits for the deniadperiment with the inherited bias corrections,
suggesting that the anchoring effect is only a minor aspethe forecast influence of conventional
observations (not shown).

It should be noted here that for most of the changes in the mealyses discussed here, the differences
introduced by each observing system appear to either ptmsisighout the forecast range, or to diminish
with forecast range (as the model slowly reverts to its ovimatology), and there is no indication that
the biases grow during the forecast range. The role of theggsin the mean analyses in contributing
to (random) forecast error growth is somewhat unclear.

5 Conclusions

The present memorandum has summarised results from relogetvang system experiments with the
ECMWEF assimilation system. Experiments were conducted atetal of 8 months, covering a summer
and a winter season, and observing systems considerediénalliconventional observations, all mi-
crowave observations, hyperspectral infrared radiarmsing angles from GPSRO, and AMVs. The
main findings are:

e All observing systems considered here provide significasttiye impact for at least some aspects
of the NWP system. The results confirm the overall complearéptof the global observing
system.

e Conventional observations and microwave radiances arm#ie drivers of headline scores. IR
sounders add further robustness for a wide range of geagatysriables. GPSRO gives signif-
icant impact in the upper troposphere/lower stratosphegnly on temperature, but also other
variables, and the data have a clear influence on the meanrstaese regions. AMVs add bene-
fits for tropospheric wind, particularly in the tropics artdtae short range.

e As expected, conventional observations show the larggsaétnover the Northern Hemisphere,
but strong impacts were also found in the tropics, which appeemarkable given the low data
numbers. Of the observing systems considered, convehtibsarvations have the largest impact
on the mean state of the analysis.

e There are considerable seasonal variations in the impdbeafonsidered observing systems. For
instance, over the Northern Hemisphere, the impact of the did# is strongest in summer, when
it reaches the impact of all conventional observations.

The results presented here are broadly in line with restdi® similar observing system experiments
conducted at ECMWF by McNally (2014), at least in terms ofiifging the leading contributors to
medium-range forecast impact over broad hemispheric megidA strict comparison is not possible,
given the different experimentation periods and some mdiffe choices in what observing systems to
consider. Both studies demonstrate the complementaritiyeobbserving system and the importance of
the conventional as well as the satellite observing system.

The present study highlights the particularly strong imd¢he MW observations, and it is clear that
MW observations provide the largest impact of all the siedlata considered here. This large impact is
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likely the result of several factors: firstly, an unprecaddmumber of instruments is being assimilated,
with data presently available from 18 sensors, providingdggpatial as well as temporal coverage. This
appears to be a clear advantage over the IR sounder datay ishéwailable from only 4 instruments
for the study periods (albeit in much greater data numbevrih much more limited spatio-temporal
sampling. Secondly, the MW data are used in a wide range afittons, including the all-sky use of the
majority of humidity-sensitive radiances, as well as the ofsurface-sensitive data over land and sea-
ice, as well as over oceans. Even the clear-sky use of MW tenype-sounding data allows sounding
in some cloudy conditions, due to the lower sensitivity of MMta to clouds. Cloudy regions tend to be
important for forecast error growth, so this wider geopbgksampling is a particular advantage for the
MW. In contrast, IR observations are more strongly affedigatlouds and do not provide information
below clouds, and the use of cloud-affected IR observatismsore challenging. Presently only data
unaffected by clouds and a limited sample of overcast scerebeing assimilated. Clouds and other
aspects also contribute to a more challenging observatrra budget in the IR. Our results also show
that both sounding as well as imaging channels contributeestrong overall impact of the MW data.
It is clear that a loss of MW sensing capabilities resultifog,instance, from the loss of protection for
key frequencies would lead to significant degradations énstkill and reliability of numerical weather
forecasts.

The seasonal dependence of some of the impacts found araatatyle, with conventional observations
showing stronger impact over the winter hemispheres antbmiave data showing larger impact over the
Northern Hemisphere summer. The reasons for this couldierexi further, but contributing factors are
likely different data usage over the two seasons as wellfeegelt meteorological regimes. The smaller
impact of the microwave data for the Northern Hemispherdawiis likely to be linked to problems with
using the data over snow and sea-ice (e.g., Bormann et a), 201t other factors may also play a role.
It is clear that the seasonal dependence needs to be takeacouunt in the design of observing system
experiments, in order to avoid un-representative results.

The observing system experiments also reveal how diffeveservations affect the mean analysis, with
particularly strong influence from the conventional obaéons. The withdrawal of the conventional
observations leads to notable differences in the tropogpheean analyses, including for temperature
and wind. This appears to be the result of a complex interp&ween the direct effect of assimilating
observations that indicate a different mean state, as wahdirect effects through affecting the bias
corrections of satellite radiances through VarBC. It isdral/the scope of the present memorandum to
independently validate these mean changes to the anadbsithey may point to biases in the forecast
model or uncorrected observational biases which could\mstigated further.
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